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Preface 

During the last two decades the photochemistry of organic molecules has 

grown into an important and pervasive branch of organic chemistry. Since the 

publication of the text Molecular Photochemistry over a decade ago, tremendous 

progress has been made in the development of the theory of photoreactions, the 

utilization of photoreactions in synthetic sequences, and the advancement of 

powerful laser techniques to study the mechanisms of photoreactions. Modern 

Molecular Photochemistry brings students up to date with these exciting advances. 

The author has attempted to maintain the style and philosophy of the earlier 

text while expanding the concepts and experimental data to include current 

information. 

Level and Approach: My goal in writing the text was to familiarize students and 

researchers with the important concepts and methodology involved in studying 

organic photoreactions. Following the development of each general principle, a 

number of representative examples are given to help readers understand the 

principle. Students with two years of college chemistry and a year of college 

physics should be readily able to handle the material. 

All important concepts are presented in terms of a geometric representation. 

This approach is coupled with the use of topological concepts to emphasize the 

very general and ubiquitous features of theoretical organic photochemistry. In 

this way students are provided with a vivid graphical approach to assist in visu- 

alization and understanding of molecular organic photochemistry. 

The pedagogical approach employed in Modern Molecular Photochemistry is, 

I believe, unique. A complete and general theory that ties together the ideas 

of light absorption, light emission, radiationless processes, and photoreaction 

is developed within a common conceptual framework. This is done in a manner 

that is nonmathematical yet precise. 

For example, the crucial concept of energy surfaces is presented in a fashion 

that can be grasped by students who have had only a conventional course in 

general chemistry. The energy surface concept, together with simple molecular 
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orbital theory, is used to show the remarkable and beautiful analogies that exist 

among many of the processes involved in the photochemistry of organic mole- 

cules. A basic model for understanding singlet-triplet interconversions (spin-flips) 

is presented in a way that allows students to recognize the correlation between 

electronic structure and the rates of processes that involve spin-flips. 

Arrangement and Presentation of Topics: The method of presentation of ma- 

terial in chapters | —9 will be useful to students interested in a qualitative, pictorial 

interpretation of spectroscopic processes involving the absorption and emission 

of light. Thus a large portion of the text can be used in introductory courses in 

physical chemistry for nonmajors and in courses in biochemistry when a qualita- 

tive appreciation of the physical basis of light absorption and emission is desired. 

The numerous examples of photoreactions and their interpretation given in 

chapters 10-13 is appropriate material for discussion in courses in advanced 

organic chemistry or physical organic chemistry. A variety of examples: of the 

utilization of organic photochemistry as a synthetic tool are presented in chapters 

10-13. Chapter 14 is a thorough introduction and examination of chemilumi- 

nescent organic reactions. Numerous references to the primary literature and to 

review articles are provided throughout the text. Tables, schemes, and figures 

are used liberally to summarize and systematize data and to calibrate theoretical 

concepts. 

Acknowledgments: The text is an outgrowth of courses and lectures on organic 

photochemistry given at Columbia University, in industry, and at other uni- 

versities. | am indebted to the many students who helped me by posing important 

questions concerning mechanistic interpretations and their relation to experi- 

mental data and concerning the models required to visualize phenomena at the 

molecular level. I owe special thanks to many colleagues who enabled me—by 

“picking their brains”’ or by reading their publications—to gain an understanding 

of how to translate theoretical concepts into concrete pictures. In particular, 

professors Lionel Salem, Alain Devaquet, Richard Bersohn, Phil Pechukas, and 

Josef Michl must be singled out in this regard. Sandy Turro, my constant source 

of pride and inspiration, requires a special acknowledgment for providing patient 

and unfaltering encouragement during the long travail of producing and editing 

the manuscript. Several generations of excellent secretarial assistance were 1n- 

volved in bringing the manuscript to the point of acceptability for submission 

for publication. Lastly, I am grateful to Sandie Rose, Janet Stowell, Edward 

Freuh, and Diane Welch for their indispensable assistance and good spirit in 

bringing the enterprise to completion, and to Gregory Weed and Michael Blaustein 

for careful reading and editing of the page proofs. John Choi receives a special 

acknowledgment for his fine craftsmanship in preparing most of the illustrations 

in the text. Finally the author is indebted to the Schusters, both: Gary and Dave 

for their critical, thorough, and extremely helpful review of the manuscript. 

Nicholas J. Turro 

Columbia University 

July 1978 
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Organic Photochemistry— 

An Overview 

1.1. Molecular Photochemistry 

of Organic Molecules 

What is “molecular photochemistry”? The definition which suits the meaning 

intended in this book is: “Molecular photochemistry is a science concerned with 

description of physical and chemical processes induced by the absorption of 

photons, in terms of a concrete mechanistic model based on molecular structures 

and their implied properties.” In this book we shall be concerned with the molecular 

photochemistry of organic compounds. Molecular photochemistry is a very broad 

discipline, embracing an extensive range of energetic, structural, and dynamic 

processes. The “molecular” part of molecular photochemistry emphasizes the use 

of the molecule as a crucial and unifying intellectual unit, which is utilized to 

parameterize, systematize, and visualize photochemical processes at the micro- 

scopic level from their very start (absorption of a photon) to their termination 

(isolation of products). The “photo” part of molecular photochemistry is a histori- 

cal prefix and is now too restrictive. It is now clear that electronically excited states 

of molecules are at the heart of all “photoprocesses.” Although photons are a 

most convenient means of initiating photochemistry, the absorption of light is 

not required to produce electronically excited states, 1.e., thermal pathways may 

produce excited states efficiently and can therefore cause photoreactions to occur 

“in the dark.” 
In this chapter we shall present a brief outline of the plan of the book. The 

notions of structure, energetics, and dynamics are crucial for understanding 

molecular photochemistry. By structure we mean the composition, constitution, 

and configuration of a molecule. Each stable configuration of electrons and elec- 

tron spins corresponds to a stable nuclear geometry and possesses an associated 

energy. The enumeration, classification, and visualization of these structures in 

terms of molecular states is the topic of Chapter 2. 

Given the existence of various possible structures, we next consider the problem 

of the interconversion of an initial structure into a different final structure. This 
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problem is approached in Chapter 3 using the concepts of molecular dynamics 

in terms of transitions between molecular states. In Chapter 4 the concepts of 

structure, dynamics, and energetics are tied together in terms of potential-energy 

surfaces, which allow an effective visualization of the pathways by which molecular 

states may be interconverted. 

With the notions of potential-energy surfaces, Chapter 5 reviews how the rates 

of radiative transitions (absorption and emission) can be qualitatively and quanti- 

tatively related to molecular structure. Chapter 6 reviews the rates of radiationless 

transitions. The transitions considered in Chapters 5 and 6 are called “photo- 

physical” because they occur between initial and final molecular states of very 

similar nuclear geometry. In Chapter 7, we consider the theory of radiationless 

transitions that correspond to chemical reactions, and we develop a theory for 

the visualization of photochemical reactions in terms of energy surfaces. 

Chapters 8 and 9 describe the experimental methods for studying photoreaction 

mechanisms and electronic energy transfer. The next four chapters (10, 11, 12, and 

13) survey the important classes of organic photoreactions. Finally, in Chapter 14, 

we review the concept of chemiexcitation, 1.e., generation of electronically excited 

states by thermal reactions or so-called “photochemistry in the dark.” 

1.2 Photochemical Reactions 

Photochemical reactions differ from thermal reactions in several important 

respects: 

1. The initiating activation of a photoreaction is mainly provided by the 

absorption of light; activation of a thermal reaction is mainly provided by heat. 

2. The electronic distribution and nuclear configuration of a photochemically 

activated molecule generally differ substantially from those of a thermally 

activated molecule so that the excited molecule is really an electronic isomer of 

the corresponding ground-state molecule. 

3. The thermodynamically favorable products accessible to a photoexcited 

molecule are far greater than those accessible to a ground-state molecule, since 

the excited molecule possesses an excess energy content as a result of photon 
absorption. 

The fact that light absorption, rather than heat, activates a photoreaction allows 

for selectivity of activation (since only light-absorbing molecules are excited) and 

also allows for the ability to initiate reactions even at very low temperatures in all 

three phases. In fact, certain photoreactions are known to occur even at tempera- 

tures near 0 K! 

The chronology of photoreactions may be conveniently divided into three 
stages: 

1. The absorptive act, which consists of the interaction of a photon and 

molecule, resulting in absorption of the photon and formation of an 

electronically excited molecule. 
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2. The primary photochemical processes, which involve electronically excited 
molecules. 

3. The secondary or “dark” processes, which occur from the intermediates 
produced by primary photochemical processes. 

A “complete” understanding of a photoreaction requires knowing what happens 
at the molecular level from the absorptive act to the isolation or identification of 
products. Molecular photochemistry is concerned with defining, via the interplay 
of theory and experiment, the spatiotemporal choreography of molecular structure 
(electrons, nuclei, and spins) that occurs during steps (1), (2), and (3). 

1.3. The Electronic Excitation and Deexcitation 

of Organic Molecules 

The absorption of ultraviolet or visible light by an organic molecule causes the 

excitation of an electron from an initially occupied, low energy orbital to a high 

energy, previously unoccupied orbital. The process may be visualized quite simply, 

as shown in Figure 1.1. The energy of the absorbed photon is used to energize an 

hy + ==> 
electron jump 

(Spin allowed 
absorption) +4 

Singlet Excited singlet 
(spins paired) (spins paired) 

(Spin forbidden 
) + SF 2 

‘a electron jump ' absorption) 

and spin flip : 
Singlet Triplets 

(spins paired) (spins parallel) 

+ hv (fluorescence) —_————_—> 

electron jump 

th ae Ret HT see 
+ hy 

hosphorescence) 
electron jump (phosphorescenc 

and spin flip 

Figure 1.1 

Orbital energy leve! description of absorption and emission. The arrows intersected | 

by the levels represent electrons. The direction of the arrow represents the orientation” 

of the electron spin. 
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electron and cause it to “jump” to a higher energy orbital. Two excited electronic 

states derive from the electronic orbital configuration produced by light ab- 

sorption. In one state, the electron spins are paired (antiparallel) and in the 

other state the electron spins are unpaired (parallel). The state with paired spins 

has no resultant spin magnetic moment, but the state with unpaired spins possesses 

a net spin magnetic moment. A state with paired spins remains a single state in 

the presence of a (laboratory) magnetic field, and is termed a singlet state. A state 

with unpaired spins interacts with a (laboratory) magnetic field and splits into 

three quantized states, and is termed a triplet state. 

Throughout this text we shall use the following notation to describe the three 

states which are most crucial to an understanding of organic photoreactions: 

1. So = ground, singlet state 

2. S, = lowest energy excited, singlet state 

3. T, = lowest triplet state 

The photochemistry of most organic molecules is conveniently discussed with 

reference to these three states in terms of a state energy diagram. 

1.4 State Energy Diagrams: 

Electronic and Spin lsomers 

An energy diagram is a display of the relative energies of the ground state, the 

excited singlet states, and triplet states of a molecule for a given, fixed nuclear 

geometry (Figure 1.2). It is generally assumed that the nuclear geometries of all 

states displayed in a single state diagram are not very different from the equilibrium 

nuclear geometry of the ground state. Each excited state is different from the ground 

state even though their molecular constitution are identical, 1.e., all the states in 

an energy diagram are isomeric. What is the basis of the isomerism? It is the 

electronic differences or the spin differences between the displayed states. Thus, 

the S,, states are electronic isomers of each other and the T,, states are electronic 

isomers of each other. The S, and T,, state are related as spin-electronic isomers. 

Photophysical processes may be defined as transitions which interconvert excited 

states with each other or excited states with the ground state. The important 

photophysical processes, in turn, are classified as radiative and radiationless 

processes. 

The commonly encountered photophysical radiative processes, as shown in 

Figure 1.2, are: 

1. “Allowed” or singlet-singlet absorption (Sj + hv + S,), characterized 

experimentally by an extinction coefficient «(S, > S,); 
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2. “Forbidden” or singlet-triplet absorption (S, + hv > T,), characterized 

experimentally by an extinction coefficient «(Sy > T,); 

3. “Allowed” or singlet-singlet emission, called fluorescence (S,; — So + hy), 

characterized by a radiative rate constant k,; 

4. “Forbidden” or triplet-singlet emission, called phosphorescence 

(T, > So + hy), characterized by radiative rate constant k,,. 

The commonly encountered photophysical radiationless processes are: 

5. “Allowed” transitions between states of the same spin, called internal 

conversion (e.g., S,; + So + heat), characterized by a rate constant k,-; 

6. “Forbidden” transitions between excited states of different spin, called 

intersystem crossing (e.g., S; > T, + heat), characterized by a rate constant, k,,; 

7. “Forbidden” transitions between triplet states and the ground state—also 

called intersystem crossing (e.g., 7, > S, + heat)—and characterized by a rate 

constant, k,.. 
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State energy diagram. A standard paradigm. 
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Photochemical processes may be defined as transitions from an electronically 

excited state to yield structures of different constitution or configuration than So. 

The commonly encountered photochemical processes are relatively few in number 

and will be discussed in later chapters. In general, these reactions will be initiated 

by molecules in (8) S,, or (9) T,, and these reactions will be characterized by rate 

constants k} and k,, respectively. 

1.5 Calibration Points for Molecular 

Dimensions and Molecular Motions 

If we consider the atoms or groups involved in absorption or photoreactions, the 

“size” of these groups generally are of the order of 2 A to 10 A. A particle (photon) 

travelling at the speed of light, moves 3 x 10!° cm/sec = 3 x 1018 A/sec. If we 
associate the wavelength of light with the size of a photon, then photons corre- 

sponding to blue light have a “size” of the order of 4000 A. We may interpret the 

“size” of photons in terms of their ability to collide with a molecule. Thus, the time 

it takes a “blue” photon to pass a point in space is t = d/v = 4000 A/3 x 

1018 A/sec ~ 10715 sec. Crudely, this corresponds to the maximum “interaction 
time” available for absorption of such a photon by a molecule. 

Can an electron make an orbital jump in this period of time? The velocity of 

an electron making one complete circuit in a Bohr orbit is ~10!° A/sec. Thus, 

an electron may move on the order of 10 A in 107! sec. Since 10 A is the order of 
size of many commonly encountered groups of atoms (chromophores) responsible 

for absorption of light, we deduce that the time scales of photon interaction and 

electron motion are of the same order of magnitude. 

In terms of a wave model of light and electrons, we would say that the frequency 

of the oscillation of a light wave overlaps that of the electron wave. Thus, if the 

resonance condition is met, the energy may be absorbed from the oscillating light 

wave by electrons which are simultaneously sent into oscillation. 

The time period of ~10~'® sec sets a lower limit to the scale of chemical 
events, since no chemistry can occur before electron motion has occurred. It thus 

serves as a calibration point for the fastest events of chemical or photochemical 
interest. 

What are calibration points for the slowest processes of direct photochemical 
interest? The latter are limited by the radiative lifetimes of electronically excited 

molecules. The longest fluorescence (S,) lifetimes known for organic molecules 

are ~10 ° sec, and the longest phosphorescence (T ,) lifetimes are of the order of 

30 sec. Let us compare these times to those for nuclear motions such as vibrations, 

collisions, diffusion, and reaction. The fastest vibrations of organic molecules occur 
with a frequency of ~10'* sec”! (e.g., a C—H stretching motion) and the slowest 
occur with a frequency of ~ 10’? sec”! (e.g., a C—C bending motion). This means 

that it takes ~10~'? to 10°71 sec to complete a typical vibration. In 107° sec 
(the longest fluorescence periods) an organic molecule will have executed ~ 10°- 

10’ vibrations and in 30 sec an organic molecule will have executed ~ 10!3-10!4 
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vibrations. The point of this comparison is to show that there is plenty of time for 

extensive nuclear motion during the lifetime of an electronically excited molecule. 

Figure 1.3 compares the spread of events of photochemical interest (from 10° '* sec 
to 1 sec) with the same spread of time ranging from 1 sec to 10'° sec. When 
compared in this manner, the history of a photoreaction passes through as many 

“decades” of time as the “history” of the universe! 

ate scale Time scale 
(sec!) (sec) 

15 femto -15 Dynamic Events 
10 Ome = fs 2 : : 

Electronic motion 

Electron orbital jumps 

Electron transfer 

} ‘ Proton transfer 

Dynamic Range 102 pico 10-22 Vibrational motion 
a peer == ps \ Bond cleavages (weak) 

Rotational and translational 

| 8 motion (small! molecules, fluid) 
| 6 12 Oo Bond cleavages (strong) 

| 10° to 10 a ge ee -9 int Spin orbit coupling 
eee! o 3 10 10 = ns 

| 8 8 Rotational and translational 
| em PR motion (large molecules, fluid) 

| g ‘ Hyperfine coupling 

| ee ICOM ; ‘ 
-------— 10 10 = LS “Ultrafast” chemical reactions 

| 
| 
| % 

| e 
| 3 milli Rotational and translational 
| 10-2 to 10° 6 10° 10°3 = ms motion (large molecules 
| =i ° and/or very viscous) 
| sec = 
| D 

| = 
| a = 

10° 10° = s 

ee 
{ “Fast” chemical reactions 

kilo 

Slow chemical reactions 

Radiative 19-6 e842 16 a Ms 
rates | 

107° e1ga 10° = Gs Lifetime 

| Birth of Christ 

idk 10!2 = Ts +—— Age of the earth 

fe eee need 10!5 = Ps «————_ Age Of the universe 

Figure 1.3 

Comparison of time scales of events of photochemical interest (from ~ 10-'§ sec to 

~1 sec) with macroscopic events (~1 sec to ~10"° sec). 
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The rates of photoreactions (k,, Fig. 1.2) vary from ~ 10'* sec” * to >0.1 sec.” ' 

Whether or not photoreaction occurs from S$, or T, depends on both k, and )k, 

where the latter represents the sum of all deactivating pathways of the excited state. 

1.6 Calibration Points for Molecular 

Energetics and Reaction Dynamics 

Absorption of a photon by a molecule transforms light energy into electronic 

excitation energy. Table 1.1 shows how the energy of a mole of photons is related 

to the corresponding wavelength of light. Since different energy units are commonly 

employed, values are given in terms of A, nm, kcal/mole, cm~!, and sec” '. In the 

text we shall generally employ kcal/mole and cm! units only. 

The minimum energy required for electronic excitation of organic molecules is 

~ 30-40 kcal/mole and corresponds to “red light” (700-800 nm). The maximum 

energy commonly employed by organic photochemists corresponds to ~ 140 kcal/ 

mole and corresponds to for ultraviolet light (~ 200 nm). 

The energy required to produce an excited state is obtained by inspection of the 

absorption or emission spectrum of the molecule in question, together with the 

application of Eq. (1.1) 

AE = E> — Ey ay) (1.1) 

where h is Planck’s constant, v is the frequency (sec ') at which absorption occurs, 

and E, and E, are the energies of a single molecule in the final and initial states. 

Table 1.1 Energy Conversion Table 

Structure and 

2 5 AF . motion involved 
in absorption or 

Region A nm cm! kcal/mole Sec + emission 

+ 2,000 200 50,000 143.0 15 x 10!5 
atntieict 2,500 250 40,000 114.4 12 x 1015 | 

3,000 300 «33,333 953 1.0 x 1025 
| 3,500 350 «28,571 81.7 8.7 x 10%4 
* 4.000 400 25.000 115 75 10! Electrons-orbital 

4,500 450 22,222 63.5 6.6 x 10!4 Bono 
5,000 500 20,000 57.2 6.0 x 10!4 

Visible 5,500 550 ‘18,182 52.0 5.4 x 10!4 
6,000 600 16,666 47.7 =O x 10!4 
6,500 650 15,385 44.0 4.6 x 10!4 

4 7,000 700 «14,286 40.8 4.2 x 10!4 
r 10,000 1,000 10,000 28.6 3 40M Sree 

infrared 50.000 5,000 ~—-2,000 5.8 6x 19!3 _—- Nuelei-vibrational 
i 100,000 10,000 1,000 2.86 310) ae 

i 108 10’ 10 Bl Oj Bol One Electron spin- 
psrowave hore 10° 0.1 Be IO) 36 Or precessional motion 

Redioware 1012 10! 0.001 ~=Ss 3. x 1078 55107 Nuclear spin- 
precessional motion 
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The position of an absorption band is often expressed by its wavelength (A) in 
Banomeclers or its wave number (v = 1/A) in reciprocal centimeters or frequency in 
sec. © For example, 300 nm is equivalent in wave numbers to 

1 1 
wave number: ) = = = 4 om! v SOU aaa oS Gal S293.e0 10m em (1.2) 

or in frequency to 

oer Seca es AOS SEC gi itis Bd 

ue he aoe 0s cine oe a CS) 

Equation 1.1 may be rewritten as 

kcal/mole: E, — E, = hvc = 2.86 x 10° *¥ cm“! (1.4) 

or 

2.86 fe 
kcal moles E, = E; = as (1.5) 

Anm 

where E, — E, is the energy difference between the final and initial states in 

kcal/mole, and ¥ and J are the position of absorption expressed in wave numbers 

(reciprocal centimeters) and nm, respectively. 

The amount of energy produced through the absorption of one mole of photons 

by a compound at a given wavelength is equivalent to the energy of 6.02 x 10°° 

photons. This energy is called an einstein. Thus an einstein of 700 nm (14,300 cm ') 

light is equal to 

one mole of _ 2.86 x Os 

“700 nm” photons ees = 700 nm oe) 
= 40.8 kcal/mole — 

while an einstein of 200 nm light is 

one mole of _ 2.86 x 107 

“200 nm” photons Fa B= 00 nm at 
= 143 kcal/mole — 

For comparison with photochemical excitation energies, some typical bond 

energies are shown in Figure 1.4. The weakest single bonds commonly en- 

countered in organic molecules have strengths of ~35 kcal/mole (e.g., an 

O—O bond) and the strongest single bonds have strengths of the order of ~ 100 

kcal/mole (e.g., a C—H bond). We might ask whether absorption of 250 nm light 

(114 kcal/mole) leads to random rupture of all the single bonds of an organic 

molecule? The answer is negative. In fact, many photoreactions proceed with 

remarkable selectivity, ie., only certain bonds are made or broken. The reason 

for this selectivity is due to the localization of electronic excitation and the specificity 
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with which this electronic excitation is employed to make or break bonds. In other 

words, specific mechanisms exist for the conversion of electronic excitation energy 

into nuclear motion that results in a net chemical reaction. In this text we shall 

seek an understanding of these mechanisms in order to understand photoreactions. 

We are generally concerned not only with reaction feasibility but also with 

reaction dynamics, i.e., the rates at which feasible reactions occur. In this regard, 

the energy of activation E, is the quantity of interest. It is often possible to represent 

rates in terms of two factors: A (units sec” ') which is the measure of the probability 

of reaction from a state which possesses the minimum energy for reaction, and 

E, (units kcal/mole) which is a measure of the minimum energy required for 

reaction. The expression relating these quantities and rate is 

rate = A exp — E,/RT =A x 107 Bai0-00467) (1.8) 

This expression may be treated strictly as an empirical relation between rate and 

temperature. In practice, maximal values of A are of the order of 10’? to 101° sec” ?. 
These large values of A usually correspond to structurally uncomplicated unimolec- 

ular reactions. Minimum values of A are of the order of 10° to 10° sec’ '. These 

ENERGETIC CONSIDERATIONS 

VACUUM 
ULTRAVIOLET 

ELECTRONIC 
EXCITATION 

Pp ah eee 
; 

VIBRATIONAL 
EXCITATION 

Figure 1.4 

Some energetic considerations. The ‘‘energy spread”’ of conventional photochemistry 
is compared to the emission spectrum of the sun. Vibrational energies are shown for 
comparison. 
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small values of A usually correspond to bimolecular reactions which require 
specific structural orientations for a reaction to occur. We may view A asa reflection 
of the entropy requirements for a reaction. If the entropy of reaction is highly 
positive (increase in freedom of the particles of the system) then A is very large 
(~10'* to 10'° sec” '). If the entropy of reaction is highly negative (decrease in 
freedom of the particles of the system) then A is small (~ 10° to 10° sec™ '). 

The values of E, may range from a few kcal/mole to values approaching bond 

dissociation energy (>40 kcal/mole). If we confine our discussion to reactions 

occurring near room temperature then we can evaluate the maximum value of 

E, which we are likely to encounter. As an example, let us consider a reaction which 

proceeds in the order of minutes. The activation energy for such a reaction will 

be of the order of 20-30 kcal/mole, depending on the value of the A factor. 

Recall that photoreactions must always occur in competition with radiationless 

and radiative processes, which limit excited state lifetimes to values which are 

generally much less than one second. It can be appreciated that as the lifetime of 

an excited state becomes shorter, the amount of activation energy which can be 

accumulated decreases. 
Consider a photoreaction for which A = 10’? sec’ ' anda second for which A = 

108 sec '. The former is representative of a unimolecular photoreaction and the 
latter is representative of a bimolecular photoreaction, at room temperature. A 

rate of 108-10? sec”! would be feasible if E, = 6 kcal/mole and A = 10'? sec” ’, 
but a reaction with E, = 6 kcal/mole and an A factor of 10° sec’ ' would proceed 

with a rate of only 10°-10* sec” ’. Since lifetimes of excited states are generally 

much less than a second, activation energies for photoreactions generally must 

be less than 20 kcal/mole. Furthermore, photoreactions of singlet states will rarely 

be able to compete with fluorescence if they possess E, values larger than 

10 kcal/mole. 

1.7 The Nuclear Geometry 

of Electronically Excited States 

The nuclear shape or geometry of an electronically excited state, like its energy, 

electronic configuration, and possibly its electronic spin, may be quite different 

from that of the ground state. For example, in the case of formaldehyde (Eq. 1.9) 

both S, and T, have significantly different physical properties from S,. We 

note the equilibrium shapes of S, and T, are both pyramidal whereas So is 

planar. A difference in nuclear configuration is usually associated with a difference 

in electronic configuration. If we consider only the half-occupied orbitals, both S, 

and T, are n, 7* states, i.e., in a simple two electron configuration approximation 

S, and T, both possess half-filled n and x* orbitals. The presence of a n* electron 

in S, and T, causes the sp? hybridization at carbon to change from sp’ to a hybrid- 

ization (more like) sp>. Such a hybridization change is expected to be accompanied 

by changes in bond lengths and molecular shape, as is found. The C—O bond 
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lengths of S, and T, are considerably longer (less double-bond character) than is 

the C—O bond length of Sy and the molecule prefers a pyramidal shape. The dipole 

moments of S, and T, are smaller than that of S, (the dipole vector is still oriented 

in the same direction as that for S,). This is due to the partial transfer of electric 

charge from the n orbital (localized on oxygen) to the z* orbital (delocalized on 

carbon and oxygen). 

H. H. Bel vista H 
“C=O C "C=C. C=C. 

or soe TSS vt ~ ae ~ H Hie ky 20 H H H H 
(1.9) 

Ground state n, m* state Ground state n, m* excited state 

Planar Pyramidal Planar Pyramidal 

Formaldehyde Ethylene 

In the case of ethylene the equilibrium shapes of S, and T, are also very different 

from that of S). Both excited states are twisted substantially. The basis for the 

twisted shape is related, as with formaldehyde, to the electronic configuration of 

S, and T,, which may be classified as z, 2* states, i1.e., both S, and T, possess 

half-filled x and x* orbitals. In effect, the z and x* electrons can best avoid each 

other (and thereby minimize their mutual repulsion) when the nuclear configura- 

tion is twisted such that the two CH, groups of ethylene are in mutually perpen- 

dicular planes. The C—C bond lengths in S$, and 7, are much longer than that 

of S). Because of such differences in nuclear and electronic structure, we expect 

the chemical properties of S,; and T, to be very different from those of So. 

A number of interesting questions concerning photochemical reactions arise 

from the above analysis: 

1. Are the photochemical properties of S; and T, the same if they possess the 

same two electron configurations? 

2. Do the photochemical properties of states of the same spin but different two 

electron configurations differ? 

3. What are the photochemical reactions expected for different electronic spin 

isomers? 

1.8 An Energy Surface Description 

of Molecular Photochemistry 

A particularly effective means of understanding photochemical processes is 

possible by considering potential energy surfaces or the more readily visualized 

potential energy curves (Fig. 1.5). It is assumed that a potential energy curve com- 

pletely controls nuclear motion, except for situations for which two surfaces come ' 
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close together. Each point on a potential energy curve represents a specific nuclear 
geometry (horizontal axis) and a specific energy (vertical axis). For a given nuclear 
geometry, the energy of the molecule is determined mainly by its electronic 
orbital configuration. A unique molecular state or structure is defined at all points 
on an energy surface except for those nuclear geometries for which two surfaces 
“come close together.” We shall see (Chapter 4) that situations of this type are of 
utmost importance in understanding photoreactions which require such geometries 
for facile radiationless passage (“jumps”) from one surface to another. 

Suppose it is known that the following overall photoreaction occurs: 

R+hv-P Net reaction (1.10) 

Figure 1.5 shows two potential energy curves for the overall R > P nuclear 

geometry change. The possible pathways to proceed from R to P are “mapped out” 

by these two curves. 

One possibility is that R* will proceed along the excited surface to region @) 

which happens to be close in energy to the ground state surface for a certain nuclear 

geometry. Such a situation turns out to be very favorable for a jump from the 

excited surface to the ground surface and vice versa (we shall see why in Chapters 

6 "g 
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| Molecular photochemistry ———————>| 

Figure 1.5 

Schematic representation of a ground-state and excited-state surface. The arrows on 

the surface indicate the motion of a point which represents a molecule whose nuclear 

geometry is moving along the reaction coordinate. 
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4 and 6). Some molecules may thus “jump” to the ground surface and “spill” into 

the R minimum (resulting in a net photophysical cycle R + hv > R* > R). Others 

may be able to overcome the energy barrier on the excited surface and proceed 

to region Q) and eventually reach region @). 

It is possible that some molecules may jump from region (} to the ground 

surface and arrive at @, which is a geometry corresponding to a minimum on the 

lower surface. Since this minimum corresponds to a new molecular structure, I, a 

photochemical reaction has occurred. I may be an isolable molecule, or may be 

a reactive intermediate. For instance, I may be able to gather thermal activation 

and proceed over barrier 6) to yield P. If the “jump” generates I on the ground 

surface with sufficient energy, and if this energy is not rapidly removed, the molecule 

may move past @) and over (5) and finally come to rest at P before thermally 

equilibrating with its environment. Such a reaction is termed a “hot ground state” 

reaction. For the pathway R* > D> @-—©- P the nuclear motion was con- 

trolled by the excited-state curve for part of the reaction and by the ground-state 

curve for another part of the reaction. Indeed, such a situation appears to be typical 

of many photoreactions. 

From Figure 1.5, we note some important generalizations: (a) absorption and 

emission of light tends to occur at nuclear geometries which correspond to minima 

in both the ground and in the excited surface; (b) radiationless jumps are most 

facile for geometries for which two surfaces come close together in energy; (c) the 

location and heights of energy barriers on both the excited and ground state surface 

may determine the specific pathway of a photoreaction; (d) some minima on 

excited surfaces may not be readily detected by conventional absorption and 

emission techniques; (e) the course of a photoreaction depends on competing 

photophysical as well as photochemical processes. 

1.9 Organic Photoreactions 

From the brief introduction to photochemical processes discussed in this chapter, 

it should be apparent that the favored nuclear motions explored by an electron- 

ically excited molecule may be completely different from those of the more familiar 

ground state molecule. It is also apparent that an excited molecule must leave the 

upper surface at some point and jump to the ground state. The nuclear geometry 

at which this jump occurs may be crucial in determining the structure of the’ 

primary photoproduct. Because access to the ground surface is best achieved when 

the excited and ground surface get close in energy, we can understand why many 

photoreactions produce primary products which possess structures of high energy 

content. The delivery of the excited molecule to the ground state will tend to occur 

near geometries which have high energies on the ground-state surface, since for 

these geometries the ground and excited states will tend to come close in energy. 
These “high energy” points on the S, surface commonly correspond to extreme 
stretching of a a-bond, extreme twisting of a 2-bond and to orbitally forbidden 
ground state reactions. 
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Thus, photoreactions for which a strong o or x bond is broken, or for which a 
highly strained structure is produced are commonly encountered (Eqs. 1.11-1.13): 

R,C=O + R'H —*> R,COH + R' = products (1.11) 

R,C=CR, —*> R,C—CR, = products (1.12) 

OC) as OX isolated (1.13) 

1.10 Summary 

Scheme 1.1 represents an overview of molecular photochemistry and systemitizes 

many of the processes we shall encounter in the following chapters. The science of 

molecular photochemistry has been viewed in its broad outline. Hopefully, the 
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Schematic of the network of processes of interest to a molecular photochemist. 
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reader has had his curiosity piqued by the allusions to the numerous structural, 

dynamic, and energetic concepts which are required to understand and interpret 

photoreactions, and has been intrigued by the promise of a simple means of 

visualizing photochemical processes. 
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Electronic Orbitals, 

Configurations and States 

2.1 Molecular Wavefunctions 

and Molecular Structure 

Quantum mechanics provides an understanding of molecular structure, energetics 

and dynamics on the basis of molecular wapefunctions, V. If Y is known for a 

molecular system, it is possible in principle to calculate the average value of any 

experimental observable for an assumed set of initial conditions and interactions. 

More practically speaking, ‘¥ is not known ina precise manner for even the simplest 

organic molecules. Furthermore, initial conditions and/or interactions are often 

not precisely known or are ill-defined. As a result, one must resort to approxi- 

mations—and severe approximations at that—in order to actually employ wave 

functions to achieve quantitative comparisons with experiments. 

Because of the intractable mathematical complexity of the “true” or “exact” 

molecular wave function ‘¥, a means of developing approximate wave functions 

must be sought. A useful, but qualitative use of quantum mechanics, fortunately, is 

possible. 

2.2. The Born-Oppenheimer Approximation 

An important method for approximating molecular wave functions was proposed 

by Born and Oppenheimer.’ They suggested, in essence, that since the motions 

of electrons in orbitals are much more rapid than nuclear motions, electronic and 

nuclear motions could be treated separately in terms of an approximate wave 

function. Furthermore, since electron “spin” motion is due to a magnetic inter- 

action, and since magnetic and electronic interactions interact only weakly for 

most organic molecules, the spin motion of electrons may be treated separately 

from both the motion of electrons in orbitals and the motion of nuclei in space. 
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If we let Y, represent an approximate wave function for electron position and 

orbital motion, let y represent the approximate wave function for nuclear position 

and motion and let Y represent the approximate wave function for spin direction 

and motion, then 

bs ~ Voy (22k) 

i \ ce 
“true” molecular wave function orbital nuclear spin 

approximate wave functions 

A useful feature of the Born-Oppenheimer approximation is that it allows 

visualization of the positions and motions of electrons, nuclei, and spins in space 

and in time. The specific nature of ’ depends on the level of sophistication desired. 

For many qualitative analyses of molecular phenomena gis further approximated 

as a composite of “one electron” molecular orbitals, 

Fo ~ Wie Wn = [vi (2.2) 

where w; is a solution of the Schrédinger equation for a “one electron” molecule, 

1.e., a fictitious molecule that possesses only one electron and therefore does not 

experience any electron-electron repulsions. For a discussion of these approxi- 

mations the reader is referred to any one of a number of elementary texts.” For 

our purposes, it is only necessary to point out that w is at the level of approximation 

for orbitals that is conventionally given in introductory texts (the so-called Htickel 

orbitals). 

The following qualitative and topological characteristics of the approximate 

molecular wave function are of concern to us: (a) the quantities ‘¥3, y? and Y? 

relate to the probability of finding the electrons, nuclei, and spins at particular 

points in space; (b) the functions ‘Yo (and wW), y, and Y may be visualized with 

respect to a molecular framework; (c) for molecules possessing local or overall 

symmetry elements, ‘VY, (and w), y, and ¥ will possess useful symmetry properties 

that can be related to the motion and position of the electrons, nuclei, and spin. 

In this chapter we are concerned with how knowledge of ¥ can lead to a quali- 

tative estimate of two important equilibrium (static) properties of molecular states: 

(a) state energy, and (b) state electronic, nuclear, and spin configurations. From 

knowledge of (a) and (b) we can readily construct energy diagrams. 

According to the postulates of quantum mechanics, the average value, P, of ° 

any observable state property can be evaluated in terms of a matrix element: 

Average value is Yl H|? dt 

P = ofobservable = - = PH] > (2.3) 
quantity i YY dt “Matrix element” 

where H represents forces or interactions that operate on . H is called a 

“Hamiltonian operator.” The quantitative evaluation of matrix elements is an 
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important procedure in theoretical chemistry. We shall attempt to visualize the 
components of the matrix element (i.e., ‘¥ and H) by attributing to them concrete 
properties that can be associated with classical mechanics, and by then seeking 
qualitative conclusions based on these oversimplified but useful models. 

Combining Eq. 2.1 and Eq. 2.3, the value of P is given by 

P~ (PoyS|H|V oxy) (2.4) 

We need to visualize Yo, x, “, and H in order to “understand” the factors that 

determine the magnitude of P and to be able to qualitatively evaluate its magnitude. 
From Eggs. 2.2 and 2.4 the value of P is given by 

PX Wir: WiXS | |W Une Ween (2.5) 

We term this level of evaluation of P as the Zeroth-Order approximation. By this 

we understand that we are within the Born-Oppenheimer approximation (separa- 

tion of electronic, nuclear, and spin motion) and that we are dealing with one 

electron orbital wave function (Hiickel theory). In the First Order approximation 

we challenge some aspect of the Zeroth-Order approximation and note its effect 

on the magnitude of P. For example, we might let the electron’s orbital motion 

couple with its magnetic spin motion (spin-orbit coupling), or we might introduce 

the idea of electron-electron repulsion (electron correlation or configuration 

interaction) and note how the magnitude of P is influenced as a result of these 

“First Order” interactions. 

2.3 The Spirit of the Use 

of Quantum Mechanical Operators 

In the previous section the wave function of a molecule, ‘¥, was defined in terms 

of a solution of a wave equation. The spirit of the meaning of the “true molecular 

wave function” is similar to the spirit of the conservation laws, which we assume 

to be correct in detail, if we knew all the details. Similarly, if % were known, all 

of the observable properties of a system (state) could be evaluated by performing 

an appropriate mathematical operation dictated by Eq. 2.3 (at some level of 

approximation). 

Classical mechanics deals with observables such as position and momentum 

as functions. Newton’s laws of motion enable these functions to be displayed in 

a mathematical form. Quantum mechanics supposes that all the information 

about the system is contained in its wave function, ’, and that in order to extract 

the information about the value of an observable, some mathematical operation, 

H, must be performed on the function. This is analogous to the necessity of doing 

an act—an experiment—on the system in order to make a measurement of its 
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state. Problems in quantum mechanics often boil down to making the correct 

selection of the operation (H) which corresponds to the appropriate interaction 

leading to the observable or to the selection of the proper qualitative form of . 

Thus, the selection of the “operators” (mathematical operations) which corres- 

pond to observable properties is as crucial to the explicit solution of a problem 

in quantum mechanics as is knowledge of the form of ¥. Two of the key “opera- 

tors” of quantum mechanics are related to the classical dynamical quantities of 

the momentum and position of a particle. Once the operators for these dynamical 

variables have been selected, it usually turns out that operators for many ob- 

servables can be set up in terms of these two fundamental variables. In the same 

manner that Zero Order wave functions are employed to approximate Y, in a 

quantitative evaluation of a matrix element we almost always begin with a Zero 

Order Hamiltonian or operator, Ho. In the First Order approximation we con- 

sider interactions that are “weak” relative to those described by Ho. 

2.4 Atomic Orbitals, Molecular Orbitals, 

Electronic Configuration, and Electronic States 

It is assumed that the reader is familiar with the manner in which a molecular 

orbital is approximated as a sum (or superposition) of atomic orbitals.* The 

primary goal of this chapter is to develop a protocol for generating a state energy 

diagram for a given (stable) ground state nuclear geometry of an organic molecule. 

The general procedure is as follows. For a given nuclear geometry, it 1s as- 

sumed that appropriate one-electron (Htckel) molecular orbitals (MO’s) can be 

constructed from atomic orbitals (AO’s). By this we mean that we build up the 

wave function corresponding to an MO from a set of AO’s. The MO’s are then 

filled with the available electrons in various ways to generate a set of molecular 

electronic configurations. Only the lowest energy configuration (ground configura- 

tion) and the first or second low-energy excited configuration generated are 

considered explicitly. This corresponds to a Zero Order molecular electronic 

configuration (Born-Oppenheimer approximation, one-electron orbitals). In order 

to generate proper molecular electronic states we must take into account electron- 

correlation in some manner. 

An electronic configuration in which the Pauli principle has been employed to 

handle electron correlation is termed a (First Order) molecular electronic state. 

A display of such molecular electronic states as a function of energy for a fixed 

nuclear geometry 1s called a state energy diagram. 

The “recipe” for construction of Zero Order electronic configurations is as 
follows. 

1. Start with the assumption that “one electron” AQOs (@) can serve as a basic set 

of wave functions; 
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2. Generate MO’s by the Linear Combination of Atomic Orbitals (LCAO) 
method: 

3. Generate molecular electronic configurations by adding electrons to each 
MO, two at most in each MO (Pauli principle); 

4. Generate the lowest energy electronic configuration (the ground electronic 
configuration) by adding electron pairs to only the lowest energy orbitals (Aufbau 
principle) in accordance with (3); 

5. Generate excited electronic configurations by adding electrons to antibonding 
orbitals. 

Organic molecules generally possess ground (lowest energy) “closed shell” 
configurations, ie., all the bonding and nonbonding orbitals are filled with a 
pair of electrons. 

2.5 The Ground State Configuration 

As an example of the procedure for constructing electronic configuration, con- 

sider the formaldehyde molecule HCO. The energies of the MO’s for this mole- 

culewnicreasemm: the order 1s, 1s: = 2s, < da, < O65 <1 < Ny where I's, 25,. 

and ls. refer to the essentially atomic MO’s localized on oxygen and carbon, 

and the other MO’s refer to the conventional representations. 

In the ground state, each of the orbitals in this configuration contains two 

electrons. The configuration of the ground state is represented in Eq. 2.6, in 

which the superscripts designate the number of electrons in each orbital: 

VCH ==O)-= (lis) (iis) (28, aaa) an) (Geo aes) (Ite) ee) (2.6) 

In general, the energetic order of the molecular orbitals, the number of available 

electrons, and the Pauli and Aufbau principles are employed to designate the 

ground-electronic configuration of a molecule. Physically, the total electronic 

distribution of a configuration may be approximated as a superposition of each 

of the occupied MO’s which make up the configuration. Usually, only the highest 

occupied MO or the two highest energy MO’s need be explicitly considered for 

an electronic orbital interpretation of ground state properties. Thus, a shorthand 

notation for the ground state configuration is: 

(CH, —O) = K(n,,.)?(n.)* Ground state (2.7) 

In Eq. 2.7, K represents the “core” electrons which are “tightly bound” to the 

molecular framework, i.e., are close to and are stabilized by the positive nuclear 

charge. For nearly all qualitative purposes to be discussed in this text, the elec- 

trons symbolized by K are not “perturbable” during photophysical and photo- 

chemical processes. 
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Similarly, if we ignore the o and lower energy MO’s, we may describe the ground 

state configuration of ethylene (CH,—CH,) as: 

V(GH. CHa) = ht) (2.8) 

The use of electron orbital configurations allows us to enumerate, to visualize, 

and to conveniently classify electronic transitions and electronically excited con- 

figurations. For example, we expect that formaldehyde (Fig. 2.1) will have two 

relatively low-energy electronic transitions (n> 2* and 2—7*) and two cor- 

responding electronic configurations (n, z* and z, z*). On the other hand, ethylene 

will have only one low-energy electronic transition (z > n*) and one correspond- 

ing electronic configuration (7, 7*). 

In the above discussion we have initiated an abbreviation scheme which shall 

be employed throughout the text. In general we shall describe ground configura- 

tion of molecules in terms of the highest energy filled MO, or when appropriate 

and useful, in terms of the two highest energy filled MO’s. Electronically excited 

configurations shall be described in terms of the two singly occupied MO’s. 

Transitions shall be described only in terms of the orbitals undergoing a change 
in electronic occupancy. 
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Figure 2.1 

Schematic representation of (a) electron transitions, (b) electronic configurations and 

(c) electronic states for the lowest excited states of formaldehyde (top) and ethylene 
(bottom). 
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2.6 The Construction of Electronic States 

from Electronic Configurations 

The goal of this chapter was to be able to enumerate, classify, and qualitatively 

understand the electronic nature of molecular states. We are very close to that 

goal. We must distinguish the singlet and triplet states that may be derived from 

the same electronic orbital configuration if two orbitals are half-occupied. 

Construction of Singlet and Triplet States from Electronically 

Excited Configurations and the Pauli Principle® 

The Pauli principle demands that any ground state configuration—such as that 

for formaldehyde in which the electrons are all paired in orbitals—must be a 

ground state singlet, 1.e., the spins of the two electrons in each orbital are paired. 

In the excited state two electrons are orbitally unpaired, 1.e., each electron is in 

a different orbital. As a result, the Pauli principle does not require the spin of 

these two electrons to be paired. As a result, a singlet excited state in which there 

is no net spin (i.e., electron spins are paired as in the ground state) or a triplet 

excited state (the two electrons which are orbitally unpaired now possess parallel 

spins) may result from the same electronic configuration of half-occupied orbitals. 

This means that each of the excited configurations given in Figure 2.1 refer to 

either a singlet or to a triplet state. 
Thus, four states, not two, result from the two lowest energy electronic excited 

configurations of formaldehyde. The n, z* state may be either a singlet or a triplet 

configuration, and the z, x* state may be either a singlet or triplet configuration. 

Characteristic Configurations of Singlet and Triplet States: 

A Shorthand Notation 

Let us employ the following convention to serve as a shorthand MO notation to 

describe electronic configurations and molecular states. We call the ground 

electronic singlet state Sj, where S indicates there is no net electronic spin as- 

sociated with the state (i.e., each spin up is matched by a spin down) and the 

subscript zero refers to the ground electronic state. We label electronically excited 

singlet states S,, S,, etc, where the subscript refers to the energy ranking of the 

state relative to the ground state (arbitrarily given the rank of zero). Thus S, is 

the first electronically excited singlet state located energetically above So, and S, 

is the second electronically excited singlet state located energetically above So. 

We reserve the subscript zero for the ground electronic ground state. Thus, for 

triplet states we label the first triplet level located energetically above So as 7), 

where T indicates a threefold degeneracy of the state due to the three possible 

alignments of two unpaired spins (to be discussed in Section 2.8) and the sub- 

script 1 refers to the energy ranking among triplet states relative to So. 

The terms “singlet” and “triplet” derive historically from an empirical finding. 

Atoms and molecules in certain electronic configuration can be resolved into 
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three distinct states when a molecular beam is passed through a strong magnetic 

field. These molecules were said to be in “a triplet state.” If the magnetic field 

does not resolve the beam, the molecules were said to be in “a singlet state.” 

In many cases a single electron configuration is adequate to approximate a 

state. In some cases, however, a combination of two or more electronic configura- 

tions will be required to achieve a good approximation of a state. As a shorthand, 

we describe configurations in terms of the key molecular orbitals which are ex- 

pected to dominate the energy and/or chemistry of the configuration. Thus, for 
formaldehyde we explicitly consider the z,,, n,, and *, orbitals only in discussing 

configurations, and hence in discussing states. As a result of the above discussion 

we may state the following rule: Each electronic state may be described (a) in 

terms of a characteristic electronic configuration, which in turn may be described 

in terms of two or three characteristic orbitals, and (b) in terms of a characteristic 

spin configuration. 
For example, the Sj, $,, 55, T;, and T, states of formaldehyde may be described 

as follows: 

Characteristic Shorthand 

Characteristic | Spin-Electronic — Description 
State Orbitals Configuration of State 

So mt, 1* (xT)(ntl)(2*1) lin, 2*) 
as 1, 10" (xT )(nt)(x*7) 3(n, 1*) 

SH ne te" (xtl)(nt)(2*1) lin, n*) 

Tis nero (77.)(nt)(2*7) 3(n, 1*) 

Sn m,n (xtl)(nt) nn? 

We shall see in Section 2.9 that the triplet state derived from a given electronic 

configuration possessing two half-filled orbitals is always of lower energy than 

the singlet state derived from the same configuration, i.e., E'(n, 7*) > E°(n, n*) and 

E'(x, 2*) > E7(x, 2*). 

2.7 Visualization of Electron Spin: 

A Simple Vectoral Model 

The electron may be viewed as an electrically charged particle that generates a 

magnetic angular momentum as a result of rotation or spin about an axis.* This 

angular momentum is termed electronic spin, “. The behavior of the electronic 

spin may be qualitatively understood by referring to the properties of magnets 

and gyroscopes. Consider a magnet as a dipole (it possesses north and south poles). 

The idea of a vector along the dipole axis serves to represent most of the important 
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properties of a magnet. The vector representing a classical magnet may “sit still” 

(1.e., remain motionless in space) and may “point” in any of an infinite number of 
directions in space (i.e., may take up any arbitrary orientations in space) even in 

the presence of other magnetic fields. In contrast, the vector representing the 

electron spin (7) is not allowed to either “sit still” or to “point anywhere.” The 
uncertainty principle requires the electron spin vector to possess some type of 

endless motion (lest the vector be defined too precisely in space). We may view 

this motion as precession of the magnetic moment vector along an axis of spin. 

Thus, the quantum electron spin vector is imagined to precess like a gyroscope while 

the electron spins like a top (Fig. 2.2). The orientation of the vector may be defined 

relative to some reference structure, such as a molecular nuclear framework or a 

laboratory magnetic field. However, quantum mechanics requires that only two 

measurable orientations of the vector are allowed to occur: the two allowed 

orientations may be described in terms of the component of the spin angular 

momentum on an arbitrary axis. The familiar values of $h and — 4h are associated 

length of vector 
ihe Zaks length of vector (2) 

AN UP SPIN VECTOR (a) A DOWN SPIN VECTOR (A) 

7h 

an arbitrary 
reference axis 

Figure 2.2 

Vector representation of an electron’s spin magnet moment. The vector is viewed as 

precessing about the Z-axis. The projection of the vector on the z-axis possesses a 

length m. Only two orientations of the spin vector are stable: an up () orientation 

and a down (f3) orientation. 
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Figure 2.3 

Vector representation of the triplet state and the singlet state. An ‘‘up”’ spin vector is 

represented by a and a ‘‘down”’ spin vector is represented by [. 

with the two allowed components. We may thus visual:ze some arbitrary axis for 

which the component of the spin vector on the axis is “up” and “down”. We may 

refer to the “up” spin vector as a-spin and the “down” spin vector as f-spin. The 

axis of precession of the spin vector is determined by the magnetic fields it expe- 

riences. It will tend to precess about the strongest magnetic field to which it can 

couple. This fact is crucial for an understanding of the mechanisms by which 

singlet (spin paired) and triplet (spin unpaired) states may interconvert. 

2.8 Vectorial Representation 

of Singlet and Triplet States Derived 

from a Single Configuration 

Consider a system of electron configuration y;y; where the one-electron MO 

W; # w;(e.g., an n, 2* configuration or a z, 2* configuration). Since the spin vectors 

SF, and /; (which correspond to the spinning electron in wy; and w,, respectively) 

may only take on values of « (“up” spin) or f (“down” spin), it follows that four 
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possible spin vector representations may characterize the two spin system S;F ,, 
(schematically shown in Fig. 2.3). According to the postulates of quantum me- 
chanics, the only stable configuration of the spin vectors correspond to two 
situations: (a) Y; and Y; are completely in phase (they precess at the same rate 
and such that they are always pointing “in the same direction”), or (b) Y; and ¥; 
are completely out of phase (they precess at the same rate and are always pointing 
in opposite directions.) 

These situations may be visualized by reference to Figure 2.3. Let the two 
electrons in w; and w, be labeled | and 2, and let Y, and Y, be their corresponding 
spin vectors. We note that the spin quantum number S, equals 1 in the triplet 
state and S equals zero in the singlet state. The three components (1, 0, —1) of 
the triplet state correspond to three different possibilities for the magnetic quan- 
tum number M.. Each of these possibilities corresponds to a stable state, i.e., one 
of the three components of a triplet. We define the three components of the triplet 
as T, =4,%,, T_ = B,B,, and Ty) = a8), for M, = 1, —1, and 0, respectively. 

It is absolutely essential to note that there are two states for which the spins are 

aB.* If the vectors corresponding to « and f are in phase (Fig. 2.3), a resultant 

vector exists perpendicular to the z-axis but no resultant spin occurs along this 

axis. This state corresponds to one of the components of the triplet state (S = 1, 

M,=0). If the vectors corresponding to « and f are 180° out of phase, their 

resultant on the z-axis is zero and corresponds to a singlet state (S = 0) M, = 0. 

Thus, if one M, = 0 state has paired spins (1.e., is a singlet state) this means not 

only that one electron has « spin and the other has f spin but also that they are 

oriented so that they point in opposite directions. In the M, = 0 state of the triplet 

one electron has « spin and the other has f spin. Their resultant along the z-axis is 

zero, but is non-zero in the xy plane. 

Since the triplet state has two spin-parallel electrons, it must be paramagnetic. 

Indeed, the observation that irradiation of a solution of fluorescein (and other 

molecules) in boric acid induces a transient paramagnetic susceptibility provided 

early evidence for the existence of triplet states.°°° Later it was shown the decay 

of the light-induced paramagnetism and the decay of phosphorescence were 

identical.’ This result implied the identity of the paramagnetic and phosphorescent 

state of molecules. 

In the case of a triplet organic molecule in the absence of an external magnetic 

field, the interaction between spins will be anisotropic, 1.e., the interaction energy 

will be different in different directions.® In effect, the spins are “coupled” to the 

molecular framework and this is equivalent to quantization of spin along some 

arbitrarily defined x, y, and z axes due to a local magnetic field within the molec le 

due to spin-spin interactions. In practice this molecular magnetic field amounts to 

~ 2000 gauss (~0.2 cm '). Thus, in zero external magnetic field, the magnetic 

energy levels of the triplet state are determined by the “effective molecular magnetic 

field.” The separation of the triplet sublevels (termed T,, T,, and T, for the molec- 

ular case) is termed the Zero Field Splitting and is shown schematically in Figure 

2.4. Since external magnetic fields of the order of 1000 to 10,000 gauss are routinely 

available, one may experimentally “switch” the coupling of the paired electron 

spins from the molecular frame (“low fields”) to the direction of the external mag- 
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netic field (“high fields”), ie., at appropriate field strengths there may be a com- 

petition between the molecular axes and the external field for spin quantization. 

Electron spin resonance (ESR) spectroscopy (discussed in Chapter 8) allows 

direct observation of transitions between the magnetic sublevels T,, T,, and T, 

of the triplet states of organic molecules.® In addition, the energy separation of 

the magnetic sublevels increases with the application of an increasing external 

magnetic field. 

In summary, “the triplet state” of organic molecules is a real, if metastable, 

species. In later chapters we shall discuss the physical and chemical properties of 

these important photochemical intermediates. 

2.9 Electronic Energy Difference between 

Singlet and Triplet States 

The difference in electronic energy between singlet and triplet states (that are 

derived from the same electron orbital configuration) results from the “better” 

correlation of electron motions in a triplet state. The Pauli principle operates as 

a sort of quantum mechanical force which “instructs” the two key orbitally un- 

paired electrons in triplet states how to “avoid” one another and thereby correlate 

their motions to minimize electronic “collisions” (i.e., minimize electron-electron 

repulsions). In order to understand how this singlet-triplet energy separation 

(AE,,) arises and to gain an appreciation of how the magnitude of the AE,, depends 

upon the orbitals comprising the characteristic configuration, we must investigate 

Isotropic Anisotropic 
No magnetic dipolar spin dipolar spin External 

interactions magnetic magnetic magnetic 

interactions interactions field, H, 
applied 

Figure 2.4 

The effect of spin-spin dipolar interactions on the triplet sublevels. The anisotropic 

interaction results in a ‘‘zero field splitting’ of the magnetic sublevels of the triplet 

state even at zero external magnetic field. Application of an external magnetic 

field, H, causes further separation of the magnetic sublevels. It is assumed that Ue 

corresponds to a state for which M, = 0, for simplicity. 
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the nature of the matrix elements which evaluate the electronic energy of orbitals, 
configurations, and states. 

Qualitative Evaluation of the Electronic Energies of States 

We may now consider a means of qualitatively evaluating the magnitude of AE,,, 
the electronic energy splitting of singlet and triplet states derived from the same 
electronic configuration.’ We shall identify a state energy as the summation of a 
Zero Order (one-electron orbital) energy plus electron repulsion energies. For 
example, the energetics of the ground state and the lowest excited states of for- 
maldehyde are given by: 

E(S5) = 0 by definition (2.9) 

E(S,) = E(n, x*) + K(n, n*),+ J(n, 2*) (2.10) 

E(T,) = E(n, x*) + K(n, x*) — J(n, 2*) (2.11) 

where J is the matrix element that measures electron repulsion due to electron 
exchange and K is the matrix element that measures electron repulsion due to 
Coulombic interactions. Both J and K are positive (energy enhancing) quantities. 
Note that 

Bee ES) £7 Ian eS 0 (2.12) 

and since J must be positive we conclude that E(S,) > E(T,) in general. 

The Zero Order energy (one-electron configuration) of both S$, and T, is 

E(n, 2*), 1.e., the energy required for an orbital jump from an n-orbital to a 2*- 

orbital (in the one-electron orbital approximation) plus a correction for Coulombic 

repulsion of electrons. The repulsion does not split S,; and 7, but raises the 

energies of both states. The S$, and T, states are then split in energy by the exchange 

term, J, which stabilizes the triplet relative to the Zero Order states and de- 

stabilizes the singlet relative to the Zero Order states (Fig. 2.5). The state energy 
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Singlet-triplet separation for n, x* and 7, x* states. Energies in kcal/mole. 
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diagram for formaldehyde may now be modified to take singlet-triplet energy 

splittings into account (Fig. 2.6). We term this the working state energy diagram. 

All state diagrams from this point on will be at this level of approximation. 

Examples of Singlet-Triplet Splittings® 

Let us consider a qualitative picture which will give a feeling for the magnitude 

of J, the electron exchange integral. The lowest S, and T, states of many carbonyl 

compounds are n, z* states. The value of J represents the electrostatic repulsion 

between the electrons in an n orbital and in a x* orbital. 
The magnitude of J is given by a matrix element shown in Eq. 2.13, in which 

n and m* represent the wavefunctions for the n and x* orbitals, respectively. The 

numbers refer to the electrons occupying these orbitals and e/r,, represents the 

repulsion between the exchanging electrons. The latter term may be factored out 

of Eq. 2.13 so that the value of J can be seen to be proportional (Eq. 2.14) to the 

overlap of the n orbital with the z* orbital. 

Jy, ge = $1) *(2)]e/r2|n(2)¥(1)> (2.13) 
Or 

Jp, ge ~ <n(1)*(2)|n(2)n*(1)> ~ <nfre*) (2.14) 
In words, the magnitude of J, ,. will be proportional to the overlap integral 

<n|n*>. We may visualize the overlap integral (n|x*> if we replace the symbol n 

with a picture of the n-orbital and the symbol z* with a picture of the z*-orbital 

(Eq. 2.15). We then estimate the degree of overlap between the n and x* orbital. 

In fact we note that the overlap integral is small because these orbitals do not 

occupy very much of the same region of space. 
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Now let us compare this result to that for a 2, 2* configuration. Employing the 
ideas leading to Eqs. 2.14 and 2.15 for a z, n* configuration we obtain Eqs. 2.16 
and 2.17. 

yee Cos Cn mY (2.16) 

Jn qt ——> ¢ af 2 

t 

» visualization 

(2.17) 
t 

Ct | mT) Jy, gs large 
overlap integral large; 

It is clear that J, ,.« will be greater, in general, than J, ,« because the overlap 

integral <x|x*> will generally be greater than the overlap integral <n|x*>. 

Experimentally, S$, — T, splittings of the n, x* states for ketones are 8-10 kcal/ 

mole, while for molecules with z, x* S, — T, splittings, such as benzene, values 

of 30-40 kcal/mole for J, .. are common. Table 2.1 lists some experimental 

values of singlet-triplet energy splittings. 

The table shows that states derived from n, x* configurations consistently have 

smaller singlet-triplet splitting energies than states derived from z, x* configura- 

tions. Notice that typical values of S, — T, splittings are high relative to even 

Table 2.1 Singlet-Triplet Splittings 

Molecule Configuration (S, — T,) AE (S, — T,) in kcal/mole 

CH=CH, n, 1 70 

Tl, 1* 40 

i 35 

7, 7G" 30 

CH>—© n, 1* 10 

(CH,),C—0 n, 1 ua 
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the largest zero field splittings (~ 10 * kcal/mole). For nearly all chemical pro- 

cesses the three sublevels of T, are rapidly equilibrated and behave as a common 

“pool” of molecules. Hence the term “triplet state” even though three states 

actually exist. In Chapter 8 we shall see how the “three state” character of T, 

may be observed directly by the technique of electron spin resonance. 

The energy diagram for formaldehyde (Fig. 2.6) is appropriate for a molecule 

possessing the following electronic configuration: S$; =n, n*; S, =7, 1*; T, = 

n, w*; and T, = x, x*. This situation is common for unsaturated chromophores 

possessing heteroatoms, 1.e., ketones. 

From Atomic Orbitals to a ‘“‘Working”’ (First Order) 

State Energy Diagram 

Scheme 2.1 summarizes the pathway from “one electron” atomic orbitals (o), to 

“one electron” molecular orbitals (w), to one electron configurations [];;, to 

Zero Order States, to First Order States, and finally to First Order or “working” 

states and state energy diagrams. The working state, it should be emphasized, 

is at the level of a “two orbital configuration approximation,” i.e., we take only 

two orbitals into account, and characterize a state in terms of the orbital con- 

figuration of the two highest-energy electrons. 

2.10 The Experimental Measurement of 

Orbital Energies: Photoelectron Spectroscopy 

A basic premise of this chapter is that we may approximate molecular states in 

terms of a model involving molecular orbitals. Is there any direct experimental 

means of checking the concept of molecular orbitals? Although no truly direct 

means exists, it 1s possible to provide evidence for the validity of the idea that 

MO’s exist by means of a technique called photoelectron spectroscopy (PES).!° 

The key idea of PES is the notion that the energy of a molecular orbital is charac- 

terized by the amount of energy required to completely remove an electron from 

that molecular orbital, i.e., the energy to ionize the molecule. Thus, PES is concerned 

with the measurement of ionization potentials of molecules and the association 

of measured ionization potentials with the extraction of electrons from specific 

molecular orbitals. The power of the technique is the relative ease and accuracy 
with which ionization potentials may be measured. 

Use of PES to Measure Orbital Energies 

The idea of PES measurements (which are made on molecules in the vapor 
phase) is as follows. A photon of very high energy (E = hy) is absorbed by a mol- 
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ecule. If the value of hv is greater than the ionization potential, /P (energy required 
to completely remove an electron from a molecule), then an electron is ejected 
from the molecule. In general there will be an energy balance to be accounted for. 
For example, if 

KES SIP) 0 (2.18) 

then the difference in energy, AE appears experimentally as an increase in the 

energy of either the ejected electron or the positive molecular ion left behind, 

1.€., as kinetic energy of the molecular ion or expelled electron. Because the electron 

is so much lighter than the molecular ion, essentially all of AE goes into kinetic 

energy of the electron. The key measurement of PES is the kinetic energy of 

ionized electrons. Knowledge of this kinetic energy (KE) allows evaluation of AE 
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Scheme 2.1 

Schematic of the method of building an energy diagram from theory. Each of the final 

states in the ‘‘Zeroth order” is derived from a distinct configuration. Ata high level of 

approximation (configuration interaction) more than one configuration is required to 

describe each state. 
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(Fig. 2.7). Since the value of hv is known, then JP may be evaluated as: 

KE=AE and IP=hv— KE (249) 

The minimum energy required to eject any electron from a molecule is termed the 

first ionization potential of a molecule. In the molecular orbital view of molecules, 

this energy corresponds to that needed to remove an electron from the highest 

energy occupied MO. To a Zero Approximation, the orbital energy may be defined 

as being equal to the negative of the corresponding ionization potential. Thus, 

PES provides an experimental check of the orbital picture. 

Information about Orbitals from PES 

Let a molecule M be ionized as a result of absorption of a photon, Le., 

M+hv>M?t +e (2.20) 

Since PES measures only the KE of the electron, the fate of M* is not of interest. 

Consider now formaldehyde, a molecule whose higher energy MO’s are now 

familiar to us. What do we expect from a PES experiment if the MO picture is 

valid? Since the first ionization potential (JP,) corresponds to ejection of the 

highest energy (least bonded) electron in a molecule we would expect that IP, 

corresponds to ionization of an electron in the n orbital on oxygen. From Eq. 2.6 

we predict that JP, should correspond to ejection of a z,, electron, IP; should 

correspond to ejection of a a electron, etc. The actual PES spectrum of formalde- 

hyde is shown in Figure 2.8. The vertical axis is a measure of the probability that 

an ejected electron will possess the kinetic energy plotted on the horizontal axis. 

At the extreme right of the figure is a set of bands corresponding to IP, 10.88 ev 

(=250 kcal/mole). A second set of bands maximizing near 14.1 ev (= 330 kcal/mole) 

corresponds to IP. Finally the bands corresponding to JP; maximize at 16 ev 

(= 368 kcal/mole). The “fine structure” associated with each JP is interpreted as 
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Figure 2.7 

Schematic representation of how a 
state 2 photoelectron spectrum occurs. 
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due to formation of different vibrational levels of M*. Since the kind of vibration 

“left behind” in M? should be related to the nature of the orbital from which the 

electron is ejected, analysis of the fine structure leads to clues concerning the kind 

of orbital corresponding to each JP. For example, JP; mainly shows one vibra- 

tional band, meaning that many vibrations are not excited during ionization and 

the lowest vibrational state of M* is formed selectively upon ejection of the 

electron responsible for JP,. This means that the ejected electron did not partici- 

pate in bonding, 1e., if it did, its removal would have significantly affected (1e., 

excited) the vibrations of the atoms which it was binding. Thus, we conclude 

that JP, corresponds to removal of a nonbonding electron, as expected from 

our simple MO picture of formaldehyde. 

The vibrational structure of JP, indicates that an electron has been ejected 

from a strongly bonding orbital (many vibrations excited). Since D,C—O shows 

the same vibrational structure for [Py as does H1C—O and since a large difference 

between the photoelectronic spectra of D,CO and H,CO is expected if a o,,, (or 

,,) electron is removed, we conclude that the bonding orbital responsible for /P, 

is not associated with a o,,, orbital. The logical choice is the z,, orbital. Further- 

more, the vibrational spacing of IP, shows a repeating value of ~ 1200cm~' which 

corresponds to the value expected of a carbon-oxygen double bond stretching 

frequency in H,CO*. 
There are now many examples of the validity of the assumption that 

E(W) = —IP (221) 

ie., that the orbital energy may be equated to the negative of JP as measured by 

PES. This useful approximation has become known as Koopmans’ theorem. 

Relationship of PES to Electron Affinities, Excitation Energies, 

and the HO-LU Concept 

In addition to serving as a pretty experimental check of simple MO theory, PES 

provides us with a handy means of obtaining a highly useful and important 

INTENSITY —> 

Figure 2.8 

8 6 a i2 Photoelectron spectrum of formal- 

eV dehyde. 
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property of molecules, namely their lowest ionization potential, /P,;. Chemical 

reactivity is mainly due to the behavior of valence electrons, and the highest 

occupied (HO) orbital often determines the lowest-energy electronic pathways 

available for reaction. We may associate —/P, with the energy of the HO orbital. 

Furthermore, we may identify (Fig. 2.9) the energy of the lowest unoccupied (LU) 

orbital in the groundstate with the value of a molecule’s electron affinity, EA. 

If we know the value of IP, and the energy of the lowest-energy electronically 

excited states (E,) we may estimate the energy of the LU orbital as —/P + E,, 

where hy is the energy required for the lowest energy electronic transition. As a 

result, knowledge of both IP, and electronic excitation energies will help us to 

locate the energies of orbitals and to establish a qualitative energetic disposition 

of a molecule’s LU and HO orbitals. This energetic ordering, in turn, will be of 

great value in our qualitative analysis of photoreactivity. 

2.11 Summary 

The state diagram of a typical chromophore is of enormous importance in under- 

standing of photoreactions. What is a state diagram and what information does 

it provide the photochemist? : 

The state diagram relates the energies of the lowest excited singlet state and the 

lowest triplet of a molecule to the energy of the ground state of the molecule. The 

state diagram is only concerned with energies relative to the ground state, since 

these energy differences represent the maximum electronic energy available for 

processes such as energy transfer and energy storage in intermediates. The state 

energy diagram provides a general and systematic structure for the analysis of 

the molecular photophysics (radiative and radiationless processes that correspond 

to electronic transitions between states displayed in the state energy diagram). 

Ground state Excited state 

EA* = EA + ho 

yp* =IP — hv 

Figure 2.9 

Relationships between HO, LU, EA, and IP. 
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It also provides an excellent starting point for the analysis of molecular photo- 
chemistry. In the latter case, the connectivity relationships between the state 
energy diagrams of reactants and the state energy diagram of products are 
considered. 

The combination of the MO approximations with energy diagrams allows us 
to plot the lowest energy states of simple chromophores, note the energetic 
proximity of states, and deduce their fundamental electronic character. We shall 
see in Chapter 3 that the energetic separation of states (AE) and their electronic 
structure (approximated by a singlet configuration) will be of importance in 
deducing rates of transitions and reactions. 
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Transitions Between States— 

Chemical Dynamics 

3.1. Chemical Dynamics 

as Transitions between States 

The purpose of this chapter is to provide a basis for visualizing the factors that 

determine the rates of photochemical processes. In Chapter 2 we were mainly 

concerned with the enumeration, chemical nature, and energetic ranking of states 

associated with a given “spatially frozen” nuclear geometry. In effect, we artifi- 

cially separated electronic motion from nuclear motion and spin motion and 

concentrated on energetics and structure which were “time independent,” or so- 

called “average,” “static,” or “equilibrium” properties of isolated molecules. Now 

we will consider what happens when we take into consideration nuclear and spin 

motion, and what happens when these two motions interact with electron motion. 

We shall regard the rates of chemical processes as being associated with and 

determined by the probabilities of transitions between states. We call the systematic 

study of transitions between states the science of chemical dynamics. 

As a general strategy, we suppose that all changes of structure (electronic, 

nuclear, or spin) are resisted if conservation laws are not obeyed. When con- 

servation laws are fully obeyed, then changes of structure which correspond to 

an extension of the natural motions of the particles (orbital, vibrational, and spin) 

and which correspond to small displacements in space (good overlap) occur at a 

maximal rate and are termed “fully allowed.” Even if conservation laws are 

obeyed, changes of structures which correspond to unnatural motion (jumps 

between orbitals of different symmetry or spin flips), or which correspond to large 

displacements in space (poor overlap), are slow (relative to “allowed” structural 
changes). 
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3.2 Classical Dynamics: 

Some Preliminary Comments’ 

The classical theory of dynamics derived from Newton’s laws is based on two 
principles: 

he The central problem in understanding dynamic processes is the identification 

of interactions (the forces, energies, or work) involved in changing the motion 
of the particles in the system. 

2. Deviations from original motions result from interactions and occur 

reciprocally, i.e., to each action there is an equal and opposite reaction. 

In addition to these two principles, two laws apply when analyzing the dynamics 

of any classical system: 

1. The Law of Conservation of Energy. In any isolated system energy may be 

transformed from one kind to another but cannot be created or destroyed. 

2. The Law of Conservation of Momentum. In any isolated system, momentum 

may be transformed from one kind to another but cannot be created or 

destroyed. (For example, angular momentum may be transformed into linear 

momentum and vice versa, but the total angular plus linear moment is 

conserved.) 

The first law refers to a quantity we call energy and the second law refers to a 

quantity we call motion. 

The combination of the Newtonian ideas and the energy-motion conservation 

laws provides a powerful basis for the qualitative and quantitative analysis of 

dynamic processes even at the molecular level. For instance, suppose we wish to 

analyze transitions between electronic states which are given in a known state 

energy diagram. The protocol of the analysis based on classical dynamics would 

be as follows. Identify (a) the energetic and structural differences between the 

initial and final states, (b) any implied momentum differences between the two 

states, and (c) any forces which will operate in such a manner as to convert the 

initial structure into the final structure. 

If we succeed in steps 1, 2, and 3, we say that we have identified a mechanism 

for conversion of the initial state into the final state. Next we must ascertain 

whether the mechanism we have generated violates the conservation laws. 

If the law of conservation of energy is violated, the transition is strictly forbidden 

in an isolated system. We must introduce into the mechanism an external energy 

source or energy sink in order to obey the energy conservation law: 

For a molecular assembly of particles the energy source or sink is 

provided either by molecular collisions (we may include vibrations 
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as ‘‘collisions’’ between bound atoms or groups) or by the absorption 

and emission of radiation (collision with, or ejection of, a photon). 

If the law of conservation of momentum is violated, the transition is strictly 

forbidden in an isolated system. In order to make the mechanism acceptable, we 

must introduce a previously ignored internal or external force which causes 

momentum exchange to occur so that the total momentum remains constant. 
We might note that the spirit of the conservation laws is to tell us what cannot 

be done, i.e., these laws provide us with selection rules for rapidly identifying 

acceptable and unacceptable mechanisms. In the Zero Order, selection rules 

provide us with a basis for elimination of possibilities which are forbidden by a 

a selection rule. A process which proceeds in violation of a selection rule always 

proceeds at a slower rate than a corresponding process which proceeds in com- 

pliance with a selection rule. We understand “allowed” and “forbidden” to be 

relative terms and not to imply finite versus zero. 

3.3 Quantum Dynamics: The Golden Rule 

for Transitions between States 

We noted in Chapter 2 that a general formulation of rate processes is possible in 

terms of quantum dynamics, 1.e., the analysis and evaluation of the rate of transitions 

between Zero Order states in terms of matrix elements. A “Golden Rule” expression 

is available for understanding rate processes in terms of quantum dynamics: the 

rate of transitions between two states is proportional to the square of the matrix 

element corresponding to the (weak) first order perturbation coupling the Zero Order 

states.” A more exact expression of the Golden Rule of dynamics has the form: 

2 
rate (see™') = =" p(H’)? (30h) 

1 

where p corresponds to the “density” or number of final states capable of coupling 

with the initial state, and <H’> represents the matrix element for the (weak) 

perturbation coupling the initial and final states. 

The spirit of the Golden Rule is that the rate of transitions between two states 

is related to the magnitude of a perturbation or force which changes the positions 

or motions of the particles of the initial state and “reshapes” the initial state so 

that it looks like the final state. The same matrix elements that cause energy 

splittings of states are “plugged into” Eq. 3.1 in the case of radiationless transitions. 

The situation is analogous for radiative transitions except that in this case an 

electromagnetic field provides the perturbation which changes the position or 

motion of the particles. 
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3.4 Transitions between States: 

Evaluation of Transition Probabilities 

Let us now consider a useful modification of the “Golden Rule” (Eq. 3.1). The idea 

is as follows. We start off with a Zero Order approximation to describe the system 
of our interest. If in the first approximation the interactions between states are 

large (i.e., the first order splittings of the Zero Order states are as large or larger 

than the initial separations in state energy before the first order interaction) the 

transition probability is maximal and in the extreme is limited by the zero point 

motion of the particles. 

In structural terms this means that in the range of large interactions, the rate 

of “fully electronically allowed” transitions is limited by electronic motion only 

for the transition (provided the nuclear and spin configurations remain constant). 

On the other hand, if the nuclear and/or spin configurations change during a “fully 

allowed” electronic transition, the transition may be “rate limited” by the time it 

takes to change nuclear or spin configuration. Such a view creates limit points for 

the maximal rates of various “allowed” transitions, and indicates that structural 

changes may serve as “bottlenecks” in determining transition rates. We may 

associate a prohibition factor (f) for each abrupt structural change (in the sense 

of spatial position or motion) involved in a transition between states. Thus, the 

observed experimental rate constant, k may be decomposed into components: 

Observed rate Zero point motion “Fully allowed” rate 

constant limited rate constant 

k(obs) = Kees St oe (3.2) 
Ue 

Prohibition to maximal Prohibition factors due 

rate caused by “selection ———> to changes in electronic, 

rules” nuclear, or spin configuration 

where f, is the prohibition factor associated with the electronic change (orbital 

configuration change), f, is the prohibition factor associated with the nuclear con- 

figuration change (usually describable as a vibrational change) and f, is the 

prohibition factor associated with a spin configurational change (equal to unity 

for total spin conserving transitions and usually determined by spin orbit coupling 

for transitions which do not conserve total spin). 

For a spin conserving unimolecular radiationless transition from W; to Wr, khax 

is of the order of 10!3-10'* sec! and is limited by the time it takes nuclei to 

execute zero point motions. The value of k(obs) 1s in general much smaller than 

10!3_10!4 sec” !. Thus, f., f,, or f, (or some combination) usually contrive to place a 

prohibition on the maximum transition rate. For example, if the transition involves 

an orbital configuration change which corresponds to a substantial change in 

electronic distribution or motion along the nuclear framework, f, may be very 
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much less than 1.00. Similarly, if the transition involves a drastic change in nuclear 

configuration or motion, f, may be very much smaller than 1.00. Finally, if the 

transition does not conserve total electronic spin, f, may be much smaller than 1.00. 

How do we evaluate f,, f,, and f,? For large, favorable interactions between 

zero order states f, ~ f, ~ f, ~ 1.00 and k(obs) ~ ke,,,. Since k(obs) is generally 

much smaller than k°,,,, we are generally concerned with small interactions between 

zero order states. From perturbation theory, the magnitude of the f factors, for 

small interactions, is given by 

fr (3.3) 
AE 

where <H) is the matrix element for the y? to w¢ transition, i.e., ¢y; Hy y>, and 

AE is the energy gap between the zero order states ? and w. 

We may rewrite Eq. 3.2 as: 

KmaxSWil Help?”  <WilHsolbs>* k(obs) = a mes, ae (3.4) 

t ij ‘i 
Orbital Spin-orbit Franck-Condon 

interactions interactions factors 

In summary, from the form of the rate constant for radiationless transitions we 

expect that there will be three major (unimolecular) features which will determine 

the probability of transition from the initial state w; to the final state w,: 

1. The structure and motion of electrons in w; relative to those in w, 

ww The structure and motion of the nuclei in w; relative to those in wy 

3. The structure and motion of spins in j; relative to yy 

The Spirit of Selection Rules for Transition Probabilities 

The spirit of the great conservation laws is that they work no matter what the 

details of the physical system under study. They provide an economy of mathe- 

matical expressions and possess sweeping universality. ; 

The spirit of a selection rule is that within a certain set of assumptions which 

assign an initial idealized geometry or symmetry for a molecular state and a set 

of quantum numbers for the electrons, nuclei, and spins (w, y, ), a transition 

probability to a final state may be calculated. If the transition probability equals 

zero, the transition is said to be “strictly forbidden” within the given level of 

approximation. When a more realistic nonideal symmetry or when previously 

ignored forces have been included, a new calculation may yield a nonzero value 

for the transition probability. If this probability is still small (say less than 1% of 

the maximal transition probability) the process is said to be “weakly allowed” or 

“strongly forbidden.” It can be seen that such qualitative descriptions can only’ 
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provide a “rough” feeling for transition probabilities. Indeed, sometimes the break- 
down of selection rules is so severe that the magnitude of “forbidden” transition 
probability approaches that of the “allowed” transition probability. When this 
occurs, we have selected a poor Zero Order starting point for our evaluation of the 
transition probability. 

Visualization of the Mechanisms of Transitions 

between States. The Breakdown of Selection Rules 

In any theory of molecular behavior we should consider (a) conservation laws as 

fundamental and always applicable, and (b) selection rules as artificial and approx- 

imate. Since selection rules are approximate they “break down” when mechanisms 

for coupling momenta exchanges occur or when external perturbations become 

possible. For our purposes, we shall consider only the angular momenta of 

electrons (due to orbital motion), the vibrational momenta of nuclei, and the spin 

momenta of electrons. It is important to note that although quantization of states 

and zero point motions are quantum mechanical effects, nearly all quantum 

mechanical selection rules are derived from conservation laws for classical particles. 

In effect, quantum mechanics assumes that the classical systems serve as an 

appropriate and useful starting point for the description of molecular dynamics. 

3.5 Nuclear Motion; Vibronic States 

Up to this point, we have considered electronic states in terms of electronic con- 

figurations for fixed nuclear geometries. This approximation allowed us to generate 

a Zero Order description of electronic structure and electronic energy, based on an 

assumed fixed and rigid nuclear geometry. Since the uncertainty principle requires 

that vibrational “zero point” motion occurs at all temperatures, we must consider 

the effect of nuclear motion on the electronic structure and electronic energy of 

a molecule. Our goal is to replace the “pure” vibrationless molecule with a vibrating 

molecule and to be able to visualize how this motion will modify our Zero Order 

model. We call the states of a vibrating molecule vibronic states rather than “pure” 

electronic states. 

The Effect of Nuclear Motion on Electronic Energy 

and Electronic Structure 

If the inclusion of nuclear motion causes only a small change in the electronic 

energy of our Zero Order model, then we can use perturbation theory to evaluate 

the “splitting” energy E, of the electronic energy of the Zero Order electronic states 

into the First Order vibronic states. According to perturbation theory 

10) ONEZ moh _ SEED 8 
12 
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where V9 and V9 are two “pure” electronic states “mixed” or “split” by the motion 

of nuclei, H, is the operator which describes how the electronic energy depends 

on nuclear motion and AE, is the energy difference between the Zero Order states. 

In general, the value of E, is commonly less than 5 kcal/mole (2000 cm), so 

that vibronic interactions do not change significantly the Zero Order description 

of electronic states whose Zero Order energies differ by, say, 50 kcal/mole 

(20,000 cm *). However, vibronic interactions are much more likely to be signi- 

ficant in mixing Zero Order electronically excited states since the electron energy 

difference between Zero Order electronic states is sometimes of the order of 5 kcal/ 

mole. In such cases, the electronic energy and electronic structure may vary con- 

siderably during a vibration. 

Asa simple example of the effect of nuclear motion on electronic energy, consider 

the effect of vibrations of a carbon atom which is bound to three other atoms (e.g., a 

methyl group as a radical, anion, or carbonium ion). When the system is planar 

and the angles between the atoms are 120°, the “free valence” orbital may be 

described as “pure” p. What happens to the shape of this orbital as the molecule 

vibrates? (See Fig. 3.1) If the vibrations do not destroy the planar geometry (angles 

between the atoms change but system remains planar) the spatial distribution of 

the free valence orbital above and below the plane must be identical because of the 

still pure p 

Planar 

Vibronic interaction 

has a small effect 

pure p sp" 

Bent 

wy 

Two atoms move Vibronic 

down, plane interaction 
destroyed significant 

Figure 3.1 

The effect of vibronic motion on the hybridization of a p orbital. 
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symmetry plane. In other words, if we put electrons into the free valence orbital 

the electron density would have to be the same above and below the symmetry 
plane, since all conceivable interactions on one side of the plane are identical to 

those on the other side. In effect, the p orbital remains essentially “pure p” during 

the planar vibration. We say negligible vibronic coupling of electronic and nuclear 

motions occurs during this vibration. Now consider a vibration which breaks the 

planar symmetry of the molecule. Intuitively we expect the “pure p” orbital to 
change its shape in response to the fact that more electron density (due to the bonds) 

are on one side of the plane. We say that a rehybridization occurs and imagine that 

the “pure p” orbital begins to take on s-character, i.e., the out-of-plane vibration 

converts the p orbital into a sp" orbital, where n is a measure of the “p character” 

remaining. In the extreme situation n= 3, we imagine that the out-of-plane 

vibration causes a continual p(planar) <> sp* (pyramidal) electronic change. We 
say that a significant vibronic coupling of electronic and nuclear motion occurs 

due to this vibration. 
Although the energy difference of the Zero Order electronic levels and vibronic 

levels may be small relative to the total electronic energy, the matrix element 

<H,»> may provide a means or a mechanism for transition from one vibronic state 

to another, even though the transition is strictly forbidden in the Zero Order 

approximation. In other words, from the Golden Rule expression, if (‘¥9|Ho|¥5> = 

0 the transition rate equals zero. If, however, <‘??|H,|'¥$> 4 0 then according to 

the “Golden Rule” the transition rate is given by: 

2 
rate (sec~!) = = p< P9|H,|¥9>? (3.6) 

Thus, the transition probability would be due entirely to the vibronic coupling 

of the Zero Order states. We say that vibronic coupling “provides a mechanism” 

for transition between V? and ‘9. 

In summary, we have deduced that some, but not all, vibrations are capable of 

changing the electronic energy of Zero Order “vibrationless” electronic states. 

From a classical viewpoint, momentum must be transferred from nuclear motion 

to electronic motion in order for vibronic coupling to occur. In the example 

discussed above, the “pure p” orbital did not undergo a momentum change during 

the in-plane vibration, but the nonplanar vibration allowed a change in nuclear 

motion to be accompanied by an exchange of momentum between nuclear and 

electronic motion. An electron in a “pure p” orbital has different momentum than 

an electron in a sp° orbital, so that conservation of momentum is achievable by 

coupling the planar @ nonplanar nuclear momentum with the p«+sp° orbital 

momentum change. 

The Effect of Nuclear Shape and Motion on Transitions 

between States; The Franck-Condon Principle 

Intuitively, we expect that the rate of transitions between vibronic states not only 

must depend on the similarity of the electronic distributions of the initial and 
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final state but also on the similarity of the nuclear configuration and motion in 

the initial and final states. Classically, a transition between two electronic states 

of different nuclear configuration is viewed in the following terms. Suppose an 

electron in a diatomic molecule makes a jump from one orbital to another as a 

result of some external perturbation such as absorption of light or an energetic 

collision. If the equilibrium separation of the nuclei is the same in the initial (7;) 
and final state (r,), the electron “jump” (which corresponds to an electronic 

transition) may occur with no restriction with respect to nuclear motion. 

Suppose, however, that the final state possesses a much different value for the 

equilibrium separation of the nuclei, Le., r; 4 ry. In order to change r; to rr, some 

type of nuclear motion must occur. Thus, the transition rate depends on the ability 

of the system to change its nuclear motion. Since the electron jump generally takes 

of the order of 10° '°-10~'* sec to occur whereas nuclear motion takes of the 

order of 10> 13-107!” sec to occur, we see that the electron jump is usually not 
rate determining, but nuclear motion change is. 

The Franck-Cordon principle states that for the classical electronic transition 

of a vibrating molecule: 

Since electronic motions are much faster than nuclear motion, 

electronic transitions occur most favorably when the nuclear 

structure of the initial and final states are most similar. 

An expression of the same idea in classical terms is that electrons, being light 

particles, have difficulty transferring their angular momentum (due to orbital 

motion) into linear momentum of the heavier nuclei, 1.e., the conversion of electronic 

energy into vibrational energy may be the rate determining step in an electronic 

transition between states of different nuclear geometry. 

A sharp description of the Franck-Condon would be that (a) for radiative 

transitions, nuclei geometries do not change during the time it takes for a photon 

to “hit”, “be absorbed,” and cause an electron to jump; and (b) for radiationless 

transitions, nuclear motions do not change during the time it takes an electron to 

jump from one orbital to another. We shall see in Chapter 4 that surface crossings 

remove the Franck-Condon restrictions somewhat for radiationless processes, 

but that for radiative processes, the principle holds firmly, in the sense of restricting 
transition probabilities. 

3.6 Singiet-Triplet Interconversions? 

When immersed in a magnetic field H the magnetic moment due to an electron 

spin tends to precess about a field of strength H,, (along a z-axis) with a frequency 

@ given by: 

RATE OF 
BRECESCIOME? = +3BH,/h ~ 10’ H, (in gauss) (3.7) 
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The spin state is represented pictorially as a vector that precesses about a z-axis 

(direction of H,) with frequency w. (see Fig. 3.2). As the field H, is made weaker, 

the precession frequency slows down. The rate of precession about an axis is directly 

proportional to the strength of coupling to that axis. Thus, the magnetic spin vector 

will “search” for the strongest magnetic field in its sphere of influence and then 

“associate” with that field by precessing about it. The most important magnetic 

fields influencing electron spin, from the standpoint of photoreactions, are the 

magnetic fields which result from the orbital motion of an electron (strength for 

systems containing C, H, N, and O atoms the field generated is ~ 10-100 cm’). 

From the vector model it is apparent that intersystem crossing from a singlet state 

to a triplet state and vice versa may result from the occurrence of magnetic torques 

that either “rephase” one of the spin vectors or “flip” one of the spin vectors. 

Visualization of Singlet-Triplet Interconversions: 

The Vector Model 

Figure 3.2 describes a singlet-triplet intersystem crossing in terms of the precessing 

vector model. First, assume we start in a “pure” singlet state (1e., Y%, =a, %. = B 

and the vectors are 180° out of phase so that S = 0 and M, = 0.) Suppose that .Y, 

experiences a slightly different magnetic torque about the z-axis than “3. As a 

result, Y, begins to precess faster about the z-axis of some arbitrarily defined 

"oure’ u mixed W " pure" "ure. 

singlet ergs triplet triplet 
an 

S=O triplet S=| S=| 
Zz M.=0 M, =O M,=1 
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operates to rephase operate to flip 

Figure 3.2 

Schematic representation of spin rephasing resulting from a different precessional 

rate of the spin of electron 1 relative to electron 2 about the axis defined by H,. A 

magnetic component at right angles (H, or H,) to H, will produce a torque which can 

flip an electron spin (say, of electron 2) when the ‘‘mixed”’ state has the 0° orientation 

of spin. 



48 CHAPTER 3 

magnetic field H. The out-of-phase orientation (“pure” singlet, — af) is gradually 

turned into an in-phase orientation (“pure” triplet, «f). In other words, the un- 

defined magnetic torque that operates on “, causes a “mixing” of S(M, = 0) and 

the T.(M, = 0) component of the triplet. If now a torque along the x- or y-axis is 

applied to one or the other of the spin vectors, a “spin flip” can occur to produce 

either the T_ or T, components of the triplet state. 

A field from a laboratory magnet cannot effect such an interconversion because 

it affects both spins equally (i.e., a laboratory magnetic field is homogeneous on a 

molecular scale). However, a field arising from within the molecule may be able 

to provide the magnetic torque required to rephase and/or to flip the electron’s 

spin vector, for example, the magnetic torque generated by an electron’s orbital 

motion or the magnetic torques due to other magnetic spins. The former is called 

spin-orbit coupling and the latter spin-spin coupling. We shall consider only spin- 

orbit coupling here, since it is the dominant mechanism for intersystem crossing 

of organic molecules. We shall consider the spin-spin coupling, which is important 

as an intersystem crossing mechanism in diradicals, in Chapter 8. 

A Primitive Model of Spin-Orbit Coupling® 

The problem in determining a spin-orbit mechanism for flipping an electron’s spin 

angular momentum is to identify a magnetic torque which can.“flip” the magnetic 

moment vector. In addition, a means of conserving the total angular momentum 

of the system must be available. The magnitude of the magnetic torque (force) 

generated by a charged particle will depend on the charge of the particle and its 

velocity. The strength ofa magnetic field caused by an accelerating charged particle 

has the form 

MAGNETIC FIELD EXp 
GENERATED BY AN- +H, = (3.8) 

ACCELERATING CHARGE c 

where E is the electric field due to the charged particle, v is the velocity of the 

charged particle, c is the speed of light, and X is the vector multiplication. 

Since the velocity of motion of the electron is a thousand times faster than that 

of nuclei, we surmise from Eq. 3.8 that electron orbital motion is much more likely 

to build up a significant magnetic field than is nuclear vibrational motion. The 

coupling of the motion of one electron spin to another electron spin is not expected” 

to lead to a net change in spin since the total spin momentum apparently must 

remain constant when this mechanism is operative. We can conclude therefore, 
that spin-orbit coupli m able general mechanism available for 

intersystem Crossing. Spin-orbit coupling provides a magnetic torque (generated 

by the electron’s orbital motion) capable of “flipping” the electron’s spin magnetic 

moment and can also provide a means of conserving total momentum by coupling 

a spin-flip with a compensating orbital jump. In other words, the momentum 

change due to the change in spin momentum can be exactly balanced by a change 
in orbital momentum. 
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A primitive model for spin-orbit coupling, yet one which provides a rather 
remarkable amount of physical insight, is available from a consideration of the 
electron’s motion in Bohr-like orbits, each of which has an associated value for 
orbital momentum. 

A classical electron in a Bohr orbit executes two important kinds of motion: 
it makes circuits about nuclei and it spins about an axis of its own. A moving 
charged particle generates a magnetic field H,. Thus, both the orbital motion and 
the spin motion of the electron generate magnetic fields which pervade the space 
about the electron. We thus imagine that both the orbital and spin motion of the 
electron generate magnetic moments, which may be visualized in terms of vectors. 
Suppose an electron moves about a nucleus in a Bohr s orbit. Such an electron has 
an associated angular momentum of zero. Since the “coupling” of orbital and spin 
motions requires exchange of angular momentum, we do not expect a significant 
spin-orbit related spin flipping mechanism due to spin-orbit interaction to be 
available to an electron in an s orbit. 

Imagine an electron whose trajectory is a “figure-eight” about the nucleus 

(Fig. 3.3). For simplicity, let us consider a planar analogue. The situation is reminis- 

cent of the harmonic oscillator model for vibrations, i.e., the electron is executing 

(a) (b) (c) 

v= "slow" Hs magnetic 
SPIN- ORBITAL fe torque 

DESCRIPTION 

VECTOR MODEL 
DESCRIPTION 

Initial State Mixed State Final State 
“a “4 

pg? “pure a pet at »B Hg “pure B 

Figure 3.3 

An (oversimplified planar) model of an electron in ap orbital. We imagine the electron 

to execute a ‘‘figure-8”’ trajectory about the nucleus. Many of the topological features 

of a p orbital are carried over in this simple representation. An electron executing a 

“figure-8” trajectory generates a magnetic torque, and a spin flip can occur with a 

simultaneous orbital momentum change. The lower half of the figure compares the 

“figure-8" (spin-orbital) model to the vector model. 
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periodic motion about the nucleus. The turning point (Fig. 3.3a) is evidently the 

“top” of the orbit when the distance of the electron from the nucleus is greatest. 

At this point the electron is moving relatively slowly because the restoring force 

(attraction to the nucleus) is minimal. When the electron approaches the nucleus 
it must be going at a very high speed since a restoring force accelerates the electron 

toward the nucleus (Fig. 3.3b). Apparently, the speed of the electron must begin 

to approach the speed of light (at relativistic velocities) in order to avoid being 

“sucked” into the nucleus. From Eq. 3.8 it is evident that H,’ is maximal when the 

electron approaches the nucleus (v is maximal). Since H, is a vector quantity, the 

possibility now exists that H, will serve as a magnetic torque on p, (the electron 

spin magnetic moment) and tend to flip the electron’s magnetic moment vector 

(Fig. 3.3c). We expect that H, will exert a maximum torque on pu, when the electron 

is in the region of its orbit close to the nucleus. However, a torque on p, is not 

sufficient to cause the spin flip; total angular momentum in the system must be 

conserved. This can happen if as the spin momentum yp, begins to change (dotted 

line Fig. 3.3b), the orbital angular momentum / begins to change, i.e., the electron 

jumps from one p orbit to another. In other words, if the initial orbit (p,, Fig. 3.3a) 

is orthogonal to the final p orbit (p,, Fig. 3.3c) there has been a change in the 

associated angular momentum from |, to l,. The coupling of the spin angular 

moment ¥ to the orbital angular momentum saves the day by allowing the total 

angular momentum of the system to be unchanged. The change in / exactly 

compensates the change in ¥ (1e., Y goes from « to f and | goes from p, to p,). 

The following conclusions, relating the magnitude spin-orbit coupling to atomic 

parameters, are readily drawn from the primitive model given above: 

1. The magnitude of energy associated with spin-orbit coupling is given by: 

Eo = aml s Ws (3.9) 

1e., the energy of the magnetic moment j, times the magnetic field H,, generated 

by orbital motion. 

2. The magnitude of E,, should increase, for a given orbit, as Z, the charge on 

the nucleus, increases, 1.e., the accelerating force is proportional to Z. 

3. The magnitude of E,, should depend mainly on the atom of highest Z that 

the electron (whose spin is to be flipped) sees, i.e., the maximal value of H, 
occurs only near the nucleus. 

4. Irrespective of the magnitude of E,,, for the spin flip to occur, another 

angular momentum change must couple with the spin flip, 1.e., a p, > py 
transition or its equivalent must occur. 

We may generalize these conclusions in terms of spin-orbit rules: 

Rule 1: A ‘'p, > p,"’ effect should be observed (meaning that 

spin-orbit coupling is most effective) when a p,. to P, Orbital jump 

is possible during the intersystem crossing. 
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Rule 2: A ‘heavy atom”’ effect should occur such that spin flips are 
most probable if the system contains a ‘‘heavy atom’”’ (atom of high 
value of Z) which is accessible to the electron whose spin is to be 
flipped. 

Rule 3: A ‘‘one-center’’ effect should occur such that spin flips are 
most probable if an atom is available which can accommodate a 
Px > Py, transition simultaneous with the spin flip. 

Examples of the operation of these important rules will be given in later chapters. 
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4 

Potential Energy Surfaces 

4.1 Potential Energy Curves and Potential 

Energy Surfaces 

A molecule in a particular electronic state may exist with various configurations 

of its nuclei, each configuration in space corresponding to a particular potential 

energy of the system. A map of the potential energy versus nuclear configuration 

for a given electronic state is called a potential energy surface.' 

The notion of a surface as a geometrical form (or graph) allows a visualization 

and provides a method for handling many problems of chemical interest. The 

goal of this chapter 1s to show how potential energy surfaces can provide a general 

basis for a qualitative visualization of molecular energetics, dynamics, and 

structure. 
A two-dimensional energy curve is more readily visualized than an energy 

surface. The important topological (i.e., qualitative geometric) features of a curve 

may be generalized to deduce the topological features of surfaces. Thus, we will 

first discuss potential energy curves for a diatomic molecule and then extrapolate 

the concepts and apply them to energy surfaces. We shall show how the simple 

notion of potential energy curves may be used to unify the ideas of structure, 

energetics, and dynamics. In particular, transitions between states (radiative and 

radiationless) and photochemical reactions can all be visualized under the sys- 

tematizing and unifying framework of energy surfaces. 

4.2 Movement of a Classical Particle 

on a Surface? 

An analogy exists between a marble rolling along a curved surface and a “repre- 

sentative point” sliding along a hypothetical potential energy surface. The point 

represents a specific nuclear configuration. We shall assume that like the marble, 

which is “held” onto a surface by the force of Earth’s gravitational field, the rep- 

resentative point is also “held” onto the potential energy surface by some sort. 
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of force. If the marble leaves the surface as the result of an impulse from some 
external force, it is always a momentary departure only, because gravity provides 
a restoring force which quickly attracts the particle back onto the surface. For the 
analogy to be complete, the same must be true for our hypothetical representative 
point, i.e., a restoring force must keep attracting it to the energy surface. Before we 
consider the nature of this restoring force, let us review the behavior of a classical 
particle (e.g., a marble) on an idealized smooth (frictionless) surface, and then 
consider the more realistic case of a rough (friction-producing) surface. 

The Trajectory of a Marble on a Surface 

Figure 4.1 reviews the important features of the trajectory of a classical particle, 
such as a marble, on a frictionless surface. First, the conservation of energy requires 

that if the particle is moving on the surface, then only energy exchanges occur. 

Energy in the form of motion of the particle (kinetic energy, KE) is shuttled into 

and out of energy in the form of the position of the particle (potential energy, PE). 

or all points on the surface E (the total energy) equals PE + KE. If the particle 

is motionless at any point on the surface, then for this position E = PE, ie., 

@Z2 PE 

Es C KE E5 

Eze, E-E, 
Eo Ee 

E| E, 

Position of Particle in Space 

Figure 4.1 

Schematic representation of a particle rolling over a surface (bottom). The inter- 

changing kinetic and potential energies (at constant total energy) are shown at the 

top for different positions of the particle on the surface. The minima r, and fies 

correspond to stable (or metastable) “‘configurations’’ of the systems, i.e., the v = 0 

and v = 1 vibrational levels. The maxima atr,, r,, and r, correspond to unstable 

“configurations” of the system. The minima serve as “attractors” for the particle. 

Similarly, minima are ‘‘attractors”’ for the representative point traveling over the 

surface. 
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KE = 0. In Figure 4.1, a schematic representation of the PE-KE interchange is 

shown. 

Suppose the marble is placed at a point r on the surface. Gravity operates as a 

driving force which can “attract” the particle toward the minima at r, and ro. 

From elementary physics,* the magnitude of this force is given by: 

Force acting Slope of the 

on the particle F = —dPE/dr curve atr (4.1) 

atr 

At points r3, r, and ro, F = 0, and at all other points F < 0. 

We now can see clearly the analogy between a marble sliding along a frictionless 

surface in the earth’s gravitational field and our hypothetical representative point 

sliding along a frictionless potential energy surface. The undefined restoring force 

of our representative point that keeps it “sticking” to the surface is analogous to the 

force of gravity which “holds” the particle on a surface. In a molecule, the restoring 

forces will be associated with the attractive force between electrons and nuclei. 

The potential energy of our hypothetical point is analogous to the height of a 

mass above the earth’s surface. Points r, and ro correspond to a mass in a valley, 

point r3 corresponds to a mass teetering on the top of a mountain, and points to 

the left of r,, and to the right of rz correspond to a mass which has left the earth’s 

gravitational field. Because of the physical requirement that E — PE > 0, the re- 

presentative point is not allowed to “drop” below the lowest energy surface. Thus, 

in Figure 4.1, the shaded region of space forbidden to the representative point 

THE POSITION OF THE PARTICLE 
A fa THE SURFACE 

THE MOTION OF THE 
POINT ON THE 
URFACE 

Figure 4.2 

The trajectory of a particle ona 

surface without friction (top) and 

with friction (bottom). If no energy 

loss (friction) occurs, the particle 

will roll back and forth between 

points A and B (r, and r,) forever. 

The occurrence of friction (‘“‘rough’’ 

surface) removes energy from the 

particle so that it cannot reach 

point B. Depending on the rate of 

loss of energy, the particle will be 

trapped in the first minimum (r,) 

Position of Particle in Space or the second minimum (r,). 
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corresponds to negative potential energy on the earth. This impenetrability would 
then be analogous to a mass moving along a hard crust on the earth. 

Once started on its trajectory, our idealized classical particle would oscillate 
back and forth over the surface between points r; and rg, 1.e., its energy trajectory 
is completely described as periodic horizontal motion between two end points. 
A more realistic picture of the motion of the particle considers frictional forces 
which remove energy from the molecule. Since PE is dependent only on position, 
apparently frictional forces can only remove kinetic energy as the particle travels 
over the surface, i.e., the particle will slow down. 

Energy Sinks and Energy Sources: The Trajectory of 

a Classical Particle on a Surface with Friction 

Suppose now that we obey the law of conservation of energy by means other than 

shuttling energy back and forth between PE and KE, or that we allow the par- 

ticle to leave the surface. Imagine for example, that some undefined force sets the 

particle into a horizontal motion starting from rj, i.e., the initial force holding the 

particle at r, is removed and motion will start from r, (see Fig. 4.2a). In the absence 

of any other external forces the particle will obey the law of conservation of 

energy by moving from r, to r, and then by reflecting off the right-hand portion 

of the curve back to r,. As another possibility, imagine that the particle starts its 
descent on the surface, but experiences friction of some sort (Fig. 4.2b). The particle’s 

speed and acceleration are less than they would be if its motion were determined by 

a frictionless surface. In effect, the friction is an energy sink for some of the particle’s 
kinetic energy. In the case of a molecule, this “friction” or energy sink will. correspond 

to molecular collisions or to molecular vibrations (Fig. 4.3). If the friction is sufficiently 

stretching 

contracting 

Energy 

Figure 4.3 

Schematic comparison of a particle 

on a frictional surface and a 

Position of Particle in Space vibrating molecule. 
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great, the particle may reach r, with insufficient KE (or momentum) to carry 

it up to and past r3, ie., the particle will get “stuck” in the well associated with r. 

The particle will roll back and forth past r,, continuously losing KE to friction, 

and eventually come to rest at rp. 
After coming to rest, the particle requires an energy source in order to proceed 

from r, to other regions of the energy surface. In the case of a molecule this energy 

source, like the energy sink, will be associated with molecular collisions and 

molecular vibrations. If sufficient kinetic energy is available, the particle will pass 

over point r; and eventually come to rest at ro, the point of lowest potential energy. 
The notion of friction allows the law of conservation of energy to be satisfied, 

even though we do not know in detail to what the friction is due. For molecules, 

vibrations and collisions (i.e., nuclear motions) often provide the “friction” which 

allows the total energy of an individual molecule to be conserved. 

4.3. Potential Energy Curves and Surfaces 

for Visualization of Molecular Behavior® 

We may now extend the ideas derived from considering a classical particle on a 

surface to assist in visualization of molecular behavior. First we shall consider the 

classical description of potential energy curves for vibrating diatomic molecules. 

Then we shall introduce the quantum mechanical concepts of quantization and 

vibrational wave functions. We will then be at a level of approximation suitable 

for qualitative visualization of radiative and radiationless transitions. In Chapters 

5, 6, and 7 we will consider radiative and radiationless transitions, and photo- 

chemical reactions, respectively, in terms of potential-energy surfaces, but in a 

quantitative fashion. 

4.4 The Quantum Mechanical Version 

of the Harmonic Oscillator’ 

Solution of the wave equation for a harmonic oscillator yields a set of vibrational 

wave functions y. Examination of the properties of these wave functions leads to a 

picture of the vibrating diatomic molecule—a picture which is strikingly different . 

from the classical harmonic oscillator for low-energy vibrations but which is 

quite analogous to the classical harmonic oscillator for high-energy vibrations. 

The most important results can be conveniently compared by starting with a 

classical potential energy curve and showing how the quantum mechanical model 

handles the problem of establishing the positions and motion of a pair of bonded 
atoms X and Y. 

For a given electronic configuration (or state) the nuclear wave function y 

describes the shape (position in space relative to the electron cloud) and motion 

of the nuclei, just as ‘W describes the shape (position in space relative to the nuclei) 

and motion of the electrons. We have discussed the orbital model for visualizing — 
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the electronic portion of a wave function. How can we visualize x, the vibrational 
wave function? 

Let us consider a diatomic molecule, XY, which is approximated as a harmonic 
oscillator, i.¢., the motion of X and Y relative to one another is a periodic function 
of time. For purposes of visualization we may consider X as being attached to Y 
by a spring (representing the bond between X and Y) and that both nuclei vibrate 
back and forth with respect to one another along the bond axis (Diagram a). If 
one of the two atoms is much lighter than the other (e.g., HCl) nearly all of the 
motion in space is due to the lighter mass. In this case we can assume the heavier 
mass to be stationary. In effect, we can consider it to be a “wall” to which the 
lighter mass is attached by a spring (Diagram b). 

(a) (XX) “(Y))) (((Xprmr{¥))) 

(b) x0 X )) 

Stretching Contracting 

A plot of the potential energy of a vibrating diatomic molecule as a function 

of internuclear separation is given by the familiar classical potential-energy curve 

(Fig. 4.4). At some particular internuclear separation r, the potential energy of 

the system is at a minimum, L.e., at r, the nuclei possess their equilibrium configura- 

tion. If the separation is decreased to a value less than r,, the potential energy of 

GRAPH OF PE VERSUS r 

F=—dE/dr 

v=5 

ve4 
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v=] : Ce 
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®—® @—®Y 

LIGHT ATOMS HEAVY ATOMS 
AND /OR AND/OR 

STRONG BONDS WEAK BONDS 

Figure 4.4 

Comparison of vibrational spacings for a strong bond (or light atoms) to those fora 

weak bond (or heavy atoms). 
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the system increases rapidly as a result of internuclear and electronic repulsions. 

On the other hand, if the internuclear separation is increased to a value greater 

than r,, the potential energy also increases due to the stretching of the X—Y bond 

(see Fig. 4.4). At the equilibrium position there is no net restoring force operating 

on the atoms, but at any displacement from r, a restoring force exists. The restoring 

force thus varies in magnitude and in direction in a periodic fashion in equal 

intervals of times. We see that particles undergoing harmonic motion pass back 

and forth through a point at which the potential energy of the system is a minimum. 

Since we will generally be interested in energy differences we may arbitrarily 

define the potential energy minimum as E, with E, = 0. 

At any point on the potential-energy curve the molecule experiences a restoring 

force F which tries to attract the system into the equilibrium geometry. The 

magnitude of this force, is given by F = dPE/dr, i.e., the force is the ratio of the 

potential energy of the system at any point to the displacement from equilibrium 

Ar = |r — r,|. Notice that this is precisely analogous to the form of the force law 
operating for the marble on the surface (Eq. 4.1). 

The meaning of the term “representative point” may now be more sharply 

defined. We refer to a particular point on the curve as a “representative point” 

which “follows” the motion, configuration, and energy of the pair of atoms XY. 

For example, when the point is at r,, the molecule possesses zero PE (by definition). 

At any other points on the PE curve for a motionless representative point, the 

molecule possesses excess potential energy. The molecular structures correspond- 

ing to such points are kinetically unstable, 1.e., they are attracted toward r, by 

restoring forces, just as the classical particle on a downward-sloping surface is 

attracted toward a potential energy minimum. We expect an initially motionless 

representative point to spontaneously move toward r,. 

Solution of the Schrodinger equation for a harmonic oscillator obeying Hooke’s 

law (E = $kr?) reveals that the energy levels are quantized and given by 

E, = hv(v + 3) (4.2) 

where v is the vibrational quantum number (which can take only integral values, 

0, 1, 2,.. .), vis the vibrational frequency of the classical oscillator, and h is Planck’s 

constant. 

The important results derived from the quantum mechanical solution for the 
harmonic oscillator are: 

1. Only the quantized energy values given by Eq. 4.2 for integral values of v 

are allowed for the harmonically vibrating molecule. 

2. The potential energy of the lowest possible vibration is not zero (as it would 
be classically) but equal to Shy. 

3. The vibrational energy levels are equally spaced above the v = 0 level in 
units of hy. 

4. The mathematical forms of the eigenfunctions, xj;, which are solutions to Eq. 

4.2 for the harmonic oscillator, are useful for determining transition probabilities 
between vibronic states. 
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5. Nuclear motion cannot be made to cease, i.e., the nuclei never stops fluctuating 

about the equilibrium position, so that their average K E can never equal zero. 

The amplitude of the corresponding classical vibrational motion is obtained in 

Figure 4.4 from the intersection of the potential-energy curve with the correspond- 

ing energy level. The classical turning points are the positions which define the 

potential energy—1.e., at the turning points the total energy of the oscillator is 

potential energy, because the kinetic energy is zero. This results from the fact that 

the total vibrational energy, E, is constant during the stretching and compression 

motions of the nuclei, but the kinetic energy, KE, and potential energy, PE, are 

continually changing such that: 

E, = PE+KE (4.3) 

When the nuclei are close to their equilibrium distance, the potential energy of 

the system is minimal for the vibration; the kinetic energy must therefore be 

maximal. At points on the curve which correspond to extreme stretching or 

compression KE = 0, since the atoms pause momentarily as the turning point in 

a vibration is reached, and PE is thus maximal. 

The Vibrational Wave Functions for‘a Harmonic Oscillator‘ 

The form of the vibrational wave functions for a harmonic oscillator near the 

geometry of equilibrium separation are very nonclassical and therefore nonin- 

tuitive. However, as one goes up the vibrational ladder the behavior of the wave 

mechanical harmonic oscillator becomes increasingly classical. The mathematical 

form of the vibrational eigenfunctions y, for v = 0, 1, 2, 3, 4, and 10 are plotted 

qualitatively in Figure 4.5 on the permitted (quantitized) energy levels, which 

are indicated by horizontal lines. The (mathematical) value of y, above the horizon- 

tal line is arbitrarily considered to be positive, the value of x, below the horizontal 

line is negative, and the value of y,, on the line is zero. The number of times that 

y, passes through zero equals »v, the vibrational quantum number. Although the 

(mathematical) sign of y, is arbitrary, the sign is crucial when we consider that ¥,, 

a wave function, is not directly related to laboratory observation, but that a 

product of two wave functions is related to laboratory observation, /i.e., the 

vibrational overlap integral <x) is related to the probability of transition eaves 

two different vibrational states. 

f 1s at = Cub = OO (4.4) 

The probability function y2 where i = j represents the probability of finding the 

nuclei at a given value of r during vibration in a given level. By examining Figure 

45 it can be seen that there is a finite, non-negligible probability that the atoms 

will vibrate outside of the region defined by the classical potential-energy curve. 

The probability of finding the nuclei at a given separation is peculiar for upper 

vibrational levels in that, in addition to the broad maxima of the probability 

distribution in the vicinity of the classical turning points, a number of maxima 



60 CHAPTER 4 

(for v > 1) exist in between. Although the behavior of the harmonic oscillator is 

“peculiar” relative to the classical model for small values of v, as we go to higher 

and higher values of v, the quantum mechanical situation approximates the 

classical situation more closely (Bohr’s correspondence principle)—.e., the atoms 

tend to spend more time near the turning points of vibration and very little time 

in the region about r = r,. 
The probability distribution curve for the v = 0 level in Figure 4.5 contrasts 

dramatically with the classical picture. Instead of two turning points, one broad 

probability maximum at r = r, exists. Classically, the vibrational state of lowest 

energy corresponds to the state of rest (point r, in Fig. 4.5), which is impossible 

for the quantum mechanical model, since the position and velocity of this state 

would then be exactly defined (a violation of the uncertainty principle). Most 

radiative and radiationless transitions in condensed phases originate from thermally 

equilibrated vibrational states, which means that the v = 0 level will be of. great 

importance in organic spectroscopy and photochemistry. 

Figure 4.5 

Quantum mechanical description of a vibrating molecule. Superimposed on the 

various levels (v = 0, 1, 2,...) are the vibrational eigenfunction (v)—left-hand 

curves—and the square of the vibrational eigenfunctions (x7). The mathematical sign 

of the function oscillates from positive to negative values except for the y of v = 0, 

which is positive everywhere. The positive portions of x are indicated as portions 

of the curve above the line representing the energy of the vibrational level. The 

greater the number of nodes in x, the greater the kinetic energy of the vibrational 

level. The values of y? are proportional to the probability of finding the nuclei XY ata 

corresponding separation r,,. 
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We can now transfer reversibly and smoothly from the classical description of 
a “dynamic” representative point moving on the surface to the quantum description 

of a “static” probability of finding the nuclei in a certain region of space with a 
given motion. 

The Anharmonic Oscillator‘ 

The harmonic oscillator approximation fails for nuclear geometries corresponding 

to severe compressions or severe elongations of the XY bond. For example, when 

a bond has been extended to, say, 2 or 3 times its normal length (from 1-2 A to 

5—6 A) the atoms X and Y experience very little “restoring” force, i.e., the bond is 

essentially broken. For an ideal harmonic oscillator, the restoring force increases 

indefinitely and smoothly with increasing or decreasing distance from the equi- 

librium position (see Figs. 4.4 and 4.5). In a real molecule the potential energy will 

rise more gradually than predicted by PE = 4kr?, because of weakening of the 
X—Y bond at large r, as is shown in Figure 4.6 for the HCI molecule. Eventually 

the potential energy reaches a limiting value as the restoring force disappears, 

and the bond breaks. This corresponds to the dissociation energy of the molecule 

and is represented by the asymptote in Figure 4.6. If the energy of the system just 

corresponds to the asymptote, the atoms at a great distance from one another will 

have zero velocity. Above the asymptote their kinetic energy (which is essentially 

continuous) is increased. On the other hand, compression of the nuclei results in 

a more rapid increase in potential energy than is predicted, because of the sudden 

rise of coulombic repulsions with decreasing nuclear separation. 
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Figure 4.6 

Potential curve for the ground state of HCl. 
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Recall that the sum total energy of the system equals the sum of the kinetic and 

potential energy. For example, in the v = 3 vibration level, the anharmonic 

oscillator shown in Figure 4.6 possesses 40 kcal/mole! at a point A (all potential 

energy), while at point B the system possesses about 35 kcal/mole ' of kinetic 

energy and 5 kcal/mole! of potential energy (relative to an arbitrary energy of 

zero for the lowest point in the curve). 

The vibrational levels, although quantitized, are not equally separated for the 

anharmonic oscillator. Their separation decreases slowly with increasing v, as 

shown in Figure 4.6. For example, for HCl the energy separation between v = 0 

and v = 1 is about 12 kcal mole ', while the energy separation between v = 10 

and p = 11 is only about 5 kcal mole™!. 

Extension of the Ideas of Potential-Energy Curves to 

Potential-Energy Surfaces® 

For a two-atom system, we speak of a potential-energy curve rather than surface 

because the nuclear coordinate is simply a vibration. For a polyatomic molecule, 

the situation is very much more complicated and a polydimensional surface would 

be required to describe even the rather elementary organic molecules. Simplifying 

assumptions are therefore required, e.g., we can replace the concept of a group of 

nuclei with the notion of a center of mass, a representative point that moves with 

the same characteristics as a single particle. The center of mass of a system 1s 

known, from elementary physics, to depend only on the masses of the particles 

of the system and their positions relative to one another. When a complicated 

array of bound particles (the nuclei of a molecule) moves under the influence of 

external forces, the center of mass moves in the same way that a single particle 

subject to the same external forces would move. The concept of the center of mass 

point allows us to visualize in a simple way an energy trajectory of a complex 

system of particles executing very complicated motions. 

For the remainder of this text we shall assume that the qualitative (topological) 

features of potential-energy curves may be generalized to include potential-energy 

surfaces. 

Figure 4.7 

The effect of collisions on the motions of a molecule. 

Collisions provide an energy source and an energy 
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4.5 The Influence of Collisions and Vibrations 
on the Motion of the Representative Point 

Consider the effect of collisions on a molecule in solution. Such collisions may be 
considered as impacts which a molecule experiences as a result of being in a solvent. 
The magnitude of these impacts depends on temperature, varies over a wide 
distribution of energies, and follows a Boltzman distribution—i.e., near room 
temperature the average energy per impact is ~ RT = 0.6 kcal/mole. The separa- 

tion between individual available energies associated with collision is nearly 

continuous. Thus, near room temperature, collisions can be considered to provide 

a reservoir of energy which will match, without much difficulty, vibrational 
energy gaps. 

Figure 4.7 schematizes the effects of collisions on movement along a potential- 

energy surface from one minimum to another. Suppose the reactant starts with 

a nuclear configuration in which a reacting bond has an internuclear separation 

equal to R,. Collisions serve as an energy source and move the reactant along the 

energy surface to a maximum (transition state). Further movement along the 

surface toward the product requires removal of energy, 1.e., the collisions serve as 

an energy sink as the system moves from R, to R,. 

As a prototype system, let us consider the effect of collisions on the nuclear 

motion of a diatomic molecule. Consider Figure 4.8, which shows how the tra- 
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Figure 4.8 

Schematic representation of the effect of collisions on a diatomic molecule. 
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jectory of the center of mass is affected by the occurrence of quantized vibrations. 

We suppose that an anharmonic PE curve describes the vibration. If the molecule 

starts at point A, it experiences a restoring force which spontaneously begins to 

move the center of mass toward point I, the position of minimum PE at which 

F = dPE/dr = 0. Along the curve between points A and B, the vibrational states 

are essentially continuous and the system behaves classically. Collisions act like 

frictional forces which rapidly remove the excess vibrational energy from the 

molecule; this allows the center of mass to follow a trajectory close to that defined 

by the PE curve. In Figure 4.8 this path is schematized as a curved line leading 

from A to B. Near point B, vibrations become quantized and it is now possible 

to take up energy from the environment as quantized packets of vibrational 

energy. In the absence of energy-removing collisions, the center of mass of the 

molecule thus may proceed from near point A to J rather than continue downward 

toward F. If this is the case, the molecule will have dissociated into fragments. 

Suppose that from near point B the molecule proceeds to point D, which 

corresponds to a bound portion of the PE curve. A collision could drive the 

molecule up the curve toward C or down the curve to E. If the latter occurs we 

might expect the molecule to begin its vibratory motion toward F. Since the 

motion between E and F is correlated by a chemical bond, we would expect that 

motion to be more probable than the motion induced by external random col- 

lisions. The process of collisions and energy removal is imagined to continue as 

shown in Figure 4.8 until the center of mass reaches point H. The molecule will 

then begin to execute zero point motion about the equilibrium separation I. 

For simplicity, an energy-conserving vibration is shown as a horizontal arrow 

(say, connecting B and D, E and F, H and G). This picture is related to the quantum 

mechanical description of a vibration in terms of y?, i.e., only the probability of 

finding the nuclei at a given position of r for a given total energy is defined. In 

terms of a classical description, we would imagine the representative point oscil- 

lating on the surface between B and D(E and F, H and G, etc.). There would be an 

implied KE associated with the point. Referring back to Figure 4.1, if the point 

started at r, and then accelerated along the frictionless surface to r,, when the 

point reached r, it would possess KE equal to E, — E,. This KE would be sufficient 

to carry the point over the maximum at r; to ro. When it arrived at ro it would 

have its maximum KE = E, — E,. This KE would be just sufficient to carry it to 

r4. Upon reaching ry it would pause momentarily and start to slide down the 

surface toward ry and so on. 

4.6 Transitions between Potential-Energy 

Surfaces? 

In principle, some reactions cannot be interpreted in terms of the motion of the 

system along one fixed potential-energy surface. A nonadiabatic reaction is a 

reaction in which a transition from one electronic potential-energy surface to 
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another occurs during the reaction. All photoreactions which lead to stable 
ground-state molecules are nonadiabatic reactions, since light absorption places 
them on an excited-state surface. But since a product on a ground-state surface is 
observed, a transition between two electronic surfaces must have occurred at 
some point. 

In terms of photochemical systems, nonadiabatic transitions may be discussed 

in terms of two broad, distinct classes: 

1. Radiative nonadiabatic transitions, e.g., fluorescence and phosphorescence. 

2. Radiationless nonadiabatic transitions, e.g., internal conversion, intersystem 

crossing, and most photoreactions. 

Nonadiabatic transitions must obey the Franck-Condon principle, such that 

the initial and final nuclear geometries must be very similar. In effect, a “chemical 
reaction” (in the sense of drastic change in nuclear configuration) never occurs 

via a radiative nonadiabatic transition. However, many, if not most, photochemical 

reactions involve radiationless nonadiabatic transitions as a key step, which 

affects either the reactivity and/or efficiency of the reaction. 

In the following section we shall show how radiative and radiationless transi- 

tions may be visualized in terms of “jumps” between energy surfaces and how the 

probabilities of these jumps may be related to molecular structure via classical or 

quantum mechanical models. 

4.7 The Franck-Condon Principle 

and Radiative Transitions: A Classical Model? 

A readily visualized classical model of the Franck-Condon principle during a 

radiative transition between two states is this: suppose that the potential-energy 

curves for the ground and excited states of a diatomic molecule occur as shown 

in Figure 4.9. Let the molecule be represented as a vibrating ball attached to a 

string, which in turn is affixed to a wall. This would be analogous to a light atom 

bound to a much heavier one. Most of the motion of the two atoms is due to the 

movement in space of the lighter particle. 

The geometry produced on the upper surface by the transition is governed by 

the relative positions of the upper and lower energy curves. If the curves were of 

the same shape, and one lay directly over the other (Fig. 4.9a), the transition would 

be from the minimum of the ground surface to the minimum of the excited surface, 

i.e., electronic transition would occur without vibrational excitation. In general, 

we may regard the transition as occurring from the most probable nuclear configu- 

ration of the ground state—which is the static, equilibrium arrangement of the 

nuclei. The electronic transition occurs, and during it the nuclei do not change 

their arrangement. At the completion of the electronic transition the nuclei are 

static, but in a new force field because of the new electronic distribution. They 
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therefore begin to move, and vibrate away from and back to their initial arrange- 

ment (Figs. 4.9b and 4.9c). It follows that the original arrangement is a turning 

point of the new motion, and that vibrational energy is stored by the molecule. 

This new motion of the molecule may be described in terms of a representative 

point, which follows the potential-energy curve from its initial point of formation 

to another point, which is the other vibrational extreme. The velocity of motion 

of the point depends on its excess kinetic energy. 

A line drawn vertically from the initial ground state intersects the upper 

potential-energy curve at the point which will be the turning point in the excited 

state. The line also shows how much energy is absorbed in the transition, since 
the energy of a harmonic oscillation is constant; what potential energy is lost as 

the spring decompresses is turned into kinetic energy, which is used to recom- 

press the spring. Therefore the potential energy at the turning points, E,;,, deter- 

mines the energy at all displacements for that mode of oscillation. 

Let us now consider the effect of quantization on the classical model for radiative 
transition. 

r — if 
xy 

Figure 4.9 

A mechanical analogue to the Franck-Condon principle for radiative transitions. The 
motion of a point representing the motion of the vibrating atoms is shown as a 
sequence of arrows. These arrows indicate the motion of the representative point 
on the curve. 
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A Classical but Quantized Model of Radiative Transitions 

The major difference between the classical system and the quantum system is 
that the quantum system cannot possess an energy of 0 but must possess an 
energy of E, or larger, due to the irrepressible zero-point motion imposed on 
microscopic systems by the uncertainty principle and by quantization. The tra- 
jectory of the point representing the molecule on the curve is imagined to oscillate 
back and forth between A and B. Everywhere along the trajectory E, = PE + KE. 

Near ro, the classical equilibrium position, E, = KE and PE = 0. Near A and B, 

E, = PE and KE = 0 (Fig. 4.10). 
Without specific consideration of spin type, let y° represent a ground-state sur- 

face and y* represent an excited-state surface. In y° the zero-point motion is be- 

tween points A and B, whereas in w* the zero-point motion is between points J and 

K. If we consider the zero-point motion of w° only, we see that for a semiclassical 

system (i.e., a classical system except for quantization), absorption must occur 

when the molecule possesses internuclear separations whose values vary between 

A and B. From a classical standpoint, the nuclei are most likely to be found near 

points A and B since these correspond to classical turning points for the vibration, 

and the nuclei are either at rest or moving very slowly near A and B. 

E 
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Figure 4.10 

Two-surface semiclassical representation of a radiative transition and the Franck- 

Condon principle. 
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A radiative transition is an abrupt event in which a collision of a photon with 

the electrons of a molecule causes a sudden electron jump, leaving the nuclei 

behind as spectators to the event, i.e., the Franck-Condon principle operates. This 

means that the magnitude KE of the nuclei should be the same just before and 

just after the electron jump. In other words, the action of light in the act of ab- 

sorption is to raise the electronic energy without changing the position or veloci- 

ties of the nuclei relative to one another. In Figure 4.10 there are two points for 

which KE =0 on the w° curve, namely points A and B. The corresponding 

vertical points H and G would be reached by absorption which originated from A 

or B respectively. If a transition were to occur when the molecule had an equili- 

brium geometry near ro, absorption would carry the system to point D, whose 

energy is slightly lower than point H. The reason for this is that, since E, ~ KE 

near r, and since when the molecule is excited it arrives on the w* surface with 

the same kinetic energy it had in w°, the energy gap LD must equal the zero- 

point energy E,. At any point associated with the energy curve the kinetic 

energy of the nuclei is given by the difference between the ordinate of the point 

and the curve. Thus, the distance LD equals the distance from r, to the horizontal 

line AB. The dotted line from H to G indicates the locus of the “allowed” radiative 

transitions based on the Franck-Condon principle, i.e., KE is exactly the same 

just before and just after excitation (lower half of Fig. 4.10). 

In terms of absorption probability, the strictly classical picture with zero-point 

motion between A and B would allow for absorption to occur from w°® to any 

point on the upper surface along the dotted line HDG. However, quantum mecha- 

nics requires that the transition must generate y* in a quantized vibrational level. 

Thus, only transition A -> H is possible, since a vertical transition from the ground 

state at all other points either requires a change in KE or produces a nonquantized 
state. 

In practice, the vibrational level HI is not very sharply defined for a typical 

organic molecule in solution. The vibration typically will interact with other 

vibrations and be subject to interactions with colliding molecules. The net effect 

is to replace a sharp absorption between A and H with a spread of absorptions. 

We would expect, however, that a maximum in absorption will occur and cor- 

respond to the sharp line absorption expected in the idealized model. 

If the molecule becomes thermally equilibrated in w*, the nuclei find them- 

selves acted upon by electronic forces other than in y°. As a result their frequency 

of vibration (v) and equilibrium positions rd of w* will be different from that in 

w°. In general v will be slower and ré will be longer. The bond lengthening is 

expected from the occurrence of an antibonding electron in w*, and the lower 

frequency of vibration results from the weaker bonding force which holds the 

atoms together. Usually, the shape of the excited-state curve will be flatter than 

that of the ground-state curve, again because looser bonding implies smaller 

values of v and longer stretches are possible in y* relative to y®. 
The zero-point motion of y* is defined by the level between points J and K. 

Notice that a smaller zero-point energy is indicated for y* than for y°. The smaller 
zero point energy is often associated with a shallower potential energy (see also 
Fig. 4.4). By arguments similar to those discussed above we expect absorption to 
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be most probable from points near A or B, and emission to be most probable 
from points near J or K. 

A Quantum Mechanical Interpretation of Radiative Transitions: 

The Overlap Principle 

In quantum mechanics, the classical concept of the precise position of nuclei in 
space and associated motion is replaced by the concept of a nuclear or vibrational 

wave function, y, which “codes” the nuclear configuration and momentum but is 

not as restrictive in confining the nuclear configurations to the regions of space 

bound by the classical potential-energy curves. In classical mechanics we con- 

sidered that electronic transitions require a similar nuclear configuration and 

momentum in the initial and final states at the instant of transition. In quantum 

mechanics the requirement becomes the net positive overlap of the wave functions 

in the initial and final states at the instant of transition. This overlap is given by the 

Franck-Condon integral <y;\x;>. The probability of any electronic transition is 

directly related to the square of the vibrational overlap integral, ie., <yi\x >, 
which is called the Franck-Condon factor. 

The Franck-Condon factor governs the relative intensities of vibrational bands 

in electronic absorption and emission spectra. In radiationless transitions the 

Franck-Condon factor is also important in‘the determination of the rates of 

transitions. Since the value of <y;|y;>* parallels that of <y;|x,>, we will generally 
consider the integral itself rather than its square. The larger the di Phe larger the difference inthe 
vibrational quantum numbers i and f, the more likely it is that the shape and 

ihe-transilion, Indeed, this is exactly the result anticipated from the Franck- 

that a state w, will have the same shape and momentum as W,. The Franck- 

Condon overlap integral is analogous to the electronic overlap integral <y; Wr 

i.e., poor overlap means weak interactions and slow transition rates. 

Consider Figure 4.11, which is a schematic representation of the quantum 

mechanical basis of the Franck-Condon principle for radiative transitions. Ab- 

absorption spectrum 

very weak absorption 

weak absorption Figure 4.11 

oderate absorption J . , 

ig absorption Quantum mechanical interpretation 

of the Franck-Condon principle. 
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sorption is assumed to initiate from the v = 0 level of y°. The most likely radiative 

transition from v = 0 of W° to a vibrational level of w* will correspond to the 

transition for which y, and y* is maximal. As shown, this corresponds to the 

v = 0 to v = 4 transition. Other transitions from v = 0 to vibrational levels of p* 

will occur, but with lower probability, as shown. A possible resulting absorption 

spectrum is shown. 
The same general ideas will apply to emission, except the important overlap 

is then between y, of w* and the various vibrational levels of p°. 

4.8 The Franck-Condon Principle 

and Radiationless Transitions: 

Analogy to a Vibrating Spring? 

The Franck-Condon principle induces a preference for “vertical” jumps between 

surfaces for the representative point of a molecular system. The same principle 

prohibits certain vertical jumps in radiationless processes (between surfaces 

separated by large energy gaps) and favors other vertical jumps (at Zero Order 

surface crossings). The connection between the quantum mechanical interpreta- 

tion of radiationless transitions in terms of <y;{y,> and the motion of the repre- 

sentative point of a potential-energy surface may now be made. 

Consider Figure 4.12. Suppose a molecule starts off on an excited surface y* 

and during its zero-point motion it makes the trajectory from A to B on the 
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Figure 4.12 

Visualization of the quantum mechanical basis for a slow rate of radiationless 
transitions. 
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surface. Classically, a “jump” to the lower surface will require an abrupt change 

Pecan rie ne Woe sontalSjumpe hom BE sl ondie )) Cviatia bean ighauge 
in kinetic energy (a “vertical” jump from A > E or B > F). stresult of either 
jump is that the vibrati le will abruptly change from a placid, 

low-energy vibration between points A and B to a violent, high-energy vibration 

between points C and D. Both the positional and momentum characteristics of 
the vibration have suffered drastic change. Electrons resist drastic changes in 
orbital motion or spatial location; nuclei resist drastic changes in their vibrational 

motion of spatial geometries. Visually, the wave function x; (plotted above the 
classical curve representing the initial excited state, y*) is drastically different in 

form (positive everywhere, no node) from that of ° (highly oscillatory). 

The vertical jump from w* to w° may be thought of as one for which a rate- 

limiting electron perturbation occurs first and promotes the transition from y* to 

w°. Nuclear motion is now suddenly controlled by the y/° surface rather than y* 

and acceptor vibrations must now be found to soak up the excess potential energy 

associated with the jump. The horizontal jump may be regarded as one for which 

a rate-limiting nuclear geometry perturbation occurs first and promotes the 

transition from geometry A—C (or BD). Electronic motion then suddenly 

switches from that of y* to that of y°. The vibration which brings y* from A > C 

(or BD) may also act as an acceptor of the excess energy. The horizontal 

jump is related to quantum mechanical “tunneling,” and can be interpreted as 

being due to the very small overlap of y; and y, outside the regions of the classical 

potential-energy surfaces. 

In Figure 4.13, the situation for surface noncrossing and crossing are compared. 

The poor overlap of the vibrational wave functions of w° and y* for a molecule 

poor net positive good net positive 

overlap overlap 

Figure 4.13 

Schematic representation of situations for poor (left) and good (right) net positive 

overlap of vibrational wave functions. The value of the integral 7:7, as a function of 

r is shown at the bottom of the figure. 
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in the lowest vibrational level of y* for the noncrossing situation contrasts with 

the significant overlap for the crossing situation. 

In both cases, y; corresponds to the v = 0 level of w* and yx, corresponds to 

the v = 6 level of y°. The amount of electronic energy (AE,,) that must be converted 

into vibration energy and the vibrational quantum number (v) of the state pro- 

duced by the transition are the same for both transitions. Nevertheless, the radia- 

tionless transition on the right will occur much faster than the radiationless 

transition on the left because fy, (right) > fxiz; (left). We say that the radiationless 

transition on the left (no surface crossing) is Franck-Condon forbidden (i.e., the 

Franck-Condon factor <y;x¥;> is ~ 0), whereas the radiationless transition on the 

right (surface crossing) is Franck-Condon allowed (i.e., the Franck-Condon factor 

7 =O) 

We conclude that, with respect to the Franck-Condon factors, a radiationless 

transition from w* to w° will be very slow for the disposition of curves shown 

on the left of Figure 4.13 relative to the disposition on the right. 

4.9 Visualization of ‘‘Chemical’’ versus 

‘“‘Physical’’ Mechanisms of Radiationless 

Transitions® 

Generally, the occurrence of unimolecular radiationless transitions such as inter- 

nal conversion and intersystem crossing may be inferred from quantum yield 

measurements (Chapter 6, Section 6.) The observation of no net reaction after 

absorption of a photon is a common experimental observation. It is possible, 

however, that reversible photochemistry, rather than photophysical radiationless 

transitions is responsible for the reaction inefficiency. By photophysical radiation- 

less transitions we mean the more or less vertical jumps which occur from minima 

on excited surfaces to minima in S,). Often the same minima are involved in 

spectroscopic transitions, and correspond to the Zero Order equilibrium nuclear 

geometry of the ground state, Sy. By photochemical radiationless transitions we 

mean the horizontal pathways which lead to a primary photoproduct. The photo- 

product then finds a pathway to return to So. 

The distinction between “physical” and “chemical” radiationless transitions 

can become blurred, but the pathways followed on the energy surfaces can still 

remain sharply defined. Consider the three surface situations shown in Figure 

4.14. Below each pair of surfaces an energy diagram is shown for comparison. 

In case (a), light is employed to take the representative point from the ground 

state of S) surface (equilibrium geometry) to the excited state surface (postulated 

to have an equilibrium geometry similar to R). Thermal energy then propels the 

representative point (which follows the dotted line) over an energy barrier to a 

new minimum, which corresponds to the equilibrium geometry of P*. Emission 

then occurs from P* to P. Because the two surfaces are “far apart” for all geome- 
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tries experienced by the representative point, radiationless transition to So is 
unlikely everywhere along the reaction coordinate. Commonly, energy barriers 

separating reactant geometry from product geometry are smaller on the excited 

surface for the same reaction coordinate. In case (a), if the excited-state barrier is 

too high for the representative point, emission from R* to R would occur instead 

of emission from P* to P. 

In case (b) an excited surface and a ground surface approach one another 

at some geometry intermediate between that of R and P. Near this geometry, 

radiationless jumps to Sy are favored. However, with respect to the maximum 

on the S, surface we can imagine jumps leading to geometries “to the left” (return 

to R and a net photophysical process) or “to the right” (formation of P and a net 

photochemical process. For case (b), it is clear that the terms photophysical and 

photochemical may become blurred when one is discussing processes occurring 

for the nuclear geometries in which the two surfaces come close. 

As a third example, in case (c) we suppose that the jump from the excited surface 

puts the representative on the ground surface with a large excess of thermal 

energy. As a result the minimum on the ground surface (corresponding to an 

intermediate on the ground surface) cannot “hold” onto the representative point 

and the latter escapes from the minimum (corresponding to the vertical jump) to 

a second minimum corresponding to P. We suppose that by the time the repre- 

sentative point reaches P its excess energy has been removed (say, by collisions 

with atoms in its environment) and eventually settles into the v = 0 level of P. 
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Figure 4.14 

Classifications of photoreactions in terms of surfaces: (a) adiabatic photoreaction ; 

(b) diabatic photoreaction, and (c) “hot’’ ground-state reaction. 
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Cases (a), (b), and (c) are respectively termed adiabatic photoreactions, diabatic 

photoreactions, and “hot” ground-state reactions. The terms adiabatic and diabatic 

refer to whether reactions occur completely on an excited surface or partly on a 

ground surface. Thus, a hot ground-state reaction is a special case of a diabatic 

photoreaction. 

It appears that most organic photoreactions conform to case (b). As a result, 

a knowledge of both photophysical and photochemical radiationless processes is 

crucial for an understanding of the molecular photochemistry of organic com- 

pounds. Of special importance is knowing when surfaces “get close” and what 

mechanisms are available to allow the representative point to make its jump to 

another surface. 

Classically, we may view radiationless transitions as occurring from a “hole” or 

“funnel” in an upper surface at critical molecular geometries. When the repre- 

sentative point must search for a considerable time for the correct geometry 

required for a surface jump (thermal equilibrium), we speak of a “hole” on the 

excited surface at that geometry. When the representative point makes a surface 

jump nearly every time it achieves a certain geometry, we speak of a “funnel” 

on the excited surface at that geometry.° 
How does one predict where “holes” and “funnels” are likely to occur on excited 

surfaces? Since this topic is discussed in detail in Chapters 6 and 7, we simply 

note here that radiationless surface jumps are favored at geometries for which 

(a) the initial and final surfaces come “close” to one another, (b) the initial and 

final states have similar electronic characteristics, and (c) the initial and final 

states experience strong spin-orbital coupling to one another (for jumps involving 

a change in electronic spin). 

In summary, the following features of the surfaces are of particular interest to 

a photochemist: 

1. The location of the minima in So, S,, and T,. 

2. The location of maxima in Sy, S,, and T,. 

3. The interactions (relative to the zeroth-order model) which cause the 

separation of the surfaces. 

4. The geometries for which two surfaces come “close together.” 

4.10 Summary and Prospectus 

The goal of this chapter has been to provide a qualitative understanding of the 

concept and use of potential-energy surfaces. We have seen both how reactions on 

a single surface and how radiationless transitions between surfaces can be visual- 
ized. We can usually approximate an electronic state in terms of a single con- 
figuration for nuclear geometries near the minima of an energy surface which is 
well separated from other surfaces. When two surfaces come close together, cross, — 
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or touch, the one-configuration approximation of an electronic state may break 
down. If it does, radiationless transitions from one electronic state to another 
(jumps between surfaces) may occur. Radiative transitions between surfaces allow 
us to visualize the factors related to molecular shape which might influence the 
probability of radiative transitions. 

Our next task is to proceed from this qualitative description of transitions to 
a more quantitative one. We shall first discuss the highly developed theory of 
radiative electronic transitions in Chapter 5, and then the theory of radiationless 

transitions in Chapter 6. In both cases we shall not be concerned with deviations 

of nuclear geometry which are too far from the equilibrium nuclear configuration. 

In Chapter 7 we shall outline how the more drastic nuclear motions which occur 

in chemical reactions may be correlated to electronic states via potential energy 

surfaces. 
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Radiative Transitions— 

The Absorption and 

Emission of Light 

5.1. Absorption and Emission Spectra 

of Organic Molecules 

The electronic absorption and electronic emission spectra of a molecule provide 

important information concerning the structure, energetics, and dynamics of 

electronically excited states. From knowledge of the Sg + hv>S, and Sy + 

hy + T, absorption processes, and of the S; > Sy + hvand T, > So + hv emission 

processes, a fairly complete “static” state-energy diagram can often be deduced. 

From measurements of the lifetimes of S, and 7,and_of the efficiencies of emission, 

the dynamics of the photophysical and photochemical pathways available to S, 

and T, can be deduced. 
The organic photochemist is generally not interested in rigorous mathematical 

interpretations of spectroscopic data. He more commonly seeks a pictorial stand- 

point from which to understand light absorption and emission so that he can 

relate spectroscopic measurements to state properties via correlations of observa- 

tions and molecular structure. He would like to derive state electronic configura- 

tions, state nuclear geometries, state multiplicities, and state energies by setting 

up rules or a protocol that translates spectral data into “pictures” of structures. 

In order to do this, he must employ a theory relating state properties to observables. 

We shall see that the state electronic configuration and state multiplicity are often 

readily inferred from measurements of the absorption (or emission) probabilities. 
State nuclear geometries are more difficult to obtain, but in favorable cases they 

can be derived from analysis of the vibrational structure of absorption and emission 

spectra. State energies are readily derived from the onset of absorption (lowest 

energy transition observed) or emission (highest energy transition observed). 
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5.2 Typical Experimental Absorption 

and Emission Spectra of Organic Molecules 

In initiating a photochemical study of an organic molecule, the photochemist 
usually will first measure the electronic absorption and emission spectra of the 
starting materials (solutes, solvents, reaction vessels). Typically, unsaturated 
organic molecules possess several absorption bands in the “photochemical” 
region, 200-700 nm. Saturated organic compounds are generally “transparent” 
in the region 200—700 nm. These limits of the photochemical region are set at the 

short wavelength extreme by technical considerations (quartz glass and organic 

solvents transmit little light of wavelength less than 200 nm) and at the long 

wavelength extreme by theoretical considerations (electronic excitation of organic 

molecules usually requires light of wavelengths shorter than 700 nm). 

Although absorption of light resulting in electronic excitation is a completely 

general experimental observation, the observation of emission of light is not. The 

efficiency of light emission (Section 5.7) may be too low to be detected experi- 

mentally. For example, most saturated organic molecules and polyenes do not 

display efficient emission. 

A chromophore is defined as an atom or group of atoms that serve as a unit in 

light absorption. A lumophore is an atom or group of atoms that serve as a unit in 

light emission. Typical organic chromophores and lumophores are C=C, C—O, 

and aromatic groups. 
Table 5.1 lists the longest-wavelength absorption bands (maximum) and extinc- 

tion maxima of some typical organic chromophores, and assigns an electronic 

transition to the band. We shall postpone discussion of emission parameters until 

Section 5.7, but wish to point out here that the latter vary widely as a function of 

molecular structure. 

Table 5.1 Long-Wavelength Absorption Bands of Some Typical 

Organic Chromophores 

Chromophore Amax (nm) Cones Transition type 

C—C <180 1000 TO" 

C—H <180 1000 a, o* 

C=C 180 10,000 RSE 

Ce e_€ 220 20,000 insets 

Benzene 260 200 iti 

Napththalene 310 200 To 

Anthracene 380 10,000 716 8S 

(C=0) 280 20 ly ae 

N==N 350 100 yee 

N=O 660 200 fy aie 

C—C—C=O 350 30 yess 

C—C—C=O 220 20,000 Tego 
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Why is there such a variation in absorption and emission parameters? How is 

an orbital configuration assigned to a given absorption or emission band? How 

are experimental absorption and emission parameters related to theoretical 

quantities? Are the processes of absorption and emission related mechanistically ? 

In order to answer these questions we shall devise a pictorial model of light 

absorption and emission that relates molecular structure (electronic, nuclear, and 

spin configurations) to spectroscopic parameters. We shall start by developing a 

simple model of light and its interaction with the electrons of molecules. 

5.3. The Nature of Light: Electromagnetic 

Waves and Oscillating Electric Dipoles’ ” 

A common pictorial description of light is that of an electromagnetic wave (Fig. 

5.1). This wave may exert electric and magnetic forces on charged particles (e.g., 

electrons and nuclei) and on magnetic dipoles (e.g., electron and nuclear spins). 

We can view light as mapping an electric and magnetic force field into the neigh- 

borhood of space about its direction of propagation. In this neighborhood of 

space, two vectors can be drawn: an electric vector, &, which represents an electro- 

E (Electric Field) 
~ 

2000-7000A 

c=3X i0° cm/sec 

= 3x10° R/sec 

H (Magnetic Field ) 

H H 

A | H 4 benzene molecule 
Wr as 

S Sane 3 ~5A —o 

Figure 5.1 

An electromagnetic wave. The electric field (&) is imagined to be in the plane of the 

page and the magnetic field (H) is imagined to be perpendicular to the plane of the 

page. The wave front is propagated at c, the velocity of light (3 x 10'° cm/sec). The 

value of & varies with time according to the expression & = &, cos 2zvt, where t = 

time, &, is some fixed value of the electric field, and v is the frequency of the wave 
(the number of oscillations made past a single point per second). Note that the ‘‘size’’ 
of a small organic molecule (e.g., benzene) is much smaller than one wavelength. 
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static force, and a magnetic vector, H, from which a magnetic force can be 
evaluated. The magnitudes of & and H at any point in space vary as a function 
of time from positive (attractive) to negative (repulsive) values. A stationary 
spectator measuring the magnitude of & (or H), as the wave passes, would thus 
record oscillating values as a function of time. A test electric charge in space 
would be set into “oscillation” by the oscillating values of &. To both the spectator 
and the test charge, the light wave appears to have the characteristics of an oscil- 
lating electric dipole. 

Like an oscillating electric dipole, a light wave generates a time-dependent 

force field F, whose frequency of oscillation is related to that of dipole oscillation. 

An oscillating dipole generates an electromagnetic wave, and this wave (a pattern 

of electric forces) can set other dipoles into oscillation at the same frequency. 

The key idea in understanding the interaction of light with molecules is that electrons 

may be set into motion by the oscillating electric field of light, i.e., the excited 

electron behaves as if it were an oscillating dipole. As an oscillating dipole, an 

electron may emit energy as radiation. We can thus visualize the interaction of 

light by molecules as a process in which energy is exchanged between a collection 
of oscillating dipoles (electrons) and a radiation field (an oscillating electric field). 

The oscillation of the dipoles corresponds to the movements of electrons in bonds 

relative to positively charged nuclei in matter, i.e., electrons oscillate about the 

nuclear framework of molecules. 

A Mechanistic View of the Interaction of Light with Molecules 

The interaction between light and a molecule depends on resonance, in which 

the oscillations of one system (i.e., an undulating light wave) are coupled by some 

mutual interaction which causes the oscillation of a second system (e.g., the 

electrons of a molecule). Strict requirements exist for the attainment of effective 

resonance. They are: that the systems interact, and that the law of energy conser- 

vation is satisfied: 

AE = hv (5.1) 

Here, AE is an energy gap between two electronic states of a molecule, h is Planck’s 

constant, and vy is the frequency of oscillation of the light wave. This condition is 

imposed on molecules by the quantized nature of electronic states. In the classical 

model of light absorption, the maximum rate of energy absorption from a light 

wave occurs at resonance. Light absorption by a molecule is an “all or nothing” 

proposition. 

According to Equation 5.1, the possible interactions of light and a molecule 

will depend on the energy gap (or frequency) of oscillations possible for the electrons 

of the molecule. Typically, the frequencies at which electrons in bonds oscillate 

the “photochemical” range of 200-700 nm, ie., in the ultraviolet and visible regions 

of the spectrum. Therefore, we expect that a resonance interaction of light whose 
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wavelength is 200 to 700 nm with molecules is possible and if it occurs it will tend 

to set the electrons of the molecules into oscillation. How does the light wave 

do this? 

Imagine a light wave passing a stationary molecule.* The wave causes electrical 

and magnetic disturbances in the region of space through which it passes (Fig. 5.2). 

The force F exerted on an electron in a molecule by the light wave is given by: 

Total force (H ] 
e| Hv exerted onan _ ne ee (5.2) 

electron by a t c 

light wave Electrical T | 
force Magnetic 

force 

where, e is the charge of an electron, & the electric field strength, H the magnetic 

field strength, v the velocity of an electron, and c the speed of light. From this 

equation it can be seen that since the speed of light (3 x 10'° cm/sec) is much 

greater than the possible speed of a moving electron (Umax ~ 10° cm/sec), the 

magnitude of e&, in general, will be considerably greater than that of (e/c)[ Hv] so 

that the force on an electron (ignoring magnetic interactions) may be approximated 

by: 

Force on electron oy 

ignoring magnetic interactions F = eé (5.3) 

In other words, the major force operating on the electrons of a molecule in con- 

sequence of a passing light wave is that due to the undulating electric field €. The 

interaction of electrons with the undulating magnetic interaction, H, is negligible. 

Consider the electric force, &, as it interacts with the electrons bound to the nuclear 

framework of a stationary molecule. As the light wave passes, the electrons of the 

molecule experience an electrical disturbance, caused by the repulsive and attractive 

forces of the undulating electric field of the light wave. At any given point in the 

+ => Electron in 
ABs (igen molecule 

iJibla) *® 
le) Fe @ |) ve3xt0!© R/sec 

ole \ 
i/o s 
rats} \ £=e€ (important) 
qis \ 
= : 
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eS ELECTRIC e er 

~~ VECTOR & Interaction of the electric field E 
KF and the magnetic field H of an 

electromagnetic wave on an 
ou electron in an orbit about a 

c=3xlO- A/sec nucleus. 



RADIATIVE TRANSITIONS—THE ABSORPTION AND EMISSION OF LIGHT 81 

electron cloud of the molecule, the electric field strength due to the light wave will 
vary as a function of time, ie., it may start at a value of zero, build up to an 
(attractive) maximum, decrease to a value of zero and then begin to produce a 
field opposite to the previous one, build to a (repulsive) maximum, decrease to 
a value of zero, then start the cycle all over again. The net effect of these interactions 
is to generate a transitory dipole moment in the molecule due to the interaction 
of & and the electrons. The situation is analogous to changing the charge on two 
electrical plates and noting the effect of this oscillation of electrical potential on 
charged particles between the plates. To understand this analogy we must briefly 

introduce the concept of polarizability. 

Polarizability and the Transition Moment‘ 

Polarizability («) is defined as the magnitude of the induced dipole moment (14;) 

generated in a molecule by an electric field & of unit intensity, i.e., 

a= p,/é (5.4) 

Suppose that a field & is imposed on a molecule and that the electrons behave as 

an elastic fluid which is constrained spatially by the positive charge of the fixed 

nuclear framework of the molecule. For simplicity let us consider the interaction 

of one electron and @. Initially (€ = 0), the electron is held, on the average, at some 

distance r from the center of “electrical gravity” of the molecule. When & > 0, a 

displacing force &e will cause the electron to select a new equilibrium distance 

different from the original distance by the amount or. The new electronic distri- 

bution is related to the induced dipole moment (also called transition dipole) by: 

bi; = eor (5.5) 

We are now in a position to see how the effect of the & vector of the light wave 

may be compared to the effect of two charged plates on an electronic cloud. 

Consider the behavior of a molecule under the influence of an external electric 

field between two charged plates, such that the centers of positive and negative 

charge (which are assumed to coincide in the absence of a field) are displaced 

(Fig. 5.3). The molecule is said to become polarized by the electric field; and a 

=S +§ 

© pwiz0 © ty © f#i 
+8 “8 

Figure 5.3 

Induction of a dipole moment by 

— #0 an electric field. 
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transitory dipole moment, 1;, is induced by the external field. An important general 

relation between p; and & is that the direction of the induced dipole is always parallel 

to the direction of the external field. We shall now develop an analogy between an 

induced or transition dipole moment generated by two charged plates and an 

induced or transition dipole moment generated by a light wave. 

A Pictorial Representation of Light Absorption and Emission® 

As an example of the absorption of light, let us consider two simple chemical 

species, namely an atom and a diatomic molecule. The lowest energy state of a 

hydrogen atom is the 1s state, which is spherically symmetrical about the nucleus. 

A higher-energy electronic state is the 2p state, which possesses a nodal surface 

containing the nucleus. We can represent the absorption of light by a hydrogen 

atom as shown in Figure 5.4. The oscillating electric field of the light wave operates 

as a vector force on the electron. Its interaction with the electron cloud “reshapes” 

the electron distribution and causes the conversion of the 1s state to the 2p state. 

Note that the latter state is usually represented as the time average of the oscillating 

state. 

An electron in a p orbital possesses an average electronic distribution above and 

below a nodal plane. A topological view of an electron in a p orbital is available 

via a representation that views the electron as rapidly oscillating from side to 

side across the nodal plane (Fig. 5.4). This model brings to mind a vibration of a 
particle. Thus, when a light wave interacts with a hydrogen atom in its Is state 

(no node, therefore no vibration) absorption sends the electron into vibratory 

motion (one node, corresponding to the lowest excited vibration). 

electric vector 
ve of light wave 

=i 

direction of light wave 

ii D 
<=——®e NODE:--@®-- = @=2e, 6 

LIGHT + s orbital —<——e= cols { — { 
orbital 

a | 
TIME AVERAGED — INSTANTANEOUS 

NO NODE ELECTRONIC (EXTREME) 
DISTRIBUTION ELECTRONIC 

DISTRIBUTION 

Figure 5.4 

Pictorial representation of light absorption by a hydrogen atom. The light wave and 

the 1s state of hydrogen are in resonance with the 2p state. The latter may be 
represented as time-averaged (in which case the electron cloud is dumbbell-shaped) 
or as an oscillating dipole. 
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. In Figure 5.4, a light wave is shown (assumed to be polarized with its & vector 
in the plane of the paper). Suppose this wave is of the proper frequency to interact 

with the hydrogen molecule in its 1s state. This interaction can lead to absorption 

of energy from the light wave and accompanying excitation of the atom. The 
excited atom possesses an electron in a p orbital, the nodal plane of the p orbital 

being at right angles to the electric vector direction. This picture suggests that the 

electron is set into vibration selectively along the electric vector direction. Absorp- 

tion of polarized light initially leads to an atom with a polarized (anisotropic) 

electron distribution, i.e., only one of the three p orbitals is selectively excited.” 

According to Figure 5.4 the electron cloud of a 2p electron is imagined to be an 

oscillating dipole whose time-average spatial distribution is the same as that of 

the electronic shape of the 2p orbital. The node of the newly generated p orbital is 

parallel to the propagation vector of the light wave. The p orbital may be viewed 

as a wave form which vibrates up and down through a plane containing the 

nucleus—i.e., an electron in a p orbital may be viewed as an oscillating charge. 

The conversion of the s orbital shape to a p orbital shape develops a node in the 

electron’s wave form (s has no nodes, p has one). An increase in the number of nodes 
describing an electron’s orbital is an essential part of light absorption, A decrease in 

the number of nodes of an electron’s orbital is an essential part of light emission. The 

requirement that light absorption must occur with the generation of a node and 

that light emission must occur with the disappearance of a node in the electron 

cloud may be viewed as a symmetry selection rule. The light wave (or loosely 

speaking, a photon contained in the light wave) possesses a node since the values 

of € and H oscillate from negative to positive values. The essence of this property 

must be preserved during and after light absorption or emission. The detailed 

manner in which it is accomplished is to generate or destroy nodes in the electron 

cloud. 

The strength of the interaction between an electron and & (when the resonance 

condition is satisfied) is related directly to the ability of the electron to “follow” 

the light wave and to the magnitude of the maximal charge separation effected 

by the interaction of & and e. The magnitude of development of charge separation 

as one proceeds from the s orbital to the p orbital is related to the transition dipole 

moment, p; (Eqs. 5.4 and 5.5). The fundamental requirement for absorption or 

emission of light may now be given in terms of the simple model discussed above: 

WW The transition between orbitals must gener (absorption) 

or destroy an ‘ 

2. The transition dipole moment, y, must be finite. 

In diatomic molecules, the notion of s and p orbitals is replaced with that of o 

and z orbitals. In the simple case of H, the absorption of light converts an electron 

in ao orbital, which is cylindrically symmetric about the bond axis and possesses 

no node, into a z orbital, which possesses a node along the bond axis (Figure 5.5), 

or into a o* orbital, which possesses a node perpendicular to the bond axis. 

In the ground state the hydrogen molecule possesses an electron in a lo orbital. 

The latter orbital is cylindrically symmetric about the internuclear axis. The nuclear 
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axis imbues the molecule with an inherent polarity and one can imagine electronic 

oscillations of two types: 

1. Parallel to the bond axis. 

2. Perpendicular to the bond axis. 

Notice that both of these oscillations are analogous to the 1s > 2p transforma- 

tion of atoms. The major difference is that two symmetry-distinct oscillations are 

possible for the molecule. Generation of an electric oscillation parallel to but 

above and below the bond axis corresponds to a o > z transition (Fig. 5.5, upper 

drawing). During the oscillation there is always a low probability of finding the 

electron between the nuclei (we say that a “nodal” plane contains the bond axis). 

Generation of an electric oscillation along the bond axis (Fig. 5.5, lower drawing) 

corresponds to a g > o®* transition, and during a vibration there is always a low 

probability of finding the electron midway between the nuclei (we say that there 

is a nodal plane perpendicular to the bond). 

electric vector 
ve of light wave 

+ 2M 

and Ge - NODE 

(/, ID 
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Figure 5.5 

Pictorial representation of light absorption by a hydrogen molecule positive ion. The 

light wave and the 1o state have two possible resonances. One interaction of the 

electric field (upper drawing) drives the electron into oscillations perpendicular to 
the bond axis; the other interaction (lower drawing) drives the electron into oscillations 
along the bond axis. 



RADIATIVE TRANSITIONS—THE ABSORPTION AND EMISSION OF LIGHT 85 

9.4 Light as a Stream of Particles: Photons® 

For a number of qualitative aspects of the interaction of light with molecules, we 
can consider a pictorial representation of light as a stream of particles (photons), 
rather than as an electromagnetic wave. A “hybrid” model of light in which the 
flight of a photon is guided by a wave motion is also possible. The concept of a 
photon as a particle implies the possibility of considering the photon as a “reagent.” 
This reagent may “collide” and “react” (be absorbed) with molecules. We may 
consider a beam of light of frequency v and energy Nhv (N = Avogadro's number, 
hy = energy) as being composed of N photons, each of which possesses the energy 
hy. Each photon of wavelength 2 = c/v carries an energy hv, anda linear momentum 
hv/c. Low frequency (long wavelength) photons carry little energy and momentum: 
high frequency (short wavelength) photons carry a great deal of both. 

Photons may be viewed as chiral reagents in that they may possess a “handedness” 
analogous to that of optically active molecules. A photon possesses angular 

momentum. The existence of left-and-right-circularly polarized light is a mani- 

festation of this angular momentum. A beam of circularly polarized light passing 

through a quartz crystal (which itself has a right or left “chirality”) causes the 

crystal to acquire an angular momentum and turn. In any absorption or emission 

process, the photon and the molecule “exchange” angular momentum and the 

total system of photon-plus-molecule experiences no net change in angular 

momentum. The fact that a photon possesses an angular momentum is the basis 

of the selection rule for creating or destroying nodes in the electron cloud of a 

molecule as the result of absorption or emission of light. Perhaps the most con- 

vincing evidence for the chirality of photons is the observation that racemic mix- 

tures may be resolved if one enantiomer of a d, / pair absorbs circularly polarized 

light more efficiently than the other enantiomer, and if a reaction follows the act of 

absorption.° 
It is possible to evaluate the “cross section” which a molecule presents for 

being “struck” by the photon. By “cross section” we mean the volume of space 

around a molecule which is accessible to being struck by the photon. If we view 

the molecule as a target of a given area, then the extinction coefficient ¢ (units 

cm !/M) for absorption is given by:>"’ 

6210 "a = 107° a" (5.6) 

; eee : 
where a (or d’) is the area or cross section of the molecule in cm*. Experimentally 

the maximal value of &,,, ~ 10° cm '/M, we calculate a,,,, to be 

10° 
Umax ~ 102° STO 10° em? = 10/42 (5.7) 

According to this evaluation, the largest cross section of an individual chromophore 

is of the order of one or two bond lengths. 
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If we view light as a photon we can calculate the “flight time” of the photon past 

a molecule. Let us suppose that the molecule has an effective cross sectional 

diameter of ~3 A. The “flight time” of the photon past the molecule will be 

e310 “cm/s x 10*° cm/sec ~ 10" see (5.8) 

The fastest nuclear motions commonly encountered in organic molecules are 

C—H stretching vibrations, which occur at a rate of ~10'* sec” '. Thus, only 

10!* sec"! x 10>!” sec, or 1073, of a vibration is experienced as the photon flies 

past. Although no quantitative exactitude can be drawn from this calculation, it 

serves to show that the nuclei are effectively stationary in space as the photon 

passes. 

Relationship of Experimental Spectroscopic Quantities 

to Theoretical Quantities‘ 

Two key experimental quantities related to absorption and emission of light are 

the extinction coefficient for absorption («) and the rate of decay of emission (k®). 

For simplicity, let us assume that emission is the only pathway for excited state 

deactivation. How do these experimental quantities relate to theoretical qualities 

of light? 
According to the laws of quantum mechanics (Section 2.2) any experimental 

quantity may be considered in terms of a theoretical quantity, a matrix element 

(1.e., for transitions between states): 

Experimental quantity: p_, CP |H|Y >? Theoretical quantity: (5.9) 

transition rate matrix element 

Our question may now be rephrased as: to what states of a molecule do ¥; and 

‘Y , correspond, and what is the nature of the operator H? If we know ¥;, ‘¥, and 

have identified an appropriate operator H, we can then proceed to evaluate the 

matrix element given in Eq. 5.9. We may set up the calculation of a matrix element 

such that the result allows us to evaluate ¢ or k®. If we let k° = 1/79, we immediately 
know the decay time of emission t? if we know k®, the rate of decay of emission, 

and vice versa. 

The results of the classical theory of light absorption,* which considers electrons 

as charges which can oscillate in specified ways along the molecular framework,*°® . 

can be related to Eq. 5.9. The important terms we need in this connection are 

oscillator strength, f, transition dipole moments, y;, and transition probabilities, P. 

First we shall show the connection between the oscillator strength and transition 

probability, and then we shall connect the concept of transition probability to an 

explicit form of Eq. 5.9. 

The Oscillator Strength Concept*® 

If an electron bound to a nuclear framework possessed “perfect” oscillating 

properties, then according to classical theory the excitation probability of this: 
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electron would be said to have an oscillator strength, f, of unity. Suppose that the 
excited electron is approximated as a one-dimensional oscillator,** i.e., an oscillat- 
ing dipole. For this simple case, from classical theory, the theoretical quantity of the 
oscillator strength f in the classical theory of light absorption is related to the 
experimental quantity (the extinction coefficient ¢ of absorption) by the expression :* 

Theoretical oscillat ical oscillator f =43 x 107? fear Experimental (5.10) strength absorption 

where ¢ is the experimental extinction coefficient and 7 is the energy (in wave- 
numbers) of the absorption in question. 

Experimentally, je dv is the quantity of area under a curve of the molecular 
extinction coefficient plotted against wavenumber (e.g., Fig. 5.14). Values of f 
calculated from Eq. 5.10 are found to vary greatly (from values near 1 to 107 !°). 

One of the major failings of the classical theory of light absorption was its inability 

to provide an adequate basis for understanding the wide observed variation in f. 

The rate constant, k?, for emission (probability per unit time), according to 

classical theory, is related to the extinction coefficient for absorption® by: 

Radiative rate 
Mareen, hor 0? 72 fe dv = v2f (5.11) 

where Vp is the energy corresponding to the maximum wavelength of absorption, 

and the integral |¢ dv is the same as that given in Eq. 5.10. We can see that the 

probability of light absorption as measured by f is directly related to the experi- 

mental extinction coefficient, e. 

The Relationship between the Classical Concept 

of Oscillator Strength and the Quantum Mechanical 

Concept of Transition Dipole Moment Integral 

According to classical theory,*° f is related to the square of the induced dipole 

moment py; produced by action of a light wave on an electric dipole: 

Oscillator ea 5 Transition 

strength fo py = er, dipole moment 
(5.12) 

where p, is the induced transition dipole moment or dipole strength corresponding 

to the electronic transition. The latter quantity may be set equal to er, where r 

is the dipole length. Quantitatively the expression relating f and y; is given by 

f= (Fr) ie = 10°? Vler,|? (5.13) 

where m, is the mass of the electron, Vv is the energy of the transition (in cm‘), 

h is Planck’s constant, and r is the length (in cm) of the transition dipole (1.e., er 1s 

the transition dipole moment). 
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We can now identify y; with an observable quantity related to the quantum 

mechanical transition moment matrix element or integral, ie., wu = <(H>, and 

produce: 

82m.v 

3he? 
Classical — f = ( ca < Quantum mechanical (5.14) 

From this expression, which bridges the gap between classical and quantum 

mechanical theory, we can derive the relationship between the quantum mechanical 
quantity, <H> and experimental quantities, since classical theory may be directly 

related to experimental quantities via Eq. 5.10. 

Examples of the Relationships of ¢, k°, 18, (H>, and f 

It should be emphasized that the expressions given above to relate theory and 

experiment are oversimplified and are given only to provide insight into the 

nature of radiative transitions. The use of these equations provides only a qualitative 

order-of-magnitude agreement with experiment. With these qualifications in mind 

let us evaluate some numerical examples in order to acquire a “feel” for the orders 

and limits of magnitude of quantities associated with various radiative transitions. 

Since at this point we are concerned only with qualitative conclusions, let us 

simplify an integration problem and assume that the absorption spectrum is a 

smooth Gaussian curve which can be approximated by an isosceles triangle. With 

this assumption, we have: 

fear ~ Emax AT, (5.15) 

where éx 1S the value of ¢ at the absorption maximum and Ay, is the width of 

the absorption band at 4éna,. 

Let us take as an example the absorption spectrum of a molecule with ¢,,,, = 

5 x 104 at 20,000 cm~! (500 nm, 5000 A) and half-width of 5000 cm~!. Such a 

half-width for an absorption band is common for organic molecules and the 

extinction of maximum absorption is as high as is commonly found. In other 

words, this example is a prototype for a fully-allowed electronic absorption. 

It is helpful to relate these experimental quantities to their theoretical counter- - 

parts, namely f and <H>*. (H> equals e<r> and approximate expressions relating 

f and <r>? are given by: 

if _&max AV, ( itl ) 16 

ieee (5.16) 
< A Can 
n>’ ~- ee 
CFs ues (units cm?) (5.17) 
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Evaluating for é,., =5 x 10* at 20,000 cm! with Ay, = 5000 cm~’ we find: 

(5 x 104)(5 x 103) 
agosto a ma 

(See 1075 5167) _ A 

7 ~ Bs x 107) x 105 ~ > * 101° (units cm?) a 

Thus, we see that such a strong absorption corresponds to an oscillator strength 

of unity. 

In classical theory such a prototype system would correspond to an ideal 

isotropic electron oscillator.** As we mentioned earlier, we may identify <H)> with 

a transition dipole moment er. The transition dipole length r for the example 

under discussion is 2.2 x 10° 8 cm. According to quantum theory, our prototype 

system would have a transition dipole moment length of 2.2 A, corresponding to 

a transition dipole moment of 2.2 x 1078 cm x 4.8 x 10°!° ~ 10 x 10°18 cm x 
esu = 10 D. Thus, the electronic transition has associated with it a transition 

dipole moment of about 10 Debyes. In other words, during the interaction of the 

lightwave and the molecule, the electron cloud is distorted enough to produce a 

transitory induced dipole moment of 10 D. 

Now let us evaluate the inherent radiative rate constant k? associated with 

emission of light from the state producing the absorption spectrum we have just 

discussed. From our calculation of f and with the use of Eq. 5.11 we have: 

Lom Vel (2 10) ~ 4 x 10" sec (5.20) 

In the calculation of k° we have to take a theoretical relationship of absorption 

to emission and make a prediction of the relationship between experimental 

quantities, i.e., the integrated absorption spectrum and the inherent emission 

lifetime t° (which is defined as 1/k°) for a corresponding radiative transition. 

Consider now a second example of a molecule whose absorption spectrum 1s 

identical in shape and position to our first case, but whose é,,,, 1s only ~ 10. We 

find that 

f =2x 10 

r=0o 4 (3:28) 

jo me 10? sec> * 

I 

These order-of-magnitude calculations allow us to make “ball park” estimates 

of the most intense (measured by ¢,,,,) or the fastest (measured to k®) radiative 

transitions which we expect to encounter experimentally. 

How large can éma, be for an organic molecule? If one uses arguments derived 

from the classical theory of light absorption, the largest value of Emax IS associated 

with an oscillator strength of 1.0. For absorptions occurring near 400 nm 
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(20,000 cm~'*), a limiting value of ¢,,,. ~ 100,000 is predicted. The corresponding 

radiative rate is ~ 10? sec 1, and thus we have: 

Absorption: é,4x ~ 10° cm? M7! (limit) 
(5.22) 

Emission: k°—> 10? sec"! (limit) 

Thus, the effective half-band widths (Ay) of many absorption bands in the visible 

and near ultraviolet region are (at room temperature) on the average of the order 

3000 cm~', so that a convenient approximate relationship between the rate of 

emission and ¢,,,, 1S given by: 

ko = 1/r° ~ 10%, (5.23) 

It should be noted that lifetimes calculated in this way are radiative lifetimes 

t°, that is, lifetimes which would be observed in the absence of all other processes 

by which the molecule could return to the ground state. The observed lifetimes t 

are nearly always less than the calculated values because of competing radiationless 

processes. How small can ¢,,,, be for a spin-forbidden absorption of an organic 

molecule? Of course the theoretical limit is precisely zero. The experimental limit 

for organic molecules seems to be in the range of ¢,,,, ~ 10° *. This corresponds 

to a radiative rate ko ~ 107! — 107? sec. 

Table 5.2 Experimental and Calculated Radiative Lifetimes for 

Singlet-Singlet Transitions 

at 10") “C1077 
Compound (calculated) (experimental) 

Rubrene‘ DONS 16.0 

Anthracene? 13.5 16.7 
Perylene® Bp 5.6 

9,10-Diphenylanthracene® 8.9 8.8 
9,10-Dichloroanthracene® 11.0 15.4 
Acridone* 15.9 Le 

Fluorescein® 4.7 5.0 

9-Aminoacridine*® 15.6 1533 

Rhodamine B‘ 6.0 6.0 

Acetone*® 10,000 1000 

Diaza[2.2.2.]bicyclooctane' 4000 1000 
Perfluoroacetone® 10,000 $000 

Benzene® 140 600 

* Calculated from the lowest energy singlet-singlet absorption band and use of a modified form of Eq. 5.11. 

® Evaluated from experimental measurements of ts and ®, via Eq. 5.42. Note that ty is defined as being equal to kp’. 
© Data from Reference 9a. 
* Data from Reference 9b. 
© Data from Reference 11b. 

‘ Data from Reference 1 La. 
® Data from Reference 9f. 
" Data from Reference IIc. 
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Experimental Tests of the Quantitative Theory 

Relating Emission and Absorption to Spectroscopic Quantities 

Experimental tests? of a slightly modified form of Eq. 5.11 have been made for 

singlet-singlet transitions; the results are given in Table 5.2. Little comment on this 

data is needed except to note that the agreement between the calculated and 

experimental values is excellent. 
Although application of Eq. 5.11 to electronically-forbidden singlet-singlet and 

spin-forbidden singlet-triplet radiative transitions is not theoretically justified,’° 

it appears that relative values of k? may be safely derived from absorption data."? 

5.5 The Shape of Absorption 

and Emission Spectra’* 

From the equation AE = hv and the postulate that only one electron is excited or 

deexcited in an individual absorption or emission event, we may well ask ourselves 

why all absorption and emission spectra are not “sharp lines” with respect to the 

frequency v of the absorbed or emitted light. In fact, only the absorption and 

emission spectra of atoms come close to being “sharp lines” (see Fig. 5.6a). This 

sharpness is due to the fact that the electronic states of atoms can be accurately 

described by specifying the orbits of their valence electrons. This statement applies 

to vapors of atoms at very low pressures. Thus, an atomic electronic transition 

from the ground state to an excited state requires a quantum of well-defined 

fo SHARP LINE 
ATOM Se SPECTRUM 

Absorption Emission 
Absorption Emission 

b 
MOLECULE 

SPECTRUM WITH 

WITH DISTINCT | VIBRATIONAL 

SUBSTATES STRUCTURE 

Absorption Emission Absorption Emission 

Cc Se See 

MOLECULE ——— BROAD BAND 

WITH MANY SPECTRUM 
UNRESOLVED — 
SUBSTATES SS 

Absorption Emission Absorption Emission 

Figure 5.6 

(a) Sharp-line absorption and emission spectrum typical of atoms at low pressure in 

the vapor phase. (b) Broad-band absorption and emission spectrum typical of certain 

rigid molecules at low pressure in the vapor phase. (c) Structureless broad absorption 

and emission spectrum typical of molecules in solvents. Each absorption and emission 

corresponds to a single electronic transition. 
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energy, and its absorption or emission spectrum is a very narrow band of 

frequencies. 
In a molecule, an electronic transition is not as “pure” as it is in an atom. This 

is because of the fact that, in order to describe the electronic states of a molecule, 

the motions of nuclei relative to one another (e.g., vibrations, rotations, collisions) 

must be considered. A molecular electronic transition does not correspond to a 

well-defined quantum of energy because an ensemble of different nuclear shapes 

may correspond to the initial or to the final states. As a result, the absorption 

(and emission) spectrum of a molecule may involve transitions over a range of 

energies even in the vapor phase at low pressures (Fig. 5.6b). The sharp line or band 

which characterized atomic transitions is replaced in molecular absorption by a 

set of closely spaced lines which may be only partially resolved or even completely 

unresolved. For organic molecules in solution, this latter situation 1s common 

(Fig. 5.6c). In certain cases some vibrational structure is apparent in a band corre- 

sponding to an electronic transition. The most prominent vibrational progression 

of an electronic absorption or emission band is often associated with a vibration 

whose equilibrium position is most greatly changed by the radiative electronic 

transition.'?® Thus, a prominent vibrational progression reveals the most impor- 
tant nuclear distortion which occurs during a transition. For “weak” spin-allowed 

Sy 

Figure 5.7 

(a) Depicts the potential-energy 

curves. (b) Shows the form of the 
Cc Spectrum broadened by solvent interactions | observed absorption spectrum. For 

“ an example of such a situation see 

Figure 5.8. (c) Shows the effect of 

solvent broadening on the vibra- 

tional structure of the absorption 
y (em*) — spectrum. 

—» 

a 
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electronic transitions (f < 10 ~~), often the vibration in question is the one that 
destroys the molecular symmetry to such an extent that a forbidden transition (in 
idealized perfect molecular symmetry) is caused to become partially allowed via 
electronic-vibrational interaction. 

For example, during the n, x* radiative transitions of a ketone, the C=O 

vibration is selectively excited. The vibrational structure of the C—O vibration 

of the excited state dominates the vibrational progression absorption spectrum, 
whereas the C—O vibration of the ground state dominates the emission spectrum. 

As an illustration, in Figure 5.15 the separation of the vibrational bands in the 

n, m* absorption of benzophenone and a cyclic ketone are weakly resolved. The 

vibrational separation of ~1200cm =! corresponds to the C—O stretch in 

S,(n, 2*). In Figure 5.18 the separation of well-resolved vibration bands in the 

(phosphorescence) emission spectrum of benzophenone is ~1700 cm‘. This 

value is in good agreement with the energy of the C=O stretching vibration of 

ground state benzophenone (as measured by infrared spectroscopy). We shall now 

see how vibration intensities are related to the Franck-Condon principle. 

The Franck-Condon Principle and Absorption Spectra’® 

In Chapter 4 (Section 4.7, especially Fig. 4.10) we pointed out that because of the 

Franck-Condon principle, both the classical and quantum mechanical inter- 

pretations of radiative transitions lead to the conclusion that there will be a 

difference in the probability of vibrational transitions between W° and y* of a 

diatomic molecule XY. Here let us present examples in terms of a semiclassical 

model. In Figure 5.7, a situation is shown for which the two potential curves for 

w° and wW* are similar and more or less vertically displaced 1e., the equilibrium 

separation r,, 1s the same for w° and w*. This situation corresponds to an elec- 

tronic orbital jump for which the overall bonding is similar in y° and y*. As a 

result, the equilibrium geometries should be similar. A typical example'* would be 

a rigid aromatic hydrocarbon (Fig. 5.8). In such a situation a relatively strong 

0-0 and/or 0-1 transition is observed for both absorption and emission. 

Figures 5.9 and 5.10 depict situations for which the excited curve y* is displaced 

relative to w° (r,, is assumed to be larger in y* than in y°). In Figure 5.9, the 0-2 

and 0—3 bonds are relatively intense and the 0-0 and 0-1 bonds relatively weak. 

In Figure 5.10, excitation of p* to produce geometries more contracted than point 

C in the figure results in dissociation of the diatomic XY molecule into X + Y. 

The Franck-Condon Principle and Emission Spectra 

In condensed phases the rate of vibrational- and electronic-energy relaxation 

among excited states is very rapid compared to the rate of emission. As a result, 

emission will occur from the v = 0 vibrational level of the lowest excited states. 

Let us apply the Franck-Condon principle to emission (Fig. 5.11). 

In analogy to absorption, the most probable emissions will be those which 

occur vertically. In contrast to absorption, the equilibrium separation of the ground- 

state potential-energy curve minimum is smaller than that of the excited state 
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(a) depicts the potential-energy 

curves, (b) the form of the 

observed absorption spectrum, 

and (c) the effect of solvent 

broadening on the vibration 

structure of the absorption 

spectrum. A typical example 

is an aromatic ketone under- 

going n, z* absorption (see 
FIG! 55115): 
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(a) Depicts the potential-energy 

curves and (b) depicts the absorp- 

tion curve spectrum. A typical 

example is a molecule possessing 

a weak o bond, e.g., CH,l. 

Figure 5.11 

(a) Depicts potential-energy curves 

(b) emission spectrum (c) solvent 
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most probable Franck-Condon 

transition. The most probable 

absorption is from ry, and the most 
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95 



96 CHAPTER 5 

curve, so that the most probable vertical transitions produce an elongated ground 

state, while absorption produces a compressed excited state immediately after 

transition. The frequency of emission cannot be greater than the frequency of the 

0-0 emission, since the 0-1, 0-2, etc., emissions correspond to smaller energies 

than the 0—0 emission. The emission spectrum expected from a molecule whose 
potential-energy curves are similar to those in Figure 5.9 is shown in Figure 5.11. 

Let us suppose that absorption occurs vertically from the ground-state surface 

and the excited state is “born” near point A, a turning point for the compressed 

vibration in vy = 3. The molecule will begin to vibrate in the v = 3 state and, in 

the absence of any external perturbation, the atoms XY would continue to persist 

in the v = 3 state. In solution, however, there are many perturbations induced by 

collisions. In a polyatomic molecule, vibrations in one part of the molecule may 

act as a perturbation to vibrations in another part of the same molecule. In any 

case, energy is generally removed very rapidly from upper vibrational levels and 

transitions between vibrational levels seem to occur about as fast as vibrational 

energy can either be removed by the environment or redistribute itself within a 

molecule. In Figure 5.11, this decrease in vibrational energy from v = 3 to v= 0 

is Shown as a sequence of arrows. 

5.6 State Mixing: Breakdown of 

the Single Orbital Configuration 

and Pure Multiplicity Approximations" 

The notion that S, or T, is a “pure” state in the sense of being derived from either 

a single electronic orbital configuration or from a single spin multiplicity allows 

for a simple and reliable Zero Order classification of the lowest electronic states of 

many organic molecules. However, the approximation begins to break down when 

significant state mixing occurs. State mixing is the first-order or higher-order 
corrections to an original Zero Order approximation. 

Consider an initial Zero Order approximation in which S, is viewed as a “pure” 
n, 7* state. In “real ty” the wave function of S, has a finite amount of z, 2* character 
mixed into it. For simplicity, we assume that only the mixing of a Zero Order 
m, m* state with a Zero Order n, x* state is significant. Thus, in the First Order 
we must describe the wavefunction for S, as: 

First order 

eae 
—> W(S,) = Wn, 2*) + A(x, 2*) (5.24) 

t ii 
Zero order Zero order 

nh aC. 

where / is the “mixing” coefficient or the amount of 2, z* character mixed into 
S,, and y(n, x*) and y(n, 2*) are the Zero Order (single configuration) wave 
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functions of the system. How can 2 be estimated? According to perturbation 
theory (Chapter 3), for a weak perturbation, i.e.,a good Zero Order approximation 
2 is given by:!? . 

<— Matrix element <ol> Mixing coefficient > 4 = 
Ee a E, 

(5.25) 
<— Energy separation 

where y, and y, are the states which are mixed in First Order by the interaction 

H, and E, — E, is the energy difference between the Zero Order states w, and wy. 

Thus, from Eqs. 5.24 and 5.25 for the mixing of n, 2* and z, 2*, we have (in a 

condensed form): 

nahin 
First Order n, x* > S, =n, n* + 

E —E 
TT (5.26) 

Tes 70 nonee 

We can now deduce the qualitative features which will be important to a state 

mixing of n, x* and z, x* configurations: 

1. The energy gap between the Zero Order configurations. 

2. The magnitude of the matrix element which mixes the states. 

The spatial overlap of the mixing states, their symmetry properties, and the 

nature and symmetry of H will be crucial in the determination of the extent of 

mixing. 

The matrix element for mixing may be approximated by considering only the 

orbitals which are occupied differently in two states, 1.e., 

<n, n*|H|n, 1*> ~ Cn|H|x> (5.27) 

i) i; 1 vot 
Occupied in Involved 
both states in mixing 

For purely planar molecules the integral in Eq. 5.27 equals zero because the n 

and x orbitals are defined as orthogonal to one another for an idealized planar 

geometry. However, as the molecule undergoes vibrations which destroy the 

planar symmetry of the molecule, the n and x orbitals begin to mix, Le., if H 

represents electronic interactions which occur during nonplanar vibrations the 

integral <n|H|n> does not equal zero. In other words, the n and x orbitals are no 

longer “pure,” and therefore they are no longer orthogonal. 

From these qualitative considerations we can deduce that the mixing of n, 2* 

and 1, 2* states may depend upon the occurrence of certain vibrations which 

generates the nonorthogonality of the n and x orbitals. The extent of mixing, in 

turn, depends on the overlap of the Zero Order n, n* and n, x* functions and their 

energetic separation. 

State mixing has important spectroscopic as well as important photochemical 
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consequences. It is mixing which provides a mechanism for the breakdown of 

Zero Order selection rules (Fig. 5.12). 

Mechanisms for the Mixing of Singlet and Triplet States; 

Multiplicity Mixing’* 

All singlet-triplet transitions (whether radiative or radiationless) are strictly 

forbidden in the Zero Order approximation, which ignores spin-orbit and other 

electron spin interactions. Spin-orbit coupling “mixes” singlet and triplet states 

so that transitions become allowed to an extent which depends on the magnitude 

of the mixing coefficient 4 (Eq. 5.25). We may consider the specific matrix elements, 

which represent different methods of mixing S and T states, as “mechanisms” 

which break down the Zero Order selection rule which states that the probability 

of all S @T transitions is zero. 

Zero Order First Order 

ne ee eae 
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Allowed forbidden allowed!" Gilowed 

Figure 5.12 

The transition from Zero Order to First Order involves ‘‘turning on’’ a mechanism for 
‘mixing’ states. Top: in Zero Order S, @ T? transitions are strictly forbidden. In First 

Order S, @ T, transitions become weakly allowed via spin-orbit coupling. Bottom: In 

Zero Order S, 2 S, (n, 2") transitions are strictly forbidden. In First Order S,2 S, 
(n, 1*) transitions become weakly allowed via orbital configuration mixing. 
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Figure 5.12 shows the Zero Order and First Order approximations in terms of 

a state energy diagram. Transitions between S, to T, are defined as being rigorously 

Jorbidden in Zero Order. In this approximation the observation of So qi 

absorption, T, > S, emission, or S, > T, intersystem crossing cannot be under- 

stood because no mechanism for inverting spins is available, i.e., spin flipping 

mechanisms have been postulated not to exist. 

In the First Order we allow spin-orbit mixing of states, iec., T, takes on the 

character of one or more singlet states, S,. Several mechanisms are possible for 

this interaction:!*!> 

1. Direct electronic coupling of T, with S,, ie., 

eileles S,> #0 (5.28) 

2. Indirect electronic coupling of T, and S, via an intermediate triplet T,,, 1.e., 

al aE ee = 0 (5.29) 

<TH ee slime Pinel Ge Vel: Jig ye S10) (5.30) 
so 

3. The “turning on” of mechanisms (1) and (2)'via vibrational motions of the 

molecule, 1.e., 

Sietoke 

<T,|H.|T;> =0 but <T? 

Sy =0 but <TH 
lel. 

Sa #0 (5.31) 

Ls (5.32) 

The mixing coefficients, 4, for mechanisms (1) and (2) are: 

ae CIES 3 

Es = Ey, 

= Stel ied Baise 

|Er,, = E; |Er,, 4 Es,| 

A(1) (5.33) 

A(2) (5.34) 

In summary, two major mechanisms generally account for the radiative strength 

of phosphorescence of organic molecules: (a) direct First Order spin-orbit inter- 

action between T, and S,, and (b) indirect or Second Order spin-orbit interaction 

of T, and S, via vibrational mixing of T, with upper triplets. The 7, state will 

normally be classified in terms of a Zero Order electronic orbital configuration. 

However, it will be better approximated in terms of a mixture of other triplet 

and singlet configurations. 

In the case of aromatic hydrocarbons T, is a well-classified Zero Order z, 2* 

state. The only singlet states capable of mixing with T, and capable of inducing 

spin-orbit coupling are o, x* and 7, o* states, i.e., these states have the “p, > p,” 

feature that is crucial for conserving total angular momentum in a singlet trip- 

let mixing. However, the energy gap corresponding to E(a, 2*) — E(z, 2*) or 
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E(x, o*) — E(x, 2*) is very large. From Eqs. 5.33 and 5.34 we see that this large 

energy gap serves to inhibit spin-orbit coupling. In fact, vibrational perturbation 

is probably required for effective mixing of singlet states with 7,. As a result, 

the phosphorescence radiative strength of aromatic hydrocarbons is among the 

weakest of any organic molecule (f ~ 10° °-10~ 8, k? ~ 10°'-10 7 sec’). 
For compounds possessing n, z* and z, 2* states (e.g., ketones), the dominant 

mixing mechanisms are expected to be direct 3n, 2*'n, 2* or 'n, n* Pn, 2*. 

Thus, for benzophenone, whose T, state is *z. z* in Zero Order, mixing with the 

close lying S,(n, z*) state is favored. The phosphorescence radiative strength of 

the T,(n, 2*) states of aryl ketones is among the strongest of any organic molecule 

(fx 10-210" kp 310° 107 see 2"), 

The Effect of Orbital Configuration Mixing 

and Multiplicity Mixing on Radiative Transitions® 

A basic result of state mixing is to imbue a Zero Order state originally described 

in terms of a single electronic orbital configuration (or spin multiplicity) with 

characteristics of a second electronic orbital configuration (or spin multiplicity). 

We may, of course, consider the mixing of many orbital configurations. Often, 

however, mixing of a single second-orbital configuration suffices to interpret a 

great deal of experimental data. How does mixing affect Zero Order predictions? 

For radiative (and radiationless) transitions, First Order mixing is generally the 

significant mechanism which “allows” processes which are strictly forbidden in 

Zero Order to occur with measurable probability (Fig. 5.12). 

Consider the magnitude of f, the oscillator strength in Eq. 5.14, which 1s directly 

related to the probability of absorption and of emission involving an n, 7* state. 

In Zero Order, f = 0 for Sy @ S, (pure) radiative transitions, if the n and x* 

orbitals undergoing transition are strictly orthogonal, 1.e., <H) in Eq. 5.14 = 0. In 

First Order, we consider that vibrations or electron-electron interactions may 

“mix” n, m* and 2, m* configurations by deorthogonalizing the n and x* orbitals; 

thus, we assume Eq. 5.35 is valid: 

Sy = hn + AG) (635) 

The S)— 7, 2* transition is generally “allowed” (i.e, <H> in Eq. 5.14 is not 

generally = 0) and therefore a transition is possible. We may now calculate the 
value of f for Eq. 5.36: 

SoS, (mixed) (5.36) 

The expression for f becomes: 

[So 2s a7 Soe So) (5.37) 

In other words, the First Order S$, 2S, transitions are allowed only to the 

extent that S, is mixed into S, (amount of mixing given by /). Thus, the observed 
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value of f(S ) @ S,) may be evaluated in terms of the theoretical value of f for the 

Zero Order So > S, transition. Replacing / by its equivalent from Eq. 5.25, we 

produce Eq. 5.38: 

Mixing 
Observed coefficient 
mixed state Zero Order 

cn, r*|A\7,. * >|* 
Soe = E | b TiS = Te) Sy ee (5.38) 

where n, x* and z, n* refer to the Zero Order states, and H corresponds to the 

interaction that mixes S, and S,. 

The measured f(S) @ S,) reflects both 4 and f(S, 2 x, n*). Thus, the magnitude 

of f(So 2 S,) depends on three factors: 

1. The magnitude of the matrix element <n, n*|H nels 

Zi heenersy sap L,.« — £ n, 1*> 

3. The Zero Order oscillator strength f(S) 2 7, 7*). 

In effect, theory predicts that f(S  @ S,) will possess all of the characteristic 

properties of So 2 7, m* transitions except that the probability of the observed 

transitions will be decreased by the factor /?. For example, the polarization of the 

S, 2S, transitions will be derived from the polarization of the Sp @ S,(z, >) 

transitions. For aromatic molecules, Sy @ S3(z, 2*) transitions are in-plane po- 

larized.!* Thus, if S, is a mixture of n, x* and z, 1* states, the Sp 2 S, transitions 

will be in-plane polarized. 

We may now straightforwardly apply the same ideas to the qualitative evalua- 

tion of f(S 2 T,). If we assume that a 3(n, 2*) and ‘(m, 2*) mixing is dominant 

for a S,(n?) > T,(n, n*) transition, then we have: 

3} * H. 1 * 2 

Oe < oo )| ine > ie (5.39) 

1G, tot n, 1 

Wesee that the “forbidden” S$, 2 T, transitions pick up finite oscillator strength 

via a mechanism which mixes the states. The magnitude of f for So > DiGi) 

depends on the value of the matrix element and the oscillator strength of the 

“pure” spin allowed Sy @ 7, * transitions. Both the Sy > T,(n, 2*) absorption and 

T,(n, 2*) > Sg emission are predicted to be in-plane polarized, because the 

oscillator strength of the “real” transition is due to the 2, x* state mixed into 7, 

and because x, m* states are generally in-plane polarized. 

From the above, it is clear that measurement of “forbidden” absorptions and 

emissions provide evidence of the identity of the mixing state which provides a 

mechanism that makes a Zero Order forbidden transition allowed in First Order. 

A study of the vibrational structure of an absorption or emission also provides 

clues as to which molecular motions are most effective in mixing states. As an 
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illustration, the vibrational structure of the Sy > S,(n, x*) absorptions of benzo- 

phenone and hydrindanone (Fig. 5.15) show a regular progression of bands 

separated by ~ 1200 cm '.!° This separation corresponds to the energy required 

to stretch the C—O bond in S,. In other words, the C=O stretching vibrations 

are important in mixing allowed z, n* character into S,, which is a nominal n, n* 

State. 

The phosphorescence of acetophenone shows a vibrational pattern that is 

characteristic of the C—O vibrational stretch in So (see Fig. 5.13).1° Such a 

vibrational pattern is expected for emission from a n, x* state if the transition is 

localized on the C—O group, ie., the 7* > n electron jump leaves excess vibra- 

tional energy on the C and O atoms specifically because an antibonding node 

between these atoms disappears. The phosphorescence of acetonaphthone does 

not show the characteristic C—O vibrational pattern. Instead, a complicated 

pattern of C=C vibrations characteristic of the aromatic ring in S, is observed. 

This is expected for emission from a 7, 2* state since the z* > x electron jump 

leaves excess vibrational energy between certain C atoms of the aromatic ring as 

the result of the destruction of a node. 

In summary, numerous spectroscopic criteria for the assignment of configura- 

tion to S, and T, are available. In later Chapters we shall see how photochemical 

reactivity can also serve to classify S, and T, in terms of electronic configurations. 

Because of the two correlations, (a) spectroscopic parameters <.orbital configura- 
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Figure 5.13 

(a) Emission of acetophenone possesses a C=O vibrational pattern. (b) Emission of 

acetonaphthone possesses a C=C vibrational pattern. 
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tions, and (b) orbital configuration photoreactivity, we expect (and will find) 

correlations between spectroscopic parameters and photoreactivity. The theoreti- 

cal basis for this relationship will be made via state correlations (Chapter 7). 

5.7 Experimental Measurements of 

the Absorption and Emission of Light: 

Molecular Electronic Spectroscopy '® 

For most photochemical reactions we need consider only the lowest excited 

singlet state (S,) or the lowest triplet state (T,) as likely candidates for the initia- 

tion of a reaction (Kasha’s rule).!’ This generalization results from the experi- 

mental observation that the majority of reactions which have been studied do 

not appear to involve higher-order electronic states (S;, Tz, etc.), because rapid 

radiationless conversion to S, and/or T, competes favorably with higher-order 

processes. Thus it is the spectroscopy of S, and T, which is of the greatest interest 

to the organic photochemist. Accordingly, we shall consider: 

1. S, > S, absorption (singlet-singlet absorption), 

2. Sy > T, absorption (singlet-triplet absorption), 

3. S, + Sp emission (fluorescence), 

4. T, — S, emission (phosphorescence). 

A case example of these four key radiative transitions is shown for anthracene 

in Figure 5.8. The Sy > S, absorption occurs at the highest energies (~ 300 nm 

to ~380nm), and S,—S, fluorescence emission occurs at lower energies 

(~ 380 nm to ~480 nm). The bands which nearly overlap in S) > S, absorption 

and in S, > Sp emission are called 0, 0 bands for absorption and emission (see level 

diagram below spectrum in Figure 5.8). At still lower energies, the Sy > T, ab- 

sorption (~500 nm to ~700 nm) appears. Notice that the probability of this 

absorption is ~ 10° times smaller, as measured by e, than is Sy > S, absorption. 

Finally, at lowest energies, T,; > So phosphorescence emission is observed. 

Absorption, Emission, and Excitation Spectra 

The practical measurement of an absorption spectrum is based on two important 

principles: Lambert’s law and Beer's law.'©> Lambert’s law states that the pro- 

portion of light absorbed by a medium is independent of the initial intensity /. 

Beer’s law states that the amount of light absorbed is proportional to the con- 

centration of absorbing molecules in the light path. The quantity related to 

absorption that is conventionally measured is called the optical density (OD) and 

is defined as being equal to log(/o/I,) where [o is the intensity of incident light 
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and J, is the intensity of transmitted light, i.e., an optical density of 2.0 corresponds 

to ~1% transmittance or ~99% absorbance. An OD of 0.01 corresponds to 

~98°% transmittance or ~ 2% absorbance. 

An absorption spectrum is completely described by a graph of absorption 

intensity as the ordinate and the wavelength of absorbed light as the abscissa 

(Examples: Figs. 5.14, 5.15). Conventionally, the molar extinction coefficient, ¢, is 

employed in such graphs rather than absorption intensity, and is given by: 

é = [logU/I,)]/¢c 

where J, and J, are the intensity of the incident and transmitted light, respectively, 

/ is the optical path length and c is the concentration of absorbing material. The 

molecular extinction coefficient is a fundamental molecular property and is in- 

dependent of concentration and path length if Lambert’s and Beer’s laws hold. 

Note that the units of ¢ are cm”! M ? (usually not given explicitly). It is in- 

teresting to note that ¢ has the dimensions of area per mole, ie, cm 'M * = 

cm! mole! ¢ = cm?/mole. 
A “true” emission spectrum is a plot of emission intensity, I, (at a fixed absorp- 

tion intensity) as a function of frequency v or wavelength 4 of absorbed light 

(examples Figs. 5.16—5.20). Most reported spectra are not “true” emission spectra 

because of certain instrumental problems.'°? The key parameters of an emission 

spectrum are its “shape” (J, versus /), its quantum efficiency ®, (J, relative to I,, 

the absorbed intensity) and its lifetime, t, (J, as a function of time, Section 8.6). 

An excitation spectrum is a plot of emission intensity, J, (at a fixed emission 

wavelength and constant exciting intensity J) as a function of frequency (or 

wavelength) of exciting light. For a weakly absorbing solution of a luminescent 

Som S3 
fully allowed 
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Figure 5.14 

Schematic representation of the absorption spectrum of a simple organic molecule. 

Often the first (S, > S,) transition is relatively weak compared to S,— S, and S, > S, 
transitions. The S, > T, transition, while always present, is often too weak to measure 

experimentally. Note that the ordinate is a log scale, each entry specifying a power 
of 10. 
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molecule A, J, is given by 

L238 Tel Os A] 

where €, is the extinction coefficient of the absorbing molecule, / is the optical 

path length, ®4 is the quantum yield of emission of A and [ A] is the concentration 

of A. From the Kasha-Valivov rule,'® 4 is independent of exciting wavelength. 
Thus, at fixed [A], J) and ¢, J, « ¢4. In other words, the observed excitation spec- 

trum (I, as a function of varying wavelength of exciting light) will vary as ¢,. In 

such cases, the excitation spectrum has the same spectral appearance as the ab- 

sorption spectrum. An advantage of excitation spectroscopy over standard ab- 

sorption spectroscopy is the greater sensitivity of luminescence techniques which 

allow observation of excitation spectra at [A] too low to be directly measured 
by absorption spectroscopy. 

Experimentai Examples of Spin-Allowed Electronic Radiative 

Transitions: S, > S, Absorption and S, — S, Fluorescence"® 

By the term spin-allowed electronic radiative transition, we mean any radiative 

transition which does not involve a spin inversion. 
For organic molecules only singlet-singlet and triplet-triplet transitions need 

be considered. The probability of such “allowed” transitions ranges over four 

orders of magnitude (Fig. 5.14 and Table 5.3). Thus, we must accept the fact that 

there are “degrees of allowedness” in radiative transitions, even when a spin 

inversion is not required so that the terms “allowed” and “forbidden” are relative. 

According to the classical theory of the interaction of light with molecules, the 

“allowedness” is measured by a quantity called the oscillator strength, f. Recall 

from Eqs. 5.10 and 5.11 that 

3 a [fe dy~e.,,Av and fa k(v)~! (5.40) 

Table 5.3 Some Representative Examples of ¢,,,, and f Values for 

Prototype Transitions. These Values Represent Orders of Magnitude Only 

Ratsec =") Example Transition type Ene ft yeeer (cme a) 

10° p-Terpheny] S,(2, 2*) > So BSED: 1 30,000 

aes 10° Perylene S,(n, 2*) + So 4 x 10* Oe 22,850 

aS 107 1,4-Dimethylbenzene SiGe 2) So 7x 10° 10°? 36,000 

oe 10° Pyrene S,(n, 2*) > So 5 x 10 10-* 26,850 

10° Acetone S,(n, 2*) > So 10 10" ~ 30,000 

PS 10* Xanthione T ,(n, 2*) > So ve 10° ~ 15,000 

| 10° Acetone T ,(n, 2*) > So 107" 10"° ~ 27,000 

a 10? 1-Bromonaphthalene T (2, 2*) > So 10 10. 20,600 

~ € 10 1-Chloronaphthalene T (1, 2*) > So Om Ue 20,600 

ms 107! Naphthalene T(x, 2*) > So 10-4 10 21,300 
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For order-of-magnitude estimates we may assume that Av is roughly constant 

for commonly encountered transitions, so that f & max (Eq. 5.16). Thus, a qualita- 

tive relationship between the commonly measured experimental quantity ¢,,,, and 

the theoretical quantity f is available. Table 5.3 lists this relationship. “Fully 

allowed” transitions (f = 1) correspond to values of é,,4, on the order of 10*—10°. 

The weakest “allowed” transitions possess &4x ~ 10 and therefore correspond to 

f ~10~*. Figure 5.14 compares ¢,,,, and f in terms of absorption spectra. 

Note that the relationship between f and k® also depends on the frequency of 

the emission. Thus, while 1,4-dimethylbenzene and pyrene possess similar values 

Of Emax, they emit at very different frequencies. As a result, they possess quite 

different oscillator strengths for fluorescence. Similarly, perylene possesses a 

larger é,,, than p-terphenyl, but the latter possesses a larger f because of the 

different values of ¥,,,, for the two compounds. 

If we think of a perfectly allowed transition as having an oscillator strength f 

equal to 1.0, then we may think of a measured f value in terms of individual 

forbiddeness factors f;, which reduce the value of f,,,, from that of the ideal system: 

f=(fe X So X I) Smnax (5.41) 

where f, is the prohibition due to electronic factors, f, is the prohibition due to 

Franck-Condon factors, and f, is the prohibition due to spin factors. For a spin- 

allowed transition f, = 1 and for a spin-forbidden transition f, depends on spin- 

orbit coupling (typical values of f, from 10~° to 107 1). 
The electronic factor f, may be subclassified in terms of different kinds of 

forbiddeness: 

1. Overlap forbiddeness, which results from poor spatial overlap of the orbitals 

involved in the electronic transition, for example, n, z* transitions in ketones. 

2. Orbital forbiddeness, which results from orbital wave functions (involved in 

transition) which overlap in space but cancel because of the symmetry of the 

wave functions, for example, the lowest z, x* transition in pyrene. 

Generally, for allowed transitions the electronic factor f, is the major factor in 

the determination of the observed value of f. From Table 5.3 we note that perylene 

and p-terphenyl possess “strong” Sy—S, absorptions (f ~ 1-107', «4. 

10°-10*). These absorptions correspond to essentially fully-allowed (x > 2*)’ 

transitions. For pyrene the Sy > S,(x, 2*) transition is orbitally forbidden and an 

electronic “forbiddenness factor” of ~10~* results in a relatively weak ¢,,,, of 

~10*. For acetone the Sy > S, transition corresponds to an n> 7* transition. 

This transition is both orbital overlap and orbital symmetry forbidden and would 
be predicted to have f = 0 if the n orbital were a pure p orbital and if the molecules 
were strictly planar. Experimentally, ¢,,,, ~ 10 for this n > x* transition. 

However, out-of-plane vibrations allow the n orbital to pick up s “character.” 
In the case of benzophenone, “mixing” of the n, z* state with nearby z, 2* states 
make S, a hybrid of these two transition types (see Section 5.7). As a result, the. 

~~ 
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So > S, transition has more oscillator strength because of the z, z* character 
“mixed” into S;. In a manner of speaking, the S, state picks up absorption intensity 
from its acquired 2, 2* character. In the case of acetone, S$, is more nearly “pure” 
n, m* because of the poorer mixing (AE is much larger in the denominator of 

Eq. 5.39), and the absorption intensity is correspondingly lower. 

Because of the direct relationship between f and the fluorescence rate constant 

kp, (Eq. 5.11 k? = kp), the factors determining the magnitude of f automatically 
are related to those determining k?. This approximation is a good one if we can 

ignore f, as a major factor determining the value of f or k?. If the nuclear geometry 

of the equilibrated excited state is very different from that of the initial ground 

state, then the value of k? for the S$, > So transition will be determined by f, and 

by different Franck-Condon factors that relate to f for the Sy > S, transition. In 

the special cases for which the equilibrium geometry and predominant vibrational 

progressions of Sy and S, are similar, a “mirror image” relationship is sometimes 

observed for the absorption and related emission spectra (see Fig. 5.8), 1.e., Sy > S; 

“mirrors” S,; > Sy and So > T, “mirrors” T, —> So. 

Based on information from absorption spectra an orbital configuration may be 

assigned to the electronic transition responsible for an absorption band. For 

anthracene (Fig. 5.8), the entire system behaves as a chromophore and only 

nm — n* transitions are energetically feasible in the region 200-700 nm. For benzo- 

phenone, both n — x* and x > n* transitions are possible (Fig. 5.15). Empirically 

a number of criteria have been developed which allow an orbital configuration 

change to be associated with a given absorption band (Table 5.4). 

Table 5.4 Empirical Criteria for the Assignment of Orbital Configurations 

of Ketones 

Property n-1* n-1* 

So 7S, So>7T, So 7 Sy So > T, 

Bons < 200 0m > 1000 ZNO © 

k, (sec *) 10°-10° 10°-10? 107-108 10m 

Longer wavelengths with Shorter wavelengths with 
increasing solvent polarity increasing solvent polarity 

Solvent shift 

Vibrational 

Structure 

Heavy atom effect 

Localized vibrations 

None 

Delocalized vibrations 

Increases probability of 
all S — T transitions 

Large (> 20 kcal/mole) NES Small (<10 kcal) 

D(spin-spin) ~0.3-0.4 cm * ~0.1 cm™ ! 

Polarization of Perpendicular to Parallel to Parallel to Perpendicular to 

transition moment molecular molecular molecular molecular 

plane plane plane plane 

‘pie <0.01 ~0.5 1.0 to 0.05 =a()'o) 

<9 <65 Variable 
Er 
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As an example, in Figure 5.15 the spin-allowed absorption spectrum of benzo- 

phenone consists of two major bands, one maximizing at ~ 350 nm (in cyclo- 

hexane) and the other maximizing at ~ 250 nm (in cyclohexane). The low value 

Of Emax (~ 100) for the longer wavelength band allows assignment of a n— 1* 

orbital transition to this band (see Table 5.4). This assignment is consistent with 

the “blue shift” of the maximum upon going from cyclohexane to ethanol (Fig. 

5.15). The value of €,,,, (~ 10,000) of the short wavelength band allows assignment 

of a x > x* orbital transition to this band. This assignment is consistent with the 

“red shift” of the maximum upon going from cyclohexane to ethanol. Notice 
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Figure 5.15 

(a) Absorption spectrum of benzophenone in ethanol (dotted line) and cyclohexane 
(solid line). (b) Absorption and emission spectrum of trans--hydrindanone in isooctane 
at room temperature. The emission is nearly pure fluorescence. At low Ag miperatures 
(77K) phosphorescence becomes significant. 
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that the n, x* absorption of an alkanone (Fig. 5.15b) occurs in a similar region 
to that for benzophenone. 

To the photochemist, the limiting values of k? are important to calibrate the 
maximum time allowed for reaction in S,, ie., if a reaction from S, is to occur 
efficiently, its rate must be competitive with k®. From Table 5.3 we note that for 
organic molecules the “world’s record” for the largest k® is ~ 10° sec~! (fully 
allowed x — n* transition, example p-terphenyl) and the “world’s record” for 
the smallest k? is ~ 10° sec” ' (weakly allowed n > z* transition, example acetone). 

Quantum Yields for Allowed S, > S, Fluorescence 

Examples of the total (fluorescence and phosphorescence) emission spectra of 

different types of organic molecules are given in Figures 5.16—5.20. 

Whether or not emission is observed for an organic molecule is determined by 

the experimental quantum yield for emission (®, for fluorescence and ®, for 

phosphorescence). Recall that ® is a measure of the efficiency of an emission 

process (photons out versus photons in). Although all excited states emit a certain 

number of photons in principle, it is found in practice that quantum yields of 

less than 10° * (i.e, 0.01% efficiency based on absorbed light) are difficult to 

measure experimentally and are prone to ambiguities. 

A general expression for a quantum yield of emission is given by: 

OO si = Oks (5.42) 

where ®, is the formation efficiency of the emitting state, k® is the rate constant 

for emission, Xk; is the sum of all rate constants (unimolecular or pseudo-unimo- 

lecular) that deactivate the emitting state, and t is the measured experimental 

lifetime of the emitting state; ie., t = (k2 + Lk,)'. The experimental lifetime r, 

and therefore the experimental quantum yield of emission ®,, depend crucially 

on the magnitude Lk;, which in turn is very sensitive to experimental conditions 

for measurement. 

For example, in fluid solution at room temperature bimolecular, diffusional 

quenching processes and thermally activated chemical reactions may compete 

with radiative decay of an excited state. Thus ®, may be very small even if ®, 

is close to unity. Thus, in order to routinely observe an electronic emission spec- 

trum it is usually necessary to minimize Lk;. This is routinely accomplished by 

cooling the sample to a very low temperature (77 K, the boiling point of liquid 

nitrogen, is an experimentally convenient temperature) and by making the sample 

rigid (most organic solvents are solids at 77 K). The low temperature causes 

terms in Dk; which correspond to the rate constants of processes that are activated 

by several kcal/mole or more, to become small relative to k°. The rigidity of the 

sample eliminates terms in Xk; which are due to bimolecular quenching processes, 

since diffusion is essentially eliminated in solid solution. In addition to preventing 

diffusional quenching, a rigid solvent matrix may restrict certain molecular 

motions (e.g., twisting of C=C bonds or extensive stretching of C—C bonds), 

which are particularly effective at promoting radiationless transitions. Numerous 
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solvents form optically clear solid solutions at 77 K and are called glasses at this 

temperature. 

Even when fluorescence and phosphorescence spectra of organic molecules are 

measured at 77 K in organic glasses, the total quantum yields of emission (O, + 

@,) are generally less than 1.00. Evidently, radiationless processes occur even at 

77 K in rigid glasses, 1.e., 

where 2@,z is the sum of quantum yields for photochemical and photophysical 

radiationless transitions from S, and T,. Identification and evaluation of the 

photophysical sources of Mz will be discussed in Chapter 6. For our purposes 

we simply note here that radiationless processes can compete with k, for deactiva- 

tion of S, and with kp for deactivation of T,, even at 77 K. 

Data derived from fluorescence and phosphorescence spectra are best inter- 

preted in terms of Eq. 5.44 which is a specific form of Eq. 5.42 (®, = 1.00, since 

the emitting state is the absorbing state, k, = kp, and Xk; = k,,). 

oO; = kplkp + key = Kpts (5.44) 

where t = (kp + k,,)7?. ; 
Equation 5.44 has two limiting situations: (a) kp > k,,, in which case OD, ~ 1.00, 

and (b) k,, > kg in which case ®, = kp/k,,. 

In terms of these limits we note that ®,; will > 1 when k, is very large or if k,, 

is very small. Also ®; > 0 when kg is very small or k,, is very large. From the 

limits of €nax for So > S, absorption, the limits of the rate constant of fluorescence 

for organic molecules are (from Eq. 5.19): 

10° sec> 2S ke = 10* secr* (5.45) 

The limits of k,, turn out to be 

10**-seo"* Zeke 10° see * (5.46) 

Experimental Examples of Fluorescence Quantum Yields 

Some data for fluorescence quantum yields (77 K, rigid organic glass) are given 

in Table 5.5. The following “generalizations” may be made:'° 

1. Most rigid aromatic hydrocarbons (e.g., benzene, naphthalene, etc.) are 

measurably fluorescent (1 > ®, > 0.01). 

2. Low values of ®, for rigid aromatic hydrocarbons are usually the result of 
competing S, + T, intersystem crossing (to be discussed in detail in Chapter 6). 

3. Substitution of Cl, Br, or I for H generally results in a decrease in ®, such 
that OF > Of! > OP > OF (e.g., compare naphthalene with the halonaphthalenes). 
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4. Substitution of C—O for H generally results in a substantial decrease in Dp. 
(e.g., compare benzene with benzophenone). 

5. Molecular rigidity (due to structural or environmental constraints) enhance 
@®, (compare rigid aromatics to-stilbene). 

Starting with aromatic hydrocarbons, let us now determine how specific values 
of kp and k,, contrive to determine ,. 

For naphthalene the Sy > S, transition is “orbital symmetry forbidden.” The 

molecule is so symmetrical that the electric vector of the light cannot easily find 

an axis along which to oscillate an electron. As a result ¢,,,, ~ 10? and kp ~ 

10° sec” '. The rate of intersystem crossing from S$, > T, is also ~ 10° sec”! for 
naphthalene. Thus, naphthalene fluoresces with a moderate quantum yield 

Table 5.5 Some Examples of Fluorescence Quantum Yields 

and Other Emission Parameters 

Configuration 

Compound or om a ke ols, 

Benzene ~ 0.2 250 ee 107 es He 
Naphthalene ~().2 270 De NO!” SOP Hes Be 
Anthracene ~0.4 8500 5 xe 10! ~5 x 10’ it 
Tetracene ~0.2 14000 De iO)" ~ 108 iii Te 
9,10-Diphenylanthracene ~1.0 12600 oe l0® Zi" iy ie 
Pyrene ~0.7 510 ~ 10° <10° tes te 
Triphenylene ~0.1 55 Oe MOP ~ 10! Tinie 
Perylene ~ 1.0 39500 ~108 il)! Tine 
Stilbene” ~ 0.05 24000 ~ 108 ~10° 7, 7" 

1-Chloronaphthalene ~ 0.05 ~ 300 ~ 10° SalOe iti Ee 
1-Bromonaphthalene ~ 0.002 ~ 300 ~10° ~ 10? m, 10* 
1-Jodonaphthalene ~ 0.000 ~ 300 ~ 10° ~10"° nm, 10* 

Benzophenone* ~ 0.000 ~ 200 ~10° ~10" ia, ae 

Biacetyl® ~ 0.002 ~ 20 ~10° ~ 108 n, 1* 

Diaza[ 2.2.2 ]bicyclooctane® ~1.0 ~ 200 ~10° <10° Yager 

Acetone! ~ 0.001 ~ 20 ~10° ~10° iy ae 

Perfluoroacetone® ~0.1 ~ 20 ~10° ~10! n, 1" 

3-Bromoperylene" ~1.0 ~ 40,000 ~10° <10° ies 

Pyrene-3-carboxaldehyde' ~ 0.25 ~ 70,000 ~ 108 ~ 108 Toe (2) 

Cyclobutanone! ~ 0.0001 ~20 ~ 10° ~10° oy te 

Diaza[ 2.2.1 ]bicycloheptane® =~ 0.0001 400 ~ 10° ~ 10° rao 

® Values refer to fluid solutions at room temperature. Data extracted from reference 17a unless otherwise specified 

> Reference 23. 
© References 38 and 53. 

4 Almgren, M., Photochem. and Photobio., 6, 829 (1967); Yekta, A., Ph.D. Dissertation, Columbia University, 1973 

© Solomon, B. S., Thomas, T. F., and Steel, C., J. Am. Chem. Soc., 90, 2249 (1968). 

' Reference 1 1b. 

® Halpern, A. M., and Ware, W. R., J. Chem. Phys., 53, 1969 ( 1970) 

 Dreeskamp, H., Koch, E., and Zander, M., Chem. Phy's. Letters, 31, DO ows): 

i Bredereck, K., Forster, T., and Osterlin, H. G., Luminescence of Organic and Inorganic Materials, eds. Kallman, 

H. P., and Spruch, G. M., New York: John Wiley, 1962, p. 161. 

i O'Sullivan, M., and Testa, T., J. Phys. Chem., 77, 1830 (1973); see also Shortridge, R. G., Rusbult, C. F., and Lee, 

E. K.C., J. Am. Chem. Soc., 93, 1863 (1971). 
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(O, ~ 0.20). The (80 of 100) nonfluorescing naphthalene S, molecules intersystem 

cross to T,. 

For anthracene the S, > S, transition is symmetry-allowed (the electric vector 

recognizes the long axis of anthracene as an excellent axis for induction of electron 

oscillation). As a result, éma, ~ 10* and kp ~ 108 sec” *. In the case of diphenyl 

anthracene ®; ~ 1.00, ie., essentially every singlet state fluoresces. 

Now consider the decrease in ®, which generally (but not universally) ac- 

companies the replacement of H with halogen or C=O functions. The small 

value of ®, (within the framework of our assumption) means that k,, > kp. For 

halogenated naphthalenes, the substitution of halogen for H affects ¢,,,, by a factor 

of only ~2 whereas ®, varies over several orders of magnitude. From the con- 

stancy of &max We conclude that kp does not vary much in this series, so that k,, 

must be the changing variable leading to the radical variation in ®;. The en- 

hancement of probability of spin-forbidden transitions which result from the 

replacement of H by halogen has become known as the “heavy atom effect.” The 

theoretical basis of this effect is due to enhanced spin-orbit coupling, and is 

discussed in Section 5.9. 
A general feature of the emission of ketones possessing S,(n, 2*) states (Figs. 5.19 

and 5.20) is the small value of the fluorescence quantum yield (®, ~ 0.01 to 0.0001). 

Since the radiative rate of S,(n, 2*) > So fluorescence is relatively slow (~ 10° 

from Table 5.3), the magnitude of k,, need not be much larger than it is for aromatic 

hydrocarbons. However, it is found that k,, may reach values of 10'! sec”! for 

certain ketones (benzophenone, for example), implying an enhanced value of k,, 

relative to aromatic hydrocarbons (see the discussion in Section 5.6 for an explana- 

tion of this effect). Thus, a small value of kp and a large value of k,, combine to 

make ®,, very small. 

In certain cases (e.g., cyclic azoalkanes) a small kp is accompanied by an even 

smaller value of k,, so that Dp is still ~ 1.0. 

Exceptions to the general rule that ®, is small for halogenated compounds 

and carbonyl compounds exist and are informative to analyze. From Table 5.5, 

bromoperylene (P, ~ 1.0) and pyrene-3-aldehydes (®, ~ 0.70) are examples. For 

these compounds, k,, is exceptionally slow because T, lies well above S,.S,—> T, 

intersystem crossing is inhibited by Franck-Condon factors (Section 6.9). Of 

course, if photochemistry occurs in S,, the value of ®; may be small. For example, 

cyclobutanone (®; ~ 0.0001) undergoes an efficient cleavage reaction in S$, (Chap. 

13) that competes effectively with both fluorescence and intersystem crossing. 

The lesson to be learned from these examples of the experimental values of ®; 

is that this quantity represents an efficiency which compares relative transition 

probabilities and does not relate directly to rates, 1.e., Dp ~ 1.0 for 9,10-diphenyl- 

anthracene for which kp ~ 5 x 10° sec”! and ®, ~ 1.0 for diaza[2.2.2]bicyclo- 
octane for which kp ~ 10° sec’. Furthermore, quenching processes (oxygen, 

impurities, solvent, etc.) may determine the value of O,. 

Saturated compounds,'® ethylenes,'? and polyenes”° generally do not fluoresce 
efficiently (exception: some aliphatic amines’! fluoresce strongly). For example, 

tetramethylethylene shows a very broad weak fluorescence (A",, ~ 265 nm) with 
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QO, ~ iO and t ~ 10~"" sec. Such short lifetimes and low emission efficiencies 
are typical of “flexible” molecules for which a rapid radiationless deactivation 
may occur via a stretching motion along a C—C (or C—H) bond or via a twisting 
motion about a C=C bond. : 

As an illustration of the role of stretching and twisting motions in determining 
®,, consider** the aromatic hydrocarbons toluene (1) and t-butyl benzene (2). 
The latter possesses a “looser” side chain vibration and lower value of ®, than 
the former: : 

ia 
ae es 

CH, 

1, ®; = 0.14 2, D; ='0.032 

The flexible stilbenes 3*°* and 47°” and their rigid cyclic derivatives 573°4 
provide a nice example of how both structure or environmental rigidity enhance 

O,: 

nS, 
3 4 St 5¢ 

© 250 0.05 0.00 1.0 1.0 

ui TAS 0.75 0.75 1.0 1.0 

Although trans-stilbene (3) is only weakly fluorescent (O, = 0.05) and cis-stilbene 

(4) is nonfluorescent in fluid solution at room temperature, in a rigid environment 

both compounds are strongly fluorescent (®, ~ 0.75). Both temperature and 

environmental rigidity contribute to this enhancement. For example,’* the 

fluorescence efficiency of trans-stilbene increases by a factor of 3 in going from 

fluid organic solvents (®; ~ 0.05) to viscous glycerol (Op ~ 0.15). Presumably, 

twisting about the C=C bond is inhibited in the more viscous solvent. In con- 

trast, the fluorescence yields ?*°¢ of the structurally rigid analogues 5¢ and 5c 

are ~ 1.0 at both 25°C and 77 K. 

In several exceptional cases,*° structured fluorescence emission has been re- 

ported. For example, the rigid steroidal dienes 6 and 7 show emission sufficiently 

structured to allow an assignment of the 0,0 transition. Presumably, structural 

rigidity enhances the efficiency of light by inhibiting radiationless processes that 
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R 

Cake. é 
HO 

6 7 

Ai = 305 1m Ae? = 312 nm 
Es; ~ 95 kcal/mole Es; ~ 92 kcal/mole 

compete with fluorescence and by enhancing ky by preventing a large Franck- 

Condon geometry difference between S, and So. 

The Relationship of Fluorescence Parameters 

to Molecular Structure 

In the previous section we learned that three important experimental fluorescence 

parameters are, (a) the radiative fluorescence rate constant, kp, (b) the quantum 

yield for fluorescence, ®,, and (c) the measured experimental fluorescence or 

excited singlet state lifetime, ts. 

The theoretical relationship of molecular structure and k? follows from exam- 

ination of Eqs. 5.11, 5.14, and 5.42 (®, = ®,, ko = k?, t = ts). The magnitude of 
<H,»> and the value of k? depends on the orbitals involved in the electronic transi- 

tion, the nuclear shape of the initial and final states. Thus, there is a direct theore- 

tical connection between kp. and electronic structure and symmetry. 

The theoretical relationship between ®, or ts and ¢H,> is not generally direct 

since (Eq. 5.42), ®; and ts depend on k? and the radiationless rates ©k;. Thus, a 

small value of ®, or short fluorescence lifetime t; may reflect fast radiationless 

processes, and be relatively unaffected by the magnitude of k®. 

Determination of ‘“‘State Energies” from Emission Spectra 

The highest energy vibrational band in an emission spectrum corresponds to the 

0,0 transition (Fig. 5.8). The energy gap corresponding to this 0,0 transition 

characterizes the energy of the excited state responsible for the emission. It is 

the maximum energy derivable from the excited state if Sg is regenerated. The 

singlet state energy, E;, and the triplet state energy, E,, are defined as the 0,0 en- 

ergy gap for fluorescence, S,(v = 0) > So(v = 0), and phosphorescence, T,(v = 0) > 

So(v = 0), respectively. 

Sometimes an emission spectrum does not show resolved fine structure (Fig. 

5.15b). In this case, the “onset” of emission must be used to guess the upper limit 

of Es or Ey. If vibrational structure appears in the absorption spectrum, the 0,0 

band of absorption (Fig. 5.15b) serves as a safe guide for an upper limit to state 

energies. In Figures 5.16 to 5.20 the 0,0 bands of fluorescence and/or phosphores- 
cence are noted and the values of Es or E; are given. 
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Total emission spectrum of naphthonorbornene at 77 K. 
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Figure 5.17 

Total emission spectrum of 7-anti-bromonaphthonorbornene at 77 K. 
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Total emission spectrum of 1-chloronaphthalene at 77 K in EPA (mixture of ether- 

isopentane-ethanol). 
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Total emission of benzophe- 

none at room temperature in 

Freon 113 solvent. The fluo- 

rescence band is due mainly 

to ‘‘delayed”’ fluorescence 

(see Section 5.14). 



RADIATIVE TRANSITIONS—THE ABSORPTION AND EMISSION OF LIGHT 

0,0 BAND AT 520nm=56 kcal/mole 

«— _| PHOSPHORESCENCE 

i | 
CHC " CH3 , HEXANE, 25° 

®, ~ 0.025 

T ~14nsec 

®, a 0.05 

T ~O5 msec 

0,0 BAND OF 

FLUORESCENCE 

AT 460 nm = 

62 kcal /mole 
EMISSION INTENSITY (ARBITRARY UNITS) —> 

NITROGEN PURGED 

FLUORESCENCE 

~ 

AERATED pei 

450 500 550 600 650 700 

Figure 5.20 

117 

Emission of biacety! in de-aerated hexane solution at room temperature. The fluores- 

cence (left) is relatively insensitive to impurities, oxygen, temperature, etc., but the 

phosphorescence (right) is extremely sensitive to impurities. In aerated solutions no 

phosphorescence is observed. 

5.8 Spin-Orbit Coupling and Spin-Forbidden 

Radiative Transitions 

The value of e(S) > T) or of kp(T > S_) is directly related to the degree of spin- 

orbit coupling between Sy and T. From Section 3.6 the degree of spin-orbit 

coupling was shown to depend strongly on (a) nuclear charge, (b) the availability 

of transitions between orthogonal (or nearly orthogonal) orbitals, and (c) the 

availability of a “one atom center” transition.® 
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The degree of spin-orbit coupling between states of an atom is related to b 

a fine structure or spin-orbit coupling constant available from atomic spectra.7* 

The correlation of the magnitude of spin-orbit coupling within a molecule (as 

judged from the magnitude of fine structure constants of atoms) and the magnitude 

of e(Sy > T) absorption and k?(T > So) emission played a decisive role in es- 

tablishing the triplet state as an important photochemical entity.** The oscillator 

strength of a radiative transition is related to ¢, the spin-orbit coupling constant 

for atoms.** This means the ¢(S) > T) and kp(T > So) will increase as ¢ increases 
if the orbital factors are similar. The magnitude of ¢ depends on the orbital con- 

figurations of the states involved (Table 5.6). The important points to be derived 

from this table are: (a) the rapid increase in the magnitude of spin-orbit coupling 

as the atomic number increases, (b) for first-row atoms such as C, N, and O, the 

magnitude of spin-orbit coupling is smaller than the energy of vibrational couplings 

(~ 1-5 kcal/mole), and (c) for very heavy atoms (Pb, Xe) the magnitude of spin- 

orbit coupling begins to approach the value of electronic energy gaps and strong 

electronic interactions (~ 20-30 kcal/mole). For the latter molecules spin inver- 

sion can occur on a time scale comparable to electronic motions. 

Radiative Transitions Involving a Change in Multiplicity: 

S, 2 T(n,2*) and S, 2 7(7,7*) Transitions 

The oscillator strengths for spin-forbidden transitions in organic molecules range 

from ~10-° to ~10-° (Table 5.3). This means that radiative Sy $ T transitions 

are strongly forbidden relative to spin-allowed Sy SS transitions (f ~ 1-107‘). 

We could say that the light wave must “catch” the molecule in a situation such 

that spin-orbit coupling is operating on the electron spins at the same time that 

the electric vector of the light wave is operating on the electron cloud, which is 

a situation of low probability. 

Table 5.6 Spin-Orbit Coupling in Atoms. Values are only representative 

and depend on electron configuration; they are intended here to show 

only trends 

Atomic & Atomic 
Atom number kcal/mole Atom number kcal/mole 

(Ce 6 0.1 I 53 15.0 

N° i 0.2 Kr 36 15 

O° 8 0.4 Xe 54 28 
F> 9 0.7 Pb 82 21 

si> 14 0.4 Hg 80 18 

pe 15 0.7 Na 11 0.1 
Se 16 1.0 K 19 0.2 

Sy 7 17 Rb 37 1.0 
Br 35 7.0 Gs 515) 2.4 

* Values adapted from McClure, D. S., J. Phys. Chem., 17 (1949) 905. The values are in kcal/mole and are rounded off, 
and, strictly speaking, apply to the radical part of ¢. In effect, the angular part of ¢ is considered to be close to unity. 
Values of ¢ are for the lowest-energy atomic configurations. 

» Because of substantial configuration interaction for these atoms, the values given are extrapolated from nearby atoms - 
in the periodic table by assuming that ¢ varies with Z*. 
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Bis Dont . In general, n° Sn, n* transitions possess a much greater oscillator strength 
than n° $ 7, x* transitions for a spin-forbidden transition, ie., 

f[So 2 T(n, 2*)] > f[So 2 T(x, x*)] (5.47) 

This is exactly the opposite of the situation for Sy S, transitions, for which 

f(x, 2*) > f(n, n*). The reason for this turnaround in behavior is that the spin- 

orbit force is much more effective when n? 2 n, x* transitions occur than when 

n? 2 n, m* transitions occur. 
The situation may be viewed schematically as follows. The f values of the 

So(n?) 2 T(n, x*) and So(n?) 2 T(z, n*) transitions are composed of three parts: 
the electronic, vibrational, and spin factors. We know that in general f., f(z, 2*) > 

fafin, n*) because e(z, *) > e(n, n*) for singlet-singlet transitions for which 

spin is not a factor. This implies that for spin-forbidden radiative transitions, 

Pant) h(n, 2"). 

Consider a radiative S9(n*) > T(n, 2*) transition absorption for formaldehyde 

and a S,(x*) > T(z, 2*) transition of ethylene. The spin-flip in the first case (Fig. 

5.21a) is due to an— n* transition, which may be viewed as a jump from a p orbital 

(say, px) in the plane of the molecule to a p orbital (say, p,) perpendicular to the 

plane of the molecule (i.e., the atomic p orbital on oxygen which makes up 

half of the z* orbital). The simultaneous p, — p, orbital jump is thus a one-center 

jump involving a momentum change. This is precisely the type of situation which 

favors strong spin-orbit coupling, i.e., the orbital momentum change associated 

with the p, > p, jump is matched exactly by the spin momentum change asso- 

ciated with the «B — aa (or «6 > BB) spin flip. 

Let us now compare this qualitative picture to the situation for a radiative 

So(n*) & T(x, n*) transition, e.g., for ethylene (Fig. 5.21b). It is immediately seen 

that for a planar ground state there is no low-energy orbital in the molecular 

[OVERALL Sq (n*) —= T, (n,7*)] 

<—_—_—_> Rote So 5000) = a (fh) n (th) a ¥( ) 

SPIN 
| FLIP 

eae pe “ a T (nye) 2 miti)n(t) tt) 

"allowed" "qllowed" 

Figure 5.21a 

Orbital description of the spin-orbit selection rules for a radiative transition involving 

a spin flip. The n? > n, 7* transition involves an orbital angular momentum Change 

that can be coupled with a spin momentum charge, and is spin-orbit ‘allowed.’ 
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plane into which the z electron can jump, ie., the analogue of the p, > p, jump 

of ketones does not exist for ethylene. As a result, there are no “one-center” 

spin-orbit interactions to help flip spins when a light wave interacts with the z 

electrons of the ethylene. 
This means that the matrix element for spin-orbit coupling is much larger for 

n? 2 n, x* transitions than for 2* 2 z, 2* transitions. Since the oscillator strength 

of a spin-forbidden transition depends directly on the square of the matrix element 

(Eq. 5.38) corresponding to the perturbation (spin-orbit coupling) which mixes 

the states undergoing transition, we can conclude 

f[So(n?) 2 T(n, n*)] > f[So(x?) > T(x, 2*)] (5.48) 

An aromatic hydrocarbon such as benzene cannot invoke an n> 2* mixing to 

generate a spin-orbital coupling mechanism.'* The analogous mixing is ¢<72* 

or m<+o*. There is a theoretical connection between the out-of-plane vibrations, 

the observation of spin-forbidden phosphorescence emission, and the allowed 

transitions involving o or o* orbitals. Consider Figure 5.22 which shows (a) a 

planar benzene molecule and (b) another benzene molecule undergoing out-of- 

plane C—H vibrations. As long as the molecule is planar, the z, 2* states and, 

say, the z, o* states do not mix. An out-of-plane C—H vibration destroys the 

planar symmetry and then allows mixing of the 2, z* and z, o* states. In the 

extreme case, a violent out-of-plane C—H vibration would cause a p orbital 

(originally symmetric above and below the molecular plane) to be transformed 

into an sp" orbital which possesses an assymmetric electronic distribution relative 
to the plane of the molecule. 

This mechanism is not expected to be particularly effective because of the large 

amount of energy required to deform the aromatic z electron cloud in this manner. 

However, no better mechanism for spin-orbit coupling exists. Indeed, the radiative 

phosphorescence lifetimes of aromatic hydrocarbons such as benzene and naph- 

thalene are of the order of 30 seconds (f ~ 10°!) 

[OVERALL Sq (9*) —= T, (7,7°*)] 
aK ae one Sn?) = w(t) o* ) 

5-6 a T(r") = 3 (t) a(t) 

forbidden’ forbidden’ 

Figure 5.21b 

Orbital description of the spin-orbit selection rules for a radiative transition involving 

a spin flip. The n* > z, n* transition does not involve an orbital angular momentum 

change and is spin-orbit ‘‘forbidden.”’ 
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pure p Sp. 

T="pure’ 7, 7* T= (7,17* — 7, o*) 

Figure 5.22 

Schematic of the effect of an out-of-plane C—H vibration on the hybridization of a 

carbon atom in benzene. The vibration induces ‘‘s character’ in the carbon atom and 

provides a ‘‘weak’’ mechanism for spin-orbit coupling. 

3.9 Experimental Examples of Spin-Forbidden 

Radiative Transitions: S, — 7 Absorption 

and Phosphorescence 

Some experimental data for radiative Sy 2 T, transitions were given in Table 5.3. 

(We give more below in Table 5.7). The following points may be derived from the 

data. As expected, the oscillator strengths of So(z?) 2 T,(z, 2*) are very small 

(~10~7 to 10°”). Indeed, the values of ¢,,4.(S9 > T,) and kp for Sy @ T,(z, 2*) 
are the smallest ever observed for organic molecules, i.¢., &ma, ~ 10° to 10° ° 
and k2 ~ 1 to 10~! sec” !. The largest values of épax(So > T,) and kp are found 

Table 5.7. Quantum Yields for Phosphorescence and Other Triplet 

Emission Parameters.* 

Dp : 

Configuration 

Compound 71K AC M, ke of T, 

Benzene ~ 0.2 (105) ~0.7 ~10-* i, 70" 

Naphthalene ~ 0.05 (210% 3) ~0.7 OP: m, 1 

1-Fluoronaphthalene ~ 0.05 (alone ~0.3 Tae 

1-Chloronaphthalene ~0.3 (a0) ~ 1.0 ~2 Tite 

1-Bromonaphthalene ~0.3 (105) ~ 1.0 ~ 30 fly iss 

i-lodonaphthalene ~ 0.4 - ~ 1.0 ~ 300 ji te 

Triphenylene ~ 0,5 (210=)) ~0.9 ~ 10" ' jie ae” 

Benzophenone ~ 0.9 (~0.1)° ~1.0 Lor A, 

Biacetyl ~ 0.3 (~0.1)* ~ 1.0 ~ 10° n, To 

Acetone ~0.03  (~0.01)' ~ 1.0 ~10? n, 1 
4-Phenylbenzophenone = = ~ 1.0 1.0 TL, m 

Acetophenone ~ 0.7 (~ 0.03)? ~1.0 ~10° n, i 

Cyclobutanone 0.0 0.0 0.0 ny 

4 Data gathered from references 14 and 16. 

> In deaerated perfluoromethylcyclohexane. 

* In deaerated acetonitrile. 
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for T,(n, x*) states or for T,(z, 2*) states which possess a heavy atom (e.g., Br 

or I) conjugated to the m systems, ie., Ena, ~ 1071-107? and kp ~ 10 to 107 sec *. 
For some organometallic compounds (e.g., tetraphenyl lead), 4, values of the 

order of 10 have been claimed.”°* The wide variation in ®p in going from 77 K 

to 25°C is usually the result of diffusional quenching of triplets at the higher 

temperature (in fluid solution). The fact that triplet lifetimes at 25°C in plastics 

(rigid medium which prevents diffusional quenching) are comparable to those at 

77 K is strong support for this conclusion. For example, the lifetime of triphenylene 

is 16 sec at 77 K and is 12 sec at 25°C in a plastic.”°° 
The substantial difference between the values of ¢,,,, (and kp) for 2, 2* relative 

to n, x* triplet states gives us an experimental means of classifying molecules in 

terms of the orbital configuration of T,. The postulate is as follows: for nonheavy- 

atom-containing molecules possessing “pure” x, x* configurations the value of 

Emax(So — 1) and k® will be on the order of 107° to 107°, and 10? to 107! sec}, 
respectively. For molecules possessing “pure” n, * configurations, the value of 

Emax(S9 ~ 11) and k§ will be on the order of 107! to 1077, and 10? to 10 sec"! 
respectively. 

An example of an unperturbed Sy > T absorption is shown in Figure 5.23.7°° 
The value of ¢,,,, is ~ 10° * and corresponds to k? of ~ 10 sec, a value expected 
for phosphorescence from T,(n, 2*) states (Table 5.7). In general, it is easier to 

measure kp than ¢,,,,, So the former is more commonly measured. 

Some examples of the relation of k? and orbital configuration (see Table 5.4 

and 5.7) are available for aromatic ketones. For these molecules, T, may be 

Solvent: Pentane 

0.4 
lem 
path length 0.0, ——> 10cm path length 

Emax 0:01 ea max 

0.2 

Som Th 

0.1 

Figure 5.23 

Singlet-singlet and singlet-triplet absorption of a polycyclic azoalkane. A long path- 
length and enhanced instrumental sensitivity are required to observe the weak S, oT 
absorption. 
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either n, n*, 2, x*, or a hybrid. A model for a pure’ 7 ,(niac*)istate 1s acetone, 
for which kp = 60 sec” '; a model for a “pure” T(z, 2*) state is naphthalene, for 
which kp = 0.1 sec” '. Examination of Table 5.4 shows that the structures may be 

classified as “acetone-like” (kp within an order of magnitude of 60sec‘), or 

“naphthalene-like” (kp within an order of magnitude of 0.1 sec '). For example, 

we may assign an n, m* configuration to T, of benzophenone (kp = 20 sec ') and 

am, m* configuration to T, of 4-phenyl benzophenone (kp ~ 1 sec '). 

Absorption and Emission from Triplet Sublevels 

The “triplet state” of a molecule at room temperature is a rapidly equilibrating 

mixture of three states, 1.e., the triplet sublevels T,, T,, and T,. Absorption by an 

individual molecule produces only one of the three sublevels initially. In normal 

So ~ T, absorption (Fig. 5.23), absorption to the three sublevels is not resolved. 

At low temperatures in favorable cases, however, resolved absorption and mag- 

netic field effects involving the three sublevels are observed.*”* 
The “mechanism” of phosphorescence is spin-orbit coupling between T, and 

various singlet states (Section 5.8). The strongest mixing occurs between T, and 

singlets which possess the correct electronic symmetry to maximize matrix ele- 

mems of the type AT es S,,>. Molecules in different spin sublevels may be viewed 

as having their electrons in different planes.’ ’® The electronic symmetry of the three 
magnetic spin components of T, (1e., T,, T,, and T,, Section 2.8) are different. 

Thus, kx, k%, and k3 (the radiative rates from sublevels T,, T,, and T,, respectively) 

will be different. The mechanism of populating the sublevels from S$, will also lead 

to different rates of population of T,, T,, and T,. The net result of these theoretical 

considerations is the expectation that if T,, T,, and T, are not rapidly equilibrated 

in a time comparable to phosphorescence lifetimes, different phosphorescence 

parameters will be observed for T,, T,, and T,. 

The energetic separation of these sublevels is ~1 cm “ or less. If sublevel 

interconversion requires no thermal activation, the dynamic equilibrium inter- 

converting T,, T,, and T, is rapid relative to the triplet lifetime until temperatures 

< 10K are achieved. As a result, at 77 K “the triplet state” may be treated as a 

single state, i.e., an equilibrium mixture of 37,, 37,, and +T.. Below 10 K magnetic 

sublevel interconversion is slow relative to the triplet lifetime. Under these con- 

ditions, the phosphorescence spectrum, lifetime, and polarization depend on the 

emission properties of each sublevel. In other words, the observed phosphores- 

cence parameters correspond to a populated weighted average of the properties 

of the T,,, T,, and T, states. 

As an experimental example,*”* the phosphorescence rates of the T,, T,, and 

T, levels of naphthalene are ~0.9 sec *, ~0.5 sec” 1 and ~0.07 sec‘, respec- 

tively (T, and T,, are taken as being in the plane of the molecule and T,, as perpen- 

dicular to the molecular plane). The shape of the emission spectrum of each 

sublevel is different since the vibrational perturbations which induce spin-orbit 

coupling are different for each sublevel. This results in a different vibrational 

pattern for emission from each sublevel. For biacetyl,” “4 the values of kp, kp, and 

kz, are ~ 100 sec_', ~25 sec *, and ~ 1000 sec” ' respectively. 

1 
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Examples of Perturbation of S, — 7 Absorption 

The extremely weak inherent spin-orbit coupling of aromatic hydrocarbons makes 

them prime candidates for spin-orbit perturbation studies. Compounds possessing 

lowest energy (n, 2*) states or heavy atoms are generally not sensitive to spin-orbit 

perturbations, because they already possess substantial internal spin-orbit inter- 

actions. These expectations are confirmed by the experimental observations that: 

. The Sy > T(x, 2*) absorption of aromatic hydrocarbons is generally 

~_/ enhanced by spin-orbit perturbation. 

2. The S, > T,(n, z*) absorption of ketons is insensitive to spin-orbit 

perturbation. 

The following molecules or classes of molecules have been commonly employed 

to enhance the Sy ~ T, absorption of aromatic hydrocarbons: 

1. Molecular oxygen.?® 

2. Organic halides*? and organometallic compounds.*° 

3. Heavy atom rare gases, e.g., xenon.*! 

a 

385nm 

: O 

6. (asoaren) 430 470 510 380 400 420 

t we 2 was (nm) —= Ny (Camiies 

€ 

Sg T ENHANCED So-*T NOT 
ENHANCED 

-+<= HEXANE 
300 320 340 

Sine —— HEXANE, 100 atm 0, 

Figure 5.24a 

Oxygen perturbation of the S, > 7, absorption spectrum of benzene. 

Figure 5.24b 

Examples of the O, perturbation of a S,>T, (m, 2*) absorption (left, 1-acetonaphthone) 
and lack of O, perturbation on a S, > T, (n, m*) absorption (right, acetophenone). 
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An example of the effect of O, on Sy > T, of benzene is shown in Figure 5.24. 
The first resolved band (presumably a vibrational band) occurs at ~340 nm 
(29,400 cm ', 84 kcal/mole). Since the O, O band of benzene phosphorescence 
(T,; > So) occurs at nearly the same energy, the intensity (probability) of the 
T, — Sp transition is enhanced, but the energy of the transition is unaffected by 

oxygen perturbation.?** 
Perturbation methods offer a means of determining whether T, is an n, 2* or 

a m, m* state.°* For example, the absorption spectrum of acetophenone shows a 
very weak absorption band at ~385 nm in n-hexane (Fig. 5.24b). The intensity 

of this band does not increase significantly even under 100 atm of O,. The O, O 

band of acetophenone phosphorescence also occurs at ~385 nm. On the other 

hand, the absorption spectrum of 1-acetonaphthone, which shows negligible 

absorption near 510 nm in n-hexane, shows several new bands under 100 atm of 

O,. The O-O band of l-acetonaphthone phosphorescence occurs at ~ 506 nm. 

These results are interpreted to mean that T, for acetophenone is n, 2* and there- 

fore not subjected to significant oxygen perturbation, but that T, for 1-aceto- 

naphthone is z, z* and is therefore sensitive to oxygen perturbation. 

A second important method for enhancing Sy > T, absorption is heavy atom 

perturbation. The heavy atom may be directly affixed to the molecule being studied 

(internal heavy atom effect)** or may be located in the solvent (external heavy 

atom effect).** An example of the internal heavy atom effect is shown for p- 

iodonaphthalene, «-iodonaphthalene, and f-chloronaphthalene in Figure oa 

The position of the O, O band for absorption corresponds to that found for the 

a 
CH3CHo1 solvent 

So > T,(7, r*) 

High Pressure 
of Xenon 

CS eee 

350 400 450 500 

b (nam) > 

Figure 5.25a 

Experimental examples of the internal ‘heavy atom effect”’ on So —+ T, absorption. 

Notice that the ‘heavy atom effect’’ is different for different positions for the same 

molecule. 

Figure 5.25b 

Heavy atom perturbation of the S,— T, absorption of 1-chloronaphthalene. The dotted 

line indicates the absorption spectrum in a ‘‘light atom”’ solvent. 
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O, O band of phosphorescence (at 77 K). Furthermore, the shape of the Sy > T, 

absorption is nearly the mirror image of the T,—S,) phosphorescence. The 

intensity of the S, > S, transition is not significantly affected by the heavy atom 

substitution. 

As an example of the internal heavy-atom effect, consider 2-bromonaphthalene 

undergoing a T, — So transition. The triplet state may be represented as a set of 

resonance structures of diradical character, several of which will place the odd 

electron on the 1-carbon atom. Since bromine is capable of expanding its valence 

octet, some delocalization of the odd electron onto the bromine atom is possible. 

This finite amount of delocalization produces a good mechanism for spin inversion 

because of the strong spin-orbit coupling the electron experiences when it is on 

the bromine atom. Presumably, the odd electron which undergoes the spin inversion 

does so by simultaneously jumping from one orbital to another in order to satisfy 

the requirement of conservation of total angular momentum. 

Las of the external heavy atom effect are shown for a Baiincete ne 

(9)?° and for 1-chloronaphthalene** in Figures 5.18 and 5.25b. 
The heavy-atom effect on absorption spectra is to strongly enhance!’ ¢(S) > T,) 

but not ¢(S) > S,). Because of the relationship between e(S,) > T,) and kp and 

between e(S, > S,) and k? (Eq. 5.23), we expect that k? but not k? will be influenced 
by heavy-atom perturbation. For example, the fluorescence and phosphorescence 

spectra of 8 (Fig. 5.16), 9 (Fig. 5.17), and 10 are very similar in appearance:*° 

Br Br 

ier a ) x 

SS LE 

Br 

8 9 10 

ke 2 se10":see™! Ix 10° see + i 10° sec * 
ke 33610" * sec 500: x 10-* sec 1 1000 x 107? sec™} 

On the other hand, the fluorescence and phosphorescence ells for the “light 

atom” molecule 8 are ®,; ~ 0.5 and ®p ~ 0.06, and for 9, ®; ~ 1077 and ®p ~ 0.6. 

The values of k? are essentially constant in this series, but the values of k® are | 

greatly enhanced in the bromine-containing molecules. The much higher values 

of ®p reflect both a greater efficiency of population of T, (k,, is enhanced, see 

Section 6.11) and a greater efficiency of emission from T, (kp is enhanced more 
an ie.) 

For the case of 1-chloronaphthalene (Fig. 5.25b), the pure liquid exhibits a 

number of weak absorption bands near 470 nm. A 1:2 (by volume) mixture of 

|-chloronaphthalene in ethyl iodide shows that the weak bands are greatly 

enhanced in intensity.*’* The O, O band of the enhanced absorption (58 kcal/mole) 
occurs at nearly the same energy as that of the O, O band of phosphorescence. 

A phosphorescence excitation spectrum (observation of phosphorescence as a | 
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function of changing excitation wavelength) provides a means of distinguishing 
whether the triplet produced in Sy + T, absorption is an n, 2* or x, 2* state.°° 
This is done by examining the intensity of the phosphorescence excitation spectrum 
in the presence and absence of heavy atoms. If T, is n, 2* then no heavy atom 

enhancement is expected, since the inherent spin-orbit coupling in n, 2* states is 
stronger than that which can be induced by external effects.*” However, if T, is 
nm, m*, a Significant heavy atom effect is expected. For example,°° the phosphores- 
cence excitation spectrum of benzophenone (T, =n, 2*) is not significantly 

affected by changing from a “light” to “heavy” atom (e.g., C,H;Br or C,H.I) 

solvent (Fig. 5.26a). The phosphorescence excitation spectrum of naphthalene 

(Fig. 5.26b) (T, = 2, 2*), however, is significantly affected by such a change in 

solvent. 

The phosphorescence (T, > Sy) and phosphorescence excitation (Sp > T,) 

spectra of acetophenone (77 K) is analogous to that of benzophenone. No heavy 

atom effect is noted in either spectrum. The phosphorescence and phosphorescence 

excitation spectra of p-methoxyacetophenone is shown in Figure 5.26c. Two bands 

are observed: a weak S, > T(z, x*) band and a more intense Sy > T ,(n, 2*) band. 

Only the former is enhanced by the inclusion of heavy atoms in the solvent. In 
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Figure 5.26 

Phosphorescence emission (dotted curve P, left) and phosphorescence excitation 

spectrum (solid curve PE, right) of (a) benzophenone (b) naphthalene and (c) p- 

methoxyacetophenone. The conventional singlet-singlet absorption spectrum is also 

shown (solid curve A, right). 
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agreement with the 7,(z,2*) assignment, the phosphorescent lifetime of p- 

methoxyacetophenone is ~ 100 ms and its phosphorescence spectrum does not 

display the characteristic C—O stretching progression. Notice the significant 

overlap of the O, O bands of the phosphorescence spectrum and the phosphores- 

cence excitation spectrum. 

Quantum Yields of Phosphorescence 

The quantum yield of phosphorescence is given by 

Dp = @,,kp(kP + Ukp + Tk,[Q]~') = O,, ket r (5.49) 

where ®,, is the quantum yield for intersystem crossing, S$; > T,, kp is the radiative 

rate of phosphorescence, Lk, is the sum of the rate constants of all unimolecular 

radiationless deactivations of T, (including reactions), and £k,[Q] is the sum of 

all bimolecular deactivations of T, (including reactions). By definition the experi- 

mental lifetime of T, is given by ty = (kp + Xk, + Zk,[Q]) '. From Eq. 5.49 we 

see that the quantum yield of phosphorescence is the product of a number of 

factors. Unless these factors can be experimentally identified and controlled, Mp 

is not a reliable parameter for characterizing T,, although it may be a useful 

parameter in certain kinetic analyses (see Chap. 8). 

In Table 5.7 we were given data for ®p for molecules at 77 K in rigid glasses 

(optically clear frozen solvents). Experimentally, a-wide range of values of Mp are 

found for organic molecules. High values of ®p (~1) require that ®,, ~ 1 and 

kp > (Zky + Xk,[Q]). At 77 K, it appears that the major deactivation process 

competing with phosphorescence for the deactivation of T, is T, > Sp intersystem 

crossing. Thus, the quantum yield of phosphorescence is given by 

D,i= OKS(ke +k) t77 K) (5.50) 

The Phosphorescence of Nonaromatic Hydrocarbons 

There are no convincing, authenticated reports of phosphorescence from simple 

nonaromatic hydrocarbons (e.g., alkanes, ethylenes, polyenes, etc.). In other words, 

®p < 10 ° for these molecules. This low value of ®p results from (a) a generally 

low value of ®,,, since $, + T, intersystem crossing is very inefficient for flexible 

hydrocarbons; (b) a very small value of kp, since T, > So emission is both spin- 

forbidden (very weak spin-orbit coupling) and Franck—Condon-forbidden (from 

twisted triplet), and (c) a large kp due to a surface touching between T, and So. 

Although rigidity (to eliminate “free rotor” effects), triplet sensitization, and 

heavy-atom perturbation (to overcome a small ®,) should enhance ®p to the 

point that phosphorescence is observable, to date no successful examples have 
been reported. 

The lack of phosphorescence data means that the “triplet energies” E, of 

ethylenes and polyenes are not available from photoluminescence techniques. 

However, in favorable cases, perturbed Sy > T absorption allows evaluation of 

Ey (Section 5.10). 
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Because ethylenes and polyenes do not phosphoresce, their triplet state param- 
eters (lifetimes, energies, etc.) must be measured by other techniques. Sp > T; 
perturbation spectroscopy (heavy atoms®’ and oxygen?** as perturbers) has been 
very useful as a method of evaluating E,-. 

The Relationship between Phosphorescence Parameters 

and Molecular Structure 

The important experimental parameters relating to phosphorescence are (a) the 

radiative phosphorescence lifetime kp, (b) the quantum yield for intersystem 

crossing ®,,, (c) the phosphorescence quantum yield ®,, and (d) the measured 

experimental phosphorescence or triplet lifetime tr. 

The theoretical relationship between molecular structure and k? follows from 

an examination of Eqs. 5.11, 5.14, and 5.40. The magnitude of the pertinent matrix 

element «Hp» and the magnitude of k? depends on the orbitals involved in the 

electronic transition, the nuclear configuration of the initial and final states, and 

the extent of spin-orbit coupling in the triplet state (Eq. 5.39). The major factor is 

generally the spin-orbit term. 

The theoretical relationship between ®p or t7 (Eq. 5.49) and molecular structure 

is not direct. Small values of Mp may result either from small probability of pop- 

ulating T, from S, (®,, small), or from radiationless processes from T, that 

compete effectively with emission from T (kp > kp). In Section 6.10, we shall see 

examples of the remarkable influence of substitution of D for H on ®p. These 

effects will be shown to result from changes in kp and not kp or ®,,. 

Phosphorescence in Fluid Solution at Room Temperature*® 

Until recently, the observation of phosphorescence in fluid solution at room 

temperature was considered to be a rare and unusual phenomenon.’ The common 

observation of phosphorescence at 77 K contrasted sharply with the rarity of its 

observation at room temperature. It is now clear that if phosphorescence is ob- 

served at 77 K it can also generally be observed at room temperature in fluid 

solution if two conditions can be met: 

1. Impurities capable of quenching triplets are rigorously excluded, 

2. The triplet does not undergo an activated unimolecular deactivation which 

possesses a rate of 10*kp at room temperature. 

The observation of measurable phosphorescence requires a value of Op ~ Ome 

The value of ®p may be expressed in terms of the rate of phosphorescence and all 

processes which deactivate T,. From 5.49, in the case for which triplet formation 

from S, is efficient; ®p is given by 

ke lee 
Op ~ ~ (in most fluid solutions) (5.51) 

kp tkglQ]+kp ko + kel Q] 
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where k, represents the sum of all unimolecular deactivations of T,; and kl Q | 

represents the sum of all bimolecular deactivations of T. 

A typical value of k? for T,(n, 2*) is 107 sec”', and a typical value of k® for 

T ,(x, 2*) is 107! sec” !. For ®p ~ 10° * we find: 

ka + k,[Q] ~ 10° sec! for T,(n, 2*) (5.52) 

kg + kq[Q] ~ 103 sec! for T(x, 2*) (5.53) 

Let us calculate the maximum value of [Q] tolerable for observation of phos- 
phorescence if Q is a diffusional quencher. For a nonviscous organic solvent kgir ~ 

10!° M~! sec” !. Therefore, 

if KarliQ))<0 10% sec, then | O10 7M ‘ (5.54) 

and 

if kin Q] < 10° sec, then [Q] < 10°7M (5.54b) 

The limit of 10~* M for [Q] is relatively easily obtained, but the limit of 10” ’ M 
is more difficult to achieve. These qualitative considerations allow us to understand 

why compounds with phosphorescence from T,(n, 7*) states are commonly ob- 

served in fluid solutions but phosphorescence from T ,(z, z*) are rarely observed, 

unless extraordinary care is taken to eliminate bimolecular quenching. 

The value of k? may be increased for aromatic hydrocarbons by external or 

internal heavy atom perturbation. In certain heavy atom solvents, the value of kp 

is increased to values approaching 10-107 sec’ '. In these cases, phosphorescence 

is observed even for aromatic hydrocarbons if the heavy atom solvent is not itself 

a triplet quencher.*8* Examples of phosphorescence data in fluid solutions were 
given in Table 5.7 and Figures 5.19 and 5.20. In very favorable or contrived cir- 

cumstances phosphorescence from aromatic hydrocarbons occurs even in the 

vapor phase.?* 

5.10 Flash Spectroscopy’*® 

The development of flash lamps and lasers as sources of pulsed excitation has 

allowed the study of excited states and transient intermediates whose lifetimes are 

exceedingly short. The idea of flash spectroscopy is to “very quickly” introduce an 

intense pulse of light into an absorbing system and then “very quickly” analyze 

the time evolution of the system by absorption or emission spectroscopy. The 

high intensity produces a large number of photons, which in turn can produce a 

large number of electronically excited molecules. If the latter are produced in 
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sufficiently large concentrations, they may be monitored spectroscopically, and 
the decay of concentration with time (decay kinetics) may be measured. 

What is “very quick” in flash spectroscopy? Experimentally, intense pulses 
(10'°-10'8 photons) may be delivered in time periods as short as 10° '? sec (a 
picosecond)! In order to gain an appreciation of the time scale implied by a pico- 
second, consider the following. A bullet travelling 1000 m/s takes 10° picosec to 
travel 1 mm and light travels 0.3 mm in one picosecond. 

Flash spectroscopy enables us to study T, > T,, absorption.?* The relatively 
long lifetime of triplets allows the buildup of substantial concentrations of T,. If 

the 7, > T,, transition is moderately or strongly allowed (¢ ~ 10,000—1,000,000) 

it is generally possible to detect T, by the measurement of its absorption spectrum. 

Once the absorption spectrum is established, the decay kinetics of T, may be 

a is 
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measured. T, — T,, absorption is feasible in vapors, liquids, and solids. An experi- 

mental example of a triplet-triplet absorption spectrum is shown for naphthalene 

in Figure 5.27. 

In practice, if ky = tz‘ is of the order of 10° sec * or less and if &ma,(T1 > T,) ~ 
10*-10°, it is generally possible to detect triplet states by triplet-triplet absorption— 

if no competing absorption occurs in the region of the T, > T,, absorption. 

5.11. Excited State Structures 

and Dipole Moments 

In favorable cases, analyses of absorption and emission spectra allow us to 

deduce the equilibrium nuclear geometry of S$, and T, as well as their dipole 

moments. 

Some examples*® of the nuclear shapes of prototype electronically excited 

states are given in Scheme 5.1. Notice that the geometry of ethylene (a planar 

Ground states Swe ue) De (Gonaes) For comparison 
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Scheme 5.1 

Shapes of ground and excited states. 
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Table 5.8 Dipole Moments of the Excited and Ground States of Some 
Organic Molecules* 

Permanent dipole (in Debye units) 
Molecule So I, Sy 

eye 6) 233" 1298 1.56 

| Ph, C—O) DIS i LDS 

H—C=C—CHO D893 — Owe 

Ee wilt 
SF 
ex 0 = 1.5 

NS — N 

NH, NO, 6 ya Is) 

wn \L)-x0, flo 

(CH3),N if \ CH=CH y \ CN of == 20 

\ ‘ 

v N 2D = —hOs 

4b, 3.5! 42 ae 

eo a 

CN 

* Unless specified, these data are extracted from reference Ala. The direction of dipole moment is the same for excited 

state, except for pyridine for which the dipole is reversed (indicated by negative value). 

> Freeman, D. E., and Klemperer, W., J. Chem. Phys., 40, 604 (1954): 45, 52 (1966). Buckingham, A. D., Ramsay, 

D. A., and Tyrrell, J.. Can. J. Phys., 48, 1242 (1970). 

© Gore, P. H., Hoskins, J. A., LeFevre, R. J. W., Radom, L., and Ritchie, G. L. D., J. Chem. Soc. B, 1967, 741. Hoch- 

strasser, R. M., and Noe, L. J., J. Mol. Spectrosc., 38,175 (1971). 

4 Freeman, D., Klemperer, W., and Lombardi, J., J. Chem. Phys., 45, 58 (1966). 

© Hochstrasser, R. M., and Michaluk, J. W., ibid., 55, 4668 (1971). 

€ Sheng, J. J., and Hanson, M., ibid., 60, 368 (1974). 

® Ghosh and Basu, S., J. Photochem., 3, 247 (1974). 

* Taylor, G. N., Chem. Phys. Letters, 3,71 (1969). 
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molecule in Sy) becomes severely twisted in S, and T,. Similar extensive geometry 

changes occur for acetylene, ethane, and benzene in their electronically excited 

states. Formaldehyde, a planar molecule in S$), becomes pyramidal in S, and T,. 

In addition, the C—O bond length becomes more like that of a single bond upon 

electronic excitation. Clearly, the $, and 7, states of molecules are electronic 

isomers of So. 

Some examples*! of the dipole moments of selected electronically excited states 

are given in Table 5.8. For formaldehyde and benzophenone the dipole moment 

undergoes a substantial decrease in S, and T, relative to So. This result is nicely 

consistent with the n, z* character of the excited states. The configuration of 

So =n’ puts more negative charge on the oxygen atom than the n, z* configuration 

(for which some negative charge has been moved from the oxygen atom to the 

m* system and therefore partially onto the carbon atom). Such a charge transfer 

clearly should lead to a decrease in the dipole moment of an n, n* state relative 

to a ground state. Note also that some molecules undergo enormous dipole 

moment increases in their excited states. 

The substantial differences in nuclear geometry and dipole moment of So 

relative to S, and T, imply very different chemistry of these states. In Chapters 

10-13 we shall see that this implication is experimentally confirmed. 

An important photochemical consequence of the change in molecular nuclear 

structure and electronic distribution which occurs upon electronic excitation is 

Table 5.9. Acid and Base Strengths of Singlet and Triplet States of Some 
Organic Molecules 

Reaction Example PK ASoY = PR ASa) PRAT) 

—OH 2 —O* + H® 2-Naphthol 9 3 8 

—_NH, 2 —NH, + H® 2-Naphthylamine 4 = 3 

C=0H = ~C=0+ H® Xanthone 24 = 
O O 

C OH2 C —O+H* 2-Naphthoic acid 4 11 4 

H 
4 oO 

-C OH — C—O He 1-Naphthoic acid —8 2 - 

R,;CH2@R,C + H® Fluorene 21 =6 5 

C-CHe C=C. Ene Naphthalene —4 12 - 

N -NH —~@ —N—N— + H® Azobenzene —3 14 — 

* Data gathered from Ireland, J. F., and Wyaat, P. A. H., Adv. Phys. Org. Chem., 12, 131 (1976). 

’ pK, of ground state. pK, = —log K,, where K,, refers to reaction shown in extreme left-hand column. 
“pK, of lowest excited singlet state 

“ pK, of lowest triplet state 
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the qualitative and quantitative changes in chemical properties of $, and 7. 

Although these changes will be discussed in detail in later chapters, we mention 

one example briefly here. 

Excited molecules may undergo acid-base reactions without simultaneous 

electronic deactivation.*? The acid and base strengths of excited molecules may 

therefore be evaluated by spectral measurement of the concentrations of protonated 

excited molecules as a function of pH. Some results of experiments are summarized 

in Table 5.9. Commonly, the pK of the triplet state is remarkably close to that of 

the ground state. However, the excited singlet state often possesses a substantially 

different pK than S, or T,.** These results serve to emphasize the large difference 

in chemical reactivity which may exist between a singlet and triplet state. This 

difference is a reflection of the fundamental zwitterionic character of S,; and the 

fundamental diradical character of T’, for many organic molecules (Section 7.8). 

5.12 Radiative Transitions Involving more  \, 

than One Molecule: Absorption Complexes x 

and Exciplexes** 

Thus far we have considered absorption and emission processes which involve 

just one molecule. In certain cases, two or more molecules may participate in 

cooperative absorption or emission, i.e., the absorption or emission can only be 

understood as arising from molecular complexes. Most commonly, two molecules 

are involved in such phenomena. When two molecules act cooperatively to absorb 

a photon, we say that an absorption complex exists. If two molecules act coopera- 

tively to emit a photon, we say an exciplex exists. {The absorption complex need 

not form an exciplex upon excitation and the exciplex need not emit to produce 

a ground state complex. | 
The important experimental spectroscopic characteristics of absorption com- 

plexes and exciplexes are: 

1. The observation of a new absorption band which is characteristic of the 

absorption complex but not of either of the components of the complex. 

2. The observation of a new emission band which is characteristic of the exciplex 

but not of the components of the exciplex. 

PP A concentration dependence of the new absorption or emission intensity. 

A molecular aggregate may be dissociated or only weakly associated (van der 

Waals interactions E ~ 1-3 kcal/mole) in the ground state, but more strongly 

associated in its excited states (E ~ 3-10 kcal/mole). An excited molecular complex 

of definite stoichiometry that is dissociated or only weakly associated in its ground 

state is called an exciplex. In further discussions we will assume that the stoichio- 

metry conforms to a 1:1 complex. In the special case that components of the com- 

plex are of the same type, the excited molecular complex is termed an excimer. 
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The notion of a specific stoichiometry is included in our definitions of exciplex 

and excimer because we wish to distinguish these species from those solvated 

excited molecules for which an indefinite number of unexcited solvent molecules 

provide an environment. 

Charge Transfer Absorption*® 

Mixtures of molecules which possess a low ionization potential (electron donors), 

or a high electron affinity (electron acceptors) often exhibit absorption bands which 

are not separately shown by either component. Generally, the new band is due 

to an EDA (Electron Donor Acceptor) or charge-transfer complex. A typical 

example is shown in Figure 5.28. Generally, the absorption band is broad and 

devoid of vibrational structure. This breadth is explained by the fact that the rather 
small binding energies of EDA complexes allows many different structural con- 
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Figure 5.28 

The absorption spectra of some EDA complexes of tetracyanoethylene and a 

variety of enol ethers. Neither tetracyanoethylene nor the enol ethers possess 

significant absorption above 400 nm. The maxima are experimentally meaningful, the 

extinction is not. The maxima increase steadily along with the decreasing ionization 

potential /P (greater electron donor character) of the enol ether component. 
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figurations of the complex to exist in equilibrium with one another. The absorption 

energy for each configuration will differ and cause a broadening of the band. 

An important experimental characteristic of an EDA absorption band is its 

sensitivity to solvent polarity. For example, the maxima of the EDA absorption 

band of enol ethers (donors) and tetracyanoethylene (acceptor) vary substantially 

as solvent polarity is varied. The energy required for absorption decreases as the 

solvent polarity increases. This effect is understood as follows. The ground state 

wave function of an EDA complex is described by 

Y = aD, A+ BD* Aq (5.55) 

where D, A is a “no-bond” electronic configuration of the complex and D* A~ 

is a “charge-transfer” electronic configuration of the complex. The coefficients « 

and f indicate the contribution of each representation to the true wave function . 
The excited state wave function may also be described in terms of no-bond and 

charge-transfer configurations as: 

W* = yD, A + 6D* A- (5.56) 

If the charge transfer is weak in the ground state and dominant in the excited 

state we may assume that ; 

Y~ DA (5.57) 

yt ~ D* A (5.58) 

Thus, the transition Y—‘Y* corresponds to the configurational change 

D,A>D*A’. 

Excimers and Exciplexes** 

An electronically excited state may be a very polarizable species and, because of 

the occurrence of an electrophilic half-filled HO and a nucleophilic half-filled LU, 

may participate in charge-transfer interactions with other polar or polarizable 

species. As a result, a collision complex between an electronically excited species, 

M*, with any polar or polarizable ground state molecule, N, will generally be 

stabilized by some charge-transfer interaction. This stabilization will in turn 

cause the M*N collision complex to possess a longer lifetime than the correspond- 

ing MN (ground state) collision complex. Quite often the M*N collision complex 

possesses observable properties distinct from those of M*. When this is the case, 

the M*N collision complex can be considered as a metastable species in its own 

right, i.e., the M*N collision complex is a new electronically excited species. Such 

an electronically excited species is termed an exciplex. If M and N are the same, 

then the excited complex M*N is termed an excimer: 

M* + N—> M--*--N exciplex) (5.59) 

(excimer) 
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What are the typical properties of exciplexes? Perhaps the most general dis- 

tinguishing characteristic of an electronically excited state is its emission to produce 

a ground state and light. Thus, if exciplexes exist, they should in principle exhibit 

fluorescence (singlet exciplexes) or phosphorescence (triplet exciplexes). The 

emission from M*N will in general be different from that of the M*. Furthermore, 

since the ground state collision complex MN will generally be less bound than 

Mé#N, emission from the exciplex will usually occur to a weakly bound or dissocia- 

tive ground state. 

A simple theoretical basis for the enhanced stabilization of a M*N collision pair 

relative to a MN collision pair is available from the simple theory of MO inter- 

actions (Fig. 5.29). If we consider M and N colliding, then the major electronic 

interactions will be among their highest-energy filled (HO) and lowest-energy 

unfilled (LU) orbitals. According to the rules of perturbation theory the HO of M 

will interact with the HO of N to yield two new HO’s of the collision complex or 

exciplex. Similarly the LU of M will interact with that of N to produce two new 

LU’s of the collision complex or exciplex. Recall that the new HO’s and LU’s are 

split in energy relative to the original HO’s and LU’s of M and N. This means 

that in the collision complex and exciplex one of the new HO’s is lower in energy 

and one higher in energy than the original HO’s. Similarly, the LU’s of the collision 

complex and exciplex split in energy above and below the original LU’s. 
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Orbital interactions of MN collision pairs and M-—*—-N exCiplexes. 
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In the collision complex of M and N, the four electrons which occupied the 

HO’s of M and N occupy the new set of HO’s. Two electrons are stabilized and 

two electrons are destabilized; thus no gain in energy is achieved by interaction 

of M and N during their collisions. In the exciplex, however, since one of the partners 

(say M) is electronically excited, three electrons are stabilized and only one electron 

is destabilized as the electrons redistribute themselves from their original non- 

interacting orbitals to the new orbitals of the exciplex. 

Consider now the states corresponding to the collision complex and the exciplex. 

If there is no interaction between M* and N the emission of the M*N collision 

complex will be that of the monomer M* and the energy of the emission will 

correspond to that for the M* > M + hv process. If the collision complex M*N 

becomes an exciplex (M——*——N), then the energy of the latter decreases. Emission 

from (M-—*—-N) is to MN, the ground state collision complex. The latter is 

essentially the same state in which a noninteracting M*N collision complex 

would emit. 
Figure 5.30 shows a potential-energy surface description of excimer (or exciplex) 

emission and relates it to absorption. Let us now identify M and N as a pair of 

molecules to which donor and acceptor properties may be associated, since most 

exciplexes appear to be stabilized mainly by charge-transfer interactions. Thus 
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Surface interpretation of excimer emission. 
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we use the labels D and A for the donor and acceptor, respectively. At large 

separations of D and A, the absorption spectrum of either component would be 

identical to that of each monomer, i.e., neither component would influence the 

other. As D and A approach, the absorption spectrum remains constant. Even- 

tually, D and A undergo collisions. If there are no substantial attractions between 

D and A in their ground states (lower surface), collisions will raise the energy of 

the system and very few collision complexes will exist at any given time. As a 

result, their concentrations will be quite low and no new absorption due to the 

collision complex will be observed. The “instability” of the ground state complex 

is a somewhat arbitrary feature of the excimer and exciplex definition. The essen- 

tial idea is that the ground state DA collision complexes are unstable, low- 

structured species, not that they lack a measurable absorption spectrum. 

Consider the situation for the approach and collision of D* and A (or A* and 

D) on the excited surface. At a large separation of D* and A, the emission spectrum 

is that of the monomer, D*. As the two molecules approach, the bonding between 

them may increase due to charge transfer or excitation exchange interactions. This 

will cause a minimum to occur in the potential-energy curve and if this enthalpy 

decrease is not offset by an entropy increase, an excited state complex—an exci- 

plex—will form. Emission from the exciplex will occur according to the Franck- 

Condon principle, 1.e., vertically from the excited state minimum: If the separation 

of D and A in the excited state minimum corresponds to a point on the repulsive 

part of the ground-state potential curve, Franck-Condon emission will lead 

exclusively to repulsive states on the ground surface. Within a few collisions, D 

and A will fly apart rapidly. This process is the emission analogue of predissocia- 

tive or directly dissociative absorption. The short lifetime and indefinite character 

of the “vibrations” of the final state (D + A) result in a total absence of vibrational 

structure in the emission spectra of excimers and exciplexes. 

We are now in a position to appreciate the single most definitive kind of direct 

spectroscopic evidence for the formation of an excimer or exciplex: the observa- 

tion of a concentration-dependent, vibrationally unstructured emission spectrum 

which occurs on the red (lower energy) end of the absorption spectrum of both 

D and A, but which does not correspond to the monomer emission spectrum of 
either D or A. 

From Figure 5.30 we also notice how the important quantities AEy,, AE,,, and 

AH* are related. AE oo is either the excitation energy required to raise the mono- 

mer from v = 0 of the ground state to v = 0 of the excited state, or is the excitation 

energy released when the monomer excited state (v = 0) emits a photon and 
produces the ground state (v = 0). 

Triplet excimers and exciplexes, while less often directly observed by their 

emission, are well established excited state species.*°*’ They tend to be more 

weakly bound and to possess different structures** than singlet excimers and 

exciplexes, probably because of the generally decreased charge-transfer character 
of triplets. 

Our theoretical analysis of exciplexes indicates that D-—*-—A should possess 

the typical properties of electronically excited states, e.g., emission, radiationless 

transitions, photochemistry. The exciplex may be treated as a stoichiometric 
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species and its reactions considered as unimolecular, although its formation is 
bimolecular. 

The important operational experimental tests for exciplexes can be derived 
from the general scheme 

1. Emission 
2. Radiationless 

transitions 
3. Photochemistry 

(5.62) D* +A == D-+-A—4; 

Examples of Excimers: Pyrene and Aromatic Compounds“* 

The pyrene excimer serves as a classic example of this class of photochemical 

intermediates.*® Figure 5.31 shows the fluorescence of pyrene in n-heptane as a 

function of pyrene concentration. At concentrations of about 10° ° M or less the 

fluorescence is concentration-independent and is composed of pure pyrene mono- 

mer fluorescence. As the pyrene concentration increases two effects are observed: 

(a) the monomer emission decreases in intensity, and (b) a new fluorescent emis- 

sion, due to the pyrene excimer, appears on the red (1e., longer wavelengths or 

lower energies) side of the monomer emission and increases in intensity. The 
¢ 
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occurrence of an isoemissive point is consistent with the involvement of two and 

only two species in the observed fluorescence. 
A potential-energy diagram for the formation of pyrene excimer is also shown 

in Figure 5.31. The diagram indicates how the energy of two pyrene molecules 

varies as a function of their internuclear separation. For the ground-state pair at 

large distances of separation (~10 A) the energy of the pair is constant, since 
intermolecular interactions are weak at this separation distance. At a separation 

of about 4 A, which is close to the equilibrium separation of the excimer, the 

energy of the ground state PyPy pair rises rapidly due to occupied z orbital 

repulsions. From the figure it is easy to see why the pyrene excimer emission is 

structureless and why no absorption is observed which corresponds to PyPy > 

Py——*——Py absorption, i.e., the emission is to an unstable dissociative state (the 

molecule dissociates before it can complete a vibrational cycle and too few PyPy 

molecules are in a collision complex at a close enough distance for significant 

amounts of Franck-Condon excitation of the excimer to occur). 

From a spectroscopic analysis of pyrene excimer emission, and a correlation 

of this with the emission of pyrene crystals, it has been concluded that the struc- 

ture of the “face to face” pyrene singlet excimer is favored. This structure is in 

agreement with expectations based on maximal overlap of z orbitals. 

The electronic stabilization energy of the pyrene excimer is substantial (AH = 

—10 kcal/mole), but the entropy of formation is quite negative (AS = —20eu; 

T AS = 6 kcal/mole at room temperature).**” Thus, at ambient temperatures, 

formation of the excimer is favorable, and AG ~ —4 kcal/mole. 

ld 
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b 
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Cc 
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Figure 5.32 

The dynamic behavior of pyrene monomer and excimer emission. After 1 ns most of 

the excited pyrene exists as the monomer. After 20 ms comparable amounts of excimer 
and monomer are observed. After 100 ns most of the excited pyrene molecules exist 
in the excimer form. 
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In contrast to the large solvent shifts observed for exciplex emission (Section 
5.13), the emission frequency of excimers is usually not very solvent-dependent. 
This suggests that charge transfer interactions are not as pronounced for excimers 

as for exciplexes—as is to be expected from the inherently less-polar nature of 
excimers. 

The time dependence of emission from pyrene solutions (time-resolved emission 

spectroscopy) provides an excellent confirmation of the dynamic nature of excimer 

formation.*? If a solution of pyrene in cyclohexane (~10~? M) is excited with a 

brief pulse of light, only the excited monomer is produced (the excimer possesses 

no absorption). If the total emission spectrum is taken after ~1 x 10 ? sec 

(~1 ns), it is found that the spectrum is mainly that of the monomer (Fig. 5.32a), 

1.e., the diffusion of an excited monomer toward a ground state pyrene and the 

formation of an excimer is required for excimer emission, and pyrene molecules 

can only move a few angstroms in 10°? sec. The small amount of excimer emission 

results from the formation of excimers by excited pyrene monomers which hap- 

pened to be close to pyrene ground-state molecules. After ~20 ns substantial 

diffusional displacements have occurred and the concentrations of excimer and 

monomer are becoming comparable (Fig. 5.32b). After ~100 ns the emission 

spectrum (Fig. 5.32c) is that which is normally seen under steady-state conditions. 

(Compare with Fig. 5.31, in which the excited monomer and excimer are essen- 

tially equilibrated.) 

Exciplexes and Exciplex Emission®° 

As in the case of excimer emission, exciplex emission is usually observed as a 

broad structureless band to the red of the monomer emission. For example, the 

fluorescence of aromatic hydrocarbons is quenched often at the diffusional rate 

by electron donors such as anilines. The quenching is accompanied by the ap- 

pearance of a broad structureless band which occurs about 5000 cm ~ *(~15 keal/ 

mole) to the red of the fluorescence of the hydrocarbon monomer. This new 

fluorescence (Fig. 5.33) increases in intensity as the electron donor concentration 

is increased. There is no corresponding change in the absorption spectrum. 

666 500 400 nm 

Figure 5.33 

Exciplex and monomer emission of 

the anthracene-diethy! aniline 

system. The anthracene monomer 

is the light-absorbing species in 

this system. 

relative intensity —» 
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For exciplexes of similar type in the same solvent: 

tee iy real Pe AR eG. (5.63) 

where E™* refers to either an absorption or emission maximum. J Pp is the 1oniza- 

tion potential of the donor, EA, is the electron affinity of the acceptor, and C is 

the coulombic attraction between the components of the ion pair D™A_. Thus, 

for a constant donor E@}* will be proportional to EA, or for a constant acceptor 
max cr Will be proportional to Pp, 1.e., 

Ee, GEA. if [Pp is held constant in a given solvent (5.64) 

Cy ooh if EA, is held constant in a given solvent (5.65) 

Thus, if a plot of E@?* versus EA, or IPp yields a straight line, the relationship 

may be used as evidence for similiar, charge-transfer bonding in the complex. 

Furthermore, no corresponding change is observed in the absorption spectrum 

(i.e., Beer’s law is strictly followed). As a result, it can be concluded that to explain 

the concentration effect the new fluorescence must be ascribed to an associate of 

excited- and ground-state pyrene molecules, which, to explain the observation 

that Beer’s law of absorption is followed, is formed after light absorption. 

The term IPp — EA, 1s related to the experimental quantities E(D/D*), the 

oxidation potential of the donor (in an appropriate solvent), and E(A /A), the 

reduction potential of the acceptor (in an appropriate solvent). Under the proper 

conditions 

(IP, — EA,) « E(D/D*) — E(A7~/A) (5.66) 

When this is the case, from Eq. 5.63 we conclude 

Ee es hy a EDD ) = BWAW FA) (5.67) 
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Experimental examples confirm Eq. 5.67. For instance, if the fluorescence 
maxima of some exciplexes are plotted against E(D/D*) — E(A/A_) an excellent 
linear agreement is found.°° 

The dynamic behavior of exciplex formation is also nicely demonstrated by 
time-resolved emission spectroscopy.*? Figure 5.34 shows the total emission of 
pyrene-plus-dimethylaniline in cyclohexane: (a) ~1 ns after an excitation of the 

pyrene chromophore, and (b) ~100 ns after the excitation. It is evident that 

immediately after the excitation, emission is mainly from the pyrene monomer, 

but as time goes on the exciplex begins to increase its contribution to the total. 

Intramolecular Excimers and Exciplexes*' 

Incorporation of two chromophores into a single molecule separated by a certain 

number of atoms (in such a way that there are no important interactions in the 

ground state) can substantially modify the observed emission parameters. As far 

as “excimer” or “exciplex” formation is concerned, the requirement of intra- 

molecularity may assist or inhibit complexation in the excited state. For example, 

in compounds of the type A-(CH;),-X, the efficiency of intramolecular exciplex 

(or, if A = X, excimer) formation is a function of n. Often for n = 3 an optimal 

situation is obtained.°! For example,°'* even intramolecular triplet excimers 

(Fig. 5.35) are observed in the case of compound 11. 
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In certain cases an exciplex may associate with a ground state molecule to form 

a “tripliplex,” or excited state aggregate consisting of three weakly interacting 

species.°'* 

5.13 Delayed Fluorescence 

and Phosphorescence”* 

It is possible that the observed lifetime of fluorescence from S, or phosphorescence 

from T, is longer than that expected based on “prompt” emission from these 

states. “Delayed emission,” sometimes of a much longer lifetime, is observed 

whenever a process leading to formation of S, or T, is kinetically limiting for 

emission. By “prompt” fluorescence we mean the Sy + hv +S, >So + hv’ se- 

quence. “Delayed fluorescence” may arise if after a fast intersystem crossing, T, 

is thermally popped back into S,. Thus, for the sequence Sy + hv > S, > T, > 

S, >So + hy’, it may take a “long time” for the emission to occur from S,. In a 

limit, the lifetime of fluorescence would be nearly equal to the lifetime of T,, if 

the decay of the latter were rate-determining. A second type of delayed emission 

is known to occur when two excited states interact and “annihilate” to produce an 

emitting state. In this case, the time it takes for the annihilating states to diffuse 

together may be rate-determining. Delayed fluorescence is commonly observed 

to result from triplet-triplet annihilation (Section 9.16). 

Thermally induced delayed fluorescence (via a T, > S$, mechanism) is favored 

in molecules possessing small singlet-triplet energy gaps (Section 2.9), 1.e., ketones. 

“Prompt” fluorescence: path a > d 
“Delayed” fluorescence: path a> b>c—>d 

F Hee (b 
Sor ee Kes : 

(c) ky pales ICs 

“¢ Figure 5.36 

State energy diagram of the 

d “prompt” and ‘‘delayed”’ fluores- 

cence of benzophenone at room 

temperature: (a) absorption to 

form S,, (b) S, > T intersystem 

crossing, (c) T, + S, intersystem 

crossing, (d) fluorescence, (e) 

phosphorescence. The lifetime 

O of the delayed fluorescence is 

|| approximately the same as that 
¢\- Cc << \ of the triplet, showing that triplet 

decay is rate limiting. 
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Benzophenone at room temperature provides a specific case of delayed fluores- 
cence via thermal repopulation of S, via T,. 

The emission spectrum of benzophenone at room temperature in fluid solution 

(Fig. 5.18) consists of “prompt” fluorescence (emission from S$, molecules that 

have been directly excited by absorbed photons), “delayed” fluorescence (emission 

from S, molecules that have undergone intersystem crossing to T, and are then 

thermally activated back to S,), and phosphorescence.°* The “prompt” fluores- 

cence has a lifetime of ~ 10° '°-107 ' sec and is limited by intersystem crossing 
S,—T. The delayed fluorescence has a lifetime of ~10~° sec. Its lifetime is 

temperature-dependent and may be limited by k? or k_,,, whichever is slower at 

a given temperature. 

The “delayed fluorescence” of benzophenone is readily differentiated from the 

prompt fluorescence by observation of the influence of decreasing temperature.*°° 

Since the T, — S, process is activated, at low temperatures, k_,, (Fig. 5.37) is 

too slow to compete with kp and pure phosphorescence is observed. The activa- 

tion energy AE,, for delayed fluorescence can be obtained via an Arrhenius plot 
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The anomolous S, — S, fluorescence of azulene. The solid curve shows the S, > S, 

(UV) and S, > S, (VIS) absorption of azulene. The fluorescence of azulene (dotted 

curve) is an approximate mirror image of the S, > S, absorption. 
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of In k,, versus 1/T. In the cases studied, AE,, ~ AEsr, 1.¢., the value of the activa- 

tion from T, > S, is identical to the spéctroscopic singlet-triplet energy gap. This 

implies that there is no activation required beyond reaching the energy of S,. 

5.14 Emission from ‘‘Upper’’ Excited Singlets 

and Triplets; The Azulene Anomaly 

Because of the large number of organic molecules known to obey Kasha’s rule 

(in condensed phases fluorescence is only observed from S,, phosphorescence is 

only observed from T,),!’ claims of “anomalous” emission from the S,, S3, etc., 
and the T,, T3, etc., states of molecules should be viewed with suspicion. To data, 

examples of emission from T, (n> 1) are extremely rare.°* However, well- 

documented cases of $, > So + hv fluorescence are found for azulene (12) and its 

derivatives.*° The fluorescence spectrum of 12 maximizes at ~ 374 nm, 

Ds = 0.02 Ds ~ 1.0 
Gu Nn sec aaa Gre see 

12, Azulene 13, Thiophosgene 

whereas its S$) > S, absorption maximizes at 585 nm (azulene is a blue organic 

compound). The O, O band of the fluorescence, the O, O band of Sy — S, absorp- 

tion overlap and display an approximate mirror image relationship to one another 

(Fig. 5.37). The reason for the observation of S, > Sp fluorescence in azulene is 

the relatively large S$, — S, energy gap, which slows down the normally very 

rapid rate of S, > S, internal conversion (Section 6.8) by decreasing the Franck- 

Condon factor for radiationless transitions. Examples of $, emission are known 

which can be ascribed to thermal population of S, from S,, followed by emission 

from S,. These cases are similar mechanistically to those proposed for delayed 

fluorescence (Section 5.13). 

In the vapor phase, internal conversion may be quite slow from upper singlets, 

again because of poor Franck-Condon factors for internal conversion. For 

example, thiophosgene*® fluoresces from $, with a quantum yield of ~ 1.0 at low 

pressures. Thioketones,*’ even in solution, generally show weak emission from 

S,. Again the basis for “upper singlet” emission is a large energy gap between’ 

S, and S,. 

Interestingly, S,; > So fluorescence from azulene is extremely weak (¢¢ < 107 *) 

and can be obtained only under special conditions.°® 

References 

1. For excellent nonmathematical discussions of light and its interaction with molecules 
see: 
(a) Clayton, R. K., Light and Living Matter, The Physical Part, New York: 

McGraw-Hill, 1970. 



1s 

RADIATIVE TRANSITIONS—THE ABSORPTION AND EMISSION OF LIGHT 149 

For more rigorous treatments see: 
(b) Jaffe, H. H., and Orchin, M., Theory and Applications of Ultraviolet Spectroscopy, 

New York: Wiley, 1962. 

. For a more detailed discussion the reader is referred to any elementary textbook of 
physics, e.g., Halliday, D., and Resnick, R., Physics, New York: Wiley, 1967. 

. For an excellent discussion see Kauzman, W., Quantum Chemistry, New York: 
Academic Press, 1957, p. 546ff. 

. (a) Robinson, G. W., in Experimental Methods of Physics, Vol. 3, eds. Marton, L., and 
Williams, D., New York: Academic Press, 1962, pelos: 

(b) Heitler, W., Quantum Theory of Radiation, Oxford: Clarendon Press, 1944. 
(c) Lewis, G. N., and Calvin, M., Chem. Rev., 25, 273 (1939). 

. (a) Bowen, E. J., Quart. Rev., 4, 236 (1950); Chemical Aspects of Light, Oxford: 
Clarendon Press, 1946. ; 

(b) Maccoll, A., Quart. Rev., 1, 16 (1947). 
(c) McMillin, D. R., J. Chem. Ed., 55, 7 (1978). 

. (a) Balavoine, G., Moradpour, A., and Kagan, H. B., J. Am. Chem. Soc., 96, 5152 
(1974). 

(b) Kuhn, W., and Knoph, E., Z. Phys. Chem., 7B, 292 (1930). 

. Braude, E. A., J. Chem. Soc., 379 (1950). 

. (a) Perrin, F., J. Phys. Radium, 7, 390 (1962). ‘ 

(b) Berlman, I. B., Molec. Crystals, 4, 157 (1968). 

. (a) Strickler, S. J., and Berg, R. A., J. Chem. Phys., 37, 814 (1962). 

(b) Ware, W. R., and Baldwin, B. A., ibid., 40, 1703 (1964). 
(c) Birks, J. B., and Dyson, D. J., Proc. Royal Soc., A275, 135 (1963). 
(d) Melhuish, W. H., J. Phys. Chem., 65, 229 (1961). 

(e) Bennett, R. G., Rev. Sci. Instr., 31, 1275 (1960). 

(f) Lewis, R. S., and Lee, K. C., J. Chem. Phys., 61, 3434 (1974); Phillips, D., J. Phys. 

Chem., 70, 1235 (1966). 

. (a) Lewis, G. N., and Kasha, M., J. Am. Chem. Soc., 67, 994 (1945). 

(b) Kasha, M., Chem. Rev., 4/, 401 (1948). 
(c) Lewis, G. N., and Kasha, M., J. Am. Chem. Soc., 66, 2100 (1944). 

(d) McGlynn, S. P., Azumi, T., and Kasha, M., J. Chem. Phys., 40, 507 (1964). 

. (a) Solomon, B. S., Thomas, T. F., and Steel, C., J. Am. Chem. Soc., 90, 2449 (1968). 

(b) Hansen, DD: A., and Lee; BE. KC. J. Chem. Phys., 62, 183)(1975): 

(c) Condall, R. B., and Ogilvie, S., Organic Molecular Photophysics, ed. Birks, J. B., 
Vol. 2. New York: Wiley, 1975, p. 33. 

(a) Neporent, B. S., Pure Appl. Chem., 37, 111 (1976); Opt. Spectr., 32, 133 (1972). 

(b) Suzuki, H., Electronic Absorption Spectra and the Geometry of Organic Molecules, 
New York: Academic Press, 1967, p. 79. 

. For a more rigorous discussion, see Herzberg. G., Spectra of Diatomic Molecules. 

Princeton, N.J.: van Nostrand, 1950. 

. (a) McGlynn, S. P., Azumi, T., and Kinoshita, M., Molecular Spectroscopy of the 
Triplet State, Englewood Cliffs, N.J.: Prentice Hall, 1969. é 

(b) Dewar, M. J. S., and Dougherty, R. C., The PMO Theory of Organic Chemistry, 
New York: Plenum, 1975. 

. Hochstrasser, R. M., and Marzzallo, Molecular Luminescence, ed. Lim, E., New York: 

W. A. Benjamin, 1969, p. 631. 



150 CHAPTER 5 

16. For detailed compilations of data the interested reader is referred to 
(a) Birks, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970. 

(b) Parker, C. A., Adv. Photochem., 2, 305 (1964). 
(c) Turro, N. J., Molecular Photochemistry, New York: Benjamin, 1967. 

(d) Becker, R., Theory and Interpretation of Fluorescence and Phosphorescence, New 

York: Wiley, 1969. 

17. Kasha, M., Disc. Faraday Soc., 9, 14 (1950). 

18. (a) Hirayama, F., and Lipsky, S., J. Chem. Phys., 51, 3616 (1969). 
(b) Henry, M.S., and Helman, W. P., ibid., 56, 5734 (1972). 

19. Hirayama, F., and Lipsky, S., ibid., 62, 576 (1975). 

20. (a) Havinga, E., Chimia, 16, 145 (1962). 

(b) Pusset, J., and Bengelmans, R., Chem. Comm., 448 (1974). 

21. (a) Henry, M.S., and Helman, W. P., J. Chem. Phys., 56, 5734 (1972). 

(b) Halpern, A. M., and Danziger, R. M., Chem. Phys. Letters, 72 (1972). 

22. Schloman, W. W., and Morrison, H., J. Am. Chem. Soc., 99, 3342 (1977). 

23. (a) Sharafy, S., and Muszkat, K. A., J. Am. Chem. Soc., 93, 4119 (1971). 

(b) Gegion, D., Muszkat, K. A., and Fischer, E., ibid., 90, 12, 3097 (1968). 

(c) Saltiel, J., Zafirion, O. C., Megarity, E. D., and Lamola, A. A., J. Am. Chem. Soc., 
90, 4759 (1968). 

(d) De Boer, C. D., and Schlessinger, R. H., ibid., 90, 803 (1968). 

24. (a) Hochstrasser, R., Electrons in Atoms, San Francisco: W. A. Benjamin, 1966; 

(b) McClure, D. S., J. Phys. Chem., 17, 905 (1949). 

25. (a) Lewis, G. N., and Kasha, M., J. Am. Chem. Soc., 67, 994 (1945); ibid., 66, 2100 

(1944). 

(b) Terenin, A., Acta Physicochim., USSR, 18, 210 (1943). 

26. (a) LaPaglia, S. R., Spectrochim. Acta., 18, 1295 (1962). 

(b) Turro, N. J., et al., Tetrahedron Letters, 555 (1978). 

(c) Kellogg, R. E., and Wyeth, N. C., J. Chem. Phys., 45, 3156 (1966). 

a) Hochstrasser, R. M., J. Chem. Phys., 60, 1258 (1974); ibid., 48, 646 (1968). 
b) El-Sayed, M. A., Pure Appl. Chem., 24, 475 (1970). 
) Sixl, H., and Schwoerer, M., Chem. Phys. Letters, 6, 21 (1970). 

) Chan, I. Y., and Clarke, R. H., ibid., 19, 53 (1973). 

28. (a) Evans, D., J. Chem. Soc., 1351 (1957); ibid., 2753 (1959); ibid., 1735 (1960); ibid., 
1987 (1961). 

(b) Grabowsha, A., Spectrochim. Acta., 20, 96 (1966). 

(c) Tsubomura, H., and Mulliken, R.S., J. Am. Chem. Soc., 82, 5966 (1960). 

29. (a) McGlynn, S. P., etal., J. Phys. Chem., 66, 2499 (1962); J. Chem. Phys., 39, 675 

(1963). 

(b) Giachino, G. G., and Kearns, D. R., J. Chem. Phys., 52, 2964 (1970); 53, 3886 

(1970). 

(c) Kasha, M., J. Chem. Phys., 20, 71 (1952). 

(d) Christodonleas, N., and McGlynn, S. P., J. Chem. Phys., 40, 166 (1964). 
(e) McClure, D. S., J. Chem. Phys., 17, 905 (1949). 

30. Vander Donckt, E., and Vogels, C., Spectrochim. Acta., 27A, 2157 (1971). 

31. (a) Wright, M. R., Frosch, R. P., and Robinson, G. W., J. Chem. Phys., 33, 934 (1960). 

(b) Grabowska, A., Spectrochim. Acta., 19, 307 (1963). 



By. 

38): 

34. 

30k 

36. 

Sie 

38. 

So) 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

RADIATIVE TRANSITIONS—THE ABSORPTION AND EMISSION OF LIGHT 151 

Warwick, D. A., and Wells, C. H. J., Spectrochim. Acta, 24A, 589 (1968). 

(a) McClure, D. S., Blake, N. W., and Hanst, P. L., J. Chem. Phys., 22, 255 (1954). 
(b) Ermolaev, V. L., and Svitashev, K. J., Opt. Spect., 7, 399 (i959): 

Kasha, M., J. Chem. Phys., 20, 71 (1952). 

Karvanos, G., Cole, T., Scribe, P., Dalton, J. C., and Turro, N. J., J. Am. Chem. Soc. 
93, 1032 (1971). 

(a) Kearns, D. R., and Case, W. A., J. Am. Chem. Soc., 88, 5087 (1966). 

(b) Marchetti, A. P., and Kearns, D. R., J. Am. Chem. Soc., 89, 768 (1967). 

Kellogg, R. E., and Simpson, W. T., J. Am. Chem. Soc., 87, 4230 (1965). 

(a) Parker, C. A., and Joyce, T. A., Trans. Farad. Soc., 65, 2823 (1969). 

(b) Clark, W. D. K., Litt, A. D., and Steel, C., Chem. Comm., 1087 (1969). 
(c) Saltiel, J., Curtis, H. C., Metts, L., Miley, J. W., Winterle, J., and Wrighton, M., 

J. Am. Chem. Soc., 92, 410 (1970). 
(d) For a review of the factors allowing the observation of phosphoresence in fluid 

solution see: Turro, N. J., Liu, K. C., Chow, M. F., and Lee, P., Photochem. 

Photobio., 27, 500 (1978). 
(e) Kalyanasundaram, K., Grieser, and Thomas, J. K., Chem. Phys. Letters, 51, 

501 (1977). 
(f) Gatterman, H., and Stockburger, M., J. Chem. Phys., 63, 4541 (1975). 

(a) For a review of the method of flash spectroscopy, see Porter, G., Techniques of 
Organic Chemistry, 8, New York: Wiley, 1963, p. 1055. 

(b) For a review of T-T absorption, see Labhart, H., and Heinzelmann, W., in 

Photophysics of Organic Molecules, 1, ed. Birks, J. B., New York: Wiley, 1973, 
pee 

Brand, J. C. D., and Williamson, D. G., Adv. Phys. Org. Chem., 1, 365 (1963); Arnold, 

D.R., et al., Photochemistry, New York: Academic Press, 1974, pp. 91-93. 

(a) Bakhsliev, N. G., et al. Russ. Chem. Rev., 38, 740 (1969). 

(b) Labhart, H., Experientia, 15, 65 (1966). 

(c) Liptay, W., Excited States, ed. Lim, E. C., Vol. 1, New York: Academic Press, 

1974, p. 129. 

(a) Martnov, U. Y., Demyashkevich, A. B., Uzhinov, B. M., and Kuzamin, M. G., 

Russ. Chem. Rev., 46, 1 (1977). 

(b) Ireland, J. F., and Wyatt, P. A. H., Adv. Phys. Org. Chem., 12, 131 (1976). 

(c) Klopffer, W., Adv. Photochem., 10, 311 (1977). 

> 

Exceptions to this rule: Bonneau, R., Pereyre, J., and Joussot-Dubien, J., Molec. 

Photochem., 6, 245 (1974). 

For reviews, see: 

(a) Forster, T., Angew. Chem. Int. Ed. Eng., 8, 333 (1969). 

(b) Birks, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970, p. 301. 

(c) Beens, H., and Weller, A., Organic Molecular Photophysics, ed. Birks, J. BeavVolne, 

New York: Wiley, 1975, p. 159. 

For a survey of charge transfer phenomena, including absorption and emission, see 

Birks, J. B., Photophysics of Aromatic Molecules, New York, N.Y.: Wiley, 1970, p. 403. 

(a) Subudhi, P. C., and Lim, E. C., J. Chem. Phys., 63, 5491 (1975). 

(b) Takemura, T., Aikawa, M., Baba, H., and Shindo, Y., J. Am. Chem. Soc., 98, 2205 

(1976). 

Kajima, S. O., Subudhi, P. C., and Lim, E. C., J. Chem. Phys., 67, 4611 (1977). 



152. CHAPTER 5 

48. 

49. 

50. 

SIE 

52 

53. 

54. 

2p): 

56. 

Die 

58. 

Forster, T., and Kasper, K., Z. Physik. Chem., N.F., 1, 275 (1954). 

Yoshihara, K., Kasuya, T., Inoue, A., Nagakura, S., Chem. Phys. Letters, 9, 469 (1971). 

(a) Weller, A., Pure Appl. Chem., 16, 115 (1968). 
(b) Knibbe, H., Rehm, D., and Weller, A., Ber. Bunsen. Gesell., 73, 839 (1969); (c) ibid., 

72, 257 (1968); ibid., 73, 834 (1969). 

(a) Review: DeSchryver, F., Adv. Photochem., 10, 359 (1977). 

(b) Hirayama, F., J. Chem. Phys., 42, 3163 (1965). 

(c) Mimura, T., and Itoh, M., J. Am. Chem. Soc., 98, 1095 (1976). 

(d) Okajima, S., Subudhi, P. C., and Lim, E. C., J. Chem. Phys., 67, 4611 (1977). 

Birks, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970, p. 372. 

Brown, R. E., Singer, L. A., and Parks, J. H., Chem. Phys., 14, 193 (1972). 

For example, triplet-triplet fluorescence of carbenes (ground state triplets) is known: 
Trozzolo, A. M., and Gibbons, W. A., J. Am. Chem. Soc., 89, 239 (1967). 

(a) Beer, M., and Longuet-Higgins, H. C., J. Chem. Phys., 23, 1390 (1955). 

(b) Viswath, G., and Kasha, M.., ibid., 24, 757 (1956). 
(c) Birks, J. B., Chem. Phys. Letters, 17, 370 (1972). 

(d) Murata, S., lwanga, C., Toda, T., and Kohubun, H., Ber. Bunsen. Gesell., 76, 1176 

(1972). 

Oka, T., Knight, A. R., and Steen, R. P., J. Chem. Phys., 66, 699 (1977). 

Hui, M. H., DeMayo, R., Suau, R., and Ware, W. R., Chem. Phys. Letters, 31, 257 

(1975). 

(a) Rentzepis, P. M., Chem. Phys. Letters, 3, 717 (1969). 
(b) Gillispie, G. D., and Lim, E. C., J. Chem. Phys., 65, 4314 (1976). 



6 

Photophysical 

Radiationless 

Transitions 

6.1 Photophysical Radiationless 

Transitions as a Form of 

Electronic Relaxation 

Radiationless transitions between electronic states may be considered as a form 

of electronic relaxation by which electronic energy is converted into the kinetic 

energy associated with nuclear motion.' In Chapter 4 it was shown that photo- 

physical and photochemical radiationless transitions may not always be sharply 

distinguished. In this chapter we will be concerned with photophysical radiationless 

transitions, which occur (a) without a change in spin multiplicity (internal con- 

versions: S,, > S,, 5; + So, T, > Ty, etc.), and (b) with a change in spin-multiplicity 

(intersystem crossing: S; > T, and T, — So). 

Photophysical radiationless transitions generally start from a minimum on an 

excited state surface and terminate with the molecule back in its original minimum 

on the ground state surface. What factors determine the rates and efficiencies of 

internal conversions and intersystem crossings? How can these radiationless pro- 

cesses be visualized in terms of molecular mechanisms and representative points 

on energy surfaces? Are there relationships between the rates and probabilities of 

radiationless processes and molecutarstructure? = 

SAAS IER Sates Gaca OMT He questions. The conclusions 

and generalities we make can be extended to photochemical radiationless transi- 

tions. The latter can be treated as being analogous to photophysical processes, 

except that the conversion of electronic energy into nuclear_e ses such 

a distortion of the original ground state structure that the molecule does not return 

to its original ground state minimum, i.e., a photoproduct is formed. 
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6.2 A Classical Interpretation 

of Radiationless Electronic Transitions 

as Jumps between Surfaces 

A classical interpretation’ of radiationless electronic transitions treats them in 
terms of jumps ofa represmuative pomnt belwcen enerey The representative 

point will make a radiationless “jump” from one surface to another at “critical” 

nuclear configurations, r.. These critical geometries will generally correspond to 

minima on excited surfaces. According to classical theory* the probability P that 

the representative point will make a jump as r, is approached can be deduced from 

the expression: 

P(Probability of surface jump at r,) ~ exp-AE/v os (6.1) 

where AE is the energy separation between the surfaces involved in the transition 

at r,, v is related to the velocity of the nuclei as they approach r,, and ods is related 

to the difference in slopes of the two surfaces in the region near r, (dE/dr, the slope 

of an energy curve, is directly related to the forces acting on the nuclei). 

Consider a simple situation involving two surfaces (Fig. 6.1). We can identify 

three important situations: (a) a Zero Order crossing, for which AE is 0 at r,, 

(b) a “weakly avoided” crossing, for which AE is “small” at r,, and (c) a “strongly 

avoided” crossing, for which AE 1s “large” at r.. This terminology and the use of 

', = Critical nuclear geometry corresponding to 

a Zero Order surface crossing 

Vy 
Zz | 2 

(a) surface jump (b) surface jump (c) surface jump 

= Zero Order =""Wweakly' avoided ="strongly‘avoided 
crossing crossing crossing 
P=| Pa. P~O 

Figure 6.1 

Representation of the dynamics of a representative point (motion represented by 

arrows) On an energy surface. 
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‘Y to identify surfaces are used to indicate the correspondence between the classical 
and wave mechanical interpretations. 

The classical interpretation of radiationless transitions uses the simplicity of the 

classical description of the motion of the representative point in the regions where 

the surfaces are well separated. This motion (symbolized by the arrows in Fig. 6.1) 

continues on a single initial surface until the nuclei attain a critical geometry, r,, 

corresponding to a region of strong electronic coupling to a lower surface. In this 

region the representative point may execute a jump from the initial surface to a 

second neighboring surface with a probability P, which depends on certain param- 

eters such as nuclear velocity as the system approaches r,, the slopes of the 

potential energy curves near r., and the energy separating the states near r.. The 

motion of the representative point on the second surface continues until a second 

region corresponding to a second critical geometry r, is reached. Thus, the classical 

picture of radiationless transitions is: (a) motion along an upper surface, (b) jump 

to a lower energy surface at critical geometry, (c) motion along the lower surface, 

(d) jump to a lower energy surface at a critical geometry, r., until a stable minimum 

on the ground surface is achieved. Although the classical interpretation reveals 

that nuclear kinetic energy (e.g., velocity of representative point) can promote 

surface jumps, it does not clearly reveal the nature of the “electronic coupling” that 

can promote surface jumps. We shall see in the following section that a wave 

mechanical interpretation of surface jumps will form a basis for correlating the 

rates and efficiencies of radiationless transitions with molecular structure. 

6.3. Wave Mechanical Interpretation 

of Radiationless Transitions between States 

Wave mechanics also treats the problem of radiationless transitions in terms of 

energy surfaces.* In order to calculate energy surfaces from theory, a number of 

simplifying assumptions are necessary. One of the most important of these excludes 

electron motion and formulates the problem in terms of th 

is is called the adiabatic (or Born-Oppenheimer) appr energy 

Ses ce a sion ote Further, 

the dynamics of nuclear motion are treated in terms of the motion of a “represen- 

tative point.” 

If the c s in th of a molecule brought about by nuclear 

motions are essentially adiabatic, then the behavior of the motions of the electrons 

may be treated by solution of the wave equation for stationary nuclei. The problem 

of evaluating electron motion as a function of nuclear motion is then the same as 

for vibrations or for chemical reactions. The differences between vibrations and 

reactions are only in the amount of nuclear motion and the occurrence of different 

equilibria positions for nuclear motions ofthe reactants and products. Ifthe electron 

motions are treated as adiabatic (i.e., completely and continuously adjusting to 
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changes in nuclear structure), and if the nuclear motions are treated as classical, 

one can in principle evaluate the electronic potential energy for all nuclear con- 

figurations. This is how one generates adiabatic electronic _potential-ener. 

surfaces. In sucha situation, the actual motions of the nuclei follow the rules of classical 

mechanics, and are completely subject to the control of the adiabatic surface. Thus, 

the motions of nuclei are wholly determined by the potential-energy surfaces “on 

which” the representative point (or more loosely speaking, the molecule) happens 

to be. 

Suppose the change in nuclear configuration brings the molecule from an initial 

state into a region corresponding to a Zero Order crossing at geometry r,. This 

situation is optimal for mixing of Zero Order states, 1.e., near r, 

Initial state Yor, ty, -y, Final state G22) 

mixing 

We say that in the crossing region the Zero Order states yy, and w, are capable of 

being in resonance near r,. If resonance should occur the electron motion is no 

longer adequately defined in terms of one Zero Order function alone. The nuclear 

motion is no longer unambiguously controlled by a single surface. What happens 

when the system which is initially prepared in state y/, enters the crossing region,* 

1.e., when the representative point of an initial electronic state approaches the 

“critical” geometry r, (see Fig. 6.2)? 

ro = ‘critical nuclear geometry at which a radiationless 
transition occurs 

reaction or vibrational coordinate R 

y 4 Y, Lape 

) oan We = 4 

") ie "7 yr ee ae ria Mi Te 
2 B Y, Y, r Wy. | 2 | : 2 r. 

(a) “perfect crossing (b)'weakly' avoided — (c) "strongly"avoided — (@) matching’ (e) "touching" 

E=0 E'~VIB E >VIB E’=0 E'--0 

Figure 6.2 

The archetype adiabatic surface topologies for a two-surface system: (a) ‘‘perfect’’ 

crossing for which w, & yf, transitions are strictly forbidden; (b) and (c) ‘‘weakly’’ and 
“strongly” avoided crossings for which w, $ , transitions are possible near r, (see 
text); (d) ‘matching’ for which W,S y, transitions are very improbable; and (e) 

“touching” for which w, S w, transitions are possible near r,, (see text). 
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The situations expected with respect to the probable trajectory of a represen- 
tative point are summarized in Figure 6.3. If the system corresponds to Zero Order 
(fast passage through nuclear geometries near r, or weak mixing of w, and y, 
near r,), a representative point starting in wy, will remain on w, throughout its 

trajectory, 1.e., the process will be completely adiabatic (all on one surface). A 

similar situation will occur if the mixing of y, and w, is small near r,, 1.e., a formal 
“jump” or nonadiabatic transition will occur between the adiabatic surfaces. In 

the case where there 1s a large electronic interaction between w, and w, near r;,, 

a representative point starting on W, will “switch” over to w, near r,, but will 

remain on the same adiabatic surface. For most practical purposes, this situation 
is indistinguishable from the case in Figure 6.2, if the representative point moves 
well beyond r,. If the representative point gets “stuck” in an excited state minimum 

for a long enough period of time, an interaction may occur to cause a radiationless 
transition to the lower surface. This may be viewed as occurring via the dynamic 
link (dotted lines) provided by the Zero Order crossing. In other words, as the 

molecule is vibrating in the excited state, a small perturbation may couple the 

excited and ground states and the representative point may be thought to follow 

the trajectory of the Zero Order surfaces (dotted lines in Fig. 6.3c). Whether the 

representative point falls to the ground state and proceeds to w, or to > will 

depend on the particulars of the perturbation and the dynamics of the system. 
In the region near r,, an oscillation (resonance) or electronic motion occurs 

such that the electron motion may be described by either Wy, + W2 or W; — Wo, 

i.e., the two electronic states are strongly mixed. The frequency of these imaginary 

oscillations back and forth is called electronic tautomerism.*® In the limit of perfect 

AE small 

(OS 
| 

| 

| 
| 

4 if %, 

ng RSS R— 

(a) zero order (b) non—adiabatic (c) adiabatic 

= "crossing" = “avoiding” ="strong avoiding” 

— single surface —esurface jump —e single surface 

Figure 6.3 

Schematic representations of the trajectories of a representative point: (a) Y.7> y, via 

an adiabatic (no surface jump) pathway along a Zero Order crossing, (b) ¥, > W, viaa 

nonadiabatic (surface jump) pathway including a weak “avoiding”, (c) W, > W, via an 

adiabatic pathway (no surface jump). 
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resonance the “lifetime” t that the molecule spends in a tautomeric form is of the 

order of 

t(“lifetime” of an electronic tautomer) = h/AE ~ 10° ‘°/AE sec (6.3) 

where AE is the resonance energy in kcal/mole. Clearly, if a switch from one 

tautomer to another is to occur it must happen within the time At that the molecule 

is in the region of crossing of surfaces, i.e., t < At. 
Strong resonance interactions (e.g., crossings of states of the same electronic 

and spin symmetries) are of the order of >30 kcal/mole. This corresponds to a 

lifetime (Eq. 6.3) of an individual electronic tautomer (resonance structure) of 

t = 10° '°-10° !* sec via nuclear perturbations occurring at a rate of 1/z. 
If the relative velocity of the nuclei moving through the crossing regron is 

~ 10*-10° cm/sec = 1017-10!? A/sec (typical values for light atoms), then the time 
Art the nuclei spend in a given region (say, alonga line of length of ~3 A) is ~ 10° !?— 
10° '3 sec. This rough calculation shows that the lifetime of the tautomer is shorter 

than the time it takes to cross the interaction region. Thus, the tautomerization is 

complete before the nuclei can move out of the interaction region. In the case of 

“weak” resonance interaction (<1 kcal/mole), the lifetime of the tautomer is 

~10~ 1? or longer. Thus, tautomerizeration may or may not occur in the interac- 

tion region, depending on the velocity of the representative point and the precise 

value of t. 

Frequency of 
electronic v= 1/t = AE/h =~ 101? AE (in kcal/mole) (6.4) 

tautomerization 

Radiationless Transitions and the Breakdown 

of the Born-Oppenheimer Approximation 

Radiationless transitions between surfaces are difficult at geometries for which the 

B-O surfaces are far apart (more than several vibrational quanta) in energy.**? On 

the other hand, radiationless transitions are most probable at geometries, r., corre- 

sponding to crossings of the Zero Order B-O surfaces. These geometries correspond 

to “leaks” in surfaces, and radiationless “jumps” are expected to occur with their 

highest probability when the representative point corresponds to a geometry 

“in the region” of a Zero Order B-O crossing.* These are precisely the regions in 

which the electronic wavefunction is a rapidly changing (orbital and/or spin) 

function of nuclear geometry. As the representative point passes through such 

a region, the nuclear motion has a certain probability of being controlled by 
either electronic surface. 

Some Archetype Surface Situations 

Near Critical Nuclear Geometries 

There are a number of possible surface classifications.° For simplicity we shall 

define five which are relatively common (see Fig. 6.2). The main idea of a classifica- 
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tion of surfaces is to provide some insight into possible radiationless transitions 

at certain “crucial” molecular geometries which correspond to a region near r, 

along the reaction coordinate. Suppose that two potential-energy surfaces cross 

in Zero Order for a “critical nuclear geometry,” r,. The five “archetype surface 

topologies” of the two surfaces at r. may be classified as: (a) “perfect” crossing, 

(b) “weakly” avoiding, (c) “strongly” avoiding, (d) “matching,” and (e) “touching.” 

For the “perfect crossing” situation, the electronic interaction energy E’ between 

the initial and final states is precisely zero at r.. A representative point on yw, would 

have no “knowledge” of the existence of yy, and would pass through the “crossing 

region” (geometries close to that of r.) completely unperturbed. Such a situation 

is idealized, 1.e., rigorously valid only for certain highly symmetric geometries. It 

is postulated that small distortions from the idealized geometries do not signifi- 

cantly modify the conclusions based on the Zero Order crossing. As a rule, if the 

coupling between i, and yw, in the region near r, is much less than the energy of 

vibrational couplings (<100 cm~ '), we may consider E’ ~ 0. A close approxima- 

tion to a “perfect crossing” is one for which the two states differ in spin multiplicity 

and for which spin-orbit coupling is weak, i.e., most singlet-triplet surface crossings 

involving aromatic hydrocarbons. 

For the “weakly avoiding” situation, the electronic coupling (in First Order) 

between w, and w, at r, is of the order of vibrational energies but not much greater. 

In Figures 6.2 and 6.3, dotted lines are drawn to serve as a reminder of the Zero 

Order crossing. For the “strongly avoiding” situation, the electronic coupling (in 

First Order) between w, and y, at r, is much larger than vibrational energies. In 

ithe “matching” situation as in the Zero Order crossing situation, y,; and wy, do 

not possess any electron coupling even in First Order. Thus, one must proceed 

to a Second or higher order perturbation if y, and W are to be coupled. 

Although all Zero Order crossings are “avoided” to a greater or lesser extent 

(see Fig. 6.1), for weakly avoided crossings the molecule may readily jump from 

one adiabatic (First Order) surface to another, i.e., the representative point may 

behave as if there is no avoiding at all and follows the Zero Order surface (for which 

electronic configuration or multiplicity is preserved). Such crossings may be called 

“holes” or “funnels” in the surface.** As the crossing becomes more strongly 

avoided (Fig. 6.3c), the probability of jumps between adiabatic surfaces in the 

region of the geometry corresponding to Zero Order surface crossing decreases. 

In the limit a “funnel” becomes a true excited state “minimum,” which is detectable 

by conventional flash spectroscopic and/or chemical trapping methods. 

“Leaks” or “jumps” from one surface to another occur most readily when they 

can occur “vertically,” (i.e., with very little nuclear geometry change) and with 

little change in nuclear momentum. The greater the change in nuclear geometry 

or in nuclear momentum which results from a surface jump, the more strongly the 

leak or jump is resisted, i.e., the slower the rate of the radiationless transition from 

one surface to another. 

An essential difference between the “strongly” avoiding and “matching” topo- 

logies is the occurrence of a “Zero Order” linkage (dotted lines) between the upper 

and lower surfaces in the former, which does not occur in the latter. The importance 

of this distinction is that for an avoided crossing the representative point may jump 
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from y, to W, in the region near r,, because the dotted line (Zero Order connectivity) 

provides a “dynamic” link between the upper and lower surfaces. When surfaces 

are “matched” near r,, there is no dynamic link coupling them at the purely 

electronic level. The “strongly avoiding” topology occurs typically near geometries 

which correspond to transition states for “allowed” pericyclic reactions. 

A final surface situation is termed “touching”. In this case, the two electronic 

surfaces approach each other asymptotically, and at or near r, they become very 

close in energy, i.e., they essentially “touch” each other. Such a surface topology 

near r, would be typical for certain states during the breaking of a o bond or a 

m bond (see Section 6.5, especially Fig. 6.12). 

6.4 Formulation of a Parameterized Model - 
of Radiationless Transitions 

Only a few parameters are necessary for a qualitative evaluation of the probabilities 

(or relative probabilities) of radiationless transitions to be made. As was done for 

radiative transitions in Section 5.8 we may consider the experimental probability 

of a radiationless transition (usually expressed in terms of a rate constant, k,,) as 
the product of the rate constant for a hypothetical “fully allowed” (k,) process; 

and prohibition factors (f) which contrive to reduce k, to the observed k,,. Recall 

the concept of oscillator strength and the various selection rules which lead to a 

decrease in observed oscillator strengths from an ideal, maximal value of 1.0. In 

the same spirit we can suppose that k,, may be parameterized as’ 

Maximal rate 

Observed rate k,, = k, x f. x f, x f, time prohibition (6.5) 
factors 

where f,, f,, and f, represent the “prohibition factors” due to the electronic, nuclear, 

and spin configurational changes which occur during the radiationless transitions. 

As discussed in detail in sections 5.8ff, the magnitude of term f/f, is related to the 

magnitude of the matrix element for the pure electronic part of the radiationless 

transition. The magnitude of f, may be qualitatively evaluated by inspection of the 

positive overlap of the orbitals which change during the radiationless transition. 

The magnitude of f, is related to the magnitude of the overlap of the nuclear wave 

functions for the initial and final states. We may identify /, with the Franck-Condon 

factor or the prohibition to the probability of transition due to change in nuclear 

configuration or motion. Finally, f, is related to the similarity of the total electron 

spin in the initial and final states. The magnitude of f£ will depend on the spin-orbit 

coupling (or in special cases to the hyperfine coupling) interactions which occur 

during an intersystem crossing. 

Each one of the factors, f, may act as the promotor of an electronic perturbation 

(f,), vibrational perturbation (/,), or a spin perturbation (f,), which may be rate- 

limiting. Such a situation implicitly assumes that the excess electronic energy 
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released by the radiationless transition is “accepted” somehow and that this 
energy release is not rate-determining. The “acceptors” of the excess electronic 
energy may be either the vibrations of the molecule undergoing the transition or 
the vibrations and translation motions of solvent molecules. Thus, intramolecular 
vibrations and intermolecular collisions typically serve as a “heat bath” that 
eventually soaks up the excess electronic energy originally localized in the molecule 
undergoing the radiationless transition. 

Visualization of Radiationless Transitions 

Promoted by Vibrational Motion; Vibronic Mixing 

In the Zero Approximation we assume that for a given, fixed nuclear geometry the 

electronic states may be classified in terms of a single electronic orbital configura- 

tion and a single spin type (multiplicity). We consider these Zero Order states as 

“electronically pure,” e.g., “pure” n, x* or z,2* and “pure” singlet or triplet. In 

the First Approximation we consider various mechanisms for “mixing” of the 

states. Vibrations, collisions, electron-electron interactions, and spin-orbit inter- 

actions all serve to “mix” the Zero Order states.® 
In terms of orbitals, a n, x* > 2, x* radiationless transition eS toa 

one-electron jump of a xz electron into ann orbital | (we_assume that _* electron : 

does not change during the transition), ie. Le. W “we consider anon orbital } 

(Fig. 6.4). For the process to be isoenergetic, fic, vibrational motion must Teer 

“switching” of the energetic ordering of the n and z levels. It is not absolutely 

necessary that the z, z* be lower in energy than the n, 2* state, but only that a 

crossing point can be reached and that the system then deactivates along the 

n, m* surface. In some cases energy must be provided to the system in order for 

Orbitals States 
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Figure 6.4 

Orbital and state descriptions of n, n* S 7, m* state switching as a result of vibrational 

motion. 
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the crossing point to be reached, i., the radiationless process will require an 

activation energy. Of course, the reverse situation of a 2, 2* > n, 2* transition can 

easily be imagined. In this case the system starts off in a z, 2* configuration and a 

n— orbital transition occurs. 
From the standpoint of theory,’ the largest matrix elements for vibronic inter- 

actions are those which generate electric dipoles in the same region of space as the 
transition dipoles for the states undergoing transition. Thus, the “best” vibrations 

for causing mixture of the n, x* and z, z* states are those nuclear motions which 

cause displacement of atoms possessing substantial n and x density, i.e., the O atom. 

Vibrations which do not disrupt planarity are not effective in generating electric 

dipoles near the oxygen atom because the n and z orbitals ar ho 

as the system is planar. Therefore <n|x> = 0. Nonplanar vibrations, on the other 

and, ¢ itals on oxygen to rehybridize (Fig. 6.5). As a result, ult, (n|x> 

is not equal to zero for nonplanar geometries. “However, it is to be expected that 

the avoiding of surfaces due to nonplanar vibrations will be weak. The occurrence 

of a crossing for a planar vibration and of an avoiding for a nonplanar vibration 

is shown in Figure 6.6. It is important to notice that the states are strongly mixed 

only for those geometries near the crossing point. Thus for geometries near the 

energy minima on the lower surface, the Zero Order apRioSenaigy of a “pure” n, 2* 

and “pure” z, 2* state is still quite valid. 

Let us consider how “mixing” of states is viewed in terms of energy surfa 

(Fig. 6.6). Suppose a Zero Order crossing of an n, 2* and a z, 2* state of a ketone 

occurs as a result of a certain nuclear motion (vibration). If that motion causes the 

nuclear structure to change from a strictly planar shape (for which the assumption 

of purity of n, x* and z, 2* states is a good approximation) to a nonplanar shape 

(for which the n, x* and x, 2* states are allowed to mix), then the Zero Order 

crossing is removed and replaced by First Order avoided crossing. The magnitude 

of the avoiding is given by a matrix element of the type:? 

Cn, a" Ayal; n*> (6.6) 

where H,,, is an operator representing the nuclear motion which causes the mixing. 

The magnitude of this matrix element may be estimated from the overlap integral 

<n, n* |r, m*) ~ (n|n> # 0. This integral is nonzero for nonplanar vibrations. The 

effects of state mixing of any type are to cause photophysical parameters (e.g., rate 

constants for radiative or radiationless transitions) to deviate from those expected 

for a Zero Order configurational or multiplicity model. 

Migs en 7 

> ig Figure 6.5 VIBRATIONS 
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€nol 7 > = O Kno | m>#0 result of nonplanar vibrations. 
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It is useful and important to have calibration points for the frequency of vibra- 

tional motion of pairs of atoms that commonly occur in organic molecules. 

The oscillation frequency of a harmonic oscillator is related to the restoring 

force (—kr) and the masses of the particles involved in the oscillation by the 

expression 

k 1 
v(frequency of vibration) = — (6.7) 

T\ Ll 

where k is the force constant (a measure of the “stiffness” of the restoring force, or 

for a molecule, of the bond strength), and yz is the reduced mass. When the mass of 

X is much larger than the mass of Y, yw 1s approximately equal to the mass of Y, 

i.e., W ~ mass of the lighter nucleus. 

=< Zero Order n, 7™* 

<— Zero Order 7,1" 

pure 1, 7* 

saad 

St planar vibrations 

Sl Ge 

\ ays 

¥% «avoiding 
‘ 

“pure. 1, 7* 

Higa oot 
“——O nonplanar vibrations 
7 

! 

Figure 6.6 

The effect of planar (top) and nonplanar (bottom) vibrations on a Zero Order crossing 

of n, z* and 7, m* surfaces. 
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Table 6.1 lists some frequencies of vibrations for pairs of diatomic groups. Even 

in molecules, strongly bonded pairs of atoms may often be treated as an inde- 

pendently vibrating pair. From Eq. 6.7 we expect and find that v will increase with 

increasing bond strength at constant p, e.g., (C=C) > v(C—=C) > v(C—C). We 

also expect for comparable bond strength that v will decrease with increasing p, 

e.g., v(C—H) > v(C—D) and w(C—C) > v(C—C)). 

Visualization of Radiationless Transitions Promoted 

by Spin-Orbit Coupling 

From the vector model for electronic spin (Sections 2.7 and 3.6) it was deduced 

that two possible mechanisms exist for-intersystem crossing, a Spin “flip” and a 
spin “rephasing"™F or organic molecules, spin-orbit interactions usually provide 
the major mechanism for intersystem crossing, whereas spin-spin interactions 

provide an alternate mechanism for diradicals.'° 

Consider Figure 6.7 for a general, schematic interpretation of intersystem 

crossing in terms of surfaces.'° In the Zero Order approximation we assume we 

do not have a mechanism for intersystem crossing, resulting from our artificial 

if'a molecule is in an initial singlet state it will forever stay in the singlet state, or 
(itis in an Mirateripreretate i will remain forever m the triplet state, cven il a 
reaction coordinate exists such that a crossing of the singlet and triplet state occurs. 

When we introduce spin-orbit coupling (or for diradicals; hyperfine coupling, 
laboratory magnetic fields, etc.) it becomes possible that as a representative point 

moves along an initially “pure” singlet or triplet surface, intersystem crossing may 

occur near the nuclear geometry corresponding to r,, if certain conditions are met. 

These conditions are that the interaction that mixes the spin states must be “turned 

on” and must be effective when the representative point is near r,. Thus, there is a 

requirement not only that a force capable of changing the spin multiplicity must 

exist but also that it must operate effectively during the period when the repre- 

Table 6.1 Some Common Bond Types and Associated Stretching 

Frequencies and Bond Strengths 

Bond Strength 
Bond Type Vibrational Type Oscillation period (kcal/mole) 

C=C stretch 2200 cm * = 6.6 x 1013 sec! 100 
C=O stretch 1700:cm™” * = 5,1 x 103 sec 180 

C=C stretch 1600 cm! = 4.2 x 10'3 sec"! 165 

N=N stretch 1500 cm~! = 4.0 x 10!3 sec”! 110 

(C331 bend 1000 cm~-1=3 x 10'* sec"! 100 
GE stretch 1000cm~!=3 x 1013 sec™! 85 
C= bend 500 cm”? = 1.5 x 10'? sec! 85 
C—H stretch 3000 cm-!'=9 x 10!4sec™! 100 
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sentative point is in the region near r, (i.e., the molecule has a nuclear geometry 
corresponding to r, and an energy close to that of the Zero Order crossing point). 

Selection Rules for Intersystem Crossing 

In Section 3.6 we learned that spin-orbit interactions are effective in promotin 

a Px — Py orbital jump, and (b) the orbital transition 1s localized on a single atom. 

standpoint of spin-orbit coupling, such a system introduces a crucial difference 

relative to an unsaturated hydrocarbon, namely the occurrence of low-energy 

n, m* configurations. Let us take a carbonyl group as a prototype for our qualitative 

analysis of spin-orbit coupling in such systems. The singlet state of a carbonyl 

S “pure. singlet (Zero Order) 
N 

Initial system Final system 

Singlet Singlet 

ie As Triplet Triplet 
o ic a 

e ae geometry* ~ 
be for mixing =. ae 

of spin states pure triplet (Zero Order) 

| 

Reaction Coordinate 

First Order 
‘N \ ey 

Soree=s 7 
‘SF 
Ss 

initial system aw final system 

>|is "pure < is “pure 
2 | singlet : On triplet 

gaa x 

ui > 
‘“ 

: f 
Reaction Coordinate 

Figure 6.7 

Intersystem crossing is strictly forbidden in the Zero Order approximation (top figure) 

but becomes partially allowed when a spin mixing mechanism is available (lower 

figure). 
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group may be derived from an n, x* or a 7, 2* configuration. Consider the four 

possible intersystem crossings from S, of a carbonyl group: 

1 nt An (6.8)) 

2. 'n, n* > 3n, 2* 
eS Figure 6.8 

eee 
(6.10)) 

4, 'n, n* 3m, xt 
a Figure 6.9 

of spin-orbit coupling, then we can estimate the magnitude by inspection of the 

csraral configurations the initial state to determine if there is finite First-Order 

interaction with any of the configurations of the final state—iee-i-a_one-center 
Px > p, orbital jump occurs.*” Two center p, > p, orbital jumps are less effective 

in promoting spin-or bya. COupttag————————___—$—_$_— 

S, = w(t) n(¢) w+) = "Cn, 2) 

SPIN FLIP 
ALLOWED 

T, = m4) nC) (4) = 2,0) 

Fe eae 
/ <a Ss n(t)wX(4) = ln, 3) 
ene 

py +py t1s¢ SPIN FLIP 
FORBIDDEN 

QO 
Feeney rea) 

Figure 6.8 

Qualitative orbital description of the basis for the allowed '(n, 2*) > 9(z, 2*) and the 
forbidden '(n, z*) — %(n, 2*) intersystem crossings. 
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Consider a ‘n, x* > °n, x* intersystem crossing. Two major atomic orbital 

representations of the 'n, 2* state are shown in Figure 6.8a. Intersystem crossing 

must involve either an n or a x* electron spin flip. In neither configuration is a 

First-Order spin-orbit coupling possible because neither the n(t) > n(1) nor the 

n*(1) > 2*(1) electronic transitions generate orbital angular momentum along the 

bond axis; i.e., no p, > p, single atomic orbital jump is involved. Thus, there is no 

First-Order spin-orbit coupling for the 'n, 7* — *n, x* transition. 

In contrast, the 'n, x* > *z, x* transition has a First-Order spin-orbit coupling 
in one of its major atomic orbital configurations (Fig. 6.8b). As a result, intersystem 

crossing can be triggered via a one-center p,— p, interaction. In addition, the 

highly electrophilic, half-filled n orbital provides a substantial “driving force” for 

the electronic transition.'° 
Starting from a ‘z, 2* state we must Consider three atomic orbital configurations 

(Fig. 6.9). By inspection, two of the atomic orbital configurations have a First 

Order coupling with a configuration of the *n, * state. Thus a 'z, 2* to *n, 2* 
transition is “allowed” to occur by spin-orbit coupling. By inspection of the 

17, 2* — 3m, n* transition, there is no First Order spin-orbit coupling between 

any of the singlet configurations and the triplet configuration (Fig. 6.9). 

S, = w(4)a() 9’ (1) = /(r, i 

SPIN FLIP 
ALLOWED 

3 
T, = (th) a(t) w(t) = (n, 7 

S,= w(h) n(th) w(t) = (7, 

SPIN FLIP 
Pxi-= Px psc Px — Px psc ie x] IS¢ FORBIDDEN 

0, 

Figure 6.9 

Qualitative orbital description of the allowed '(z, 2*) — °(n, 2*) and the forbidden 

(1, 1*) — 3(n, n*) intersystem crossings. 

foto = a) 4) 
T= w(t) nlf) w(t) 2° 7, 3 

») 
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As a result of our analysis we deduce the following selection rules (commonly 

termed El-Sayed’s rules)! for intersystem crossing of carbonyl groups: 

Nae Sn Forbidden (6.12) 

S,;sT nt 2; ee Allowed (6.13) 
Transitions 

TORIC ATUN Tle Forbidden (6.14) 

The rules should be general for n, x* and zx, 2* states and are not restricted to 

carbonyl compounds. 

Although more quantitative data is listed in Table 6.4, here we will give examples 

of an alkyl ketone,!? benzophenone,!* and pyrenaldehyde’* for which the values 
of k,, are ~108 sec 1, ~10!! sec"1, and ~10’ sec”! respectively. Figure 6.10 

summarizes the transitions involved. 

Extending the logic, we deduce that a p, > p, transition is also required for an 

allowed T, — Sp intersystem crossing transition, so that 

T, So n, n* > n? Allowed (6.15) 

Transitions =, 7* +72 Forbidden | (6.16) 

The T, — Sp transitions of benzophenone and acetone (k,, ~ 10-100 sec” ') are 

much faster than that for pyrenaldehyde (k,, < 1 sec” *), which is in agreement with 

the above selection rules. It should be noted that the actual magnitude of spin-orbit 

2 

hq: Tet* n,7* 17, 7* vA 
S| aS * s m 

Se n,7* XN x ay 

TT io? | 
kKor~ iO sec 

9 8 -| 
Ko7~!0 -10 sec 

"FAST" "INTERMEDIATE" "SLOW" 

CHO 
0 ie} 
i Il 

¢ Vc Ri C—R (OlO} 

Figure 6.10 

Examples of different rates of intersystem crossing for S,(n, 2*) > T(x, 2*), S,(n, 2*) > 
T(n, m*), and S,(z, 2*) > T(x, 2*), of carbonyl compounds. 
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coupling for the excited states of organic molecules is on the order of 0.3—0.001 

kcal/mole, i.e., spin-orbit coupling is a very weak perturbation.!° 

For example of the effect of vibrations on spin orbit coupling,'> consider a sur- 
face crossing between a 7z, n* singlet and a z, n* triplet state of ethylene or of ben- 

zene. In this case the strong electronic coupling inherent when two states of the 

same orbital configuration cross is suppressed because the crossing states possess 

different spin multiplicity. Spin-orbit coupling is required to cause surface avoiding. 

Since spin-orbit interactions are generally very weak for organic molecules which 

do not possess heavy atoms, the avoiding will be very weak. 

It can be shown that in-plane vibrations generally do not cause significant mixing 

of singlet and triplet states of planar hydrocarbons, but out-of-plane vibrations 

are capable of mixing singlet and triplet states.’° Figure 6.11 shows the surface 

situation for in-plane and out of plane vibrations. In executing planar vibrations 

the molecule may pass through a surface crossing geometry, but will not be able 

to “turn on” a spin-orbit interaction because the planar vibration is an ineffective 

promoter for coupling spin and orbital motion. If the molecule is brought into a 

crossing geometry by an out-of-plane vibration, a finite but very weak spin-orbit 

=—Zero Order ‘1, 7 

(a — Crossing 

pure Sar, 1 

<.—____» 

SS ae planar stretching 
eS Ss 

X = avoiding 

Figure 6.11 

Vibronic interactions. Top: planar 

vibrations do not mix states, so that 

a Zero Order crossing persists in 

= a First Order. Bottom: out-of-plane 

— po out of plane wagging vibrations cause an avoiding. 

pure °7, 7* 
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interaction occurs, the surfaces avoid, and a !z, 2* > 32, 2* conversion is possible 

(k..< 10’ sec” '). In effect, the “door is open” at a crossing geometry only if the 

molecule is conducted to the crossing region by an appropriate vibration or 

nuclear motion. 

6.5 The Relationship of Rates 

and Efficiencies of Radiationless Transitions 

to Molecular Structure 

The photochemist needs a theory that reveals the relationship of the probability 

of radiationless transitions to molecular structure. From the discussions of Sections 

6.2 and 6.3, it is clear that an important feature of such a relationship is the idea 

of “critical geometries,” r., from which radiationless transitions are particularly 

favored. Thus, a theory relating radiationless processes to molecular structure 

must be able to relate critical geometries to molecular structure.* Surface crossings, 

surface touchings, and relatively deep excited state minima all correspond to 

critical geometries (Fig. 6.2). In Chapter 7 we shall consider how one may relate 

the occurrence of Zero Order surface crossings as a function of molecular structure. 

In this section we consider how “surface touchings” can be related to molecular 

structure. In Section 6.8 we shall see how radiationless transitions from excited 

state minima that correspond to “surface matchings” may be related to molecular 

structure. 

The ‘‘Loose Bolt’’ and ‘‘Free Rotor’’ Effects: 

Promoter and Acceptor Vibrations 

It is possible for certain vibrations to act as promoters of radiationless transitions 

if specific vibrations “carry” the representative point to r.. However, since energy 

must be conserved in detail after a radiationless transition, some vibrations (or 

collisions) must act as acceptors of the energy difference between the electronic 

states involved in the transition. [fa vibration is at once a promotor and an acceptor 

it should be particularly effective in triggering radiationless transitions.'’ ; 

Consider two examples of a “touching” of surfaces induced by stretching a 

single bond and by twisting a double bond respectively (Fig. 6.12). The stretching 

or twisting vibration may escort the representative point on y* to r,. If this vibra- 

tion also mixes w* and w°®, a radiationless transition to W° can then occur. The 

stretching vibration is analogous to a “loose bolt” in some moving part of a machine. 

The “loose bolt” tends to be set in motion by other moving parts of the machine! 7* 

and thereby “takes up” kinetic energy produced by other moving parts of the 

machine. In the case of the twisting motion of a double bond (Fig. 6.12b) an 

analogy to a “free rotor” seems more apt. 

Examples of the free rotor effect on radiationless transitions such as internal. 

conversion are available from fluorescence analysis of conjugated aromatic com- 

pounds. For example, at 25°C trans-stilbene (1) is weakly fluorescent and cis- 
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stilbene (2) is nonfluorescent.'® On the other hand, the structurally constrained 
derivatives 3 and 4 are strongly fluorescent.!° 

‘a 3 : 

Co obo ¢4 
1; =10.05 2, Dp = 0.00 Dy. = 120 4,9, = 1.0 

Presumably, steric interactions between the phenyl groups of cis-stilbene provide 

the molecule with an inherent torque and tendency to twist about the central C—C 

bond. In S, the state energy is rapidly lowered by twisting (See Fig. 6.12b. For a 

more rigorous discussion, see Section 7.7.) The twisting motion brings S$, to a 

geometry which is favorable for radiationless conversion to So. Although 1 can 

also twist about the C—C bond in S,, the lack of a torque due to steric interactions 

makes the twisting motion slower than it is for a: Fluorescence now competes with 

internal conversion. 

For compounds 3 and 4 the twisting motion about the C—C bond 1s severely 

hindered by structural constraints. As a result, these molecules are unable to adopt 

nuclear geometries that differ substantially from the initial geometry of So. The 

representative point on the S$, surface cannot move to regions on the S, surface 

that correspond to nuclear geometries favorable for radiationless conversions. As 

a result, fluorescence dominates. In addition to structural constraints, low tempera- 
ture and rigid environment can inhibit twisting motions that promote radiationless 

conversions. If small energy barriers (~ 3-5 kcal/mole) separate the representative 

point from the lower energy twisted geometries, at low temperatures (~77 K) 

these barriers may not be surmounted during the excited state lifetime and efficient 

o@ bond broken at m bond broken at 
this geometry this geometry 

a=b a-b a=b ¥ 

stretching a o bond twisting a 7 bond 

a b 

Figure 6.12 

Schematic representation of (a) the stretching of aa bond and (b) the bending of a 

m™ bond. 
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emission results. A rigid environment may be viewed as perturbing the potential 

energy surface corresponding to rotation by introducing an energy barrier to 

twisting.*° These environment (e.g., solvent) imposed barriers are due to the re- 

quirement that molecules in the neighborhood of the twisting C—C bond must 

be displaced if the twisting is to be substantial. 
The free rotor effect may also operate to facilitate radiationless transitions of 

triplets (intersystem crossing). As an illustration,”’ the triplet state of 1-phenyl- 

cycloheptene (5) undergoes a very rapid intersystem crossing at room temperature 

relative to 1-phenylcyclobutene (6). This result may be interpreted to be due to a 

surface ‘touching (Fig. 6.12b; see Section 7.7 for discussion) which results from 

twisting about the C—C bond. Since 5 is much more flexible than 6 with respect 

to this motion, in T, it may move toward the twisted geometry at a faster rate: 

Ph Ph 

Boke a al) asec 67k 69010) seo 

An example of a “loose bolt” effect!”* on internal conversion is available from 

data on the radiationless decay of alkyl benzenes.*? The fluorescence yield of 

toluene (7) is ~0.14, whereas the fluorescence yield of tert-butyl benzene (8) is 

~ 0.032. 

CH; 

( \-cu, (\-on, 
CH, 

ft 8 

ki 10° see * k~ 108 sec™! 

It was shown that the mechanism for decrease in ®, was neither intersystem crossing 

nor permanent photoreaction. It appears that the g-bonds of the tert-butyl group 

serves as a “loose bolt” to accelerate internal conversion by a factor of ~ 10(possibly 

via a mechanism related to Fig. 6.12a). 

The observation that 7 is much more strongly phosphorescent (O®““ = 1.0) than 
8 (D**" = 0.00) at 77 K is probably a manifestation of the “loose bolt” effect on 
T, > So intersystem crossing.?° 

Radiationless Transitions between ‘‘Matching’’ Surfaces 

In Figure 6.2d, a “matching” of surfaces is shown. Suppose two surfaces are not 
related by a Zero Order surface crossing at r.. Can a radiationless transition at 
r, still occur? A positive answer may be given, but with the qualification that such 
radiationless transitions are expected to be much slower than those at critical’ 
geometries corresponding to situations (a), (b), (c), and (e) in Figure 6.2. 
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From theory,”* the rate of such transitions will be related to the Franck-Condon 
factor f, = <yi|\X.>°. The value of f, in general follows an energy gap law 

fy = wexp — AE (6.17) 

ie., the rate of a radiationless transition from r, (for a “matching”) will fall ex- 
ponentially as AE increases, if f, and f, are not rate-determining. 

As an example of how the Franck-Condon factor operates to control the rate 
of spin- allowed processes corresponding to Figure 6.2d, consider internal con- 
version (f, = 1). Suppose that two excited states S, and S$, possess potential curves 
which undergo a Zero Order intersection at point F, but that the ground-state- 

potential curve is “matching” with (i.e., does not intersect) S$, and S, (Fig. 6.13). 

A transition from S, to S, can occur without an appreciable alteration of position 

<xSilyS2> > “large” 

alge “fast 

<xSolxS, p=? <0 

“ kye > “slow” 

Figure 6.13 

Representation of internal conversion between S, and S, and between S, and S,. 
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or momentum of the nuclei if the transition occurs at geometries near F. Such 

an internal conversion is expected to occur rapidly. The direct radiationless 

transition S, > S,), however, is highly improbable. 

Now consider what happens when the molecule reaches the lowest vibrational 

levels of S,. From Figure 6.13 it can be seen that if the vibrational eigenfunctions 

for xS, (a high-energy vibrational level of So) oscillates from negative to positive 

values rapidly in the region where yS, (assumed to be in the v = 0 state) is always 

positive, then the integral y$,ySo dr, will always be very small making the S, ~» So 

probability very low. This contrasts with the situation in the region of interaction 

about point F, yS,, and since yS, (assumed to be in the v = O state) are situated so 

x¥S.x4S, dr, has a considerable value. (The reader is referred to Sections 4.8, 4.12, 

and 4.13 for a review.) The S,~» S, transition is therefore more probable than 

the $,~» Sp transition, if the electronic part of the molecular wave functions for 

the two transitions are comparable. 

It has long been known that many organic compounds which possess rigid cyclic 

structures and/or long conjugated systems of z electrons tend to fluoresce strongly 

(e.g., structures 3 and 4 discussed above). We may now theoretically rationalize 

this result from the standpoint of the Franck-Condon principle for radiationless 

transitions. The Franck-Condon principle tells us that for rigid structures the 

conversions S$,~»Sp») and T,~» So will be difficult, because the restraints placed 

on the molecule tend to hold the nuclei together. In effect, the S$, states of such 

systems possess no “loose bolts,” “free rotors,” or intersystem crossing mechanisms. 

Thus, they fluoresce with high efficiency (e.g., 3 and 4). Ifa long conjugated system 

tends to have intense transitions to S,, it will also tend to have a short fluorescence 

lifetime. All other factors being equal, rigidity in general will inhibit radiationless 

processes relative to radiative processes. 

6.6 Factors that Influence the Rate 

of Vibrational Relaxation 

The advent of picosecond laser spectroscopy has allowed the direct measurement 

of vibrational relaxation processes in fluid solutions. For organic molecules?> 

values of k,,, (rate constant for vibrational relaxation) are typically ~ 10’? sec” '.. 
Why is the transfer of excess vibrational energy to the environment so rapid? 

The answer is that the environment, since it may take up the energy of nuclear 

motion of a molecule and convert it into many different degrees of vibrational 

motion, behaves like a classical heat bath. Because the number of energy levels 

of the environment is for all intents and purposes continuous, any amount of 

vibrational energy may be taken up by the environment.”° 

Is the transfer of electronic energy into excess vibrational energy always rela- 

tively slow? The answer to this is that the rate of electronic vibrational energy may 

be rapid only if it can occur via a surface crossing near the zero vibrational teyel 

of the initial state or via a photoreaction. 

This situation is shown in Figure 6.14. In the excited state, the electron motion 

and position are responsible for the excess energy of the molecule. The vibrations 
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are not excited and the local solvent molecules are “cool,” Le., their translational 
and vibrational motion is average in relation to the macroscopic temperature. 
Imagine that the electronic motion and position change (e > e) and the C—O 
vibration is excited. This corresponds to an electronic-vibrational (e > v) radiation- 
less transition (e.g., S; > So, T, >So). Where does the energy go after the iso- 
energetic electronic transition has occurred? We imagine it to be dissipated as 
follows (Fig. 6.14): The vibrationally excited nuclei collide with the solvent and 
take on translational energy. The vibrations “cool down” and the local microscopic 
temperature “heats up,” Le., the solvent molecules in the immediate vicinity of 
the formerly excited molecule have a higher translational and vibrational energy 
(v — t) than the average for the macroscopic temperature. 

It appears that in fluid solution or in rigid matrices, the take-up of energy by 
the solvent is rarely if ever rate-determining for a radiationless transition.2° One 
might ask at this point if emission of infra-red radiation is a significant path for 
transitions between the rotational and vibrational levels. Experimentally, infrared 
emission (loss of a few quanta at a time) does not compete with radiationless de- 

activation, but ultraviolet and visible emission do. This result follows theoretically 

from the relationship:*’ 

= 64n* 
k 

3h 
W|A24|? « <Hy1>? . (6.18) 

where Vv is the wave number of the photon which is emitted upon passing from state 

2 to state 1, H,, is the electric dipole matrix element for the transition, (Section 5.3), 

and k is the rate constant for spontaneous emission. 

* * H T Tr —-n H ¢ +¢ 
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. He v—t Te eS H% (translations 
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Figure 6.14 

Schematic description of energy dissipation for formaldehyde. (a) the conversion of 

electronic excitation into vibration for formaldehyde, initially localized as excitation 

(wiggly lines) between the C and O atoms, followed by (b) vibrational energy transfer 

to the CH bonds, and (c) transfer to translational motion of the solvent. 
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Since ¥ is usually 1,000 to 3,000 cm~! for infrared transitions, while v ~ 30,000 

cm! for ultraviolet transitions, the v° term places a prohibition factor of about 

10-3 or greater on the relative rate of infrared emission as compared to ultraviolet- 

visible emission. Furthermore, the dipole-moment changes involved in pure 

vibrational transitions are usually small compared to those which occur upon 

passing from one electronic state to another. This factor may apply another order 

of magnitude prohibition on the rate of infrared emission. 

In any case, the inherent rate constants for infrared emission are typically of the 

order of 10? sec”! or smaller. For example,*® an infrared emission of CO, occurs 
at ~1000 cm ! and possesses a transition dipole of ~0.1 Debyes. This results 

inak value of ~ 10? sec !. Since the rates of vibrational deactivation of molecules 

in solution?> are of the order of 10!7 sec ', we see that vibrational fluorescence 

will generally be a minor pathway for vibrational deactivation in condensed phases. 

6.7 The Evaluation of Rate Constants 

for Radiationless Processes 

from Quantitative Emission Parameters 

In general, a combination of experimental emission lifetimes t, and emission 

quantum yields ®, provides a convenient means of measuring the unimolecular 

rate constants of internal conversion and intersystem crossing. Knowledge of the 

rates of interconversions and lifetimes of excited states is of great importance in 

analyzing photochemical problems. The following scheme will help us estimate 

these rates from spectral data alone. In the absence of irreversible photochemical 

reaction and specific bimolecular quenching the following reaction steps describe 

the important paths of deactivation of a molecule which is excited to its lowest 
singlet S,. 

Step Rate 

hv +S) S, Excitation I (6.19) 

S,~» So + heat Internal conversion KiclSal (6.20) ° 

S,~» T, + heat Intersystem crossing Kee Sal (6.21) 

T,~* So + heat Intersystem crossing kAtal (6.22) 

T, >So + hv Phosphorescence sa Woe (6.23) 

5, > So.-e hv Fluorescence Kelsi] (6.24) 

The steady-state approximation in excited singlet states leads to 

[= (Ks, 5 i ke ae kJLS;] (6.25) 
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where I is the rate of absorption of light in einsteins/liter sec, and [S,] is the 
concentration of excited singlets. Similarly, for triplets we have 

k.[S,] = (ks 25 kT 1] (6.26) 

Or 

kLS1] a= 6.27 (2 +k) ay 
Under the conditions of steady-state excitation, the efficiency of a process from 

S, or T, is simply the ratio of the rates of the process of interest to the total de- 
activation rate of the state. 

From the conventional state-energy diagram we note that in general: 

OS h(ko + ke + kh) (6.28) 

O. = Kal(ke ek. + k,.) (6.29) 

=k (ko +k tk.) (6.30) 

@, = @,, x k2/(ko + k,,) | (6.31) 

@,, = Dy, X kyg/(ko + ks) (6.32) 

In other words, the fluorescence efficiency is equal to the ratio of the rate of 

fluorescence to the total rate of deactivation of the S, state. Similarly, the efficiency 

of intersystem crossing from S, to T, is equal to the ratio of the rate of intersystem 

crossing to the total rate of deactivation of S,. The phosphorescence efficiency 

depends directly not only on the ratio of the rate of phosphorescence to the total 

deactivation rate of T,, but also depends directly on ®,,, the probability that T, 

is formed from S,. 

The singlet lifetime t, is equal to the inverse of the sum of all rates that deactivate 

S, and the triplet lifetime t, is equal to the inverse of the sum of all rates that de- 

activate T’,, 1.¢., 

T, = 1/(ko +k, + k,-) experimental S, lifetime (6.33) 

t, = 1f(ke +k.) experimental T, lifetime (6.34) 

Thus with the definition of the radiative lifetimes t? = (k2)~' and 1° = (k®)} 
the expressions for quantum yields may be written as: 

®, = kr, (6.35) 

Caen (6.36) 

®,. = kt, (6.37) 

®, = 0,,k°r, (6.38) 

©,, = ®,, kt, (6.39) 
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Experimentally, values of t, and t, may be evaluated directly by measurement 

of the decay of S, and T, asa function of time. In the case of S,, the most convenient 

method to monitor [S, ] is usually by measuring the fluorescence intensity emitted 

from S,. Thus, t, is generally the same as the measured fluorescence lifetime, t, 

(not the radiative lifetime, t°). Similarly, measurement of the phosphorescence 

lifetime, t,, provides a direct measure of t,. In the case of triplet states, T, may 

be measured also by flash absorption spectroscopy or (in the solid state) by electron 

spin resonance. 
Measurement of ®,, ®,, O,, t,, and t, allow evaluation of the rate constants 

ko, k°, k,., k , and k,,. The measurement of ®,, sometimes requires special meth- 

ods.*° For certain systems such as rigid aromatic hydrocarbons internal conver- 

sion from S$, can be neglected D =1—@,, ie., every singlet which does not 

fluoresce is assumed to undergo intersystem crossing. The validity of this assump- 

tion depends on the absence of photoreactions, surface crossings or other quench- 

ing processes of S,. 

As an example’? of the calculation of radiationless rate constants, consider the 

state diagram for 1-chloronaphthalene (Fig. 6.15). At 77 K this molecule shows a 

weak (®, = 0.06) fluorescence but a strong (®, = 0.54) phosphorescence. The 

measured fluorescence and phosphorescence lifetimes are ~ 10 x 107° and 0.3 sec 

respectively.*° Notice that 40% of the absorbed photons are not accounted for by 
emission (®, + ®, = 0.60). We shall see in Section 6.9 that internal conversion 

(S, ~» So) is not likely to compete with intersystem crossing (S, ~» T,) for naph- 

thalene. As a result, ®,, = 1 — 0.06 = 0.94. Since ®,, = 0.94 but ®, is only 0.54 we 

deduce that ®,, = ®,, — ®, = 0.40. 

Sy, eS) 

6% 

6 -] T, (17,7") 59 kcal/mole 
6 x 1O sec 

(calculated) 

Figure 6.15 

Energy diagram for 1-chloronaphthalene at 77 K, at 25 C° k, ~ 10* sec *. 
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From these data and use of Eqs. 6.37 and 6.39 we find: 

Ket Oe /ro—=10:94/10 = 9.4 10" sec (6.40) 

and, 

k,, = D,,/®,,t, = 0.40/(0.94)(0.3) = 1.4 sec™} (6.41) 

If k,. is at least ten times smaller than the major rate determining deactivation 

pathway of S, (ie., k,,) we may estimate an upper limit to k,. as: 

kaecOlke or k= ON (6.42) 

The inherent or radiative rate constants for emission k? and k® may be calculated 

from Eqs. 6.35 and 6.38, ie., 

ke = ©_/c, = 0.06/10 * = 6 x 10° sec + (6.43) 

k® = @,/®,.1, = 0.54/(0.94)(0.3) = 1.9 sec! (6.44) 

As a second example, consider benzophenone (Fig. 6.16). This molecule is 

essentially nonfluorescent (®, < 10~*) and possesses a very short singlet lifetime 

(tj ~ 10-1! sec). At 77K, benzophenone*! shows a strong phosphorescence 

¢ S-co¥ @ 77K 

Satan aes) 

100 kcal/mole 

Slt 0) TE ae ae) 

74 kcal/mole 

Te (ny) 
69 kcal/mole 

10" 

10 secs 10° sec”! (calc) 
1.8 x 107 sec ! 

So 

Figure 6.16 

State diagram for benzophenone at 77 K. 
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(®, = 0.90) with a lifetime of 6 x 10~° sec. Since 90% of the photons absorbed by 

benzophenone are accounted for by phosphorescence, a maximum of 10% of the 

S, molecules can be undergoing S, > So internal conversion. In fact, it appears 

that nearly every molecule in S, undergoes intersystem crossing to T,. In other 

words, 

k., = ®,,/t, = 10** sec~* (6.45) 

This remarkably fast intersystem crossing rate is typical of certain carbonyl 

compounds possessing S,(n, z*) states with a close lying T(z, 2*) state. 

The value of k,, and k, for benzophenone are given by: 

kn = OV/Oo7- = be 10sec * - (6.46) 

k= O/O-r = 5% 107 seo * (6.47) 

If ®, is too weak to measure accurately, k, may be determined indirectly, 1.e., by 

application of the equation relating é,,, to t, (Eq. 5.23). The value of t, = 10° sec 

is obtained in this manner. 
Empirically, the unimolecular rate constant for a radiationless transition k,, may 

be considered to be composed of temperature-independent and temperature- 

dependent components, Le. 

ko, = k®,(T independent) + k,,(7T dependent) (6.48) 

The temperature-independent part of k,, may be viewed as due to radiationless 

transitions that occur during the zero point motion of the molecule. Such transi- 

tions occur even at temperatures approaching 0 K! The temperature dependent 

part of k,, may be viewed as due to radiationless transitions that require an activa- 

tion energy. Such transitions usually obey an Arrhenius relationship (See Section 

6.9 for examples). 

6.8 Internal Conversion (S, > S,,S,- S,) 

The three most important classes of internal conversion commonly encountered 

for organic molecules are: 

1. Radiationless transition from an upper excited singlet state to the lowest 

excited singlet state, S, + S, (rate constant = kSS); 

2. Radiationless transition from an upper excited triplet state to the lowest lying 

triplet state, T,, + T, (rate constant = kZ’); 

3. Radiationless transitions from the lowest energy singlet state to the ground 

singlet state, S, > S, (rate constant = k,,). 
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The Relationship of Internal Conversion to Molecular Structure 

Let us consider some experimental information concerning internal conversion 
in aromatic hydrocarbons. We begin with data taken at 77 K ina rigid glass matrix. 
Under these conditions photoreactions may generally be avoided and fluorescence 
and phosphorescence are readily observed. Table 6.2 summarizes some pertinent 
data. The following generalizations have been noted for rigid aromatic hydro- 
carbons and serve as a basis for discussion:>7 

1. Fluorescence occurs from S$, to Sy; phosphorescence occurs from T, to So; 
S, and T,, emissions are rare (Kasha’s rule). 

2. The quantum yield of fluorescence and the quantum yield of phosphorescence 
are independent of initial excitation energy (Vavilov’s rule). 

3. The sum of ®, + ®,, = 1 (Ermolev’s rule). 

These data are consistent with very rapid internal conversion from S$, > S, and 

T,, > T,, and with a much slower internal conversion from S$, > Sp that cannot 

compete with fluorescence and intersystem crossing. Let us now see how such a 

conclusion may be deduced from experimental data. The lack of measurable 

fluorescence from S,(n > 1) means that emission yields from these states are less 

Table 6.2 Quantum Yields for Fluorescence and Intersystem Crossing of 
Organic Molecules* 

Molecule (Configuration of S,) ®, ®., [-(O +0? Es 

Benzene (7, 1*) 0.05 O25 0.70 110 

1,4-Dimethylbenzene (z, 2*)° OBS 0.65 <0.05 100 
Naphthalene (z, 2*) 0.20 0.80 <0.05 92 

Anthracene (z, 2*) 0.70 0.30 <0.05 76 

Tetracene (x, 2*) Ons 0.65 0.20 60 
Pentacene (z, 2*) 0.10 0.15 0.75 50 
Azulene (z, 2*) 0.000 - Low 50 

Acetone (n, 7*) 0.001 ~ 1.0 0.05 85 

Biacetyl (n, 2*) 0.002 ~ 1.0 0.05 65 

Benzophenone (n, 2*) 0.000 ~ 1.0 0.05 75 

5-Methyl-2-heptanone (n, 1*)° 0.000 0.10 0.90 85 
Cyclobutanone (n, 2*)' 0.000 0.00 1.0 80 
1,3-Pentadiene (n, 2*)® 0.000 0.00 1.0 100 

“ Except where noted, data for molecules in fluid solution at room temperature from Wilkinson, F., Organic Molecular 

Photophysics, ed. Birks, J. B.. New York: Wiley, 1975, p. 95. : 

> A lower limit of 5°, is placed on the experimental uncertainty of measurements of ®. This quantity sets an upper 

limit to Dic. 
© Singlet energy (0,0 energy) in kcal/mole. 

4 Carroll, F. A., and Quinta, F. H., J. Am. Chem. Soc., 98, 1 (1976). 

© Yang, N. C., and Elliott, S. P., J. Am. Chem. Soc., 9/, 7550 (1969). Reaction (® ~ 0.05) occurs in S,. See Chapters 

8 and 10 ; : 

‘ Morton. D. R., and Turro, N. J., Adv. Photochem., 9, 197 (1074). A cleavage reaction occurs with an efficiency of ~0.3 

from S,. 

SNniasi R.. J. Am. Chem. Soc., 84, 4141 (1962). In Chapters 11 and 12, it will be shown that ®,; ~ 0 in general for 

simple ethylenes and polyenes. An isomerization reaction of efficiency ~ 0.1 occurs from S,. 
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than 10+. From the value of the extinction coefficient Sy > S,, we may estimate 

the radiative rate constant for S, > Sy. Knowledge of this rate and a limit on ®, 

allow us to calculate a limit for the radiationless rate S, — S,. 

Consider anthracene as an example. The Sy > S3 absorption maximizes at 

39,700 cm~ ! (252 nm) with ¢,,,, ~ 2 x 10°. From Eq. 5.23: 

komen x 10" (6.49) 

Since 

OS ke 0) = (6.50) 

ke U0 eer x NO sec (6.51) 

In other words, S, deactivates with a rate constant of the order of that for 

vibrational motion. Since emission from S, is observed when S, of anthracene is 

excited, we must conclude that k,.(S3 > S,) ~ 10'* sec” ?. It appears that for most 
organic molecules k,(S, —>5,) falls in the range 10'1-10!* sec” '. Evidently, 
electronic relaxation by internal conversion from upper levels is rate-limited by 

only nuclear motion. This in turn suggests that Zero Order crossings are common 

for S,(n > 1) states and that critical geometries may be readily achieved during 

vibrational motion of S, in its v = 0 level. 

Because many molecules fluoresce from S,, the S,; > S9 internal conversion 

must, at best, be competitive only with other modes of decay from S,. In Table 6.2 

we noted that ®, + ®, ~ | for many aromatic hydrocarbons. As a result, the 

internal conversion S, > Sy) cannot occur to more than a few percent (the experi- 

mental error of measuring ®) for these compounds. 

For example,** since the singlet decay of pyrene is ~10° sec’! and since 
®, + ®, ~ 1.00, we must conclude that k,.(S; > So) < 10° sec” !. A factor of ~ 10° 
separates the typical rate of a S, > S, internal conversion from a typical S, > So 

internal conversion. 

Relatively little data exists on the rates of T,, > T, internal conversions. The 

reason for this lack of data may be technical rather than theoretical in nature. One 

would expect that T, > T, fluorescence should occur with a range of efficiencies, 

as does S, — So fluorescence. However, T, > T, energy gaps generally are on 

the order of 30 kcal/mole or smaller. This means that T, > T, fluorescence, even - 

if it occurs efficiently, would appear at wavelengths greater than ~800 nm. 

Experimentally, however, equipment capable of measuring light at these wave- 

lengths with high sensitivity 1s not available. 

In favorable cases, however, T, > T, fluorescence has been observed. For 

example,** 9,10-dibromoanthrocene displays a weak (®, ~ 10~°) T, > T, fluores- 

cence. From the extinction coefficient for T, > T absorption, k,(T,— T,) can be 

derived and it is found that k, ~ 10° sec” '. From the value of ®, and Eq. 6.27 we 

deduce that k,(T, > T,) ~ 10"! sec’ ', a very reasonable value considering the 
rather large energy gap between the interconverting states. Indirect evidence also ° 

supports a value of k,.of ~ 10"! sec” ' for 9,10-dibromoanthracene.** 
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The Energy Gap Law for Internal Conversion (S, —> S,) 

In the absence of a Zero Order surface crossing between S, and S, a S, > So 
internal conversion must occur via a “Franck-Condon forbidden” mechanism, 
L.e., the nuclei in one state must undergo a rather drastic change in position and 
momentum as a result of the transition, since the net overlap of vibrational wave- 
functions in both states is small.**°° For such situations the S, > S, internal 
conversion is often rate limited by the Franck-Condon factor, <y|y>? = f,. If we 
take 10’? sec” ' as an order-of-magnitude estimate of the maximum rate of internal 
conversion, then from Eq. 6.5 

e107, (6.52) 

It is possible to calculate or estimate f, from spectral data.*® Both theoretical 

and experimental evidence demonstrate that f, is a very sensitive function of the 

energy gap, AE, between the zero point vibrational levels of the states undergoing 

internal conversion.*° From Eq. 6.17 and Eq. 6.52: 

k,.~ 10*%exp — «AE (6.53) 

where «@ is a proportionality constant. The energy gap law can be attributed to the 

changes in the Franck-Condon overlaps of the nuclear wavefunctions, which 

become increasingly unfavorable with increasing energy separation. 

Experimentally, S, +S, internal conversion is usually negligible relative to 

fluorescence or intersystem crossing for nonphotoreactive relatively rigid molecules 

if AE(S, > So) is larger than ~ 50 kcal/mole. For example, at AE ~ 100 kcal/mole, 

f, ~ 1078, so that k,, ~ 10° sec” !. Even for AE ~ 50-60 kcal/mole, f, ~ 10° ° so 
that k,. ~ 10% sec” *. Since the slowest rates of S, > So fluorescence are generally 

>10° sec” !, and since the slowest rates of S,; + 7, intersystem crossing are 

generally >10° sec’, we see that internal conversion is unlikely to compete 

favorably with fluorescence or intersystem crossing if AE(S, — So) is >50 kcal/ 

mole. Thus we have a theoretical rationale for Ermolev’s Rule that:*’ 

®©,+ 0, =1 or more properly 1—(®, + ®,) ~ ®, (6.54) 

We anticipate a breakdown of Ermolev’s rule (a) if S; and Sy undergo a surface 

crossing at a nuclear geometry accessible to the molecule as it executes low-energy 

vibrations, (b) if S$, undergoes a photochemical deactivation, and (c) when AE 

becomes less than ~ 50-60 kcal/mole. 

For example, tetracene and pentacene (Table 6.2) possess relatively low singlet 

energies (~ 60 and ~50 kcal/mole, respectively) and undergo significant internal 

conversion from S, (®,, = 0.20 and 0.75, respectively). The large value of ®, for 

benzene (0.80) is probably due to a reversible photoreaction or a surface crossing 

of the S, and Sy surfaces. In the case of the last three entries of Table 6.2 (5-methyl- 

2-heptanone, cyclobutanone, and 1,3-pentadiene) reversible photochemical reac- 

tion from S, probably accounts for a significant fraction of ®,.. 
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The Deuterium Isotope Test for Internal Conversion 

An “isotope test” for the origin of the energy gap law of Eq. 6.51 is available. 

The Franck-Condon factors are generally greatest for high frequency vibra- 

tions.**>> This is because the higher the energy of a vibration the fewer the number 
of quanta required to match an electronic gap with vibrational energy. The 

highest frequency vibrations in organic molecules (Table 6.1) often correspond to 

C-H stretching motions (~ 3000 cm '). We thus expect that electronic-vibrational 

energy transfer will be fastest for “leakage” through C-H vibrations. If C-H 

vibrations are replaced by lower energy C-D vibrations (~ 2200 cm ') the rate of 

electronic to vibrational energy transfer should be slowed down substantially. 

Thus, we predict that if S; > So occurs via an electronic-vibronic mechanism, the 

lifetime of S,(t,) will be increased by the substitution of C-D for C-H, because k,. 

will decrease (Eq. 6.33). Thus, we have an isotope test for internal conversion. 

Experimentally, the replacement of C-H bonds by C-D bonds in aromatic 

hydrocarbons*® generally does not change the singlet state lifetime or the fluo- 

rescence yield. For example,*** at 77 K both pyrene-h,, and pyrene-d,, possess 

a fluorescence yield of 0.90, and singlet lifetimes (t,) of 450 ns. Since t, = (ky + kg, + 

k.)' and since t,(pyrene-h, 9) = t,(pyrene-d,9), we may conclude k, + k,, > k,, 

because a large decrease in k,. is expected upon going from the h,, to dy; g com- 

pound. The important point to be made here is that since there is no significant 

deuterium isotope effect on t, or ®,, internal conversion (S, > S,) cannot contri- 

bute significantly to the decay of S,. In Section 6.10 we shall see that a large 

deuterium effect does operate on T, — So intersystem crossing. 

In contrast to the small influence of the substitution of D for H on 1, and ®, 

for aromatic hydrocarbons, this substitution may cause a significant enhancement 

for ketones and aldehydes. The effect of deuteration on ®, is most dramatic for 

aldehydes, especially in the vapor phase.*° 
For example,*” the fluorescence quantum yield of formaldehyde increases by a 

factor of ~ 20 upon going from H,C—O to D,C—O. 

HH e€—O Dp C—O Low pressure vapor phase 

®, ~ 0.4 
ie ~ 0.08 jus 

Evidently, the substitution of D for H greatly decreases the magnitude of k,, or’ 

k,.. Itis not yet clear whether a spin-orbit or Franck-Condon inhibition is involved. 

The effect of deuteration on acetone*® is less striking (t, acetone-hg is 1.7 ns, 

acetone-d, 1s 2.3 ns) it is nonetheless significant. In this case it appears that inter- 

system crossing may be specifically slowed down by deuteration, possibly because 

of a decrease of f, upon deuteration. 

Examples of Unusually Slow S, — S, Internal Conversion 

Azulene*! and its derivatives provide a striking exception to the general rule that: 

S,— S, internal conversion completely dominates fluorescence (in condensed 
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phases). For azulene (9), ®, is ~ 0.03 (see Section 5.14). The rate of internal con- 
version (S, > S,) is exceptionally slow (k,.~ 7 x 108 sec”') for 9. This fact is 
consistent with the exceptionally large energy gap of ~ 40 kcal/mole between the 
0,0 levels of S, and S, of azulene (Eq. 6.51), ie., the S, > S, internal conversion 

possesses a poor Franck-Condon factor (Eq. 6.50). 

In the vapor phase at low pressures, such that collisions are rare, internal 

conversion may be exceptionally slow. For small molecules possessing few internal 

vibrations, the Franck-Condon factors may be very unfavorable. For example,*” 
®, ~ 1.0 from S, of the thiophosgene (10) at low pressure. The internal conversion 

rate constant k,.(S, > S,) is calculated to be < 10’ sec’ ?. 

CEG=s 

9 (azulene, solution) 10 (thiophosgene, vapor) 

O(S, =) So) oa 0.03 OM (S> rane So) i 1.0 

Re(S nati; ~ bex 10% sec. * etSaras Sy) lO Seco e 

Azulene is also remarkable for its exceptionally rapid rate of S$, > Sp internal 

conversion (Table 6.2). Direct measurements** indicate that k,.(S,;— So) is 
~10'* sec” !. Such a large rate constant is consistent with a small value of E,, 
and/or a surface crossing of the S$, and So surfaces near the v = 0 level of S,. 

6.9 tersystem Crossing from S, to 7, 

Table 6.3 gives some examples of the “spread” of measured values of k,,, the rate 

constant for intersystem crossing from S, to T,. First it should be noted that the 

smallest values of k,.(~ 10° sec ') occur for aromatic hydrocarbons, and the 

largest values (~ 10!°-10'! sec” ') occur for molecules containing “heavy atoms”, 

such as bromonaphthalene, or possessing S,(n, m*) states such as benzophenone. 

However, it is clear that other factors in addition to the “heavy atom” or “n, 1*” 

effects must also influence the value of k,,. These factors are: 

1. The energy gap, AE,,, between S, and the state to which intersystem crossing 

actually occurs (i.e., 7; or some upper triplet, T,), 

2. The electronic configurations of the states undergoing intersystem crossing. 

The S$, > T, transition may occur via (a) direct spin-orbit coupling of S, to 

the upper vibrational levels of T,, or (b) via spin-orbit coupling of S, to an upper 

T,, state followed by rapid T,, > T, internal conversion. 

For case 1 we expect the measured value of k,, to depend on the energy gap 

between S, and T,, whereas for case 2 the energy gap between S, and T, should 
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not be significant. In addition to the singlet-triplet energy gap we expect that 

nuclear motion in the S, state is required to allow the molecule to explore different 

shapes as it searches for an effective spin-orbit coupling mechanism. 

The Relationship of S, > 7 Intersystem Crossing 

to Molecular Structure 

An important empirical observation (Table 6.3) is that nearly all measured values 

of k,, for aromatic hydrocarbons fall in the range ~ 10°-10° sec” ’. This range is 
comparable to that of fluorescence, i.e., k° from aromatic hydrocarbons, ~ 10°- 

10° sec. As a result, most aromatic hydrocarbons exhibit a measurable amount of 

fluorescence, and undergo significant intersystem crossing if k® is not maximal. 

To exemplify how these factors operate, let us compare the values of k,, for the 

aromatic hydrocarbons anthracene** and pyrene.*° In each case, an S,(, 2*) > 
T,,(7, =*) process occurs. However, a variation factor of ~ 100 is noted in the rate 

of k,. The possibilities for this variation are: (a) differing degrees of electronic 
coupling between S, and the triplet state to which crossing occurs, (b) differing 

energy gaps between S, and the triplet state to which crossing occurs, and 

(c) differing degrees of spin-orbit coupling between S, and the triplet state to 

which crossing occurs. The variation may be qualitatively explained on the basis 

Table 6.3 Representative Values of Intersystem Crossing Rates (S,—7,), 
Singlet-Triplet Energy Gaps.° 

Molecule k,.(sec™ *)* AE, (kcal/mole)* 

Naphthalene 10° 30 S, (x, n*) > T(x, 2*) 
Anthracene 108 D3 S,(x, n*) > T(x, 2*) 
Pyrene 10° 30 S,(x, x*) > T,(z, 2*) 
Triphenylene 5x 10’ 20 S,(x, x*) > T(x, 2*) 
1-Bromonaphthalene 10° 30 S,(1, n*) > T,(x, 2*) 

9-Acetoanthracene? ~10'° ~5 S,(x, x*) > T,(n, 2*) 
Perylene <108 ~ 30 S,(x, n*) > T,(z, 2*) 
3-Bromoperylene® <108 30 S,(x, n*) > T,(x, 2*) 
Acetone? 5108 5 S,(n, 2*) > T,(n, 2*) 
Benzophenone® 1On% 5 S,(n, n*) > T(x, 1*) 
Benzil S08 5 S,(n, x*) > T,(n, 2*) 
Biacetyl i alOn 5 S,(n, x*) + T,(n, 2*) 
9,10-Dibromoanthracene! ~ 108 30 S, (2, 2*) > T(x, 2*) 

5 S,(n, 2*) > T,(x, 2*) 

[ 2.2.2 ]-diaza-bicyclooctane® ~10° 25 S,(n, x*) > T,(n, 2*) 

* Unless specified, data from Birks, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970; or Wilkinson, 

F., Organic Molecular Photophysics, vol. 2, ed. Birks, J. B.. New York: Wiley, 1975, p. 95. The values AEs; (kcal/mole) 
refer to the energy gaps between S, and the triplet to which intersystem crossing occurs. 
> Reference 42. 
© Reference 36b. 

4 Reference 32a. 
© Reference 12b. 

' Reference 37. 
® Reference 40. 
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of (c) alone. In the case of pyrene*? it appears that S, crosses directly to an excited 
vibrational level of T,. The energy gap AE,, ~ 30 kcal/mole. In the case of an- 
thracene and substituted anthracenes,*° $, may cross to T,, which is nearly 
isoenergetic*? with S,. Thus, in anthracene a small energy gap and consequently 
a favorable Franck-Con ctor exists for intersystem crossing. 

According to theory,*’ mixing of z, o* and a, n* triplet states with S,(z, 2*) is 

required to imbue S, with “triplet character.” This mixing must be vibronically 

induced so that mixing is relatively ineffective for molecules possessing a rigid 

structure in S,. 

With res a similar situation appears to hol 

k,, and the energy gap when S,(n, 2*) > T,(n, 2 ns are involved. Thus, 

both acetone (k,, = =.) and biacetyl (ke =1 «10% sec ++)*? involve 
“forbidden” spin-orbit mechanisms but enjoy a small (~ 6 kcal/mole) AE,, and 

(presumably) a favorable Franck-Condon factor. The net result is typically that 

k,. > k, and as a result OD, ~ 1 for compounds possessing S,(n, 2*) states (Table 

6.3). However, cyclic azoalkanes°° which possess a large energy gap between S, 

and T, (AE,, ~ 25 kcal/mole) encounter a poorer Franck Condon factor and k,, 

is thereby considerably slower. As a result, some cyclic azoalkanes exhibit a very 

high ®, because of a very small value of kg,. 

The largest values of k,, for organic molecules not possessing “heavy atoms” 

are found for systems undergoing n, 7* > 7, n* transitions with small energy gaps, 

e.g., benzophenone!**! (k,, = 101! sec” ', 'n, x* > °x, 2*) and 9-benzoyl anthra- 
Gene (k= 10" seen an ann): 

The magnitudes of k,, for alkyl ketones is sensitive to molecular structure. For 

acetone*® k, ~ 5 x 108 sec” !, whereas for di-tert-butyl ketone** k,, ~ 10° sec” * 
and for perfluoracetone*® k, ~ 10’ sec’ ’. This variation suggests a decreasing 

amount of spin-orbit coupling or decreasing Franck-Condon factor as one 

proceeds from acetone to tert-butyl ketone to perfluoroacetone. The observation 

of a deuterium isotope effect*® on k, and the rather large influence of substitution 

of fluorine are consistent with reduced Franck-Condon factors. The effect of 

“heavy atoms” on S, > T intersystem crossing is discussed in Section 6.11. 

Temperature Dependence of S, > 7 Intersystem Crossing 

The fluorescence yield ®, and singlet lifetimes 1, of organic molecules are some- 

times found to vary with temperature. Since k? is generally temperature inde- 

pendent,*? some radiationless process from S, is temperature dependent. Indeed, 

photoreactions from S,; commonly have small energy barriers and therefore will 

possess temperature dependent rate constants. Intersystem crossing (S, > T) or 

internal conversion (S, > So) may be temperature dependent if upper vibrational 

levels of S, possess a different mechanism for radiationless transition than the 

v = 0 level. 

For example, the rate constant for intersystem crossing can be expressed as 

OB — k° + A exp — E/RT (6.55) 
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Experimentally, kO®, the observed rate constant, is sometimes found to be essen- 

tially temperature independent below a certain temperature and to follow Eq. 6.55 

above that temperature. A common mechanism for this temperature dependence 

is thermally activated $, > T,,(n # 1) intersystem crossing. 

The rate of intersystem crossing in certain anthracene derivatives is temperature 

dependent.*® This observation has been explained in terms of a temperature 

dependent rate of intersystem crossing from S, to T,. For example, the value of 

k,, for 9,10-dibromoanthracene may be expressed as k,, ~ 10'* exp — E,/RT 

where E, ~ 4.5 kcal/mole. A large energy gap between S, and T, serves to slow 

down the direct $,  T, intersystem crossing because of an unfavorable Franck- 

Condon factor. That T, is populated, rather than an upper vibration level of T,, 

is supported by triplet-triplet absorption measurements, which demonstrate that 

T, lies about 4—5 kcal/mole above S,. Since the value of E, is ~4.5 kcal/mole, 

it is logical to suppose that an activated S$, > T, process is involved in the tem- 

perature dependent intersystem crossing of 9,10-dibromoanthracene. 

It is interesting to note that ®, and t, are usually not very temperature dependent 

below ~100 K. For example,°* ®, of naphthalene is ~ 0.3 at 77 K and at 4 K. 

This implies that k,(S, > T) is temperature independent in the range 4 K to 77 K. 

This result suggests, that the energy term in Eq. 6.55 becomes small relative to 

k° at temperatures below 100 K. 

Intersystem Crossing to Individual Triplet Sublevels 

(S72 1 =) 

An interesting detail of intersystem crossing is the requirement that an individual 

molecule undergoing a S, > T process does so by selecting one of the three 

magnetic sublevels (T,, T,, T,, Section 2.8)°° of the triplet state. Likewise, for an 
individual molecule T, — So intersystem crossing (Section 6.10) occurs specifically 

from-an individual magnetic sublevel. Radiationless processes (as was the case for 

radiative processes, Section 5.9) involving different sublevels will possess different 

rate constants for each sublevel. For example, it can be shown that the T, level of 

aromatic compounds is predominantly populated by S,(n, x*) > T intersystem 

crossing. The T, level is symmetry-related** to the 7, z* state. Thus, the observa- 

tion that T, is dominantly populated by intersystem crossing from S,(n, 2*) . 

indicates that a matrix element of the type <'n, 2*|H,,|°x, 2*> provides the 
spin-orbit mechanism for the S$, > T process. 

so 

6.10 Intersystem Crossing (7, > S,) 

Of the three important radiationless processes, S$; > So, S; + T,, and T, > So, 

only in the latter case noelectronic states lie between T, and So. Thus, phosphores- ' 
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scence and intersystem crossing are directly relatable to a common electronic 
T, — So transition. 

The Relationship between 7, — S, Intersystem Crossing 

and Molecular Structure 

As in the case of S;  S, internal conversion, we expect an energy gap law (Eq. 6.17) 

and isotope effect if T,->S 9 occurs via an electronic-vibrational (matching) 

mechanism. In addition, spin-orbit coupling may be important. It is not a priori 

obvious whether Franck-Condon factors (f,) or spin-orbit factors (f,) will deter- 

mine the ultimate k.,, value. 

For aromatic hydrocarbons, a clearcut relationship between k,, and E(T) is 

found.*° As for the $; > Sg process, we expect the high-energy C-H vibrations 

to serve as the major “acceptor” vibrations for leakage of electronic into vibrational 

energy.* Indeed, a plot of log k,, versus E(T,) (corrected for the number of C-H 

vibrations) is linear.*° This result provides strong evidence that the electronic 

energy of T, “leaks out” via C-H vibrations for rigid aromatic hydrocarbons. 

Factors other than Franck-Condon factors can influence the value of k,, 

(Table 6.4). For example, increased spin-orbit coupling due to the heavy atom 

effect or the occurrence of an °n, x* — S, transition will enhance the value of k... 

Thus, for naphthalene, k,,~ 0.4 sec’ ', while for 1-bromonaphthalene k,, ~ 

100 sec‘. Ketones possessing T,(n, x*) undergo the fastest T, > So crossings 

which have yet been measured (k,, ~ 10° sec” '). 

Deuterium Isotope Effects on 7, — S, Intersystem Crossing 

Dramatic deuterium isotope effects are found for radiationless T, — So transi- 

tions,2*3> results which contrast sharply with those for S,— T, transitions. 

Presumably, the difference lies in the much smaller energy gap required for 

Table 6.4 Some Representative Values of Triplet Energies, 

Phosphorescence Radiative Rates, Intersystem Crossing Rates (7, > S,); 

and Phosphorescence Yields* 

Molecule? E. kp ke ®, 

Benzene-h, 85 ~ 0.03 0.03 0.20 

Benzene-d, 85 ~ 0.03 <0.001 ~ 0.80 

Naphthalene-hg 60 ~ 0.03 0.4 0.05 

Naphthalene-dg 60 ~ 0.03 <0.01 ~ 0.80 

(Gli), =© 78 ~ 50 1.8 x 10° 0.043 

(G5). 6 —O 78 ~ 50 0.6 x 10° 0.10 

4 Tn organic solvents at 77 K. Ey in kcal/mole, k in sec” 7 

> Data for benzene and naphthalene from reference 24. Data for acetone from Borkman, R. F., Molec. Photochem., 

4, 453 (1972). 
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S, ~ T, transitions and the greater probability of surface crossings between S, 

and T,. For example, (Table 6.4) the lifetimes of naphthalene triplets increase from 

~2 seconds to ~20 sec upon substitution of C-H for C-D and the lifetime of 

acetone triplets increase from 0.56 ms to 1.7 ms upon substitution of C-H for C-D. 

The radiative lifetime of the deuterated hydrocarbons nearly equals the maxi- 

mum radiative lifetime—i.e., in the deuterated materials nearly every triplet emits, 

whereas only a small fraction of the perprotio-benzene triplets emit.°° This 

striking result derives from Franck-Condon factors, in other words, f, is much 

smaller for C-D vibrations than for C-H vibrations. However, f, for C-D vi- 

brations is ~ 20-30 times smaller than f, for C-H vibrations.8” For example, 
the triplet states of both perprotio- and perdeuterobenzene lie at 85 kcal/mole 

above So. This corresponds to about ten vibrational quanta for C-H vibrations. 

The lower amplitude of the C-D vibrations requires a larger number of vibrational 

quanta to equal 85 kcal/mole. Therefore, the vibrational level of Sy that is reached 

when the deuterated material converts from T, to Sy) possesses a large vibrational 

amplitude and intersystem crossing from T, to So 1s inhibited. 

In the vapor phase, for small molecules, the effect of deuterium substitution on 

triplet lifetimes may be dramatic. For example,*°’ H,C—O possesses t, < 0.4 x 

107 “sec: whereastor D> C—-Olm ~ 87 <107 “sec, 

Temperature Effects on 7, — S, Intersystem Crossing 

The magnitude of k,, is expected to be relatively temperature independent if 

T, > So intersystem crossing occurs via a unimolecular photophysical mecha- 

nism. In fact, the phosphorescence lifetimes of aromatic hydrocarbons and 

aromatic ketones are very similar at temperatures from 4 K to 300 K (room 

temperature), if bimolecular quenching mechanisms or photoreactions do not 

occur.°’ For example, the phosphorescence lifetime of naphthalene (11) in solid 

matrices is mainly determined by intersystem crossing T, — So. Since t, varies**">’ 
by less than a factor of 2 upon going from 4 K to 300 K, k,, is clearly undergoing 

at most small changes as a function of temperature. In fluid solution,*>® however, 

the lifetime of naphthalene triplets is determined mainly by bimolecular quenching 

and t, is generally <1 ms. For benzophenone (12), t, is mainly determined by 

phosphorescence from T,(Mp ~ 0.9) at 77 K. At 300 K in an inert, nonquenching 

solvent,°’ phosphorescence is still the major pathway for T, deactivation. 

11 12 

T, T, 

4K 2.4 sec. — 

77K 2.4 Sec. 1.0 

300 K 53) SIO. 0.7 
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intersystem Crossing from Individual Spin Levels 

Celis Ta Ss) 

In Chapter 5 we learned that under appropriate conditions three phosphorescences 

are observed, one from each of the triplet magnetic sublevels T,, Ty and 2, 

Similarly, intersystem crossing to S, from each of these levels occurs at a different 

rate. At temperatures near 4 K, the thermal equilibrium is siow relative to k,, 

and the individual contributions to phosphorescence of the sublevels may be 

evaluated.°° 

6.11 Perturbation of Spin-Forbidden 

Radiationless Transitions 

The “heavy atom effect” is a term which has been coined to describe the influence 

of “heavy atom” substitution on spin-forbidden transitions.'? For example, the 

substitution of Br for H usually enhances the probability of radiationless processes 

such as S, > T, and T, — So intersystem crossings. It is usually assumed that 

the dominant influence of the heavy atom is to enhance spin-orbit coupling. In 

order to understand how the heavy atom effect measurably influences properties, 

let us assume that it influences all spin-forbidden transitions (intersystem crossings, 

S,—>T,, T, ~S, and phosphorescence T, > So) but does not influence spin- 

allowed transitions (internal conversion S, > Sg and fluorescence S, — So). In 

this approximation the rate constants k,,, k,,, and k, should be increased by the 

heavy atom effect but k, and k,. should not. 

From Eqs. 6.31-6.37, we predict that the heavy atom effect will generally: 

1. Decrease ®, (when k,, is comparable to k, compared to the “light atom” 

analogue) 

2. Increase ®,, (when k,, is comparable to k, compared to the “light atom” 

analogue) 

However, ®, and ®,, may either increase or decrease with heavy atom substitution, 

depending on whether it is k, or k,, which is influenced to the greater extent. 

From this analysis we deduce that heavy atom effects will not be universal. They 

will occur only when the heavy atom increases k,, (k, or k,,) to a value which alters 

Toner) 

Empirically, the maximum heavy atom effect that can be induced on k,, by 

bromine atom substitution corresponds to a rate of the order of 10° =10° See=*. 

As aresult, ifk, or k, are of the order of 10° sec ', a bromine atom may not produce 

a significant effect on the fluorescence lifetime or yield. In practice, this means that 

heavy atom effects on S, > T intersystem crossing tend to be minimal for states 

which already possess substantial spin-orbit coupling (n, m* states) or very fast 

fluorescence rates. 
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Internal Perturbation of Intersystem Crossing 

As an example of the heavy atom effect on k®, k,,, and k? consider the data in 

Table 6.5. The effect is most pronounced when the parent structure possesses 

inherently weak intersystem crossing and a slow rate of fluorescence deactivation. 

A classical example is given by naphthalene and its halo derivatives. Both k? and 

k,, are ~ 10° sec! for naphthalene. Substitution of F for H has relatively little 
effect on the emission efficiencies or rate constants of fluoro-naphthalene relative 

to naphthalene. However, substitution of Cl, then Br, then I leads to an ever- 

increasing decrease in ®,, and an accompanying increase in k,, and k?. The effect 

on ®, is not readily predictable (both k? and k,, are influenced by the heavy atom). 

As a final example, perylene*® possesses a very fast and efficient fluorescence 
(D, ~ 0.98, k° ~ 10° sec '). If the heavy atom effect were the same for naphthalene 
and for perylene, then substitution of Br for H would increase k, to ~ 10° sec” '. 
The lack of a heavy atom effect on k°® when going from perylene to bromoperylene 

can be understood in terms ofa very fast inherent fluorescence. 

In the case of anthracence > 9-bromoanthracence, a dramatic decrease in ¢, 

and k, is noted. However, substitution of a second bromine atom (9-bromo- 
anthracence > 9,10-dibromoanthracene) results in an increase in ®, and decrease 

in k,.. This “inverse” heavy atom effect is explained in terms of the influence of 

halogen substitution on the position of T. In anthracence k, occurs viaa S$, > T,# 

mechanism but in 9-bromoanthracene T, is lowered in energy so that it falls 

below S,. Thus, a S$; > T, mechanism for intersystem crossing becomes available. 

Thus, $, > T,* or an activated S,— T, intersystem crossing occurs. The net 

effect is to decrease k, relative to 9-bromoanthracene, although it is still large 
relative to anthracene. 

9,10-Dibromoanthracene offers an interesting example of how the energetic 

relationship of S$, and T,, affects the value of k,.*° In spite of the presence of two 

bromine atoms, 9,10-dibromoanthracene (DBA) possesses a modest fluorescence 

yield (@, ~ 0.05). This implies that the “heavy atom” effect does not dominate 

and bring about very rapid intersystem crossing. Furthermore, the fluorescence 

yield of DBA is found to be extremely solvent-dependent. This peculiar behavior 

is understandable when it is realized that T, lies about 5 kcal/mole above S, for 

DBA. The energetic spacing of S,; and T, requires that DBA either (a) undergoes 

Table 6.5 The Internal Heavy Atom Effect on Transitions between States* 

‘ 0 5 0 ; Molecule k, ke k. he D ~, 

Naphthalene 10° 10° fon Oy 0.55 0.05 
1-Fluoronaphthalene 10° 10° 10s MO = 0.84 0.06 
1-Chloronaphthalene 10° 108 10 10 0.06 0.54 
1-Bromonaphthalene 10° 10° 50 50 0.002 0.55 
1-Endonaphthalene 10° Q): 500 100 0.000 0.70 
Perylene 2s 0? 107 — : 0.98 . 
3-Bromoperylene 2) 102 107 : 0.98 

* Data for rigid solution at 77 K, At room temperature ky, is often dominated by bimolecular deactivation of T, or 
by reactions of T,. Rate constants are approximate 
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activated intersystem crossing from S, to T, or (b) undergoes direct intersystem 

crossing from S$, to an upper vibrational level of T,. Either mechanism will cause 

k., to be slowed down. The solvent effect is due to the shifting of the position of 

S, and T, as a function of solvent. In solvents such that AE(S, — T,) is maximal, 

@, 1S Maximal. 

External Perturbation of Intersystem Crossing 

Examples of enhancement of the overall S, > T, process by molecular oxygen,°! 

xenon,°” organic halides,°? and organometallics°* are known. In the case of 

oxygen several mechanisms are possible, including enhancement of spin-orbit 

coupling and energy transfer (to produce a simultaneous S, > T, transition in 

the perturbed molecule and a T—S transition in the oxygen molecule). The 

efficiency of the oxygen effect depends on the oxygen concentration and may be 

expressed as k2?[O,], where k®? is a bimolecular rate constant for oxygen per- 

turbation and [O,] is the concentration of oxygen in the sample. The overall or 
observed rate of intersystem crossing (k2”) becomes 

KOB =k + k°[0,] (6.56) 

Typical values of kO? are ~10'°-10? M~' sec '.°" The solubility of O, in many 
organic solvents (under 1 atm of O,) is ~ 107? M. Thus, k9?[O,] ~ 108-107 sec’. 
Thus, the effect will be noticeable only if k,, ~ 10° sec or less. For example, ®,, ~ 

0.3 for pyrene (k,, ~ 10’ sec’ ') in the absence of O,, and increases to ~ 1.0 under 

1 atm of O,. Similar effects are noted for xenon as a S, > T perturber.°* 

Although O, and Xe are known to be efficient quenchers of T, states, it 1s clear 

that not only enhancement of T, > S, occurs, but other quenching pathways 

(including reaction) may occur. 

External heavy atom (e.g., organic halides) effects on k,, and k,, are well estab- 

lished. As an illustration, consider the naphthalene ae 13 peal 14.°° 

Br Br 

oc oom oC 
13 14 15 

= 2% 10° ae k= 300 x 10° Sec “K,, = 500 x 10° see” 

ea 
omel 10-1 sec-! k.,=40x 1071 sec"! k,,= 600 x 10 * sec 

The effect of the “external” bromine in 14 is to enhance both k,, and k,,. The 

enhancement of k,, is comparable to the ° ‘internal” effect of bromine on 15. Note 

however, that k 1s ‘much higher for 15 than 14. This may result from the somewhat 

different re situation in 15 which may result in better Franck-Condon factors 

or better intersystem crossing. 



194 CHAPTER 6 

6.12 The Relationship between 

Photophysical Radiationless Transitions 

and Photochemical Processes 

In this chapter we have considered the photophysical radiationless pathways by 

which an electronically excited molecule can “find its way” back to its original 

ground state. If we view radiationless transitions in the general sense as a conver- 

sion of electronic energy into nuclear motion, then the distinction between 

“photophysical” and “photochemical” processes becomes blurred.°° Indeed, we 

can imagine (Fig. 6.17) that they differ only in the degree of nuclear geometry 

change. If the distortion from an original ground state geometry is not too severe, 

return to the original geometry via radiationless transition(s) is possible. Suppose 

this transition takes place via the funnel on the excited surface shown in Figure 

6.17. Relatively small changes in nuclear shape (“to the right” of the minimum) 

of the funnel will tend to deliver the molecule back to the ground state in a nuclear 

configuration that will favor formation of products rather than reactants. Thus, a 

photophysical transition which takes place through the funnel via transitions “to 

the left” of the minimum and returns the excited molecule to its original ground 
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Figure 6.17 

Schematic surface description of a possible relationship between ‘‘photophysical”’ 

and photochemical radiationless processes. 
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state may not differ qualitatively from photochemical transitions which produce 
products. 

In Chapters 10-14, we shall see that the notions of photophysical radiationless 
transitions and photochemical reactions are intimately related, via the common 
theory of energy surfaces. 
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Theoretical Organic 

Photochemistry 

7.1. A Qualitative Theory 

of Organic Photoreactions 

A proper qualitative theory of photoreactions should provide useful answers to 

the questions: (a) What are the possible products of a photoreaction which starts 

from a particular electronic state? (b) What are the probable products of a photo- 

reaction which starts from a particular electronic state? 

These questions can be answered qualitatively if we can visualize the energy 

surfaces which connect the starting molecular structures (reactants) to the possible 

final molecular structures (products). If we could “see” these energy surfaces, they 

would serve as maps or networks of possible pathways which would allow us to 

immediately recognize the following important features of organic photoreactions: 

1. The energy barriers which must be overcome in proceeding from reactant to 

product on various energy surfaces. 

2. The minima on the excited and ground surfaces. 

3. The “critical” nuclear geometries for which excited surfaces come close 

together, and for which an excited surface comes close to the ground state. 

For most photoreactions in solution we need consider only the S,, 7, and Sy 

surfaces in detail. Thus, the task of a useful theory of photoreactions is to provide 

procedures for qualitatively predicting the maxima and minima and the critical 

geometries on the Sy, T;, and S, surfaces. Theory should also allow an evaluation 

of the electronic nature of minima and maxima on the various surfaces, e.g., 

whether or not they are the results of avoided crossings. 

State Correlation Imposed Energy Barriers 

along Reaction Coordinates 

A qualitative, a priori “feeling” for the occurrence of energy barriers may be ob- 

tained by employing either the concepts of orbital interactions’ or the concepts 
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of state correlation diagrams.?** For example, significant positive overlap of the 

highest occupied (HO) and lowest unoccupied (LU) orbitals of reactants usually 

signals a small energy barrier to reaction, whereas negative (or zero) net over- 

lap of the HO and LU orbitals usually signals a large energy barrier. If we start 

on a given surface from a reactant (or reactants) along which there are two 

reaction choices, we call the pathway with the smaller energy barrier “allowed” 

and the pathway with the larger energy barrier “forbidden.” In effect, we postulate 

that reactions prefer to proceed via transition structures that have obtained the 

most favorable positive orbital overlap. 

Within the framework of correlation diagrams, if an initial state makes an 

endothermic (“uphill”) correlation with a high-energy product state along one 

reaction coordinate but an exothermic (“downhill”) correlation with a low-energy 

product siate along another coordinate, we may say that the former experiences 

a state correlation-imposed energy barrier, whereas the latter does not. We postulate 

that movement of the representative point along a surface that corresponds to a 

reaction coordinate which possesses a state correlation-imposed energy barrier 

will be less probable (forbidden reaction) than movement along a surface which 

does not possess correlation-imposed barriers (allowed reaction). 

Relationship between Molecular Structure, Minima, . 

and Crucial Geometries on S, and 7, Surfaces 

For which geometries can one expect minima on S, and T,? Are there general 

situations for predicting minima based on simple structural considerations? The 

answer is affirmative. For example, minima are expected on S, or T, at geometries 

which correspond to minima on S, when S, and T, possess an electronic config- 

uration which corresponds to only a small change in the overall bonding of the 

ground state, e.g., 2, m* states of aromatic molecules or n, x* states of ketones. 

Molecules which reach such minima may generally be treated as being in pseudo- 

equilibrium with their environment, 1e., vibrational equilibrium to the v = 0 

level is achieved. From such minima the photophysical processes of fluorescence, 

phosphorescence, intersystem crossing, and internal conversion occur. Vertical 

radiationless jumps from such minima are not generally directly relevant to 

photoreactions unless a “hot” ground state (or triplet) is produced which can 

overcome energy barriers which ordinarily cannot be surmounted by molecules 

in equilibrium at the reaction temperature (Fig. 4.14). 

A second structural type which commonly possesses an excited state minimum 

is termed the diradicaloid geometry.*° In many photoreactions a bond is broken 

in a molecule and a “critical” geometry is produced such that two half-occupied 

atomic orbitals (or molecular orbitals) are generated in such a way that they 

interact with each other very weakly. The energy gaps between S,, S,, and T, 

are relatively small for such diradical geometries. 

In Sections 7.6 and 7.7 we shall discuss three prototype “critical” geometries 

which serve as a basis for unifying ideas concerning the required radiationless 

jumps which must occur during a photoreaction: 

1. The geometry (pericyclic minimum) of a transition for a “ground state 

forbidden” pericyclic reaction. 
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a The geometry (stretched o bond minimum) at which a severely stretched o 
bond is essentially broken. 

3. The geometry (twisted z bond minimum) for which a severely twisted z bond 
is essentially broken. 

It is through the above minima that access to S) is commonly achieved. After 

this point the “photo” part of a photoreaction is effectively over. 

7.2 The Principle of Maximum Positive 

Orbital Overlap’ 

According to quantum theory, molecular orbitals generally have spatial directive- 

ness associated with them. As a result, if a reaction is to be initiated by orbital 

overlap, certain spatial positions of nuclei (with their associated electron clouds) 

will be favored over others. The principle of stereoelectronic control of reaction 

pathways postulates that reaction rates are controlled by the overlap of orbitals 

in space. Certain nuclear geometries are easier to achieve than others during a 

reaction because of the greater positive orbital overlap accompanying one nuclear 

motion relative to another. The principle of maximum positive overlap postulates 

that the reaction rates are proportional to the degree of positive (bonding) overlap 

of orbitals. Although qualitative in nature, these two principles are a powerful 

basis for analyzing photochemical reactions and for quickly sorting out plausible 

and implausible reaction pathways. 

In the application of these two principles we must also consider the energies of 

the orbitals involved, since only the higher-energy filled orbitals (1.e., valence 

orbitals) and lower-energy (vacant) orbitals are likely to be involved in reactions 

at ordinary temperatures. We shall employ the frontier molecular orbital approxi- 

mation! in analyzing orbital interactions. This approximation postulates that 

chemical reactivity may be gauged by the overlap behavior of “frontier molecular 

orbitals” (FMO’s), which the orbitals correspond to the highest-energy orbital 

filled in the ground state (the HO orbital) and the lowest-energy orbital unfilled 

in the ground state (the LU orbital). This assumption 1s justified since the HO is 

usually furthest from the nuclei of all the orbitals that are occupied in the ground 

state. As a result, nuclear attraction of an electron in an HO is relatively weak 

and the HO is more readily deformed, and most readily gives up electron density 

to electrophilic sites in the environment, 1e., the HO generally possesses the 

highest polarizability and the smallest ionization potential of any orbital that is 

occupied in the ground state. The LU, which is unoccupied in the ground state, 

is most capable of accepting electron density with minimum increase in the total 

molecular energy. 

The fundamental underlying principle of HO-LU interactions as a means of 

understanding chemical reactivity is the assumption that a majority of chemical 

reactions should take place most easily (lowest activation enthalpy) at the position 

of and in the direction of maximum positive overlap of the HO and the LU of the 
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interacting species. A singly occupied molecular orbital (SO) produced by elec- 

tronic excitation may play the role of HO or LU, or both. 
The key physical idea in this theory of chemical reactivity is that charge transfer 

interactions will occur between HO and LU. Chemists appreciate the fact that 

HO contains the valence electrons of the molecules. These are the electrons which 

are the easiest to perturb during the initiation of a reaction. If this initial pertur- 

bation is assisted by movement of the HO electrons toward a LU, we can readily 

visualize how the transfer of charge from one orbital to another actually occurs. 

7.3. Orbital Interactions’ 

The “stabilization” energy E due to overlap of frontier orbitals (FMO’s) is given 

qualitatively by 

E overlap of FMO’s 
el 

fal Si) 

—+> =energetically favorable interaction 

———> =energetically unfavorable interaction 

EAU SO > LU energetically unfavorable. A 
// poor 

SO = es 
poor’ eS ee SO > HO forbidden by Pauli Principle. 

HO = SO energetically uphill. 

(a) 

® 
SO [teed 

. LU SO > LU strongly favored. 

poor impossible SO — HO forbidden by Pauli Principle. 
\ 

£*_ HO HO = SO energetically unfavorable. 

(b) 

f LU SO —> LU energetically unfavorable. 

/ — : 

® 
, ae HO HO = SO energetically favorable. 

SO ——# 89° SO — HO forbidden by Pauli Principle 

and energetically unfavorable. 

(c) 

Figure 7.1 

Some examples of possible SO<+HO and SO«>+LU interactions. The solid circles 
represent electrons in orbitals. 
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The magnitude of E in the stabilizing sense will depend on the magnitude of the 
net positive overlap of the FMO’s and of the term AE, which measures the energy 
difference between the pertinent interacting FMO’s. 

Consider Figure 7.1 which schematically shows possible SOHO and 

SO LU interactions. Whether charge flows from or to a SO, a LU (or HO) 

will depend to a large extent on the energy differences between the interactions 

SO and LU (or HO). In the case of flow to the SO, the charge flow from HO > SO 

is the most energetically feasible pathway. In the case of flow from the SO, charge 
flow from SO — LU 1s preferred. 

Commonly Encountered Orbital Interactions 

in Organic Photoreactions 

Figure 7.2 shows two commonly encountered photochemical situations. From an 

energetic standpoint, in case (a) the D*(LU) > A(LU) orbital interaction dom- 

inates, whereas in case (b) the D(HO) > A*(HO) orbital interaction dominates. 

From Figures 7.1 and 7.2 and the criteria of maximum positive overlap, we can 

postulate the following recipe for deciding how orbital interactions will determine 

the favored nuclear motions for a given set of photochemical reaction pathways: 

1. After setting up the molecular orbitals of the reactants according to their 

relative energies, identify the FMO’s and the half-filled MO’s of the 

electronically excited moiety. 

——+ =energetically favorable interaction 

———- =energetically unfavorable interaction 

IEW) : meee LU(D*) > LU(A) energetically favorable 

a LU 

3 /wery poor HO(D*) > LU(A) energetically unfavorable 

HO cnet eee 
poor ~~ HO HO(A) ~ HO(D*) energetically unfavorable 

De A 
(a) 

LU ~_poor 

os, : LU LU(A*) > LU(D) energetically unfavorable 

oe ery poor HO(D) > LU(A*) energetically unfavorable 

HO ee ork 

good HO HO(D) > HO(A*) energetically favorable 

D A* 
(b) 

Figure 7.2 

Schematic representation of two important orbital interaction types: (a) Dominant 

D*(LU) > A(LU) interaction and secondary A(HO) > D*(HO) and D*(HO) — A(LU) inter- 

actions and (b) Dominant D(HO) > A*(HO) and secondary D(HO) — A*(LU) and 

A*(LU) > D(LU) interactions. 
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2. Draw the possible orbital interactions between an SO and an HO or LU. 

3. Determine whether the orbital interactions lead to positive overlap and 

whether the interaction arrow points up (thermodynamically unfavorable) or 

down (thermodynamically favorable). 

4. Evaluate the positive orbital overlap and thermodynamic factors to determine 

qualitatively the more favorable reaction pathways. 

Selection of Reaction Coordinates 

from Orbital Interactions 

In analyzing a photochemical reaction theoretically, one must select the particular 

reaction coordinate or coordinates which describe the nuclear geometry. changes 

accompanying the transformation of reactants to products. In principle, all possible 

reaction coordinates might be analyzed. In practice, we seek to select only the 

lowest-energy reaction pathways from a given initial excited state. These pathways 

may be qualitatively identified by the use of orbital interactions. 

For theoretical analysis, we will consider the following photoreactions, which 

will serve as prototypes for many other photoreactions (see Equations 7.2 through 

7.6). : 

Consideration of orbital interactions leads to the well-known selection rules 

for pericyclic reactions.* For example (see Fig. 7.3), from consideration of orbital 

interactions and according to the rules of orbital interactions, we are led to the 

prediction that from the z, 2* states of cyclobutene both og >7z and 2* > a* 
charge transfers should contribute significantly. 

Inspection of the orbital symmetry for disrotatory and conrotatory processes* 

shows that the former is favored by the rule of maximum positive overlap: 

Overlap with 7*(or 77) orbital 

Unfavorable Favorable 

eg Se Save 

charge transfer 
possibilities 

T+ O@e See 
conrotation disrotation 

Figure 7.3 

Orbital interactions for the conrotatory and disrotatory ring opening of the z, m* state 

of cyclobutene to form 1,3-butadiene. 
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= - “Forbidden” 

: Paracas by orbital (7.2) 
Ss Conrotator y oroita 

i interactions 

—/ “Allowed” 
hy ; 

So ea by orbital (7.3) 
interactions 

Thus, from a consideration of orbital interactions we expect that for this four- 
electron system the disrotatory interconversions are photochemically allowed 
(favorable orbital interactions), whereas the conrotatory interconversions are 
photochemically forbidden (unfavorable orbital interactions). We shall see in a 
later section that the same conclusions may be reached by considering a state 
correlation diagram for the complete reaction coordinate. 

As a second example, consider the typical bimolecular reactions of an excited 
ketone in its n, 2* state: 

1. Abstraction of a hydrogen atom from a hydrocarbon (HX) to produce a 
ketyl-alkyl radical pair: 

=o + HX i, )-OH He (7.4) 

2. Addition to an ethylene to produce a diradical: 

O 
= a ee (7.5) 

3. Abstraction of an electron from an amine to produce a radical ion pair: 

; ‘® 
0 + RN: sos Pe + R3N eS, 

An orbital interaction analysis (Fig. 7.4) reveals that each of these reactions 

possesses an important similarity: the most stabilizing orbital interaction is expected 

to result from charge transfer to the half-filled n orbital of the n, x* state of the ketone, 

1.€., Coy Nos Mee No, and ny > No respectively. We shall see that a result of this 

similarity is that these reactions possess state correlation diagrams which are 

topologically equivalent (qualitatively equivalent connectivity relationships 

between reactants and products). Because of the dominant interaction of dcx, Tec, 

and ny, electrons with the half-filled orbital, we expect the preferred reaction co- 

ordinate to be one for which these orbitals are best able to achieve positive overlap 
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N 

oo b Sioa to ts Moz hie 

ee oe 
a Li a, 7" 
state state 

electrophilic orbital nucleophilic orbital 
interactions with n interactions with 77 

Figure 7.4 

Orbital interactions of the n, z* state with substrates. 

with one lobe of the no orbital. This interaction should be important whenever an 

n, m* state interacts with a molecule possessing a low ionization potential (1e., a 

high-energy HO). 

It is also possible that the z* orbital of the n, z* state will be important in terms 

of orbital interactions if the reaction partner possesses a high electron affinity 

(1.e., a low energy LU). 

7.4 Orbital and State Correlation Diagrams 

After orbital interactions have been utilized to allow us to postulate the lowest- 

energy reaction coordinates, we can then employ orbital and state correlation 

diagrams to deduce the nature of the energy surfaces which connect reactants to 

primary photochemical products (1.e., deduce the surface topology). 

The protocol for the generation of orbital and state correlation diagrams depends 

heavily on the concept of molecular and electronic symmetry (either for the complete 

molecule or a portion of it). The reader is assumed to be somewhat familiar with 

this concept, and only a brief review will be given here.?"* 

Consider the symmetry properties of orbitals which are possible with respect 

to a plane.° If a molecule possesses a plane of symmetry, all of its MO’s must be 

either symmetric (s) or antisymmetric (a) with respect to reflection through the 

symmetry plane. For example, for the formaldehyde molecule (Fig. 7.5), the n 

orbital has s symmetry (contained by the molecular plane) and the z (and z*) 

orbital has a symmetry (above and below the molecular plane) with respect to 

reflection through the plane. In other words, reflection of the n orbital through the 

plane does not change the sign of the wave function (s symmetry) but reflection of 

the x (or n*) orbital through the plane does change the sign of the wave function 
(a symmetry). 
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Electronic state symmetry is a composite or product of orbital symmetries.” If 

we know the orbital symmetries relative to a symmetry element and if we know 

the orbital electron occupations, we can immediately deduce the state symmetries. 

The protocol for classification of state symmetries 1s as follows: 

1. If only doubly occupied orbitals occur in a configuration, the state symmetry 

is automatically S (totally symmetric). 

2. If two (and only two) half-occupied orbitals ¢; and @; occur in a 

configuration, the state symmetry is given by the following rules: 

Orbital symmetry State symmetry 

dg; oj Vij = =—=9;0; 

a a ; S 
a s A 

Ss a A 

s s S 

Molecular n- orbital 1*- orbital 

plane " in-plane’ i perpendicular to plane. 

electrophilic nucleophilic 

orbital symmetry orbital symmetry 

=Ss =a 

Figure 7.5 

The symmetry plane of formaldehyde. The n, orbital lies in the symmetry plane and 

is termed symmetric (s) with respect to reflection through the symmetry plane. The 

nm* (and the z) orbital lies above and below the symmetry plane and is termed anti- 

symmetric (a) with respect to reflection through the symmetry plane. 

7.5. The Construction of Electron Orbital 

and State Correlation Diagrams for a 

Selected Reaction Coordinate 

The construction of electronic state correlation diagrams starts with the selection 

of a chemical reaction coordinate. This coordinate is based on orbital interactions 

or experimental data, and describes the nuclear motions of the initial reactant into 
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a primary product. First a Zero Order correlation of the orbitals of the reactant 

with the orbitals of the primary product,is made.®’’ Next the noncrossing rule is 

applied in order to set up the First Order adiabatic orbital correlation diagram. 

The state correlation diagram is then generated by connecting the states of reactants 

to the states of the primary product. This First Order state correlation diagram Is 

considered to be a working set of surfaces, which should have the correct general 

topology for discussion of the possible mechanisms. Now let us list a specific 

protocol, or set of general rules, for the construction of an electronic state cor- 

relation diagram for a given reaction coordinate: 

1. Enumerate and rank energetically the reactant and primary product 

electronic states (generate a reactant and primary product state energy diagram), 

using any pertinent theoretical, semi-empirical, or experimental evidence 

available. A basic goal of the correlation diagram is to determine the 

connectivity relations of the Sy, S;, and T, states of the reactant to the states 

of the primary product, and to determine the connectivity relations of the 

corresponding lowest states of the primary product with the appropriate states 

of the reactant. 

2. Determine the symmetry elements common to the reactant and primary 
product. Deduce the molecular symmetry in terms of the implied reaction 

coordinate. Search for symmetry elements which persist throughout the course 

of the reaction and bisect or contain the bonds being made or broken during 

reaction. To each orbital assign a symmetry type (symmetric, s, or antisymmetric 

a). 

3. In order to be useful, a symmetry element selected for correlation must be 

relevant to the actual chemistry which ts occurring. Therefore, the appropriate 

elements must relate to the bonds being made or broken during the course of 

reaction. Ifno such symmetry element exists, it will usually not be possible to 

construct a meaningful correlation diagram. 

4. The orbitals of the reactant are now correlated in Zero Order (crossings 

ignored) with the orbitals of the primary product. The correlation proceeds by 

the rule that the lowest-energy orbital of reactant of a given symmetry is 

connected directly to the corresponding orbital of the product. 

5. The orbital correlation diagram is inspected for orbital crossings in Zero 

Order. If these crossings correspond to orbitals of the same symmetry, the 

crossing is replaced by an avoiding (i.e., the noncrossing rule is applied). The 

resulting diagram is a First Order (working) adiabatic orbital correlation 

diagram. 

6. One now returns to the state energy diagram which displays the electronic 

configurations and relative energetic rankings of the reactant and product states. 

To each reactant and product state (usually only the lowest-energy states need 

be considered explicitly) a characteristic electronic orbital configuration is 
assigned. 

7. Based on the orbital correlation diagram, an orbital symmetry is associated 
with each orbital of a characteristic orbital configuration, and the state 
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symmetry is deduced for each electronic state. Corresponding states of the same 

symmetry are now connected. The connections are continued until the lowest 

lying states of reactants and the lowest lying states of the primary products have 

all been correlated. An important rule of making connections between states is 

that only one connection may be made between any given individual reactant 

state and any product state. In other words, two product states may not 

correlate with the same reactant state and vice versa. 

8. The noncrossing rule is now applied to the state correlation diagram. All 

curve crossings of states of the same symmetry are replaced by avoidings. The 

resulting diagram is a First Order adiabatic state correlation diagram. 

With the First Order state correlation diagram in hand we have a means of 

quickly enumerating possibilities of reaction pathways, and by using the theory 

of radiationless transitions we can judge reactivities and probabilities (efficiencies) 

of various reaction pathways. 

To summarize, first an orbital correlation diagram is generated (orbital sym- 

metry determines connectivity relationships), then orbital configurations are 

assigned to the lowest energy reactant and product states in the state energy 

diagram. Finally, a state correlation diagram is generated. 
¢ 

7.6 Typical State Correlation Diagrams for 

Concerted Photochemical Pericyclic Reactions** 

Let us demonstrate the construction of electronic state energy diagrams for an 

important type of concerted pericyclic reaction: electrocyclic reactions.*’* The 

ideas presented here are readily extendable to other types of concerted pericyclic 

reactions, such as sigmatropic rearrangements, cycloadditions, and cheleotropic 

reactions.** 
First let us consider a well-established prototype concerted electrocycle reaction, 

the rearrangement of cyclobutenes and 1,3-butadienes. 

H H 

: ee 
Ze Conrotatory | Disrotatory Le 

S| : ke i) 

a | 
H 

ee a Bee. 

ae | c™ Ce ; fe | Zahn 
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Under the three assumptions that the carbon framework of both molecules 1s 

planar, that the carbon framework is still planar in the transition state and that 

the 1,3-butadiene is formed as a primary product in the s-cis-conformation, we 

deduce two main symmetry elements for the reaction: 
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1. A twofold axis which bisects the cyclobutene 1,2 and 3,4 bonds and the 

butadiene 1,2 bond. We call this a C-axis. A ring opening or closing which 

preserves this symmetry element is termed conrotation. 

2 3 277 

| (Cy fe (-C, C,-axes (7.8) 

14 : 

2. A mirror plane of symmetry perpendicular to the molecular plane and 

bisecting the cyclobutene 1,2 and 3,4 bonds. We call this plane o,,. A ring 

opening or closing which preserves this symmetry element is called a disrotation. 
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Figure 7.6 

Transformation of the four key orbitals of cyclobutene into those of butadiene (top) 
and orbital correlation diagram (bottom) for the C, operation (conrotation) and Oey 
operation (disrotation). 
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If the cyclobutene to butadiene process occurs with the maintenance of a C, or 

dx, Symmetry element, we can construct a state correlation diagram for both 

reaction pathways. 

Classification of Orbitals and States for the Electrocyclic 

Ring Opening of Cyclobutene to 1,3 Butadiene 

The orbitals of 1,3-butadiene and cyclobutene may now be classified as a or s for 

the conrotatory and disrotatory reactions. The results are given in Figure 7.6.° 

From the information in Figure 7.6, the state correlations for the conrotatory and 

disrotatory reactions can be deduced and used to generate the Zero Order surface 

correlation diagram shown in Figure 7.7. For example, So (cyclobutene) = On 

From Figure 7.6, for a conrotatory motion, o(cyclobutene) > z,(butadiene) and 

m(cyclobutene) > z,(butadiene). Thus, So(cyclobutene) = o’n* correlates with a 

S,, = n>(n3)" S, = on’a* S, = 1,73n% 

So SK 
Ss, 

Son o* 

Sy = has Sr =o nx Sp = ee ere 

<—— Photochemically 

favored 

sees Thermally 

Sm = 0° (1") favored 

So = Fine / So = 1103 

H H disrotatory conrotatory 
H H 

Figure 7.7 

Preliminary state correlation diagram for the concerted ring opening of cyclobutene 

to 1,3-butadiene. Only singlet states are shown. The state correlations are based on 

the orbital correlations of Figure 7.6. 
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(2,)*(1>)* configuration of butadiene. The latter corresponds to So of butadiene. 

For a disrotatory motion, So(cyclobutene) = on? correlates with a (2,)7(7%)? 
configuration of butadiene. The latter corresponds to doubly excited state of 

butadiene. Similarly, the S,(cyclobutene) = o77, 2* correlates with a (7,)(72)*(74) 

configuration of butadiene for a conrotatory motion but correlates with a 

(7, )7(7t2)(z%) configuration for a disrotatory motion. 
Thus, So(cyclobutene) goes uphill in energy during a disrotatory motion but 

downhill in energy during a conrotatory motion.” The reverse is true for a con- 

rotatory motion. A qualitative and preliminary state correlation diagram is given 

in Figure 7.7. It appears that this diagram predicts zero activation energy for the 

thermal conversion of S,(cyclobutene) to butadiene via the conrotatory pathway. 

In fact, an activation energy’? of 33 kcal/mole is observed for this reaction. A 

more proper interpretation of Figure 7.7 is that there is no state—correlation- 

imposed barrier for the thermal conrotatory reaction but there is a state—corre- 

lation-imposed barrier for the thermal disrotatory reaction. Recall that the spirit 

of “allowed” and “forbidden” is really “faster” and “slower” in the sense of reaction 

rate or probability. In this sense, to the extent that both conrotatory and dis- 
rotatory reaction paths are otherwise comparable, the thermal disrotatory path- 

way is slower (“forbidden”) relative to the faster thermal conrotatory pathway 

(“allowed”) because the former automatically experiences a state—correlation- 

imposed energy barrier. It should be remembered that this discussion presumes 

concerted reactions. 

By a similar line of reasoning, it follows that S,(cyclobutene) should follow the 

disrotatory pathway preferentially to the conrotatory pathway. It should also be 

noted that butadienes should undergo favored conrotatory ring closure on So 

and favored disrotatory ring closure on S,. 

We can complete the diagram (for the singlet states) by adding the correlations 

of butadiene: for the disrotatory motion So(zj723) > S,,(o7(2*)*), and for the con- 
rotatory motion S,(zj7.7%) > S,(on*o*). The important conclusion is that for 
both processes a symmetry-imposed barrier occurs along the reaction coordinate 

(the actual correlation is not shown in order to keep Fig. 7.7 simple and clear). 

If we assume that the T, surface parallels the S, surface, we produce a working 

adiabatic (appropriate crossings are avoided) state correlation diagram as shown 

in Figure 7.8. 

The topology of these surfaces, derived for the specific example of an electrocyclic 

reaction, has been shown to be general for concerted pericyclic reactions.**° Thus, ° 

all ground state forbidden pericyclic reactions can be expected to have a surface 

topology qualitatively equivalent to the disrotatory ring opening of cyclobutene 

to butadiene; all ground-state-allowed pericyclic reactions may be expected to 

have a surface topology qualitatively equivalent to the conrotatory ring opening 
of cyclobutene to butadiene. 

The important features of these surfaces are: (a) the occurrence of a maximum 
on the So surface (for the forbidden ground-state reaction) which comes close in 
energy to the S, surface and 7, surface; and (b) the occurrence of a barrier on the 
S, surface (for the allowed ground-state reaction) and (c) the absence of close . 
approach of the excited surfaces and Sy at any point along the reaction pathway.° 



THEORETICAL ORGANIC PHOTOCHEMISTRY 213 

The transition state for a forbidden ground-state reaction is known to cor- 
respond to a diradicaloid structure.*’° From the general rules for radiationless 
transitions such a structure corresponds to a “critical” geometry so that a jump 
from the S; surface to Sy should be favored from the minimum on the S, surface, 
because the S, and So surfaces are very close at this geometry (Fig. 7.9). 

To a first approximation the topology state correlation diagram shown in 
Figure 7.9 below may be extended to all concerted pericyclic reactions. For four 
(or more generally 4N) electron concerted pericyclic reactions the disrotatory (or 

stereochemically equivalent) pathway corresponds to motion from the center of 

the diagram to the right and the conrotatory (or stereochemically equivalent) 

pathway corresponds to motion from the center of the diagram to the left. We 

see that this means that four (or 4N) electron concerted pericyclic reactions are 
generally photochemically allowed. 

For six (or more generally 4N + 2) electron concerted pericyclic reactions the 

disrotatory (or stereochemically equivalent) pathway corresponds to motion from 

the center of the diagram to the left and the conrotatory (or stereochemically 

equivalent) pathway corresponds to motion from the center of the diagram to 

the right. Thus, 4N + 2 electron concerted photoreactions are forbidden. 

These ideas are illustrated in Figure 7.9 for the electrocyclic reactions of cyclo- 

butene-1,3-butadiene and 1,3-cyclohexadiene-],3,5-hexatriene. For example, the 

disrotatory four electron ring closure of 1,3-butadiene to cyclobutene (and the 

reverse ring opening) is photochemically allowed and the analogous conrotatory 

electrocyclic reaction is photochemically forbidden. In contrast, the conrotatory 

six electron closure of 1,3,5-hexatriene to 1,3-cyclohexadiene is photochemically 

allowed. 

(\ conrot ek disrot VA \ 

Figure 7.8 

Simplified state correlation diagram for the concerted ring opening of cyclobutene 

to 1,3-butadiene. 
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In Chapter 12 we shall show how photochemical pericyclic reactions are con- 

veniently and generally analyzed in terms of Figure 7.9. 

In summary, pericyclic reactions which are ground-state-forbidden are gen- 

erally excited—state-allowed in S$, because the surface topology of S, will generally 

possess a minimum which corresponds to a diradicaloid structure which possesses 
the geometry of the “antiaromatic” transition state on Sy. By contrast, pericyclic 

reactions which are ground-state-allowed will generally be forbidden on the S, 

surface because of the existence of a barrier to conversion to product structure 

and the lack of a suitable surface crossing to allow for the occurrence of a radia- 

tionless jump from S, to So. 

NUMBER OF 
ELECTRONS 

disrot = conrot 
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aN il Saree NA ea ae Jah 
H 

hy pathway S, 

A pathway S W/ pathway O So 

GENERAL ORBITAL SYMMETRY ORBITAL SYMMETRY 
RULE ALLOWED GROUND FORBIDDEN GROUND 

STATE REACTION STATE REACTION 
> 

Figure 7.9 

A simplified, general schematic description of the two lowest singlet surfaces for a 

concerted pericyclic reaction. The selection rules are shown for 4N electron and for 

4N + 2 electron reactions (N = 0 or an integer and 4N or 4N + 2 is the number of 

electrons involved in bond making or bond breaking). 
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7.7 State Correlation Diagrams for 

Photoreactions Involving Diradical Intermediates 

Relatively few photochemical reactions conform to the type of energy diagram 

indicated in Figure 7.9, 1.e., few photoreactions proceed directly to a fully bonded 
ground-state product via a pericyclic minimum on an excited surface. More 

commonly, photoreactions produce diradicals or “diradicaloid” structures as 

primary photochemical products. In order to obtain some insight into the nature 

of energy surfaces when diradicaloid structures are produced along a reaction 

coordinate, we shall discuss the surfaces for two prototype reactions which produce 

diradical structures: (a) the stretching and breaking of a o bond, and (b) the 

twisting and breaking of a x bond. 

The Stretching and Breaking of a o Bond 

Imagine the chemical bond of a diatomic molecule (a-a) as it is being stretched 

and eventually broken. As the bond stretches we anticipate that it will take on 

diradical character, and that when the bond is completely cleaved a diradical (or 

radical) pair will be produced :°'°"’ . 

¢—— gg (7.10) 
stretch : : cleave ‘ ; 

diradicaloid diradical 

a 

In fact, four electronic states which correspond to the product nuclear geometry 

are possible when a a-bond cleaves. A simple description of the process is shown 

in Figure 7.10. 

—S,( 0°) 

——= 5 ((e, o*) 

bh tt 14 
+] 

d= ——e 05-6) 

ORBITALS ORBITAL CONFIGURATIONS STATE CORRELATION 

AND STATES 

Figure 7.10 

Orbitals, orbital configurations, and state correlation diagrams for stretching and 

breaking of ao bond. 
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First let us consider the orbital behavior as the bond stretches. When the nuclei 

a are close together (close to their equilibrium separation) the o orbital is very 

low in energy relative to the o* orbital. The electronic states which can be derived 

for this nuclear geometry are S,(a)*, T (a, o*), S;(a, o*), and S,(a*)*. When the 

nuclei a are far apart, both the o and o* orbitals will correlate with a pair of non- 

bonding orbitals (say, a p orbital), one on each a atom (Fig. 7.10a). The electronic 
states which can be derived from completely separated atoms a + aare 'D(p,, P2), 

3D(p,, Pr), Z,(p1)?, and Z,(p)’. In the terminology employed here, D stands for 
diradical and will always refer to a state in which two orbitals of comparable 

energy are half-filled, Z stands for zwitterion and will always refer to a state in 

which two orbitals of comparable energy have their electrons all spin-paired and 

all orbitals are doubly occupied (Fig. 7.10b). There are two possible D states, a 

singlet and a triplet. The Z states are always singlets. Although in the example 

given, the two Z states would be of identical energy, for any asymmetric bond 

(a-b) cleavage, one Z state (defined as Z,) will be lower in energy than the other 

Z state (defined as Z,) because one of the possibilities a(t) + b or a + b(N) will 

generally be of lower energy if a and b are different. 

Without making a detailed argument,° we expect the state correlation diagram 

to be as shown in Figure 7.10c. For example, it is clear that the o orbital will cor- 

relate with a p orbital on each of the atoms and lead to a D(p,, pz) state in the 

product. Since S, is a singlet, it must correlate with the 'D(p,, p>)state. The T ,(c, o*) 

state must correlate with *D(p,, p>) since the latter is the only triplet state of the 

product. By exclusion, both S,(c, o*) and S,(o*)? must correlate with Z, or Z). 

The state correlation diagram shown is a prototype for cleavage of a o bond 

and in fact corresponds closely to the actual surfaces for the hydrogen molecule. 

This molecule is known to possess shallow minima along the S$, and S, surfaces 

and these are assumed in the figure to be general for a simple bond cleavage. On 

the other hand, the triplet state does not possess a minimum for any a-a geometry, 

but eventually “flattens out” energetically for large separations of the atoms, and 

for large separations the triplet surface essentially “touches” the ground-state 

surface. So, of course, possesses a deep minimum corresponding to the stable 

ground state of the molecule. 

In summary, a simple o bond cleavage possesses the following surface charac- 

teristics: 

1. Along the ground surface the bond is stable and a large activation energy is 

required for cleavage. 

2. Along the triplet surface the bond is unstable and little or no activation 
energy 1s required for cleavage. 

3. The products of cleavage along Sy or T, are diradicals. 

4. Along the S, and S, surfaces the bond is metastable and requires only a 
small amount of energy for cleavage. 

5. The products of cleavage along S, or S, are zwitterions. 
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The Twisting and Breaking of a z Bond 

Imagine an ethylene molecule which is twisted and which eventually arrives at a 

nuclear geometry for which the two methylene groups are mutually perpendicular: 

Both CH, groups Hi, eae li o CH, groups (7.11) 
in th l in the same plane H HH yA perpendicular 

At this geometry we would guess that the z bond is broken and that a 1,2-diradical 

is produced. In terms of a standard structure equation we might write: 

CH,—CH, 2 CH,—CH, ‘ (7.12) 

In fact, as in the case of o bond cleavage, four electronic states which correspond 

to the twisted product nuclear geometry are possible when we break a x bond 

by twisting about the bond axis. Again, two diradicals and two zwitterions result 

(Fig. 7.11). As the z bond twists, the energy of the z orbital sharply increases, and 

the energy of the z* orbital sharply decreases. At 90° of twist (the perpendicular 

configuration) the z and x* orbitals have transformed into two p orbitals, one on 

each carbon. In wave-mechanical terms, the wave function of the z orbital is given 

by p; + pz and the wave function of the x* orbital is given by p, — p. As the mole- 

cule is twisted, the molecular orbitals transform into a pair of nonbonding p 

orbitals (Fig. 7.1 1a). 

7 os (92) 

a x = Si (rari) 

Z.22== 4#—-—% 

ef Z, 22 

au —T (7,7) ; 

goaz te tt 
lo, = =p 

+ Cs ) 

o 90° 180° PLANAR 90° TWIST 

et OX = ae 
(a) ORBITALS (b) ORBITAL CONFIGURATIONS  (c) STATE CORRELATION 

AND STATES 

Figure 7.11 

Orbitals, orbital configurations, and state correlation diagrams for twisting a m bond. 
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The electronic states derived from the possible x and x* orbital configurations 

are:* 

Planar ethylene: Solx)?, T (ten*), SiGe, 2*),and S00")? 
Hes 

90° Twisted ethylene: *D(p,, pr), 'D(p1, Pr), Z:(P1)*, and Z3(p2)? ee 

Twisting about the carbon-carbon bond of excited ethylene sharply relieves 

electron-electron repulsion and will thereby tend to lower the energy of any 

ethylene state for which z bonding is not important. Thus, the electronic energies 

of S,,S,, and T, drop rapidly as a function of the ethylene twisting, because elec- 

tronic excitation has effectively broken the z bond. However, the electronic energy 

of So increases as the molecule is twisted because the z bond is being broken. 

The correlation of S, > 1D, T, > °D, S,— Z,, and S, > Z, may be made on 

the basis of orbital symmetry considerations. The symmetry element which brings 

the starting planar geometry into the twisted (diradicaloid) geometry is a rotation 

of one CH, group.* The overall state symmetries must be definable in terms of 

this symmetry element. Although the state correlation is best done by use of group 

theory and point-group analysis, the following qualitative description will indicate 

the basis of the correlation. 

The wave function for the x? configuration (Fig. 7.11b) at the planar geometry 

is essentially covalent in character,” i.e., there is very little ionic character to planar 

ethylene, and the wave function for m* has (in terms of atomic orbitals) the form 

P,(1)p2(1). This means that at all times there is only one p electron near carbon 1 

and one near carbon 2, and these electrons have paired spins. For the *(z, 2*) con- 

figuration at the planar geometry there can never be two electrons on one carbon 

in the same p orbital (violation of the Pauli principle), since the electrons have 

parallel spins. The T, state is purely covalent and has no ionic character, and its 

wave function has the form °(z, 2*) = p,(t)po(f). 

The wave functions for '(m, 2*) and '(z*)* must differ from that of 2? and must 
reflect the basis for the high energy content of the state. It is found that the former 

two states are best described by zwitterionic wave functions. 

The important qualitative features of the state correlation diagram for a twist 

about the ethylene double bond (Fig. 7.11c) are: 

1. The occurrence of minima in the S,, S,, and T, surfaces which correspond 
to Z,, Z,, and °D respectively. 

2. The avoided crossing nature of the minimum at Z,, i.e., the Zero Order 

n* — (x*)* correlation is strongly avoided and the adiabatic surfaces show a 

minimum in S$, and a maximum in So. 

3. The occurrence of a maximum in the Sy surface which corresponds to !D. 

4. The absence of any avoided crossings with small energy gaps. 

5. The zwitterionic (closed shell) behavior of S, and S,. 

6. The diradical behavior of T,. 
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Note that the state correlation diagrams for thermally forbidden ground-state 

pericyclic reactions have the general form of those for twist about the double bond 

of ethylene (see Fig. 7.11). 

7.8 Typical State Correlation Diagrams 

for Nonconcerted Photoreactions: 

Reactions Involving Intermediates 

(Diradicals and Zwitterions)*° 

The majority of known photoreactions of organic molecules are probably not 

concerted in nature; i.e., they tend to involve intermediates along the reaction 

pathway between reactant (photoexcited molecule) and product. The most common 

photochemical intermediates are species which are not fully bonded, 1.e., diradicals 

and zwitterions. Consider Figure 7.12, which shows the relationships among 

electronically excited molecules, diradicals, zwitterions, and high-energy-content 

ground state molecules. An electronically excjted state may generally be viewed 

in terms of two characteristic half-filled orbitals. Motion along a reaction co- 

ordinate due to stretching a o-bond or due to twisting a z-bond may bring the 

representative point to a geometry for which the two half-filled orbitals are nearly 

degenerate. In this geometry° the molecule is termed a “diradicaloid.” Interactions 

between the orbitally unpaired electrons of the diradicaloid generate four states: 

a diradical singlet 'D; a diradical triplet *D; and, two zwitterionic singlets, Z, 

and Z,. The postulate that an electronically excited state tends toward a D or Z 

primary product as a reaction proceeds is an exceedingly powerful device for 

interpreting the photoreactions of organic molecules. 

It is not uncommon for the representative point, while moving along an excited 

surface, to achieve a geometry similar to a “strained ground state molecule.” 

Radiationless transitions to such structures may produce very strained species 

which are, nonetheless, stable on the ground state surface. Indeed, we shall see 

that photoreactions often produce strained ground state molecules as products. 

Photochemical Hydrogen Abstraction 

The photoreaction of excited ketones with alcohols (Eq. 7.4) to produce pinacols 

involves a radical pair intermediate.'’ The state correlation diagram for this 

reaction is typical of a large class of photoreactions which involve diradical inter- 

mediates (compare Eqs. 7.4, 7.5 and 7.6). As a result we shall treat it in some detail. 

For most alkanones, S, =n, n* and T, =n, na*. Thus, our correlation diagram 

will seek to connect these states, and Sy = 17n? with the appropriate states of the 

product (diradicals and zwitterions). What is a proper and probable reaction co- 

ordinate for hydrogen abstraction? To determine the most likely reaction coor- 

dinate we must select the most favorable orbital interactions, search for elements 
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of symmetry in the geometry of the reactants that lead to the most favorable 

orbital interactions, and then relate that symmetry element to establish a correla- 

tion along the reaction coordinate of the reactant to the primary product trans- 

formation. 

Recall that orbital interactions suggested that the charge transfer to the half- 

filled n orbital from the H-X o bond should serve as a reasonable Zero Order 

description of the most favorable initial interactions of R,C==O* and H-X 

(Fig. 7.4). The most symmetrical geometry of approach of R,C=—-O* and H-X 

which allows the n — o interaction is one in which the C=O and H-X groups are 

coplanar (Fig. 7.13). Since the energy of this geometry should be comparable to 

other nonplanar geometries in which the n <o interaction is occurring, we shall 

reap stretch NG pee b)»———» q b 

twist : ee ia A ar ca ing a 

Energy —> 

HO—2~—’ 

Excited Strained Degenerate Diradi : ; 
State Molecule Orbitals iradical Zwitterion 

Figure 7.12 

Schematic description of the surface relationships of excited states, strained ground 
state molecules, diradicals, and zwitterions. 
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generate a state correlation diagram assuming that the strictly planar approach 

represents the reaction coordinate. This assumption of an idealized coplanar 

reaction should provide a reasonable, qualitative Zero Order description of the 

surfaces. In general, the plane containing the pertinent reaction centers will be a 

discriminating symmetry element for selecting the reaction coordinates of n, 7* 

states which lead to diradicaloid geometries. Let us now eons this assumption 

in greater detail. = 

The Symmetry Plane Assumption: Salem Diagrams*® 

Qualitative state correlation diagrams for photochemical reactions may some- 

times be generated by inspection and without resort to detailed computation if 

the reactions are postulated to possess an (idealized) symmetry element such as a 

plane. This is a commonly encountered situation for reactions involving n, 7* 

states. If the symmetry element is the molecular plane, the analysis is particularly 

straightforward under certain conditions. An idealized symmetry plane refers 

only to the plane containing the nuclei directly involved in the electronic excita- 

tion. These nuclei, in turn, are identified under the single characteristic configu- 

ration approximation, ie., the electronic symmetry of each low- -lying excited 

state is postulated to be determined by a single electronic orbital configuration. 

Under these assumptions the correlation between states of the same symmetry 

REACTANT ORBITAL SYMMETRIES PRODUCT 
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SYMMETRY PLANE 
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Figure 7.13 

Orbital correlation diagram for coplanar hydrogen abstraction by formaldehyde. 
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may be made by a simple electron classification and counting procedure. In turn, 

this classification and count may be simplified by using classical resonance struc- 

tures for describing the electronic states involved. These resonance structures 

can only possess electrons in orbitals which are either symmetric, s (do not change 

sign upon idealized reflection in the symmetry plane), or antisymmetric, a (change 

sign upon idealized reflection in the symmetry plane). The postulate of an idealized 

symmetry plane demands that orbitals possess either a or s symmetry. 

State Correlation Diagram for Photochemical 

Hydrogen Abstraction 

The pertinent orbitals for analysis of coplanar hydrogen abstraction are shown 

in Figure 7.13. The orbitals of the reactants are classified relative to the symmetry 

plane in a conventional notation. Any orbital which lies “in the plane” must be 

of ssymmetry (i.€., O,, Mo, and o%,). Any orbital that exists “above and below” the 

plane must be of a symmetry (1.e., ao and 7). 
The pertinent product orbitals are o,,, and o%, (both of s symmetry) and the 

p orbitals on carbon (p, “above and below,” a), the p orbital on X (p, “in the 

plane,” s), and the p orbital on O (p, “above and below,” a). From Figure 7.13, 

the initial (Zero Order) orbital correlations are maintained during reaction, 

except for the o,,,  p, and n, «,,, correlations which are avoided (noncrossing 

rule for orbitals of the same symmetry). 

Remember that completely filled orbitals are always totally symmetric (S) with 

respect to a symmetry element (1e., A x A=S and S x S=S), but half-filled 

orbitals may be A (ie., A x S = A). Since the state symmetry is the composite of 

all filled and unfilled orbitals, we can deduce the state symmetry of reactants by 

evaluating the product of the symmetry of appropriate reactant and primary 

product orbitals. 

From Figure 7.13, the state symmetries of the reactants and products are easily 

deduced. For example, S, must be of S symmetry because it possesses only doubly 

occupied orbitals. The symmetry of the n, 2* state is s x a = A, the symmetry of 

the x, x* state is a x a =S, the symmetry of the D(p,, p,) state is s x a = A, and 

the symmetry of a Z state must be S because it possesses only doubly occupied 

orbitals. 

We may now proceed to the Zero Order state correlation diagram or Salem 

diagram (Fig. 7.14) by connecting states of the same symmetry. We need consider 

only the number of states necessary to correlate $, and T, with product states. 

From Figure 7.14 we see that both $, and T, states correlate directly with the 

lowest states of the product, ie., S, = 'n, x* correlates with 'D and T, = °n, n* 
correlates directly with *D. We say that coplanar hydrogen abstraction to form 

ketyl radicals from S,(n, 2*) or T,(n, 2*) is symmetry-allowed. By this we mean 

that in Zero Order, there is no electronic symmetry-imposed energy barrier on 

the surface connecting the initial excited state n, 7* of a given spin and the lowest 

energy primary (diradical) product of the same spin. 

On the other hand, the S, and T, states (both 2, 2*) correlate with excited 

states of the zwitterion forms of the product. These excited zwitterionic states 
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are expected to have very high energies relative to S, and T,. As a result, if S, 

or T, were to attempt to participate in coplanar hydrogen abstraction, a symmetry- 

imposed energy barrier would have to be overcome. We say that coplanar hydrogen 

abstraction to form ketyl radicals is symmetry-forbidden from S,(z, x*) or T(z, 2*). 

We may now propose how a First Order surface description of the hydrogen 

abstraction reaction may be derived from Figure 7.14. Destruction of the perfect 

coplanar geometry will result in a weakly avoided crossing between the S, > 'D 

and S, — Z surfaces. However, the T, > *D and S) > Z crossing will remain, 

since the multiplicity (spin symmetry) of the crossing surfaces is still different. 

The result of the avoided crossing is to put a minimum along the S, surface. 
From Figure 7.14 we conclude that there are two low-energy pathways from 

n, r* states for the representative point in coplanar hydrogen abstraction reactions. 

These two pathways are: 

1. From the !n, z* state the representative point may proceed to decrease its 

energy until it reaches the geometry corresponding to the avoided crossing (AC) 
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minimum. What are the consequences of this avoided crossing? We note that 

the occurrence of AC has no effect on reactivity, 1.e., the rate of reaction is 
determined by the energy barriers near the S, minimum. These small activation 

energies are not due to correlation effects. However, the efficiency of reaction 

from S, may be decreased since the AC minimum allows partitioning from the 

excited surface to either Sy or 'D (by providing a “Born-Oppenheimer hole” for 

radiationless transition from S, to S) or D,), whereas in the Zero Order only 

passage from S, to 'D was allowed. 

2. From the °n, x* state the representative point may decrease its energy by 

moving directly to *D, i.e., proceeding through the crossing of T, and So 

surfaces. Of importance is the fact that the reactivity and efficiency of T, are 

the same in both First and Second Order. In Second Order (avoidance between 

electronic states of different spatial symmetry and of different spin multiplicity), 

we generate a small splitting near the intersection of Sy and T,. In this Second 

Order, very weak avoidance will allow various intersystem crossings to occur, 

but such processes are not expected to be important in general. 

In Chapter 10, we shall see that all of the qualitative features (reactivity, effi- 

ciency, and primary product structures) expected from Figure 7.13 have experi- 

mental support. 

Extension of a Given State Correlation Diagram 

to New Situations 

A combination of the methods of orbital interactions and state correlation 

diagrams allows us to generalize the correlation diagram for hydrogen abstraction. 

At the orbital level, the key electronic features of hydrogen abstraction are the 

withdrawal of electronic charge from a H-X o orbital by the half-filled n orbital. 

We may postulate that any reaction whose electronic mechanism is dominated 

by electrophilic attack by the n orbital will have the same surface topology as 
that deduced for hydrogen abstraction (Fig. 7.14). 

For example, n, z* states of ketones are known to (a) abstract electrons from 

amines (and other electron donors), (b) add to electron-rich ethylenes, and 

(c) transfer energy to electron-rich unsaturated compounds. On the basis of 

orbital interactions, each of these reactions is expected to be dominated by elec- 

trophilic attack by the n orbital of the n, 2* state. In each case a diradical inter- 

mediate is possible and the same generalizations and expectations as were made 

for hydrogen abstraction are possible. In other words, the topology of Figure 7.14 

may be employed for the three reactions discussed above. 

7.9 State Correlation Diagrams 

for ~.-Cleavage of Ketones"° 

A commonly observed fragmentation reaction of n, x* states of carbonyl com- ' 

pounds is the cleavage of a o bond which is « to the excited carbonyl group.!! 
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For example, the n, x* states of acetone undergoes «-cleavage to acyl and methyl 
radicals: 

CHsCOGH)—"> CH, GOGH; =—> CH,CO- CH (7.14) 

Ast 

This reaction is a prototype for the second major reaction type of n, 2* states. 

The reaction coordinate in this case is essentially the distance separating the 

carbonyl carbon and methyl carbon atoms (some motion of the CH3;-CO moiety 

may also occur). S,; and T, are n, x* and both are A with respect to the charac- 

teristic symmetry plane associated with the reaction. The primary product states 

at the diradicaloid geometry are of two types: (a) those corresponding to a bent 

CH;CO group, and (b) those corresponding to a linear CH,CO group. The two 

lowest energy electronic states of these structures have different electronic symme- 

tries relative to the characteristic symmetry plane. This result occurs because the 

bent form of CH,CO will be sp? hybridized at the carbonyl carbon, whereas the 

linear CH;CO will be sp hybridized at the carbonyl carbon (Fig. 7.15). The radical 

site (sp? orbital) generated in the bent acyl group remains in the symmetry plane, 

and is therefore s with respect to coplanar cleavage. The linear acyl group possesses 

a, orbital which is in the symmetry plane anda 7, orbital which is perpendicular 

to the symmetry plane. Thus, the z, orbital is s and the z, orbital is A with respect 

hy 
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CH, CH; CHa CH, ct, 
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Figure 7.15 

Two pathways of «-cleavage of acetone. Either a bent acy! or a linear acyl fragment 

may be formed. 
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to coplanar cleavage. Thus, two degenerate electronic states correspond to the 

linear acyl-methy]l radical pair. One state (,, p) is S and the other state (7,4, p) is A. 

The number of distinct radical sites developed during a reaction is termed the 

reaction topicity.® Since «-cleavage to produce a bent acyl radical and alkyl radical 

produces two distinct radical sites, it is said to have a topicity equal to two. On the 

other hand, «-cleavage to produce a linear acyl radical and alkyl radical produces 

three distinct radical sites and is said to have a topicity of three. In the latter case, 

an odd electron may be in the z, or 7, orbital, leading to two different diradical 

pairs. 
Topicity can have a major influence on the topology of a correlation diagram. 

Let us construct the correlation diagram for a-cleavage by proceeding in the 

usual manner. First we identify the symmetry of the key orbitals involved in 
the transformation. The orbital correlation is given in Figure 7.16. Notice that 

the half-filled orbital on CH; is assumed to be a p orbital contained by the dis- 

criminating reaction plane, 1.e., this orbital is of s symmetry. 

We may now construct the Zero Order state correlation diagram (Fig. 7.17). 

In the case of cleavage to form a linear acyl fragment, the lowest excited states 

S,(n, x*) and T,(n, x*) correlate directly to low-lying 'D(z,, p.) and *D(n,q, Dp.) 

states. However, for the cleavage to form bent acyl, S,(n, x*) and T,(n, 2*) 

correlate with excited forms of D, namely D*(sp”, 2*,). As a result, the initial slope 
of the surface for cleavage from an n, 2* state to a bent acyl rises steeply as this 

state tries to correlate with D*. 

From the Zero Order diagram (Fig. 7.17) we deduce that «-cleavage of n, 2* 

states to yield a linear acyl fragment is symmetry-allowed, but that a-cleavage 

of n, x* states to yield a bent acyl fragment is symmetry-forbidden.'? Thus, the 

pathway of higher topicity is allowed, whereas the pathway of lower topicity is 
forbidden. 
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Figure 7.16 

Orbital correlation diagrams for bent (right) and linear (left) «-cleavage of acetone. 
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CH; 7 
bi 

Figure 7.17 

Zero Order state correlation diagram for bent (right) and linear (left) «-cleavage. 

Circled crossings are weakly avoided. 
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Figure 7.18 

First Order correlation diagram for «-cleavage. 
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Now let us consider a more realistic First Order correlation diagram (Fig. 7.18) 

which depicts «-cleavage for acetone. The state and diradical energies are also 

shown. The situation for cleavage to the linear fragment is essentially the same. 

However, weakly avoided crossings occur along the surfaces for cleavage to the 

bent acyl fragment (circled in the Zero Order diagram, Fig. 7.17). Notice, however, 

that the T,(n, x*) surface is subject to a First Order crossing at an earlier point 

than S,(n, 2*). This earlier crossing may lead to a lower energy symmetry-imposed 

energy barrier for cleavage of T,(n, 2*) relative to S,(n, 2*). 

From Figure 7.18 we expect that «-cleavage of acetone will be an activated 

process no matter which pathway is followed. Furthermore, if the energy of the 

linear diradical pair is lowered by structural effects (e.g., release of ring strain in 

a cyclic enone or stabilization of the acyl or alkyl radical sites), the linear pathway 

may be specifically favored, since a symmetry-imposed barrier does not occur 
along this reaction coordinate. In Chapter 13 we shall see that all of the important 

qualitative features of Figure 7.18 have experimental support. 

7.10 A Standard Set of Primary peels i: 

for 7, m* and n, =* States 

We have noted that the most commonly encountered lowest-energy excited 

states of organic molecules may be classified as S,(z, 2*), T,(2, 2*), S,(n, 2*), or 

T,(n, 2*). In this chapter we have seen how theory can lead (a) to a prediction of 

the possible (i.e., low-energy) primary photochemical processes via the considera- 

tion of orbital interactions, and (b) to the generation of the network of surface 

(reaction) pathways via the maps which result from state correlation diagrams. 

Now we can list the possible primary photoreactions of S, and T, based on the 
above theoretical considerations. 

The Characteristic Primary Photochemical 

Process of 7, 7* States 

We expect S,(z, 2*) states to undergo concerted pericyclic photoreactions such as: . 

1. Electrocyclic rearrangements. 

2. Cycloadditions and Cycloeliminations. 

3. Sigmatropic rearrangements. 

The favored stereochemical pathways of these reactions can be predicted by 
considering orbital interactions, and the prototype surface topology for such 
reactions will be analogous to Figures 7.7 and 7.8. 

S,(z, 2*) states will often possess a substantial zwitterionic character, which 
will result in proton or electron transfer reactions, nucleophilic or electrophilic 
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additions, or rearrangements to produce intermediates which will then proceed to 

isolated products. 

Finally, S,(2, 2z*) of ethylenes and polyenes will often possess an inherent 

tendency to twist its double bonds, which is a process that leads to twisted 

zwitterionic intermediates and/or cis-trans isomerization. 

Granted that S,(z, 2*) has the possibility of the above set of characteristic 

reactions, the rate of any one of these reactions will depend on the reactant struc- 

ture and the reaction conditions. The probability of any reaction from S,(z, 2*) 

will depend on a competition between the rate of reaction and the rate of other 

photophysical or photochemical pathways from S,(z, 12%). 
T ,(z, 2*) is not expected to undergo concerted pericyclic reactions unless the 

product can be produced in a triplet state or if a good spin-orbit coupling mecha- 

nism is available. More commonly, T,(z, z*) will generate a primary diradical 

product, *D, which will then proceed to initiate reactions leading to the eventual 

isolated products. For example, we expect T,(x, x*) to undergo primary photo- 

reactions characteristic of radicals such as: 

1. Hydrogen atom or electron abstractions. 

2. Addition to unsaturated bonds. 

3. Radicaloid rearrangements. 

4. Homolytic fragmentations. 

In addition, T(x, 2*) will generally possess an inherent driving force to twist 

about double bonds, a process that could lead to cis-trans isomerization or twisted 

diradical intermediates. 

The Characteristic Primary Photochemical 

Processes of n, 7* States 

The photochemistry of n, 2* states can be expected to contrast with that for 7, 1* 

states in two major respects: (a) the photochemistry of S,(n, x*) and T,(n, 2*) for 

a given molecule should be qualitatively identical and differ only quantitatively. 

Reactions expected from S,(z, n*) and T,(z, 2*) differ qualitatively, Le., zwit- 

terionic and/or concerted versus radicaloid, respectively; and (b) the photo- 

chemistry of n, 2* states is completely diradicaloid to a good approximation, 

i.e., n, z* > D processes are typical. 

Based on an orbital interaction analysis (Fig. 7.4), and the postulate that all 

n, n* reactions proceed preferentially via D states (Fig. 7.14), we can conclude 

that the primary photochemical processes of n, x* will produce radicals and that 

the overall photoreactions will mimic radical chemistry. Let us consider that the 

plausible primary processes expected from a theoretical standpoint are: 

n-Orbital Initiated n*-Orbital Initiated 

Atom abstraction Atom abstraction 

Radical addition Radical addition 

Electron abstraction Electron donation 

a-Cleavage p-Cleavage 
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Although both atom abstraction and radical addition are expected in theory 

to be initiated by either the n or by the x* orbitals, the former will exhibit electro- 

philic and the latter will exhibit nucleophilic characteristics. Furthermore, the 

stereoelectronic dispositions of the reactions will differ, depending on which 

orbital dominates the electronic interactions with the substrate. For example, if 

the n orbital initiates the interaction, the reaction will be sensitive to steric factors 

influencing the approach of the substrate in the plane of the molecule and near the 

“edges” of the carbonyl oxygen. On the other hand, if the z* orbital initiates the 

reaction, the reaction will be sensitive to steric factors which influence the approach 

of the substrate above and below the “faces” of the carbonyl function. Convincing 

experimental support for this prediction is given in Chapter 11. 

Since the z* orbital is delocalized, attack may be initiated predominantly at 

the carbon atom or at the oxygen atom. Ignoring the specifics of the substrate 

(which is either an atom donor or an electron abstractor), we note that if the 

reaction is initiated by the z* electron, only the addition to carbon produces a 

low-energy diradical state. Attack of the z* orbital to produce a bond to oxygen 

produces an electronically excited diradical and will therefore encounter a 

symmetry-imposed energy barrier. 

7.11. Conclusion: Energy Surfaces 

as Reaction Maps or Graphs 

Orbital interactions and state correlation diagrams provide the basic elements of a 

qualitative theory of photoreactions. The possible products of a photoreaction 

which starts from a particular state may be deduced from state correlation dia- 

gram maps. The probable products may also be deduced from consideration of 

(a) symmetry-imposed barriers, and (b) minima which facilitate pathways from 

an excited surface to the ground state. 

The difficulties in establishing a quantitative theory of photoreactions are 

substantial. Photoreactions are at once blessed with richness of chemistry and 

cursed by the profound complexity which results from the multidimensionality 

of excited-state surfaces. The omnipresent competition between photochemical 

and photophysical processes requires a knowledge of the dynamics of both 

electronic relaxation routes before a quantitative theoretical prediction can be 

made. Furthermore, the role of Franck-Condon factors ( f,) and spin-orbit coupling 

( f,) must be considered in any quantitative formulation of photoreactivity and/or 
efficiency. 

Despite the formidable difficulties demanded by a quantitative theory, the 
qualitative factors discussed in this chapter serve as a useful systematizing, unifying 
framework in the consideration of photoreactions. 

The state correlation diagram may be viewed as a reaction graph which displays 
the possible pathways for interconverting reactants to products. The vertices of | 
the reaction graph correspond to structures corresponding to maxima or minima 
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on the various energy surfaces. A major goal of mechanistic organic photochem- 

istry is to provide experimental support for the occurrence or nonoccurrence of 

“transition structures” (maxima or minima) along the reaction pathway. Once 

the structures along a reaction pathway have been established, the dynamics of 

the reaction (rate constants for conversion of one structure into a second structure) 

can be determined. The theoretical reaction graph given by energy surfaces provide 
mechanistic photochemistry with a framework for thinking about experiments, 

i.e., transition structures are suggested and are subject to experimental verification. 

Chapter 8 discusses the experimental methods available to test the mechanisms 

suggested by state correlation diagrams. 
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Mechanistic Organic 

Photochemistry 

8.1 Mechanisms 

The term “mechanism” is derived from the notion of a “machine” or “contrivance” 

and evokes the image of forms or structures (parts) operating in a collective and 

connected sense, 1.e., the machine possesses certain components, connectivity, and 

spatial relationships. If we saw the “guts” of a machine that is not operating (Le., 

a machine in a “static” state), we might deduce from the configuration of the parts 

how the machine works; that is, we might imagine, given the “static” forms and 

their perceived relationships, how the motions of the components could create 

the dynamics of the machine when operating. We could then attempt to visualize 

the forces capable of producing the dynamics of the machine, 1.e., the motion 

sequences of the parts in time. Next we might test our conjectures on the interplay 

of the parts of the machine by getting it to work and beholding the process of 

operation. We could then determine the forces which provide the energy to operate 

the machine. If at this stage everything seemed quite natural (1.e., the parts moved 

as expected and the machine operated as expected), we could say that we 

“understand” the mechanism. 

A similar approach can be applied to the investigation of photochemical 

mechanisms. The “components” of such a mechanism are the significant structures 

along the reaction pathway, 1.e., structures which correspond to maxima and 

minima on energy surfaces. The “connectivity” of a mechanism refers to the 

relationships of the transition structures, one to another, 1.e., how they are con- 

nected through radiative transitions, radiationless transitions, or chemical trans- 

formations. The “configuration” of a mechanism is the detailed surface pathway 

which is followed starting from an initial excited state. Dynamics tell us how 

forces operating on transition structures determine the relative probabilities that 

a specific configuration or pathway will be followed. 

Thus, a “complete” photochemical mechanism must include a knowledge of | 

(a) all significant transition structures along the reaction pathway, (b) the rate 
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constants for converting one intermediate structure to its successor structure, 

and (c) the forces responsible for interconverting structures. 

Chemical Mechanisms; The Standard Mechanistic Set 

The conventional mechanism of a chemical reaction is a finite sequence of ele- 

mentary physical and chemical steps which adequately accounts for the conversion 

of reactant structures to product structures. All mechanisms are provisional and 

incomplete. They are provisional because we can never conclusively prove a 

statement with the inferential logic required in scientific inquiry, 1.e., an alternate 

mechanism (possibly not yet thought of) may also be consistent with all known 

data. Mechanisms are incomplete because experimental data is incomplete and is 

constantly in various stages of refinement, and because to write all of the physical 

and chemical steps would be impossible in principle and unnecessary in practice. 

In writing a chemical mechanism we can only hope to put forth the “highlights” 

of a reaction sequence. Since energy is a general property of all chemical systems, 

we might suppose that we can always describe the conversion of reactants to 

products in terms of the change in energy of the system as the reaction develops. 

These highlights should include descriptions of all energy minima which corre- 

spond to the structures of reaction intermediates (or to funnels which lead to the 

ground-state surface) and all energy maxima which correspond to the structure of 

transition states. If possible, the electronic, nuclear, and spin structure of these 

minima and maxima (and of all important forces which cause structural inter- 

conversions) should be clearly identified. 

Although many mechanisms can be written a priori, we usually find that few 

or only one are consistent with the known relevant data and theories of chemistry. 

The protocol of establishing or validating (not “proving”) a mechanism for a 

known reaction is the following: 

One must decide in a general way the highlights one wishes to cover, 1.e., select 

those features of the reaction sequence which are of greatest particular interest. 

Next, one must enumerate all plausible mechanisms which involve commonly 

encountered reactions. This group of mechanisms is called the standard mecha- 

nistic set, and is selected to be analogous to the one under study. Data or theory 

is then sought to eliminate each of the members of the standard mechanistic set. 

After this elimination, three possibilities generally will result (see Scheme 8.1): 

1. If every member but one is eliminated, that remaining member provides a 

provisional working mechanism. 

2 Ifmore than one member of the standard mechanistic set remains after the 

elimination, then more than one provisional working mechanism must be 

considered as validly describing the reaction. 

3. Ifno members of the standard mechanistic set remain, then we must conclude 

that the reaction involves a “novel” or previously unencountered mechanistic 

pathway. 
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Scheme 8.1 

Flow sheet of the steps involved in establishing a provisional mechanism. The 

members a, b, c,.. . represent complete, distinct mechanisms. 
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Scheme 8.2 

Flow sheet of the steps involved in employing theoretical and experimental criteria 

to establish a reaction mechanism. 
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The Criterion of Experimental Denial; Empirical Methods for 

the Elimination of Members of a Standard Mechanistic Set 

In order to eliminate a member of the standard mechanistic set, we must establish 

a logical inconsistency between a premise of the set member and experimental 

data or theoretical laws. For example, we may eliminate a set member if it incor- 
rectly predicts or is inconsistent with the observed product types, the stereo- 

chemical pathway, or the empirical form of the observed reaction kinetics. We 

may also eliminate a set member if it implies a violation of a conservation law 

(total energy, momentum, spin, etc.). Clearly, in eliminating members of the 

standard set, we should first apply the most general criteria possible (energetics, 

structure, and dynamics) in order to quickly reduce the number of remaining 

members (see Scheme 8.2). 

After application of the general energetic, structural, and dynamic implausibility 

criteria, we may use specific experimental data to eliminate remaining members 

of the standard set. For example, any or all of the following consistency criteria 

are commonly used: 

1. Reactant and Product structure 

N Structure of intermediates on the pathway from reactant to product 

Kinetic rate law 

Labeling experiments 

LA gs Ve Structure-reactivity relationships 

8.2 Use of Kinetic Feasibility 

in Quantitative Mechanistic Analyses 

The question of kinetic feasibility can be formulated as: Can an excited molecule 

acquire sufficient activation energy during its lifetime to react at a rate competitive 

with other modes of excited-state deactivation? In order to acquire an idea of the 

relationship of lifetime to energy we can employ the Arrhenius expression: 

k (sec 1) = A exp — E,/RT (8.1) 

which relates the rate constants for reaction to the activation energy for reaction 

and a probability factor. In terms of the more familiar Base 10 units, Eq. 8.1 

becomes: 

ktinesec” *) =A Wot ee as (8.2) 

Typical values of A are ~10'° to 10°? sec! for unimolecular reactions and 

~ 108 sec~! for bimolecular reactions (at 1M reactants).° Table 8.1 lists the 

relationship of k to E, at three temperatures: Tiki 126-C)}—. 300 K(27-C)—; 
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and 400 K (127°C—somewhat above the temperature of boiling water) for A = 

10? seer andes sO sco. 
Consider the column corresponding to reaction near room temperature. If an 

excited-state possesses a lifetime of 10- '* sec,a reaction possessing E, of 4 kcal/mole 

can compete with excited-state deactivation if A = 10'> sec" ', ie., k = 10'° x 
10° 4/1-4 ~ 1012 sec” 4, but not if A = 10° sec” +, ie, even if E, = 0 kcal/mole, 

k = 108 sec"! and the reaction is too slow to compete with other deactivation 

pathways. If the excited-state lifetime is 10° * sec, a reaction possessing E, of 

~16 kcal/mole can compete with excited-state deactivation if A = 10'° sec’ '. 
On the other hand, a bimolecular reaction (A ~ 10° sec” ') will require a much 

lower E, (~7 kcal/mole) in order to compete with excited-state deactivation. 

Typical activation energies for “thermal reactions” which proceed at convenient 

rates (~ hours) near room temperature are of the order of 25—35 kcal/mole. For 

example, the ring opening of cyclobutene to butadiene (reaction exothermic by 

~ 10 kcal/mole) requires an activation energy of 33 kcal/mole and possesses an 

A factor of ~10'*. At 300 K (near room temperature) the ring opening rate of 

cyclobutene is ~10 '° sec’ '. (This corresponds to a half-life of hundreds of 
years!) On the other hand, the photochemical ring closure of 1,3-butadiene to 

cyclobutene (endothermic by 10 kcal/mole in the ground state) occurs with negli- 

gible activation energy in about 107 '° sec or less. 
Rate constants depend on both energetic (AH? or E,) and eritropic (AS? or A) 

factors. Restriction of conformational freedom in reactants can increase the rate 

of reaction if the restriction also favors the formation of the reaction transition 

state. This corresponds to an entropic enhancement of the rate constant for reaction, 

since the entropy change upon going from reactant to transition state is more 

positive (less ordering is required to achieve the transition state). 

As an example of the information which is available from E, and A but not 

available from k, consider the data in Table 8.2 for an intramolecular hydrogen 

abstraction reaction called the “Type II” hydrogen abstraction (which we shall 

Table 8.1 Relationship Between Rate Constants, Activation 

Energies, Frequency Factors, and Temperature* 

eK = 300K P= 400K 
——t—_,, ee i _——————, 

k A=" Aa10" A= 10", A= 10° A= 10°, A=10* 

E E, 1 

Oe = 0 = 0 — 
iO I a 4 = 5 = 
10° 2 0 8 0 11 0 
10° 3 I 12 3 16 3.5 
103 4 2 16 i 22 9 
| 5 3 21 11 7 15 

10m 6 4 25 15 33 20 
Ome WS 5 29 19 38 D5 
Oi 8.5 6 33 23 44 31 

* Units of K are sec '. Units of E, are kcal/mole. 
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(8.3) 

Table 8.2 Rate Constants and Activation Parameters for Some Hydrogen 

Abstraction Reactions of Ketones. (Reactions at room temperature.) 

OMWINNAHRWNE 

14. 

15. 

lB AS 

Ketone? ke (kcal/mole) (sec) Ref 

MEnCOCH GCHOCH-. 8 x 10° ~7 ~10'? (d) 
~_EneOCH Chl CHO CH. 1 x 108 ~5 ~10!? (d) 
. PhCOCH,CH,CH(CH3), Sex 0e ~4.5 ~10!? (d) 
mChHaGOGH CH (EEH.)> 1 x 10’ ~7 ~10'? (e) 
: CH;,COCH,CH,CH,CH, 6 x 108 ~4.5 ~ 10! (e) 

b CH3;COCH,CH,CH(CH3), ex 10° ~3.5 ? 1012 (e) 

MPH CO RCH: 3 x 10° ~ 4.5 =~ 10° (f) 
. Ph,CO + RCH,R WSS TOP ~2.8 ~ 108 (f) 

. Ph,CO + R3;CH )s% OF ~2.2 ~ 108 (f) 
. Ph,CO + PhCH, 4 x 10° ~2.5 ~ 10° (f) 
. Ph,CO + CH;0H 3 x 10° ~3.5 ~10° (g) 
. Ph,CO + CH;CH,OH Sol Oz ~2.8 ~ 10? (g) 
. Ph,CO + (CH;),CHOH 1 x 10° ~2.6 ~10? (g) 

3x10" ~4 ~10'3 (hy 

H o oO Ph 

ES ANOe ~4.7 ~ 10+ (i) 

(Cl 7 120 

pyr | CO 

@ Underlined hydrogen is involved in the hydrogen abstraction process. 

> Rate constant for hydrogen abstraction. Values are representative only. Absolute, accurate values depend on solvent, 

temperature, and other experimental conditions. Units are sec! for compounds 1, 2, 3, 4, 5, 6, 11, and 12 (intra- 

molecular hydrogen abstraction) and M~’ sec‘ for systems 7, 8, 9, and 10 (intermolecular hydrogen abStraction). 

° E, is the activation energy for hydrogen abstraction and A is the frequency factor. Values are rounded off and 

approximated for simplicity and consistency. 

4 Grotewald, J., Previtali, C. M., and Scaiano, J. C., J. Photochem., 1, 471 (1972/73). 

© Encina, M. V., and Lissi, E. A., J. Photochem., 6, 173 (1976); 4, 321 (1975). 

' Giering, L., Berger, M., and Steel, C., J. Am. Chem. Soc., 96, 953 (1974). 

® Topp, M. R., Chem. Phys. Letters, 32, 144 (1975). 

Lewis, F. D., Johnson, R. W., and Kory, D. R., J. Am. Chem. Soc., 96, 6100 (1974). 

i DeBoer, C. D., et al., J. Am. Chem. Soc., 95, 3963 (1973). 
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There is a variation in rate constant of a factor of ~60 in proceeding from 

1(k, ~ 8 x 10° sec™') to 2(k, ~ 1 « 108 sec™ 4) to 3(k, ~ 5 x 108 sec” *). From the 
activation parameters it is seen that the increase in k going from 1 to 2 to 3 is due 

mainly to a decrease in E,; i.e., the A-factor is more or less constant for the series. ' 

On the other hand in Table 8.2, the bicyclic ketone 14 undergoes reaction nearly 

100 times faster than 2 (a secondary hydrogen is abstracted when both 2 and 14 

react).” The increase in k on going from 2 to 14 is due mainly to an increase in the 

A-factor. These results are reasonable when we identify A with AS?, the activation 

entropy. As A increases, AS* becomes more positive, i.e., the reaction requires less 

organization. Ketones 1, 2, and 3 require similar organization on proceeding from 

the starting excited state to the transition state; therefore, AS* (and A) should be 

similar. It is thus expected, and found that the differences in k result from differences 

in E, (primary hydrogen is abstracted slower than secondary hydrogen which, 

in turn, is abstracted slower than tertiary hydrogen). 

On the other hand, in comparing 2 and 14 the same type of hydrogen atom 

(secondary) is abstracted, so that comparable values of E, are expected. However, 

because of its structure, 14 1s locked into a conformation particularly favorable 

for hydrogen abstraction. As a result, a smaller price in activation entropy must 

be paid (less organization required) to reach the transition state for hydrogen 

abstraction. This results in a more positive AS* (larger A) for 14 than for 2 and, 

because of the comparable E, values, a larger value of k for 14 than for 2. 

A comparison of 14 and 15 is informative. The latter can undergo an intramolec- 

ular hydrogen abstraction only via a seven-membered cyclic transition state. The 

entropy requirements for achieving such a structure are much more difficult than 

those for a six-membered cyclic transition state. As a result, the A factor drops 

from ~10'? sec”! in 14 to ~10* sec”! in 15. This nearly million-fold larger rate 
constant for 14 is due mainly to the A-factor differences. 

Finally, note that the A-factor for intermolecular hydrogen abstraction is 

10° — 10° sec~’. Such values are typical of bimolecular reactions requiring a 
modest amount of structural organization in the transition state.° 

8.3 The Use of Structural Criteria 

and the Role of Reactive Intermediates 

in Mechanistic Analysis 

The most definitive information concerning photoreactions is knowledge of the 

structure of the reactants, products, and intermediates. Important qualitative 

arguments concerning photochemical reaction mechanisms can be made based 

on structural considerations alone. It is convenient to consider the structures in 
terms of two classifications: 

1. Initial reactants and isolated products 

2. Transient structures or reactive intermediates 
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Since all photochemical reactions start with a ground-state structure, proceed 
to an excited-state structure, and end in a ground-state structure, photochemical 
mechanisms are inherently multistep, i.e., they require the occurrence of inter- 
mediates between reactants and products. 

What can we deduce about the mechanism of a reaction solely from the structure 
of the ground-state reactants or products? The answer is quite a bit qualitatively 
but very little quantitatively. More can be deduced if the nature (e.g., electronic 
configuration) of the S; and T, states is known. Still more can be deduced if it is 
known whether S, or T, (or both) undergo the reaction under study, and whether 
reactive intermediates in addition to S, and T, are involved (including upper 
excited states, diradicals, zwitterions, excited states of products, and ground-state 
intermediates). 

Molecular structure is the “glue” of reaction mechanisms: 1.e., structures hold 
everything together. In a mechanism, the chemist tries to develop the constitution 
of a mechanism by employing the idea of spatiotemporal objects (chemical struc- 
tures) to define a system of forms or structures in temporal evolution. The possible 
evolutions may not occur in any arbitrary manner but rather are subject to a 
formalizable protocol (Scheme 8.2) which restricts the “allowed” sequence of 
structural transformations in time. 

In effect, the chemist parameterizes the state of a chemical system in terms of 
structures. He implicitly assumes that each state may be parameterized in terms 
of a distinct structure. He understands that not all structural interconversions are 
allowed under a given set of reaction conditions. Therefore, his mechanism takes 
the initial structures, and via the logic of the mechanistic protocol maps the 
logical succession of structures into a temporal succession, i.¢., he generates an a 
priori acceptable mechanism. 

The Use of Reaction Types and Structural Relationships 

in Mechanistic Analyses 

The relationships of product structure to reactant structure usually provide a 

valuable set of clues to the reaction mechanism. The following questions should 

be answered before proceeding in a mechanistic analysis: 

1. Does the overall reaction correspond to a standard reaction type or to a 

sequence of standard reaction types? 

2. How does the product atomic composition and connectivity relate to the 

reactant atomic composition and connectivity? 

3. How does the product stereochemistry relate to the reactant 

stereochemistry? 

If the answers to these questions are available, a basis for guessing at the most 

plausible mechanisms is at hand. This procedure is based on the postulate that 

there are very few fundamentally different reaction mechanism types for an elementary 

chemical step. In effect, we postulate that many reactions are more or less the same 
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with respect to the fundamental chemistry which occurs at a reactive site, and 

differ in quantitative detail rather than in their qualitative nature. 

A corollary of the above postulate is that reactions can be classified in terms of 

mechanistic types, and for any given class of reactions only a small set of mechanistic 

types is likely to be required for a detailed analysis. 

In ground-state chemistry, most of the fundamental reaction types can be viewed 

as proceeding via shifts of pairs of electrons toward or away from carbon as one 

passes from reactant to product. An exception occurs when one (and only one) 

of the reagents possesses an odd number of electrons, i.e., reactions of monoradicals. 

In this case, the reaction is usually viewed in terms of single-electron shifts toward 

or away from carbon. 

Most, but not all, photoreactions are closer in nature to the one-electron shifts 

characteristic of radical chemistry than to two-electron shifts. This is under- 

standable in terms of electronic excitation, which may be thought of as orbital 

decoupling of an electron pair to produce a species which possesses two half-filled 

orbitals. The one-electron behavior is a natural consequence of the high one- 

electron affinity of the lower-energy half-filled orbital and the low one-electron 

ionization potential of the higher-energy half-filled orbital. 

The point of these classifications is that each reaction type has been established 

to occur via a relatively small and well-defined set of mechanisms. If a reaction 

falls into one of the above categories, one automatically has a standard set of 

mechanisms available to consider. If a reaction does not fall into one of the above 

categories, we may assume that the reaction is complex (i.e., involves a sequence 

of two or more of the above reaction types) or that one has encountered a novel 

mechanism. 

An Example of the Use of Structural Relationships 

in Mechanistic Analysis 

The photolysis of aryl alkyl ketones generally results in the formation of products 

of the type shown in Eq. 8.3, 1.e., methyl aryl ketones, ethylenes, and cyclobutanols 

(Type II products).° These product structures may be used as a basis to surmise 

precursor structures. When more than one product is observed from photo- 

reactions of a single excited state, it is commonly observed that these products 

are logically derived from competing pathways for reaction of an intermediate. 

For example, all the Type II products are derivable from the common diradical D, 

shown in Eq. 8.4. In other words, two “natural” and logical reactions of D are (a) 

cleavage of bond a, or (b) cyclization (Eq. 8.4). Note that cleavage does not produce 

the methyl aryl ketone that is isolated directly, but rather an enol. The latter, 

however, is known to be generally unstable both kinetically and thermodynamically 
with respect to its corresponding ketone. 

Thus, the product structures may be said to “imply” the diradical D as a pre- 

decessor structure. The diradical, in turn, “implies” a precursor structure capable 

of abstracting a hydrogen from the side chain. The n, x* state of the aryl alkyl 
ketone is such a predecessor. Importantly, the enol and diradicals indicated in 
Eq. 8.4 were detected spectroscopically (Chapter 10) long after their existence was 
inferred via product-reactant relationships. 
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8.4 Rules for Proceeding from Rate Laws to 

Photochemical Reaction Mechanisms? 

The theoretical rate law for any elementary chemical step is the product of the 

rate constant for that step times the concentrations of its reactants. The empirical 

rate law is an algebraic expression which relates measured concentrations to the 

rate of reaction. 

If we assume that a mechanism has only one rate-determining step (1.e., has one 

molecular configuration of highest energy along a reaction coordinate) then a 

useful working rule is possible which allows the establishment of guidelines on 

how to proceed from empirical rate law data to inferences of steps in a reaction 

mechanism. 

For an empirical rate law whose orders in concentrations are integers, 

The molecular formula of the transition state for the rate-determining 

step is directly related to the empirical molecular composition of 

the species whose concentrations appear in the empirical rate law. 

In photochemical kinetics we interpret “rate-determining step” to mean that 

step which determines the overall rate of reaction or the rate of deactivation of 

a given electronically excited state. This step may or may not be the slowest step 

in the overall sequence from reactants to products. 

As an example, consider the photoreduction of acetone to pinacol by 1so- 

propanol:' 

OH = 

(CH3),CO + (CH3),CHOH —*> (CH3),C——C(CH3), (8.5) 
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The key photochemical step in the reaction involves abstraction of a hydrogen 

atom from the tertiary carbon of isopropanol by either S, or T, of acetone (Eq. 8.6). 

This is followed by the formation of a pair of ketyl radicals, which then couple 

to yield the product (Eq. 8.7): 

(CH,),CO* (S, or T,) + (CH;),CHOH —— 2(CH;),COH (8.6) 

ketyl 

radicals 

OH OH 

2(CH3)2COH ——> (CH3),C——C(CH3) (8.7) 

How can we decide on the basis of empirical rate law data whether this assumed 

mechanism is provisionally acceptable? Experimentally, both the fluorescence 

and the phosphorescence of acetone are measurable. The intensity and lifetime of 

each emission can be related to the concentrations of S, and 7,. It is found that 

the measured rate of product formation is expressed by: 

Rate ob oduct iP der ( CH.) }CHOR |i | | (8.8) 
formation 

From our rule, we can conclude that (a) acetone triplets and isopropanol! are 

involved in the photochemical rate-determining step for reaction, and (b) S, of 

acetone is not involved in the photochemical rate-determining step, i.e., since the 

concentration of S, does not appear in the empirical rate law S, cannot be directly 

involved in the product-determining step. Thus, we can associate the measured k 
with the theoretical rate-constant for the reaction: 

(CH;),CO(T,) + (CH3);CHOH —— 2(CH;),COH (8.9) 

A second useful rule is related to the principle that chemical species of similar 

energy and structure possess similar chemical properties. Using this principle, we 

may make the following statement concerning the structure of transition states, 

known as the Hammond postulate :* 

lf a transition state and an intermediate possess comparable 

energies and occur consecutively along a reaction coordinate, 

the chemical composition, the chemical constitution (structures) 

and chemical properties of the transition state will be similar to 

those of the intermediate. 

Extending this idea to photochemical reactions, if E, is small (a few kcal/mole) 

for reaction from an excited state, then we may postulate that the transition state 

“looks like” the initial excited state in most important chemical aspects. This in’ 

turn leads to the corollary that the excited-state configuration is a guide to excited- 
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state reactivity; 1.e., if the transition state ‘looks like”’ the initial excited state, the or- 
bital interactions should relate to the initial excited-state electronic configuration. 

8.5 Rules for Proceeding from Efficiency Laws 

to Inferring Photochemical Reaction Mechanisms 

The efficiency of a photochemical reaction can be expressed in two ways: 

1. The quantum yield or efficiency of formation or destruction of a given species 

can be based on the number of photons absorbed by the system. 

2. The state efficiency of formation or destruction of a given species can be 

determined from molecules in a given state. 

It is important to distinguish these terms. We shall call ® (the efficiency based 

on photons absorbed) the quantum yield, and ¢ (the efficiency based on a given 

state) the state efficiency. 

The efficiency based on (1) is given by 

moles of given species formed or destroyed 
QUANTUM YIELD ® = (8.10) 

moles of photons absorbed by the system 

The efficiency based on (2) is given by 

moles of a given species formed or destroyed 

~ moles of a given state formed by absorption of a mole of photons 

(8.11) 

In a practical sense, quantum yield is the more interesting quantity because 

it relates the effectiveness with which absorbed photons can form products. The 

magnitude of ® may vary from 0 to very large values (> 10*). From the theoretical 

standpoint, in order to understand the factors determining ®, an “overall” 

quantity of a reaction, we must understand the factors determining ¢, a quantity 

which relates to individual steps from states along the reaction pathway. 

All quantum yields may be considered as the product of ¢,+, the probability 

that light absorption will produce the reactive state A*; ¢,, the probability that 

A* will undergo a particular reaction to yield P; and ¢,, the probability that any 

metastable intermediate which exists between A* and R will lead to P. (See Eq. 8.12.) 

A Pas : A* Oe Oh ‘ Isolated 

product 

en, cea (8.12) 

Pr 
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If P is formed from only one excited state, A*, then in general: 

®, == Pry or ®, a P. PP (8.13) 

In direct excitation experiments in solution, ¢,. is generally unity if A* = A, 

(i.e., a singlet state is produced). This generalization and its limitations derive from 

consideration of Eq. 8.14 where k;¢ is the rate of internal conversion from any up- 

per level of A, to the thermally equilibrated state, and k, is the rate of any process . 

which competes with internal conversion: 

kic 

Oe re + ky (8.14) 

Generally, k;¢ ~ 10’? sec”' > k,, so that ¢,. ~ 1. Thus, it is clear that only ex- 
tremely rapid unimolecular reactions and “diffusion controlled” reactions with 

solvents have a real chance of competing with k,¢. 

When a triplet state A; is involved, then @,, is generally identical to ®,, (inter- 

system crossing quantum yield) and is given by: 

® Rs k (8.15) = Satie te ; 
~ helt kg © LO 

In determining photochemical reactivities, the efficiency #, is often crucial. This 

efficiency is given by: 

ky 
Px = ke ki KT a (8.16) 

where k,, is the rate constant for reaction of A* to form I or P and k, represents the 

rate of major decay of A*. 

Weare now ina position to formulate a rule of the relationship between quantum 

yields and state efficiencies. 

Rule 1. The quantum yield for reaction from a given state equals 

the state efficiency for reaction times the quantum yield for formation 

of the reacting state (Eq. 8.17): 

o (given state) = dg x M (formation of state) (8.17) 

Now we can understand how a high state efficiency for reaction can be consistent 

with a low quantum yield for reaction from the state. This is the situation if the 
state is inefficiently produced after the absorption of the photon. 

The following rules relate the magnitude of the quantum yield to mechanistic 
conclusions: 

Rule 2. If ® > 1 (for reasons not trivially associated with reaction 

stoichiometry), then a chain reaction must be involved in the 
mechanism. 
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This rule derives from the generalization that one photon excites only one molecule. 

Rule 3. If ® < 1 then the provisional mechanism must account for 
the reaction inefficiency by some specific cyclic pathway which 
degrades the energy of the absorbed photon and returns the system 
back to its original ground state without net reaction. 

8.6 Experimental Methods for Determining 
Rate Constants of Photoreactions 

In this section we will discuss the common experimental methods for determining 
k, the reaction rate constant of a photochemical process. 

The term “instantaneous” applied to a reaction rate once meant “less than a 
second,” or a time of the order of reagent mixing. It is now possible to study 
reactions whose rates are of the order 10!” moles/l-sec, i.e., reactions which are 
well on their way to completion in 10° '* sec. The mechanical problem of “mixing” 
reagents and the time limitation required before measurement is overcome by a 
method based on the rapid perturbation of a system from its equilibrium and then 

following the rate of return of the system to equilibrium. In photochemistry the 

perturbation is usually applied by subjecting the system to a very short pulse of 

light which causes a number of molecules to suddenly find themselves in electron- 

ically excited states, then measuring their reactions. Some fast analytical method, 

usually flash absorption or emission spectroscopy, is used to monitor the con- 

centration of excited molecules as they return to equilibrium. 
A second method of studying very fast reactions 1s based on kinetic competition 

between two reaction pathways, under conditions in which the rate of one of the 

pathways 1s known or calculable. From knowledge of the rate of one pathway 

and the ratio of partitioning between the pathways, the rates of the other pathway 

can be evaluated. This method depends on the establishment of a fixed time-inde- 

pendent concentration of reactive intermediates and is known as a steady-state 

or continuous excitation method. 

Pulsed Excitation 

Figure 8.1 depicts the results of the pulsed excitation of a system. A “very fast” 

absorption of light by a molecule D produces a high concentration of excited 

states D* (represented as a “filled box”). The excited state D* will generally decay 

(the “box” empties) according to a unimolecular (or pseudo-unimolecular) rate 

law: 

De Ds) ext 7 =D nexpic,! (8.18) 

where 1, is the experimental lifetime of D*, and [D*], and [D*], are the concen- 

trations of D* at time ¢ and time t = 0, respectively. Typically, the absorption or 
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emission of D* are monitored to “track” the concentration of D* as a function 

of time. 

Stern-Volmer Analysis of Photochemical Kinetics; 

Lifetime-Concentration Measurements 

A Stern-Volmer analysis’ of photochemical kinetics postulates a reaction mech- 

anism which involves a competition between an inherent unimolecular decay of 

A* and a bimolecular quenching by Q: 

unimolecular : 
decay of A* A*—*+— product (8.19) 

quenching of 
A*byQ A* + Q—*+quenching of A* (820) 

The simplest situation is one in which these are the only two processes that occur. 

The lifetimes of A* in the absence and presence of Q are given by: 

Lifetime of A*, 1/t, = k, (8.21) 
No Q 

Lifetime of A*, 1/t2 =k, + k,[Q] = 1/7, + k,[Q] (8.22) 
Q present ; 

Since both experimental lifetimes t, and t, are measurable, as is [Q], we can 

determine k, from Eqs. 8.21 and 8.22. Experimentally, this is done by plotting 1/t, 

as a function of [Q]. The slope of such a plot is equal to k, in units of M+ sec; 
i.e., the units of a bimolecular rate constant. 

Pailoiexp) =t/c 

I, = Ip/2e 

for an individual —= 

jump 

t=O t= t=2t, 

Figure 8.1 

Schematic representation of the depletion of molecules in an excited state. The 

shaded area represents the concentration of excited states, D*. 
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Stern-Volmer Quenching; Efficiency versus 
Concentration Measurements 

If an excited state undergoes a unimolecular reaction in competition with emission, 
both the emission efficiency and the reaction efficiency can be measured. Often 
the emission lifetime can also be measured. From the expressions for reaction 
efficiency under steady-state excitation (Eqs. 8.23 and 8.24), we note that measure- 
ment of ¢,, dr, and t, allow evaluation of k, and k;. 

A*—“*.,A + light ee 1g Pe k, ant ky Keke (8.23) 

A* —, products Pr= ul = k,t (8.24) 
ke +k, : , 

If t, = 1/(k, + k,) cannot be measured directly, indirect methods of determining 
k, are possible. For example, since the value of k, may be approximated from the 
theoretical relationship (Eq. 5.11) between a radiative rate constant and the absorp- 
tion spectrum, t, may be estimated from a measured value of ¢, and a calculated 
(theoretical) value of k,. From the measured value of ¢, and estimated value of 
t,, k, can be determined. 

A second indirect method of evaluating k, employs specific bimolecular 

quenching. Either ¢, or ¢, may be determined as a function of quencher concen- 

tration. Assuming a simple competition between emission, reaction, and quenching, 

Egs.8.25 and 8.26 hold for emission and reaction in the presence of quencher Q: 

k rate of emission of A* 
[yee ate Ee, (8.25) 

k, ate k, “5 k,[Q] +—— total rate of deactivation of A* 

k Se rate of reaction of A* 

de (8.26) 
kK, +k. + k,[Q] <—— total rate of deactivation of A* 

If we define the quantum yields of emission or reaction in the absence of Q as 

2 and $° then: 

0 o? k, ; ie + Ea ‘{2) Sicec Ol © 20) 
Stern-Volmer ® ket ky i 
equations @0 ( k, ) e +k, + adel) =1+k,,[Q] (8.28) 

e 

@ k, +k, ky R 

Thus, a plot of the relative efficiencies of emission in the presence or absence of a 

quencher (or of reaction in the presence or absence of quencher) versus [Q] is 
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predicted to yield a straight line of slope equal to k,t, and intercept equal to 1 

(see Fig. 8.2 for an example). 
It is sometimes possible to employ a quencher whose rate constant k, can be 

estimated (Section 8.7). In such cases, a value of t, is available from the experimental 

values of k,t, and the estimated k,. From independent measurement of ®,, a value 

of k, is available. 

If the photochemical reaction of A* is bimolecular, the same general situation 

holds, except that k, is replaced throughout by k,[{ B], where k, is the bimolecular 
rate constant for reaction of A* and [ B] is the concentration of substrate B reacting 
with A*. In this analysis for low conversion to products we assume that [ B] does 

not change significantly during the measurement; accordingly, this concentration 

is treated as a constant. 

8.7 Experimental Examples of the 

Measurements of Photochemical 

Rate Constants 

As typical examples of the use of Stern-Volmer analysis to determine rate con- 

stants, we shall discuss (a) a unimolecular photoreaction for which the excited 

state does not emit measurably, and (b) a bimolecular photoreaction for which 

emission of the reactive excited state is measurable. 

hy 
PhCOCH,CH5CHCH3 — PhCOCH3+ CH,=CHCH3 

3.0 O = experimental points 

~~ slope =kot = ($/-1) (!,3-diene] 

experimental slope = 700M. 

| Wy ie a 
Of 1.0 [ES 2.0 2.9 

({!,3-pentadiene] x 10 2 M—= 

Figure 8.2 

Experimental plot of 0°/®, versus [1,3-pentadiene] for the Type II reaction of triplet 

butyrophenone (Eq. 8.3, R, = R, = H). The data follows Eq. 8.28 within experimental 

error. The intercept is 1.0 and the slope is 700 M '. Data taken from Kochevar, |. E. H., 

PhD Dissertation, Michigan State University, 1970. See also Reference 6b. 
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An example of case (a) is the so-called Type II intramolecular hydrogen abstrac- 
tion reaction of phenyl alkyl ketones (Eq. 8.3). The mechanism of this reaction 
involves intramolecular hydrogen abstraction by the T,(n, 2*) state of the ketone.® 
This state may be specifically quenched by 1,3-dienes.°* The details of the quench- 
ing mechanism are not of direct interest in a Stern-Volmer analysis as long as 
the quenching products do not interfere with the analysis (e.g., by competing with 
the reactive state for light absorption, by being quenchers themselves, ete) The 
quantum yield for a Type II reaction may be measured in terms of the efficiency 
of disappearance of reactant or appearance of products. Let ®? be the quantum 
yield of Type II reaction measured in the absence of 1,3-diene, and ®, be the 
quantum yield measured in the presence of 1,3-diene. A typical plot of ®°/® 
versus [1,3-diene] was shown in Figure 8.2] If only one state is quenched by the _ 

diene, then the intercept_of the plot will be 1.0 and the slope of the plot will be. 
linear and equal to k,t, according to Eq. 8.28. 

Experimentally,°° the slope is linear and the intercept is 1.0, thereby confirming 
the assumed mechanism. The value of k,t for the specific case of butyrophenone 
(Eq. 8.3, Ry = R, = H) in acetonitrile is 700 M~*. The maximum value of k, for 

quenching of a T,(n, 2*) state is equal to the rate constant for diffusion and 

is equal to 1 x 10'° M~! sec”! for diffusion in acetonitrile. Thus, if k, = 
10'° M~? sec”! (a maximum value), then t = 700/k, = 7 x 107° sec (minimum 
value). The minimum value for the rate constant k, is equal to 1/t. Therefore: 

ye pe ede Olesec (8.29) 

The confidence that can be placed in the value of k, depends on the confidence 

that can be assigned to the selection of a value of k,. In this case the confidence 

level is high because for T,(n, 2*) states such as acetophenone, acetone, or benzo- 

phenone the value of k, for a 1,3-diene as quencher may be measured by direct 

quenching of phosphorescence and the experimental values are of the order of 

MOP ee Secs. 
As a second example,® consider the reaction of S,(n, z*) of acetone and 1,2- 

dicyanoethylene (DCE). The fluorescence of acetone is quenched by DCE and 

an oxetane (1) is formed as product: 

CN aa 
or oo ee ee (8.30) 

CN os 
Sine) NC CN 

A plot of ©°/@, versus [DCE] is linear (see Fig. 8.3) with intercept equal to 1.0 

and slope equal to 7 M_'. Thus, the value of k,t is equal to 7 M~ '. The lifetime 

of the acetone singlet state is readily measured from the decay of its fluorescence 

and equals 2 x 10° sec. Thus, k, is given by: 

k, = 7/(2 x 10°?) = 3.5 x 10? M~* sec * (8.31) 
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Measurement of Absolute Efficiencies 

in Determining Kinetic Parameters 

In a Stern-Volmer analysis in which relative efficiency is measured, information 

concerning absolute efficiencies is lost. Although the maximum rate constant for 

quenching or unimolecular reaction is established by this type of analysis, the 

absolute rate of the process is not established unless the absolute efficiency is 

known. For example,® the limiting absolute quantum yield ® for addition of 

acetone to DCE is about 0.10. This means that even if each S$,(n,2*) state is 

quenched by DCE, only 10% of the quenched singlets proceed to product. This 

conclusion, in turn, requires a bimolecular quenching pathway which does not 

lead to oxetane. 
Experimentally, a plot of ® versus quencher concentration will yield a limiting 

value of ®, since : 

k,[B] a) Quantu i, 2 Kineti 
yield Va P= a k [B] ok aya (8.32) 

where a = efficiency of formation of A*, k, is the rate constant for bimolecular 

reaction, k, is the rate constant for all bimolecular quenching (i.e., reaction and 

other bimolecular deactivation of A*), and k, is the rate constant for inherent 

rate of unimolecular deactivation of A*. A plot of ® versus [B] yields a curve 
which flattens out to a limiting value when k,[B] > k,. The value of ® for the 
plateau is related to a, k,, and k, by: 

Soe ee) 
=a Pein, = ak/k, (8.33) 

Thus, measurement or evaluation of ®, a, and k, are necessary to evaluate k». 

In the case of acetone and DCE, since the reactive state is S,(n, 2*), we may 

va hy (CH3)9CO + =~ ——= 
CN 

O = experimental points 

Figure 8.3 

Experimental plot of ®°/®, versus 

({trans-1,2-dicyanoethylene] for the 

cycloaddition of acetone singlets to 

the ethylene (Eq. 8.30). The data 

ro hia 4 follows Eq. 8.27 within experimental 
5 10 15 20 25 error. The intercept is 1.0 and the 

[trans - |, 2-dicyanoethylene) x 10° M SIODE SH Me) hice 
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assume that a = 1.0 (Kasha’s rule). From the Stern-Volmer quenching analysis 
we found that k, = 3.5 x 10?M~'sec”!. Since ® in the limit equals 0.1 we 
calculate k, = 3.5 x 108 M7! sec™?. 

A second method may be used to handle the quantum yield data. There is 
“kinetic information” in the curved plot of ® versus [B]. To extract this informa- 
tion it 1s convenient to invert the expression for ® as follows: 

1 Scar te k, ) 

® ak,[B] — a\k, ° k,[B] (8.34) 

Now a plot of 1/® versus 1/[B] is predicted by Eq. 8.34 to yield a straight line 
with slope equal to s = k,/ak, and intercept of i = k,/(ak>). Notice that: 

ed a. ak, ee Bere 

s- a [ O) mh ee 

ae (8.36) 

or, 

In the case of reaction from S,, this product, k,t, is the same product we derive 

from a Stern-Volmer analysis employing relative fluorescence efficiencies (Eq. 8.27). 

Thus, in the case of oxetane formation between acetone and DCE, we predict 

that the mechanism of fluorescence quenching is the same as that for oxetane 

formation. The value of i/s from a plot of 1/® versus 1/[ DCE] will equal ~7 M—'. 

The experimental value of i is 13.2 and the value of the slope is 2.6 M (Fig. 

8.4). Thus, the limiting quantum yield is equal to 1/i = 1/13.2 or 0.076. The ratio 

k,/kq is given by i/s = 13.2/2.6 M = 5.0 M *. This value of k,/ky may be compared 

20 ‘ 
a IS ee Kak guise Ss 
Siete iN ie ee Experimental plot of Eq. 8.34 for 

20 addition of acetone singlet to DCE 

[t-pce] (Eq. 8.30). 
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to that obtained independently from fluorescence quenching, e.g., k,/ka (fluo- 

rescence) = 7.0 M~'. The agreement between the values is within the experimental 

error (+20°%) and is therefore a check of the consistency of the kinetic analysis. 

Kinetics of Reactions Involving More than One Excited State 

In some photoreactions both S$, and T, undergo the same chemical transfor- 

mation. In such cases consideration of differential quenching of the two states is 

necessary if kinetic information is to be extracted. For example, both S, and 7, 

of alkanones (e.g., 2-hexanone) undergo Type II reactions:° 

O 
| 

CH;CCH,CH,CH,CH, > Sy > Ti 

ae 
Type II reaction CH,COCH, + CH;—CHCH; (8.37) 

Product 

formed 

from both 

S, and T, 

Experimentally, 1,3-dienes are found to quench T,(n, 2*) states of alkanones with 

rate constants approaching those for diffusion (kj ~ 10°-10'° M~! sec), but 

the values of rate constants for quenching of S,(n, 2*) states of alkanones are much 

smaller (k> ~ 10’ M~! sec” ').’ Thus, given a concentration of diene, the relative 

rates of quenching of S, and of T, are: 

rate of S, quenching _ k}[Diene] > ks (8.38) 
rate of T; quenching k[Diene] ki 

The efficiency of quenching of S, relative to T, is given by: 

oe (8.39) 
oO; see a . 

Since t, is generally larger in value than t,, ®} >» @%, ie., S; is less efficiently 

quenched than T,. 

The kinetic expressions for systems in which more than one state reacts are 

quite complicated and will not be derived here.’” However, the form of the experi- 

mental Stern-Volmer plot may be intuitively derived (Fig. 8.5). Suppose differential 

quenching of the Type II reaction of an alkanone may be achieved with a 1,3-diene 

as quencher. To the first approximation we can assume that at high concentrations 

of diene all the triplets will be selectively quenched and that none of the singlets 

will be quenched. If this is the case the value of ®°/®, will not vary with [Q] at’ 
sufficiently high concentrations of Q. On the other hand, at low [Q], both S, and 
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T, will react, but T, will be quenched. Thus, we expect that the form of the experi- 
mental plot of ®°/®, versus [Q] will be a curve for low [Q] which then plateaus 
at high [Q]. 

The intercept along the plateau should equal ®o/®, for an S, reaction. This 
value, when subtracted from the total ®/®, along the curved region of the plot, 
should provide ©4/®) for the triplet portion of the reaction: 

(D507) — 1 =D D! (8.40) 
I i 

Reacting state S$; —7,—S,= T, 

Thus, a plot of ®/@7 versus [Q] for low [Q] should yield a normal Stern- 
Volmer plot with intercept of 1.0 and slope of k,z for the triplet reaction alone. 

An experimental example of the specific quenching of one of two excited states 

is given in Figure 8.5 for the quenching of Type II hydrogen abstraction of 2-n- 

propylcyclohexanone (Eq. 8.41).? Extrapolation of the plateau to the ®o/® 

coordinate yields 1.37. Assuming that this unquenchable reaction is due to Type II 

reaction from S,, the contribution of T, reaction to the slope may be determined 

by subtracting 1.37 from the experimental values of ©°/®. A plot of ©3/®7, ie., 
the “pure” triplet component of the reaction, may now be plotted. A straight 

line results, allowing identification of the slope with k,t;, 1.e., the Stern- Volmer 

quenching constant for triplet alone. A value of t; = 9 x 10° sec is obtained 

from this analysis. The rate of reaction is therefore ky = 1/7; = 1.1 x 10° sec” *. 

O Os : 
WY Ze Reaction occurs from 

hate ae a Vee both S$, and T, 
Ne SPF 

(8.41) 
== (0)|fa] 

4 bee | a 

oa pi, Type II products 

Figure 8.5 

Experimental example of selective 

quenching—a situation in which 

both S, and 7, undergo the same 

reaction. The quenching of the 

Type Il reaction of 2-n-propylcyclo- 

hexanone is by 1,3-pentadiene =I 1 =! it i 

O2ZNO4 WoOs FOS aO 

[1,3-pentadiene] M (Eq. 8.41). 
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A second experimental example involves the specific T, sensitized isomerization 

of trans-dicyanoethylene (t-DCE) to cis-dicyanoethylene by triplet acetone:° 

CN 
)=0 + on 

ee CN CN (8.42) 
CN 

List) t-DCE c-DCE 

The S, state of acetone does not cause isomerization of t-DCE. The only reaction 

of S, and t-DCE leads only to oxetane formation (Eq. 8.30). As a result, at high 

concentrations of t-DCE, reaction 8.42 is quenched by t-DCE. Thus, a plot of 

1/®,. versus 1/[t-DCE] does not yield a straight line, 1e., does not extrapolate 

to infinite concentration. Instead 1/®,. > 0 at “infinite” concentration of t-DCE, 

i.e., ®,, > 0 as [t-DCE] approaches infinity. The experimental plot of 1/®,. versus 

1/[t-DCE] is shown in Figure 8.6. 

8.8 Reactive Intermediates: Experimental 

Detection and Characterization | 

Three general types of experimental methods are commonly employed for identi- 

fication and characterization of nonisolable or transient intermediates that cannot 

be isolated by “conventional” techniques: (a) spectroscopic methods, which employ 

the absorption or emission of light; (b) chemical methods, which employ some 

characteristic chemical reaction; and (c) kinetic methods, which employ some 

characteristic behavior of concentration as a function of time. 

t S, only 

17 quenched 

ISP VY poth S, and T, 
L e quenched T, only 

Figure 8.6 

Plot of the reciprocal quantum 

meen 1 _1 . J yield for acetone sensitized trans 

2 1.6. JO. ee LB ee 6 cis isomerization of DCE (Eq. 8.42) 
[+-DCE] (M ) versus reciprocal [DCE]. 

4 4 1 we tt 
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The most important types of spectroscopic techniques available for the detection 
of organic reaction intermediates are: 

I. Electronic spectroscopy, which involves the absorption or emission of UV or 
visible light as the result of electronic transitions. 

2. Vibrational spectroscopy, which involves the absorption of infrared light as 
the result of vibrational transitions. 

3. Magnetic resonance spectroscopy, which involves the absorption of microwave 
radiation as the result of electronic spin transitions or the absorption of radio 
frequency radiation as the result of nuclear spin transitions. Table 8.3 elaborates 
on these three types of reaction-intermediates detection. 

8.9 Experimental Tests 

for Reactive Intermediates 

In order to qualify as a nonisolable reactive intermediate, we shall require that 

such a species possess a molecular structure sufficiently stable such that its exis- 

tence is subject to experimental confirmation such as spectroscopic or chemical 

trapping. This means that the structures of “true” reactive intermediates must 

imply an experimental test that “confirms” the structure: i.e., a potentially mea- 

sureable experimental quantity which relates to the structure must exist. For 

Table 8.3 Experimental Methods for Detection of Intermediates 

Intermediate Direct Methods Indirect Methods 

Se F,A CIDNP, kinetics, products 

I P, A, ESR CIDNP, kinetics, products 

S, none A-effect, kinetics, products 

lie none A-effect, kinetics, products 

R3,C+ A, FP MI, CT, products 
R3,C— A, F, P MI, CT, products 

R3C- F, A, ESR MI, CT, products 

Z A, FE, P MI, CT, products 

D ESR ae CIDNP, MI, CT, products 

RC ESR, A, F, P MI, CIDNP, products 
Re A, F,P,ESR(T) — CIDNP, products 

F = Fluorescence 

P = Phosphorescence 

A = Absorption 
ESR = Electron Spin Resonance 

CT = Chemical Trapping 

MI = Matrix Isolation 

CIDNP = Chemically Induced Nuclear Polarization 

Products = Structure and distribution, stereochemistry, regiochemistry, labeling, etc. 
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convenience we shall classify the observation employed for detection and 

characterization of reactive intermediates in terms of (a) chemical measurements 

or (b) physical measurements (Table 8.3). 

Experimental Tests for the Involvement of Electronically 

Excited States: Qualitative Aspects 

Although the most definitive experimental test for the occurrence of an elec- 

tronically excited state is the observation of its emission spectrum, many excited 

states emit too weakly for experimental detection. For example, with rare excep- 

tion, only the S$, and T, states of organic molecules emit measurably. This means 

that S,, S;, etc., and T,, T3, etc., in general cannot be detected by conventional 

emission spectroscopy. How does one decide if “upper excited states” are involved 

in photoreactions? 

If a photoreaction is wavelength-independent, 1e., 1t occurs with the same 

efficiency and/or rate and yields the same products irrespective of whether S,, 

S,, S3, etc., is excited, then we conclude that a common structure is responsible 

for the result. Since only S, is energetically allowed as a common structure we 

conclude that reaction does not occur from S$,, S3, etc. Can we conclude that 

reaction occurs from S$, based solely on these results? The answer is no. The 
lack of a wavelength-dependence would only eliminate upper singlet levels as 

candidates for reaction. It would be possible that $, or some triplet derived from 
it might be the reactive state. 

Cc oncerted  reacti, i" 

Initial Final 
Successor 

(reactant) implies er aes implies (product) 

structure => ' => = structure 
Qa ae 

Reactive 

intermediates 

Scheme 8.3 

The role of structures in mechanistic analyses. 
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Suppose a reaction, R + hv > P has been found to be wavelength-independent. 
For simplicity let us assume that only one triplet (T,) lies lower in energy than 
S; and that S,; and T, exhibit different photoreactivities. How does one decide 
experimentally whether reaction occurs from S, or T; (oriboth)? Since’ T, 1s 
formed from S$,, quenching of $, will not prove much, since reaction from both 
S, and from T, will be inhibited. 
Two general procedures have been developed to decide whether S Or denis 

the reactive state in a photoreaction: 

1. Selective photosensitization of formation of T, via an energy-transfer process. 

2. Selective quenching of T,. 

The mechanism of energy transfer and selective triplet quenching is discussed 

in Chapter 9. For our purposes here, we accept that specific triplet sensitizers and 

quenchers can be found. The logic of triplet photosensitization (see Fig. 8.7) is 

that if, upon triplet photosensitization, the same products are formed as occur 

during direct excitation; since S, is not produced in the triplet sensitized process, 

T, must be the reactive state under both direct and sensitized excitation. A negative 

result implies that T, is not involved in the direct excitation process, i.e., reaction 

occurs from S,. 

By a related logic, if a selective quencher of T, inhibits the reaction, then reaction 

is deduced to occur from T,. A negative result implies that reaction occurs from S,. 

Although these procedures are commonly employed in mechanistic studies, 

they are only qualitative. The conclusions become convincing if they are made 

quantitative. For example, the failure to observe a reaction undergo “triplet 

photosensitizing conditions” may result from failure to efficiently cause production 

of T, by triplet energy transfer.’° This failure may be due simply to improper 

experimental conditions, i.e., the concentrations and sensitizer-acceptor pair must 

be selected to optimize energy transfer. Similarly, the failure to observe quenching 

of reaction in the presence of a “selective triplet quencher” may result from too 

low a concentration of quencher or too short a lifetime of T,. Knowledge of rate 

constants for energy transfer and triplet lifetimes removes these ambiguities. It is 

good practice to attempt to observe directly both sensitization of triplet reactant 

phosphorescence and quenching of triplet reactant phosphorescence. 

Experimental Tests for the Involvement of 

Electronically Excited States: Quantitative Aspects 

Although triplet photosensitization and quenching provide useful qualitative 

tools for deciding whether a given excited state (S,, T,, etc.) is involved along a 

reaction pathway, mechanistic tests are more convincing when they can be 

applied quantitatively. The basic idea behind a quantitative application of sen- 

sitization and quenching is the notion that if all of the appropriate rates are 

known, the probabilities of various reaction pathways are known. 
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For example, the notion of a “selective” triplet quencher is made quantitative 

by the measurement of k, for quenching S, and T,. The reason that 1,3-dienes 

have been commonly employed as specific triplet quenchers of ketones®* is the 
large differential between ks and kj, the rate constants for quenching of S, and 

T, of alkanones, respectively.’ In the case of acetone with 1,3-pentadiene as 

quencher, the value of kS is ~ 108 M7! sec”! whereas ki is ~5 x 10° M~* sec” '. 
This factor of ~50 means that at a given concentration of 1,3-pentadiene and 

excited states, acetone triplets are quenched 50 times faster than acetone singlets. 

However, the actual rate of quenching of S, and T, depends on the steady-state 

concentrations of S$, and T,: 

General Idea: 
(1)R* +I1-+P_ if] is trapped, No P. 

(2)1—R*—>P_ if] is trapped, P still formed. 

Specific 
triplet 

sensitization 

Direct 
photoexcitation 

Specific 
triplet 

quenching 

eet 
1 T, *—— Photosensitized 

TF 

S 

Direct \e A 

So 

Conclusion 

Only S, quenched, reaction inhibited None 
Only T, quenched, reaction inhibited T , reacts 
Only T, quenched, reaction uninhibited S, reacts 
Only T, sensitized, reaction does not occur S, reacts 
Only T, sensitized, reaction occurs None 

Figure 8.7 

Paradigm for specific sensitization and quenching of T, for a wavelength-independent ° 
reaction. 
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rate of quenching of S, = kS[S, ][Q] (8.43) 

rate of quenching of T, = k7[T,][Q] (8.44) 

At the steady state [S,] «ts and [T,] « ty so that: 

rate of quenching of S, = k°r,[Q] (8.45) 

rate of quenching of T, = k/7,[Q] (8.46) 

For acetone at room temperature (in acetonitrile as a typical “inert solvent”) 
t, ~ 2 x 10° sec and 1, ~ 50 x 107° sec. Thus: 

quenching of S,; — kiz,[Q] ‘ (10°)x(2x10°°) — 1 ve 
quenching of T, k7t,[Q] (5 x 10°) x (50 x 10°*) — 10° oe 

From Eq. 8.47 we learn that at the steady state the ratio of effective quenching 

of T, relative to S, is about 1 million to one. 

From the above analysis a long triplet lifetime can be seen to be useful in selec- 
tive quenching. Even if k? ~ k/, the effective ratio of quenching of S, relative to 

T, goes as t,/t,, so if S, is short-lived and T, is long-lived, selective triplet quench- 

ing can still be achieved. 

Without quantitative information about quenching constants, many tests for 

the involvement of S,; and T, become ambiguous. We have seen that if S, is 

quenched, then no information is revealed about whether S, or T, is involved 

along the reaction pathway because 7, is generally derived from S,. Thus, if a 

quencher is observed to be effective, it must be established that S, is not quenched. 

Experimentally, knowledge of k,, t,, and [Q] allow the adjustment of concentra- 

tions so that S$, will not be quenched. 

For example, for S,; of acetone, a concentration of 10° * M of 1,3-pentadiene 

leads to a rate of quenching of k,[Q][S,] = 10°[S,] sec” '. From the lifetime of 
Smits tate of decays (1/z,)[S,) = 5 x 10°[S,i|- Thus: 

rate of quenching ofS; —-:10°[S,]_ ss 1 

rate of decay ofS, 5x 10®[S,] 5x 10° 

=2x 10 *at10 *MofQ (8.48) 

A similar analysis for the quenching of T, leads to: 

rate of quenching of T, _ 4 x 10°[T,] 
= = 200 at 10 *M of (8.49) 

rate of decay of T, AS ee : 

Clearly, T, is nearly completely quenched at 10°? M of 1,3-pentadiene (200 

triplets quenched for every one not quenched), whereas S, is essentially unaffected 

by 10 * M of 1,3-pentadiene. 
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It is possible that quenchers may inhibit a reaction without deactivating S, or 

T,. This can occur when a reactive intermediate produced from S, or 7, is inter- 

cepted by the quencher. Since the lifetime of such a reactive intermediate will 

generally be different from that of S$, and T,, the occurrence of such a situation 

may be revealed from a Stern-Volmer analysis which indicates a k,t value in- 

consistent with that expected for quenching of S$, or T, as measured by fluores- 

cence and/or phosphorescence quenching. 

As an illustration, the ketyl radicals produced via hydrogen abstraction of the 

n, m* states of ketones may be intercepted by the commonly employed triplet 

ketone quencher 1,3-pentadiene (Eq. 8.50).'! Thus, if product analysis is monitored 

experimentally, the hydrogen abstraction reaction will be quenched. The Stern- 

Volmer analysis might yield a linear plot in such a case. However, k,t (from the 

slope of the plot) would refer to the rate constant for addition of ketyl radical to 

the 1,3-diene (k,) and the lifetime of the ketyl radical (t): 

a a Products 

=O" + RH 20S 
/ k, 

is HE Ketyl = \ 

radical = 7 ul (8.50) 

): 
Q 

An upper limit to the magnitude of the bimolecular quenching constant k, is 

usually set by the rate of diffusion (k,,,) of the excited state and quencher into a 

solvent cage (discussed in more detail in Section 9.7). It is informative to examine 

the relationship of the rate of bimolecular quenching to the decay rate (k,) or 

lifetime (t,) of an excited state D*. Let k, be the bimolecular rate constant for 

bimolecular quenching of D* by a quencher Q. Table 8.4 shows how the quencher 

concentration [Q], k,, t,, and k,, are related. The quencher concentrations [Q]p so 
and [Q]o.o, denote the concentrations required to quench 50°, and 99°. of the 
D* molecules. 

Taking k, = 10'° M ! sec’! as typical of diffusion-controlled quenching, it is 
clear from the Table that if [Q] < 10° M then virtually no quenching will occur 
if t, < 10° * sec (k, > 10° sec” *). However, if t, > 107* sec (k, < 10° sec~ 1), at 
[Q] =10 ° M more than 99°, of the D* molecules will be quenched. 

In general, since k, is usually greater than 10° sec ' (Table 5.3), most fluorescent 
molecules are not quenched efficiently by any quencher whose concentration is 
<10~° M, since k, rarely exceeds 10'° M~! sec” '. However, since k, is rarely 
larger than 10° sec ', most phosphorescent molecules will be strongly quenched 
at concentrations > 10° * M if Q is a diffusional quencher. Finally, if[Q] > 0.1 M, 
both fluorescence and phosphorescence will generally be quenched if hee SE 
Mi see. 
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The Use of Kinetic Methods to Detect 

and to Identify Intermediates 

The experimental observation of a Stern-Volmer quenching of a photochemical 
reaction is in itself evidence for an intermediate, i.e., something is being intercepted 
by the quencher. The Stern-Volmer constant k,t (the slope of the Stern-Volmer 

quenching plot) is a reaction constant characteristic of that intermediate for a 

given solvent and temperature. Thus, the value of k,t may serve to characterize 
the intermediate being quenched. Because k, is limited by the rate of diffusion, we 

can calculate the minimum lifetime of the species being quenched if we calculate t 
under the assumption k, = k,,,. 

A relevant example of the application of the above principles is found in a 

“classic” argument’? for the involvement of T,(n, x*) of benzophenone as the 

chemically reactive agent in the photoreduction of benzophenone by benzhydrol: 

a 

PCO Ph CHOn a a (8.51) 

OH 

Table 8.4 Relationships Between Concentrations, Lifetimes, and 

Quenching Constants 

eSeG) Values of [ Q ]o.50 (moles/liter) Values of [Q ]o.o9 (moles/liter) 

ik, = 10° Cis 10M ‘sec if =O? 0 OP Min see) 

jo 10 iO 

eee 1 il(O) <2 10 

vie 10 [One ior = 10 | 

ee 1 iO) = ies 10 1 OS: 

Ome iO) 8 iO = Ore 2 1 Om LOie2 

y-8 i 10 tor® iO-2 10-2 10-3 
ee i= @r= iKOjr 2 Ome i) © Ce 

lie Op Ors Gee 10m tO I= =" 

Ome iQ) Oe 7 iO 2 iQ) * {0m iO) 

[Q ]o.s0 (moles liter) Values of k, (M~' sec” *) if 

tye = 10°? iO ® LO (toy Om Kees 10r* 
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This argument was proposed before emission spectroscopy and flash spectroscopy 

were widely available for direct detection of excited states. The “chemical mech- 

anism” assumed for the reaction 1s: 

PhscO:—— Ph. Cco* rate (8.52) 
B B* al 

BoB k,[ B*] (8.53) 

B* + Ph,CHOH —— BH(Ph,COH)  &,[B*][BH>] (8.54) 

BH, 

2BH ——— > pinacol k, [BH]? (8:55) 

Bru 0 === 0" 2B. k,[B*][Q] (8.56) 

The question is whether S,(n, 2*) or T,(n, 2*) is involved in the abstraction 

step. We have seen that if a photoreaction involves the competition between a 

bimolecular reaction and a unimolecular decay of B*, then an efficiency-rate law 

of the following form should exist: 

1/® = 1/a + k,/ak,[ BH, | (8.57) 

8 = 

6;- (C,H.);CDOH 
| 

by 
4 ees 

; 
. (C,Hs);CHOH 

| 

1 24): l l 
10 20 30 40 

| 

[BH] 

Figure 8.8 

Schematic representation of the plot of Eq. 8.57 for the photoreduction of benzophenone 

to benzpinacol by (C,H;),CDOH and (C,H,),CHOH (Eq. 8.51). 
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where a = the efficiency of formation of B*. A plot of 1/® (where ® = the quantum 
efficiency for disappearance of benzophenone or the formation of benzpinacol) 
versus 1/[BH,] is predicted to yield a straight line of slope = k,/ak, and an 
intercept of 1/a. Such a plot is shown in Figure 8.8. 

First, the linearity of the plot confirms the assumed mechanisms and allows us 
to identify the value of slope with the ratio k,/ak, and the intercept with 1/a. The 
value of the intercept for both reducing agents is equal to 1.0. Therefore the value 
of the slope equals k,/k,. The measured value of 0.05 means that k, = 0.05k,. 

If known concentrations of such a bimolecular quencher, Q, are added to 
benzene solutions of benzhydrol and benzophenone, the following rate law is 
predicted: 

[eee ka k,lQ] 
© a ak,[BH,]* ak(BH,] ee) 

Since kj/k, and a are known from treatment of data for [Q] = 0, a plot of 1/® 
versus [Q], a fixed initial concentration of [BH,] will yield a slope equal to 
k,/k,| BH, | since as we already have seen, a = 1. Figure 8.9 shows such a plot 
for Q = 1,3-pentadiene, for which k,/k, = 500. The same ratio should be derivable 

from variation of [BH, | at constant [Q ], as in fact it is. 
From the experimental ratios of ky/k, and k,/k,, an upper limit for the value of 

k,, the inherent decay rate of B*, can be evaluated. The maximum value of k, is 

koe = 5 x 10°? M~! sec” !, ie., the rate constant for diffusion in benzene. Thus, DIF 

k (max) = 5 « 10°/500=1* 10’ M ‘sec * and 

k,(max) = 0.05k,(max) = 5 x 10° sec”! (8.59) 

Only very weak fluorescence (®, < 10~*) is observed from benzophenone. 

Based on its absorption spectrum, the inherent radiative lifetime of S,(n, 2*) of 

PhsCO + PhoCHOH —= PhsCOHCOHPh, 

Quencher = CH3CH=CH-— CH=CH, 

O = experimental points 

Figure 8.9 

Example of the quenching of a 

bimolecular reaction. The concen- 

tration of reactant, Ph,CHOH(BH,), 
is held fixed, and the concentration 

\/ 
= 6 Sk, /ak, BH) 

ee 8 (1/akg/ak, [SH2)) of quencher (1,3-pentadiene) is 
varied. It is important to note that 

Eq. 8.58 is valid only if [BH,] does 

He, ot ee —_ lige N not change significantly during the 

reaction, and that [Q] also remains 

[|,3-pentadiene] —= constant. 
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benzophenone is theoretically (Eq. 5.11) expected to be of the order of 10°-10° 

sec '. Thus, the rate constant for deactivation of S,(n, z*) must be greater than 

10°-10!° sec™! in order to account for the very weak fluorescence efficiency. 

However, Eq. 8.59 requires that the reactive state is deactivated at a maximum 

rate of 5 x 10° sec '. 
Under the premise that B* must be S,(n, x*) or T,(n, 2*), S,(n, 2*) is excluded 

as a plausible reactive intermediate. 

This conclusion has since been completely vindicated by measurements of 

quenching of T,(n, z*)'* monitored by triplet-triplet absorption and phosphores- 

cence. /* 

8.10 Experimental Tests for the Involvement 

of Radicals and Diradicals 

Radicals, diradicals, and radical pairs are extremely common intermediates in 

organic photoreactions. In Chapter 7, we found that n, 7* > D transformations 

are the general rule for both singlet and triplet states and that ‘x, 2* > Z and 

nx, 2* > *D transformations are common. 

All of the experimental criteria (Table 8.3) for detecting and characterizing 

intermediates may be employed to detect radicaloid species as transients in 

photochemical reactions. In this section we shall discuss product structure 

criteria and in the next section we shall discuss the powerful method of magnetic 

resonance. The latter may be used to unambiguously identify radicaloid species. 

Reactions of Diradicals 'D and °D 

The notion that a diradical ('D = a singlet diradical and *D = a triplet diradical) 

exhibits chemistry consistent with that expected of two independent odd-electron 

centers allows us to anticipate the following behavior:'° 

1. 'D will yield singlet products only. 

2. *D will yield triplet products only. 

3. Intersystem crossing 'D 2 *D will potentially compete with reactions of !D 

and °D. 

Singlet ——— 'D ——= *D ——> Triplet (8.60) 

products products 

Given these preliminary rules of behavior we next suppose: 

4. Reactions of 'D and *D are precisely those known and expected of the 

individual radical centers, consistent with 1, 2, and 3 listed above. (Exceptions 

may be those processes of a diradical which can directly produce molecular 

products). 
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Let us take as an example a 1,4 biradical. Such species are commonly implicated 
in intramolecular hydrogen abstraction (Type II) reactions and cycloadditions. 
Of the various unimolecular processes which are probable, the singlet diradical 
"D can generally undergo several general processes which lead directly to molec- 
ular products: (a) coupling, (b) disproportionation or intramolecular hydrogen 
transfer, and (c) fragmentation. In addition, !D can proceed to other diradicals 
via (d) internal rearrangements, and (e) undergoing electron transfer to produce 
zwitterions. In competition with these chemical reactions of 'D are the physical 
processes of (f) conformational changes, and (g) intersystem crossing. Finally, !D 
may undergo bimolecular reactions which serve to “trap” the species. These 
trapping processes are usually hydrogen abstraction and/or addition to un- 
saturated systems. 

The reactions of *D are much more limited because of Rule 2 above, ie., 3D 
must proceed directly to triplet products. As a result, >D > coupling, dispropor- 
tionation, and fragmentation are unlikely (unless an exceptionally facile mech- 

anism for intersystem crossing exists) since the immediate products must be 

molecular triplet states which usually possess a higher energy content than 3D. 

As an example (Eq. 8.61), fragmentation of a 1,4-diradical to a triplet ethylene and 

ground-state is unfavorable energetically and is not expected to be efficient: 

Energetically -—T i= 

unfavorable —1— AH = I3 kcal/mole (8.61) 

reaction \___] ees 

As a result: 

5. We expect *D to undergo only physical processes, trapping, and 

rearrangement to different triplet diradicals. 

A final rule for triplet diradicals postulates that: 

6. Structures in which odd electrons are of the same spin are more stable the 

further apart are the location of the odd electrons.'® 

Examples of Rule 6 are the conversion of a di-z-methane triplet into a cyclized 

cyclopropyl carbinyl diradical (Eq. 8.62), and the cyclization of a bis-allylic triplet 

to a cyclized cyclopentyl carbinyl diradical (Eq. 8.63): 

i) | t t 

LS ae 

di-z-methane cyclopropyl (8.62) 

triplet carbinyl 

(1,2-diradical) (1,4-diradical) 



266 CHAPTER 8 

eae: 
bis-allylic cyclopropyl (8.63) 

triplet carbinyl 

(1,2-diradical) (1,4-diradical) 

8.11 Magnetic Resonance Methods for 

Detecting Radicals, Radical Pairs, and Diradicals 

Magnetic resonance is a powerful experimental tool for the detection and charac- 

terization of radicaloid structures.!”:!® The technique of magnetic resonance is 

a form of spectroscopy which measures from the absorption or emission of light 

due to change in electronic or nuclear magnetic spin states. Monoradicals may be 

directly detected and characterized by the form of magnetic resonance known as 

(ESR) Electron Spin Resonance. This form of spin spectroscopy is applicable to 

the liquid, solid, and gaseous phases. In the solid phase ESR may be employed 

to characterize the electronic configuration of triplet states. 

A rather recent type of magnetic resonance employs an indirect method to 

detect and characterize radical pairs and diradicals. This is known as Chemically 

Induced Dynamic Nuclear Polarization (CIDNP).'? In the following sections a 

brief theoretical discussion of the ESR and CIDNP methods will be given, along 

with experimental applications to the detection and characterization of mono- 

radicals, radical pairs, and diradicals. 

Magnetic Resonance: Electron Spin Spectroscopy 

Applied to Monoradicals and Triplets 

The spin motion of an electron generates a magnetic moment, and since the 

orientation of this moment can be quantized in the presence of any arbitrary 

magnetic field, electronic spin “sublevels” are produced. We expect that transitions 

between these quantized states may occur by radiationless and radiative mech- . 

anisms. The study of absorption of electromagnetic radiation which causes 

transitions from one spin sublevel to another is called magnetic resonance spectros- 

copy.'® When applied to electrons it is termed Electron Paramagnetic Resonance 
(EPR) or Electron Spin Resonance (ESR). When applied to nuclear spins, it is 

termed Nuclear Magnetic Resonance (NMR). The theories of ESR and NMR are 

very similar in form. The major experimental differences are the energy gap between 

sublevels and the frequency of radiation required for resonance. Typically, the 

energy gap between electron spin sublevels is of the order of 1 to 10°! cm™=? 

(3 x 10°* to 3 x 10°-* kcal/mole) in a strong external magnetic field (~ 10,000 
gauss). This corresponds to electromagnetic radiation in the microwave region | 
(~10'° sec’ '). On the other hand, the energy gap between nuclear spin sublevels 
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is of the order of 10° * to 107? em~1(3 x 1075 to 3 x 107° kcal/mole) in a strong 
external magnetic field (~ 10,000 gauss). This corresponds to electromagnetic 
radiation in the radio frequency range. 

The technique of electron spin resonance has been profitably applied to the 
study of photochemical problems involving species that possess one or more 
unpaired electrons. The most extensive studies are concerned with monoradicals 
which are common photoproducts produced from reactions of triplet excited 
states and with triplet states themselves. Practically speaking, the latter studies 
must be performed in a rigid, solid solution, because the rotational motions of 
molecules which occur in fluids cause substantial “line broadening” and loss of 
sensitivity. As a result, most ESR studies of triplets are performed with solid 
samples at very low temperatures. Monoradicals, on the other hand, may be 
studied in the solid, liquid, or vapor phase, with the major limitation generally 
being that a proper analysis requires a steady-state free radical concentration of 

about 10° ® M. In summary, some important points to keep in mind are: 

1. The ESR of monoradicals may be studied in all three phases. 

2. The ESR of triplets may be studied only in the solid phase. 

3. Minimum steady-state concentrations of about 107° M are required for 

proper analysis. 

4. Steady-state concentrations may be controlled to a certain degree by 

variation of the intensity of the exciting incident radiation. 

5. The ESR transitions are between very closely spaced (<1 cm? or 

<10~* kcal/mole) spin sublevels of a triplet and not between electronic levels, 

1.e., each of the triplet sublevels corresponds to the same electronic 

configuration. 

6. Triplet ESR provides information such as spin-spin interaction energies, 

of both electron-electron and electron-nuclear origin. 

ESR of an Idealized Single Electron System 

For simplicity, let us consider the behavior of an idealized system, namely an 

isolated electron with only spin motion (ie., spin angular momentum). The 

simultaneous occurrence of a charge and spin motion imbues this electron with 

a magnetic moment pw which can interact with molecular or laboratory magnetic 

fields. In units of Planck’s constant, can only have values of +4 or —3, cor- 

responding to two spin states, parallel (lowest energy) or antiparallel (higher 

energy), with a defined magnetic field (Fig. 8.10). In the absence of a magnetic 

field, the energy of the two spin states is degenerate. These two states will separate 

in energy when a magnetic field interacts with y, the electron’s magnetic moment. 

Let us suppose that an external magnetic field H, is applied to our free electron. 

The electron spin moment will now tend to align with the magnetic field. ihe 

energy separation, AE, corresponding to the parallel and antiparallel alignment, 
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will depend upon the magnitude of the applied field; 

E = 98H, = phy (8.64) 

AE = gpBH, = hv (8.65) 

where g is called the “g factor,” a proportionality constant for a given electron and 

equal to 2.00023 for a hypothetical “free” electron, and f is called the “Bohr 

magneton,” and is also a proportionality constant. Figure 8.10 indicates the energy 

of separation of the electron spin levels as a function of H,. A typical value of H, 

is 3000 gauss, for which AE = 1 to0.1 cm~! = 3to 0.3 x 10°? kcal/mole. In terms 

of frequency, v = 101° to 10? sec” ?. 
Because of the uncertainty principle, we imagine electrons of spin of +4 and —4 

to precess about the principal axis of H,. Experimentally, we can only measure 

the average value of the spin magnetic moment, namely the value corresponding 

to the resultant value of the precessing spin moment on the H, axis. We call this 

average value « and f for the +4 and —4 states, respectively. We expect that when 

hy, the energy of impinging radiation, equals the energy separation between the 

+4 and —4 spin states transition from the —4 to the +4 state will occur, with 
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Figure 8.10 

Simplified schematic description of the effect of interaction of ‘free’ electron spin 

with (1) a proton spin (lower left, hyperfine coupling constant termed ay or a), and 

(2) another electron spin (lower right, coupling constant given approximately by D). 
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the simultaneous absorption of radiation. Experimentally, an absorption curve 
will result, with its maximum corresponding to the average energy for the 
transition. 

Interaction of Electron Spin with Nuclear Spin: 
Hyperfine Coupling 

An electron in an actual molecule does not behave exactly like our idealized free 
electron. The most important differences are: (a) spin-orbit coupling will cause the 
value of g to vary somewhat from the “ideal” value of 2.00023 for a “free” electron 
due to spin-orbit coupling, and (b) interactions between the electron spin magnetic 
moment and the nuclear spin magnetic moment will occur via electron-spin— 
nuclear-spin hyperfine coupling. The latter coupling leads to a splitting in the 
single absorption line of the idealized free electron. 

For example, if a proton (nuclear spin = +4 or —4) couples with the electron, 
four states instead of two states result, and two absorption lines are possible. 

The situation for a one (unpaired) electron-one (coupled) proton system 1s 
shown in Figure 8.10, on the left. Absorption will involve transitions from the 
lower two levels (Sa = electron spin f, proton spin «; Bf = electron spin f and 
proton spin f, etc). A relatively large number of transitions are possible. 

Those transitions which involve changing the orientation of only the nuclear 
spin are NMR transitions (e.g., bx > Bf), and are not of direct interest to us here. 
Those which involve changing both the electron and proton spin orientations 

may be described as forbidden transitions and may be neglected. The remaining 

transitions are those in which the electron spin orientation changes but the 

nuclear spin orientation is conserved. There are two such transitions and we 

therefore observe two resonance absorption lines. Since the spectrum is recorded 

by varying the magnetic field, these two lines will be observed at different values 

of the applied field, and the separation between them (called the hyperfine splitting 

constant, a,,) is usually expressed in gauss. Similarly, if two electrons of parallel 

spin interact, then a triplet state is possible and two absorptions are observed 

(Fig. 8.10, on the right). Selection rules dictate that only (1)$(2) > «(1)8(2) and 

a(1)f(2) > a(1)x(2) transitions are “allowed,” 1.e., only one “spin flip” at a time may 

occur. In practice, a weaker double flip transition may also be observed. 

For our purposes it will be sufficient to know that ESR-spectra free radicals 

and triplets provide information concerning electronic and nuclear structure. In 

the case of organic free radicals, the ESR spectrum will generally appear as a 

pattern of absorption bands which will be related to the number of protons 

coupled to the odd electron and to the positions and stereochemical relationships 

of the protons to the odd electrons. 

A key information parameter which is extracted from the ESR of organic free 

radicals is the proton-electron hyperfine coupling constant a,. Most commonly 

encountered organic free radicals will possess the odd electron in a localized 

p-orbital or delocalized z-orbital. An important point (amply confirmed by both 

theory and experiment) is that the magnitude of the electron proton hyperfine 
interaction, a,, is directly related to the electron density of the unpaired electron 
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on the atom bearing the proton which is coupled to the electron. Thus, experimental 

measurement of the value of a,, yields information on the unpaired electron density 

at various sites in the organic free radical and therefore allows conclusions to be 

drawn concerning the electronic structure of the free radical. In the following sec- 

tions on CIDNP we shall see how the hyperfine coupling can provide a mechanism 

for intersystem crossing and actually determine the rates of chemical processes. 

For triplet states, the most important parameters derived from ESR spectro- 

scopy are the D and E values, and of these the D parameter (which provides a 

rough measure of the average separation of the unpaired electrons) usually 

provides the most valuable information. Values of D for organic triplet states 

commonly vary over the range 0-1 cm—!. 

Although we will go no further into the theory of electron-spin—nuclear-spin 

interaction, we will summarize the important results which allow structural and 

dynamic information to be extracted from the ESR spectra of free monoradicals. 

Experimental Examples of ESR Spectra; 

Free Radicals and Triplet States 

An ESR spectrometer measures the absorption of electromagnetic energy which 

occurs when AE = gfH, = hy, ie., when the resonance condition is satisfied. 

The interaction causes the transitions to occur between the magnetic dipole of 

the electron and the oscillating field accompanying an electromagnetic wave. 

One must “search” for resonance absorption by placing the sample in the magnetic 

field of the spectrometer and illuminating the sample with microwave radiation. 

Experimentally, for reasons of technical convenience, derivative curves rather 

than absorption curves are usually employed. Also, although either H, (magnetic 

field strength) or v (frequency of impinging radiation) can be varied to bring about 

the resonance condition, it is usually more convenient to vary H,. 

The ESR spectrum of the (CH3;),COH radical, produced by irradiating acetone 

in isopropanol, is shown in Figure 8.11.'’ The various lines in the spectrum are 

due to hyperfine splitting, and the hyperfine coupling constant (a,,) of the electron 

spin to the proton spins is equal to the separation between adjacent lines. Experi- 

mental values of a, are useful as a parameter to characterize the structure of free 

radicals. Values of a, generally range from 25 gauss to less than 1 gauss (~ 2.5 x 

10°? cm~! to ~10°*cm~“!, or ~ 10° © kcal/mole). 
Because free radicals, radical pairs, and diradicals are produced in many 

photoreactions, one might expect that ESR would be used extensively as an 

experimental tool in the study of reactive intermediates of organic photoreactions. 

Unfortunately, this is not the case. The sensitivity of the technique does not allow 

detection of short-lived free radicals. In particular, for fluid solution, radical pairs 

and diradicals are generally not detectable by ESR. The reason for this failure is 

the low steady-state concentration of free radicals. Reactive free radicals have 
very short lifetimes which are reaction-limited. 

However, it is possible to generate many free radicals in a solid matrix (e.g... 
a solvent in which diffusion is inhibited) and study their ESR properties. For 
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example, monoradicals, radical pairs, and even diradicals have been “matrix 
isolated” under conditions such that these “reactive intermediates” are stable 
indefinitely. 

Triplet states possess ESR spectra distinctly different from the ESR spectra 
of monoradicals. In general, triplet ESR spectra can only be observed in solid 
solution. (The tumbling of molecules in fluid solution causes interaction averaging 
and line broadening, and the triplet spectrum is smeared to the point that it 
becomes unobservable.) Thus, triplet ESR spectroscopy cannot be applied directly 
to the observation of triplets produced by photoreactions in solution. However, 
from triplet ESR spectra at low temperatures a quantity called the “D parameter” 
may be evaluated. The D parameter is a measure of the Zero Field splitting (Section 
2.8) of the triplet sublevels. 

A Time-and-Distance Scale Derived from ESR Parameters 

It is possible to derive a qualitative “order of magnitude” estimate of the rate of 

electronic changes and of distances of electron separation of radicals from the 

ESR parameters a, and D, respectively. In general, the precessional rate of a spin 

moment Y about any arbitrary magnetic axis is given by: 

Rate of 
wicca. ygH, = 3 x 10°H, for electrons (8.66) 

=O) Ini 

S “ " 

a 7 “lines 
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g 
= a,~ 20 gauss 

Figure 8.11 

actual ESR spectrum of the (CH,),COH 
aA radical, produced by the irradiation 

of acetone in isopropanol. The six 

protons of the methyl groups are 

equally coupled to the odd 

electron, causing a split into seven 

lines. The separation between any 

two adjacent lines is equal to a,. The 

experimental absorption spectrum 

(bottom) is usually displayed asa 

derivative. The numbers under the 

20 bands refer to the relative 

=—Ho intensities. 

First Derivative of Absorption 



272 CHAPTER 8 

where w is the precessional rate of Y in radians/sec if H, is in gauss. Since the 

strongest external magnetic fields correspond to ~10,000 gauss, @max ~ 3 x 

10° rad/sec if the precessional rate is determined by an external magnetic field. 

The magnitude of magnetic fields generated by electron orbital motion may 

exceed 10° gauss (e.g., the magnetic field near the nucleus due to orbital motion 

of an electron in an innermost Bohr orbit of a hydrogen atom is calculated to be 

~10° gauss). As a result, the value of m due to “internal” magnetic fields may 

exceed 10'° radians/sec” '. 
For most hydrogen containing carbon-free radicals, either hyperfine coupling 

or an external magnetic field will determine the precessional rate of the electron 

spin moment. We shall see in Section 8.12 that for certain diradicals and diradical 

pairs, H, and a,, may play a crucial role in determining the observation of CIDNP. 

The g factor of an unpaired electron may also be evaluated from ESR data. 

For hydrocarbon radicals the measured value of the g factor is very close to that 

predicted for a “free electron” in a carbon p-orbital, i.e., 2.00023. However, as the 

amount of spin-orbit coupling increases the magnitude of g deviates from the 

free-electron value. For example, if a p,— p, orbital exchange is possible, its 

measured value may be approximated by: 

g(measured) — g, ~ |2¢/AE| (8.67) 

where ¢ is the spin-orbit coupling constant for the atom on which the odd electron 

has density, and AE is the energy difference between p, and p, orbitals.'*-7° 

For a methyl radical, no p, > p, jump is energetically feasible and ¢ is small so 

that 2¢/AE ~ 0 and g(measured) ~ g,. However, for peroxy radicals, alkoxy 

radicals, carbon radicals attached to heavy atoms, etc., the magnitude of 2¢/AE 

may be significant relative to g,. In fact, the g (measured) values of peroxy radicals 

differ substantially from those for hydrocarbon radicals.! 
Finally, from the value of D, an estimation of the separation of the electron 

spin dipoles (and by inference the average separation of electrons) may be 

derived.?* It can be shown that 

D ~ 39°B°Riz > D ~ 10° “Ri (8.68) 

where R,, is the average separation of the electron spins (in A) and D is the mea-, 
sured ESR parameter incm '. Asa result, D is sensitive to the “average separation” 
between electrons | and 2, and experimental values of D may be used as a probe 
to analyze the spatial separations of the triplet electrons. Basically, we may view 
the two electron spins as being confined to a “box,” because the spins are fixed 
with respect to their limiting spatial separation by the molecular framework. As 
the “size” of the “box” increases, the value of <R,,)> > will decrease, as will D. 

For example, in the case of a carbene triplet (Eq. 8.69), values of D ~ 1 cm~! are 
common and correspond to R,, ~ 1 A, i.e., the electrons on the average are close 
to one another because they are essentially confined to one atom.?? In contrast, 
the triplet diradical pair (Eq. 8.70) produced by photolysis of azo compounds (in 
a frozen matrix) show a D value of 0.01 cm” ', corresponding to an average separa- 
tion of the two unpaired electrons of ~6—7 A.?+ 
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SS 
a ee (8.69) 
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Ph—C—N=N—C—Ph  —<, 
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CH(CHs)5> CH(CHs), 

| | 

Ph @.— = 64 ~C Ph (8.70) 
| | 
CH(CH,); CH(CH3), 

Since the magnitude of D is related to the average distance of separation of the 

two unpaired spins, it seems reasonable to expect that the value of D may be 

correlated with the orbital configuration of the triplet state.?*° Inspection of the 

data in Table 8.5 shows that this is the case. To the extent that data obtained 

under matrix conditions is applicable in fluid solutions, D parameters may be 

used to infer the electron configuration of T,. We expect that the average distance 

of separation of electrons in n, 2* states should be different from that of electrons 

in z, m* states. By extension of this reasoning, the values of D(n, 2*) and D(z, 7*) 

should be different. Inspection of Table 8.5 shows that this is the case, so that the 

value of D may be used as diagnostic of the configuration of T,. 

8.12 Chemically Induced Nuclear Polarization 

and the Experimental Detection of Radical Pairs 

The Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR) 

Spectra of molecules provide important structural information concerning 

(a) chemical structure, (b) frequency of spin motion, and (c) energies of electron- 

electron and electron-nuclear magnetic interactions. Usually ESR and NMR 

spectra are recorded as absorption spectra of the thermally equilibrated populations 

of electron and nuclear spins in their lower Zeeman levels (the two possible 

quantized levels of a magnetic dipole in an external magnetic field). It 1s possible 

to produce radicals and molecules such that nonequilibrium population of either 

the upper or lower Zeeman levels occurs. This possibility occurs when a chemical 

reaction generates radicals or molecules such that there is a selection of electron 

or nuclear spin states. When such processes occur the ESR or NMR spectra are 

not the conventional spectra corresponding to equilibria populations of the Zeeman 

levels. Instead, an “anomalously” strong enhanced NMR absorption or even an 

NMR emission spectrum may be observed. 

The method of Chemically Induced Dynamic Nuclear Polarization (CIDNP) 

has been coined to define systems for which the dynamic chemical reactions lead 



274 CHAPTER 8 

to nonequilibrium concentrations of nuclear sublevels.'? The observation of 

enhanced absorption or of emission in an NMR experiment is prima facie evidence 

for the occurrence of a CIDNP phenomenon. 

Experimentally, the NMR of the species observed in CIDNP is exactly the same 

as the normal NMR with respect to the number and chemical shifts of all observed 

Table 8.5 Values of D from ESR Spectra and Associated Average 

Separation of Unpaired Electron Spins 

Triplet 
Molecule Di(Criame\g Ryo (A) Configuration 

Benzene‘ 0.160 ~ 1-2 MTG 

Naphthalene* 0.100 ~2 sega 

Anthracene 0.072 ~3 Tame 

Cyclopentanone® 0.140 ~2 n,m* 
Ph e=—0- 0.150 ~ 1-2 nn* 

PhCOCOPh! 0.090 ~2-3 nym* 

CH,COCOCH,® 0.070 Aoe3 na 
2-Acetonaphthone" 0.095 S38 m,1* 
Cyclohexenones' ~ 0.2-0.3 ~1 nn* 

Diradical 
Diradicals Dy (cmiee\e R,, (A) Type 

“CHE 0.96 ~1 1,1 
-NH* 1.86 ~0.8 11 
Ph,C! 0.40 Es Td 
RR ~ 0.01 ~5 

a 0.084 Pay ee 1,3 

~ 0.020 ~4-5 ies) 

O--oF ~2 ~0.5 i 

* Zero field splitting parameter in cm’. 

> Average separation of spins evaluated from Eq. 8.68. 
* Birks, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970; Thomson, C., Quart, Rev., 45 (1970). 
* Shain, A. L., Chiang, W. T., and Sharnoff, M., Chem. Phys. Letters, 16, 206 (1972). 
* Sharnoff, M. J., Chem. Phys., 51, 451 (1969). 
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peaks. However, some peaks display an enhanced absorption intensity or display 
an emission (called polarization of NMR bands). The importance of CIDNP 
studies to photochemistry is: 

ly The observation of a CIDNP spectrum during photoreactions requires a 
radical pair (or in favorable cases a diradical) precursor to the species responsible 
for the polarized NMR bands. 

2. The details of the CIDNP spectrum allow deduction of the singlet or triplet 

nature and structural type of the radical pair. 

3. Study of magnetic field effects on CIDNP signals allows deduction of the 
rates of intersystem crossing. 

4. Polarization effects (deviations from Boltzmann populations) can be very 

strong, thus enhancing the sensitivity of NMR as a technique for identifying 

short-lived transients in low concentrations. 

The theory of CIDNP is based on the concept of a radical pair. The radical pair 

mechanism of CIDNP may be broken down into two parts: (a) the spin mechanics 

and spin dynamics (time evolution of “singlet character” in triplet states and the 

development of “triplet character” in singlet states), and (2) the fluctual behavior 

of the relative motion of the radical pair. 

The Radical-Pair Theory of CIDNP'® 

A basic premise of the radical-pair theory of CIDNP is the postulate that the 

reactivity of a radical pair in solution depends upon the spin states of the nuclei 

present in the radical pair. This is a rather remarkable premise since the interactions 

between electrons and nuclei (e.g., protons) are given by the electron-nuclear 

hyperfine couplings and amount to exceedingly small energies. Typical hyperfine 

couplings (a,) are of the order of 10-20 gauss (~ 10° * cm™'; ~ 10° ° kcal/mole). 

Clearly, such tiny interaction energies cannot significantly influence equilibrium 

properties, electronic distributions, or energy barriers. Then how is it possible for 

nuclear spins to influence the rates of reactions of radical pairs and thereby cause 

nonequilibrium nuclear spin populations of radical pair products, when the chem- 

ical reactions involve activation energies of at least the order of S—50 kcal/mole? 

The answer lies in the fact that nuclear spin may influence rate constants by 

influencing the A-factor of reactions of radical pairs but not by influencing the 

energy factor, E, (Eq. 8.1). The small interactions of nuclear spins with the electron 

spin provide mechanisms for “flipping” the direction of the electron spin vector 

and for “rephasing” the rate of precession of the electron spin vector about an 

external field. In other words, the interaction of electron spins with the spins of 

the nuclei may determine the rates of intersystem crossing of singlets to triplets 

and vice-versa. If reactions of the radical pair are spin-dependent (.e., if triplet 

reactions occur at a different rate than singlet reactions) then the nuclear spin 

may exert an influence on the rates of product formation. 
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For example, if a radical pair approach each other when their electron spins 

correspond to a triplet state, such a pair cannot form singlet products in a solvent 

cage until intersystem crossing via a spin flip or spin rephasing occurs. Since a 

singlet radical pair can form singlet products directly, the rate of formation of 

singlet products from triplet and singlet diradical precursors will generally be 

different, i.e., the A-factor of Eq. 8.1 will be different for reactions of the singlet and 

triplet pair. 

On the other hand, the rates of diffusion of triplet and singlet radical pairs do 

not depend on spin multiplicity. Thus, depending on the spin state of a radical 

pair, the competition between cage reaction and escape (via diffusion) of the radical 

pair into solution will depend on the spin state of the diradical pair. Within a 

solvent cage, the singlet radical pair will tend to react faster and more efficiently 

than the triplet radical pair. 

The Mechanism of Nuclear Spin-Dependent Mixing of Singlet 

and Triplet States of Radical Pairs 

What is the mechanism by which nuclear spins (via hyperfine coupling) can in- 

fluence the rate of interconversion (“mixing”) of singlet and triplet states of radical 

pairs, thereby causing CIDNP to be observed? The vector madel of electron spin 

provides a simple theoretical model by which CIDNP effects can be qualitatively 

understood. 

Figure 8.12 reviews the vector model of the singlet and triplet states. In the 

singlet state let the spin vectors of electrons (1) and (2) be Y, and %,. We suppose 

that these spin vectors possess values of B(—+) and «(+4) along some magnetic 

spin axis H,, about which the vectors precess. In the singlet state “%, and %, 

point in opposite directions and are always 180 out of phase. We may label the 

singlet state as S = —x«f, where the minus sign indicates the out-of-phase property 

of the « and f species. 

Recall that the three components of the triplet state may be described in terms 

of three vectorial situations: T, = «0, T. = £8, and T, =a. In each case the 

vectors “, and /, are in phase, 1.e., they are coplanar with each other and with 

the magnetic axis. Of the three triplet levels (T,, T_, T)) only T, will be degen- 

erate with S when the radical pair is well separated (> 6-10 A). Let us therefore 

consider only the mixing of the Ty and S states (Fig. 8.12). Recall that T9 possesses, 

a net spin-momentum (S = 1), but its projection on the magnetic field is equal to 

zero (M, = 0). The S state also possesses a zero net magnetic moment in all direc- 

tions in space (S = 0, M, = 0). Thus, there is no change in spin momentum along 

the magnetic field axis when S and 7, interconvert. 

A transition between S = —afs and T,) = «f may occur if the precessional rates 

of Y, and ¥, are slightly different. This will occur when the magnetic fields 

experienced by Y, and ”, are different. It is important to realize that the vectors 

FY, and ¥,, once prepared in S or T,), would remain in these states “forever,” if 

the magnetic fields operating on them were identical. What are the magnetic fields 

that act on Y, and Y,? The most important are those associated with (a) an’ 

external laboratory magnetic field, (b) spin-orbit induced magnetic fields, 
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(c) magnetic fields associated with an electron spin, and (d) magnetic fields asso- 
ciated with a nuclear spin. An external magnetic field (H,) will influence Y, and 
SF, identically and therefore cannot cause a mixing of S and T by rephasing the 
spin’s precessional rates. When , and /, are close together in space (as in the 
case of two orbitally unpaired electrons of a molecular triplet state) the two 
electron spins subject each other to a magnetic field of the order of 1000-3000 gauss, 
but again, the magnetic field influences each electron’s spin to the same extent 
and therefore does not affect the relative precessional rate of vectors “; and Y3. 

The local magnetic fields due to spin-orbit coupling and hyperfine coupling at 
the different radical centers may be different. Consider a radical pair A B separated 
by a distance of 5-6 A such that electron exchange is very slow relative to spin 
precessional motion. Under such a condition the spin vectors associated with the 
odd electrons on A and B may begin to precess at different rates if either the spin- 
orbit magnetic fields at A or B are different or if A and B experience different 
magnetic fields due to nuclear spins via hyperfine coupling. The “g-factor” available 

from ESR spectra is directly related to the amount of spin-orbit coupling ex- 

perienced by an odd electron (Eq. 8.67) and different “g-factors” are therefore 

directly related to the different magnetic fields associated with different spin-orbit 
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Review of the vector model for singlet-triplet mixing and intersystem crossing bya 

spin-flip. 
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coupling at sites A and B. Thus, knowledge of the value of “g-factors” of radicals 

A and B and of the hyperfine constants a, of nuclei coupled to the odd electrons 

on A and B allows evaluation of the difference in precessional frequencies of the 

spin vectors Y, and “3. If electrons 1 and 2 possess different g-factors and hyper- 

fine couplings, then the difference in precessional rates Aw of vectors Y, and 

is given by: 

Difference in precessional 
rates of Y, and Y, Aw = AgBH,h”* + (a, — a3) (8.71) 

g-factor effect hyperfine effect 

where Ag = |g, — g2| and the labels refer to electron 1 and electron 2. 
In the case of ordinary organic radicals Ag ~ 10~° or larger. In an external 

field of 10,000 gauss, Aw ~ 10!! Ag sec” !, so that if Ag ~ 10° *, Aw ~ 108 sec '. 
In other words, spin mixing of diradicals via different g-factors can occur at rates 

of the order of 108 sec” ' or larger in a strong magnetic field. 

Let the axis of the external magnetic field be in the z direction. We say that the 

local magnetic fields due to different g-factors cause rephasing of the two spin 

vectors Y, and , (assumed to be initially completely out of phase, i.e., 5 = —«f) 

about the z-axis (see Fig. 8.12). 

If the local magnetic fields (H,) acting in the z direction differ for electron 1 

and electron 2, a relative rephasing of the spin vectors will occur, but the orientation 

(x or f) of the spin vectors relative to the z-axis is not influenced, 1e., electron 1 

remains “up” (remains £) and electron 2 remains “down” (remains «). As a result, 

the singlet (— af) will switch into the M, = 0(T, = «f) state of the triplet. We say 

the singlet and triplet states are “mixed.” The triplet will tend to rephase back 

into the singlet and a pseudo-equilibrium between S and T, will be set up until 

a perturbation (e.g., chemical reaction or diffusion out of the cage) removes S or 
T, from the equilibrium. 

Local magnetic fields (H, and H,) in the x,y plane may also cause rephasing, 

but also may provide a torque to twist one of the spins (say the « spin of electron 1) 

and cause it to “flip” (say into a f state) and also cause reorientation relative to 

the z-axis. In other words, local magnetic fields H, and H, can “flip” the electron 

spin and cause transitions into either T_ or T , (see Fig. 8.12). 

We shall now see how nuclear spin can provide the local magnetic fields H, 

and H, via hyperfine coupling and that total spin-conserving double spin flip will. 

cause nuclear spin “polarization,” e.g., a non-Boltzmann distribution of nuclear 

spins in the « or in the f state. 

The Mechanism of Nuclear Spin Polarization 

via Hyperfine Coupling in Radical Pairs 

The coupling of electron spins to nuclear spins or to external magnetic fields will 

determine the rates of intersystem crossing when all other important mechanisms 

for intersystem crossing (e.g., spin-orbital coupling) are inoperative. In addition, 

the triplet state (JT) and singlet state (S) undergoing intersystem crossing must be 

equal in energy during the time period during which mixing occurs. In practical 
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terms, this means that the two unpaired electrons must be part of a radical pair 
which is well separated (~ 6-10 A); otherwise the singlet-triplet splitting, which 
depends on the electron overlap integral J, will cause the T and S states to be 
separated by a relatively large energy gap. Finally, in order to observe nuclear 
polarization experimentally, a nonequilibrium distribution of nuclear spin states 
must be produced in the products. 

The basic features of the hyperfine coupling mechanism for intersystem crossing 
in a radical pair may be recognized by reference to a simple example. Suppose a 
singlet radical pair A BH is formed in a solvent cage as a result of a rapid bond 
cleavage of A—BH, i.e., the homolysis step occurs so rapidly that the electron 
spin vectors remain in the same relative, paired orientation in 1A |BH as they 
were in A4#-BH, but the spin vectors are now centered on two different radicals 
(Eq. 8.72). In the absence of an external magnetic field, the two separated spins 
will maintain some indefinite overall spatial orientation but will possess a definite 
and well-defined orientation relative to one another. The exchange force, J,, 
which preserves electron indistinguishability, will initially compel the relative 
spin orientations to stay fixed, i.e., the radical pair is “locked” into a singlet state. 

For simplicity we assume that only the electron on radical BH experiences 
proton hyperfine coupling. When radicals A and BH begin to diffuse apart, the 
electron exchange interaction J falls off rapidly as the separation of A and BH 

increases (Fig. 8.13). At some point in their separation (~10 A), the electron 
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Figure 8.13 

Schematic representation of the value of J. ,the electron exchange integral, asa 

function of time for a radical A—BH generated by a sudden homolysis. The bond- 

breaking step is assumed to be essentially ‘‘instantaneous,”' i.e., ~ 10~"° sec. 
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exchange interaction which couples the precessional motion of the spins together 

becomes 

‘i 1 il 1 

At-B—> A BH —~>A_ BH (8.72) 
cage free 

negligible relative to interactions with external fields, orbital-motion—induced 

fields, and hyperfine nuclear spin fields. This means that instead of precessing 

strictly in phase (i.e., instead of being “pure” S and “pure” T states) as when they 

were coupled by J, each electron spin now can precess at a different rate, determined 

by the magnetic fields to which it is most strongly coupled. 

For the case in question, the important magnetic fields are (a) that of an external 

laboratory magnet, and (b) that of nearby molecular nuclear magnets. For such 

a situation, the magnitudes of the external fields are deducible from the spin 

Hamiltonian of the electron for negligible electron exchange: 

H (spin) > BHg.%. + Goo) + GoP ol (8.73) 

where g,.Y, and g,.%, represent the inherent coupling of electron spin Y, (which 

may be « or f) and electron spin Y, (which may be « or f) to an external field H,, 

and a,%,1 represents the hyperfine coupling between the electron spin on B—H 

with the proton spin J (which may be «@ or f). 

If radical A possessed a proton a term of a,%, 1 would be added to Eq. 8.73. In 

other words, H tells us that the dominant interaction operating on Y, and Y, is 

determined by the magnitude of SH,g relative to a,, that the rate of rephasing of 

Y, depends on H, and g,, and that the rate of rephasing of Y, depends on H,, 

g,, and a,. H also tells us that if a, couples Y, with J, a simultaneous double spin 

flip is possible, e.g., %,(% — 6) simultaneous with I,(« — f), as are other combi- 

nations for which total (electron spin plus nuclear spin) momentum is conserved. 

The situation for a coupled simultaneous electron-nuclear “flip-flop” spin flip 

is shown schematically in Figure 8.14 in terms of a “figure 8” model of an electron. 

Figure 8.14 

Schematic representation of a 

coupled, simultaneous electron- 

nuclear spin flip. The electron, in 

a passing near the nucleus has its 

spin weakly coupled to the nuclear 

' spin. If a simultaneous ‘‘flip-flop”’ 

of spins occurs, then the electron 

H | —- H | spin flips from «> B at the same 
t time that the nuclear spin flips 

from fa. In this way, the total 

spin momentum is preserved and 

the overall process may cause 

+ = 7 + intersystem crossing in the radical 
A I 4 I j pair A BH. 
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A spin vector precesses faster as the magnetic axis to which it is coupled gets 
stronger (Eq. 8.66). Thus, different values of H, at 4 and BH will cause two electrons 
which are initially out of phase (say as a singlet state) to undergo a spin rephasing 
and will eventually cause /, and .¥, to come into phase (as the M, = 0 component 
of the triplet). At this point, if a magnetic field in the x or y direction (H, or H,) 
operates on one of the spins, and if the total spin angular momentum can be con- 
served, an electron spin flip can occur. For example, hyperfine couplings with 
protons can supply such an H, or H, field. The operation of an electron spin flip 
requires a simultaneous proton nuclear spin flip in order to conserve the total 
spin momentum of the system. Hence, the nuclear spins may become polarized 

as a result of the simultaneous electron spin-nuclear spin flip, i.e., the population 
of nuclear spin states on B—H no longer corresponds toa Solera distribution 

and the nuclear spin states are said to be polarized. 

In a strong magnetic field (BH,g > a,,) the rate of precession about H, depends 

on the value of g (Eq. 8.66). Although the electron spins on A and BH will precess 

independently when they are separated by ~ 6-10 A, their common origin imposed 

a specific vector orientation (180° opposed) and phase relation between the spin 

vectors “, and ,. No matter what the distance of separation of A and BH, the 

directional and phase relationships of Y, and Y, would persist as long as the 

magnetic fields acting on them were identical. 

In fact, because of the presence of hyperfine coupling, the spin ”, associated 

with the radical B-H will eee: with different rates depending on as the 

proton’s nuclear spin is in the +3 state (say, Y, precesses faster) or in the —4 state 

(say, Y, precesses slower). Let t, be the time it takes the AaB: H ,, radical pair 

to undergo intersystem crossing to T, and let t_ be the time it takes the AaB: H_, 

radical pair to undergo intersystem crossing to T,. If t_ > t, all of the B- jeiea 

radicals will be associated with triplet radical pairs, while the B-H_ , radicals will 

remain associated with singlet radical pairs. Clearly, recombination reactions of 

the A + B- H_, singlet pairs are more likely than recombination reactions of 

A+ B- Ee triplet radical pairs. A mechanism for “sorting” the radical pairs with 

proton spins H_, and H,, thus exists. The products of singlet recombination 

AB-H _, will possess more protons in the H_, state. The triplet A + B-H ,, pairs 

will have a higher probability of diffusing completely away from one another and 

becoming “free” radicals in solution. In the extreme case, all the cage recombina- 

tion products derived from the B-H radicals would be completely in the H _, state 

and all cage escape products from B-H,, would be in the H.,., state. Since it takes 

typically 1 to 50 sec for relaxation from ele is H,, to occur, while radical reac- 

tions take place within 107 3_10~© sec, the spin polarization is passed along to the 

products of B- H__,, i.e., the polarization lasts for the order of seconds in the 

product and therefore can be detected by NMR spectroscopy which requires 

seconds for an analysis. 

The situation is reviewed in Figure 8.15. The radical pairs with H_, are assumed 

to keep their singlet phasing longer, and therefore have a higher probability of 

producing recombination products possessing a population of H_, states in 

excess of the equilibrium population. The NMR of the proton in the recombination 

products will appear as an emission, i.e., the radio frequency field of the NMR 

spectrometer will stimulate emission of radiation associated with the conversion 
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of H_, to H,, states. Eventually, of course, equilibrium will be achieved and the 

NMR will be a normal absorption. 

The excess B-H,, radicals which do not form cage recombination products may 

react with a scavenger, X, to form a product X BH ,,. This product will have an 

excess population of protons in the lower spin level and result in an enhanced 

absorption. This means that for the actual concentration of X BH a much stronger 

absorption signal is observed by the NMR spectrometer, since the absorption 

signal strength is related to the excess of spins in the lower state. 

Although this simple description predicts equal absolute intensities, different 

relaxation rates cause one type of polarization (emission or absorption) to pre- 

dominate in practice. It is important to remember that the observation of polariza- 

tion is very dependent on the time scales of certain interactions, the most important 

being: (a) initial bond cleavage, (b) primary recombination in the solvent cage, 

(c) secondary recombination after a brief escape from the cage, (d) complete escape 

to generate free radicals in the bulk solvent, and (e) spin rephasing or spin flipping 

in the radical pair. 
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Schematic representation of the relationship between normal (‘‘unpolarized’’, or 

Boltzmann distribution) NUR and CIDNP NMR (polarized or non-Boltzmann distribu- 

tion). In normal NMR, the excess of protons in the lower level is very small (about 1 

part per million). This tiny excess, however, is responsible for conventional NMR 

absorption. As a result of CIDNP interactions, it is possible that cage escape products 
may be formed with most of the protons in the lower level whereas the cage recom- 
bination products are formed with protons mostly in the upper level. This leads to an 
enhanced absorption and enhanced emission NMR respectively. 
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Generalizations Concerning CIDNP. Use in the Analysis 
of Photochemical Mechanisms. Kaptein’s Rules 

Without going into detail of how they come about (the reader is referred to several 
excellent reviews)? there are a number of features of CIDNP spectra: 

1. The observation of CIDNP effects require the involvement of free radical 

pairs for which cage recombination and cage escape are competitive 

(an exception to this rule is discussed in Section 8.10). 

2. The CIDNP effects arise from magnetic hyperfine couplings of nuclei 

(usually protons, for organic molecules) to the spin of unpaired electrons. 

3. Net polarization effects require that Aw # 0. This in turn requires that 

Ag ~ 0. and/or a, 40. 

4. The type of polarization observed experimentally depends on the nature of 

Ag and a, and is related to the “absolute mathematical signs” of these 

parameters. 

5. Cage recombination and scavenged escape products show opposite 

polarization. 

6. Triplet and singlet precursors to the same radical pair give rise to opposite 

polarizations. 

CIDNP has been used in studying numerous photochemical mechanisms. When 

it is observed, conclusive evidence thus exists that a radical or radical pair precursor 

occurs prior to a product. Since triplet and singlet precursors give different 

polarizations (i.e., one gives emission and the other absorption, or vice-versa) and 

since rules allow one to predict beforehand the associated polarizations, CIDNP 

can be used to determine whether a product possesses a singlet or triplet precursor. 

When the polarization is strong, very small concentrations of products may be 

determined. As a result, low concentrations of unstable transients (which are 

eventually converted to products) may be detected. 

With respect to this last point, it is important to realize that NMR spectra 

observed under CIDNP conditions are identical to those expected under “normal” 

conditions except for the intensities of bands, i.e., the chemical shift and coupling 

constants do not change as a result of CIDNP. 

A set of rules has been formulated (Kaptein’s rules)'?” which allows the predic- 

tion of the singlet or triplet nature of the precursor of a product if the net polariza- 

tion, the nature of the product (i.e., recombination or escape products), the value 

of Ag = Jon — Gon» and the hyperfine coupling constant of the proton to the elec- 

tron are known. Thus, if CIDNP is observed during a photoreaction and if the 

above parameters are known experimentally, the singlet or triplet nature of the 

radical pair precursor to products showing CIDNP may be deduced. In addition, 

because time scales are very important in determining whether or not CIDNP is 

observed, the dynamic behavior of precursor diradical pairs may often be deduced 

from CIDNP experiments. 
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Kaptein’s rules are summarized by: 

I (net polarization) = ue Aga, = +(A) or —(E) (8.74) 
enhanced — enhanced 
absorption emission 

where 1 is defined as positive for a triplet precursor or free radical pair and negative 

for a singlet precursor, and ¢ is defined as positive for recombination products and 

negative for escape products. Ag and a, are derived from experimental measure- 

ments (Ag = Jg,, — g,). Thus, for each term in Eq. 8.74 a “+” or “—” value may 

be assigned. If the product of the ensemble is positive, then net enhanced absorption 

(A) is predicted, whereas if the product of the ensemble is negative, then net emission 

(E) is predicted. ; 

If a specific polarization is observed experimentally (from prior knowledge of 

Ag or a,,), the nature of 4 and/or ¢ may be deduced. For example, if products are 

known to arise via an escape from the solvent cage, then wp (triplet or singlet 

precursor) may be deduced from experimental quantities I, Ag, and a,,. 

From Eq. 8.74, a number of features of the vector model for CIDNP via the 

radical pair theory may be expressed in terms of Kaptein’s rules. First of all, net 

polarization effects arise only when Ag # 0, because the absolute value of Aw 

determines the amount of S — T, mixing, and if Ag = 0 then |Aw,| = |Aw_| for 

+a, and —ay,, respectively, and there would be no rephasing (mixing) of S and 

T,. Next, the “sign” of the polarization (net emission versus net enhanced absorp- 

tion) depends on the relative signs of Ag and a,. From the above discussion we 

expect that recombination products will show an opposite polarization relative 

to escape products (Fig. 8.15). Finally, singlet and triplet precursors should give 
rise to opposite polarizations. 

For example, application of CIDNP to the formation of 1,1,2-triphenylethane 

produced by three different methods allowed a distinction to be made concerning 

whether the product ethane was formed via singlet or triplet precursors and whether 

it was formed via cage combination or combination of free radicals:?> 

Ph,CH—N—N—CH,Ph —<> Ph,CH + PhCH, 

(singlet) os 
So 6 

Ph,C—N=N + PhCH; —— Ph,CH + PhCH, —— Ph;CHCH,Ph ° 

(triplet) 5 Polarized 

cae : : NMR spectrum peroxides 
PhjCH, + PhCH, --_—» Ph, CH + PhCH, ebeered 

(free radicals) 

(8.75) 

CIDNP Detection of Diradicals 

In special cases, CIDNP may be employed to “observe” diradical intermediates : 

by the polarized NMR spectra of products derived from the diradical. Recall that 
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the usual mechanism for CIDNP is a T, — S mixing ina radical pair which occurs 
via the hyperfine interaction and g-factor differences. For effective mixing, the 
energy difference between T, and S must be very close to the value of the hyperfine 
coupling (usually < 10°-* cm~' ~ 3 x 1075 kcal/mole). Recall that the hyperfine 
interactions can cause the spin vector to “lock on” to nuclear magnetic fields only 
when J, the electron exchange interaction, is smaller than the hyperfine coupling, 
i.¢., J < 10~* cm ' for CIDNP. The same mechanism is possible in principle for 
diradicals. However, since the magnitude of J falls off as exp-R where R is the 
average separation of the two electrons, it is unlikely that J < 107? cm™! for 1,n 
diradicals where n is small, because the electrons will be too close in space. When 
J is >10°7 cm~', CIDNP by the radical pair mechanism will not be possible. 

Furthermore, for the T, — S mechanism to cause measurable net polarization 
there must be an escape pathway which competes with self-reaction of the diradical. 

Thus, CIDNP does not show promise as a general method for detecting 1,n 
diradicals where n is small. 

There are certain cases, however, for which CIDNP of medium to large diradicals 

(n = 6) can be observed.*® This situation occurs when the Zeeman (magnetic- 

field-dependent) splitting of the T,, T,, and T_ states is such that mixing of T. 

with S becomes possible. Since the Zeeman splittings may be controlled by ad- 

justing the magnetic field strength of an external laboratory magnet, CIDNP 

induced by 7, — S mixing is magnetic-field-strength dependent. 

According to the above, CIDNP can be observed in diradicals if an external 

magnetic field can adjust the energy of T, so that they match that of S. At some 

length of a diradical this should be possible. As an example of CIDNP for a 

diradical, consider the intramolecular hydrogen abstraction: 

O 

OS. Starting 

‘Y—OH CH, material (8.76) 

i | CIDNP 
PAg io ; : 

| spectr 

1 2 

The fact that a CIDNP spectrum of the starting material appears upon irradiation 

of 1 (Eq. 8.76) suggests that a 1,n diradical is formed, which then reverts back to 

the starting ketones. Since the mechanism of polarization in such diradicals is 

due to a spin flip rather than hyperfine coupling, the CIDNP spectrum 1s inde- 

pendent of the proton hyperfine interactions, and turns out to be entirely emission." 

It is important to realize that no net competition for reaction of the diradical is 

required when the T — S mechanism operates, i.e., the polarization comes about 

because of coupled electron-nuclear spin flips, not hyperfine modulated dephasing. 

A very nice example of diradical polarization due tows 1 mixing is found in 

the photolysis of cycloalkanones (Eq. 8.77).2° The primary photochemical process 
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ce CO CHO. 1 CH, (8.77) 
Lar : ve : LP Lee 

CH. Che." CHa. CH=CH CH 
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occurs in T ,(n, 2*) to yield a triplet diradical. Figure 8.16 shows a surface diagram 

for the T, . levels as a function of the —CO—C bond length. At a certain separa- 

tion (just before the bond breaks), T_ is exactly degenerate with So, Le. J ~ 

AE(T, — T_). When the bond is completely broken and the —CO C radicals 

separate by 6-10 A, J ~ 0 and Sy is degenerate with T, and not T_. However, 

since no “escape” mechanism is available to small 1,n diradicals, only self-reaction 

occurs and no CIDNP is expected. However, the energies of T, may be altered 

by an external magnetic field, and T_ may be brought into degeneracy with S by 

varying an external magnetic field Hy. When this happens T_ mixes with S, and 
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Figure 8.16 

Schematic representation of the effect of radical separation on mixing of S with 7 and 
with T,. See text for discussion. 
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CIDNP is observed. If T_ flips to S while a proton coupled to one of the electrons 
flips from its « (lower) to f (upper) state, intersystem crossing and polarization are 
simultaneous and coupled. The T _ to S flip corresponds toa AM, = +1 transition 
and must be coupled to a AM, = —1 transition in order to preserve momentum 
oor AM must = 0). Thus, ee is a net flow of nuclear spins from the lower 
+ 5 spin state to the upper —4 spin state. The products rom such biradicals will 
clearly possess an excess of nuclei with higher energy —+4 spins, i.e., a net CIDNP 
emission will be observed. 

The measurement of CIDNP of 1,n-diradicals derived from cycloheptanone 

and large-size cyclanones show an emissive CIDNP spectrum for the aldehyde 

protons derived from the enal products.*° No signal was found for cyclohexanone 

and smaller ring cyclanones. The intensities of the CIDNP polarization was 

found, as expected from a T, — S polarization mechanism, to be magnetic- 

field-dependent. The greatest intensity is expected when T_ and S are exactly 

degenerate, i.e., when gfH, = 2J,,, where 2J,, refers to an average value over the 

various conformations of the diradical. For CH;4-CH,);—COa value of ~2 cm™! 

is found for 2J,, whereas for CH,-CH,+-,CO a value of ~ 0.03 cm~! is found 

fOr 2d. 

These values may be compared to 2J = 0.003 cm ~', found for stable diradicals 

separated by 15 A. For CH,~CH,-}gCO the radical centers are separated by 

13 A in the most extended form. Thus, the values of 2, as expected, seem to drop 

off rapidly as the separation between the radical sites increases. Figure 8.17 shows 

an example of biradical CIDNP in the photolysis of cycloheptanone. The same 

arguments hold for '*C NMR as for 'H NMR.*” 
A striking example of hyperfine coupling on chemical reactions is available 

from the observation of isotope effect in radical recombinations.*° It was found 

that photolysis of aliphatic ketones results in enrichment of the recovered starting 

material in ‘°C. This remarkable result is explained by the postulates that (a) 

Photolysis of 
Cycloheptanone in COCI, 

; aldehyde Ly : 

‘ a 
S C=O ! ae By 

2 

3 
ac 
= 
2 

_——_ —__1__ —____— — 

200 150 100 50 
Ho oe 

Figure 8.17 

CIDNP spectrum (above) and normal ‘°C NMR spectrum (below) of irradiated 

cycloheptanone. 
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photolysis results in a homolytic cleavage of the CO—C bond in T,, leading to a 

triplet diradical pair, *D; (b) faster intersystem crossing to singlets in the triplet 

radical pairs which possess a ‘°C atom at the radical center; and (c) rapid re- 

combination of the singlet radical pairs to regenerate '*C-enriched starting 

material: 

O O 
pins | | 
R "C R aS R C R 

b= crossing iy h d 

O 3D enriche 

R—C—R a 7 (8.78) 
t 

3n, 1* R '?C—R —* + products 
# diffusion 

8.13 Chemical Spectroscopy: The Use 

of Photochemical Reactions to Measure 

Excited-State Energetics and Dynamics 

The term chemical spectroscopy has been coined to define a principle which 

involves the use of photochemical reactions to measure properties of electronically 

excited molecules which are normally determined directly by spectroscopic means. 

One must employ an alternative to ordinary spectroscopy—to measure triplet 

energies, for example—if a molecule does not show measurable phosphorescence 

or singlet-triplet absorption under the reaction conditions being studied. 

Chemical spectroscopy has been successfully employed in the estimation of 

triplet energies and in the measurement of intersystem crossing efficiencies. 

Great care must be made in the selection of systems and in the interpretation of 

results of experiments because the method is based on the assumption of a very 

simple scheme, an assumption which may not apply under the conditions of a 

particular experiment. 

The concepts behind the principle of chemical spectroscopy are given by the ° 
following scheme for determining intersystem crossing yields (@,,), triplet energies 

(E,), and triplet lifetimes (t,): 

STEP 

So ——— By Excitation (8.79) 

Ser, Intersystem c-ossing —_ (8.80) 

Put Ao 22 So + A, Energy transfer (8.81) 

a Triplet decay (8.82) . 

A, —*> characteristic reaction Reaction of acceptor —_ (8.83) 
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The substrate molecule of interest is assumed to possess standard decay path- 
ways from S, and T,. Addition of an acceptor molecule, Ao, introduces a step 
that quenches T, of the substrate and produces the acceptor triplet 4,, which then 
undergoes a characteristic reaction. This analysis assumes: 

1. That S, is not quenched by Ao. 

2. That T, produces A, quantitatively for each quenching of T,. 

3. The reaction of A, is independent of the reaction conditions. 

If these conditions are met, then ®,, is measured by completely quenching T, 

and measuring the quantum yield of reaction from A, based on absorption to 

produce S,(®,). If the quantum yield of reaction from A, is ®,, then 

©, =02:0. or O, = 0.0, (8.84) 

1.e., the efficiency of sensitized reaction of A, under conditions of complete quench- 

ing of T,, is the product of the efficiency of formation of T,(®,,) and the inherent 

reaction efficiency of A,. Since both ®, and ®, are measurable, ®,, may be evaluated 

from photochemical data, namely by quantum yield measurements. A Stern- 

Volmer analysis of the sensitized reaction of A will yield the ratio k,/k, which is 

equal to k,t,. If k, is assumed to be the value of diffusion-controlled quenching, 

t, can be evaluated if k,,, is known. This assumption is questionable in the absence 

of independent evidence that the quenching step is diffusion-controlled. 

The scheme discussed above, with its numerous assumptions, does appear to 

work in carefully selected systems. The energy levels of the acceptor usually can 

be chosen so that triplet-triplet energy transfer is exothermic and singlet-singlet 

energy transfer is endothermic. In fluid solutions, the majority of directly measured 

quenching constants for the reactions involving an acceptor whose triplet energy 

is lower than that of the donor are generally close to the rate constant for diffusion. 

However, the scheme is not universally true. 

An interesting application of chemical spectroscopy involves the determination 

of triplet energies. The key idea here is that if a pair of molecules or conformers 

possess different triplet energies, then 

1. Donor triplets will excite each molecule equally effectively as long as energy 

transfer is exothermic (i.e., transfer to each molecule is assumed to be 

diffusion-controlled). 

2. Donor triplets will excite the lower energy molecule more effectively when 

the donor triplet energy “brackets” the triplet energies of the two molecules. 

3. Donor triplets will be ineffective in exciting either molecule when energy 

transfer becomes endothermic to both. 

Experimental examples of this principle have been found in the dimerization 

of dienes and in the cis-trans isomerization of dienes (see Fig. 8.18). 
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Figure 8.18 

State-energy diagram relevant to ‘‘chemical spectroscopy.'’ See text for discussion. 

Table 8.6 Energetics and Dynamics of Carbonyl Compounds 

Molecule Ea ES ke ee ke Oy 

Acetone 84 78 10° 10° 10° 1.0 
2-Pentanone 84 78 10° 10° 10’ 0.9 
2-Hexanone 84 78 TO" 10° 108 0.5 
Cyclobutanone 84 78 LOE Og — 0.0 
Cyclopentanone 84 78 10° 10° 108 1.0 
Cyclohexanone 84 78 10° 10° 10’ 1.0 
Acetophenone 80 74 10'° ose 10° 1.0 
Benzophenone 16 69 102? 101! 105 1.0 
2-Acetophenone 77 59 tor? Oe? 103 0.8 
4-Phenylbenzophenone 75 62 101° 1022 10° 1.0 
Fluorenone 65 53 10° 10° 10+ 0.9 
2-Acetylnaphthalene 75 58 10° Kee 10* 0.9 
Biacetyl 62 55 108 108 104 1.0 

Camphorquinone Sil 51 108 108 10° 1.0 

* Energies in kcal/mole. 

> Rate constants are in sec |. k,= measured singlet lifetime, ks-= measured rate of S, + T intersystem crossing, ' 
k= measured triplet lifetimes. Values are order-of-magnitude only and refer to measurements in “inert” solvents 
under deaerated conditions, 
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8.14 Some Archetype State-Energy Diagrams 

It is useful to calibrate one’s expectations of the behavior of electronically excited 
states in terms of archetype models. In the case of electronically excited states, 
the state-energy diagrams of many molecules are derivable from a combination 
of absorption and emission data. In this section we present briefly some archetype 
state-energy diagrams, e.g., for some ketones, alkenes, aromatic compounds, and 
enones. The archetype state-energy diagrams serve as a paradigm which may be 
the basis for deciding on reaction or mechanistic feasibilities. These diagrams are 

readily constructed if the energies of S,, T,, and the dynamics of deactivation of 
these states are known. 

Ketones 

The state energies and configurational assignments of some typical organic 

ketones are given in Table 8.6. 

In proceeding from acetone to benzophenone to methyl naphthyl ketone, the 

energy diagrams present some interesting contrasts. The first big contrast is the 

rate constant of intersystem crossing for acetone relative to benzophenone 

(~5 x 108 sec”! and ~10'! sec” ', respectively). As a result of these relatively 
rapid intersystem crossing rate constants and relatively slow fluorescence rates, 

ketones generally possess a low fluorescence yield. Although both molecules 

possess lowest n, z* singlet and triplet states, the S$; ~ T, crossing in benzophe- 

none is of the 'n, 2* > 7(z, 2*) > 3(n, 2*) type, whereas acetone is of the '(n, 2*) > 

3(n, *) type. The former is always much faster than the latter. Alkanones tend to 

possess relatively “pure” n, x*, S,, and T, states. Benzophenones possess “mixed” 

n, m* and x, n* states. Naphthyl ketones may possess mixed n, 2* <> 7, 12™* singlet 

states but tend to possess pure 7, 2* triplet states. 

Alkenes and Polyenes 

Direct dynamic information on k,, k,,, k,, etc. is almost nonexistent for alkenes 

and polyenes. However, values of singlet and triplet energies are usually available 

(Table 8.7). An important feature of these molecules is the general lack of (or very 

weak) fluorescence and phosphorescence. Evidently, based on chemical evidence 

(to be discussed in Chapter 12), S; > T, intersystem crossing 1s also inefficient. 

The state-energy of alkenes and polyenes generally decreases with increasing 

conjugation. 

Aromatic Hydrocarbons 

A list of the energies of some commonly encountered aromatic hydrocarbons 1s 

given in Table 8.8. Aromatic hydrocarbons generally exhibit both fluorescence 

and phosphorescence at low temperatures, so that their state-energy diagrams 

can be well established. In the case of anthracenes, an interesting feature occurs 1n 
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Table 8.7 Singlet and Triplet Energies for Some Ethylenes and Conjugated 

Polyenes 

Molecule ES Ee 

Ghe—GH. 120 82 
GH;—C(CHs)>5 95 81 
trans-CH,CH=CHCH, 95 81 
cis-CH,CH—CHCH; 95 78 

(CH3)2C=C(CHs3), 86 76 

cis-CHGI—CHE] — 76 
Norbornene -- 74 

trans-CHCI=CHCI — ie 
CH5>—CH—_ CH=CH. 80 60 

CH,—CCH,—CCH;=CH, 80 60 
1,3-Cyclohexadiene 75 54 

1,3,5-Hexatriene 70 48 

* Energy of S, in kcal/mole. 

> Energy of T, in kcal/mole. 

the accidental closeness of T, to $,. Depending on the substitution pattern of an 

anthracene, T, may lie somewhat above or below S,. Thus, either S$; > T, > T, 

or S, > T, intersystem crossing mechanisms can operate. Both S, and T, energies 

decrease monotonically with increasing condensation of rings in a linear manner 

(benzene — naphthalene —> anthracene). 

Conjugated Enones and Dienones 

Enones and dienones are similar to alkenes and polyenes in that they exhibit 

only weak emission at best. An interesting feature of both enones and dienones 

Table 8.8 Energetics and Dynamics of Aromatic Hydrocarbons 

Molecule EY ee ke kes koe O° 

Benzene 115 85 ~ 107 ~ 10’ ~ 10° ~0.2 
Naphthalene 90 61 ~ 107 ~107 ~ 103 ~0.7 
1-Fluoronaphthalene 89 60 ~107 ~ 10’ ~ 108 ~0.7 
1-Chloronaphthalene 89 59 ~ 108 ~107 ~10 ~ 1.0 
1-Bromonaphthalene 89 59 ~10° ~ 107 ~10° ~1.0 
1-Iodonaphthalene 89 59 ~10'° ~10’ ~10° ~0.7 
Anthracene 76 42 ~2 x 108 ~ 10’ ~10° ~0.7 
Pyrene 83 48 ~2 x 10’ ~ 10° ~103 ~0.3 
Triphenylene 81 67 ~ 3 x 107 ~ 107 ~103 ~0.9 

* Data from Birk, J. B., Photophysics of Aromatic Molecules, New York: Wiley, 1970. 

> Energies in kcal/mole and correspond to 0,0 emission. 

© Rates in sec | from decay of fluorescence or phosphorescence in fluid solution near room temperature in the absence 
of oxygen. : 

* This rate constant is only approximate because impurities or other bimolecular quenching usually determines the 
observed value (except for benzene). 

* Intersystem crossing quantum yield. 
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is the occurrence of two energetically similar T states, one n, m* and the other 
m, m*. Dynamic information on S, and T, of enones and dienones is relatively 
scarce. However, values of singlet and triplet energies are available. The state 
energies of some selected enones and dienones are given in Table 8.9. The electronic 
configuration of T, of a number of enones has been probed and spectroscopic 
evidence is available in some cases which allows a configurational assignment. 

The important feature to be noticed, from the standpoint of enone and dienone 
photochemistry, is that the lowest T, state may be n, 2* or 7, 7* depending on 
substituents, and that these two configurations will commonly be comparable in 
energy. Asa result, the solvent may have a major influence on which configuration 
best corresponds to the lowest triplet. 

Table 8.9 The singlet and triplet energies of some conjugated and 

related compounds. 

Molecule ER BR 

CH,—CH— CHO 74 70 

83 74 

80 Tiare) 

74(x, 1*) 

81 75 

6 UN ce?) 
ee) 

~78 69(n, 7*) 

(©) é — 70(1, 1*) 

yee 

CHE(CH—CH)sCHO 44(x, 2*) 

CHE (CH=CH). GH© - B6(i, 7) 

CHE (CHG) CHO - BOG") 

o-{ ro 56 50(n, 2*) 
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Energy Transfer 

9.1 An Energy-Surface Description 

of Electronic Energy Transfer 

and Energy Degradation’ * 

It is possible to visualize the electronic energy transfer process M* + Q > M + Q* 

in terms of potential-energy surfaces. For example, let us consider a collisional 

mechanism for energy transfer. 

A simplified energy-surface description of a collisional energy-transfer complex 

is shown in Figure 9.1. As M + Q approach each other in their ground states, 

their interactions are repulsive, and the energy of the ground state surface rapidly 

rises as M and Q come to within collisional distance. If either M or Q is excited 

as they approach, however, the energy of a collision pair M*Q or MQ* will gener- 

ally be lower than that of the separated pairs M* + Q and M + Q* (see Section 

M+Q 
collision 

M+ Q Separation increases ———» 
Figure 9.1 

t electron exchange interaction Schematic surface representation 

MQ" of collisional energy transfer. 
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5.13 on exciplexes). At some geometry, r,, the surface of M* + Q is imagined to 
intersect with that of M + Q* and an internal conversion (or intersystem crossing 
if a triplet is involved) to the lower surface may occur. At the crossing point, r, 
some interaction between M* and Q allows a transfer of electronic Onion. 
After relaxation to the minimum of the lower excited surface, thermal energy 
must now be provided to pop the MQ* collision pair back to the upper surface. 
In general, there will be competition between a return to the upper surface and a 
separation of the collision complex MQ* into separated monomers M + Q*. 
Should the latter result, a net electronic energy transfer from M* to produce Q* 
has been effected. 

If the minima corresponding to M*Q and MQ* are sufficiently deep, we then 

say that exciplex formation has occurred. In such a case, there is the possibility 

of observing exciplex emission or absorption. 

It should be noticed that the description of energy transfer given above is 

analogous to the radiationless transitions of internal conversion or intersystem 

crossing within a molecule. In the same way that the “electronic energy sink” 

principle causes the electronic excitation energy to rapidly degrade to the lowest 

excited levels intramolecularly, an analogous process can be proposed to occur 

between two molecules. The energy degradation process M* + Q>M+Q+ 

heat can be visualized if we imagine that a crossing occurs between the ground 

surface for interaction of M and Q and the excited surface for interaction of M* 

and Q. A pathway is then available for efficient intermolecular internal conversion 

or intersystem crossing to the ground surface. 

An energy transfer induced via a very different mechanism is shown sche- 

matically in Figure 9.2. In this case, a surface crossing does not occur. The surfaces 

which correspond to M*, M, Q, and Q* are considered to be separate and distinct. 

Figure 9.2 

ee coupled transition al 

ad 
M™.......Q  “*coulombic interaction” = M........Q Schematic surface description 

M and Q are separated of energy transfer by the 

in space Coulombic mechanism. 
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However, if through some interaction M* is caused to jump to M (a vertical 

transition) simultaneously with the jump of Q to Q* (also a vertical transition), 

energy transfer can occur. In fact, the transition moment (Section 5.5) which 

corresponds to the M*+M jump can “trigger” the Q— Q* transition. The 

molecule Q is excited to Q* by a mechanism analogous to the radiative excitation 

of Q to Q* via interaction with the electric vector of a light wave. Indeed, we shall 

see that most of the ideas developed to visualize the interaction of light with 

molecules (Chapter 5) are transferable to energy-transfer processes which occur 

via Coulombic (dipole-dipole) interaction. 

9.2 The “Trivial” or Radiative Mechanism | 

for Electronic Energy Transfer: 

The Spectral Overlap Integral 

Excitation transfer may occur in a “trivial” case, which consists of the emission 

of a quantum of light by one molecule which is followed by absorption of the 

emitted photon by a second molecule.* While complicated in practice to analyze 

quantitatively, this mechanism is readily understandable in terms of the laws of 

optics and of light absorption and emission. The second molecule does not at all 

influence the emission ability of the first molecule, but merely intercepts the 

emitted photon before the latter can be observed. 

The mechanism of “trivial” radiative energy transfer is the two-step sequence 

given below, in which D* is an excitation donor and A is an excitation acceptor. 

Radiative D* + D + hy (9.1) 
emission-absorption 

energy transfer hv + A-— A* (9.2) 

The “trivial” mechanism requires that the excited-energy donor molecule D* 

emit photons which are then absorbed by the energy acceptor molecule A. Thus, 

the rate or probability per unit time of energy transfer from D* to produce A* 

will depend (1) on the quantum yield (®?) of emission by D*, (2) the number of A ° 

molecules (the concentration of A) in the path of photons emitted by D*, (3) the 

light-absorbing ability of A, and (4) the overlap of the emission spectrum of D* 

and the absorption spectrum of A. 

It is clear that trivial transfer is favored when each of these four factors is maxi- 

mized, i.e., BP ~ 1, high concentration of A, high extinction coefficient of A, and 

good overlap between the emission of D* and absorption of A. The last factor may 

be quantified in terms of the spectral overlap integral, J, which is the integrated 

overlap of the experimental absorption and emission curves (Fig. 9.3).'? 
Mathematically, J is given by 

Je= \, I,é, av (9.3) 
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where i, is a graph of the experimental emission of D*, and é, 1s a graph of the 
experimental absorption spectrum of A, both plotted on an energy scale (usually 
cm‘), and normalized so that complete overlap would correspond to J = 1.00. 

9.3 Theory of Radiationless Energy Transfer: 

A General Formulation 

In Chapter 3 we noted that all transitions between states (e.g., D*A > DA*) due 
to weak perturbations can be formulated in terms of a “Golden Rule”: 

4 

Probability (D*4 > DA*) > = (p)<WiJH|W,>2 “Golden Rule” (9.4) 

where w; is the wave function of the initial state, y, is the wave function of the 

final state, p is a measure of the number or density of initial and final states capable 

of interaction, and H is the specific interaction capable of coupling y; and w,. 

For the electron energy transfer D* + A > D + A*, w; corresponds to W(D*)W(A) 

and w, corresponds to y(D)y(A*). Since there are two electronic mechanisms by 

which y; can undergo transition to wr, we can break H up into two types of 

interactions, 1.e., H,, the exchange interaction, and H,, the Coulombic interaction. 

We may relate the probability P of Eq. 9.4 to an experimental quantity, the 

rate constant of energy transfer, k,,. From this interpretation of probability and 

Eq. 9.4, we have a relationship of the form 

k,,(total) > [¢‘Y(D*)¥(A)|H,|¥(D)¥(4*)>? 

Exchange 

+ (Y(D*)¥(A)|H,|Y(D)¥(A*)>7] (9:5) 

Coulombic 

Figure 9.3 

Schematic description of the 

spectral overlap integral J (Eq. 

9.3) and its relation to an experi- 

mental absorption and emission 

ro spectrum. The shaded region 

OVERLAP J=fledy corresponds to the overlap of the 

INTEGRAL Yon emission spectrum of D* and the 

Tales absorption spectrum of A. 

Emission 
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The matrix element for Coulombic interaction represents the electrostatic (repul- 

sive) interactions of the electronic charge clouds Qf = ¢,+(1),(2) and Qf = 
,(1),.(2), whereas the matrix element for exchange interaction represents the 

electronic (repulsive) interactions of the charge clouds Qf = ¢,.(1),(2) and 

O% = o,(2),(1). Let us consider Figure 9.4 in order to visualize the meaning 

of these ideas in terms of orbital interactions. 
We are assuming that interactions between two electrons (represented by open 

circles in Figure 9.4) can provide qualitatively significant information on the 

mechanism of energy transfer. In the figure, the solid circles represent “passive” 

electrons whose interaction with other electrons are assumed to be roughly 

constant during the energy transfer step. In Figure 9.4 (top) the nature of the 

Coulombic perturbation (corresponding to H, in Eq. 9.5) is represented in terms 

of interactions (dotted line) between electron | in the LU of the excited donor 

D* and electron 2 in the HO of the ground state acceptor A. The orbital motions 

(oscillations) of electron | cause perturbation of the orbital motions (oscillations) 

of electron 2. If resonance occurs, energy transfer may occur whereby electron 2 

is set into oscillatory motion (is excited) and electron 1 relaxes its motion (1s 

deexcited), i.e... D* + A— D + A* occurs. The reverse process D + A* — D* + A 

is represented at the top right of Figure 9.4. 

LU a Rad reacts ese aos 
“Gy oe 

ey so, — _e€ at sr OPPs Ka) R co” o 

RY ee 
HO S @@ @ 0 ® 

(1) ee ae ee a) (2) 

electron electron 

-&xchange y exchange 
a: ee 

——___—_ = re 

electron R electron 
HO ry exchange ~ @ @ @ @achange @ 

P. - . $ (2) $ (1) 

Figure 9.4 

Orbital comparison of the Coulombic and exchange mechanisms of electronic energy 
transfer. 
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; In Figure 9.4 (bottom left) the nature of the exchange perturbation (correspond- 
ing to H, in Eq. 9.5) is represented in terms (a) of overlap (arrow) of electron 1 
in the LU of D* with the LU of the ground state 4, and (b) of overlap (arrow) of 
electron 2 in the HO of A with the HO of the excited donor D*. These overlaps 
may be viewed as charge transfers. In the extreme case, electron | is completely 
transferred to the LU of A and electron 2 is completely transferred to the HO 
of D. The net result is a collisionally induced energy transfer D* + A > D + A*, 
and is analogous to a moving particle transferring energy to other particles by 
way of collisions. The reverse process D + A* > D* + A is represented in the 
bottom right of Figure 9.4. We can see that the following differences between 
H, and H,, (the Coulombic and exchange matrix elements respectively) are 
apparent: 

1. The Coulombic interaction (dotted double arrow) represents an “action at a 
distance,” 1.e., the electrons initially on D* stay on D while the electrons initially 
on A stay on A*. In other words, the Coulombic resonance interaction D* A > 
H.. > DA* (dotted arrows) occurs via the electromagnetic field and does not 
require physical contact of the interacting partners. The basic mechanism 
involves the induction of a dipole oscillation in-A by D*. 

2. The exchange interaction (double solid arrows) represents a “double” 

electron substitution reaction, 1.e., the electron initially on D* “jumps” to A 

simultaneously with the jump of an electron on A to D*. In other words, the 

exchange resonance interaction of D*A > H, — DA* (solid arrows) occurs via 

overlap of electron clouds and requires physical contact between the interaction 

partners. 

A major distinction between the exchange concept (also called the collisional 

mechanism) and the Coulombic concept (called the induced dipole mechanism) 

is that in the former electrons exchange and therefore collisions are required, 

whereas in the latter collisions are not required. In other words, in exchange energy 

transfer, excitation is transferred from one system to another analogous to a 

moving particle which transfers momentum to other particles with which it 
collides. In the induced dipole mechanism, the excitation is transferred through 

space, analogous to a radio transmitter acting on a radio receiver. 

9.4 Visualization of Energy Transfer 

by Coulombic Interactions: 

A Transmitter-Antenna Mechanism 

The Coulombic interaction represents a classical interaction between charged 

particles, and as such a classical analogy is possible.* The electric field near an 

electronically excited molecule is assumed to behave like a field generated by a 
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classical oscillating dipole whose frequency of oscillation is v and whose instanta- 

neous dipole moment is yu. If |y,| is the maximal value of the induced dipole that 
can be achieved, we apply 

(= 1k COS OVE (9.6) 

In molecular terms we can identify this oscillating dipole moment as the result 

of the back-and-forth motion along the molecular framework of the excited 

electron on D*. The resulting electric charge oscillation causes electrostatic forces 

to be exerted on the electronic systems of nearby molecules. 

In the Coulombic mechanism an excited molecule (an oscillating dipole) may 

cause the electrons of a given ground state molecule to oscillate in much the 

same way as does the electric field of a light wave. For A* to be produced, a reso- 

nance condition and a coupling must occur in each case. For light absorption, 

the resonance condition is AE(A > A*) = hy, and for energy transfer the resonance 

condition is AE(D* > D) = AE(A = A*). In the case of light, the coupling occurs 

between the electrons of A and the oscillating electronic field of the light wave. 

In the case of energy transfer, the coupling occurs between the oscillating electron 

of D* and the electrons of A. 

Relationship Between k., and Theoretical and Experimental 

Quantities. Forster Theory of Coulombic Energy Transfer 

What are the factors which determine the magnitude of the Coulombic interaction 

that leads to energy transfer from D* to A, and how does the magnitude of this 

interaction relate to k,,? According to classical theory* the interaction energy, E, 

between two electric dipoles is directly related to the magnitude of the two dipoles 

(u,, and yw.) and the distance between them (R,,,) as follows: 

Interaction f f bys energy (dipole-dipole) « — (9.7) 
DA 

Forster* identified ,, and jz, with the oscillator strengths for radiative D* 2 D 

and A @ A* transitions. He was thus able to quantify the dipole-dipole interaction 

energy in terms of f, and f,, the measured oscillator strengths for the radiative 

transitions of D and A, which, being properties of real systems, include vibrational 

and spin factors. Thus, a poor vibrational or Franck-Condon factor or a change 

in multiplicity will lead to small values of f and an associated small interaction 

energy. Recall that oscillator strength is related to the inherent radiative lifetime 

and the extinction coefficient of a given transition (Eqs. 5.10 and 5.11). Forster 

showed that, since the rate of energy transfer k,, by the dipole-dipole mechanism 

is related to E*, and since E? is related to experimental properties, then k,, can be 
related to E? as follows: 

k.,(Coulombic) > E? ~ (a) = oe (9.8) 
DA DA 
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Thus, Forster's theory predicts that k,, for an energy transfer via a Coulombic 
interaction will be proportional to: (1) the square of the transition dipole moment 
Hy, (2) the square of the transition dipole moment f,, and (3) the inverse sixth 
power of the separation of D* and A. 

In Chapter 5, the relationships between the transition moments and experi- 
mental quantities were derived (Section 5.5 ff). Thus, 

12(D* @ D) > fe, or ke (9.9) 

u2(A* =A) fe, or ke (9.10) 

where fe is the integrated extinction coefficient of an absorption bond and k° is 
the pure radiative rate. 

Since we are specifically considering the D* > D and A —> A* process in an 
energy transfer, we select ki, and je, as the experimental terms to replace the 
square of the transition dipole moments: 

He ek 
6 R (NG) k..(Coulombic) > 
DA 

Finally, we must recognize the spectral overlap requirement and consider the 

overlap of D* emission with A absorption. Forster*+ showed that: 

Kk, 
k.,(Coulombic) = k —— J(&,) (9.12) 

DA 

The term k is a constant determined by experimental conditions such as the 

solvent index of refraction and concentration. The term x? takes into account the 

fact that the interaction between two oscillating dipoles depends on the orientation 

of the dipoles in space. For a random distribution of interacting dipoles, K* is a 

constant and equal to ¥. The term J(¢,) is similar to the spectral overlap integral 

of Eq. 9.3 except that the extinction coefficient of the acceptor is included in the 

integration. 

The Relationship of k., to Energy-Transfer Efficiency 

and Separation of Donor and Acceptor 

From Eq. 9.12 the major factors which influence the rate constant for energy 

transfer are: (1) the magnitude of J, the spectral overlap integral, which is theo- 

retically related to the density and probability of isoenergetic resonances from 

various vibrational levels for the D* + A > D + A* process, (2) the magnitude of 

k., the pure radiative rate of D, which is theoretically related to the oscillator 

strength of the D* > D transition, (3) the magnitude of ¢,, the extinction coefficient 

for the A > A* transition integrated over the absorption band, and (4) R,,,, the 

separation of D* and A. 
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Thus, we anticipate that the rate of energy transfer induced by a Coulombic 

mechanism will be most favored for D* and A pairs, such that: (1) the D* > D 

and A — A* processes correspond to a large overlap integral J, (2) the radiative 

rate constant k° is large as possible, (3) the magnitude of ¢, is large as possible (for 

qualitative purposes we may consider ¢™** which is generally proportional to ¢,), 

(4) there is a small spatial separation between D* and A. 

Experimentally, the efficiency rather than the rate constant of energy transfer 

by the dipole-dipole mechanism is often measured, since the latter depends on the 

spatial separation R of D* and A (recall that k,,% R~°). It is convenient to define 

an efficiency for which the rate of energy transfer equals the sum of the rates of 

deactivation of D*: 

k,[D*][A] =k,[D*] at R=R, - G13) 

OT, 

kA] =k, = 1/t, (9.14) 

Here k,, is the experimental lifetime of D*, not the pure radiative lifetime. When 

[ A] is such that this equality holds experimentally we may calculate a value of R,, 

for the average separation of D and A. R, is termed the “critical separation,” for 

which the rate of energy transfer and inherent rate of deactivation of D* are equal. 

The rate constant and the efficiency for energy transfer by the dipole-dipole 

mechanism may be related to any actual separation R of D* and A by the 

_ "small' organic molecule idealized 
~ as having a spherical shape 

Rot Ra Roa Roa 

DX A Die! A p* A 

CONSIDER- OVERLAP NEGLIGIBLE 
ABLE OVERLAP FINITE BUT SMALL OVERLAP 

Figure 9.5 

Schematic description of electronic overlap between an electronically excited donor, 
D*, and a ground-state acceptor, A, as a function of separation. 
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expressions :* 

6 6 

Rate: k,,(for any separation R) « k, (7) = (*) (z) (9215) 
Ty 

6 

Efficiency: @,,(for any separation R) a () 

where 1, is the actual mean lifetime of D*, R is the separation between the centers 
of D* and A, R, is the critical separation of donor and acceptor for which energy 
transfer from D* to A and emission from D* are equally probable and ®,, is the 
quantum yield of energy transfer. Thus, since the rate of energy transfer at R, = Ris 
equal to 1/t,, if R < R,, energy transfer dominates, and if R > R,, deactivation 
of D* dominates. 

The theoretical “critical” transfer distance R, may also be calculated from an 
approximate equation, where the emission spectrum of the donor is expressed in 
terms of the absorption spectrum of the donor by using the assumed mirror-image 
symmetry of these spectra.* 

9.5 Energy Transfer by Electron Exchange: 

An Overlap or Collision Mechanism 

We normally view bimolecujar chemical interactions as occurring via collisions 

between the reacting partners. By collisions we mean that the electron clouds of 

the reacting species overlap significantly in space. In the region of overlap, electron 

exchange may occur. This situation is shown qualitatively in Figure 9.5. 

If we ignore the stereoelectronic details of orbital overlap, then the rate constant 

for energy transfer by electron exchange is expected to fall off exponentially as the 

separation between D* and A increases because electron densities usually fall off 

exponentially as the distance between the e'ectron and the nucleus is increased. 
Of course, the rate of energy transfer will also be directly related to J, the spectral 

overlap integral. A theory for energy transfer by electron exchange was worked 

out by D. L. Dexter, who proposed that for the rate constant of energy transfer :° 

k (exchange) = KJexp(—2R,,/L) (9.16) 

where K is related to the specific orbital interactions, J is a spectral overlap 

integral normalized for the extinction coefficient of the acceptor (cf. Eq. 9.5), and 

R,,, is the donor-acceptor separation relative to their van der Waals radu, L. It is 

important to note that J, by being normalized for ¢,, does not depend on the 

magnitude of «,. Thus, k,, is predicted to be independent of the absorption charac- 

teristics of A. This result contrasts with the prediction of k,,(Coulombic), as can 

be seen from comparison with Eq. 9.12. 
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The electron exchange interaction is a purely quantum-mechanical effect which 

does not have a classical analogy. This concept was introduced in order to preserve 

the notion of electron indistinguishability and to generate proper wave functions. 

Since there is no classical analogy for exchange we might expect that the connec- 

tions between the predictions of a theory based on exchange interactions and 

observable quantities will be indirect. From Eq. 9.5, we can infer the relationship 

between Eq. 9.16 and theoretical quantities, i.e., Eq. 9.5 must equal 9.16 as shown 

by: 

k,.exchange) > J<H),)?<S>* = KJexp(—2R,,/L) (9.17) 

In comparing the Forster equation (Eq. 9.12) with the Dexter equation (Eq. 

9.16), we note the following contrast in predictions: ; 

1. The rate of dipole-induced energy transfer decreases as R~ © whereas the rate 

of exchange-induced transfer decreases as exp-2R/L. (We will discuss this 

further in Section 9.9.) This means that k,,(exchange) drops to negligibly small 

values (relative to the donor lifetime) as R increases more than on the order of 

one or two molecular diameters (5—10 A). 

2. The rate of dipole-induced transfer depends on the oscillator strength of the 

D* > D and A — A* radiative transitions, but the rate of the exchange-induced 

transfer is independent of the oscillator strength of the D* + D and A > A* 

transitions. 

3. The efficiency of energy transfer (fraction of transfers per donor lifetime 

~k,,/k,,) by the dipole mechanism depends mainly on the oscillator strength of 

the A > A* transition (since a smaller oscillator strength for D* > D is 

compensated by a slower radiative rate) and is directly related to ®,, whereas 

the efficiency of energy transfer by the exchange interaction cannot be directly 

related to an experimental quantity. 

Although these theories have contrasting features, they both predict a direct 
dependence of k,, on J, a spectral overlap integral. 

Visualization of Energy Transfer by Electron Exchange 

Energy transfer by an exchange of electrons can occur in one step or several steps. 

Therefore, it is helpful to consider these possibilities according to the following 
classification: 

1. Concerted exchange of electrons, 1.e., the electrons of the donor and acceptor 
are exchanged simultaneously. 

2. Charge transfer exchange of electrons, i.e., the electrons of the donor and 
acceptor exchange in a stepwise manner via a radical ion pair. 
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3. Chemical or covalent bonding exchange of electrons, i.c., the electrons of donor 
and acceptor exchange as the result of a chemical bonding to form an inter- 
mediate diradical or zwitterion. 

Let us use a four-orbital description of the above possibilities in order to 
illustrate these ideas (Fig. 9.6). In the case of concerted and charge transfer ex- 
change we imagine that the electrons of D* and A exchange to eventually produce 
the same final state DA*. The concerted exchange is imagined to occur by overlap 
of the HO of D* with the HO of A and of the LU of D* with the LU of A. If both 
of these overlaps are favorable, then a simultaneous jump of the electron in the 
LU of D* to the LU of A and the electron in the HO of A to the HO of D* occurs. 

The result of this electron exchange is the formation of D and A*. There is, of 

course, no experimental way to label the electrons, but if a concerted exchange 

mechanism were to operate, its effectiveness should depend on the ability of the 

donor and acceptor to have favorable and simultaneous overlap of the appropriate 
orbitals. Indeed, the same factors responsible for determining the rates of concerted 

chemical reactions, which proceed mainly by an exchange mechanism (i.e., orbital 

symmetry factors) should also apply to the rates of energy transfer by a concerted 
exchange mechanism. 

In the extreme case of two-step charge-transfer exchange of electrons, we may 

imagine (Fig. 9.6) that either (a) the D*(LU) electron jumps first to the vacant 

A*(LU) and then the HO electron of A~ jumps to the HO of D*, or (b) an A(HO) 

LU a ——— —~ 2 

ae cere, 
a STEP ONE Apres 

p* A De ie 
[srerrwo 

LU A ei — Q 
concerted 
———\_—_—_—_» 

HO aoe gies Be Te nis eEX <2 

p* A D AY 
|srep TWO 

OTE = ous te ee 
LU Gr 

STEP ONE 
HO Or 6 oO @. Se 

D* A BN 1 

Figure 9.6 

Schematic orbital description of different energy transfers. Extreme situations are rep- 

resented for step one: Bottom—HO — HO charge-transfer interaction. Middle—con- 

certed HO > HO and LU > LU interactions. Top—LU — LU charge-transfer interaction. 
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electron jumps first to the half-occupied D*(HO) orbital and then the D- (LU) 

electron jumps to the LU of A*. Since the conversion of the radical ion pair to 

D + Ais highly exothermic, it would not be surprising if this quenching mechanism 

were competitive with the much less energetically favorable conversion to D + A*. 

In the case of a chemical bonding mechanism for exchange of electrons, we 

imagine that some two-center interaction occurs between the half-filled orbitals 

of D* with the highest filled and lowest unfilled orbitals of A, and that this interac- 

tion leads to formation of a full bond between D and A to form a biradical (D-A) 

or zwitterion D—A or D—A. These reactive intermediates may produce D + A 

or D+ A*. 

Energy Profiles for Energy-Transfer Processes 

which Occur by Electron Exchange 

In order to visualize the exchange energy-transfer process in a general way we 

shall discuss two situations: (1) a “concerted” electronic energy-transfer process 

in which an overlap of electron clouds of the donor and acceptor is required for 

excitation transfer to occur, and (2) formation of an excited-state complex (an 

exciplex) which then dissociates into an excited acceptor and ground-state donor. 

In each case we imagine that the donor and acceptor, originally free molecules in 

solution, approach each other until they are within each other’s sphere of influence 

and surrounded by a solvent cage, 1.e., the donor and acceptor form an encounter 

complex. While donor and acceptor are in the encounter complex, they undergo 

a number of collisions with one another. By a collision we mean that the peripheries 

of the electron clouds of donor and acceptor overlap and interpenetrate with one 

another. The collision complex (1.¢., situation for which the electron clouds of donor 

and acceptor overlap) is imagined to be higher in energy than the encounter 

complex, and thereby serves as a transition state for “changing direction” of the 

translational motions of the colliding donor and acceptor. 

D+A DA DA D+A 

QO @ Z QO «(@ On 

FREE ENCOUNTER COLLISION ENCOUNTER FREE 
MOLECULES COMPLEX COMPLEX COMPLEX MOLECULES 

Figure 9.7 

Schematic surface description of the formation of encounter and collision complexes _ 

of D + Aand D* + A, under conditions such that D* and A are stabilized by collisions 

but D and A are destabilized by collisions. 
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Thus, on the ground-state surface we imagine that D and A approach, form an 
encounter complex, bounce off one another a few times, and then eventually 
separate from the encounter complex as free molecules in solution (Fig, 957): 
On the excited-state surface (Fig. 9.7), however, it often happens that the collision 

complexes (D*A) are more energetically stable relative to the free molecules 
because of the greater polarizability of excited states, which leads to stronger 
bonding van der Waals interactions. (If they become substantially more stable 
than the free molecules, we say that an exciplex has formed.) Upon collision of 
D* and A, the excited electron has penetrated the electron cloud of A and, in the 
region of overlap, the excited electron cannot be said to belong to either the donor 
or the acceptor molecule. Thus, after a collision, if the electronic energy of DA* 
is lower than that of D* A, the collision complexes will prefer to spill down toward 
the lower energy minimum (to the right of Figure 9.7). As a result, molecules 
initially in a D*A encounter complex can be drained off to the lower-energy 
encounter complex DA*. If the energy gap between D*4 and DA? is sufficiently 
large, the conversion D* A > DA* will be irreversible. The probability of reversi- 
bility will depend not only on the energy gap between the encounter complexes 
but also on the lifetime of DA* and A*. 

The actual rate of energy transfer is limited first by the rate of molecular dif- 
fusion of D* and A into an encounter complex, And second by the rate of energy 
transfer within an encounter complex. 

9.6 The Role of Energetics 

in Energy-Transfer Mechanisms 

Energetics provide important “selection rules” for energy-transfer processes by 

any mechanism. If a pair of molecules D* and A are in the state of collision in 

solution, in general it is found that: 

1. Energy-transfer processes which are endothermic by more than several 

kcal/mole are generally inefficient, even if they are spin-allowed. 

2. Spin-allowed energy-transfer processes which are exothermic are generally 

efficient. 

No general statement can be made for exothermics spin-forbidden energy-transfer 

processes. 
The basis of the first rule above is the idea that the event of energy transfer 

requires an exact (resonant) energy which matches the levels of D¥ and A. The 

rate of vibrational relaxation is usually fast compared to the rate of energy transfer. 

The transfer probability is then usually independent of the wavelength of the 

exciting radiation, and increases, for a given donor molecule, as the extinction 

coefficient of the acceptor and the overlap of the donor emission spectrum and 

acceptor absorption spectrum increase (increasing number of interacting resonant 

states possible, see Figure 9.3). 
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Figure 9.8 indicates the reason for the latter result. The emission spectrum of 

the donor will result from transitions from the v = 0 vibrational level of D* to the 

v = 0, 1, 2, etc. levels of the ground state, whereas the absorption spectrum of A 

will be from its v = 0 level to the v = 0, 1, 2, 3, etc. levels of A*. A coupled transition 

which spontaneously deactivates D* and produces A* requires an energy match 

in the levels of the two molecules. If D* undergoes a 0-0 emissive transition, A must 

undergo an isoenergetic 0-4 absorption ie., at the instant of energy transfer, the 

overall energy of the system must be conserved so that the energy gap D*(v = 0) > 

D(v = 0) must equal that for A(v = 0) > A*(v = 4). Clearly, the greater the amount 

of overlap of the D* emission spectrum with the absorption spectrum of A, the 

greater the number of possibilities of energy matchings for coupled transitions. 

This is the general situation for exothermic energy transfer, Le., 

Transier p* 4+ 4-+D + A* AE,, <0 exothermic 4 OAS) 
efficient 

Consider now (Figure 9.9) the situation for which the 0-0 transition energy for 

the D* > D process is of lower energy than the 0-0 transition energy for the A > A* 

process, 1.e., 

Transfer p* 4 D+ A* AE, <0 endothermic (9.19) 
inefficient 

In this case there is no overlap of the two spectra and no chance for energy 

matching (compare Figure 9.9 and Figure 9.3). The rate of transfer from D* to A 

De 

AEpa > 0 

Exothermic 

transfer 

Dy Coupled transition 

ENERGY TRANSFER 

Figure 9.8 

Energetically favorable conditions for the energy transfer process D* + A—>D + A*. 
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will be zero because the overlap integral J of common electronic states is zero. 

The overlap restriction is obviously related to the energy of transitions available 

from D* and A, so that for efficient energy transfer molecule A must possess an 

excited state of lower energy than D*. 

As a rule of thumb, each 1.4 kcal/mole of endothermicity in an energy-transfer 

step occurring near 25°C slows down the rate by a factor of 10. For example, 

suppose AE,, = 6-8 kcal/mole ie., energy transfer is now exothermic. The fastest 

rate possible for energy transfer would be slower by at least a factor of 10* to 10° 

relative to an exothermic energy transfer of the same type. 

Rule (2) above is based on the empirical observation that if E(D*) > E(A*) the 

rate constant of spin-allowed reactions is generally close to the rate constant for 

diffusion of D* and A. In the case of the electron exchange mechanism, this gen- 

eralization may stem from a general tendency of D* and A to form exciplexes whose 

rate of formation is close to that for diffusion and which persist for sufficient time 

to allow efficient energy transfer to occur during the lifetime of the exciplex. 

9.7. The Role of Molecular Diffusion in 

Energy-Transfer Processes in Fluid Solution ; 

“Diffusion Controlled’’ Quenching’ 

Many energy-transfer processes in fluid solution occur via an electron exchange 

mechanism and require molecular diffusion of D* and A to within collision 

—_————— 
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3 Endothermic 

ext daat bh 1 transfer 
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transition if D* 

starts inv = 0. 

Figure 9.9 

Energetically unfavorable conditions for the energy transfer process D*¥+A>D+ A*. 
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separations as a rate limiting feature of energy transfer. We shall here discuss the 

process of molecular diffusion in some detail in order to gain some insight into 

how the process affects the parameter k,, as measured by a Stern-Volmer analysis 

of energy transfer data.’ 
Let us suppose that an energy transfer which occurs via the collisional mech- 

anism proceeds in the following manner (Fig. 9.10):° 

1. The energy donor D* first diffuses through the solution until it encounters 

an acceptor molecule A, and both become collision partners in an encounter 

complex D* A. 

2. Collisions occur between D* and A and eventually one of the collisions leads 

to energy transfer and generation of a new encounter complex DA”*. 

3. The encounter complex DA* breaks up into free D + A*. 

Consider the following description of the net reaction D + A*: 

Dt es a Ae edt (9.20) 
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Figure 9.10 

Schematic surface description of the formation of encounter and collision complexes 
of D + A and of D* + A, where little stabilization occurs in the complex. 
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If energy transfer is to be efficient, the following inequalities must obtain: 

KoeLA] > k, (9.21) 

Kap (9.22) 

a (9.23) 

In other words, the rates of proceeding forward must be greater, at each stage, 
than the rates of competing processes. 

If energy transfer and breakup of the collision complex are the only processes 

available to D*A, we may formulate the relationship between the obser: .d rate 

constant for quenching of D* by A and the rate constant for energy transfer as:’° 

Ker = Kou | eve ats Kae) = ieee 

“Observed” Rate constant Probability (9.24) 

rate constant of diffusion of energy 

from Stern-Volmer transfer 

analysis 

In other words, the observed rate constant (k?}) for quenching of D* depends on 

the rate constant (k,,,) for diffusion of D* and A together and the probability (a) 

that energy transfer will occur during the lifetime of the exciplex or encounter 

complex. 

Consider two extreme situations: 

1. The rate of dissociation of the exciplex or encounter complex is very fast 

relative to energy transfer (k_ ,,, > k,,). 

2. The rate of dissociation of the exciplex or encounter complex is slow 

compared to energy transfer (k,, > k_,,). Under these conditions the observed 

rate constant for quenching of D* becomes: 

Case (1): kop = 7 ke if ke oe kes (9.25) 

Case (2): ae a Nae if i >> k — DIF (9.26) 

We are led to the conclusion that the observed rate constant does not directly 

reflect k,,.in either case. In case (1) the observed rate constant 1s a composite of the 

(pseudo) equilibrium constant (k,,/k — +) ) for exciplex or encounter complex for- 

mation and the rate constant for energy transfer. In case (2) the observed rate 

constant is a measure of the rate of diffusion of D* and A together and is unrelated 

to k,, except for the implication that k,, > k_o.- 
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In the more general case,'° « (Eq. 9.24) will contain a bimolecular quenching 

rate constant, k,, i.e., © = (ke, + kq)/(ker + kg + k— oy). The Stern-Volmer expression 

for quenching by energy transfer may now be formulated as: 

°/D = 1 + kr A] (9.27) 

or 

@°/ = 1 + ak,,tp[ A] (9.28) 

Due consideration must be given to «, the “probability factor” for energy transfer, 

when data on energy-transfer rates are extracted from Stern-Volmer analysis. 

The relationship between k,,, and temperature and viscosity®’ becomes (with 

the proper constant evaluated): 

ke (Ms * Se¢- +) eran iy (9.29) 

where T is in °K and y is in Poise. 

Values of D, the molecular diffusion constant for small organic molecules in 

common nonviscuous solvents (benzene, acetonitrile, etc.) are in the range of 

107° cm? sec” !. This corresponds to a value of k,,, ~ 10'°-10? M7! sec” ?. 
Some viscosity values of commonly encountered organic solvents near room 

temperature are given in Table 9.1. In general, a nonviscous fluid solvent like 

hexane possesses a viscosity, yn, ~ 0.01—0.002 Poise. Note (Eq. 9.29) that k,,,, depends 

on both temperature and y. There is an activation energy associated with diffusion 

through a solvent. The value of E, for a fluid solvent is ~ 2-3 kcal/mole. In Table 

9.1 some experimental values of k,,,, are listed. The agreement between the value 

calculated from Eq. 9.29 and experiment is quite remarkable, considering the simple 

assumptions which were employed to derive the equation. The “A-factor” asso- 

Table 9.1 Experimental Values of Viscosity and Calculated 

Values of k,. at 25°C* DIF 

Solvent Viscosity (Poise) igen ((Vile ese Cmane 

n-pentane 0.002 SELOn: 
n-hexane 0.003 202° 
acetonitrile 0.003 DecalOne 
benzene 0.006 one 
cyclohexane 0.009 Ome One 
ethanol 0.010 Ors al One 
acetophenone 0.016 0.4 x 10!° 
cyclohexanone 0.020 OR eT022 
1-chloronaphthalene 0.029 OD saor? 
1,2-ethanediol 0.20 OOSecHl022 
glycerol 15 0.0004 x 10!° 

* Values predicted by Eq. 9.29 for T = 25°C. 

* Data from Reference 10. 
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ciated with diffusion in nonviscous solvents” is generally of the order of 
1O ELS ses ty 

Experimental criteria for diffusion-controlled energy transfer processes usually 
fall into one of the following categories: 

1. The measured value of k,,, the bimolecular rate constant for reaction or 

quenching, is close to that calculated from Eq. 9.29. 

2. The experimental value of k,, is a function of y/T, i.e., k, depends on 4 

at a given temperature and varies with 1/T for constant viscosity. 

3. The experimental value of k,, is essentially invariant for quenchers of widely 

varying structure, 1.e., a mechanical, not a molecular structural feature is 

rate-limiting. 

4. The experimental value of k,, for different quenchers reaches a limiting value 

which corresponds to the fastest bimolecular rate measured for that solvent. 

If energy transfer is truly diffusion-controlled, then measured values of k,., 

should behave exactly as k,,,. Thus, we expect that k,, = aT/n (Eq. 9.29), so that 

at constant temperature, k,, should be inversely proportional to the solvent 

viscosity. In the case of quenching of the valerophenone triplet (E, ~ 73 kcal/mole) 

by 2,5-dimethyl-2,4-hexadiene, the measured value of k,, (for triplet-triplet energy 

transfer) is not a linear function of viscosity for a series of inert solvents (Fig. 9.11 yee 

For example, a 15-fold decrease in viscosity (hexadecane to pentane) causes 

less than a fourfold increase in the transfer rate. It seems clear that in nonviscous 

(very fluid) solvents such as pentane, the transfer of triplet excitation is not com- 

pletely efficient and an excited donor-acceptor can separate before energy transfer 

occurs, Lesa 1.0) 
On the other hand, the rate parameters for quenching of naphthalene fluores- 

cence by biacetyl in solvents of viscosity ranging from 7 = 0.0034 poise (hexane) 

to 0.172 poise (liquid paraffin) are strictly proportional to 7 ’.'° The quenching 

“experiment ) / 
/ 

Figure 9.11 

Comparison of theoretical (dotted 

line) and experimental relation- 

l/n , Gon ee ships between k, and 1/y. 
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is probably due to singlet-singlet energy transfer via a simple overlap electron- 

exchange mechanism. The data is consistent with a quenching range of ~ 11 A 

for effective transfer. 

9.8 Distance-Time Relationships for Diffusion 

How long does it take a molecule in a fluid solvent to diffuse a given distance from 

an initial location? In Eq. 9.29 we note that at any given temperature 7, the rate 

of diffusion depends inversely on the solvent viscosity y. 

From diffusion theory it is found that the average distance of disp. cement x 

of a diffusing particle during a time ¢ is related to the diffusion coefficient D of 

the particle by:'° 

———— 

x = ,/2D1 (9.30) 

10° = = 

iG 

exe) 
10° NO r=/2Dr 

GOOG 0 
r 

4 \ A ° 6 on [SE ~15,000A 
972 

= \Ke S 
oe 2 wot ! 

Re 10 20 ys [ses > 

: AS oA ~50A 
! ~15A we S : 

| govt ! 

2 ire A : 

10 ! 

= 1 

io* 10 (elm 10° 
Tesecs) 

Figure 9.12 

Graphs of the relationship between diffusional distance and time for a small organic 
molecule in a fluid (nonviscous) and polymer-like (viscous) solvent. 
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In a solution, even a displacement over a distance of only several molecular 
diameters (say x = 10 x 10-8 cm = 10 A), is usually achieved by a complicated 
zig-zag path. How long is the duration of a “collision” in a liquid, according to 
this model? Since for small, uncharged molecules in fluid organic solvents D ~ 
5 x 107° cm?/sec, then for x = 2 A =2 x 1078 cm (considered to be typical 
separation between organic molecules) we have t = 8 x 10~!° sec.!° During this 
interval, the colliding partners are essentially in a state of collision, 1e., they are 
jiggling back and forth without separating far enough apart for a solvent molecule 
to slip through them. If we apply a “vibrational” period of about 107 !2 sec, then 
we expect about 10 vibrations or “collisions” during the time period that two 
molecules are 2 A apart. Thus it can be seen that when two solute molecules get 
close together in solution, the collisions occur in sets, i.e., the two molecules collide 
a number of times before separating. The idea that collisions of two particles in a 
space densely populated with other particles occur in sets is the basis of the notion 
of “cage effects”. 

A plot of x, the average displacement of a molecule (in A) versus time, is given in 

Figure 9.12 fora nonviscous(D ~ 10° ° cm/sec) and a viscous (D ~ 107 !° cm?/sec) 
solvent. Notice that in a nonviscous medium a molecule diffuses ~ 15 A in 107° sec 

and 15,000 A in 10° sec, whereas in a viscous medium the same molecule hardly 

moves in 10° ° sec and only travels ~ 50 A in 10~° sec. 

9.9 Energy Transfer in the 

Absence of Diffusion: 

The Perrin Formulation" 

Energy transfer.may occur in solid solutions under conditions such that molecular 

diffusion is impossible or may occur also between donor-acceptor components of 

a rigid molecule that cannot change their positions in space relative to one another. 

In such a case the Stern-Volmer formulation,'* which assumes statistical mixing 

of D* and A, is no longer valid. The Perrin formulation (Eq. 9.31), which assumes 

that an effective “quenching sphere” exists about D*, may be used to analyze 

experimental data in such situations. 

The Perrin model (Fig. 9.13) assumes 

1. The donor and acceptor cannot undergo displacements in space during the 

lifetime of D*. 

2. There exists a volume in space—or more precisely a “quenching sphere” — 

about D* whose radius is R and if a quencher molecule is within this quenching 

sphere, then D* is deactivated with unit efficiency. 

3. If a quencher molecule is outside of the quenching sphere, it does not quench 

D* at all: 
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The situation is schematized in Figure 9.13. In effect, this assumption is equiva- 

lent to stating that there is a “sphere of effective quenching’—a volume of space 

of radius R in which effective quenching may occur about the excited molecule. 

If this quenching sphere contains a quencher molecule, the excited molecule is 

quenched with 100% efficiency. On the other hand, if the quencher is located 

outside of the quenching sphere, no quenching of the excited molecule occurs. 

The Perrin model predicts the following relationship 

In(®°/®,) = VN[Q] (731) 

Where ®° and ®, are the quantum yields for donor emission in the absence and 

presence of quencher, respectively, V is the volume of the active sphere of quenching 

(in cm*), N is Avogadro’s number, and [Q] is the concentration of quencher in M. 

A plot of In(®°/®,) versus C yields NV, and since N is known from the concentra- 

tion, V may be directly evaluated. 

Conventionally, the radius R of the quenching sphere rather than its volume V 

is employed to parameterize experimental data. By expressing R in A, the common 

unit of molecule dimensions, one can obtain a feeling for the short-range (R ~ 

molecular diameters) or long-range (R > molecular diameters) nature of the 

energy-transfer process. 

A useful relationship between the radius of the quenching sphere, R and the 

concentration of acceptor is given by:!?° 

3V 1/3 : 

we (Z| = Oop: (9.32) 

where R is the radius (in A) of the quenching sphere and [ A] is the concentration 

of acceptor (in moles/liter). A plot of R versus [ A]'/* is shown in Figure 9.14. 

Figure 9.14 emphasizes that for samples which are less concentrated than 

10° * M, D* and A are on the average quite far apart. Only for very concentrated 

The “quenching sphere" 

a fal) 

Be " do ae 
O 

QO a eee 6000 6000 . 
3886 9060 Ne =e IR 

radius R of the 
quenching sphere 

=a = 0 

te Fe 

RR, +R, R>R +R, 

Figure 9.13 

Two-dimensional representation of the Perrin formulation of a ‘‘quenching sphere” 
about an electronically excited molecule D*. 
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solutions (~1 M in A) is there a high probability that D* will on the average 
have a molecule of A nearby. 

9.10 Comparison of the Theoretical 

Distance Dependencies of Energy-Transfer 

Rates and Efficiencies 

For qualitative purposes, we may consider the rate constant of energy transfer 

by the electron exchange mechanism to be written in the form!* 

k= k.exp—iR (9:33) 

where k, is the maximum rate constant for energy transfer which occurs when D* 

and A are in the state of a “classical” collision (R, + R, = R,,) and R is the sepa- 

ration between the peripheries of D* and A when they are further apart than the 
sum of their classical radu, 1.e., R = R,, —(R, + R,). The maximum value of k, is 

expected to be on the order of 10'* sec”! i.e., the order of collisions. Figure 9.15 

iG io= 10" 

CLA] (moie/|!) 

Figure 9.14 

Graph of the relationship between concentration and average separation in a rigid 

solution (Eq. 9.32). 
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shows a plot of log k versus R. The value of k,, falls from 10'* sec” * when D* and 
A collide (R = 0) to ~ 10* sec”? when R equals 10 A. Although these calculations 
are not intended to be accurate, they indicate the sharp fall of k,, by exchange 

mechanisms as D* and A are separated by more than one or two classical collisional 

diameters. 
We should emphasize the crudeness of this model and the fact that it is intended 

to serve only as a qualitative guide to the falloff in k,, as a function of distance. 

Since organic molecules are not spheres but have shapes, we expect stereoelectronic 

effects to enter into the detailed determination of the form of the dropoff in k,, 

as a function of donor-acceptor separation. For a given decay rate k, of D*, the 

value of k,,/k, (a-measure of energy-transfer efficiency) drops off much more 

I 

12 ko exp(-2R) 
R 

1Oe sec | 

) 
=) Oe 
oO 

® 
w | 

~— | 

x 

| 

| i] 

: ! ! 

10° ! : ; 
it | Ihe 

0 5 10 15 20 
R (A) 

EL ton bok aa 

Figure 9.15 

Graph of the distance dependence of energy transfer by the exchange mechanism as 

a function of distance (Eq. 9.33) where k, is taken as 10"8 sec -1. 
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rapidly for the exchange mechanism than for the dipole-dipole mechanism. 
Figure 9.16 shows a plot of In k,,/k, versus R,,, (in A).!* For small organic mole- 
cules in fluid solvents, the falloff of In k,,/k, for the exchange is quite drastic for 
separation distances greater than ~10 A. Beyond this distance, the falloff in 
In k,,/k, is roughly a factor of 6-10 per A increase in separation. For the dipole- 
dipole mechanism, the falloff is much more gradual, so that k,, and k, may have 
comparable values for distances of R,, exceeding 20-30 A. 

9.11 Experimental Examples of 

Singlet-Singlet Energy Transfer 

Singlet-singlet energy transfer (Eq. 9.34) is “spin-allowed” for both the Coulombic 
and exchange interactions: 

eee D*(S,) + A(So) > D(So) + A*(S;) (9.34) 

As a result, donor (singlet) to acceptor (singlet) electronic energy transfer may 

occur either by a long-range Coulombic (dipole-dipole) mechanism or by a short- 

range electron exchange mechanism. 

Some experimental data for singlet-singlet energy transfer are given in Table 

9.2. For each case the energy sufficiency requirement is met, 1.e., E(donor) > 

E(acceptor), an overlap of donor emission and acceptor absorption occurs, and 

the donor fluorescence is quenched and the acceptor fluorescence is sensitized. In 

the case of ketones and 1-chloroanthracene as donors, the trivial donor emission- 

acceptor reabsorption mechanism is ruled out because the quantum yield for 

10 

In Ke Ka O 

lO 

Figure 9.16 

Graphs of the rate ratio of energy transfer to D* decay plotted as In k,,/k, versus 

6 In Ro, for Forster-energy transfer (Eq. 9.15) and 2R,,/L for exchange-energy transfer 

(Eq. 9.33). 
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sensitized fluorescence is much greater than the total quantum yield for un- 
quenched donor fluorescence.’ This means that the product of the efficiency of 
energy transfer times the fluorescence efficiency of the acceptor is greater than the 
fluorescence efficiency of the donors. For example, although the quantum yield 
of fluorescence of 1-chloroanthracene is 0.05 under the conditions of measurement 
(benzene, room temperature), the limiting sensitized quantum yield of perylene 
fluorescence is nearly 0.5. Thus, the maximum contribution from the trivial mecha- 
nism would account for only 10°, of the observed effect. Clearly, energy transfer 

from singlet 1-chloroanthracene to perylene occurs before fluorescence, i.e., a 

radiationless transfer of singlet energy is occurring. The examples selected were 

chosen so that “trivial” reabsorption would be minimized. Experimentally, the 

contribution of trivial emission reabsorption is minimized by using small path- 

lengths for analysis of the sensitized emission, since the absorption of light depends 

on the pathlength available for absorption. 

From theory we have seen that two possible mechanisms for radiationless 

transfer of singlet to singlet energy exist: exchange and dipole-dipole mechanisms. 

Experimentally, these two mechanisms may be distinguished by measurements 

of the rate constants for energy transfer (k,,), comparing them to the rate constant 

for diffusion (k,,,), and then measuring the rate constant for energy transfer as a 

function of solvent viscosity. If k,, is significantly greater than k,,, and if k,, is 

insensitive to solvent viscosity, then a mechanism which requires diffusional 

encounters is ruled out and the dipole-dipole mechanism is confirmed. If, on the 

other hand, k,, is comparable to, or less than, k,,,, and k,, is sensitive to viscosity, 

then a rate-limiting diffusional encounter is implied and the exchange mechanism, 
which requires close contact (i.e., collisions) of donor and acceptor, is confirmed. 

k,,, for the fluid solvents listed in Table 9.2 are on the order of 10'° M! sec”! 
(viscosity of cyclohexane = 0.9 cP), k,,, (calc) = 7 x 10° M7! sec” ', viscosity of 

benzene = 0.6 cP, k,,, (calc) = 1 x 10'° M~! sec '), whereas for “liquid paraffin” 

(a viscous oil, viscosity ~ 200 cP, k,,, (calc) =3 x 10° M ° sec’). Inspection of 

Table 9.2 indicates that for the donor-acceptor pairs listed, acetone-biacetyl,'® 

norcamphor-dipivolyl,'° and naphthalene-biacetyl’” all have k,, ~ k,,,, suggesting 

that an exchange mechanism operates for these pairs. Furthermore, in the case 

of the naphthalene-biacetyl pair, k,, varies from 1 x 10'° M~* sec * to 5 x 

108 M~! sec’! upon changing from a fluid to a viscous solvent, a result which 

strongly supports the exchange mechanism. The 1-chloronaphthalene-perylene!** 

and acetone-9,10-diphenylanthracene systems, '® on the other hand, have values of 

k,, > k,,, and the magnitude of k,, for these pairs is insensitive to solvent viscosity. 

Indeed, the value of k,, for the acetone-9,10-diphenylanthracene system'® is 

about 5 x 10!° M~! sec! even when this donor-acceptor is embedded in a rigid 

polymer!® for which the normal diffusional processes are severly inhibited. Thus, 

the long-range dipole-dipole energy transfer mechanism apparently operates for 

the acetone-9,10-diphenyl anthracene and 1-chloroanthracene-perylene pairs. 

For the latter pair from the “half-quenching” concentration of perylene, a value 

of R, (the average separation of donor and acceptor when donor decay and energy 

transfer occur at equal rates) may be evaluated. Experimentally,'° a 6.2 x 10°°M 

concentration of perylene quenches half of the fluorescent 1-chloronaphthalene 
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molecules. The value of R, is given by 

R= 13.0 (Ale = 13 (620m ae 

R, (A) = ~40A 
oO 

(9.35) 

Thus, the separation for which energy transfer and donor decay occur at equal 

rates is much larger than the molecular diameter of donor or acceptor (~8 A). 

Notice that Eq. 9.35 differs slightly from Eq. 9.32. In the latter, R refers to the 

Perrin quenching sphere (every D* with a Q molecule within distance R is 

quenched). In the case of R, only half of the D* molecules with a Q molecule with 

distance R, are quenched. 

Importantly, for the systems which appear to proceed via an exchange mecha- 

nism, the acceptor possesses a low absorption coefficient corresponding to its 

lowest Sy > S, radiative transition, whereas for the systems which appear to 

proceed via a dipole-dipole mechanism, the acceptor possesses a rather large 

extinction coefficient for its Sy) > S, radiative transition. 

In contrast to the lack of a viscosity effect on k,, for the 1-chloroanthracene 

(donor)—perylene (acceptor) system,'® it is found (see Table 9.2) that for 
the naphthalene-biacetyl system, k,, is much slower in liquid paraffin (5 x 

10°°M sec” *. yi 17 Poise) than un, hexane: (k, = 2 x310°°aMi seen 4) yi 
0.03 Poise).7° In fact, it is found that for this system k,, «t/7 is expected from theory 
ifk,, «k,,,. The data are consistent with an R value of ~ 10 A. From Forster theory, 

the value of Ro is calculated to be only ~4—5 A for the singlet-singlet energy 

transfer in the naphthalene biacetyl system (Eq. 9.36). The “molecular radii” 

of naphthalene and biacetyl are both of the order of 3 A, thereby yielding a “colli- 

sional radius” of ~6 A. Thus, since R(exp) ~ 10 A, the data are consistent with 

an electron exchange mechanism, Le., the interactions which lead to energy transfer 

do not require substantial bonding but merely a peripheral overlap of electron 
clouds. 

Evidence for the insensitivity of the rate constant for exothermic singlet-singlet 
energy transfer by the electron-exchange mechanism to structural effects is 
revealed by the observation that ketone donors I and 2 transfer energy to biacety] 
with essentially the same rate constant (~7 x 10° M~! sec” '), even though 2 
possesses much greater steric bulk around the carbonyl function:!° i 

| kK. insensitive 

T to structure 
| (9.36) 
O 



ENERGY TRANSFER = 325 

The spectral overlap function J is expected to be a factor in determining k,, 
if overlap of the donor emission and acceptor absorption is very small, even for 
exothermic energy transfer. However, it is generally the case that substantial 
overlap exists for any exothermic singlet-singlet energy transfer, because the 
acceptor absorption rarely decreases to very small values for energies greater 
than the spectroscopic O,O energy. This means that acceptor absorption is 
generally continuous, albeit with varying probability, from the O,O band to higher 
energies. 

Azo compounds represent a classic exception to this rule.*) The absorption 

spectrum of 2,3-diazoocetene shows that the value of ¢ drops from ~ 200 at 

375 nm to ~1 at 280 nm. Thus, according to theory the spectral overlap term 

should tend to decrease k,, as the donor energy increases if the increase in energy 

for the D* > D transition causes it to fallin the region where A > A* absorption 

is very weak. This expectation is verified for singlet-singlet energy transfer from 

various donors to alkyl azo acceptors. For example, the rate constant for energy 

transfer from benzene singlets (E, ~ 110 kcal/mole) to azo singlets is considerably 

smaller than that for transfer from aromatic hydrocarbon singlets whose energies 

are less than ~ 90 kcal/mole. 

Experimental Tests of the Forster (Coulombic) Theory 

of Electronic Energy Transfer 

The Forster formulation of Coulombic energy transfer is cast in a form particu- 

larly well suited to experimental confirmation or denial.° As such it is “vulnerable” 

to the assaults of the experimentalist seeking data which might reveal inadequacies 

in the theory. In fact, the theory has held up exceedingly well under many searching 

experimental examinations. 

For example, various forms of Equation 9.12 (repeated below) have been tested 

by measuring k,, as a function of k,, of R,,, and of J(é,4). In each case 

2h 

k_(Coulombic) = k J(é4) (9.12) 
DA 

; g 1 
the agreement between theory and experiment was excellent. 

Tests of the Forster Theory: Donor-Acceptor Separation 

and Spectral Overlap Integrals 

We shall consider three experimental tests of the Forster theory for allowed 

singlet-singlet energy-transfer processes between donors and acceptors whose 

separation is fixed by a molecular skeleton or by “molecular spacers.” The first 

example”? is a “bis-steroid” structure which keeps the donor and acceptor at a 

fixed and well-defined distance of separation. The second example involves a 

study of the efficiency of energy transfer for a given donor-acceptor pair as a 

function of varying the separation between D* and A. The third example involves 

the use of monolayers to space the donor-acceptor pair. 
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Consider the bis-steroid 3 (Fig. 9.17). From measurement of the quantum yield 

of emission and the spectral overlap integral, a value of Ro could be calculated, 

and from the assumed R~ ° dependence of energy transfer (Eq. 9.12) a value of R,,, 

for the bis-steroid system 3 could be evaluated. Experimentally, the calculated 

value of R,, was 19 + 2 A and the value of R,,, from molecular models was 21 + 

2 A. Thus, there is agreement within the experimental error of the value calculated 

from the Férster theory and experimental data, and from the separation of D* 

and A based on molecular models.** 
A particularly revealing example of the dependence of singlet-singlet energy 

transfer on distance is given by the results derived from a series of oligomers of 

poly-L-proline (4, Fig. 9.18) for which the donor group (a-naphthyl) and acceptor 

group (dansyl) were separated by distances ranging from 12 to 46 A.?3 

This system allows an important test of the Forster equation to be made, 

namely it allows evaluation of the efficiency of energy transfer as a function of 

distance, and comparison of the latter with theory. The singlet-singlet transfer 

efficiency for 4is ~ 100% for n = 1, 2, 3, and 4(R ~ 10-20 A). The efficiency then 

drops off and reaches a value of ~ 15% when n = 12. 50% transfer occurs when 

R ~ 35 A, ie. Ro for this system is 35 A. The distance-dependence of the efficiency 

of energy transfer by the dipole-dipole mechanism is predicted to be ¢,, « R®. 

This prediction is found to hold for energy transfer in the proline oligomers. Since 

#,; 18 expected to fall off exponentially, not as R~ °, for an exchange mechanism, 

it is evident that singlet-singlet energy transfer occurs via a dipole-dipole mech- 

anism for the proline oligomers.?* 

From the above studies it is clear that the distances between chromophores 

which have a fixed but unknown separation can be estimated from the energy 

rigid bis-steroid 

CH,;0 

k——-R,,, ~ 20 A——_—+ 

Naphthy| Anthracyl 
(energy acceptor) (energy donor) 

Compound 3 

Figure 9.17 

The bis-steroid used to test the distance dependence of Coulombic energy transfer. 
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transfer studies. If the transfer occurs by the dipole-dipole mechanism, the energy 
transfer process serves as a spectroscopic ruler since transfer efficiency depends on 
inverse sixth power of the distance between chromophores. 

A particularly impressive and elegant example of the verification of the Forster 
theory has been provided by the use of “molecular spacers” to hold the donor 
and acceptor at fixed and known distances of separation.** In this case the mo- 
lecular spacers are long linear soap molecules of the general structure CH,(CH,),,X, 
where n is usually 10 or greater and X is a polar group. The technique of construct- 
ing monolayers of molecules with soap molecules as molecular spacers allows 
one to hold a donor and acceptor at various fixed and known distances, R 
From the experimental efficiency of energy transfer as a function of R 
Forster equation can be tested. 

Monolayers of soap molecules can be constructed on a glass slide by simply 

dipping a glass slide into a soap solution and then slowly withdrawing it.?> A 
monolayer of soap molecules is transferred from the surface of the water to the 

slide. Numerous variations of this technique are available, and as a result it is 

possible to construct an arbitrary number of different monolayers laid one upon 

the other. 

An experimental demonstration of the effect of monolayer separation on the 

emission properties of a donor-acceptor pair is shown in Figure 9.19. For the 

pair shown, only acceptor emission is observed when the two chromophores are 

in direct contact, ie., R,, = 0.25 At a separation of R,, ~ 27 A, the sensitizer 
emission is clearly visible. At a separation of R,,.~ 54 A, the sensitizer emission 

is dominant. 

From Eq. 9.12, it is clear that for a fixed value of R,, and k,, k,, should be pro- 

portional to the magnitude of J. A particularly interesting test*® of the predicted 

DA* 

the 
DA? 

Dansyl Naphthyl 
(energy acceptor) (energy donor) 

O 

| 
Emission <—— SO, Rene eee Nie <— Excite 

(CH3)2N \ A n oe 

ps iol 

Energy 

transfer 

Re OW aaa 

Re=74 Ot Oni alee 

Compound 4, (n = number of L-proline groups) 

Figure 9.18 

Series of oligomers used to test the distance dependence of singlet-singlet energy 

transfer by the Férster mechanism. 
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Figure 9.19 

Experimental example of the effect of separation on the emission properties of D and 

A. In (a) the donor and acceptor are separated by 54 A and the observed emission is a 

comparable mixture of donor and acceptor fluorescence. In (b) D and A are separated 

by ~ 27 A and the observed emission is mainly the fluorescence of A (i.e., the 

fluorescence of D is quenched more efficiently). In (c) A completely quenches the 

emission of D. In all cases D is the light-absorbing species. 

dependence of the rate constant for resonance energy transfer on J was possible for 

the steroid structures 5 and 6 (Fig. 9.20). The energy donor was the N-methylindole 

moiety and the energy acceptor was the ketone function.”° The value of R is about 

10 A for 5 and is, of course, fixed. However, the donor emission spectrum of 5 

depends strongly on solvent, and J could be varied by a factor of 40 by simply 

altering the solvent (Fig. 9.21). The rate constant, k,, for 5 was measured and then 

compared to that for 6, which cannot undergo intramolecular energy transfer. The 

transfer rate was found to be proportional to the magnitude of J as predicted by 

Forster’s theory. 

For example, the rate constant for intramolecular energy transfer varied from 

1 x 10’ sec’' (methanol solvent) to 55 x 10’ sec”! (heptane solvent).2° The 
values of J in these solvents were found from spectral data to be much smaller 
in methanol than in heptane. 

9.12 Triplet-Triplet Energy Transfer 

By triplet-triplet energy transfer we mean that an electronically excited donor in 

its triplet state produces an electronically excited acceptor in its triplet state: 

Triplet-triplet 
energy transfer 
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OH 

N 

| 
CH; CH; 

Compound § Compound 6 

Figure 9.20 

Steroids 5 and 6 used to test the dependence of energy transfer by the Coulombic 

mechanism on J, the overlap integral. 

Triplet-triplet energy transfer is “forbidden” by the dipole-dipole mechanism 

(exceedingly low ¢,4, Eq. 9.12). However, triplet-triplet energy transfer is “spin- 

allowed” by the exchange mechanism "*. 

We expect therefore that triplet-triplet transfer will generally occur only via 

the exchange mechanism. Values of R3* of the order of 10-15 A are expected 

for triplet-triplet energy transfer, since close approach of donor and acceptor are 

required for effective exchange interaction. 

Triplet-triplet energy transfer (Eq. 9.37) 1s the most common and most important 

type of energy transfer involved in organic photochemistry.”’ The longer a mole- 
cule remains in an excited state the greater the probability that it will transfer 

electronic excitation energy to a suitable neighbor which happens to be in its 

vicinity. In general, the lowest triplet state of a molecule is longer-lived than the 

SHADED AREA = J 

aor (a) IN METHANOL 
1 

Fluorescence Fluorescence 

Fluorescence Intensity 
Extinction Coefficient (cm! M') 

iN) fe) 

300 340 380 420 300 340 380 420 

Wavelength (nm) 

Figure 9.21 

Overlap of the emission spectrum of N-methylindole energy donor (5) and the absorp- 

tion spectrum of the ketone energy acceptor (6) in (a) methanol and (b) heptane. 
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corresponding lowest excited singlet state of the same molecule. This means that, 

all other factors being equal, the triplet of a molecule is a more likely candidate 

to participate in energy-transfer processes than the singlet. 

Convenient experimental conditions for the detection of the triplet-triplet 

transfer can be deduced from a consideration of Figure 9.22. If the lowest singlet 

state of the donor D, lies below that of the acceptor A, but the lowest triplet level 

of the donor D, lies above that of the acceptor A3, the selective excitation of the 

donor in the presence of the acceptor is possible by employing exciting radiation 

which is totally absorbed by the donor. The donor is selected to have a high 

intersystem crossing efficiency and rate. (The S$) > T absorptions of donor and 

acceptor are negligible.) Under such conditions, singlet-singlet transfer is unlikely 

because of the unfavorable energetic positions of the D, and A,. Triplet-triplet 

transfer, which is unlikely by a resonance mechanism since forbidden transitions 

in both the donor and acceptor are involved, may occur efficiently by an exchange 

mechanism if the molecules D, and Aj are within collisional diameters of one 

another. The advantage of selectively exciting the donor is that any process which 

occurs through the triplet acceptor (which does not pass through S,) arises from 

the energy-transfer process in Eq. 9.37. 

s \ 
Filter cutoff to prevent direct 

excitation of A, 

D, 3 

| 2 

at l 
| A, 0 

| 

| | 

| Direct 
| absorption 

strongly 
| | forbidden 

| 

Do Coupled 

L 

transitions 

Figure 9.22 

Triplet-triplet excitation transfer. 
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Experimental Examples of Triplet-Triplet Transfer 
in Fluid Solution 

Triplet-triplet energy transfer in fluid solution is of great importance in both 
mechanistic and synthetic organic photochemistry.?’ “Triplet sensitization” (i.e., 
the generation of T, of an acceptor via energy transfer from a triplet sensitizer) 
is useful to populate 7, states that are not efficiently populated by intersystem 
crossing. “Triplet quenching” (ie., the specific quenching of T, of a donor via 
energy transfer to an acceptor) is useful as a mechanistic probe and as a means 
of avoiding the T, reactions of the donor. 

It is expected from theory and confirmed by the data in Table 9.3 that ener- 
getically favorable exothermic energy transfers, i.e., AE(D — A) < 0, do not occur 

with values of k,, greater than k,,,. An interesting generalization of the data is 

the fact that when triplet-triplet energy transfer is exothermic, k,, is within an 

order of magnitude of k,,,. This “rule” of exothermic triplet-triplet energy transfer 

is generally independent of donor-acceptor types. Examples of exothermic energy 

transfers such as D,(z, 2*) > A3(z, 2*); D(x, 2*) > A;(n, n*); D3(n, 2*) > A3(n, 2°); 

and D,(n, 2*) > A3(n, 2*) are to be found in Table 9.3, 1.e., triphenylene-naphtha- 
lene,?® naphthalene-biacetyl,”? biacetyl-naphthalene,?? and acetone-biacetyl,*° 
respectively. The range of values of k,, for these donor-acceptor pairs is only a 

factor of five or so. Thus, the rate constant for exothermic energy transfer appears 

to be relatively insensitive to the electronic configurational change which occurs 

in the donor and acceptor during triplet-triplet energy transfer. 

The measurement of “diffusion controlled” quenching of benzophenone by 1,3- 

pentadiene and by 1-methylnaphthalene has been measured directly by picosecond 

flash spectroscopy.*! The build up and decay rate (A,, and k, respectively) of 
benzophenone triplet-triplet absorption in 1,3-pentadiene or 1-methylnaphthalene 

solvent were measured after picosecond excitation of the first excited singlet state 

of the ketone. The picosecond technique allows both direct measurement of the 

S, — T, intersystem crossing of benzophenone (k,, ~ 1 x 10'' sec” ') and the true 

rate of quenching of T, (k, ~ 10'' sec *), Le., triplet benzophenone need not 

diffuse in order to be quenched. 

Exothermic Energy Transfers which Occur by the Exchange 

Mechanism but Do Not Proceed at the Diffusional Rate 

There are many reports in the literature which demonstrate that triplet-triplet 

excitation transfer is nearly diffusion-controlled when the donor triplet’s energy 

is higher than the acceptor triplet’s by 3—5 kcal/mole (see Table 9.3). From theory, 

although the activation energy for exothermic energy transfer is not required to 

be equal to zero, there is also no reason to expect that an energy transfer overlap 

which occurs via an energy exchange mechanism will possess a substantial activa- 

tion energy. However, if orbital interactions are required for effective electron 

exchange, then energy barriers to energy transfer may exist for the same reasons 

that energy barriers exist in bimolecular photochemical reactions, Le., a direct 

surface pathway from the D*A complex to the lower energy DA* may not exist 
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as revealed by the state correlation diagram.2!< Thus, the initial slope of the 
surface leading toward DA* will be upward and continue upward until a surface 
crossing occurs. Activation energies are also expected if activated vibronic inter- 
actions are required to make the energy transfer electronically favorable. For 
instance, One expects that if Franck-Condon factors (spectral overlap) are not 
favorable vibronic activation may become significant. Finally, steric effects may 
prevent the required favorable electronic interactions and as a result activation 
may be necessary. 

A steric effect has been observed for triplet-triplet energy transfer involving alkyl 
azo compounds.** The values of E, for several alkyl azo compounds have been 
estimated by means of energy transfer experiments, and fall in the range SO-— 
60 kcal/mole.*"* Thus, triplet energy transfer from alkanones (E,, = 75 kcal/mole) 
or aryl ketones (E, 2 68 kcal/mole) to alkyl azo compounds is expected to be 
substantially exothermic. 

Quenching of ketone phosphorescence by alkyl azo compounds is found to 
depend on the structure of the azo compound, and appears to be related to steric 
hindrance to approach by the donor.*? For instance, azo-n-butane is a much 
better quencher of ketone phosphorescence than is azo-tert-butane (see Table 9.4). 
When phosphorescence emission from an acceptor is not observed, there is no 
guarantee that the triplet of the azo compound is produced. The observed rate 

constants for quenching of ketone phosphorescence thereby represents maximum 

values for triplet-triplet energy transfer. As a specific example, the rate constant for 

quenching of acetone phosphorescence by azo-tert-butane is ~6 x 108M! sec”! 

whereas for azo-n-butane as quencher a value of ~3 x 10? M_! sec! is found. 
More work is required before the factors which determine when exothermic 

energy transfer will not occur efficiently are completely understood. It seems 

likely that electronic factors (orbital symmetry considerations) and Franck- 

Condon factors (donor-acceptor spectral overlap) will play a role in certain cases. 

Table 9.4 Exothermic Triplet-Triplet Energy Transfers which Occur at less 

than the Diffusional Rate 

Donor Triplet EP Acceptor Ee k, Transfer Type Ref. 

Pine—=© 69 n-BA ~ 55 Beale n, w* > n, n* 1 
Ph,C—O 69 t-BA ~55 0.8 x 10° hy = 1, 10" 1 
Triphenylene 67 n-BA ~55 83107 mt, w* > n, n* l 

Triphenylene 67 t-BA ~55 OS aO7 nm, m* +n, n* 1 
(GH) C—O 78 p-CH;V ~72 OSmeulO? n, a* > n, 1* 2 
(CH); e—O 89 CHE CHEN ~65 OS 2 1G? n, m* > 1, 1* 2 

n-BA = CH,CH,CH,CH,N = NCH,CH,CH,CH, 
t-BA =(CH3);CN =NC(CH3); 
p-CH,V = p-CH,C,H,COCH,CH,CH,CH;, 

! Wamser, C. C. et al. J. Am. Chem. Soc. 97, 4864 (1975). 

2 Unpublished results: Schore, N., and Mirbach, M. Columbia University. 
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Conclusions from Triplet-Triplet Transfer 

Experiments in Fluid Solution 

The important conclusions derived from studies of triplet-triplet transfer in 

condensed phases are: 

1. If E?, the triplet energy of the donor is greater than E4, the triplet energy of 

the acceptor, the rate constant for energy transfer from donor to acceptor equals 

the rate constant for encounters. 

2. If EP is similar or equal to E4, the net rate of energy transfer may be less than 

the encounter rate because of reversible energy transfer (if A possesses a triplet 

lifetime greater than about 10° ° sec). 

3. If E? is less than E4 by more than several kilocalories per mole, essentially no 

quenching of donor triplets occurs. 

4. There is no evidence for a decrease in quenching efficiency as E?-E? 
increases. 

5. The exchange (collisional) mechanism operates in triplet-triplet energy 

transfer. 

6. Triplets are formed in high yield when organic molecules are excited in fluid 

solution at room temperature. 

7. The triplet state of A may be produced without the intermediacy of the 

excited singlet state of A. 

Triplet-Triplet Energy Transfer in Rigid Solution 

Table 9.5 lists some values of R, which have been evaluated from experimental 

data in solid solution at low temperatures, and which follow the Perrin efficiency 

law.'? In addition,'* a “formal rate constant” for energy transfer may be calculated 

from such data, assuming a linear relationship (1.e., Stern-Volmer relationship 

Eq. 9.27), between the rate of energy transfer and [A]. The important results 

Table 9.5 Triplet-Triplet transfer in rigid media at 77 k* 

Donor? Be Oi ie Acceptor® Ee ii Ke 

Benzophenone 69 74 [3 Naphthalene 61 89 2X NOs 
Benzaldehyde 72 «76 12 Naphthalene 61 89 Dexal(e 
Carbazole 70 84 15 Naphthalene 61 89 lms 
Diphenylamine 72 89 iN} Biphenyl 65 97 - 

‘ Donor and acceptor concentration about 1.0 M in ethanol and ether solvent. Excitation provided by 3660 A light. 

Energy of lowest triplet level in kcal mole” ! 

* Energy of lowest singlet level in kcal mole! 

4 Pseudo-unimolecular rate constants (in sec ') for the rate of excitation transfer, 

* Ermolaev, V. L., Soviet Physics. Doklady. 6, 600 (1967). 
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from these data are: 

1. The values of R, are generally less than 15 A, as expected for an electron 
exchange mechanism. 

2. The “rate constants” for energy transfer are ~ 10!° to 108 times slower than 
those found for singlet-singlet energy transfer (Table 9.2). 

Clearly, triplet-triplet energy transfer under these conditions is short-range in 
nature and does not occur with a large rate constant for separations greater than 
10A or so. It is the long lifetime of triplets in rigid media at low temperatures 
which allow triplet-triplet transfer to be observed at all. 

A study of the relationship of the strength of (Sy T) absorption of the 
acceptor on the efficiency of quenching donor phosphorescence reveals that 
triplet-triplet energy transfer is insensitive to this variable.** For example, the 
efficiency of quenching donor phosphorescence showed that there is no difference 
in the efficiency of transfer in the series naphthalene, 1-chloronaphthalene, 1- 
bromonaphthalene, and 1-iodonaphthalene as quenchers of biacetyl phosphores- 
cence. It is found that k, ~ 5 x 10° M™! sec”! for each of these quenchers.?° 
However, judging from their radiative phosphorescence lifetimes, e(S,) > T) differs 

by a factor of 1000 for these compounds. These results imply that resonance- 

excitation transfer is negligible, and that exchange transfer, since it is already 

fully allowed when the donor and acceptor are nearest neighbors, is unaffected 

by the Sy > T, transition probability of the acceptor. 

Intramolecular Triplet-Triplet Energy Transfer** 

Many examples of intramolecular triplet-triplet energy transfer have been reported. 

For example, the benzoyl (donor)-naphthyl (acceptor) system (7) (Fig. 9.23) shows 

only naphthalene-like phosphorescence when the benzoyl group is selectively 

excited with 350 nm light.*° Control experiments indicate that the energy transfer 
from the initially excited benzoyl group 1s entirely intramolecular and, since 

singlet-singlet energy transfer is energetically prohibited, it can be concluded that 

triplet-triplet energy transfer is the major pathway. ; 

The average separation of the benzoyl and naphthyl groups of 7 is about 7 A. 

The Forster R, for triplet-triplet transfer is calculated to be ~ 0.2 A. (For such 

close distances, however, the underlying assumptions of the Forster theory that 

the molecules may be treated as point dipoles are vitiated.) It appears that either 

a through-space (electron overlap) or through-bond mechanism is needed to 
explain the result. From the practical standpoint, intramolecular experiments of 

this type (all of which lead to the same general conclusion) demonstrate that a 
nearest-neighbor collision is not required for efficient triplet-triplet transfer. 

For the steroid 8 (Fig. 9.24), the phosphorescence of the benzophenone group 

is only partially quenched by the naphthalene group (®,, ~ 35”,). In this case, the 

rate constant for triplet-triplet energy transfer can be estimated by comparing the 

lifetime of the benzophenone-like phosphorescence of 8 to that of a model com- 

pound.*° The result is that k,, ~ 25 sec” '. The average separation between the 

benzophenone and naphthyl groups is ~ 15 A for 8. We note that this distance 
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is twice that for separation of donor and acceptor in 7 and that transfer is incom- 

plete for 8. A rate constant of the order of 25 sec” ' is not particularly fast, so that 

as the donor lifetime decreases, the separation between donor and acceptor will 

need to be small (i.e., less than about 10 A) for efficient transfer to occur. 

Interestingly*®, in compound 9 (for which the separation of carbazole (donor) 

and naphthalene (acceptor) is comparable to 8) the rate of triplet-triplet (~ 0.04 

sec ') energy transfer is nearly 1000 times slower than that found for 8 (see Fig. 

9.24). This indicates that triplet-triplet transfer is not only distance-dependent but 

also structure-dependent. This is to be expected on the basis of any detailed 

Coulombic or exchange mechanism. From these results it appears that 2, 7* > 

m, m* triplet-triplet transfer is slower than n, 2* > x, n* triplet-triplet transfer by 

he 2 O=—— Excitation(350 nm) Ie 

c “, triplet-triplet energy erik 
transferred = 100% 

ie ———> Phosphorescence (460 nm) 

Compound 7 

=I L 1 l i Ll 
350 400 450 500 550 600 nm 

Figure 9.23 

Phosphorescence spectra of 1-benzoyl-4-(«-naphthyl)-bicyclo-[2.2.2]octane (A), a 
mixture of 1-methylnaphthalene and pivalophenone (B), and 1-methyInaphthalene (C). 
Excitation of A and B is at 350 nm, while C is at 295 nm. Concentrations are 0.001 M. 
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a factor of about 1000 (for the same donor-acceptor separation). Singlet-singlet 
transfer rates may also be evaluated from studies of 8 and 9. In these cases, the 
naphthyl group is the donor and the benzophenone or carbazole groups are 
acceptors. The results are that 7, n* — n, n* singlet-singlet energy transfer is about 
one order of a magnitude slower than z, 2* > x, 1* singlet-singlet energy transfer 
for the same distance of separation. 

The bisteroid 3 shown in Figure 9.17 was found to undergo singlet-naphthyl to 
singlet-anthracyl energy transfer with an efficiency accurately predicted by 
Forster theory. Measurement of the lifetime of the triplet naphthyl moiety of 3 
was found to be 0.15 sec, the same value as for methyl-1-naphthoate.?” It was 
therefore concluded that 20A is greater than the limit for energy transfer from 
one aromatic x, x* triplet to another aromatic z, x* triplet, even if the donor 
lifetime is of the order of tenths of seconds. The result requires that k., 18 less 
than ~0.7 sec ', (the value required to reduce the triplet lifetime to about 10% 
of its initial value). 

For molecules containing donor and acceptor groups separated by 1, 2, or 3 

methylene groups, complete transfer of triplet excitation from donor to acceptor 

is observed, even when the molecules are studied in rigid glass solutions at low 

(a) 

Phosphorescence <—— 14A 

Sa 3 x IO See 9" eg = OY, 

ki! = 25 sec"! $n = 35% 

Compound 8 

eS aoe EX CILATION 

(b) OCOCH,N = Phosphorescence 

Phosphorescence <——— 

ket~ 3x 108 sec™! 6, = 95% 

ker ~ 0.04 sec” ® Prr = 20% 

Compound 9 

Figure 9.24 

(a) Intramolecular singlet-singlet and triplet-triplet energy transfer in a rigid benzo- 

phenone-naphthalene donor-acceptor system (upper drawing). (b) Intramolecular 

singlet-singlet and triplet-triplet energy transfer in a rigid indole-naphthalene donor- 

acceptor system (lower drawing). 
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temperatures.*® For example, for the molecule 10 (Figure 9.25), only the phos- 
phorescence of the naphthalene moiety is observed when the benzophenone is 

selectively excited with 366 nm light. 
From quenching studies*® involving 10 it was estimated that the rate constant 

(k"') for intramolecular energy transfer from the benzophenone triplet to the 

naphthalene triplet (k"') was greater than 10'° sec”'. This result should be 
contrasted with the relatively slow rate constant for singlet-singlet energy transfer 

(kS ~ 108 sec” ') from the naphthalene group of 10 to the benzophenone group. 

Since both energy transfers probably occur via an electron-exchange mechanism 

and since the distance of separation of the groups is the same for both types of 

energy transfer, the n, 7* > z, 2* triplet-triplet transfer is clearly favored over the 

m, t* +n, n* singlet-singlet transfer. This conclusion is consistent with the 

generally higher reactivity of carbonyl n, 2* states relative to 2, x* states in many 

comparable photoreactions, and with the result seen earlier for a rigid molecule, 

8. It would be interesting to measure the rate of intermolecular quenching of 

naphthalene singlets by benzophenone in order to check the basis for what may 

amount to be an unusually low value of k. This result contrasts with the observa- 

tion that for 7, more than 99%, singlet-singlet energy transfer from the naphthalene 

moiety to benzoyl moiety occurs. 

9.13 Triplet-Singlet Energy 

Transfer in Fluid Solution 

Energy transfer from a triplet (donor) to a singlet (acceptor) to produce an excited 
singlet is a relatively rare process in fluid solutions. Experimentally, the selective 
photoexcitation of a triplet donor in the presence of an acceptor is difficult. An 
interesting means of circumventing this difficulty is available via chemilumines- 

CeO SS ET es 
O excite S, 

350 nm 10; << ET 

(CH), T, 

emission 

460 nm 

10 Ketone Naphthalene 

Figure 9.25 

Intramolecular energy transfer between benzophenone and naphthalene moieties of 
10. Direct excitation of the ketone moiety (a) or of the naphthalene moiety (b) leads to 
phosphorescent emission (c) from the naphthalene moiety only. 
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cence techniques.°” This method employs the thermal generation of a triplet donor 
in the presence of an acceptor. For example, the thermolysis of tetramethyl-1,2- 
dioxetane yields triplet acetone.** This triplet phosphoresces measurably in the 
absence of acceptors and is capable of participating as a donor in triplet-singlet 
energy transfer processes. 

Triplet-singlet 
energy transfer D*(T) + A(So) > D(So) + A*(S;) (9.38) 

Do triplet-singlet energy transfer processes occur via an exchange mechanism 
or via a dipole-dipole mechanism? Both processes are spin-forbidden and would 
therefore be expected to proceed at much slower rates than allowed energy 
transfers. However, the relatively long lifetime of the triplet state may compensate 
for a slow rate constant for energy transfer, and as a result the efficiency of triplet- 
singlet energy transfer may be substantial. 

For example, in solid solution (in a solid polymer at room temperature or in a 

frozen organic solvent), the long-lived ( ~ 3 sec) phosphorescence of phenanthrene 

has been found to be quenched by Rhodamine B (a strongly fluorescent dye),*' 

and the fluorescent state of the latter is produced, thereby establishing the occur- 

rence of a triplet-singlet energy transfer. The process occurs with a very small 

rate constant, but is efficient because of the extraordinarily long lifetime of triplet 

phenanthrene. In this case, a dipole-dipole mechanism for triplet-singlet energy 

transfer is operating, since calculation of R, indicates that energy transfer occurs 

with 50°% efficiency when the donor and acceptor are separated by 50 A! The 

rate constant for triplet-singlet energy transfer at this separation is only ~ 10! 

sec’. The rate constant for an allowed singlet-singlet dipole-dipole energy 

transfer would be about 10’-10% sec” ' at a donor-acceptor separation of 50 A. 
Triplet-singlet energy transfer from thermally produced acetone triplets to 

appropriate acceptors has been observed.*° The most effective acceptor known 

for this process is 9,10-dibromoanthracene. The limiting efficiency of triplet- 

singlet energy transfer from acetone triplet to 9,10-dibromoanthracene singlet is 

~20°%, and the rate constant for the transfer in acetonitrile is ~1 x 10°? M =! 
sec’ ', 1.e., nearly that expected of a diffusion-controlled transfer.** An interesting 
feature of this donor-acceptor system is that triplet-singlet and triplet-triplet 

energy transfers are competitive. Furthermore, the mechanism of triplet-singlet 

energy transfer could occur, in principle, either by an exchange or by a dipole- 

dipole mechanism. A final, intriguing feature of this donor-acceptor pair is the 

fact that T, of 9,10-dibromoanthracene (DBA) is believed*? to lie above S,. Thus 

it is possible that the mechanism of this triplet-singlet energy transfer is T, of 

acetone to T, of DBA followed by competitive intersystem crossing of T, of DBA 

to S, and internal conversion of T, to T,. 

9.14 Singlet-Triplet Energy Transfer 

The last, and rarest, of the four “spin types” of electron-energy transfer involves 

an excited singlet donor and ground-state singlet acceptor to produce an excited 
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triplet acceptor: 

Singlet-triplet 
energy transfer 

DS) A(Ss) = DIS.) = At) (9.39) 

An experimental example of this equation involves the fluorescence quenching 

of anthracene derivatives by the addition of naphthalene. A singlet-to-singlet 

energy transfer is extremely unlikely in this case because of the much higher 

singlet energy of naphthalene (E, = 85) relative to anthracene (E, ~ 72). Impor- 

tantly, the fluorescence of anthracenes containing “heavy atoms” was more 

efficiently quenched than the fluorescence of anthracenes not containing them. 

For example, the fluorescence of 9,10-di-n-propyl-9,10-dichloro- and 9,10- 

dibromoanthracene (in toluene) is quenched by naphthalene at room tempera- 

ture.** It was noted that the value of the rate constant is parallel to the sum of the 
square of the major spin-orbital coupling terms (assumed to be dominated by 

the halogen), a result consistent with a singlet-triplet energy transfer mechanism. 

In the system 9,10-dicyanonaphthalene (singlet energy donor) and 1,4-di- 

substituted benzenes (triplet energy acceptors), the formation of the triplet of the 

acceptor and the quenching of the fluorescence of the donor could be directly 

monitored, providing strong support for the occurrence of a singlet-triplet energy 
transfer process.*° 

9.15 Excitation Transfer between 

Conjugated Chromophores 

An interesting situation arises when one chromophore such as a carbonyl group 
is conjugated with another chromophore such as a benzene or naphthalene 
nucleus. If one chromophore can be excited selectively, is the excitation localized 
on the initially excited group, or may it be transferred to the other? From analogy 
with the intermolecular excitation transfers discussed above we might expect a 
general rule such as: 

The lowest excited states of a molecule possessing two independently 
absorbing but formally conjugated chromophores is determined by 
the chromophore moiety possessing the lowest excitation energy.*’ 

In other words, the excitation will be passed on from one excited state to another 
until the lowest S, or T, states are reached. Lewis and Calvin proposed a similar 
theory in which electronic energy can be transferred within a molecule until it 
reaches a “loose-bolt” group which efficiently dissipates the energy.*® 

The rule given above can be tested by observing the nature of the emission 
spectrum of a molecule which emits from S$, to T,. If the fluorescence and phos- 
phorescence can be shown to be characteristic ofa particular group, then the extent 
of excitation transfer between the absorbing and emitting groups can be evaluated. , 
We might expect that if energy transfer is possible because of the weak inter- 
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molecular interactions due to the peripheral parts of the electron clouds of different 
molecules, this process should take place more efficiently between two groups in 
the same molecule. 

As an example, consider intermolecular excitation transfer between triplet 
levels for a molecule such as 4-phenylbenzophenone.*’ The absorption spectrum 
of this molecule in ethanol-ether at 77 K shows the long-wavelength absorption 
band due to an n, n* excitation. Although the absorption spectrum of benzophe- 
none and its 4-phenyl derivative look very similar, the emission spectrum of the 
latter compound is completely different in position, lifetime, and structure from 
the spectrum of benzophenone, and is more similar to the spectrum of biphenyl. 
The latter compound must possess a lowest T ((a; 2*) state, so that an intra- 
molecular energy transfer has occurred from the S,(n, 2*) state localized on 
C—O to the T(z, n*) state localized on the biphenyl radical. This process is 
formally analogous to the intermolecular energy transfer between benzophenone 
and biphenyl. To understand these results let us use Figure 9.26, which is the 
energy-level diagram for 4-phenylbenzophenone. Excitation in the first absorption 

Energy diagram of 4-phenylbenzophenone 
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Figure 9.26 

The electronic states of 4-phenylbenzophenone which participate in intramolecular 

energy transfer. 
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band produces a S,(n, 2*) state which, like benzophenone, undergoes efficient 

intersystem crossing to T,(n, *), since no fluorescence is observed from 4- 

phenylbenzophenone. This triplet in turn passes by intramolecular excitation 

transfer to T,(z, 2*) of the biphenyl group, which then phosphoresces. 

Benzophenone does not phosphoresce from a benzene-like triplet because the 

lowest triplet of benzene is at 85 kcal mole” * and T,(n, 2*) is at 69 kcal mole~ be 

On the other hand, the lowest triplet in biphenyl is at 65 kcal mole~', which 

makes triplet-triplet excitation transfer energetically favorable. 
If we assume that the triplet energies of all of simple carbonyl compounds 

are about 70 kcal mole ', then we predict that the attachment of a moiety (radical) 

whose triplet excitation energy E, is much greater than 70 kcal mole ' (e.g., 

alkyl groups and simple aryl groups) will result in a molecule whose lowest S, 

and T, are n, x* states. Attachment of a moiety whose E, is much lower than 

70 kcal mole~! results in intramolecular excitation transfer from the 3(n, 2*) 

state to the triplet of attached group. 

Another important point to remember in assigning the lowest triplet levels is 

that the singlet-triplet splittings of n, z* states are smaller than those of z, 2* 

states. As a result, 

AE®™ > ART 

if the S,(z, 2*) state is lowest in a molecule, the T ,(z, z*) state must be lowest also. 

We run into trouble only when the S,(n, 2*) state is lowest, and we need further 

information before we can make an assignment. 

Examples: I  (CH3)5C=0 

poll de ay, ae ane 

INCREASING CONJUGATION ——= 

Figure 9.27 

Variation of the energies of n, z* and z, n* states as a function of increasing con- 

jugation of the z system. 



ENERGY TRANSFER 343 

Figure 9.27 shows how the disposition of n, x* and z, 2* states of ketones varies 
with conjugation.*” To a first approximation the energy of the n, x* states does 
not change significantly with conjugation. With increasing conjugation the z, 2* 
states initially fall rapidly in energy, but then more slowly. 

9.16 ‘‘Multiphoton’”’ Energy Transfer 
Processes; Triplet-Triplet Annihilation ;°° 

Delayed Photoluminescence 

Usually the concentration of excited states is so small that bimolecular interactions 
between two excited states are very improbable. For example, the rate of decay 
of D* in general is equal to: 

Rate = k,[D*] + k,[D*]? (9.40) 

where k, is the rate of quenching of D* by its interactions with another excited 

state, and k,, is the inherent unimolecular decay rate of D*. If D* possesses a very 

long lifetime and if k, is large, it becomes feasible for bimolecular D*-D* quenching 

to occur. The most common example of this phenomena is the interaction of two 

triplet states. Under certain conditions two long-lived triplets D, may collide with 

one another in solution and “annihilate” each other, simultaneously producing 

one molecule in the excited singlet state D,, and the other in a ground state D,.. 

De = DD. (9.41) 

D,, > D,, + hv (9.42) 

The fluorescence emission of D,, then may be observed, but with a lifetime similar 

to that of the triplet because excitation has resided temporarily in D,. The yield of 

this “delayed” fluorescence, since it results from a two-photon process, will depend 

upon the square of the intensity of the exciting light if 7-7 annihilation is rate- 

determining. This process is clearly different from the thermally activated “delayed” 

fluorescence which may occur, if the lowest singlet and triplet are so close in 

energy that thermal activation will occasionally promote triplets up to S,, from 

which they fluoresce. 

The rate constants of T-T annihilation are generally close to that for diffusion 

(Table 9.6). As a result, for very long-lived triplets in inert solvents, T-7 annihila- 

tion may determine triplet lifetimes. For example, if k, = 107 sec” then for 

ki'[T,] to equal 10? sec” ', the steady-state concentration of [T,] must equal 
~10~*M. Such concentrations are readily achieved with routinely available 

sources of light. 
The triplet-triplet annihilation mechanism requires that part of the energy from 

two separately absorbed photons be transferred to the same molecule. Energy 
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Table 9.6 Values of the Rate Constants for Triplet-Triplet Annihilation” 

Annihiiating 
Triplets Solvent eas sseea) kee 

Anthracene n-hexane (le se 10" ail Sesh’ 
Naphthalene n-hexane Dil xe MO? mil Se OEY 
Biacetyl benzene eal ool Oe ~il < 102° 
Benzophenone freon 2 a103° De Mor” 

* Data from Yekta, A., and Turro, N. J.. Molec. Photochem., 3, 307 (1972). 

transfer from donor triplets may therefore be used to produce acceptor triplets 

which, upon annihilation, will produce an excited singlet capable of emitting a 

photon of higher frequency (greater energy) than the absorbed light. The require- 

ments for such a phenomenon are met if the donor has a S, state which lies below 

that of the acceptor but a T, state which lies above that of the acceptor.*° The 

phenanthrene-naphthalene system fulfills this requirement, and the energy diagram 

for this system is shown in Figure 9.28. 

The mechanism of sensitized naphthalene fluorescence is given by the following 

scheme: 

Py > Py mm Ps (9.43) 

LN Ne ee, (9.44) 

ONG = Ne (9.45) 

N, —— Ng + hv(3250 A) (9.46) 

where P and N refer to phenanthrene and naphthalene, and the subscripts 0, 1, 

and 3 refer to ground, lowest singlet, and triplet states, respectively. The quantum 

yield for delayed emission is about 1°%, but an excess of about 6 kcal mole~! 

greater than that of the exciting light is produced. 

9.17 Energy Transfer from 

Upper Excited States 

Usually internal conversion from upper excited states (S; +S, 5S, and T; > 
T, > T,) occurs so fast (~ 10''-10'? sec” ') that bimolecular processes from S3, 
S,, 13, Tz, etc., cannot compete. In certain cases, however, energy transfer from 
upper levels has been demonstrated.°'°” For example, the T, — T, energy gap 
of anthracenes is sufficiently large (~30 kcal/mole) so that Franck-Condon 
factors slow down the rate of T, to T, internal conversion to the point that. 
energy transfer from T, can occur. 
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Evidence has been presented for energy transfer from T, of anthracenes.°? 
The techniques employed to detect energy transfer from T, of anthracenes exem- 
plify many of the general concepts that might be employed in any study which 
attempts to detect the involvement of an upper excited state in a reaction mecha- 
nism. It was found** that DBA is a photosensitizer of the rearrangement of 
norbornadiene to quadricyclene: 

Br 

de OOO +b (9.47) 

N Br QO 

DBA (Photosensitizer) 

from T, 

Since excitation of S, of DBA was employed, there are three candidates for the 

photosensitizing state: S,, T,, and T,. The involvement of S, was ruled out by 

the observation that the fluorescence of DBA is not quenched by norbornadiene. 

The involvement of T, was ruled out by the observation that selective excitation 

of T, of DBA (via a specific energy transfer) did not result in photosensitized 

isomerization. From these data, only T, 1s left as a candidate for the photosen- 

sitizing state. A plot of 1/® versus 1/[norbornadiene], where ® is the quantum 

yield of sensitized reaction, yields a straight line of intercept = 1.0 and slope = 

Triplet-triplet annihilation 

N, 

1s 2(N3) 

fs a eee 
N, 

—hy, Figure 9.28 

Energy diagram for triplet-triplet 

energy transfer from phenanthrene 

to naphthalene, then triplet-triplet 

annihilation by naphthalene, 

lee No followed by fluorescence. 
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2.4 M~1.52© Recall from Chapter 8 that in a Stern-Volmer analysis the ratio 

intercept/slope equals k,t, where in this case k, is the rate constant for quenching 

of T, and t is the lifetime of T,. The minimum lifetime of T, can be derived from 

the Stern-Volmer data, i.e., let k, be maximal; then t must be minimal. Assuming 

diffusional quenching, the largest value of k, is ~1 x 10'° M* sec” for the 

solvent employed. Thus, t > 2.4 x 107'° sec. 
The conclusions from these indirect measurements have been confirmed*?* by 

the observation of T, > T, fluorescence for DBA.*® Since T,; > So phosphores- 
cence is also now measurable for DBA, it is possible to directly test the proposed 

mechanism. 

9.18 Nonvertical Energy Transfer’ 

Occasionally energy transfer may occur between a donor and acceptor even 

though the acceptor does not possess a spectroscopically observable electronic 

state with a lower energy than D*. In such cases the equilibrated excited state A* 

may possess a very different nuclear geometry than A. As a result, spectroscopic 

observation of the transition A — A* (equilibrium) may not be’possible because 

the Franck-Condon principle inhibits radiative transitions that involve large 

changes in nuclear geometry. Nonetheless, the equilibrated state exists and may 

be populated by energy transfer if certain conditions are met. 

First let us consider an example of “vertical” energy transfer and then contrast 

this with an example of “nonvertical” energy transfer. We shall then indicate a 

theoretical rationale of the latter process. 

The rate constant for energy transfer (k,,) from a variety of triplet donors to 

biacetyl (Eq. 9.48) follow the expressions:°° 

°D + CH;COCOCH, — D + 9[CH,;,COCOCH; | (9.48) 

Kee =) 1 Ne (9.49) 

k= kK CxO SAR. RE) at we <0 (9.50) 

where k,,, is the rate constant for diffusion and AE,, is the energy difference 

between the donor triplet and biacetyl. AE,, > 0 corresponds to exothermic 

energy transfer and AE <0 corresponds to endothermic energy transfer. The 

important point derived from these studies is that the rate constant for energy 
transfer decreases exponentially as the energy transfer becomes endothermic if 
the spectroscopic triplet energies are used to determine the reaction endother- 
micity.2%29-55 

If the sensitizer triplet has insufficient energy to promote an acceptor to its 

triplets via an “allowed” energy transfer, one expects that the energy deficiency 
would be supplied as activation energy. The decrease in k,, as a function of the » 
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endothermicity would then be given by?° 

A log k 
Pkt W(23RT) (9.51) 

The line of this equation is superimposed on the curve for endothermic energy 
transfer from triplet donors to biacetyl. Since the slope of the falloff of k,, follows 

the equation precisely, we need not postulate any activation energy beyond that 

required for diffusion and the endothermicity of energy transfer. Since the energies 

of the spectroscopic or “vertical” excited states serve as a reliable guide to the rate 

constants for energy transfer, we may conclude that a “vertical” energy transfer 

from triplet donor to biacetyl is occurring. In other words, biacetyl accepts energy 

via a vertical Sy > T, transition. 

Now consider the situation for trans- and cis-stilbenes as quenchers. If the log 

of the rate constants for quenching of a number of sensitizers is plotted against 

donor triplet energy, the falloff of k, with transfer endothermicity is exponential 
for trans-stilbene (Sy > T, spectroscopic energy gap equal to 48 kcal/mole) but 

not for cis-stilbene.°° For the latter compound, the measured k, is larger than that 

expected from the transfer endothermicity based on the spectroscopic Sy > T, 

gap (57 kcal/mole) for cis-stilbene. That an energy transfer is occurring is demon- 

strated by the observation of cis-trans isomerization of the stilbenes. A comparison 

of the results of steady-state and quenching experiments leads to a correlation of 

the values of k, for different donors and the quantum yields for cis-trans 

isomerizations. 
From these data it is found that when the donor energy is 5 kcal/mole (-e., 

~ 43 kcal/mole) below the spectroscopic triplet energy of trans-stilbene k, ~ 

10° M~! sec! but for the same transfer endothermicity (based on spectroscopic 

energies) for cis-stilbene k, ~ 1 x 10? M ' sec ', ie., still close to the diffusional 
limit. The data for trans-stilbene is unexceptional since the falloff in k, is expected 

from simple energetic considerations. 

However, the data for cis-stilbene requires some special explanations. Because 

of the correlation of photostationary cis-trans isomerization compositions and 

k, values, it is evident that donor quenching results in cis-trans isomerization. If 

we postulate that cis-trans isomerization occurs via population of stilbene triplets, 

an explanation of the contrasting behavior of trans- and cis-stilbenes as quenchers 

is available. The ground state and lowest triplet surfaces of stilbene are expected 

to be nearly isoenergetic at the 90° twisted geometry. As one twists about triplet 

cis-stilbene the energy of the system decreases faster than for an equivalent amount 

of twist of trans-stilbene. The basis of this postulate is the expectation that the 

steric interactions in cis-stilbene will cause a “torque” to be mutually exerted by 

the phenyl groups on one another, thereby facilitating the twisting mode in the 

cis molecule relative to the trans. Chemical interactions of the excited donor and 

cis-stilbene may also facilitate excitation stilbene i.e., an exciplex may be formed. 

The exciplex may now lower its energy by continuing the twisting motion and 

moving down the surface. The excitation energy has now become essentially 
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localized on the stilbene moiety. If the exciplex dissociates, then a twisted stilbene 

triplet will be produced. Evidently, trans-stilbene does not undergo as rapid a 

falloff in energy as a function of twist about the carbon-carbon bond. As a result, 

nonvertical transitions are less likely to occur during a collision complex, and the 

energy of a donor trans-stilbene exciplex is not expected to fall off rapidly as a 

function of twist. 
An extreme situation for nonvertical energy transfer would correspond to full 

bond formation between donor and acceptor. This would be followed by changes 

in the acceptor nuclear configuration and fragmentation of the intermediate to 

produce a ground state donor and an acceptor which finds itself on one of its excited 

state surfaces far removed from its spectroscopic or vertical geometry.°’ 

A generalized profile of nonvertical energy transfer which shows its possible 

connection with reaction between donor and acceptor and quenching without 

energy transfer is shown in Figure 9.29. We imagine that for some reaction co- 

ordinates a crossing occurs between the DA* and D*A surfaces. At the critical 

geometry of A the energy of DA* > D*A. As the nuclear geometry changes, a 

surface crossing occurs and the energy of DA* becomes lower than that for D* A. 

We may note that if a minimum in the D* A surface occurs before the crossing, an 

exciplex is formed and may provide a channel for emission or radiationless de- 

activation. After the crossing point has been passed, excitation is.localized mainly 

on A*. Pathways may now exist for reactions of A* or deactivation back to D + A. 

EXCIPLEXES 

ee Se of D* without formation of A* 

REACTIONS 
or a D+A 

PRODUCTS | "NON VERTICAL STATES" SPECTROSCOPIC STATES 

E(D*) > E( A") E(A*) > E(0D*) 

Figure 9.29 

Qualitative description of nonvertical energy transfer. At large separations of D and A 

the surfaces which can be reached by vertical jumps are the spectroscopic states of 

the system. If the D + A* and D* + A surfaces cross for certain nuclear geometry 

changes, the minimum for D + A* species (excitation mainly associated with A*) may 

drop below that of D* + A. 
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9.19 Reversible Energy Transfer?? 

In principle, all energy transfer processes are reversible. In practice, the extent of 
reversibility depends on several factors, the most important of which are (a) the 
electronic energy gap between the donor and acceptor states participating in 
energy transfer, and (b) the lifetimes of the donor and acceptor states participating 
in energy transfer. In a reversible energy transfer, the concept of donor and acceptor 
depends upon the direction of the energy transfer. For clarity we shall define the 
donor as the initially excited partner. 

Let us consider the following kinetic scheme:!*:?9 

Avy 
De A ce 1) EA 

|e | (9.52) 
D A 

It can be seen that energy transfer in the direction D* > A* will become ir- 

reversible when k,,[ D*][A] > k_,,[D][A*] or ks[A*] > k_.,[D][A*]. 
The observed rate constant, k?, for energy transfer in the direction D* — A* 

may not be equal to the true rate constant k,, when reversibility is significant. In 

general, the observed rate constant k?? will be smaller than k,, by a factor equal to 

the efficiency of irreversible energy transfer, 1.e., 

Ke 
ke? = k,,®,, = k,, <= OS Ey Telia tot ae aL Ke D] ( ) 

where ®,, is the probability that an excited A* will not transfer its energy back to D. 

According to the assumed scheme, this quantity depends on the ratio of rates 

kT A*]/(k4, A*] + k_,,.[ D][A*]) or more simply k}/(kS + k_,,[D]). 
From the expression for k?? we see that the important parameters which deter- 

mine whether reversibility is important or not are: 

1. The magnitude of k> 

NO . The magnitude of k_,, 

3. The value of [D]. 

OB 

Experimentally, a simple test of reversibility is to study the effect of [D] on ky, 

Le., if the observed rate constant for energy transfer decreases as [D] increases, 

reversible energy transfer is indicated. 

As an example of reversible energy transfer we shall consider the quenching of 

biacetyl phosphorescence by various quenchers. The rate of decay of biacetyl 

phosphorescence at room temperature in benzene solvent was measured as a 

function of the concentration of quencher. The observed quenching was found to 
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follow the relation :*°*! 

k, = kp + kA] (9.54) 

where k,, is the measured decay rate of phosphorescence in the presence of acceptor 

at concentration equal to [ A], and k? is the measured decay rate of phosphorescence 

of biacetyl in the absence of acceptor. The slope ofa plot of k,, versus [A ] yields k;”. 

From Table 9.7 it can be seen that the effectiveness of an energy transfer quencher 

is determined mainly by the position of its lowest triplet level and not by its 

molecular structure. This result and the fact that biacetyl fluorescence is negligibly 

affected by those quenchers which have an S, state at higher energy than biacetyl, 

demand that quenching involves only the triplet states of biacetyl and quencher. 

Furthermore, the strongest quenchers (E, less than 50 kcal/mole” ') have nearly 

the same value of kj* which in turn is close to that estimated from the Debye 

equation (Eq. 9.29) which yields k, = 1 x 10'° liter mole” ’ sec” ' for bimolecular 
diffusion in benzene solution at 25°C. 

For quenchers with triplet levels higher than 55 kcal mole ' there is a general 

trend toward a lowering of k{” with increasing E,. The scatter of the data observed 

for quenchers whose triplet energies are close to that of biacetyl is due to reversible 

energy transfer. This result is to be expected since at 20°C about-one molecule in 

100 will possess about 3 kcal mole! excess vibrational energy, so that coupled 

transitions between donor and acceptor (of slightly greater energy) may occur 

with reasonable probability. It may also be possible for transfer to be reversed if, 

during its lifetime, the triplet quencher molecule should encounter a ground-state 

biacetyl molecule. Reversible transfer, for quenchers with triplet levels slightly 

below or above that of biacetyl, is expected to be enhanced as the concentration 

Table 9.7 Quenching Constant and E, Values for Quenching of Biacety! 
Phosphorescence in Benzene Solution at 20°C.* 

k, ke 
Quencher E. (corrected)* (observed)? 

Phenanthrene 62 Sailor = 
Naphthalene 61 DSM)? ik 2 lO 
Nitrobenzene 61 il 36 Or _ 
2-lodonaphthalene 60 (hele — 
1-Chloronaphthalene 59 3 x 10’ 4x 10? 
1-Bromonaphthalene 59 310! gee Oe 
1-lodonaphthalene 59 3 x 107 = 
2,2'-Dinaphthy] 56 Sen ile 0? 
Fluoranthene 54 5 x 10° DeamOy 
1,2-Benzpyrene 54 Gc ulOr 5 x 1107 

Pyrene 49 8 x 10’ DS AN? 
Anthracene 42 8 x 10° — 
Oxygen 23 mt illOe = 

* Data from Reference 29. 

* Quenching constant corrected for reversible energy transfer. 
b ~ . C Quenching constant directly from Stern-Volmer analysis. 



ENERGY TRANSFER 351 

of biacetyl increases—i.e., k?” will decrease with i increasing biacetyl concentration. 
This has been confirmed Sonne: ze 

Naphthalene and 1-iodonaphthalene (whose oscillator strengths for singlet- 
triplet absorption differ by a factor of 1000) are equally effective at quenching the 
phosphorescence of benzophenone in rigid solution at 77 K.33 In this case the 
donor possesses a higher E, than the quencher. A similar result was found for the 
quenching of biacetyl phosphorescence by naphthalene and iodonaphthalene in 
fluid solution when reversible energy transfer is taken into account.2° It can be seen 
from Table 9.7 and in the next section that energy transfer from naphthalene to 
biacetyl occurs at i diffusion-controlled rate. If reverse transfer is ignored, k}” is 
4 x 10°M~! sec’! for energy transfer from biacetyl to naphthalene—lower than 
the true rate Gas k, by three orders of magnitude. On the other hand, 1- and 
2-iodo-naphthalene possess such short triplet lifetimes that reverse transfer is 

negligible and no correction of k;° is necessary. The results with biacetyl serve as 

further support of the generalization that (a) the exchange mechanism only 

operates when the partners involved in the energy transfer process collide, and 

(b) factors such as the oscillator strength of the Sy, > T, transition of the acceptor 

are not important, even when the E, of D* lies below that of the acceptor. 

9.20 Photosensitization and Quenching 

in Organic Photochemistry 

Photosensitization and quenching play an important role in many aspects of 

organic photochemistry.*"?’ From the discussion given in this chapter, photo- 
sensitization and quenching processes which involve energy transfer of the type 

D* + A—D + A* may be used to control photochemical sequences and to study 

reaction mechanisms.°® 
For example, singlet-singlet and triplet-triplet energy transfer may be used to 

indirectly populate A* states or to quench D* states. Of special importance is 

triplet-triplet energy transfer, because the quenching of DF by energy transfer often 

limits its lifetime. For example, a unimolecular typical triplet lifetime in a non- 

reactive organic solvent is ~ 10 * sec. This corresponds to a unimolecular decay 

rate constant, k,, of 10* sec’. The actual rate constant of decay of the triplet is 

given by: 

k°® — rate constant decay of D¥ = k. + k,[Q| (9.55) 
True Ist order Pseudo Ist order 

lk = 10M ~1 then for [0] = 10°° M, 50% of D* molecules will be 

muchched by Q. Since exothermic energy-transfer rate constants, k,,, are of the 

order of 10°-10!° M~! sec” ', it is clear that very small amounts of impurities 

(which may serve as exothermic energy-transfer quenchers) can limit the lifetime 

or Ds. 
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On the other hand, numerous compounds possess inefficient intersystem 

crossing yields, so that T, is not easily produced by direct photoexcitation. 

Triplet-triplet energy transfer may allow for the efficient indirect production of 

such triplets. A triplet photosensitizer is one capable of transferring its triplet 

excitation to an acceptor. 

Judicious selection of triplet photosensitizers is required in many specific cases 

in order to avoid the complications of singlet quenching of D*, photoreactions 

of D*, direct excitation of A*, etc. An “ideal” triplet photosensitizer would possess 

the following characteristics: 

1. A fast rate of intersystem crossing relative to other deactivation of S, 

(i.e., kK, > k, so that @,, ~ 1.0). 

2. A high triplet energy, E,, which would allow energy transfer to be exothermic 

with respect to a broad range of acceptors. 

3. A long triplet lifetime, t,, in order to maximize the efficiency of the 

energy-transfer process (i.e., k,,[ A] > k, at accessible contractions of A). 

4. A substantial absorption in a region of the spectrum where A does not 

significantly absorb. 

5. A low chemical reactivity in order to avoid photochemical reactions with A. 

Table 9.8 Important Parameters for Triplet Photosensitizers’ 

E, E, ie ty 

Compound kcal/mole sec conf. T, ®,, 

Benzene 110 84 ~1077 Ome Te To" 0.2 
Acetone ~85 ~78 HOS Ome ii ee 1.0 
Xanthone 74 a — TORT 1.0 
Acetophenone ~79 74 im Ome hans 1.0 
4-CF,-Acetophenone 71 — i aes 1.0 

Benzophenone ~75 69 Oe Ome n, 70" 1.0 
Triphenylene 83 67 mais) se Ia © One Tt, 1" 0.9 
Thioxanthone 78 ~ 65 — == = 

Anthraquinone 62 — — ae 1.0 
4-Ph-benzophenone Te 61 = KO Ti; 1" 1.0 
Michler’s ketone 61 - = _ 1.0 

Naphthalene 92 61 ioe Koy nm, 1* 0.7 
2-Acetonaphthalene 7h 59 Ome Toa 1.0 
1-Acetonaphthalene 76 57 Oe ToaTon 1.0 

Chrysene 79 57) 5 Se NO — 7, To" 0.8 
Biacetyl ~ 60 55 ie = lo-3 n, 1* 1.0 

Benzil ~ 59 54 On? 10+ n, 1* 1.0 
Camphorquinone ~ 55 50 ~10°° - n, 1* 1.0 
Pyrene 77 49 ~10°° = 1 1G 0.3 
Anthracene 716 47 ~5 x 10°? Oy ee Oa 
9,10-Dichloroanthracene ~74 40 5 < 10e iO 7 Te 0.5 
Perylene 66 ~ 35 Byes Oe - TGeTU 0.005 

* Data gathered from Birks, J., Photophysics of Aromatic Molecules, New York: John Wiley, 1970; and Wilkinson, 
F. Organic Molecular Photophysics, ed. J. Birks., New York: John Wiley, 1975, p. 95. 

> Maximum lifetime for “inert” solvents. Order of magnitude only. 
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There is no “ideal” photosensitizer in a general sense. However, the rational 
choice of a photosensitizer can be made by examining the above characteristics 
for potential candidates. The most important single parameter in the selection of 
a triplet photosensitizer is the energy gap between D* and A*, since only if the 
energy transfer is exothermic can it possess a maximal value of k,,. Thus, knowledge 
of E,(D*) and E,(A*) is of crucial importance in the selection of a triplet photo- 
sensitizer. 

A list of triplet energies E, (energy of the 0-0 transition, T, > So) of selected 
compounds is given in Table 9.8, which also tabulates the configuration of T,, 
singlet energies (E,) and approximate experimental singlet and triplet lifetimes 
(t, and t, respectively). The values of E, and E, are usually only slightly solvent- 
dependent (+ 1-2 kcal/mole). The tabulated data refer to nonpolar, chemically 
“inert,” “oxygen-free” solvents. (The quotes refer to the relative nature of inertness 

and oxygen content.) In addition to the data given in Table 9.8 which allows one 

to rationally select a triplet sensitizer and appropriate concentration of quencher, 

the extinction coefficients of sensitizer become crucial if the quencher absorbs in 
the same region that the sensitizer absorbs. 

In contrast to the desirability that t, be as long as possible for a triplet sensitizer, 

a desirable triplet quencher should have a very short lifetime and still be “chemically 

inert” to net reaction. The short lifetime is desirable to avoid participation of the 

triplet quencher (produced by energy transfer) in subsequent photoreactions. 

Table 9.9 lists some commonly employed “triplet” quenchers which are not 

acceptable as triplet photosensitizers (e.g., because of their poor absorption cha- 

racteristics or short lifetimes). Of course, the compounds listed in Table 9.8 are 

potential triplet quenchers also. Other relevant data for energy transfer are listed 

in Tables 8.6—-8.9. 

Ketones often possess the best compromise of desirable characteristics of a 

triplet photosensitizer. For example, acetophenone possesses a relatively high 

triplet energy (~ 72 kcal/mole), a long inherent unimolecular lifetime ( ~ 100 us), 

Table 9.9 Energies of Some Common Triplet Quenchers* 

Compound EB. lei 

GH, GCH— CHEE. ~ 120 78 
PhC==CH ~ 100 ce 
Ph—Ph ~95 66 
Ph—Ph—Ph (ortho-terphenyl) ~ 90 62 

CH,—CH—CH=CH), ~ 90 60 

CH,—CH—CH—CH—CH, ~ 90 59 

Ph —Ph—Ph (para-terpheny]) ~ 105 58 

Cyclopentadiene ~ 90 58 

Cis-stilbene ~95 57 

1,3-cyclohexadiene ~ 80 53 

Trans-stilbene ~ 90 50 

Azulene ~ 40 ~ 30 

Tetracene ~45 ~29 

Oxygen = 28 

* Data from Murov, S. L., Handbook of Photochemistry, New York: Dekker, 1973. 
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a high value of ®,,(~ 1.0), and a short singlet lifetime. It has the disadvantages of 

not possessing a high absorption maximum (é,,, ~ 100) and of possessing a 

relatively reactive T ,(n, 2*) state. 

By use of the “energy sink” theorem (Section 9.15), the energy of T, may be 

predicted from the data in Tables 9.8 and 9.9. The procedure is simply to identify 

the various chromophores of a molecule and then check the table to determine the 

value of E, for the closest analogue. The energy of T, will usually be within a few 

kcal/mole of the lowest-energy analogue. 

9.21 Quenching by Molecular Oxygen 

Molecular oxygen is a ground-state triplet (termed *2 oxygen) possessing two 

very low-lying single states (termed 'A oxygen and 'D oxygen), whose excitation 

energies are ~ 23 kcal/mole and ~38 kcal/mole, respectively. Thus, sensitizers 

possessing excitation energies as low as 23 kcal/mole may be quenched via 

energy transfer to produce 'A oxygen (Eq. 9.56). In addition, *= oxygen is a 

reactive species in its own right and tends to add to excited states or abstract an 

electron from an excited state. These processes may result in net quenching, 

reaction, or energy transfer. 

sens* + 3O,(°2) > sens + 10,(1A) (9.56) 

Experimentally, both singlet°’ and triplet®° states are quenched effectively by 
°O,. The mechanisms of these processes are discussed in Section 14.2. We point 

out here that the ubiquitous nature of °O, as an effective “impurity” requires the 

suspicion that a pseudo-unimolecular quenching term, k,[O, ], may contribute 

to the pseudo-unimolecular decay of any excited state that possesses a fairly long 

lifetime. For example, if k, ~ 10'° M~' sec”! for D* + 970, — quench, then a 
concentration of ~10~ 7 M of °O, will limit the lifetime of D* to 1/k,[O,] ~ 107° 
sec. At one atmosphere of air pressure, the concentration of °O, in typical organic 

solvents is ~10°°-10°* M. Thus, if k, ~ 10'° M~‘ sec”, the lifetime of D* 
cannot be longer than ~ 107 ’-10~° sec in air-saturated solutions. 

9.22 Energy Hopping or Energy Migration’ 

There are three distinct “mechanical” possibilities for energy to be transferred 

from one position in space (say, localized on a molecule D*) to a different position 
in space (say, to a second molecule, A): 

1. The relative diffusion of D* and A through space (or through a solvent 
environment). 
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2. Long-range interactions of D* and A not involving diffusional motions of 
either. 

3. Translational movement of electronic excitation through space, in which the 
environment (the solvent molecules M) serves as an energy conductor. 

We have discussed numerous examples of mechanisms | and 2 in this chapter. 
We now consider examples of mechanism 3, a process which is termed energy 
migration or energy hopping. 

Excitons®' 

Complete localization of excitation on one particle in a system of identical particles 

is impossible in principle because sucha situation does not constitute a stationary 

state of the system, 1.e., there will always be a finite probability that the excitation 

will “hop” from one particle to another. In effect, identical particles with equal 

levels of electronic excitation perturb each other toa finite extent. This perturbation 

causes “energy hopping” from one particle to another and, in effect, an energy 

quantum is set in motion. The migrating quantum of electronic energy has been 

compared to a migrating particle and is termed an exciton.°! 

Imagine a situation in which an electronically excited solvent is capable of 

radiationlessly transferring its excitation energy to a ground-state solvent molecule. 

This process can continue and the electronic excitation can “hop” or migrate 

through the solvent until it is quenched by some unimolecular or bimolecular 

deactivation process. The situation is depicted schematically in Figure 9.30 for a 

short-range mechanism. Step 1| is a normal collisional energy transfer, followed by 

Step 2, Step 3, etc., until n hops have occurred and the excitation finds itself on an 

A* which undergoes some form of deactivation. Notice that the result of excitation 

migration through the solvent M is the same as diffusion of the originally excited 

donor M to the site occupied by the final site at which M, is deactivated by energy 

transfer from M* to A. Energy migration may occur a number of times in favorable 

cases, i.e., the mechanism for the D* > A* process can be viewed as shown in 

Figure 9.30. An individual step of an energy migration may occur via either of the 

specific energy-transfer mechanisms we have already discussed, 1e., electronic, 

Coulombic, or exchange interactions. Energy migration is expected to be of 

particular importance when the solvent may serve as the energy-relaying agent 

and when the rate of energy migration through the solvent is faster than the rate 

of molecular diffusion. 

When energy migration is important, the net rate of energy transfer will depend 

on the rates of molecular diffusion and energy migration. Experimentally, energy 

migration may be tested under two types of conditions: 

1. In a fluid phase such that molecular diffusion is possible. 

2. Ina solid phase such that molecular diffusion is not possible. 

For Case 1, energy migration will only be important in an overall energy 

transfer from D* to A* if k,[M] > k[A]. Pictorially, we may view the situation 
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in terms of competing diffusional energy migration and diffusional molecular 

migration (Fig. 9.30) to achieve the same net energy transfer. 

For Case 2, if D* and A are separated in space by more than a few A in excess 

of their collisional sizes, then the only mechanisms available to achieve a D* > A* 

transfer must be long-range in character, 1.e.: 

1. Energy migration via the intermediary moijecules between D and A. 

2. Through-space Coulombic interactions between D* and A. 

3. Emission by D* followed by absorption by A. 

Singlet and triplet energy migration is a well-documented process in molecular 

crystals.’ For example, in benzene crystals at low temperature, singlet energy 

ENERGY MIGRATION 

ENERGY TRANSFER a 
DoD @ &® &------ @) A TO SOLVENT 

ow we 
ENERGY MIGRATION 

D MM) OGD Wp ----- A THROUGH SOLVENT 

0 ® ® ®----- @ “, ENERGY TRANSFER 

M/®\&,----- Ko SIERGChMon o 

© @ @---Ga ® ® OOo 
| Coulombic Exchange 

© © Ot... OF ® © @---@oe 
Figure 9.30 

Comparison of energy transfer (D* + A + D + A*) via energy migration or molecular 
diffusion. 
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“hops” ~ 10° times during the time period corresponding to the average lifetime 
t, of an isolated benzene molecule.°? Triplet excitation undergoes ~10!! hops 
during the time period (t,) corresponding to the average lifetime of a benzene 
triplet molecule. Translated into distances this means that a singlet “exciton” 
could travel up to ~10° x 2A =2 x 105A during t, and a triplet exciton could 
travel up to ~10'! x 2A =2 x 10!' A during t,. In fact, such large distances 
of travel are not actually achieved, because as it hops about, the exciton (excited 
benzene molecule) will occasionally reach a site in the crystal which serves to 
quench the exciton and terminate the hopping process.°2 

Triplet-Triplet Energy Migration; Self-Quenching of Triplets 

Experimental examples of triplet energy migration in fluid solution are few, 
although such processes may be more common than suspected. Evidently self- 
quenching competes favorably with triplet energy migration, and as a result the 
triplet lifetime is shorted. Self-quenching is defined as any interaction between an 
excited molecule D* and a ground-state molecule of the same type, D, which leads to 
net quenching of D* in competition with energy migration. 

D+ D* Energy migration (9:37) 
kes 

D* + D 
ksq 
= No D*  Self-quenching (9.58) 

Measured self-quenching rate constants (see Table 9.10) vary over five orders 

of magnitude.°’ The detailed mechanism of self-quenching probably varies from 

Table 9.10 Self-Quenching Rate Constants of Ketones 

Compound Solvent RatVi * sec“) Reference 

4-Hydroxybenzophenone Benzene 6 x 107 (a) 
4,4’-Dimethylaminobenzophenone Benzene Beale (b) 
Benzophenone Acetonitrile 8 x 10° (c) 

Benzene 3 1102 (d) 

Acetophenone Acetonitrile 2x 107 (c) 
Benzene 8 x 10° (c) 

Acetone Acetonitrile 10° (e) 
Methylnaphthylketone Benzene 2 x 10° (f) 
Thioxanthone Benzene De Oe (g) 

Benzene Hexane ~1 x 10 (h) 
Naphthalene Ethanol me Oe (h) 

@ Favaro, G., Chem. Phys. Letters, 23, 592 (1973). 
> Wolf, M. W., Brown, R. E., and Singer, L. A., J. Am. Chem. Sac. 99, 526 (1977). 

° Giering, L., Berger, M., and Steel, C., J. Am. Chem. Soc, 91, 5390 (1969). 

4 Schuster, D. E., Weil, T. M., and Halpern, A. M., J. Am. Chem. Soc., 94, 8248 (1972). 

® Yip, R. W., and Siebrand, W., Chem. Phys. Letters, 13, 209 (1972). 

f Schuster, D. I., and Goldstein, M. D., Molec. Photochem., 7, 209 (1976). 

2 DeBoer, C. D., and Schlessinger, R. H., J. Am. Chem. Soc., 94, 655 (1972). 

Reference Ic, p. 351. 
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system to system and both excimer formation and specific chemical interactions 

have been proposed in specific cases. In general, it appears the n, 2* states are less 

prone to self-quenching than z, 2* states. For compounds that possess a significant 

value of k,, (ie., > 10’ M~! sec” '), concentration quenching of triplets can be a 
significant pathway for deactivation. 

Energy hopping from acetone triplet to acetone triplet has been measured 

directly via a chemiexcitation technique.°* The rate of energy migration (~3 x 

10° M~' sec” ') was found to be slow relative to the rate of diffusion (~1 x 
10'°M ‘sec '). The rate of energy migration between aromatic hydrocarbon 
triplets was measured indirectly via CIDNP techniques.°° In the case of anthracene 

a rate of ~3 x 10*M ~~‘ sec! was derived. It thus appears that the rate of energy 

migration between triplets may vary considerably in magnitude, depending on 

structural factors. 3 
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10 

Photoaddition and 

Photosubstitution Reactions 

10.1 Classification of Photochemical 

Additions and Substitution Reactions 

Many photochemical reactions may be classified as overall linear additions across 

an unsaturated linkage (cycloadditions are considered in Chapter 11). In general, 

these linear additions do not occur in a single step but generally proceed via 

diradical or zwitterionic intermediates. Photosubstitution reactions involving 

unsaturated systems occur by similar mechanisms. Photosubstitutions on 

saturated carbon atoms are very rare. 

For example, the irradiation of ketones, ethylenes, conjugated enones, azo 

compounds, nitro-compounds, etc., in the presence of hydrogen-atom—donating 

substrates (alcohols, amines, hydrocarbons, etc.) commonly results in a photo- 

chemical primary process of hydrogen abstraction, followed by product formation 

via secondary thermal reactions:! 

R,C=O + X—H —— = R.COM +X ——— products 
hydrogen 

abstraction 
hydrogen 

atom donor 

D, radical pair (10.1) 

In other cases, an electron transfer or proton transfer may result from primary 

interaction of an excited unsaturated chromophore with a substrate of low 

ionization potential or one possessing an acidic proton. The initially formed 

radical ion pair D, (Eq. 10.2) or zwitterion Z (Eq. 10.3) then proceed to yield 
products: 

<@ 
/ electron 

Xx \) +Y—H SX G&G. YH = products 
=) abstraction 

D., radical ion pair (10.2) 
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H ® 

hv i) ae +2 Hi & +Z  —~ products (10.3) 
addition 

Z, zwitterionic pair 

If we confine our discussion of photochemical additions and substitutions to 
n, t* and x, m* states we expect the following broad general behavior: 

1. n, n* states and z, n* triplet states, being inherently diradical in nature, tend 
to undergo addition and substitution reactions via diradical mechanisms. 

2. m, m* singlet states, being polarizable and zwitterionic in nature, tend to 

undergo addition and substitution via zwitterionic mechanisms. 

Scheme 10.1 shows a paradigm for the mechanistic analysis of addition reactions, 

based on knowledge of the initial-state configuration and multiplicity. 

10.2 Photoreduction of Carbonyl Compounds 

and Ethylenes: Linear Addition Initiated 

by Hydrogen Abstraction Reactions 

Of the various known classes of photoaddition reactions, photoreduction' (the 

reductive addition to a double bond, Eq. 10.1) is very commonly encountered. We 

shall discuss photoreduction of carbonyl and ethylene functions by H-atom— 

donating substrates as prototypes. The products isolated from these reactions 

are usually alcohols (Eq. 10.4) or alkanes (Eq. 10.5). 

Primary 

State photoreaction Notation 

1 * (n, 2") iar 
5 P Diradical n,a* > D or Dy 

ee additions n,m* > Dor Dy 
*(, 1*) 

1 a Zwitterionic Tt 7, 
ag OEE 

Be) additions 

Scheme 10.1 

A paradigm for linear addition reactions initiated by n, m* or m, n* states. 
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C0) " __ alcohols (10.4) 
photoreduction 

carbonyl 

group 

C=C  ___, alkanes (10.5) 
photoreduction 

ethylene 

10.3 The Use of Radical Models for Hydrogen 

Abstraction from n, z* and z, 2* States 

Insight into the nature of photochemical hydrogen abstraction reactions can be 

obtained by considering the hydrogen abstraction reactions of alkoxy radicals 

and carbon radicals. The postulate that an n orbital of an n, 2* state or that a x 

orbital of a z, x* state dominates the electronics of hydrogen abstraction suggests 

that RO and R,C radicals (Eqs. 10.6 and 10.7)—which possess half-filled p 

orbitals—may be puutable models to predict reactivity patterns for hydrogen 

abstraction reactions. 

ie x , @: _ Model for 
(10.6) 

Ms ae a a ee 
O 

nn Alkoxy 

state radical 

fe + _ Model Hoe [ - IL (10.7) 

x Carbon 

radical 

From kinetic data for abstraction of hydrogen atoms by R3C and RO radicals, - 
the below listed five factors are expected to influence the reaction rate constant, 
k,, for the hydrogen abstraction step:*° 

R.C + HX == vec 

or RO- +. AX 222° pom x (10.8) 
radical hydrogen reduction radical 

donor products 

. The strength of the bond being broken (i.e., the bond dissociation energy D,, 
me HX = Ht +X); 
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2. The strength of the bond being formed (1.e., the bond formation energy D for 
the CH or OH bond being formed). 

3. Polar or charge-transfer effects on the energy of the transition state relative 
to the energy of the reagents. 

4. Steric effects on the approach of the reagent and substrate. 

5. Solvent effects on the reagent, substrate, and transition state. 

Each of these effects should have an analogy which will influence the rate 
constant k, for the net abstraction of a hydrogen atom by a n, n* state of a carbonyl 
compound:°®” 

ae P 
ee Hi -=——> ->—OH + X (10.9) 

te 

Reactivity refers to the rate constant for an elementary chemical step. The 
reactivity for a given excited carbonyl-hydrogen donor pair is given by k,, the 
rate constant for the primary photochemical process of hydrogen abstraction.° 
Thus, in discussing the reactivity ofa state towafd the primary process of hydrogen 

abstraction we direct our attention to k, and how it depends on experimental 
variables. The relative reactivity of n, x* states toward hydrogen abstraction from 

different hydrogen donors generally parallels that for hydrogen abstraction by 

tert-butoxy radicals.2°* Indeed, the absolute rate constants are comparable 

for hydrogen abstraction from benzhydrol and cumene by benzophenone triplets 

(10 x 10°M~' sec”! and 5 x 10°M~! sec™', respectively) or by tert-butoxy 
radicals(7 x 10°M * sec * and 9 x 10° M * sec’ *, respectively)" 

In Chapter 8 it was shown that the A factor for intermolecular hydrogen 

abstractions tends to be ~ 108 sec ', whereas for unconstrained 6-membered-ring 

intramolecular abstractions the A factor is ~10'? sec‘. The activation energies 

for intermolecular hydrogen abstraction range from ~ 3-7 kcal/mole, when the 

formation of the primary radical pair (or diradical) is exothermic from the initial 

Hoe state,” 
It is important to remember that certain restrictions are imposed on reac- 

tivity (as measured by k, or E,) by energetics on reactions involving diradicals. 

Since the reverse reaction (radical recombination) generally requires little or no 

activation energy in the absence of major resonance or steric effects, and since 

E,, cannot be less than AH for an endothermic reaction, we may thus conclude 

that only exothermic reactions are likely to have E, values small enough to allow 

reactions to be competitive with the other available, rapid modes of deactivation 

of excited states.® 
Figure 10.1 is a qualitative diagram of the role of E,, the excitation energy of 

the reacting state, and D,_,, for hydrogen abstraction by a ketone. The contribu- 

tion of the new OH bond to the overall reaction enthalpy, AH, will be constant, 

since for a given ketone the same ketyl radical is formed in all cases. In general, 

overall abstraction of a saturated alcohol OH, a benzene H, or a saturated alkane 
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CH will generally be endothermic, thereby automatically providing a contribution 

to E,. On the other hand, abstraction of hydrogen from the carbon « to an alcohol, 

from a phenol OH, or from a tin hydride SnH is generally exothermic if E, < 

70 keal/mole.® 

From this analysis it is apparent from energetics alone why benzene and 

saturated hydrocarbons are not generally effective hydrogen donors in photo- 

reductions and why isopropanol or tri-butyl tin hydride are generally employed 

as substrates in photoreductions. 

This analysis allows a ready understanding of why, for isopropanol, the C—H 

(Dc_y ~ 90 kcal/mole) bond and not the O—H bond (D,,, ~ 100 kcal/mole) will 

be abstracted by the n, 2* state of a ketone: 

|B eae <a! 8 

CH; e R,COH + (CH;),COH (10.10) 

RiC=0% +H 6-08 aa, 

n,n uf R,COH + (CH;),CHO (10.11) 

This analysis also explains why T,(n, 2*) of benzophenone (E, ~ 68 kcal/mole) 

abstracts hydrogen atoms from isopropanol much faster than the T,(n, 2*) state 

of biacetyl (E, ~ 56 kcal/mole). Thus, the bond strength of the hydrogen donor 

and the excitation energy of the excited state will be crucial factors in determining 

the feasibility of a hydrogen abstraction reaction. Other factors (generally less 

| RCH,0« 

Ace” AH>O RCH, 

eee Tee See) iy oe ee ee on 

sath oor rami ean E,~ 70-75 kcal/mole a | 

XH 

2s 

* e 

jee 
Figure 10.1 

Qualitative comparison of the energetics for hydrogen abstraction from different 

hydrogen donors HX by the n, x states of simple alkyl or aryl ketones. 
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important) are: (1) polar effects (‘electron poor” X—H bonds will react slower 
than “electron rich” X—H bonds for a comparable bond strength), (2) steric 
effects, and (3) solvent effects. 

10.4 Theoretical Analysis 

of Hydrogen and Electron Abstraction 

Reactions of Ketones? 

From Chapter 7 we saw that the in-plane hydrogen abstraction reaction is expected 
to be favored over the perpendicular abstraction (Fig. 10.2), based on orbital 

Sesame planar, he R forbidden 

Figure 10.2 | 

Summary of the surface correlation diagram for coplanar hydrogen abstraction by the 

n,m states (upper) and by the z, m* states of a ketone. The circles indicate weakly 

avoided crossings. 
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interactions (Fig. 10.3). From correlation diagrams it was clear that for a given 

spin multiplicity we expect that k,(n, 2*) > k,(x, 7*). Furthermore, it is expected 

that electron abstraction, a reaction which possesses a topologically equivalent 

correlation diagram, should follow the same behavior qualitatively as hydrogen 

abstraction. 

10.5 Synthetic Applications of 

Photochemical Hydrogen 

Abstraction Reactions 

The photoreduction of benzophenone by benzhydrol to form benzpinacol (Eq. 

10.12) and the photoreduction of benzophenone to benzhydrol by alkaline 

isopropanol (Eq. 10.13) are examples of production of a carbon-carbon bond 

and a carbon-hydrogen bond as the result of initial formation of a ketyl radical 

followed by different secondary processes: 

Ph,C—O + Ph,CHOH —“—> Ph,COHCOHPh, 
100°, 

|» (10.12)!° 

Ph,C—O* + Ph,CHOH —*—> Ph,COH + Ph,COH 

Ketyl radical pair 

os eee 
a 

i ee 
= OR n, en gat 

n,m Tt 

\e yA 

eae —we Dor D, 

Figure 10.3 

Summary of the orbital interactions for the n-orbital initiated abstraction of a hydrogen 

atom or electron by an, m* state of a ketone (left) and by a z, z* state of an ethylene 

(right). 
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Ph,C—O + (CH3),CHOH —“— Ph,CHOH + (CH;),C—O 
OH, 90% 

|» na (lO sfelee 

PieCOH. (CH.),.COH- "> 

Ketyl radical pair 

Ph,COH + (CH;),C—O 
an 

steps 

Consider the complex appearance of a lactone derives from irradiation of ben- 
zophenone (light absorbing species), isopropanol, and maleic acid (Eq. 10.14). 
Benzophenone is formally a photosensitizer in this reaction because it is recovered. 
However, it initially abstracts a hydrogen atom (step a) to form Ph,COH. The 
latter then donates a hydrogen atom (step c) to regenerate benzophenone. 

HO,C_ _CO,H CO2H 
hy we ed + Ph,C=0 — 

H H + (CH;),CHOH 0% ~o 
SY TR 

Maleic acid (MA) 

a 

CO.H 
. i y 

Ph,COH Sie wo Pron” me te CH pe ELCOu OH OH OH OH 
Ketyl radical 

pair 

An interesting extension of this trapping of radicals generated by hydrogen 

abstraction has been employed as a means of alkylating proteins (Eq. 10.15). 

Gylcine residues in proteins possess a particularly reactive CH bond. Abstraction 

of the hydrogen atom produces a carbon radical which is reactive toward addition 

to ethylenes or coupling with other radicals. Thus, Eq. 10.15 proves that a general 

sequence is available for modifying proteins by photoalkylation. Notice that a 

net substitution reaction (H — CH,CH,R) has been effected: 

Ne CON 1 CHy; C=O sR CH=CH, ==. 

H wom NH—CH—CONH~ 

Glycine residue . dee erie 

Modified protein 

forcor 

NHCHCONH» yqz-qi? ““ NHCHCONH 
COH | + (CH3)2 CH,CHR 

Ketyl radical pair (10:15)7" 
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The “Type II” reactions (y-hydrogen abstraction via a six-membered transition 

state) of branched ketones result either in cyclizations that form four-membered 
rings or fragmentations that form unsaturated compounds. The ratio of the two 

processes depends on the structure of the diradical intermediate. Thus, if cleavage 

or cyclization is favored because of a structural restraint or structural acceleration 
of one of the processes, the reaction is synthetically useful. Some examples of this 
use of Type II reactions are: 

H OH O 
O i OH Y. 

ees ——_—— + (10.16)!4 
O 20% A302 Fragmentation Ss of 

ele Ph~ ee 
Diradical Unstable 

enol 

R R 
H 

O HO 

H,;C ' H,C 

Pregnan-11-one Diradical 

KPO 7) 22 

nee S S 
O hy OH pee gs eke 

CO,CH, CO,CH; 
O 

Diradical 

OH QO, 
S 

N 
O CO,CH, 

Pencillin derivative 

(10:18}"°" 

An interesting use of the Type II fragmentation has been employed to “protect” 
a C—CH, functionality which could be regenerated by photolysis (Eq. 10.19). 

In the special case of an «,f-unsaturated enone, an enol may be formed as the 
result of intramolecular hydrogen abstraction.! The enol may be sufficiently 
stable to be isolated, may undergo a tautomeric [1,3] hydrogen shift to forma B,y- . 
unsaturated enone (Eq. 10.20) or may be trapped (say by a dienophile, Eq. 10.21) 
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Ph 

Ph 
He 

- HO 
hy 

oor” “eavage”™ 

Diradical 

te) HO 

(a praia = ee 

Diradical 

HO O 

if : OCH; OCS: 

Unstable eno 

(OMS) 222 

(10.20)!°° 

CH, CH Sau 2 ZCH, 

20. OH ~ OH 

Ph Ph Ph 

Diradical Unstable enol 

aR == (Gk > 
OH 

SS — R (10.21)1%¢ 
Ph OH 

eb R= €0,CH. 

For systems in which the abstraction of hydrogen is structurally determined 

by proximity, spectacular “remote but specific” hydrogen abstractions are possible 

(Bq. 1022)" 

The specific abstraction reaction given in Eq. 10.22 corresponds to a cyclic 

15-membered transition state. The reaction occurs in a specific manner because 

the excited carbonyl can best “reach” H, and not any of the other tertiary (generally 

more reactive) hydrogen atoms. 

As a final example of large ring synthesis by hydrogen abstraction, the activation 

of a specific hydrogen abstraction by sulfur has been utilized to achieve the 
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cyclization of large rings (Eq. 23): 

2, 16-membered ring 

(10.22)" 
O O 

iIN=(CH 7S — NCH HS cyclization 

O a eo OH ye 

3 1,9-diradical 

Q 
Ze H ) yy as 

= EE 

HO, “Hs 
4, 9-membered ring 

(f023)" 

10.6 Mechanistic Analysis of the 

Photoreduction of Ketones 

The mechanisms of photoreduction of ketones have been so thoroughly inves- 

tigated that this family of reactions is among the best understood of all photo- 
reactions. As a result, the mechanistic analysis of this photoreduction will serve » 

as a prototype for other mechanistic studies. 
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Product Structures and Intermediates in Photoreduction 
of Ketones: Evidence for Ketyl Radical 
and Ketyl Radical lon Intermediates 

The structure of the major products produced in the photoreduction of ketones 
are explained on the basis of expected secondary reactions of an initially produced 
D. or D pair, generally a ketyl radical anion and associated radical cation or a 
ketyl radical and associated radical partner. For example, the photoreduction 
of benzophenone to benzpinacol (Eg. 10.12) is readily understood in terms of 
the mechanism given by:!° 

Ph,C—O* + Ph,CHOH = 2Ph,COH (10.24) 
Ketyl radicals 

2Ph,COH > Ph,COHCOHPh, (10.25) 

Direct spectroscopic evidence for the intermediacy of ketyl radicals and ketyl 
radical ions in the photoreduction of ketones is available from ESR studies,!% 
absorption,'’® and emission studies.'°* Thus, for instance, Ph,COH generated 
from irradiation of Ph,CO and Ph,CHOH has been spectroscopically detected 
by ESR.*°*? The anion radical and cation radicals derived from electron abstrac- 
tion by benzophenone from amines have also been detected by absorption 
spectroscopy:7! 

Ph CO" -2Ar.N= AiN> = Ph,CO? (10.26) 
Amax = 670 nm Ama, = 620 nm 

The photoreduction of acetone by isopropanol represents an interesting 

example since the ketyl radicals produced disproportionate to generate acetone 

enol and acetone, in addition to coupling to produce pinacol.?°* The occurrence 

of the disproportionation would not be apparent in analysis of the products of 

photoreduction, since the enol is unstable under the reaction conditions. However, 

the quantum yield of products and disappearance of acetone are reduced by this 

process. 

(CH;),CO + (CH;),CHOH —*> 2(CH,),COH (10.27) 

OH 

(CH;),;COH ——> CH,;,C=CH, + (CH3),CHOH 

disproportionation 

OH OH 

+ (CHa), —C(CHs)5 

coupling 

(10.28) 
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The occurrence of ketyl radicals in photoreduction has also been established 

by the principle of alternate synthesis; the same radical pair is produced by 

abstraction of triplet acetaldehyde from ground-state acetaldehyde or from 

cleavage of acetoin:?°" 

(oye ie 7 ee 

l H 
CH,;CH + Oo —> CH,;CH ree CH iors 

aL Xe 
CH,;CHCOCH, CH,COCOCH, CH,GH,OH “CH.CHO 

| 
OH 

(10.29) 

The Relationship between Substrate Structure 

and Reactivity in Photochemical Hydrogen Abstraction 

Table 10.1 summarizes some data for the quenching of n, z* triplets by hydrogen- 

atom and electron donors. The range of values of k, spans six orders of magnitude. 

Table 10.1 Reactivities for Quenching of Triplet n, 7* Ketones 

by Hydrogen and Electron Donors* 

: : * 

Hydrogen or electron aor le aie 

donors IP (eV) Acetone Benzophenone Biacetyl 

PhN(CH3)> il Dalz Ballz 3 x 10° 
(CH3;CH,),N WS) 3 x 108 2) Se MOY Se I? 

PhSH — = a 108 
(CH,CH,CH,CH,),SnH = 108 5 x 107 1 x 107 
(CH3),C—=C(CH;), 8.1 5 x 107 5 x 108 4 x 10° 
CH,(CH,),CH,NH, 8.7 1 x 107 108 3x 10’ 
CH,;CH=CHCH,CH, 9.1 1 x 107 510° _ 
RSH - it S< io — 

Ph,CHOH = = ihe ey! PT xal0e 
PhSCH, : = 6 x 107 a 
PhCH, 8.8 SS 10S Del Or _- 
C,H, 9:3 DEX Oe 107 = 

(CH3);CNH, 8.5 102 -- — 
Phe H(CH,), 8.5 — Sy2¢ iQ? — 

(CH3),CHOH 10.1 1 x 10° 1 x 10° 104 
CH, CH, OH 10.5 4 x 10° 6 x 10° Bea l02 

cyclo-C,H, 5 99 3x02 4x 104 — 
R-CH,-R 10.2 2 x 10° 5 s< IOP — 
CH,OH - iL se HOF 3 10? aieeulOe 

(CH;),COH : 4x 10° — — 
CH;CN = < 103 — = 

(CH3),CO — <103 — — 

H,O _ =02 = = 

* ~ 

Data from References 6 and 25. 
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It can be seen that there is a rough correlation between ionization potential (JP) 
and k, for substrates possessing IP less than ~9 eV. It appears that saturated 
hydrocarbons and alcohols undergo quenching predominantly via a hydrogen- 
atom abstraction mechanism, whereas amines, sulfides, and unsaturated hydro- 
carbons undergo quenching via a charge-transfer interaction or full-electron 
transfer.** Thus, depending on the bond energy (DH) of the hydrogen donor and 
on its IP, there exists a continuum of mechanisms varying from an extreme of 
hydrogen transfer (high JP, moderate DH), to an extreme of electron transfer 
(low IP, strong DH). For substrates possessing both high JP and strong CH 
(e.g., acetone, acetonitrile), hydrogen abstraction is extremely inefficient. 

The Effect of Excited-State Configuration and Reactivity 

Both '(n, 2*) and 3(n, 2*) states are expected to undergo allowed co-planar hydrogen 
(or electron) abstraction reactions. Thus, based on the simple orbital configura- 
tional model (pure single configurational states) both S,(n, n) and =1(n, 2") 
should exhibit comparable reactivity. On occasion, the former may be more 
reactive because of energetic considerations (E,, > E,,). Thus, one expects that 
*k, ~ °k, for n, n* configurations; experimentally, this expectation is confirmed.?3 

If constrained to the coplanar geometry of Figure 10.3, both *z, 2* and *x, x* 

states can undergo only forbidden coplanar hydrogen (or electron) abstraction 

reactions. Both S,(z, 2*) and T,(z, x*) should be comparably reactive, but less 

reactive than their n, x* counterparts. 

Mixing and Switching of State Configurations 

The model for the n, x* state of ketones discussed above suffices for a description 

of the photochemistry of ketones possessing lowest n, 2* states. We would expect 

that although the primary processes should remain similar for aliphatic and 

aromatic carbonyl systems with lowest n, x* states, the quantitative values of 

rate constants for these primary processes should vary with the nature of the 

aromatic moiety. 

However, an important complication occurs if an excited state associated with 

the aromatic group is “mixed” into the lowest singlet or triplet. In such a case, 
the photochemistry typical of the n, 2* state will be modified or may disappear 

entirely. For example, if a z, 7* aromatic state is lower in energy than the carbonyl 

n, m* state, reactivity may be more like that of a x, x* state of a carbonyl function 

because of “coupling” or interaction of the z, x* aromatic and n, 2* carbonyl 

states. We are dealing with approximate models when we discuss or classify 

electronically excited states in terms of a single electron configuration which 

makes the major contribution to that state. In principle, the n, x* state of all 

ketones possesses some 7, 2* character. Thus, the T, state of any ketone should 

be described by: 

T= an, a") + bGe 2") (10.30) 

where a and b are measures of the extent to which each configuration n, 2* or 7, n* 

contributes to the actual 7, state of the molecule in question. For acetone, it 
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would seem that a> b, ie, T, ~ (n, 2*). The weighting of contributions of each 

configuration may be compared to the weighting of valence structures of ground- 

state molecules. According to perturbation theory, the magnitude of the contri- 

bution of a given state depends on several factors, such as the energetic separation 

(for which the contribution varies inversely as the square of the energy difference) 

of the configurations involved, and the symmetry of the states involved. 

For aryl ketones the calculated energies of n, x* and z, * configurations are 

much closer than for alkyl ketones, so that the corresponding S, or T, states 

may not be as clearly described in terms of either configuration. Indeed, for 

certain substituted benzophenones and all naphthyl ketones and aldehydes, the 

lowest triplet is generally best classified as 2, 2*. This classification implies that: 

(a) the excited carbonyl oxygen is not as electron-deficient as it is in the n, 2* state, 

(b) the excitation energy is partially delocalized into the z-system and may there- 

fore not be available to overcome activation energies for reaction at the carbonyl 

moiety, and (c) primary processes involving the z-system (or groups affixed to it) 

may occur. 

In the case of certain aryl ketones and aldehydes which possess strong electron 

releasing groups, a configuration to describe the excited state is required which 

involves nearly complete transfer of an electron from a heteroatom on the sub- 

stituent to the carbonyl group. This electron shift has the effect of reducing the 

electrophilicity of the carbonyl oxygen in the excited state and making it more 

nucleophilic. States which are best described by such a model are called charge- 

transfer (CT) states. Although both z, 2* and CT states involve mainly z-type 

orbitals, in the 2, x* state the x and x* electrons are generally considered to 

occupy similar or the same regions of space, but in the CT state the z and n* 

electrons may be located in different regions of space, thereby producing a charge 

separation. A key characteristic of CT transitions is often the excitation of a 

“lone pair” (/-type) electron into the z* system. Thus, /, z* transitions are identical 
is most cases to the so-called CT transitions. 

Only in the case of n, 2* states is the triplet-excitation energy largely localized 
in the carbonyl group. In Eq. 10.31 the three common types of T, states of aryl 
ketones are exemplified for benzophenone (5), 2-acetonaphthone (6), and 4- 

aminobenzophenone (7) in terms of major contributing structures: 

ic 

ane 

=o oe eer 

os (10.31) 

T ,~ n,n Le HN 
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Forms 5, 6, and 7 imply a decreasing order of reactivity of these excited states 
toward hydrogen abstraction. That is, on the basis of these structures only, one 
would predict that the order of reactivity of the excited states of substituted 
benzophenones toward hydrogen abstraction should be nae Sune CT (For 
examples of the verification of this expectation see Table 10.2.) This expectation 
is based on the premise that hydrogen abstraction is an electrophilic process, 
correctly interpreted in terms of the orbital interactions and correlation diagrams 
discussed in Chapter 7. In effect, the idea is that at the initial geometry of the 
reactants the activation energy for reaction with a given hydrogen donor is 
correlatable with the initial orbital configuration. 

“State switching,” the reversal of an initial state energetic disposition, can be 
achieved by variation of ketone structure, solvent, and other experimental 
variables. For example, acetophenone possesses a T,(n, x*) and T(z, n*) state 
in nonpolar solvents but a T,(z, n*) and a T,(n, 2*) state in polar solvents. State 
switching may occur as a reaction proceeds because of a surface crossing along 
the reaction coordinate. For example, a molecule initially in a T(x, x*) state 
may begin to participate in a (highly activated) hydrogen abstraction reaction, 
but as the reaction proceeds, a crossing with an n, 2* surface may occur and 
reduce the barrier for reaction.? 

10.7 Quantitative Analysis of the 

Efficiency of Photoreduction 

The expressions for the quantum yields for net photoreduction from S, and T, 

are given by Eqs. 10.32 and 10.33, respectively, where ®° and ®! are the quantum 

yields for photoreduction from S, and from T,, k° and k? are the bimolecular 

rate constants for hydrogen abstraction from RH by S, and T,, )kj and )’kj 
are the sum of unimolecular (or pseudo-unimolecular) rates of decay of S, and T,, 

and ¢° and ¢/ are the efficiencies with which intermediates (primary radical 
products) go on to yield isolated photoreduction products from reaction of S, 

and T,, respectively. 

Quantum yield kKSTRH 
of photoreduction ®° = : LRH] % pe (10.32) 

from S, keL[RH] + wk 

op 

Quantum yield kIT RH] s 
duction ®? = ®, = ~; (10.33) of een ion [RH] i er 

or 

The ratio of rates in Eqs. 10.32 and 10.33 are equal to the efficiencies ¢° and 
¢! for formation of primary products from S$, and T,, respectively. The contribu- 

tion of ®% is usually negligible relative to the contribution of ®,,6/¢). When this 
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is the case (a good approximation for low concentrations of [RH]), Eq. 10.33 

reduces to: 

®,(overall) ~ ®,.¢7 7 (10.34) 

Equation 10.34 reveals the crucial factors involved in determining the quantum 

efficiency of a “conventional” photoreduction. Under the assumption that only 

triplets react, the overall quantum efficiency depends on: (a) ®,,, the quantum 

yield of triplets, (b) @/, the efficiency with which the triplet, once formed, produces 

the primary products (ketyl radicals or ketyl radical ions), and (c) o the efficiency 

with which the primary products proceed to isolated products. 

In the case of the photoreduction of benzophenone by benzhydrol, ®,(overall) > 

1.0 at high concentrations of benzhydrol.'° Thus, in the limit of high concentration 

from Eq. 10.34, we concluded that ®,,, pf, and ¢/ all equal 1.0 in the limit, ie., 

each step (formation of T, from S,, abstraction of a hydrogen atom to form a 

pair of ketyl radicals, and coupling of the ketyl radicals to form benzpinacol) is 

~ 100% efficient at high concentrations of benzhydrol. 

The Effect of Reactant Electronic Orbital Configuration 

and Substrate Structure on Efficiency of Photoreduction 

Let us compare the photoreduction by isopropanol of benzophenone (T, = n, 2*) 

to that of 4-phenylbenzophenone (T, = 7, 2*). (See Table 10.2.) The limiting 

Table 10.2 Rate Constants for Quenching of Ketone Triplets 

by Ilsopropanol and Triethylamine* 

kp 

Ketone | 5 Conf.T,° _Isopropanol* _ Triethylamine 

(CH,),CO 78 n, 1 1 x 108 4 x 108° 
4-CF,C,H,COPh 74 n, 1* 2 lO? = 

PhCOCH, 72 n, 1* << 102 Pe O'S 
4-CH;C,H,COPh 70 Tr <0? -- 

PhCOPh 69 n, 1* Se oe 2 x 1075 
4-PhC,H,COPh 61 mt, 1* 102 — 
CH;COCOCH, 56 Neto 5x 10? SeeulObe 
2-Acetylnaphthalene 56 mt, 1* _ mo xe LOS 
Fluorenone ~ 50(?) mt, 1*(?) — ~107! 
4,4'-Tetramethyldiamino- ~70 ili <2 x 10°8 = 

benzophenone (Michler’s ketone) 

* Triplet energy in kcal/mole. Derived from phosphorescence spectroscopy. 

» Triplet configuration. Derived from phosphorescence spectroscopy. 

© Isopropanol as solvent. 

* Acetonitrile as solvent. 
© Benzene as solvent. 

 Cyclohexane as solvent. 
® Value for cyclohexane as hydrogen donor. 

* Data from References 6, 25, and 30. 
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quantum yield (the quantum yield at infinite concentration of alcohol) for hydrogen 
abstraction is 1.0 for both ketones.'°-?° Thus, ®7 and $7 must both equal 1.0 in 
the limit of high concentration of isopropanol. However, the rate constants k 
for hydrogen abstraction by benzophenone (T, = n, 2*) versus 4-phenylbenzophe- 
none (T, = 7, n*) differ by three orders of magnitude.?5 The limiting quantum 
yield of 1.0 arises because at very high concentrations of hydrogen donor all the 
triplets react, i.e. kt[ RH] > Xkj. At low concentration of RH, the situation is 
reversed. As an illustration, at [RH] = 1M, ®, = 1.0 and 0.05 for benzophenone 
and 4-phenylbenzophenone, respectively. 

Thus, benzophenone still yields pinacol efficiently when [RH] = 1M, but at 
this concentration 4-phenylbenzophenone is inefficient at producing pinacol. 

From the synthetic standpoint, good yields of pinacol are produced from both 

reactants because reactions of the initially produced ketyl radicals produce mainly 
pinacol products. 

This example emphasizes the important difference between reactivity and 

efficiency and demonstrates the higher reactivity expected (as measured by k,) 

for n, m* states relative to 2, 2* states. 

Notice also from Table 10.2 that even n, x* states may have a low reactivity 

when E, is low. Thus, biacetyl (E, ~ 56 kcal/mole) reacts efficiently (©, ~ 1) but 

relatively slowly (k ~ 5 x 10° M~! sec” ') with isopropanol. 

Although z, 2* triplets of naphthyl ketones are generally unreactive toward 

photoreduction by alcohols and saturated hydrocarbons (presumably because of 

a slow rate constant for hydrogen abstraction), these same triplets are efficiently 

reduced by amines. For example, 2-acetonaphthone (inefficiently photoreduced by 

isopropanol) is efficiently photoreduced by triethylamine:*° 

© OH 

S CGee 
Sete hy 

(CH,CH,),N 

| 

k ie pinacol 

* | transfer 

Cea as i 

| @ 

Goa OH: ane GHeH) 

af 
@ 

= proton ieee. 

transfer 

a oe 

D 

(10.35) 
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The details of the stereoelectronics of these photoreductions are not known, 

but it appears that an electron transfer (or formation of charge-transfer complex) 

followed by proton transfer from the radical ion (CH3;CH,);N* produces kety! 

radicals two of which then proceed to produce pinacol in the usual fashion.*’ The 

reason for the increase in efficiency is evidently due to a relatively large value of 

k., the rate constant for electron abstraction, relative to unimolecular decay of 

the 37, * states. 
This example reveals an important point, namely that although z, x* states 

are expected to be less reactive than n, x* states, they may still undergo efficient 

photoreduction if k, (or k,) is comparable to k,,, i.e., the quantitative reactivity of 

a triplet toward photoreduction depends not only on the orbital configuration of 

T , but also on the substrate structure. For example, the rate constant for quenching 

of benzophenone triplets by (CH,;CH3),N is ~2 x 10? M~! sec’, whereas the 
rate constant of quenching of naphthyl carbonyl triplets?’ by (CH3CH;)3N is 
~5 x 10° M_~' sec’ *. Thus, a molecule with T,(n, z*) may be quenched nearly 
four orders of magnitude faster than a molecule with T(z, 2*). In this case, the 

crucial feature of the substrate structure is a low ionization potential, which 

facilitates the electron abstraction. 

Can a substrate with a very weak bond to hydrogen cause the efficiency of a 

m, m* state toward hydrogen abstraction to become substantial? The answer is 

positive. For example, naphthyl ketones are photoreduced efficiently by tin 

hydrides.?8* The Sn—H bond is quite weak and therefore tin hydrides serve as 

substrates for photoreduction of even z, n* triplets. In the case of 2-acetonaph- 

thone, k, is ~10° M~! sec” ', i.e., of the order of that for benzophenone triplets 
with isopropanol as a substrate.*°° 

The Effect of Reactant Structure on Efficiency: State Switching?* 

Substituent or solvent effects may “switch” the electronic configuration of T, and 

T,, states of aryl ketones, 1e., n,z* and 2, 2* may “flip-flop” energetically as a 

result of substituent effects on the energies of these states. In general, the energy 

of an n, m* state increases with increasing solvent polarity, whereas the energy ofa 

m, m* state decreases with increasing solvent polarity. 

In general, k,(n, 2*) is much larger than k,(z, x*). In Chapter 5 it was shown 

that it is possible to alter the relative energetic positions of n, z* and 7, n* states 

via solvent effects. Can the reactivity toward and efficiency of a photoreduction — 

reaction also be varied by solvent-induced “state switching”? The answer is 

positive. Let us use the photoreduction of acetophenone to serve as a prototype 
of this phenomenon. 

In a hydrocarbon glass at 77 K, acetophenone exhibits the short-lived, structured 
phosphorescence characteristic of n, x* triplet aromatic carbonyl compounds.?* 
However, in polar solvents the phosphorescence lifetime increases to ~ 1 sec, and 
the vibrational structure broadens significantly. It thus appears that a *z, 2* lies 
close enough in energy to the *n, z* so that increasing solvent polarity can invert 
the two levels by blue-shifting the n,z* state and by slightly red-shifting the’ 
m, m* state. 
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The closeness of the n, x* and z, r* states of acetophenone allows both sub- 
stituents and solvent to exert a dramatic influence on the reactivity and efficiency 
of photoreduction of acetophenone. 

Acetophenone and its derivatives undergo photoreduction in isopropanol and 
other hydrogen-donating solvents.?° In the case of the parent compound, the 
pinacol is the major product: 

PhCOCH; + (CH3;),;CHOH —"> PhCOHCOHPh + (CH;),CO 
ar 
CHa CH. 

(10.36) 

Figure 10.4 shows the triplet-triplet absorption spectrum of acetophenone in a 
polar and in a nonpolar solvent.*”* The great difference in the spectra is associated 
with state switching. In a nonpolar solvent the spectrum is due to T,(n, 2*) > T,, 
absorption. In a polar solvent the spectrum is due to T,(z, 2*) > T,, absorption. 

The rate constant for hydrogen abstraction from isopropanol by acetophenone 

is ~2 x 10°M~' sec’! in benzene and ~2 x 10° M~!sec~! in acetonitrile, 
providing kinetic support for the state switching proposal, ie., as T, takes on 

more z, m* character, k, decreases. , 

Notice that the T-T absorption spectrum of acetophenone in cyclohexane 

resembles that of 4-CF, acetophenone, a molecule for which T, is unambiguously 

n, m*. Also note that the T-T absorption spectrum of 4-CH,;O acetophenone in 

cyclohexane (7, = 2, 72*) is similar to that of acetophenone in acetonitrile. 

Evidently, the effect of the 4-CH,O substituent is such that it lowers the z, x* 

triplet so substantially that 7, remains z, 2* (and unreactive) even in nonpolar 

solvents. 

Hydroxy and amino benzophenones show substantial solvent effects on both 

their spectral characteristics and on their photochemical reactivities and effi- 

n, 1*<» 1, 17* Teh Tih urs 

ES \2 l2 
Te 

§ orton, 
1 

= 8 in CHCN ae 3 

'o 
x 4 ar 
w 

4 z. 

O"'%0 450 550 ©3850 450 550 0"'350 450 550 
WAVELENGTH (nm) 

increasing 7, 7* character 

Figure 10.4 

Triplet-triplet absorption spectra of some acetophenones as a function of solvent. 
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ciencies.*° Table 10.3 summarizes some pertinent data. In Figure 10.5 the absorp- 
tion spectrum and emission spectrum of 4-aminobenzophenone are shown.*! 

Notice the large shift of the long-wavelength absorption to the red in the more 

polar solvent. It has been proposed that S, and T, of 4-aminobenzophenone is 

best classified as an n, z* state in nonpolar solvents, and that in the polar solvents 

S, and T, are best classified as charge-transfer (CT) states.*°* A charge-transfer 

state is one for which resonance forms such as 7 (Eq. 10.31) are a major contributor 

to the excited-state electronic distribution. 

For example, the charge-transfer state of 4-aminobenzophenone presumably 

becomes the lowest-energy singlet or triplet in isopropyl alcohol.*° Since an elec- 

tron is donated from the electron-releasing group to the carbonyl group (an intra- 

molecular electron abstraction) in the C-T state, the reactivity of the excited 

molecule is far less than that of an n, z* state. On the other hand, in cyclohexane 

no particular stabilization of the C-T state occurs, and the n, z* states remain 

lowest in energy. As a result, 4-amino*°- and 4-hydroxybenzophenone®*! are 

reactive in hydrogen abstraction in cyclohexane but unreactive in isopropyl 

alcohol, as is shown in Table 10.3. In cyclohexane the reactive n, z* triplet state is 

the lowest excited level, but in isopropanol not only is the n, z* excitation energy 

raised but the energy of the charge-transfer state is lowered by solvation, so that 

this unreactive state becomes the triplet of lowest energy.7®° 
State switching may also occur as a hydrogen abstraction reaction proceeds, 

Le., a 1, m* +n, m* “state switch” is really a surface jump. An example of such a 

process is given in Section 10.9. 

nH,—¢_\-co<_\ 

cyclohexane 

---- ethanol 

425nm= 67 kcal/mole 
non-polar 

solvent polar seivent 455nm= 63 kcal/mole 

‘ e 
~- 

| | = anal lites 

260 300 340 380 400 420 440 460 

Wavelength (nm) 

Figure 10.5 

Absorption and emission spectra of 4-aminobenzophenone in polar and nonpolar 
solvents. 
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Miscellaneous Mechanisms for Suppression 

of Reaction Efficiency 

In addition to structural- or solvent-induced “state switching” as a mechanism 
for suppressing the efficiency of photoreduction (basically via reduction of kT in 
Eq. 10.33), many other possible mechanisms exist which result in a lowering of 
®,. These may be classified as: (a) mechanisms for which Dk, are increased relative 
to k!, or (b) mechanisms for which dp is decreased. As examples of class (a) we 
have already noted in Eq. 10.21, a case for which a reversible intramolecular 
hydrogen abstraction serves to “cool off” T,. Such a process explains why 2- 
methyl benzophenone is inefficiently photoreduced by isopropanol (®, ~ 0.05) 
whereas 2-tert-butyl benzophenone is reduced with nearly unit efficiency by 

isopropanol.*? Self-quenching of ketone excited states is a more subtle mechanism 

for reducing ®, (see Chapter 9). Examples of class (b) might involve return of the 

initially formed radical pair to reactants or interception and diversion of the 

radical pair to other products. Inefficiencies from reactions initiated in S, may 

occur because of the surface crossing of Sg and S, (Fig. 10.2) which provides a 

“leakage” mechanism along the reaction pathway.’° 

10.8 Experimental Examples of the 

Competition between Hydrogen Abstraction 

and Electron Abstraction 

The occurrence of photoreduction by an electron transfer rather than a hydrogen 

abstraction interaction is expected to be evidenced by the following: 

1. The rate constants for photoreduction by charge-transfer are higher than 

those expected for radical-like hydrogen atom abstraction, based on an alkoxy 

radical model. 

Table 10.3 Efficiencies of Photoreduction in lsopropanol 

and Cyclohexane Solvents* 

Compound* ®,,, TA ,, wt. 

Benzophenone 1.0 Ay ie" 0.5 Mid We 

4-Methoxybenzophenone 1.0 yee 0.5 how 

4-Hydroxybenzophenone 0.02 iy (ae 0.9 ere 

4-Aminobenzophenone 0.00 (CVE 0.02 ey 

4.4’-Tetramethyldiaminobenzophenone 0.00 Cr 0.03 fits We? 

(Michler’s ketone) 

@ Quantum yields for disappearance of ketone. Excitation at 366 nm. 

» Configuration of T, determined in isopropanol. 

* Data from References 28-30. 
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2. The quantum yields are solvent-polarity dependent. 

3. 2, m* states are more efficiently photoreduced by a hydrogen donor capable of 

reactivity via a charge-transfer mechanism than by hydrogen donors capable 

only of a hydrogen atom mechanism. 

4. In favorable cases, direct spectroscopic evidence for radical cations, produced 

by a complete electron abstraction, is available. 

Quite often, rate constants for photoreductions follow Eq. 10.37 or a related 

expression :?7"33 

Ink, ~ AG = E, + E(D/D*) — E(A/A)+C (10.37) 

where AG is the Gibbs free energy for electron abstraction by an excited ketone, 

E, is the triplet energy, E(D/D*) is the oxidation potential of the electron donor, 

E(A_/A) is the reduction potential of the ground-state ketone, and C is a measure 

of the Coulombic stabilization of the resultant radical ion pair. Observation of 

the correlation implied by Eq. 10.37 provides support for an electron-transfer 

mechanism. In general, E(D/D*) correlates with ionization potential of the hydro- 

gen or electron donor, so for a given ketone it is often found that In k, « IP (see 

Table 10.1, for example). 

The charge-transfer interaction may assist in overcoming part of the barrier for 

hydrogen-atom abstraction, but may also provide alternate pathways for reaction 

or reversion to reactants. 

In terms of surfaces, since hydrogen abstraction and electron abstraction are 
“topographically analogous” reactions,?” we expect similar substituent and 

environmental effects on the reactivity of an excited state toward either process. 

However, the efficiency of reaction and the types of products formed may vary.”° 

Let us suppose that photoreduction occurs and we wish to determine whether a 

hydrogen abstraction or an electron transfer mechanism is operating. An example 

of such a case occurs in the photoreduction of acetophenones by aromatic hydro- 

carbons.** The products evidently arise from radical coupling. An electron 

transfer or a hydrogen abstraction mechanism may be written to rationalize 
product formation: 

O- :O 
| cs eee | 
Ae) ] + Ar—C—CH, (10.38) 

T ,(n, 2%) ; a a 
Gg: CH 

\o 

. OH 
FA | 

+ ar CCH, (10.39) 
SX 
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We anticipate that both the electron transfer and hydrogen abstraction processes 
will be favored by decreasing ionization potential of the hydrogen or electron 
donor.** However, only the hydrogen abstraction process should be sensitive to a 
deuterium isotope effect. Thus, if the reaction rate constant is not sensitive to 
replacement of C-H by C-D, the rate-determining step probably involves an 
electron rather than hydrogen abstraction. Furthermore, we expect that if an 
electron abstraction mechanism operates, the sensitivity of rate constants to 

ionization potential will be much greater than that expected for a hydrogen 
abstraction process. 

Consider Table 10.4 which presents some data on the photoreduction of 

acetophenone and trifluoromethyl phenyl ketone by toluene and p-xylene.** The 

data is interpreted as follows: Hydrogen abstraction occurs when acetophenone 

is the reactive species and electron transfer occurs when trifluoromethyl phenyl 

ketone is the reactive species. This postulate is consistent with (a) the presence of a 

large isotope effect observed in the photoreduction of acetophenone by toluene 

and the absence of an isotope effect in the photoreduction of trifluoromethyl 

ketone, and (b) the much greater rate enhancement for the trifluoro ketone as one 

changes from toluene to p-xylene. The greater inefficiency of photoreduction in 

the case of the trifluoro ketone is interpreted to result from a rapid electron 

transfer (to generate ground states) in competition with proton transfer (to generate 

a radical pair). 

Table 10.4 Deuterium isotope effects on quantum yields 

and quenching constants* 

co) ka 

PhCOCH, GH. 0.13 1s Ge | 

Small enhancement |’. 

PhCOCH, CD, =a ODeal0? — hydrogen-abstraction 
mechanism 

PhCOCH, GH CH, 0.10 7 x 0° ral 

PheoO eke CH; 0.053 Sale 

Large enhancement .”. 

CID) 0.015 TESS 5 Oke — electron-abstraction (CT) PheoOecr 
? mechanism 

PhCOCF, CH; CH, 0.04 200 x 10° Sieielelers 
* Data from Reference 31. 
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10.9 Intramolecular Hydrogen Abstraction: 

The Type II Family of Reactions 

Based on the alkoxy model for n, x* states it is expected that intramolecular 

hydrogen abstraction (or electron abstraction) should occur easily when achieve- 

ment of a cyclic six-membered transition state is not precluded by structural 

constraints. Five- and seven-membered cyclic transition states are also expected 

to occur, but three- and four-membered transitions are highly unfavorable, 

based on analogy to alkoxy radical chemistry.*° 

The most commonly observed examples of photochemical intramolecular 

hydrogen abstractions of ketones do in fact involve cyclic six-membered transition 

states, and produce a 1,4-diradical (8) as the primary product.*® To this stage 

HO 
ee ea (10.40) 

R’ 

R 

pe Sb y : sie (10.41) 

H 
8, 1,4-diradical play) (10.42) 

R 

the chemistry is exactly analogous to intermolecular hydrogen abstraction. 

However, the observed products from 8 may differ substantially from those derived 

from intermolecular hydrogen abstraction, because of the specific chemistry 

available to a 1,4-diradical. The three most common reactions of a species such as 

8 are cleavage (Eq. 10.40) to produce an enol (usually isolated as a ketone but 

detectable spectroscopically°°*) and an ethylene, cyclization (Eq. 10.41), and 

disproportionation (Eq. 10.42) to regenerate the starting material or produce a 

rearranged structure. The reactions derived from 8 are termed “Type II reactions,” 

and the formation of 8 by photoexcitation of a ketone is termed a “Type II process.” 

The Type I process (the term was introduced by Norrish)*°° is a-cleavage (see’ 
Chap. 13). 

Intramolecular hydrogen abstraction by ketones is expected to manifest the 

preferred “in-plane” n-orbital—initiated mechanism.*’ An experimental test of this 

is available in the photochemistry of structurally rigid cyclohexanones. For 

example, irradiation of the 2,6-di-n-propyl cyclohexanone 9, yields the less stable 

axial isomer 10, which is relatively stable to further irradiation.*® This result 
requires that the equitorial n-propyl side chain is more easily involved in a Type II 

reaction than is the axial side chain. The equitorial side chain, but not the axial 

side chain, is capable of achieving the required in-plane transition for hydrogen. 

abstraction without producing severe molecular distortion. 
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O O 

H 

equitorial a 

7 of 

axial SS 10 
. H 

9 exclusive abstraction 

: from equitorial 

. side chain 

The six-membered transition state for hydrogen abstraction may be structurally 
“blocked,” or non—six-membered transition states may be structurally favored. 
For example, irradiation of 11 (no y-H) or of 13 (no y-H but activated f-H) leads 

to formation of 12 and 14 via seven- and five-membered transition states for 
hydrogen abstraction.*?'*° A spectacular example is given in Eq. 10.46. 

H OH 
elle Ph 

ay sie LOKI ana 
Rh Phe 

11 1,5-diradical 12, 60% 

OF OH OH 
— ; —— Phy 

§-rin 

ie ol ae ; bee ee 
13 1,3-diradical 14 (10.45) 

oon 

\ wm OH 
H S 

O (CH2), - OH (CH;), 

- 18-ring 

Ph or greater Ph 

CO, CO, 

15 1 ,n-diradical 

Gee eee 

HO (CH), 

Ph 

CO, 

16 

(10.46) 
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Consider the structures corresponding to 15. For n < 10, the hydrogens on the 

hydrocarbon chain attached to the 4-carboxyl group cannot “reach” the n-orbital 

intramolecularly and achieve the required in-plane transition state. For n 2 10, 

the required transition state can be achieved and hydrogen abstraction occurs 

via transition states involving rings of /8 or more atoms. For other examples of 

unusual ring sizes for intramolecular hydrogen abstraction, see Eqs. 10.22 and 

1023: 

Structure-Reactivity and Structure-Efficiency Relationships 

in Type Il Reactions 

By analogy to the discussion of Section 10.7, the quantum yield for net Type II 

reaction from the triplet states of ketones is given by: 

k T ®, = Gh a= o! (10.47) 
kat ka 

i T i t 
Quantum Intersystem Diradical Efficiency of 

yield of crossing formation diradical to 
Type II products from T, Type II products 

Reactivity-structure relationships require correlation of k, with the structure of 

T,. Clearly, efficiency-structure relationships will be difficult to interpret because 

they reflect a product of three independent terms. From Table 10.5, it may be 

seen that observed values of ®, are sensitive to solvent effects*? and not readily 

related to structural variations.*? For example, for the first three ketones in Table 

10.5, the value of ®, = 1.0 in alcohol and ~0.3 to 0.4 in benzene. This lack of 

variation of efficiency with structure masks a large variation in k,, which increases 

by nearly a factor of 10? in proceeding from the first to third entry. Furthermore, 

k, 1s similar for each ketone in benzene and in alcohol solvents. 

Table 10.5 Comparison of Quantum Yields and Reactivity Constants 

for Aryl Phenyl Ketones* 

Ketone Conf. ®,, (Type Il)? k(selOr? see™ 4)P 

C.H;COCH,CH;CH, n, 1 1.0 (0.36) 0.08 
CCOCH- CH. CH, CH: n, n* 1.0 (0.33) 1.0 
C,H,COCH,CH,CHICH;), n, 1 1.0 (0.25) 5 
4-Ci— C,H, COCH,CH.CH.CH, n, n* 0.8 0.3 
4-CH,O—C,H.—-COCH, CHCH. CH, n, n* 0.3 0.06 
4-CH,O—C,H.—COCH,CH,CHICH,); =, =" = 0.03 
A-CF,— CH, COCH ICH; CH,CH. n, 1 1.0 3 
CH, COCH, CH. CHs S,(n, 2*) 0.06 (0.06) 2 

Tes 103) 0.8 (0.4) 0.1 

CH;COCH;CH,CH,CH; S,(n, 7*) 0.1 (0.1) 10 
T ,(n, 2*) 0.1 (0.3) 1 

CH; COCH,CH,CHICH,), S,(n, 1*) 0.3 (0.3) 20 
T \(m, 1*) 0.1 (0.9) 4 

* Quantum yields for total Type II reactions in alcohol solvents, Values in parentheses refer to benzene solvent. 
» Rate constants for Type II reactions. These values are roughly independent of solvent. 

* Data from References 36a and 43. 
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These results are readily interpreted in terms of Eq. 10.47. In alcohol solvents 
(®,, = 1.0) all triplets must form 1,4-diradicals, and the latter must proceed with 
unit efficiency to products. In benzene ail triplets still react to form diradicals 
(k, >> kg, assuming Xky ~ 10° sec™', a value typical of phenyl alkyl ketones in- 
capable of undergoing Type II reaction). However, #p must be less than unity, 
Le., the diradical undergoes disproportionation to regenerate the parent ketone 
(Eq. 10.42) in competition with Type II reactions. 

The effect of ring substituents is correlated with the “amount of n, 2* character” 

of T,. For example, 4-methyoxyvalerophenone displays spectroscopic properties 

characteristic of a x, 2* configuration (e.g., t, ~ 100 ms). We therefore expect 

that T, is predominantly z, x* in character and therefore its reactivity toward 

hydrogen abstraction is reduced relative to valerophenone, which possesses a 
predominantly T, (n, x*) state. From the data in Table 10.5 this is seen to be the 

case. On the other hand, 4-trifluoromethylvalerophenone displays spectroscopic 

properties typical of a predominant T,(n,2*) state (e.g., t, ~ 10 ms). We expect 

and find that the value of k, should be comparable for 4-trifluoromethylvalero- 

phenone and valerophenone itself. 

This behavior is completely analogous to that discussed earlier for inter- 

molecular hydrogen abstraction (see Section 10.7). 

State Switching During Reaction 

The naphthyl ketone 17 undergoes photochemical cyclization to 18 in good 

yield. This reaction is of interest because 

Ph CHPh Ph 
ES OH 

H (10.48) 
7 \S J 18.100", 

al 
SS 

| CHPh 
Ph~ “OH 

T, of 17 is shown by spectroscopy to be a typical z, n* state and the reaction 

requires a seven-membered cyclic transition state for hydrogen abstraction.** 

The energy of T,(z, 2*) was found to be ~58 kcal/mole, while T(n, 7*) was 

found to be ~ 67 kcal/mole. Since the activation energy for reaction was found 

to be only ~5 kcal/mole, the mechanism of reaction cannot involve the pathway 

T (x, *) > T,(n, x*) > diradical, if we consider the spectroscopic (vertical) 

states. However, from correlation diagrams, the n, 2* state is expected to drop in 

energy and the z, 2* state is expected to rise in energy as the abstraction process 

proceeds.’ Thus, at some geometry intermediate to that of reactants and diradical 



390 CHAPTER 10 

product, a surface crossing (7, 2* with n, 2*) is expected. The “critical” geometry 

corresponding to this crossing probably represents the transition state for the 

reaction. 

Experimental Support for 1,4-Diradicals in Type II Reactions 

Analogous to the results of intermolecular hydrogen abstractions, a 1,4-diradical 

is expected to occur in Type II processes, and as we have seen, product structures, 

quantum yield data, and reactivity data are readily accommodated by postulating 

such a species.*” This evidence is convincing but still quite indirect. More direct 

support for species such as 8 (Eq. 10.49) would rely on chemical trapping or 

spectroscopic observation. In other words, if a diradical such as 8 “exists,” it 

should be capable of chemical interception and subject to observation by flash 
spectroscopy. 

Indeed, the 1,4-diradical derived from several phenyl alkyl ketones has been 

intercepted chemically and has proven to be amenable to direct spectroscopic 
detection: 

ioe by 

) HBr*° 
eats, eae 2 RSD*’ - 

Bes 3) O2** 
‘i R,C = Se*? 

8, Detected by (5) Electron transfer>° 
flash spectroscopy>! 

(10.49) 

A lifetime on the order of 10°’-10~% sec”! has been deduced for simple 
1,4-diradicals of the type indicated in Eq. 10.49. This value is consistent with 
lifetimes determined by flash spectroscopy.°! 

Singlet and Triplet 1,4-Diradicals Derived 

from Type II Processes 

The cae rapid rate of intersystem crossing of aryl alkyl ketones (Kine 
10'° sec” ') precludes efficient hydrogen abstraction from S,. Because of their 
longer ren singlet lifetimes (k,, ~ 10° sec” '), dialkyl ketones undergo Type 
II processes from both S,(n, x*) and T,(n, 2*) states. Such a situation allows for 
the generation and comparison of the chemistry of singlet and triplet diradicals. 

Experimentally, it is found that the Type II products from dialkyl ketones are 
analogous to those found for aryl alkyl ketones. It appears that the overall chem- 
istries of singlet and triplet 1,4-diradicals are qualitatively similar.*°* There are 
quantitative differences, however. For example, a triplet 1,4-diradical usually is 
“stereopromiscuous” in the sense that its reactions involve a loss of initial stereo- 
chemical features. A singlet 1,4-diradical, on the other hand, reacts stereo- 
specifically. 

For example, analysis of the photochemistry of (+)-5-methyl-2- -heptanone 19 
suggests that both limiting cases occur for this molecule.” Thus, from S,, Type 
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II products are observed and no racemization of unreacted starting material 
occurs. A quantitative analysis of the data reveals that more than 70% of excited 
S, states deactivate without the occurrence of a net observable reaction. Both the 
apparent S, inefficiency and the lack of racemization from S, are understandable 
in terms of a mechanism in which 'D forms from S, and its major pathway for 
deactivation is reversal of the 1,5-hydrogen shift, with a minor competing path- 
way for 'D deactivation being formation of Type II products. 

ee 
Optically Active 

idpeice (10.50) 

19, Optically Active dual A : Racemic 
A model of the purely triplet diradical intermediate hypothesis is available 

from examination of the photochemistry of the optically active ketone (+ )—4— 

methyl-1-phenyl-hexanone 20 (Fig. 10.6).4** If reversion of the diradical to the 

starting ketone occurs, then racemization will be expected to occur since the 

S,(n, x*) TE (as 12") 
A 

UM ZERLCHS A ZEUS 

O Co O Gy 4 
| mCH; | CHC Hie 

CH, ( CH 

/ Gan 7 iors a 
Ph A Ph 2 

CH; ae 

H GHG O HC — CIE CH PhCOCH, 

ae CH 
O er | Ee 3 

I [CHL CR ky € CH; 2 Cec 
ee en “CH CH Ee CH, CH, C 3 

v we Ph 

Ph CH, OH CH, 

20 ey | cree 

Racemic in C,H, Type I 
®, = 0.78 ®, = 0.26 

Figure 10.6 

Type Il and racemization reactions of 4-methyl-1-phenylhexanone. 
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initially produced triplet diradical should possess an appreciable lifetime during 

which bond rotations and racemization can occur. Indeed, when irradiated in 

benzene, both Type II reactions and racemization occur. Importantly, the sum of 

the quantum yield for Type II reactions plus racemization (®, + ®,) is equal to 

1.0. This is precisely what is expected if each diradical that forms either undergoes 
a Type II reaction or reverts back to its starting ketone. In the hydrogen-bonding 

solvent tert-butanol, the quantum yield of Type II reaction increases to 1.0. 

Apparently, solvation and/or hydrogen bonding slows down the reversal reaction 

relative to Type II processes, and every diradical formed proceeds to react to 

form products. In both solvents, quantum yields are determined by the reactions 

of the diradical and not the triplet precursor to the diradical. In other words, for 
Type II reactions of aryl alkyl ketones, quantum efficiency is given by ®, = 

®,.~, 6; , where ,, = intersystem crossing quantum yield (= 1.0), #7 = efficiency 
of forming the diradical from the triplet, and #7 = efficiency of forming products 

from the diradical. 

The situation for T,(n, x*) of 19 is analogous. In this case, both Type II and 

racemization are competitive and ®/ + ®! (the sum of the quantum yields for 

triplet Type II reaction and triplet racemization) equals ®,,. Thus, as for 4-methyl- 

1-phenyl-1-hexanone 20, all triplets formed react to yield *D and the latter (via 'D) 
proceeds to both Type II and racemization products.*7* 

The diradical produced from S,(n, 2*) of 21 is found to lead to stereospecific 

ethylene formation in Type I elimination.°* For example, the Type II elimination 
of the S, state of 21 (Eq. 10.51) is highly stereospecific, while the T, state of 21 
shows much less stereospecificity with respect to ethylene formation: 

ot ee CH, R 

pO. Nema 3 ee | CH, H CH, 
Hy. CHa Dp Stereospecific 

oS oy 
CH: 

3D awe ee 

(10.51)*2 

The generalizations concerning 'D and °D depend on the rates of bond rotations, 
spin inversion, and Type II processes. However, since a tertiary center is involved 
in the 1,4-diradical from 21, its rate of rotation about its B-y C-C bond should be 
as slow as any acyclic side chain, with a value of ~107 sec~! or faster being 
expected.°* We thus conclude that the rate of intersystem crossing must be of 
this order also. 
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10.10 Photochemical Hydrogen and 

Electron Abstraction of Carbonyl Derivatives 

and Unsaturated Nitrogen Compounds*® 

The general concepts developed for understanding hydrogen and electron ab- 
straction reactions of ketones may be extended to the photochemistry of carbonyl 
derivatives (e.g., carboxylic acids, esters, amides, etc.) and to unsaturated nitrogen 
compounds (e.g., imines, azo compounds, pyridines, nitro compounds, etc.). We 
postulate that if T, may be classified as n, x* for these compounds, then reactions 
derived from a primary process of hydrogen or electron abstraction should be 
observed. Depending on the pathways available to the primary diradicals, the 
products actually isolated may or may not appear to be analogous to the photo- 
reduction products from ketones. 

For example, azobenzene is photoreduced to 22, and nitrobenzene is photo- 

reduced to aniline by isopropyl alcohol (IPA): 

PhN=NPh —*> PN—NHPh + (CH;),COH —— PhNHNHPh 

2 

(110:52)°° 

O 
ae : 

PhNO, —=> Ph—N_ + (CH;),COH —+—> PhNH, (10.53)°” 
“OH 

By contrast, irradiation of 23 in alcohol leads to a net substitution to yield 24. 

The reaction course may be viewed as an initial hydrogen abstraction followed by 

coupling and elimination of HCN to yield 24: 

~ SS ; 
[cask eae ia + ko COH — > 

N* SCN i CN 

23 H 

Cae N* CHR, 
24 

(10.54)°8 

Although aryl imines are reported to undergo photoreduction to amines in a 

reaction which looks analogous to the photoreduction of benzophenone, the 

excited states of the imines are not involved.*? Instead, ketyl radicals (produced 
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by hydrogen abstraction by ketone impurities) cause a “chemical sensitization.” 

Indeed, benzophenone ts an excellent sensitizer for this reaction (Eq. 10.55). 

SHOE ATE 
PACH—N- Ro 95° (10.55) 

ere PhCH NHR 

se 
Ph,COH + PhCH=N—R ——> Ph,C=O + PhCH—NHR (10.56) 

Intramolecular hydrogen abstraction reactions of carbonyl derivatives and 

unsaturated nitrogen compounds are well known. For example, irradiation of 25 

yields 27, presumably in a manner analogous to the Type II process via the inter- 

mediate species 26: 

+ ee 
ye? 

Cte CH; 

25 26 a7 

10:57)?" 

The intramolecular abstraction of hydrogen by nitrocompounds represents 

one of the earliest reported photoreactions: 

2 3 

Nx N ® ® 

OHS © 

| 
O 

NO 

OH 

O 

(10.58)°! 

This reaction has been usefully employed as a photosensitive blocking group 
for aldehydes and ketones.°” 

Reversible intramolecular hydrogen abstraction is the basis of the effectiveness 
of so-called “photostabilizers” which are added to plastics and polymers in order 
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to protect these substances from photodegradation.°*? These photostabilizers 
absorb light and undergo an intramolecular hydrogen abstraction to produce 
an unstable tautomer which then returns thermally to the original molecule: 

N N aa \ ‘ @ 

lowe /N as Cr ON (10.59) 

N N 

He He 

Reversible intramolecular hydrogen abstraction is also the basis for photo- 

chromic systems when the photoproduct possesses a different color (in the visible 

region) than the starting material :°* 

OH O 

(canon — cn xno (10.60) 

colorless yellow 

10.11 Addition Reactions of Acyclic Ethylenes 

The photochemistry of systems involving an electronically excited ethylene is 

unified by the notions that: (a) for excited ethylenes, both S, and T, states possess 

a stabilizing twisting motion, and (b) the primary reactions of S, are zwitterionic 

or polar in nature, while those of T, are radicaloid in nature.°° The ubiquitous 

competition of addition and cis-trans isomerization often favors the latter. In a 

later section we will see how structural restraints to cis-trans isomerization can 

tip the dynamics toward favoring addition. 

Direct excitation of alkenes is expected from theory to result in a polarizable 

singlet, S,, which may then convert via twisting to a metastable Z state.°° Either 
of these species is anticipated to undergo ionic additions in competition with 

other polar reactions of S, and Z. 

For instance, irradiation of tetramethyl ethylene in protonic solvents results in 

ionic addition products:°° 

-— ae H a va OR + other products (10.61) 

Although such products are expected to result from protonation or nucleophilic 

attack on S, or Z, several side products are formed which do not appear to be 

directly derived from the latter species. It has been proposed that an electron 

ejection leading to a D species (the minus species being an electron) may occur 
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(Eq. 10.62). It has been proposed that the excited state involved in the direct 

photoexcitation of alkenes may be a “Rydberg state,” rather than a x, 7* state. 

A Rydberg state is characterized by a very loosely bonded electron which would 

be expected to be easily ejected into polar solvents:°° 

(10.62) 

Ms 

| ae 
. hy S ‘ Z ) 

uae > 
“Rydberg” ° \S—<e +e 

states Dee 

In addition to addition reactions, the Z species can undergo rearrangements 

(e.g., to carbenes). These reactions are discussed in Chapter 12. 

Triplet photosensitization of acyclic ethylenes usually results in cis-trans 

isomerization as the major process. However, in favorable cases the expected 

radical addition reactions can be observed. As an illustration, direct irradiation 

or triplet sensitization of 1,1-diphenylethylene in isopropanol yields addition 

products derived from an initial hydrogen abstraction:°” 

Ph,C=CH, + (CH;),CHOH —— Ph,C-CH, + (CH,)COH 

Heel h os, 
ee (CH) ,COH Ph,CCH, 

| | 
Phoe-CH, (CHy,cOW “(CH .COn 

(10.63) 

The zwitterionic singlet states of styrenes may be “trapped” with alcoholic 

solvents.°* Thus, polar addition may be competitive with deactivation twisting 

of the S,(z, 2*) state, or the twisted Z species may itself add a polar trapping agent: 

ArCH—CHR a ArCHCH,R 
R’OH 

| 
hy 

3 OR’ 
Ps (10.64) 

® 2 
ArCH—CHR 

Z 

Ionic solvent addition analogous to Eq. 10.64 is also noted for cyclopropanes 
(discussed in Chap. 13). 

Cyclic ethylenes undergo both ionic and radical addition reactions. The following 
generalizations have been noted:°” 

1. Three-, four-, and five-membered rings tend to undergo ionic additions upon 
direct excitation and radical additions upon triplet sensitized excitation. 
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2. Six- and seven-membered rings tend to undergo ionic additions upon direct 
excitation and upon triplet sensitized excitation. 

3. Eight- and larger-membered rings tend to undergo ionic addition upon direct 
excitation and cis-trans isomerization upon triplet sensitized excitation. 

A mechanistic basis for these generalizations—and a basis for understanding 
the scope and limitation of these reactions—is given in Figure 10.7. The primary 
reactions of S$; and T, will always involve competition from twisting about the 
C=C bond and a tendency toward cis-trans isomerization. 

From Figure 10.7 we see that there are five candidates for intermediates 
that might be involved in addition reactions: $,, T,, 3D, Z, and strained trans- 
cycloalkene. The diradical 'D is an energy maximum on the S, surface and 
therefore not considered to be a true intermediate of significant lifetime. We have 
already seen the types of chemistry expected of the excited-state species. The 
chemistry of strained trans-cycloalkenes is predictable from that of highly strained 
ethylenes.’° Such species tend to behave as very reactive double bonds and are 

prone to undergo ionic reactions under mild conditions. 

hy 

3Sens (T,) 

OC ater EO CH, Direct (S,) SS CH, CH, 

Zee Si) 3D (via T,) 

Ss ‘ ye 
H H 

. ae ROH CHE CH; 

WO) SF Jb 35 

CH,~@ CH,~* CH, 

Carbonium Strained trans Radical 
ion cycloalkene | 

ve |Ro° — 
H OR H Reduction 

Alkyl and hydride products 

shifts (see Eq. 10.69) 

(see Eq. 10.74) 

Addition Rearrangement 
(see Eq. 10.72) (see Eq. 10.72) 

Figure 10.7 

Paradigm for addition reactions of cyclic ethylenes. 
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If structural constraints such as ring size inhibit formation of Z or *D, we antici- 

pate that trans-cyclic ethylenes will not be formed and S, (direct excitation) or 

T, (triplet sensitized) will be the reactive states in addition reactions. For example, 

the T, state of a small-ring ethylene will undergo radical additions to produce 

carbon radicals, which then go on to products. 

Examples of Addition Reactions of Cyclic Ethylenes 

Although cis-stilbene (28) shows only very weak emission, 1,2-diphenylcyclobutene 

(29) emits fluorescence with near unit efficiency in hydrocarbon solvents:"! 

ss, Ph Ph 
(10.65) 

28 29 

very weak very strong 

emission fluorescence 

The phenyl groups, which sterically interfere with each other in both molecules, 

may relieve this interference by twisting about the C—C bond of 28, but twisting 

about the double bond of 29 is severely inhibited. Since S, + T, crossing is gener- 

ally slow for hydrocarbons, the S$, of 29 has no dominant deactivation mode in 

hydrocarbon solvents, and strong fluorescence occurs. 

Methanol quenches (k, ~ 10° M~! sec~') the fluorescence of 29 and ionic 

addition products 33 and 32 are formed: 7? 

Ph Phvo 

i »S,= 

Ph 4 

Ph Bice Ph Ph 
CH,O Gis . Gu 

H Ph 6 phy 

Ph H Ph H OR 

33 30% 30 Si 32 50% 

(10.66) 

From our generalized scheme (Fig. 10.7) we may postulate that in methanol, S, 

(a polarizable species) is trapped as the carbonium ion, which then proceeds to 
yield the products 33 and 32. 

An example of contrasting singlet and triplet behavior ’* is given in Eqs. 10.67 ’ 
and 10.68. Direct excitation of 1-phenylnorbornene in alcohol yields ionic adducts 

via attachment of a proton on S,. Triplet sensitization of norbornenes yields a 
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T, state incapable of forming a “trans” double bond (or more strictly speaking, 
a trans double bond species of sufficient lifetime to be trapped). Instead, T, 
undergoes reactions expected of a radical reagent: 

ionic 

products (10.67)"" 

radical (10.68)°° 

products 

Triplet photosensitization offers a means of selectively populating the T, state 
of cyclic ethylenes. For example, by triplet sensitization xylene may be employed 
for the formation of triplet cyclic alkenes. Irradiation of norbornene in methanol, 
with xylene as sensitizer, results in radical addition products, and the expected 
radical coupling products and disproportionation:’* 

CH,OH + cis ate cy. + CH,OH via es 

=e 20H 
+ CH,O 

addition coupling disproportionation 

(10.69) 

From our general scheme (Fig. 10.7) we may postulate that this reaction is initiated 

from T,, which may be a slightly twisted species. 

Irradiation of 2-phenyl cyclohexene in protonic solvents yields ionic adducts 

(Eq. 10.70).’*:7°:’® However, the fluorescence of this compound is much weaker 
than that of diphenyl cyclobutene, attesting to the greater flexibility of the ring 

system. In the case of 2-phenyl cyclooctene,’° no ionic adduct is formed under 

comparable conditions, presumably because trans-1-phenylcyclooctene is not 

sufficiently strained to provide driving force for the protonic addition of solvent 

(Eq. 10.70). Indeed, trans-cyclooctenes may be prepared by photosensitized 

excitation of cis-cyclooctenes:’° 

RO 
Ph Ph 

~ so via S, or Z (10.70) 
(PhCOCH;) 

RO ph 

an wen Pere hoy (10.71) 
ROH 

(PhCOCH;) 

isolable 
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In contrast to the situation in which triplet sensitization produces radical-like 

chemistry of norbornenes, ’* triplet xylene sensitization in methanol solvent causes 

1-methyl cyclohexene to undergo ionic rearrangement and solvent addition (Eq. 

10.72). To explain this result we assume that a trans-cyclohexene is produced by 

sensitization and that this species is protonated by methanol: 

one (Se AO H 

trans- or 

twisted 

OCH, 

-O + © 
nucleophilic rearrangement by 

addition proton loss 

(10.72) 

The triplet sensitized ionic additions are selective for cyclic six- and seven- 

membered rings.’* For example, exocyclic double bonds deactivate by twisting 
and do not pause at a metastable trans- or twisted intermediate. Thus, the diene 

34 yields only ionic addition products of the internal double bond:’8 

ROH + on (10.73) 

The trimethyloctalin 35 yields the cis-decalin 36 upon irradiation in xylene in 

the presence ofa proton source. ’? Under the reaction conditions, 36 is irreversibly 
converted to the isomer 37: 

hy, see ear 

ieee 

(CH;),;CHOH 

(10.74) 

hy, IIS 
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(CH;),CHOH 
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An interesting example of an unusual sensitization effect has been reported in 
the 1-cyanonaphthalene-sensitized ionic additions to 1-phenylcycloalkenes. Di- 
rect irradiation without sensitizer did not produce significant amounts of the 
adducts :8° 

Phe Ph 
CT oe ei (10.75) 

1-CN-naphthalene 
OR 

The proposed mechanism involves electron abstraction by the sensitizer to yield 
an exciplex or a radical cation of the ethylene. One of the latter species is then 
attacked by the solvent to yield the observed adduct. 

Notice that the orientation of addition is in opposition to that expected on the 
basis of formation of the most stable carbonium ion. Formation of a radical ion 
pair (D) allows rationalization of these results if it is postulated that nucleophilic 

attack on D, occurs first, followed by electron abstraction by D’, and proton 
transfer: 

Ph eect | 
ee eiRCN a (cos. ee ss 

D, 
[ron 

eS ae 
Ph 2 Ph Ser : 

(— ——- l ; TET ( L [RCN] 

eee _ ® 
Teo U OR +e ee Sos 

H H 

These reactions are examples of a novel method of chemical photosensitization, 

namely photosensitized electron transfer from an excited molecule to a ground- 

state “sensitizer,” followed by reaction of a D, species and eventual regeneration 

of the sensitizer. 

Addition Reactions of Cyclic Conjugated Enones 

Addition reactions of conjugated enones may involve either the C—O or the 

C=C function. Cyclic enones may undergo an initial photoinduced isomerization 

to a strained trans- form, which then participates in ground-state addition re- 

actions. 

For example, irradiation of cis-2-cycloheptenone (38) at — 160°C generates 

trans-2-cycloheptenone (39).8*8* The latter is stable at low temperatures but 

reacts rapidly with alcohols at higher temperatures :°* 
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OR 

~ H ae 
@aaa c ROH, O (10.77) 

H 

38 oe 

The overall photoreduction of the C=C bond of an enone may involve an 
initial hydrogen abstraction by the carbonyl oxygen of the n, 2* state, followed by 

a sequence analogous to that of Eq. 10.77.8° In other cases, direct abstraction by 

the C=C group appears to be involved (Eq. 10.78 and 10.79). Which process 

occurs probably depends on whether the reactive state is n, x* or 2, x* in nature. 

! O= in 

é + (CHy,CHOH + + (CH),COH 

radical pair 

O—H O (107 3)°° 
” ; 

A 
HO HO 
unstable enol 

O O i 

radical pair (10.79)87 

sows 
CH,Ph 

Intramolecular Hydrogen Abstraction and 
Protonation Reactions of Ethylenes and Enones 

Intramolecular hydrogen abstraction and protonation reactions of ethylenes and 
enones are known. The former (but not the latter) reaction has analogy in the 
Type I reactions of ketones. For example, irradiation of 40 leads to 41 (a product 
of ionic addition) and 42 (a product of diradical fragmentation). Since 42 but not » 
41 is formed upon triplet sensitization, we may postulate the following mechanism 
for this reaction: 
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<_sens_ 

Ph 

proton hydrogen 
transfer transfer 

9 

7 HOw Ph H, -OH 

ey see Ph (10.80) 
Ph « Ph ° 

a 3D 

HO | a. 7 

De lo Ph Ph 

40 41 " 42 

Many «,f-unsaturated enones undergo photochemical deconjugation to f,)- 

enones via intramolecular hydrogen abstraction mechanisms.*° 
In certain cases, the enol produced by intramolecular hydrogen abstraction is 

sufficiently stable toward tautomerization that it may be isolated:?° 

(10.81) 

. Y 
—_ 

HO | 
hy oe \ ae OH 

; Ze, stable enol 

A “Type I” cyclization analogue also exists in the photochemistry of enones. 

For example, irradiation of the x-alkyl cyclopentenone 43 yields cyclized products 

45 and 46.”' 

| 
eer ( " HON? > 

Go ty eo 10.82 
ft, Tae toe \ ( ) 

45 (path a) 46 (path b) 
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Even simple C=C bonds are capable of undergoing intramolecular hydrogen 

abstraction as evidenced by the photosensitized conversion of 47 to 48.°? 

ae ae 
= al hy = ‘f 

‘Sens ‘ Je 4 [ =< 

47 
(10.83) 

H. H 
eae ei 

48 

10.12 Photochemical Aromatic Substitution 

A number of examples of photoinduced aromatic substitution have been re- 

ported.?* In general, nucleophilic aromatic substitutions have been more com- 

monly observed than electrophilic aromatic substitutions. An interesting feature 

of photonucleophilic aromatic substitutions is the reversal of the “orientation” 
rules from those used to predict ground-state reactivity. 

For example, strong electron-withdrawing groups (e.g., NO,) orient incoming 

groups to ortho- and para- positions in thermal nucleophilic substitutions (e.g., 

Eq. 10.84).?° In contrast, in photonucleophilic substitution, meta- orientation is 

the rule for electron-withdrawing substituents (e.g., Eq. 10.85).°?* A second con- 
trasting feature of thermal versus photonucleophilic aromatic substitutions is the 

observation that strong electron-releasing substituents (e.g., CH,0) may behave 

as “activating substituents” and direct incoming nucleophiles to the ortho- and 

para- positions (Eq. 10.86):?° 

OH Thermal: 

para-orientation 
OCH 

a i a (10.84). 
OCH, HO = 

OCH cy 3 NO, 

SS OCH, 
i an Photochemical: 
NO, aes ee) m A | ea meta-orientation 

electron withdrawing 2 a ~ 

NO, 

(10.85) 
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electron releasing 

OCH; OCH. 

wy (10.86) 

Photochemical: 
Cl CN : 

para-orientation 

Moderate to weak electron-withdrawing or -releasing substituents (ie., hydro- 
gen) generally are not effective in promoting photonucleophilic substitutions. 

In the case of naphthalenes, the 1- or «position is strongly activated (Eq. 10.87) 
toward photonucleophilic substitution.°> Indeed, even substitution of hydrogen 
may occur (Eq. 10.88): 

NO, OH 

= hy 
aoe (10.87) 

j Za “a 
NO, NO, 

100°,, _ «-substitution 

H CN 

SS OCH, eOCH: 

aif eae py (10.88) 

80% 

In summary, available experimental evidence indicates three rules for predicting 

the orientation of photonucleophilic aromatic substitution reactions: (a) meta- 

orientation of the incoming nucleophile by electron-withdrawing groups, i.e., 

nitro groups as in Eq. 10.85, (b) ortho-para- orientation of the incoming nucleo- 

phile by electron-releasing groups, 1e., methoxy groups as in Eq. 10.86, and 

(c) % orientation of the incoming nucleophile (with naphthalenes), as in Eqs. 

10.87 and 10.88. 

Theoretical Basis of the Orientation Rules 

for Photonucieophilic Aromatic Substitution 

The orientation rules for photonucleophilic aromatic substitution do not explicitly 

consider factors that could be crucial in determining the efficiency of photo- 

substitution, i.e., intersystem crossing rates, specific rates of departure, leaving 

groups, etc. For example, in addition to being effective directing groups, alkoxy 

and nitro groups also serve well as leaving groups in aromatic photosubstitution. 
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In the case of haloaromatics, intersystem crossing followed by homolytic 

cleavage (especially for X = Br or I) often predominates over other mechanisms 

for photosubstitution (Eq. 10.89; see also 10.92). 

= S —— products 

: (10.89) 

X xX 

Xe sBie Gl 

The meta-activation rule finds a simple rationalization in charge-density 

calculations which show that for both 'z, x* and ?z, x* states there is a greater 

positive charge meta to an electron-withdrawing group.’*?° In valence bond 
language (Eq. 10.90), the excited state takes on the character of structure 49. This 

probably happens directly for '(x, x*) states and via a D— Z conversion for 

x, a* states, 

eS ec = Z (10.90) 

W 

fe) 

W W 

Tm, 7* 49 

Mechanisms of Photonucleophilic Aromatic 

Substitution Reactions 

Nucleophilic substitutions seem to generally involve an initiating interaction of 

the aromatic z, 2* triplet state and nucleophile. From a practical standpoint this 

suggests that when a choice exists, solvents favoring the x, z* triplet as the T, 

state, should be employed. 

From the theoretical standpoint, it is not yet clear whether a common mech- 

anistic framework underlies these photonucleophilic substitutions.?* In a general 

way, it would seem that true S2 type substitutions probably occur only for aroma- 

tics substituted with electron-withdrawing groups. These reactions may proceed 

via a “o-complex” of the excited aromatic and electron donor, which then ejects 

an originally bonded group in favor of the incoming nucleophile: 

OCH, CH;0 NH,CH, NHCH, 
* re) 

=F CH,;NH, as aD 

NO, NO, NO, 

a-complex 

(10.91) 
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It is quite possible that mechanisms will exist which involve initial electron 
transfer followed by collapse of the radical ion pair and subsequent transformation 
to products. For example, the irradiation of halobenzenes in the presence of an 
electron source (liquid NH) and acetone enolate leads to good yields of phenylace- 
tone.*’ The proposed mechanism involves the formation of the radical ion of the 
halobenzene, followed by unimolecular expulsion of X~ (an S\ reaction) to form 

ra: 8 
Ph, which is then attacked by CH,;COCH, to form [PhCH,COCH,]~. The 
latter is a good electron donor and transfers an electron to PhX to set up a chain 
sequence: 

| 
rg Ay ye 

(10.92) 

iS] iS) 

PhX + CH;COCH, 7 PhCH,COCH; + X 

60-957, 

From such results, it seems likely that in the case of activation by electron- 

releasing groups, it is possible that electron ejection occurs, forming an aromatic 

radical cation which is subsequently attacked by a nucleophile. This mechanism 

also “explains” the general inefficiency of photoelectrophilic aromatic substitutions 

of aromatic molecules that possess electron-donating substituents. For example, 

irradiation of ortho-dimethoxybenzene in tBuOH/H,O in the presence of KCN 

yields 2-cyanoanisole:?° 

OCH; 

© OCH, 

Ay 
OCH... 7 \, QCHs (10.93) 

OCH, CN 
hy, CN® 

tBuOH/H,O 

IV, 

The mechanism may involve electron ejection to solvent, formation of the radical 

cation of ortho-dimethoxybenzene, which is then attacked by CN , followed by 

transformation to product. 

The idea of photoinduced electron transfer followed by bond cleavage and a 

second electron transfer has been used to explain photoinduced nucleophilic 
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substitution at a saturated carbon atom:?8 

NMe; NMe, 

Ph pee ee Ph 

OH OCH; 

|e 1 

-@® -@® 

: NMe, NMe, 
iS) CH,OH 

Ph cleavage ie eh IP 

OH HO 

NMe, 

ae eee! 
® 

HO° 

(10.94) 

In Chapter 13, other mechanisms for such reactions will be discussed. 

10.13 Summary 

The primary process of hydrogen atom or electron abstraction occurs as an 

initial step in many photoreduction and photoaddition reactions. These reactions 

are related by the concept of an electronic charge transfer interaction that either 

occurs with full electron transfer (electron abstraction) or with electron abstraction 

concurrent with proton abstraction (net hydrogen atom abstraction). These 

reactions are typically diradicaloid in nature and are most commonly of the type 

n,m* > D or D,, or 2, 2* + D or D,. The observed products are derived from 

reactions of the primary products D and D,. 

Photoadditions may also occur via primary processes which generate a strained, 

reactive ground state molecule. In such cases zwitterionic (electron pair) reactions 

or rearrangements are often observed. 

The mechanisms and theory of photoaddition reactions have been intensely 

investigated. As a single class of reactions, photochemical hydrogen abstraction 

is probably the best understood of all photoreactions. This reaction serves as a 

prototype for many reactions involving n, n* states. 
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11 

Cycloaddition Reactions 

11.1. Classification of Cycloaddition Reactions’ 

A cycloaddition is a ring-forming addition of m atoms of one group to n atoms 

of another group. Thus, a cycloadduct is the sum of the individual components 

undergoing cycloaddition i.e., no groups are eliminated in the ring forming step: 

O m 0) [m +n] @) m O 

cycloaddition 

( | cycloelimination a | a | <— two new o-bonds (1 1.1) 

ere, a) GO 2-0 

eae 

Most cycloaddition reactions are characterized by the formation of two new 

sigma bonds. A cycloaddition may be classified in terms of the number of atoms 

of each group which contribute to the final new ring that is formed. Thus, Eq. 11.1 

represents a [m + n] cycloaddition. The reverse reaction (a cycloelimination) is 
correspondingly characterized as a [m + n] retrocycloaddition. 

The most commonly encountered photochemical cycloadditions are of the 

[2+ 2], [4+ 4], and [1 + 2] type; [4+ 2] and [3 + 2] types are also known 
but less frequently encountered. 

A special group of cyclization reactions in which one new a-bond is formed — 

are called electrocyclic reactions. As an example, the photochemical electrocyclic 

ring closure of 1,3-butadiene to cyclobutene (Eq. 11.2) converts a m* + 2? system 

into am + a system; a net increase of one a-bond. These reactions will be discussed 

in Chapter 12 as a special case of pericyclic reactions. 

ic hy one new in 
a KG Yea > ¢ one new o-bond 2 

C ira gboond * i y (1.2) 
S 7 electrocyclic 

ring closure 
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Cycloadditions which occur intramolecularly often generate more than one 
ring. Classification of these cycloadditions focuses on the atoms involved in the 
new ring formation. For example, Eq. 11.3 is a [2 + 2] cycloaddition and Eq. 11.4 
is a [2 + 4] cycloaddition. Notice that although the cycloadditions represented 
in Eqs. 11.3 and 11.4 generate two rings, they still occur with formation of only 
two new o-bonds (indicated by arrows in the structures). 

on 2——2 CE eke SS a (1 1 3) 

Two new 

o-bonds 

244 a 

See bo) (1 1.4) 

Two new 

o-bonds 

A special kind of stereochemistry is possible for intramolecular cycloadditions 

(cf. Eq. 11.3 to 11.5, and 11.4 to 11.6). In these cases the termini may bond to each 

other, or one terminus may bond to an internal atom. We classify the latter 

bonding as x[m + n] because a “cross” bonding occurs. As an example, 11.5 is a 

x[2 + 2] cycloaddition and 11.6 is a x[2 + 4] cycloaddition: 

Daal De | 

I 2 x[2 + 
ine Cs eee CX (11.5) 
4 sk > | 

x[2 + 4] 3 he 

Feaeibonsnee 4 (11.6) 

Note that the starting materials in Eqs. 11.3 and 11.5 (and in Eqs. 11.4 and 11.6) 

are identical, but that the products of [2 + 2] and x[2 + 2] or of [2 + 4] and 

x[2 + 4] cycloadditions are different. 
An interesting example of the formation of two new o-bonds is the rearrangement 

of 1,3-butadiene to bicyclobutane, a x[2 + 2] cycloaddition (cf. Eq. 11.2). The 

analogous [2 + 2] reaction is in fact an electrocyclic ring closure (Eq. 11.2): 

Examples of x[2 + 2] cycloadditions are given in Chapter 12. 

1 °*A 
es i ite CC wie 2) (11.7) 

=sS 
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Stereospecificity. Suprafacial and Antarafacial Bonding. 

Selection Rules for Concerted Photochemical 

Cycloaddition Reactions 

The stereospecificity of a cycloaddition refers to the configuration of the starting 

reactants relative to the possible isomeric cycloadducts. Usually one is dealing 

with unsaturated reactants that can possess a cis or trans configuration. In favor- 

able cases (usually intramolecular) a strained o bond may actively participate in a 

cycloaddition. If each pure configurational isomer of reactants produces a pre- 

dominance of one configurational isomer of the cycloadduct, the cycloaddition 

is said to be stereospecific. 

The terms suprafacial and antarafacial are employed to describe the nature 

of the overlap of orbitals during a cycloaddition reaction (or in general, during 

any pericyclic reaction). Although a detailed discussion of this point is beyond 

the scope of this text,” we note here that suprafacial addition refers to the situation 

in which both new bonds are being formed on the same “face” of the old bond, 

and antarafacial addition refers to the situation in which both new bonds are 

being formed on the opposite “faces” of the old bond (Eq. 11.8). For z bonds, these 

terms are analogous to syn (suprafacial) addition and anti (antarafacial) addition. 

conjugated 

me m-system =, 

suprafacial 

0) iO bonding 

Ss 
L o suprafacial bonding 

on both “z faces” 
antarafacial 

bonding 

photochemically photochemically 

allowed for 4q allowed for 

electrons 4q + 2 electrons 

(11.8) 

With respect to stereospecificity, suprafacial addition corresponds to retention 
of stereochemistry and antarafacial addition corresponds to inversion of stereo- 
chemistry.” 

The notions of suprafacial and antarafacial bonding allow a general classification 
of the selection rules for a concerted cycloaddition reaction based on orbital 
symmetry considerations. The results are summarized in Table 11.1. The important | 
information to be extracted from Table 11.1 is the fact that concerted photocyclo- 
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additions are allowed for supra-supra, supra-antara, and antara-antara cyclo- 
additions, depending on the number of electrons involved. However, since excited 
singlet states generally possess very short lifetimes, it is likely that concerted 
intermolecular photocycloaddition reactions involving 4g + 2 electrons will not 
be generally important for 'z, x* states (see Chapter 7 for review). It is unlikely 
that the geometry for an allowed reaction (the difficult achievement of supra- 

antara or antara-antara bonding (Eq. 11.8)) can occur during the very short 

singlet lifetimes of 'z, x* states. A corollary of this reasoning is that only inter- 
molecular photochemical concerted cycloadditions involving 4q electrons are 

expected to be observed, since only such cycloadditions involve the relatively easily 
achieved supra-supra bonding. 

In rigid, cyclic systems, if structural features are favorable, supra-antara or 

even antara-antara bonding may become feasible, so that the corollary must be 

applied carefully to such systems.” 

11.2 Photocycloadditions via Intermediates: 

Diradicals, Zwitterions, and Exciplexes 

Concerted photocycloaddition reactions are likely to be confined to reactions of 

short-lived !z, 2* states involving 4q electrons. Such reactions are not commonly 

encountered. Most photochemical cycloaddition reactions involve intermediates 

such as diradicals, zwitterions, and exciplexes. 

The more generally encountered examples of photocycloadditions involve n, 7* 

states or a *x, x* state as an immediate precursor to these intermediates. Three 

classes of diradical states may be produced from an excited state and a substrate 

prior to a cycloaddition: 

1. A “locally excited” diradical or an exciplex (D,), in which the structure of the 

diradical is best characterized by a single structure with local excitation on one 

partner (A*) and an unexcited substrate (B): 

A* 4B A———- B exciplex (11.9) 

Table 11.1 Selection Rules for Concerted Photochemical Cycloadditions 

Number of electrons Allowed Forbidden 

Aci(Gi— Owl metic: supra-supra supra-antara 

antara-antara 

4q+2 supra-antara supra-supra 
antara-antara 
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An important feature of the exciplex D, is the fact that it is an electronically 
excited state and, as such, possesses channels for electronic relaxation to lower 

electronic states (including emission) in addition to reaction pathways. 

2. A “neutral” or conventional diradical (D) in which the structure of the 
diradical is best characterized by two half-filled orbitals and nonionic resonance 

structures. Usually D is formed by interaction of an excited molecule A* with the 

substrate B to produce one of the two new a-bonds which must be made in the 

overall cycloaddition: 

A*+B—>A—B a conventional diradical (11.10) 

D 

3. An “ionic” diradical or radical ion pair (D,) in which the structure of the 
diradical is best characterized by two half-filled orbitals and an ion-resonance 

structure. Note that D, is not a zwitterion (Z) which is defined as possessing 

only orbitally paired electrons. 

o ® 
A*+B>A+B radical ion pair . (11.11) 

Ds 

In starting on a mechanistic analysis one should suppose that, (a) any one of 

the diradical pathways is possible and which one forms depends on the reaction 

conditions and reactant structure, and (b) the diradicals may all be reversibly 

interconvertible with each other and with A* + B. 

For example, the reaction of n, x* states of ketones and alkenes generally 

involves an initial interaction similar to Eqs. 11.9 or 11.11 followed by formation 
of a conventional diradical. The latter often yields a cycloadduct via cyclization 

or reverts to starting reagents in their ground states. 

ms sam 9X 
a 

— m Ds Ne 

|« Eq. 11.11 es 

‘oe (M2) 

Bee ion Pe hae isolated 

pair diradical product 
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intermolecular [2 + 2] Cycloaddition Reactions 
of Alkenes and Polyenes 

Intermolecular [2 + 2] photocycloaddition reactions to form cyclobutanes typi- 
cally result from attack of z, x* states on unsaturated substrates. As a model for 
the type of photochemistry of z, 2* states we shall consider [2 + 2] reactions of 
alkenes and polyenes.’ A paradigm for the photochemistry of alkenes and polyenes 
is shown in Scheme 11.1. Intersystem crossing is generally inefficient from S, 
so that triplet sensitization is required to form T,. Both S, and T, are z, x* in 
nature for alkenes and polyenes and both have a natural inclination to twist to 
form Z and *D intermediates, respectively. 

The important features to remember are (a) the inherently short lifetime of S,, 

its inefficient intersystem crossing to T,, and its expected zwitterionic and/or 

concerted reactivity, and (b) the requirement for sensitization of T,, its generally 

longer lifetime, and its expected radical-like reactivity. 

Upon consideration of these points we expect that acyclic ethylenes and polyenes 

in general will not undergo efficient intermolecular photocycloaddition via direct 

excitation and that the efficiency of cycloaddition of triplet acyclic ethylenes and 

polyenes will depend upon both their triplet lifetimes and reactivity toward 

cycloaddition. Also, we expect that cyclic ethylenes and cyclic polyenes will have 

a better efficiency of cycloaddition than their acyclic counterparts if the ring size 

is small enough to inhibit twist about the C=C bond as an efficient deactivation 

pathway (see Sections 5.7 and 6.8). 

Simple alkenes exhibit poor absorption in the spectral regions accessible to 

most common photochemical equipment. Since their triplet energies (see Table 8.7) 

are relatively high (ethylene: E, ~ 82 kcal/mole, alkyl ethylenes: E, ~ 78 kcal/mole), 

relatively few triplet sensitizers can be used to promote indirect triplet formation 

via triplet-triplet energy transfer. In general alkyl benzenes (E, ~ 80 kcal/mole) and 

alkanones (E, ~ 78 kcal/mole) have been employed to sensitize triplet formation 

Sai ) ie = Il (Ge, xe") Rules: 

(1) S$; + T,. 

ms Vb sy (2) T, formed from ?sens. 

(3) S, 1s zwitterionic. 
(4) 7, 1s diradicaloid. 

Peas Pca hy 

‘i oe are 
3sens 

So ee So 

planar twisted planar 

Scheme 11.1 

Paradigm for the photoreactions of alkenes and polyenes. 



420 CHAPTER 11 

of alkenes. However, each type of sensitizer also tends to undergo photoreaction 

with the alkene in competition with energy transfer. 

As an example, consider the photodimerization of 2-butene (Eqs. 11.13 and 

11.14).* Direct irradiation (2,, ~ 230 nm) of liquid 2-butene at room temperature 

results mainly in cis-trans isomerization and (with a lower efficiency) cyclobutenes 

1, 2, and 3 are formed. Irradiation of pure trans-2-butene yields only dimers 1 

and 2, while irradiation of pure cis-2-butene yields only dimers 2 and 3 (since 

cis-trans-isomerization is the major reaction pathway, this situation holds only 

for very low conversions, such that the initial stereoisomer is still present in very 

large excess). 

2 — oe - tts) 

1 

hy || hy = 05 

2h eae ae (11.14) 

2 3 

Notice that 1 and 2 correspond to dimerization of two trans-2-butene molecules, 

while 2 and 3 correspond to dimerization of two cis-2-butene molecules. The 
dimerization reaction is therefore stereospecific. Of the possible mechanisms one 
can write for these [2 + 2] reactions, those involving long-lived Z or D interme- 
diates directly derived from x, 2* states are unlikely because of the reaction 
stereospecificity. The reaction may proceed by one of the following pathways: 

1. Concerted addition of S,(z, 2*) to 2-butene. 

2. Formation of a singlet exciplex by interaction of S,(z, 2*) and 2-butene, 
followed by direct collapse to cycloadduct or by collapse to a singlet 1,4- 
diradical which collapses to cycloadduct faster than it loses memory of its 
initial stereochemistry. 

In contrast to the few examples of photocycloadditions of acyclic alkenes, 
small- and medium-size cyclic alkenes generally undergo photosensitized [2+ 2] 
cycloadditions.* For example (Eq. 11.15), cyclopropenes, cyclobutenes, cyclo- 
pentenes, cyclohexenes, and cycloheptenes undergo photosensitized i242]. 
cycloadditions and dimerizations.* Cyclooctenes, on the other hand, tend to 
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twist about the C—C bond and to undergo photosensitized cis-trans isomeriza- 
tion.> 

H 

Gr = « : (11.15) 
H [2 +2] 

The mechanism of photosensitized cycloadditions generally involves triplet 

energy transfer from the sensitizer to form triplet cycloalkene, the latter being the 

reactive state in the cycloaddition. Sensitizers must be selected carefully, since 

few molecules possess a triplet energy comparable to simple alkenes (E, ~ 80- 

75 kcal/mole) and reactions with photosensitizers may become significant. 

As an example, consider the photosensitized dimerization of norbornene.°® 

This reaction is readily effected by acetophenone as sensitizer (Eq. 11.16). However, 

with benzophenone as sensitizer, oxetane formation is the favored pathway (Eq. 

11.17). These results are consistent with the postulate that the triplet excitation 

energy of norbornene is >74 kcal/mole, so that triplet energy transfer occurs 

with acetophenone (E, ~ 74 kcal/mole) as sensitizer but not with benzophenone 

(E, ~ 69 kcal/mole) as sensitizer. In the latter case, a chemical interaction between 

triplet benzophenone and norbornene overrides the energy transfer process and 

the oxetane 4 is formed: 

ee (11.16) 

: dimers 

euee al (11.17) 
reacltion Ph 

Ph 
4 

It is interesting to note that copper salts are capable of catalyzing the photo- 

dimerization of cyclic alkenes but not of acyclic alkenes.’ It is thought that the 

mechanism of these reactions involves photoinduced cis-trans isomerization of 

a copper olefin complex to yield a highly strained and reactive trans-cyclooalkene 

(presumably stabilized somewhat as a copper complex). Remarkably the major 

[2 + 2] product, in the case of cyclohexene is a highly strained doubly transfused 

cyclobutane: 

ae hy oe, “pall ; 

Cow ee (11.18) 
500%, 
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Photocycloadditions of Conjugated Polyenes 

The photochemistry of conjugated polyenes (particularly 1,3-dienes) has been 

well studied.® In contrast to alkenes, the absorption spectra (max > 220 nm) of 

conjugated polyenes allow direct excitation to be conveniently effected and the 

triplet states of conjugated polyenes (E, < 60 kcal/mole) are readily accessible 

via triplet-triplet energy transfer. Inefficient S$, + T, intersystem crossing (Scheme 

11.1) is apparent in the photochemistry of conjugated polyenes, as it is in the 

photochemistry of alkenes. Different products are generally obtained via direct 

S, reaction and via triplet-photosensitized T, reaction excitation. In general, the 

S, states of conjugated polyenes tend to undergo intramolecular pericyclic 

reactions or cis-trans isomerization, while the 7, states of conjugated dienes tend 

to undergo radical-like reactions. 

Photosenrsitized Intermolecular Cycloadditions of Dienes 

Because 1,3-diene triplet states are readily populated via energy transfer by a 

variety of photosensitizers, triplet-photosensitized excitation of dienes provides 

an important method for achieving the selective cycloaddition reactions of 

conjugated dienes.* Both cyclodimerization (Eqs. 11.19 and 11.20) and cross- 

cycloaddition (Eq. 11.21) reactions of dienes may be achieved via photosensitiza- 

tion: 

N “\ 
ZA y hy \ SY 9 

trans =.cis 

Li = i =~ “ee SS 

] ae a | (11.20)7° 
Su 5 S ee 

cis + anti endo + exo 

Cl, = 

CE, =CCh+ 22" = r [|_| 2 

Mechanisms of Photosensitized Cyclodimerization 

of 1,3-Dienes 

The mechanism of photosensitized cyclodimerization of dienes is of special 
interest because of: 

1. The important role that diene quenching of triplets played in the development 
of the theory of triplet-photosensitized reactions and triplet-triplet energy 
transfer.” 

2. The insight into the reaction pathways and triplet structures provided by an 
analysis of sensitizer-energy effect on product ratios. 
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3. The use of photosensitized cyclodimerization as a useful synthetic reaction. 

4. The use of photosensitized cyclodimerization as a method of “triplet 
counting” (see Chap. 8). 

As an illustration of the mechanism of photosensitized cyclodimerization of 
1,3-dienes, let us consider reactions 11.19 and 11.20, the photosensitized cyclo- 

dimerizations of 1,3-butadiene® and 1,3-cyclohexadiene,'° respectively. A 

number of striking differences are observed for these two reactions: 

1. The limiting quantum yields (e.g., the quantum yield derived from extra- 

polation to infinite concentration of diene) of both reactions approach a value 

of unity, but at lower concentrations, the quantum yield of cyclohexadiene 

dimerization remains at a value of unity while the quantum yield of 1,3- 

butadiene dimerization rapidly drops to a value much lower than unity. 

2. The use of different sensitizers leads to wide variations in the relative amounts 

of butadiene dimers, but no corresponding variation is found in the composition 

of dimers from cyclohexadiene. 

3. An increase in temperature produces a large (relative) increase in the amount 

of 4-vinylcyclohexene product formed in butadiene dimerization, but the same 

increase in temperature does not affect the relative yield of products from 

cyclohexadiene. 

The data in Figure 11.1 can thus be explained as shown in Figure 11.2: Trans- 

diene triplets (6) are known to possess greater excitation energy than cis-diene 

triplets (7).17 The trans triplets will react predominately with ground state s- 

trans-diene to yield cyclobutanes. The cis-triplet (7) reacts predominately with 

s-cis-butadiene to yield mainly vinylcyclohexene. All other factors being equal, 

both triplets are expected to react predominately with s-trans-butadiene be- 

cause of the concentration advantage of the latter rotomer over s-cis-butadiene. 

The high-energy sensitizers transfer excitation to either s-cis- or s-trans-butadiene 

with comparable efficiency, and the ratio of trans- and cis-triplets produced 

reflects the relative concentrations of their precursors—i.e., an overwhelming 

predominance of trans-triplets is produced and more than 95% of the dimers are 

cyclobutanes. However, when the energy of the sensitizer falls below 60 kcal transfer 

to s-trans-butadiene becomes measurably inefficient and relatively larger amounts 

of cis-triplets are formed as a result of the selective excitation of s-cis-butadiene 

molecules together with an increase of the relative yield of vinylcyclohexene. 

Finally, sensitizers having less than 53 kcal of excitation energy do not transfer 

efficiently to either isomer and non-Franck-Condon excitations (which may be 

governed by different rules) are possible. 

In Fig. 11.1 a rather sharp cutoff in efficiency of dimerization occurs at about 

54 kcal, which is also the energy reported for the So > T transition of 1,3-cyclo- 

hexadiene.!2 Since butadiene exists as a mobile equilibrium mixture of s-cis- 

and s-trans-rotomers (the latter predominating at ordinary temperatures) the 

S,— T energy reported is that of the s-trans isomer. The value of the Sy > T 
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transition (~54 kcal/mole) reported for 1,3-cyclohexadiene'” approximates the 

energy necessary to excite the triplet state of s-cis-butadiene. This situation is 

summarized in Figure 11.2. 

Simple molecular orbital considerations for linear 1,3-butadiene predict that 

the first excited state of the molecule will result from excitation of an electron 

into an antibonding orbital between atoms 2 and 3 to an orbital which is bonding 

between these centers. Therefore, the lowest excited states of 1,3-butadiene are 

expected to have a larger barrier to rotation about the central bond in the excited 

state than in the ground state. The bond orders calculated for the simplest model 

are:1? 

CH,=CH—CH=CH, —> 

la 
1.88 1.44 

CH= CH= CH=CH ~ CH) CH=CH CH, (11) 

Leal 
1.44 1.72 
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Anthraquinone 
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2 2-Naphthaldehyde 
1S) 
5 
8 80 1-Acetonaphthone 

Ay ¢ 1-Naphthaldehyde 

© 
& 70 1 = Benzophenone 
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2 Benzanthrone = 2 . OBiacety 2 = Benzaldehyde 

oO Re 3 = Xanthone 
se 60 are 

Rluorenone 4 = Acetophenone 

3-Acetylpyrene 
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Triplet energy of Sensitizer (kcal) ——» 

Figure 11.1 

Variation of % cyclobutane products as a function of the triplet energy of the sensitizer. 
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Although these calculations are crude, more refined treatments also indicate that 
a substantial barrier to rotation about the 2-3 bond exists for the lowest excited 
states of butadiene. 

Evidence for a barrier to rotation in allylic radicals is available from ESR 
studies.* The rate of rotation about the carbon-carbon bonds of the allyl radical 
CH,—CH=CH, was shown to be slower than ~ 10° sec”! near room tempera- 

ture. A free energy of activation >17 kcal/mole to rotation was found to exist. 

Intramolecular Cycloaddition Reactions of Alkenes 

and Polyenes 

From the patterns set by the intermolecular cycloadditions of alkenes and dienes, 

we expect that for intramolecular cycloadditions when structural constraints 

favor cycloaddition, reaction from both S$, and T, should occur.!° 

se Re 

new bond == new bond 

6, pranceCondon slow relative th Franck-Condon 

trans-triplet to reaction cis-triplet 

E,~ 60 kcal/mole E, ~ 54 kcal/mole 

Y a VN 
s-trans Sets 

a Dis ~3 0 

Figure 11.2 

Schematic description of stereoisomeric forms of excited butadiene. 
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The use of an alkyl radical model provides an interesting prediction concerning 

intramolecular cyclizations.!® For example, a general result of radical cyclization 

appears to be that if both 3- or 4-ring cyclizations are structurally possible (Eqs. 

11.23 and 11.24: 8 > 9 and 8— 10) three-membered rings are formed faster (but 

reversibly). 

In the case of 5 ring versus 6 ring, again the formation of the smaller ring is 

kinetically favored (Eqs. 11.25 and 11.26: 11-12 ahd 11 > 13). 

1,3-bonding 
1 fast (~ 108 sec” ')!° (11.23) A 4 Le CH, reversible 

3)\b 
RQ 9 

l. | 
, CH2 sos ie 1,4-bonding (1124) 

8 CH, Slow-irreversible 

10 

5 2 1,5-bonding 
Clt5. fast (~10° sec“) 

(11.25) 

6 5\ b \\; 

AC CA OHS 
oe fi, A ee, ae 1,6-bonding 

(11.26) 
slow 

13 

We can use the analogies from radical cyclizations to anticipate the favored 

modes of intramolecular photocyclizations when a priori similar choices are 

available: 

1. Formation of three-membered rings is favored to the formation of four- 

membered rings. 

2. Formation of five-membered rings is favored to the formation of six- 

membered rings. 

Of course, there may be special features of diradicaloid structures that result - 
from S$, and T, states which require modification of these two rules. The notion 

of “loose” and “tight” geometries of diradicals suggests a possible differentiation 

of the behavior of diradicals on excited singlet surfaces from those on triplet 
surfaces.'’ In Chapter 7 it was shown that on the excited singlet surface a diradi- 

caloid structure is zwitterionic in its electronic structure, whereas the triplet is 

always covalent.'’ It follows that, all other factors being equal, a diradicaloid 

minimum on the S, surface will favor “tight” geometries for which the free (ionic) 

valences are close together in space, whereas a diradicaloid structure on the T, 

surface will favor a “loose” geometry for which the free (radical) valences are as ~ 
far apart as possible: 
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Sa ee 
(11.27) 

“Tight” or zwitterionic “Loose” or conventional 

diradicaloid structure is diradical structure is 

favored on S, surface favored on T, surface 

As an example, consider the intramolecular photocycloaddition of norborn- 

adiene (14-15). The [2 + 2] photocycloaddition of norbornadiene to form 

quadricyclane may be effectively induced by both direct!® and photosensitized 

excitation.'° An interesting feature of this reaction is that it may be reversed by 

photosensitization.”° 
The diradicaloids 14 D and 15 D have been prepared by photolysis of the cyclic 

azoalkanes 16 and 17.7! It was found that S, of both 16 and 17 produced 14 as 
the major product (Eq. 11.28). These data may be interpreted in terms of qualitative 

surfaces for ground-state-forbidden m* + 2* cycloadditions (Figure 11.3) since 
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all forbidden ground state concerted reactions!’ have the same zero order topology 

as the surfaces for cis-trans-isomerization (see Section 7.7). 

The minima on the S, and T, surfaces can be deduced from the notions of 

“tight” and “loose” geometries (Eq. 11.27). The diradicaloid 14 D can be better 

stabilized by zwitterionic contributions than the “1,3” diradicaloid 15 D. Con- 

versely, a loose “1,3” diradicaloid 15 D will be energetically favored on T, (and 

therefore an energy minimum). Thus, placing a representative point on the S, 

surface leads to the minimum corresponding to the 14 D structure, irrespective 

of the starting geometry. From 14D, internal conversion to So will occur vertically 

and therefore favor formation of norbornadiene. Placement of a representative 

point on the T, surface leads to the minimum corresponding to the 15 D structure, 

irrespective of the intitial geometry. If intersystem crossing occurs from this 

geometry, formation of quadricyclene is clearly favored. The “cant” of the 1,3- 

orbitals in 15D will also favor spin-orbit coupling and therefore facilitates inter- 

system crossing from the T, surface to the So. 

@ = REPRESENTATIVE POINT 

q 

So 

14 14D 15D 15 

ORM. 

Figure 11.3 

Energetics of the nonbornadiene-to-quadricyclane system. 
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This surface description provides a simple and accurate interpretation of the 
photochemistry of 16 and 17 and also allows an understanding of the low formation 
efficiency of 15 from 14 upon direct singlet excitation or sensitization by singlet 
sensitizers, and of the high efficiency of formation of 15 from 14 upon triplet 
photoexcitation.” ! 
Among the more intriguing applications of [2 + 2] photocycloadditions are 

the photosensitized ring closures of 18 to 1973 (the latter is a precursor to basketene, 
20), and the direct closure of Dewar benzene and substituted Dewar benzenes to 
prismanes (21 — 22):?* 

: hy eal several le 

(GHiz);C=6 oa > steps . 
\ > 

yy i229 ix ( ) 

; x 
1822X = CO5CHs 20, basketene 

19.35% 

= i ae 4 
(=O =~ Ctb-B ie 
21, Dewar benzene 22, prismane 

Even o? + x? photocycloadditions are possible if the starting molecule possesses 

appropriate structure features (e.g., 23  24):*° 

Se Sais A> > (11.31) 
ee 5 

23 24, 25% 

Occasionally, cycloheptatriene derivatives are isolated from irradiation of 

7-substituted norbornadienes. This situation is particularly common for norborn- 

adienes which possess a 7-heteroatom substitutent.*® A plausible mechanism for 

these rearrangements involves the sequence 25 + 26 — 27: 

% x 
| a 

ee hy Ee Se Nee | ~ (US) 

/ // a ic/ \ X 
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A useful empirical “rule of five” has evolved for predicting the major product 

from triplet intramolecular photocyclizations which are free from structural 

constraints and which may form several sizes of rings.*’ In situations where rings 
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of various sizes may be formed via intramolecular triplet cyclization, in the absence 

of special constraints the favored ring system will be that derived from an initial 

1,5 addition of the triplet to form a diradical possessing a five-membered ring. If 

a five-membered ring is not possible, a six-membered ring is next favored; then a 

four-membered ring.® 
An example of the application of these rules is found in the photocycloaddition 

of the diene 28, which undergoes quantitative cyclization to 29: 

OD GoD 
Vy vi of five” ae Ba (1 133) 

not formed 29, 100% 

When two choices for five-membered rings are possible, the structure corre- 

sponding to the most stable biradical is expected to form preferentially (e.g., 30 

should be preferred over 31). This kinetic preference for formation of 5-membered 
rings is probably related to the known preference for cyclization of hexenyl radicals 

to cyclopentanes rather than cyclohexanes.!° 

(11.34) 

Gi. 

(11.35) 

A 
35, 83% 36, 14% 

As another example of the operation of the “rule of five,” consider the photo- 

reactions of myrcene (33).*” From the monoradical model we expect that, of the 
diradicals which might result from an attack of the diene triplet moiety on the 
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alkene moiety (structures 37—40), five-membered rings will be formed faster.2° 
This allows us to eliminate structures 39 and 40. 

eran 
peemee eran) 14 _ 

34 
SF 

Oe 

Rule of 5 Not formed 
product 

é 

Next, we invoke radical stability to rank the five-membered ring diradicals and 

we eliminate 38 relative to 37, since the latter enjoys both allylic and tertiary 

radical centers. Preferential formation of diradical 37 followed by cyclization to 34 

leads to the observed product. 

The constrasting behavior of S$, and T, of alkenes and polyenes is also exem- 

plified by the observation that direct excitation of myrcene (S, reaction) leads to 

entirely different products (Eq. 11.35). The major product results from electrocyclic 

ring closure and the minor product from an internal cyclization.?” The mechanism 

of formation of the latter is not known, but from the zwitterionic model of S, we can 

speculate that a species such as 41 or 42 may be involved: 

a é 
— SS 

——— }) arene (11.37) 

® 

1 42 4 36 

In this model, the difference between the favored five-ring cyclization of the 

triplet and the six-ring cyclization of the singlet is due to contrasting radical- 

versus-zwitterionic character of these states.*! Ionic cyclizations are known to 

tend to favor six-ring formation.'® 

An interesting example (which provides strong support for a long-lived inter- 

mediate) is found in the observation that photosensitized triplet excitation of 
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either trans- or cis-3-methylene-1,5-heptadiene*’ results in a completely non- 

stereospecific x[2 + 2] cycloaddition, i.e., the same mixture of adducts 44a and 

44b is produced, irrespective of starting material (Eq. 11.38).°? Since it was shown 

that the starting materials were interconverted very slowly relative to cyclization, 

the loss of stereospecificity must occur during the lifetime of some reactive inter- 

mediate. The mechanism shown in Eqs. 11.38-11.39 adequately explains these 

results and is fully consistent with our general theory of the expected behavior 

of °x, n* states: 

[Ve A+ Re (11.38) 
// / 4 a 

44a 44b 44c 
43t : 

same ratio 

“rule of five” 

T, 

| . 

y eee po Aguile (11.39) 

11.3. [2 + 2] Photocycloaddition Reactions 

of Carbonyl Compounds 

[2 + 2] photocycloaddition of carbonyl compounds to ethylenes which yield 

oxetanes are reactions which are well known.** These reactions generally proceed 

from an attack of an n, 2* state of the carbonyl compound on an unsaturated 

substrate.** Concerted cycloaddition reactions of n, 2* states are unlikely because. 

of the difficulty of obtaining proper cyclic overlap in the transition state.*° As a 

result, [2 + 2] photocycloadditions of n, 2* states are generally expected to proceed 

via diradical intermediates. A simple paradigm for photochemical oxetane 

formation is shown in Eq. 11.12 and in Scheme 11.2. In general the following 

situations occur: 

1. Both S,(n, x*) and T,(n, 2*) may be involved in oxetane formation. 

2. Diradical intermediates are produced either directly or indirectly from the 

n, m* states and are the immediate precursors to oxetanes. 
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The occurrence of an exciplex or radical ion pair prior to diradical formation 
is possible under favorable circumstances. Also, if the unsaturated substrate 
possesses a lower excitation energy than the carbonyl compound, energy transfer 
to produce an electronically excited state of the substrate may occur. The latter 
process may occur via D, D,, or D, states (Scheme 11.2). 

Orbital Interactions and Correlation Diagrams for 

the Photocycloaddition of Ketones to Ethylenes 

Figure 11.4 reviews the two major orbital interactions that can be expected to 

determine the low-energy pathways for photocycloaddition:*’ 

1. An electrophilic attack initiated by the half-filled n orbital on the x electrons 

of the ethylene (z — n), defined as the “perpendicular approach.” 

2. A nucleophilic attack initiated by the half-filled z* orbital on the empty x* 

orbital of the ethylene (z* — x*), defined as the “parallel approach.” 

ee ie ee 

Diradicals 

hy 

So f+ —4- 

y oxetane 

Exe _—-s= H-abstraction ia ooars 
~~ —® e-abstraction 

energy transfer 

Scheme 11.2 

Paradigm for interactions of n, nm* states and ethylenes. The top of the figure indicates 

that the interaction of S,(n, *) or T,(n, m*) plus an ethylene will in general lead to a 

diradical intermediate (D, D,, or Di). The latter, which may be interconvertible, then 

lead to oxetane formation. The bottom of the figure indicates the connection between 

oxetane formation, H-abstraction, e-abstraction, and energy transfer, all of which may 

occur via similar orbital interactions. 
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electron rich electron poor 
quenchers quenchers 
Ner 1*<— 17 
shes Sat interaction 

kge (IP) k,e< IP 
a 

enol ethers jpasikends Cl ethylenes -4 +CNethylenes 
i dienes 

nS OMS Ono Oso Of lO Om OS 

IP —* 

Figure 11.6 

Quenching of n, z* states of ketones by ethylenes. The terms ‘‘electron-rich”’ and 

“electron-poor’’ are qualitative and refer to the relative preference of an ethylene to 

interact with the n or with the z* orbital of the n, 2* state. 

Turning now to the structure of the excited state, we expect k, to depend pri- 

marily on the configuration of the reacting state for a given ethylene quencher, 

1e., in general, k,(n, n*) > k,(x, n*). For a series of n, x* states with the same 

substrate, we expect k, to reflect the electron affinity of the n orbital if the reaction 
to form the primary diradical is exothermic, or to mainly reflect the reaction 

endothermicity. The data in Table 11.3 show that these trends are borne out for 

the quenching of n, 2* states by alkenes. 

Oxetane Formation by Photocycloaddition of Excited Carbonyl 

Compounds with ‘Electron Rich” Substrates: Alkenes and 

Enol Ethers 

The photocycloaddition of ketones to alkenes and to enol ethers will serve as 

representative of oxetane formation. Some examples are: 

H H OR H OR 
x a Oo—” \ / 

(CH COsy C=C aaane |. oS ey 

RO ‘OR ; OR RO H 
CH; 

cis + trans oxetane 

(ii42)28 

CH; 

C(CH a Ph CO + Ch. ( 3) 2g o ax Ph ene Ph 

Ph CH; Ph 

90°, 10% 
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The lack of stereospecificity in reaction 11.42 is explained in terms of a diradical 

intermediate of sufficient lifetime to allow substantial bond rotations: 

HH 
(CHj),C=O*+ JX —— 

RO OR 

ees Se Be (11.44) 

a CH, CH; CH; 

cis trans 

1 tt (145) 

cis-oxetane trans-oxetane 

The side reaction of cis-trans isomerization may be understood in terms of cleavage 

of the diradical intermediate to generate ground-state ketones and (isomerized) 

ethylene. 
The regiospecificity exhibited in Eq. 11.43 is explained in terms of a diradical 

intermediate, since diradical 45 should be more stable than diradical 46 in Eq. 11.46. 

Therefore, 45 is expected (on the basis of the diradical stability rule) to form faster: 

CH; 

Pee O CH Ph,CO* + (CH;),C=CH, ——> sean Li Pi a 3 

Pir CH. 

45 46 

more stable less stable 

(11.46) 

Table 11.3. Quenching of Unsaturated Ketone Triplets 

ka iM * sec. *) 

J fe RCH—CHR REC CRE 

CH,COCH, nie" 1 x 10’ Ss (oy? 

PhCOCH, n, 5 x 107 5 x 108 
4—CF,C,H,COPh Vion 2 x 108 — 

PhCOPh n, 7" 7x 107 9 x 108 

(4-CH,O0-C,H,),CO Toe 4 x 10° — 
4-Ph-C,H,COPh nm, 1* 5 x 10° 
2-Acetonaphthone Tt, 1* — 0° 
CH,COCOCH, bie 102 4 x 10° 
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We have not explicitly referred to the spin state in these cycloadditions. In the 
case of aryl ketones, intersystem crossing is generally too fast (> 101° sec. *)itO 
allow significant reaction from S, to occur. In the case of dialkyl ketones such as 
acetone, however, S,(n, 2*) is sufficiently long-lived to be able to participate in 
oxetane formation. 

It has been found that $,(n, 7*) and T,(n, x*), although behaving qualitatively 
the same in oxetane formation, lead to quantitatively different results. For example, 
reaction of the n, z*-states of acetone with enol ethers involves: 

1. More stereospecificity in S, than in T,; 

2. Less competing cis-trans isomerization from S, than from T,.°8 

These results are understandable in terms of the postulate that S, and an enol 
ether leads directly to a singlet diradical (1D), whereas T, and an enol ether 
leads directly to a triplet diradical (7D). The latter can neither cyclize nor cleave 
until a spin flip occurs. Since spin-orbit coupling is very weak for electrons in 
carbon p orbital, *D lasts a very long time, allowing many bond rotations to 

occur.*° When intersystem crossing to 1D does occur, cyclization or cleavage 
results. The 'D formed from S$, may cleave or cyclize more rapidly and more com- 

petitively with bond rotations.*° As a result, oxetane formation is more stereo- 
specific and less cis-trans isomerization occurs. 

Evidence in support of a long-lived triplet diradical intermediate in the reaction 

of aryl ketones and ethylenes to form oxetanes is also provided by the observation 

that the same mixture of oxetanes is produced at low conversion by irradiating 

cis- or trans-2-butene with acetone or with benzophenone (Eq. 11.47), and that 

cis-trans isomerization occurs concomitantly.**4! Although the latter process 
could occur via a triplet energy transfer mechanism, the endothermicity of such a 

process (~ 8-10 kcal/mole) makes this possibility unlikely, so that the biradical 

mechanism is more plausible. 

Ph,C=O + Or > me ae 0 

aay Ph Ph 

a nan 
O | eee 

—— cis-trans isomerization 

Ph - 
Ph 

Finally, side products observed in oxetane formation often indicate the occur- 

rence of a biradical intermediate which partitions to oxetane or other products. 

For example, one expects that disproportionation (a radical-radical reaction which 

often competes with radical-radical coupling) will compete with (and in some 

cases dominate) the net reaction of the diradical. In the case of acetone and tetra- 

methylethylene, internal disproportionation products of the biradical are observed 
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in addition to oxetane:*? 

° O 
Ra Shwe $0 1148) 

: ‘ 2075 

Ts. Te 
|ssrorornn 

ae ee at e (11.49) 
a /0 W770 

Although biacetyl undergoes [2 + 2] photocycloaddition to a number of olefines 

to form oxetanes, with «-methyl styrene*? the major product is an enol ether 47. 

The formation of 47 may be rationalized as occurring via (a) addition of triplet 

biacetyl to the styrene to form a 1,4-biradical which then undergoes intramolecular 

disproportionation, or (b) hydrogen abstraction followed by coupling of the 

radicals formed and tautomerization. From deuterium labeling experiments 

(Eqs. 11.50 and 11.51), path (b) is excluded, since path (b) predicts that the product 

(47) should have the label scrambled and this result is not observed. 

a matey ae (11.50) 
O 3 \-CH, 

Ph 

9 D 

ean eae Ci coe ng on ‘CD, ‘oH, 
Ph 

47, isolated 

The addition of carbonyl compounds to acetylenes is expected to produce 
oxetenes. These products are prone to undergo electrocyclic ring opening to 
unsaturated carbonyl compounds.** In the case of benzaldehyde and 2-butyne, 
the oxetene 48 can be detected by NMR spectroscopy at —45°.4° Compound 48 
undergoes rapid ring opening near room temperature: 

@©== 

H 

48 Ph 

PhCHO + CHJC=ccH, —=— Pr oT sulin —45 (EIS 2) 
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An interesting example of the addition of an n, x* state to a g-bond is given 
by the reaction of benzophenone and quadricyclene.*® The major products may 
be formulated as arising from attack of the n, x* state from the exo face to form a 
diradical which cyclizes to the observed products: 

EXO ¥Q \ ae a py eee 
Ph Ph 5 Ph : 

ee. 
Ov Ph 

Ph O 
ty ae 

Ph 25Y 

153} 

60% 

The photocycloaddition of benzophenone to cyclopropyl ethylenes is accom- 

panied by formation of rearrangement products which evidently result from a 

cyclopropyl carbinyl-allylcarbinyl rearrangement ofan intermediate diradical :!°:47 

O 
Ph,C=O + CH,=C€ —*> prs Sy 

H Ph 

|» 

. O O (11.54) 
Ph+—\__ Ph a 

Ph V 

(a) 

49 50 

f= 709c 65% 15% 
60; Cy, 8 30/7, 65% 

It is important to note that the ratio of oxetane 49 to rearranged product 50 is 

temperature dependent. At relatively low temperatures the oxetane is the major 

product. Above 100° the rearrangement product 50 predominates. These results 

can be understood in terms of the intermediacy of a cyclopropyl carbinyl radical 

which undergoes ring opening (path b, Eq. 11.54). Ring opening will be favored 

as the temperature is increased.’° 
Attempts to trap the 1,4-diradical intermediates (derived from addition of the 

n, m* states of ketones) with intermolecular substrates have been largely unsuc- 

cessful. An exception to this generalization is found in the photocycloaddition of 

benzoquinone to cyclooctatetraene and other ethylenes in the presence of oxygen.*® 
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The product structure suggests that O, is capable of intercepting the 1,4-diradical 

51, to yield 52: 

V0 $04 Xx 2° 

fate 

trapping 

The diradical hypothesis does not always serve as a good guide to the prediction 

of the degree of regioselectivity in oxetane formation.***? For example, the 
addition of acetone singlets and/or triplets to enol ethers is not very regiospecific 

although the diradical intermediates produced by one bond addition would be 

expected to result in a strong predominance of the 2-substituted oxetane, e.g.: 

OR 
pare =a 0 a (11.56) 

OR sale 

53, ~60%. 54, ~40% 

(11.55) 

Although isomer 53 usually predominates, the selectivity is less than might be 

expected. It has been proposed that a D, radical pair preceeds the diradical and 

the collapse of D, to D is not as regiospecific as the direct addition of an n, 2* 

state to the enol ether :*” 

Orns ok ae es 

ae Lor A cho, me oe Khon * X 
n, 1* E Da 

on 

(11257) 

Indirect routes to the diradical suchas n, n* + E> D, > Dorn, n* + E> D, > 
D are also consistent with quenching data and kinetic deuterium isotope effects.°° 

Oxetane Formation by Photocycloaddition of Excited Carbonyl! 

Compounds with “Electron Poor’ Substrates: Cyanoethylenes 

The results from photocycloaddition of ketones to electron-poor ethylenes such 
as cyanoethylenes contrast sharply with those for photocycloaddition of ketones 
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to electron-rich ethylenes: 

1. Only S,(n, 2*) forms oxetanes with cyanoethylenes (recall that both S,(n, x*) 
and 7’,(n, x*) formed oxetanes with electron-rich ethylenes). 

2. Quenching of S,(n, z*) does not effect cis-trans-isomerization as a side 
reaction. 

3. Quenching of T ,(n, z*) sensitizes reactions of the cyanoethylene but does 
not lead to oxetane. 

4. Oxetane formation from S,(n, 2*) is completely stereospecific (oxetane 

formation from S, was only modestly stereospecific with electron-rich ethylenes). 

5. Oxetane formation from $,(n, 2*) is regiospecific, but the product structure 

does not conform to that expected from the most stable diradical rule. 

As a specific example, we consider the photocycloaddition of acetone to cyano- 

ethylenes (Eqs. 11.58—11.61): 

O CN 

(CH), C=0 - stereospecific (11.58)°' 

Sa") CN CN CH; CN 
CH: 

aN GH 

(CHe)5 C—O —— ——? ee regiospecific  (11.59)°? 
S,(n, 2*) CH, eee 

CH, 

CN 

(CHE C—O eee (CH) CO cis-trans- 

Taw) CN CN CN isomerization 

(11.60)°? 

oe CN reen Ue 
(CH. C—O0 ——> (CH,),C—0 + dimerization 

ae L_+_CN 
1 {Gi >) Gig 

(i6i\r" 

The quenching of S,(n, 2*) of acetone by cyanoethylenes may be quite efficient 

(ky ~ 3 x 10? M~! sec-! for CNCH=CHCN). T,(n, x*) is also quenched 

efficiently by cyanoethylenes (k, ~ 10? M ' sec '). However, the efficiency of 

oxetane formation from S, is only about 10% (e.g., with 1,2-dicyanoethylene, 

Eq. 11.58). Since no other products result from the quenching of S, by 1,2-dicyano- 

ethylene (DCE), a pathway for reaction inefficiency (i.e., a quenching pathway) 

from S$, must exist.” 

We may analyze these data in terms of a surface correlation ee (Fig. 

11.7). It is expected that the best orbital interaction between an n, m* state and an 
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electron-poor ethylene will occur via a parallel approach which allows a n*(n, 2* 

state) > 2* (electron-poor ethylene) interaction to occur.*° Furthermore, only the 

tritopic pathway which occurs via a C—C bond formation is symmetry-allowed.*° 

This pathway is shown in Figure 11.7. The stereospecificity of reaction 11.58 is 

easy to understand as a natural consequence of the geometry of approach and the 

spin-paired nature of the primary product. The reaction inefficiency may be 

explained, (a) as a consequence of formation of an exciplex ('D,) due to a weak 

avoiding of the Sy > Z and S,(n, x*) + 'D surfaces, or (b) as a consequence of 

formation of 'D followed by competing collapse of 'D to oxetane or ground-state 

ketone and ethylene.°* 
The reaction regiospecificity is explained quite nicely by the tritopic approach 

(see Fig. 11.7), which also reveals the reason why the conventional most-stable- 

diradical rule completely fails (Eq. 11.59). Since only the tritopic pathway is 

electronically allowed, we should not consider the diradicals produced by C—O 

bond formation (Eq. 11.62) as was the case for electron-rich ethylenes; rather, we 

must consider the stability of diradicals formed by formation of a C—C bond. 

CH. JEN cas 
(CH). C=O; =< hn ae ie oo 

S3(n; 2") CN CN ey \ oh : 
CN 

a5 56 sy 58 

CN 
O—-CN O O O 

aige a 
CN CN 

not formed 

(11.62) 

In other words, neither 57 nor 58 are pertinent to the analysis. If they were we 
would have to predict the formation of a product that is not observed. However, ° 
if we postulate that diradicals 55 and 56 are the pertinent radicals for analysis 
then we immediately perceive that 55 is favored by both radical stability con- 
siderations and steric effects. 

Finally let us consider the basis for the failure of T,(n, n*) to undergo efficient 
oxetane formation. From the surface diagram (Fig. 11.8) for the tritopic, parallel 
approach of T,(n, x*) and DCE, we expect the connection T,(n, 2*) > *D to be 
direct. However, *D cannot close to oxetane before intersystem crossing to D. 
If the spin flip is slow compared to either bond rotations and/or energy transfer 
to the ethylene, oxetane formation becomes noncompetitive as a reaction pathway. . 
Evidently, energy transfer is preferred over the 7D > 'D > oxetane pathway. 



CYCLOADDITION REACTIONS 445 

PATHWAY FOR 
So REACTION INEFFICIENCY 

epee  -e ST wNENCN oN PNcn 
starting Diradicaloid 

materials geometry oxetane 

(tritopic ) 

Figure 11.7 

Surface description of the addition of acetone to cis-dicyanoethylene. Near the 

diradicaloid geometry a weak complex or a ‘“‘hole”’ in the singlet surface occurs. 

About 90% of the ‘‘quenched’”’ singlet acetone molecules fall through. 

Stereoelectronic Requirements for Oxetane Formation 

Simple theory (see Fig. 11.4) predicts a preferred “edge-to-face” interaction between 

n, m* states and electron-rich ethylenes as substrates and a preferred “face-to-face” 

interaction for electron-poor ethylenes as substrates.?° 

CO —- Lk, - i Gat s CN MG CN = CN NC CN 

Figure 11.8 

Surface description of the acetone-triplet-sensitized cis-trans isomerization of trans- 

dicyanoethylene. The conversion of °(n, m*) to 3D goes by a surface crossing which is 

very weakly avoided because it involves a singlet/triplet crossing. Unless spin-orbit 

coupling is effective, most of the quenched 7, states will proceed to 3D, which cannot 

close to oxetane but must either intersystem cross to 'D or proceed via an adiabatic 

photocleavage to T, of the cyanoethylene. The latter then decays to cis- and trans- 

dicyanoethylene. 
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A test of this prediction is possible from a study of steric effects on the rates of 

quenching of n, n* states. The premise is that n-orbital interactions will be sensitive 

to steric effects near the “edges” of the carbonyl function, whereas 2*-orbital 

interactions will be sensitive to steric effects near the “faces” of the carbonyl 

function. 
Figure 11.9 summarizes an experimental system which tested these ideas. The 

rigid norcamphor framework can be modified to provide steric hindrance to 

approach of the “edges” (the n-orbital) or to the “faces” (the 2*-orbital) of the 

carbonyl function.°° The qualitative results are that steric blocking of the “faces” 

retards attack by cyanoethylenes but not attack by enol ethers (as measured by 

quenching constants). By contrast, steric blocking of the “edges” retards attack 

by enol ethers but not by cyanoethylenes. 

Intramolecular Oxetane Formation 

Based on an alkoxy model,°° intramolecular oxetane formation, like intramolecular 

cycloadditions of ethylenes,”’ is expected to obey a “rule of five.” Experimentally, 

examples are known (Eq. 11.63) which confirm this expectation,*’ but exceptions 

(Eq. 11.64) are not uncommon.°® It may be that primary addition is reversible. 

In this case product structure would not be a valid guide to the preferred ring size 

in the primary step of cyclization. The formation of 60 in addition to oxetane upon 

photoexcitation of 59 is evidence in support of a diradical intermediate in these 

“edges” “faces 

MODEL 

ea A [ "ime 

es 

FAST ie 
= EDGE ATTACK Sek 

= FACE ATTACK 

ARM AT 
SLOW FAST 

=EDGE ATTACK = FACE ATTACK 

Figure 11.9 

Schematic of the use of substituent effects on the rate of quenching of fluorescence of 
norcamphor and its derivatives by electron-rich (enol ethers) and electron-poor 
(cyanoethylenes) to demonstrate ‘‘edge”’ (n — z interaction) versus ‘‘face’’ (x* — 1*) 
interactions of the n, 2* state and ethylenes. 
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cyclizations.** Thus, the diradical D can (1) revert to 59 (path a) and cause reaction 
inefficiency, break bond b and lead to 60, a rearrangement product of 59, or 
(2) cyclize to oxetane (path c). T,(z, 2*) states, which are generally inefficient in 
reacting with ethylenes to form oxetanes intermolecularly®?* may undergo 
efficient intramolecular oxetane formation.>? 

O 

WG re Gass (11.63) 

100% 

a : 
OR Ory O 

hy c 

Ao @ Ko O 

b 
R R R 

59 D 

/ (11.64) 

Although intramolecular oxetane formation is normally thought of as a small- 

ring synthesis, large-ring formations employing this [2 + 2] cycloaddition are 

plausible. A striking application of this idea is found in the intramolecular photo- 

cycloaddition of 61 to yield the paracyclophane 62:°° 

0 1 (CH) 
Ph —"-» Ph 

CO,(CH,),>CH=CH, CO, 

61 62, 83% 

(11.65) 

Interestingly, for short chain analogues of 61, the phosphorescence lifetime t, in 

dilute solution is relatively constant (~ 70 ys). For 61, t, drops to 2s, because of 

the quenching interaction of the CH=CH, group on the side chain.°° 
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Evidence for the Intermediacy of Exciplexes in 

the Formation of Oxetanes 

From a number of indirect lines of evidence, exciplexes have been suggested as 

intermediates in oxetane formation:*?’°° 

1. Reaction inefficiency. The fact that n, z* states may be completely quenched 

by ethylenes, but generally lead to products with much less than 100% 

efficiency is consistent with a deactivation channel (via an exciplex) to ground 

state along the reaction coordinate. 

2. Reaction kinetics. The fact that the rate constants for quenching are much 

faster than those predicted from simple radical additions is inconsistent with 

the direct primary formation of a diradical intermediate in the quenching step. 

3. Reaction products. The fact that certain product structures cannot be 

explained by the most stable diradical hypothesis is consistent with a precursor 

to the diradical. 

Taken as a whole, these data suggest that some precursor may preceed the 

diradical intermediate (D) in oxetane formation. Theoretically, this intermediate 

may be a D, or D,, species (see Scheme 11.2). Differentiation between the two has 
not been possible, so we shall refer to the precursor as an exciplex, possibly one 

with strong charge-transfer characteristics. 
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The question arises as to the extent of charge transfer in the quenching step. 
Is a full electron transferred, forming a radical ion pair, or does the interaction 
only lead to a polarized charge transfer complex? Experimentally it is likely that 
both situations occur, depending on the electron-donor or electron-acceptor 
characteristics of the n, z* state and the ethylene.*?-°! It is expected that under 
favorable circumstances, full electron transfer will be achieved to produce a 
radical ion pair which will then be the precursor to the cycloadducts. 

For example, irradiation of 63 and 64 in acetonitrile solvent results in formation 
of the oxetane 65 and the dimer 66. Both flash absorption spectroscopy and ESR 
indicate the occurrence of radical ions in the reaction.°? Support for the occur- 

rence of a D, pair is provided by solvent effects. In benzene 65 becomes the major 
product, consistent with the fast collapse of D, to oxetane than dissociation to 

free ions. In methanol, low yields of 65 and 66 are formed and ionic addition to 

Ph,C—CH, predominates. An exciplex has been proposed as a precursor to D,, 

but direct spectroscopic evidence for its involvement has not yet been produced. 

A more quantitative confirmation of the charge-transfer nature of quenching 

of excited states is provided by the observation that a plot of Eq. 11.67 has been 

found to yield a straight line for a wide variety of singlet quenching processes, such 

as the quenching of n, x* and x, x* states by dienes and the quenching of n, x* 

states by electron donors.*?'©!:° 

In{k,/(kKoe — Kq)] = a[1P] +b (11.67) 

The slope of such a plot is equal to « and possesses the units of (energy) ' or sec” '. 
The magnitude of the slope may be considered to be related to the degree of charge 

transfer associated with the quenching step.°* A “full” electron transfer has been 

associated with a slope equal to —17eV~* = 390 (kcal/mole) '. Plots for the 

quenching of acetone singlets, acetone triplets, benzophenone triplets, and biacetyl 

singlet and triplets yield similar slopes of ~ 1.5 to 2eV_' [46 (kcal/mole) '].*” 
This similarity in slopes indicates that all n, x* states, singlets, and triplets show 

similar sensitivities to ionization potential or charge-transfer energy differences. 

If we compare the slopes of the line corresponding to Eq. 11.67 for quenching of 

n, 1* states by ethylenes (~ 1.7 eV ') to the slope for “complete” electron transfer 

(~17eV~'), it is evident that about 10% electron transfer is present in the 

quenching step. 

Since only a small total percent charge transfer occurs in the quenching step, 

solvent polarity effects on k, are not expected. Whereas k,(CH3CH)/k,(CoH6) = 13 

for full charge transfer only a small effect is found for quenching of n, x* states by 

ethylenes, 1.e., k,(CH3CN)/k,(Co He) ~ |. 

Competition between Oxetane Formation and Energy Transfer: 

Photocycloaddition to 1,3-Dienes 

Since an exciplex may be involved in some oxetane-forming reactions, it is antic- 

ipated that net energy transfer (Eq. 11.69) to produce an excited ethylene or 
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polyene may compete with oxetane formation (Eq. 11.68): 

oO* O — oxetane reaction (11.68) 

sled Be Jat O eG energy 

Dx, exciplex ike transfer 

(11.69) 

A simple rule of thumb allows us to anticipate when energy transfer to ethylenes 

will compete with oxetane formation: If the ethylene possesses an electronically 

excited state of lower energy and of the same multiplicity as the interacting n, 2* 

state, energy transfer to the ethylene is competitive with oxetane formation.® This 

rule is based on the generalization that the rate constant for spin-allowed exo- 

thermic energy transfer is often close in value to that for diffusional quenching. 

By inspection of the energetics and by estimation of rates of interaction to form 

oxetanes we can reliably predict the competition between energy transfer and 

oxetane formation. 

In general, most simple ethylenes and conjugated dienes possess singlet states 

of higher energy than n, n* states of ketones. Thus, we expect that energy transfer 

will not be competitive with oxetane formation in the case of S,(n, 2*)-ethylene 

interactions. Nonconjugated ethylenes possess (vertical) triplet states whose 

energies are higher than those of the triplet n, x* states. However, conjugation and 

ring strain lower the ethylene triplet energy and cause the conjugated ethylene to 

possess a lower triplet energy than T,(n, 7*). 

Since S,(n, 2*) possesses an energy ( ~ 80 kcal/mole) considerably less than that 

of S,(m, 2*) of 1,3-dienes (>100 kcal/mole) energy transfer to dienes will not 

compete with oxetane formation.®* Irradiation of acetone in trans-2-methyl-2,4- 

hexadiene yields the oxetanes 67 and 68 and the cis-isomer, 69. The oxetanes, 

which are formed stereospecifically, result from attack of the S,(n, z*) state on 
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the ethylene, while the cis-isomer results from attack of the T,(n, 2*) state 

(E, ~ 78 kcal/mole) to yield the diene triplet (E, ~ 60 kcal/mole) which undergoes 

trans-cis isomerization.°*°° The mechanism of reaction is quite analogous to the 
addition of n, z* states to electron rich ethylenes.°° 

Benzophenone is a good photosensitizer of the formation of 1,3-diene triplets 

because its S,(n, 2*) is too short-lived to add to dienes, and its triplet energy, being 

higher than that of dienes, allows for very rapid energy transfer (Eq. 11.71).° 

For example, benzophenone photosensitizes the dimerization of dienes, and 

oxetane formation is a minor competing pathway.°° In the case of 1,3-butadiene, 
the quantum yield of diene dimers is about 10° that of oxetane formation. 

It is informative to compare the rate constants for quenching of triplet acetone 

and triplet benzophenone by a series of benzenes.°’ The data reveal that acetone 

triplets are quenched approximately 100 times faster than benzophenone triplets. 

The results of such studies suggest that acetone triplet (E, ~ 78 kcal/mole) is 

quenched by a charge-transfer interaction which leads to slightly endothermic 

energy transfer to the benzene triplet (E, ~ 80 kcal/mole). The benzophenone 

triplet (E, ~ 69 kcal/mole) cannot be quenched by energy transfer because of the 

large endothermicity of the process. 

Ph, C=—O0* + Ss — quenching k, ~ 10* M1 sec”! lege 

(CHa) ,C =O" a Ss — quenching k, ~ 2 x 10° M ' sec”! 

(1173) 

In benzene solvent, the lifetimes of the acetone and benzophenone triplets are 

limited by solvent quenching.°® We may estimate that t ~ (k,[B]) * where k, 

is the solvent-quenching constant and [B] is the benzene concentration (~ 10 M 

in pure benzene). Thus for acetone and benzophenone triplets, ty is ~3 x 10° ® sec 

and ~10~° sec, respectively. It is clear from this estimation that benzene is a 

suitable solvent for photoreaction of benzophenone, but not for acetone. 
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Competition between Photocycloaddition and Photoreduction 

We saw in Chapter 10 that the rate constant for direct hydrogen abstraction by 

an n, 2* state reaches a limit of ~10°M_! sec | and then electron abstraction 

or exciplex formation begins to dominate the quenching process. Thus, we expect 

that hydrogen abstraction will not compete favorably with oxetane formation 

when the ethylene is a “good” quencher (k, > 10’ sec ') of n,2* states, but 

hydrogen abstraction may be competitive when k, < 10° sec '. 
For example, the photocycloaddition of acetone triplet to cyclohexene is accom- 

panied by extensive hydrogen abstraction, as evidenced by photoreduction 

products :°° 

a) “ (11.74) 

(CH3),C=O? + aw ; 
SOE 

Been + Ss — photoreductive 

: products 

(11.75) 

The rate constant for hydrogen abstraction from toluene by benzophenone 

triplets is ~ 2 x 10° sec” ', a value which is expected to be typical for hydrogen 

abstraction by a *(n, 2*) state (Table 10.3). The actual value of k, by ethylenes is 

much larger than 2 x 10°. Thus, for cyclohexene it is not likely that a direct 

hydrogen abstraction mechanism Is occurring. 

In general, intramolecular addition to C—C bonds (e.g., reactions shown in 

Eqs. 11.63 and 11.64) competes effectively with intramolecular hydrogen abstrac- 

tion. This result is consistent with results for the analogous intramolecular reactions 

of alkoxy radicals.°° 7° 

11.4 Photocycloadditions of Benzene 

Benzene, a molecule known for its special ground-state stability, undergoes a 

variety of photoreactions, including cycloadditions. Benzene is known to undergo 

[2+ 2], [2+ 4], [3+ 2], and [4+ 4] photocycloadditions.’! For example, 
irradiation of tetramethyl ethylene and benzene results in formation of a [2 + 2] 
adduct: 

e . 5 hy sa 9) 9) 

Be \Garae [2+ 2] (11.76) 
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Cyclopentene and benzene, on the other hand, yield mainly a [3 + 2] adduct: 

ae 1D ee CLIO sis 

The [3 + 2] photocycloaddition of benzene and ethylenes is stereospecific.’?° 

With other substrates [4 + 2] and [4 + 4] adducts are observed: 

one. 4 eo 
ee een 
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O 

With maleic anhydride a 2:1 adduct 70 is formed that involves a [2 + 2] 

photoaddition followed by a [4 + 2] thermal addition:’°”’ 

O O 

Cr >in CLT 
O O 

(11.80) 

70 

No single mechanism has been proposed which is capable of explaining all of 

the observed results for photocycloadditions involving benzene. However, the 

reactions of benzenes with alkenes and polyenes appear to more commonly involve 

S, of benzene’*® and not T,. In some cases (Eq. 11.76) a charge-transfer complex 

is involved. 7° 
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Exciplexes as Intermediates in the Photocycloaddition 

Reactions of Aromatic Compounds 

The photocycloaddition reactions of many aromatic compounds proceed via 

exciplexes.’” Although the exciplex mechanism may be very general, experimental 

evidence for an exciplex intermediate is rarely direct, since fast radiationless 

process (reaction or dissociation) usually compete with exciplex emission. In 

favorable cases, however, confirming exciplex emission is observed. 

The x* + 2* cycloaddition of two diene systems is photochemically allowed. 

We might expect however that the unfavorable entropy of activation (AS” ) will 

slow down the rate of a concerted [4 + 4] cycloaddition relative to multistep 
processes that involve formation of only one bond in the primary photochemical 

process. 
| Exciplexes may predispose a pair of molecules toward cycloaddition, because 

\ formation of such loose excited state aggregates keeps two potentially reactive 

partners in close proximity such that orientations of the partners which are 

favorable for bond formation may exist. 

\ Many exciplexes between aromatic compounds and substrates which possess 

moderate or low ionization potentials appear to have strong charge-transfer 

\\ moderate or In polar solvents a complete electron transfer may occur and 

thereby alter the course of cycloaddition reactions. 

[2 +2] cycloadditions of aromatic ethylenes may occur via a radical ion 

mechanism. For example, irradiation of acetonitrile solutions of indene and 

alkyl vinyl ethers in the presence of 1-naphthonitrile yields [2 + 2] cycloadducts 
(Eq. 11.81). In the absence of alkyl vinyl ethers, [2 + 2] cyclodimers of indene are 

formed. It appears that these reactions are “sensitized” by the 1-naphthonitrile 

via initial electron abstraction reaction which is later reversed.®° 

oO 
Scobie oS 

1° (11.81) 
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An analogous mechanism for [2 + 2] cycloaddition occurs with indenes and 
electron-rich ethylenes in polar solvents.*! If an exciplex is formed and if the 

binding in the exciplex brings the 1,4-1,4 positions together, then both the exciplex 
lifetime and preordered reactant structure will favor [4 + 4] concerted cyclo- 

addition relative to the direct interaction of an excited diene with a ground-state 

diene. Similar arguments would apply to x? + 2? photocycloadditions. We may 

generalize these ideas in the rule that formation of singlet exciplexes favors con- 

certed and stereoselective cycloaddition reactions. 

As an example, irradiation of naphthalene and 1,3-dienes results in formation 

of either the trans- [4 + 4] adduct 73 (Eq. 11.82) or the cis- [4 + 4] adduct 74 
(Eq. 11.83), apparently depending on the configuration of the diene in the exciplex.®* 

Thus, 2,5-trans-trans-hexadiene (which exists mainly as the s-trans conformer) 

yields 73, whereas 2,4-dimethyl-1,3-pentadiene (which exists substantially as the 

s-cis conformer) yields 74. 

Spectroscopic and kinetic evidence implicate exciplexes in the quenching of 

napththalene fluorescence by 1,3-dienes and the product type and structure are 

consistent with either a concerted 2* + x* exciplex cycloaddition or formation 

of an intermediate from the exciplex which collapses stereospecifically to the 

[4 + 4] adduct.®? 

ea (11.82) 
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The observation of cycloadducts (often formed in high quantum and chemical 

yields and with high regiospecificity and stereospecificity e.g., Eq. 11.84) from 

irradiation of aromatic hydrocarbons and ethylenes or dienes demonstrates that 

product formation is an important deactivation pathway for the corresponding 

exciplexes. In a few cases exciplex emission has been detected (e.g., 9-cyano- 

anthracene and 2,5-dimethyl-2,4-hexadiene).°*"°° 

exciplex > 

aA 

exciplex 200 De 
emission 

84 
observed | ae 

75, 85% 

In addition to the above lines of evidence for the occurrence of exciplexes, 

“negative temperature dependences” of rate constants for photoreactions provides 

an indirect means of “detecting” exciplexes.° The basic idea is that if an exciplex 

is formed reversibly but goes on to product irreversibly, increasing temperature 

may cause an apparent slowing down of the observed rate constant. 

Photocyclodimerization of Aromatic Compounds 

The photochemical cyclodimerization of aromatic compounds is a well-established 

photoreaction that falls into two categories: (a) cyclodimerizations involving the 

aromatic nucleus, and (b) cyclodimerizations involving an ethylene conjugated 

to the aromatic nucleus. The most common type of reaction in class a is the [4 + 4] 
cyclodimerization of arenes.8’ Although the photocyclodimerization of benzene 

has not been reported, examples of both inter- and intramolecular [4 + 4] cyclo- 

additions of naphthalenes and anthracenes are known: 
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(Che) (1 86)e" 

icles) — 4 : (11.87)%° 

The most common types of photocyclodimerization of aromatic compounds 

involve [2 + 2] cycloadditions (class b reactions, Eq. 11.88) of an excited conjugated 
ethylene to a ground-state ethylene. For example, styrene, indene, and stilbene 

undergo [2 + 2] photocyclodimerization of this type.* The following paradigm 

serves to correlate the photocyclodimerization of aromatic compounds: 

Class a Class b Comment 

[4+ 4] [2+ 2] Exciplex 
Ae Syn, head-to-head 

CH,—CHAr 
hy 

> no reaction [2 + 2] Diradical 
Anti, head-to-tail 

Aromatic Double bond 

nucleus conjugated to 
nucleus (J 1.88) 

Thus, for direct excitation both class a and class b photocycloadditions appear 

in general to proceed via singlet exciplex intermediates. Triplets do not undergo 

class a dimerization, but do undergo class b dimerization. The regiospecificities 

of both direct and triplet [2 + 2] reactions are head-to-head, for an asymmetric 

ethylene, i.e., the cyclobutane is generally formed with a plane, but not with a 

center of symmetry. These cycloadditions occasionally proceed via radical ions 

(eg, Bq. 11.81)" 

ae - Ar Ar 

s a or (11.89) 

‘Ar Ar Ar 

head-to-head head-to-tail 

singlet reaction __ triplet reaction 
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Photoaddition of trans-stilbene to tetramethylethylene gives a trans-1,2- 

diphenylcyclobutane in high yield (Eq. 11.90). Reversible formation of an exciplex 

is invoked as an intermediate in this reaction, because of the strong temperature- 

dependence of the quantum yield and the rate constant for cycloaddition, Le., 

lower temperature favors exciplex formation. The~reaction cannot be triplet- 

sensitized, thus suggesting that S, of trans-stilbene is involved.?! 

a +) (= > exciplex 

ae ad 

-. Ph 

Ph 

(11.90) 

The photocyclodimerization of acenaphthylene (76) represents an example of 

class b photocyclodimerization which may be subjected to a heavy-atom effect. 

Acenaphthylene dimerizes under direct and triplet photosensitized conditions to 

form a [2 + 2] syn dimer 77 (major product upon direct photoexcitation) and a 

[2 + 2] anti dimer 78 (major product upon triplet photosensitization). Heavy 

atoms such as bromine or iodine in the solvent catalyze S, > T, conversion of 

acenaphthylene and thereby more antiisomer is formed. Evidently, the singlet 

exciplex favors overlap of the naphthalene rings but in the triplet reaction a 

diradical is formed in which the naphthalene rings are kept far apart.?* 

parte (11.91) 

hy oe (11.92) 
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11.5 Photocycloaddition Reactions 

of Conjugated Enones 

The photocycloaddition of conjugated enones is of interest because either n, 2* 

or 1, m* states may be involved.’ In fact, experimental evidence indicates that | 

either or both states may be active under certain conditions. A complicating 
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feature in interpretation of the photocycloaddition reactions of enones is the lack 
of a definitive means of assigning an appropriate configuration to their lowest 
excited states. It appears that although the n, 7* state is usually lowest in the singlet 
manifold, either the n, 2* or x, n* state may be lowest in the triplet manifold. 

If we postulate that the n, x* state of enones will behave analogously to the 
n, m* states of ketones and that the z, x* states of enones will behave analogously 
to the x, x* states of conjugated ethylenes, then we can generate a paradigm for 
the photocycloaddition reactions of enones (Scheme 11.3). It appears that inter- 
system crossing is efficient for conjugated enones, so that T, is a likely candidate 

for the active excited state in photocycloadditions. According to our postulate, 

the T,(z, 2*) state should possess a tendency to twist about the C—C bond of the 

enone, but it is not so clear how great this tendency will be in the T,(n, 2*) state. 

Photocycloaddition of Cyclic Enones and Related Compounds 

Photocycloaddition reactions of conjugated cyclic enones have been known since 

the early 1900s. In the most commonly studied cases, an ethylene is added to the 

cyclic enone to form a cyclobutane. For example, the photochemical [2 + 2] 

cycloaddition of ethylene to cyclohexenone yields a bicyclo [4.2.0] octanone 

(Eq. 11.93) in good yield. Cyclohexenone may also undergo photochemical [2 + 2] 

dimerization (Eq. 11.94): 

O O 

+ CH,=CH, => (1193)? 

90%, 
O O 

2 : a + (11.94)95 

O 

S, (n, 2*) —+ T, (n,n 

diradical «—— exciplex 

A 
[2 + 2] cycloadduct enone + ethylene 

Scheme 11.3 

Reaction diagram for the [2 + 2] photocycloaddition of enones to ethylenes. 
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If structural limitations are not present, intramolecular photocycloaddition of 

enones to ethylenes offers an attractive synthetic route to polycyclic molecules 

(Eq. 11.95). Such a reaction provided a route to the “cage” molecule 79, a key 

intermediate in the synthesis of the remarkable molecule cubane. 

(11.95) 

Mechanisms of Photocycloaddition of Cyclic Enones 

to Ethylenes 

The mechanisms of photocycloaddition of ethylenes to cyclic enones has been 

extensively studied and number of generalizations are possible: 

1. The reactive state is T, of the enone and may be either of n, x* or 2, 1* 

character. 

i) . Electron-rich ethylenes react more rapidly than electron-poor ethylenes.?° 

. Cycloaddition occurs regiospecifically for electron-rich ethylenes.?’ 

RR WwW . Cycloaddition occurs with loss of stereochemistry of the ethylene fragment.?® 

Some other interesting features of these reactions are the occasional formation 

of strained trans- ring-fused products (especially with electron-rich substrates) 

preferentially to the less strained cis- ring-fused products (Eq. 11.96) and the 

occurrence of side products which are expected from biradical intermediates 

(Bq. 11,97). 

The occurrence of side products characteristic of diradicals and the loss of 

stereochemistry of the ethylene component suggest a diradical intermediate. If a 

diradical intermediate is involved, then we should be able to predict the orienta- 

tional preference of addition of an unsymmetrical ethylene to a cyclic enone. : 

However, a problem arises when we attempt to decide whether a radical « to a 

carbonyl group is “more stable” than a secondary carbon radical. These stabilities 

would have to be evaluated in the case of simple enones. If we assume that a radical 

site adjace. t to a carbonyl group is less stable than an ordinary secondary radical 

site, we can correctly predict the preferred orientation of addition for electron 

rich ethylenes. The preferred orientation is also predictable if it is assumed that 

a complex between T, of the enone and the ground-state ethylene is formed and 

that the geometry of this complex determines the orientation in the product, 

whatever the details of sequential steps.?° This complex was proposed to possess. 

electrophilic character at the carbon « to the carbonyl. To predict the preferred 
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orientation of cycloaddition a single bond is made between the more negative 

carbon of the ethylene and the «-carbon of the enone and then the ring ts closed. 

As an example consider the [2 + 2] photocycloaddition of 1,1-dimethoxyethy- 

lene to cyclohexenone.”° The charge-transfer complex hypothesis says to line up 

the more negative CH, terminus of the ethylene with the a-carbon of T, of the 

enone. The diradical mechanism (assuming a radical ~ to a carbonyl ts less stable 

than a secondary carbon radical) says that the biradical which is stabilized by the 

two MeO groups should be favored. Both predictions are consistent with experi- 

ment. 
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A wide variety of data can be accomodated by combining the charge-transfer 

and complex diradical mechanisms. In this case we assume that either a complex 
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may be formed which can then collapse directly to a product or biradical, or that 

a diradical is formed directly. In this mechanism, the extent of formation of com- 

plex and/or diradical will depend on the electronic properties of the ethylene. 

The formation of trans ring-fused products is not an obvious expectation from 

either the exciplex or the diradical mechanism. However, it may be accomodated 

by either, if we allow that the exciplex possesses a highly twisted double bond 

which approaches a trans configuration. Collapse of the exciplex then leads to a 

triplet diradical. The latter undergoes conversion to a singlet diradical that 

kinetically prefers closure to trans product rather than bond rotation. 

Although a trans cyclic enone might be considered as a reactive intermediate 

in some of these cycloadditions, it is observed that isolable or detectable trans 

cyclic enones (i.e., cyclooctenones, Eq. 11.99)?® add to electron-rich ethylenes 

with the opposite orientation observed for photocycloaddition of cyclohexenone 

and cyclopentenone. Thus, for the latter enones, an electronically excited inter- 

mediate is more likely to be involved. 

O O O 
Y Li OMe 

eee. hy Boo CORI OLE: € (11.99) 

The photodimerization of coumarin (80) in ethanol yields the head-to-head 

cis- dimer (81) as the major product.” Furthermore, the reaction does not go in 

benzene solution. The dimerization of compound 80 is sensitized by benzophe- 

none, in benzene solution, and the predominant product is the head-to-head 
trans- dimer (82): 

a tor head-to-head (cis) 

O O 
Za SS 
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(C.His);e =O O 

O if 

82, 96° 
(11.100) 

The difference in the course of the direct and sensitized reactions is the result: 
of the involvement of different excited states in the two cases. The mechanism is 



CYCLOADDITION REACTIONS 463 

probably the following: 

CoC," (11.101) 

Cea? CS (11.102) 

Bet (Ce Ca Bs (11.103) 

CEC, 8l (11.104) 

C226 3 (11.105) 

where Cy, C,, and C3 are the coumarin ground state, lowest excited singlet state, 

and lowest triplet state, respectively, and By and B; are benzophenone ground 

and triplet states (produced quantitatively by intersystem crossing from the 

singlet), respectively. In nonpolar solvents such as benzene, C, is deactivated by 

“self-quenching.” In polar solvents such as ethanol, C, reacts with Cy to produce 

81. In the presence of B3, C,; is produced by triplet-energy transfer in both polar 

and nonpolar solvents. The reaction of C3 with C, produces 82 predominately. 

Spectroscopic data yield the energy diagram shown in Figure 11.10. It is seen 

that singlet-singlet excitation transfer from C, to benzophenone is also possible— 

ie., the C, molecules which absorb in the presence of benzophenone can be 

quenched by the latter compound, which in turn undergoes intersystem crossing 

to B;. An elegant vindication of these hypotheses is the fact that in dilute 

singlet-singlet 

Gy 82 

triplet-triplet 74—— B, 

Energy 67 1B 
(kcal/mole) 

C; ae 62 

(Cr 5 Bo 

Coumarin Benzophenone 

Figure 11.10 

State-energy diagram for the benzophenone-coumarin system. 
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concentration, coumarin yields 82 under direct excitation.°? Thus, coumarin 

singlets either cross over to C; or are deactivated to Cy under these conditions— 

i.e., dimerization, a bimolecular reaction, does not compete efficiently with rapid 

unimolecular processes in dilute solution. The coumarin triplets thus produced 

react in exactly the manner as those produced by energy transfer, and 82 is pro- 

duced by energy transfer, and 82 is produced by reaction of C3 and Co. 

Synthetic Applications of the [2 + 2] Photochemical 

Cycloadditions of Enones 

The [2 + 2] photocycloaddition of ethylenes to enones and related compounds 

has provided the synthetic chemist with a powerful tool for the construction of 

four-membered rings.*:!°° In a number of cases both a remarkably high stereo- 

specificity and/or regiospecificity are observed: 

(11.106)*°? 
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An interesting use of multiple annelations and photochemical steps has been 
employed to synthesize the unusual [2.2.2] propellane, 83: 

OAc OAc 

Si a= ee saa? os 

—90 

O 

hy 

O O 

a hy 

CH,=CH, ‘ = ae 4 BS 
O O (11.110)! 

N, iT 
O 

83 

The photochemical [2 + 2] cycloaddition of a special enone, thymine, 83, and 

its derivatives,'°° is of great importance in the photoreactions of biological 

systems containing DNA.'°® It appears that a related photoreaction occurs 

between thymine base pairs in DNA.'°’ 

H § zac 0 UH 
N 

ony omy te 
H H H 

Thymine 

11.6 Photocycloadditions Involving 

Unsaturated Nitrogen Compounds 

and Thioketones 

In analogy to the reactions of n, x* states with ethylenes, it is expected that the 

T ,(n, 2*) states of other functional groups will also enter into photocycloaddition 

reactions. In Chapter 10, we noted that an analogy exists between the hydrogen 

and electron abstraction reactions of all n, x* states, e.g., ketones, nitro compounds, 
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imines, etc. In cycloaddition reactions this analogy still holds. For example, 

aromatic nitro compounds react with alkenes to yield 1,3,2-dioxazolidines 

(Eq. 11.111).!°® These substances decompose readily at room temperature but 

are isolable at low temperature. 

ZO a8 
Ph—N =“ es Ph— N 

6) *S 
ais (11.112) 

rae Ph N H 2 aM ioe 

OH 

Hydrogenation yields an aniline plus a 1,2-cis-diol. 

The imine 84, like its enone counterpart undergoes [2 + 2] photocycloaddition 

to electron rich ethylenes:!°° 

O 

CHC (OCH N aes 
: OE OCH, 

84 OCH, 

(11.113) 

Thioketones undergo photoreactions analogous to ketones, e.g., photoreduction, 

cycloaddition, etc. A special feature of these systems is that reactions from upper 

electronic states are common. For example, adamantanethione undergoes cyclo- 

addition to ethylenes.'’® Reaction is initiated from S,(z,2*) and T,(n, 2*). 
Interestingly, S, also forms an excimer which collapses to a 1,4-dithietane dimer. 

Ss 7 ee 

Se . a: (11.114) 
via excimer Ad = Adamantane 

nucleus 

The cycloaddition reaction from S, 1s stereospecific but not regiospecific, whereas 

the cycloaddition reaction from T, is regiospecific but not stereospecific. 

Because of the reactivity of S,, the cycloaddition reactions of thiocarbonyl 

compounds are wavelength-dependent. Electron-deficient ethylenes appear to 

react more readily with S,(z, 2*) to yield thietanes, whereas T,(n, x*) generally 

yields thietanes and 1,4-dithianes.''' The formation of the thiadioxanes may be 
viewed as resulting from trapping of a 1,4-diradical intermediate by a ground- : 
state thioketone: 



CYCLOADDITION REACTIONS 467 

Ph GS (S>7, m*) > PhsC=S (Tew 7) 

| 

owe / 
eg Oe | Ss Ph (aT) 
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PhC=s Ph | | rer 

The reactivity of T, seems to derive entirely from an n orbital interaction with 

ethylene in contrast to ketones where the z*-ethylene interaction becomes mani- 

fest when the ethylene possesses a high electron affinity.'!? 

11.7 Summary 

Photochemical cycloaddition reactions, especially those leading to formation of 

four membered rings, provide an important tool for organic synthesis. Most 

intermolecular photocycloadditions proceed via triplet states and diradical inter- 

mediates. The relatively few intermolecular photocycloadditions which occur via 

singlet states appear to involve initial formation of exciplexes. The photocyclo- 

addition of ketones to ethylenes is reasonably well understood and serves as a 

prototype for all photocycloadditions involving n, 2* states. Three primary 

product types occur: (1) conventional diradicals, D; (2) exciplexes, D,; and 

(3) radical ion pairs, D,. Which species is formed first and the extent of the inter- 

conversion of these diradicaloids depends on the specific reaction conditions. 

Alkenes and conjugated polyenes serve as prototypes for photocycloadditions 

of 2, x* states. S, states may react via Z intermediates or produce strained ground 

state species which undergo thermal cycloaddition. T, states generally react via 

D, D* or D,, intermediates or produce strained ground state species which then 

undergo thermal cycloaddition. Aromatic hydrocarbons behave similarly except 

that they are prone to form exciplexes prior to Z or diradicaloid intermediates. 
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12 

Ilsomerizations and 

Rearrangements 

12.1 Classification of Photochemical 

Rearrangements 

Many photoreactions are known to interconvert isomeric compounds. The term 

“rearrangement” is more general than “isomerization,” but for the reactions 

discussed in this chapter we will not be concerned with a distinction between 

these terms. 

For convenience, we shall classify primary photochemical rearrangements as 

the following reaction types: 

1. Cis-trans isomerization. 

2. Sigmatropic rearrangements. 

3. Electrocyclic rearrangements. 

4. Structural rearrangements which result from intramolecular cycloadditions. 

In a broad sense all four of these classes are special cases of pericyclic rearrange- 

ments and, for concerted reactions, they all may be treated under a unifying 

framework guided by the rules derived from orbital-symmetry considerations.’ 

12.2 Cis-trans lsomerization 

of Unsaturated Compounds 

Absorption of a photon by a compound containing an olefinic link often results 

in cis-trans geometrical isomerization.* Cis-trans isomerization may also be 

effected by photosensitization and is one of the most general photoreactions of 
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ethylenes and other unsaturated linkages capable of geometrical isomerization, 

(e.g. C==N, .N==N;j ¢t¢.). ~ 

It is important to note that numerous photoreactions of compounds containing 

cyclic double bonds which are overall linear additions, cycloadditions, electrocyclic 

reactions, rearrangements, etc., are, in fact, photoinduced cis-trans isomerizations 

followed by reaction of a reactive trans-cyclic isomer (Section 10.11). For example, 

the solvent addition reaction (Eq. 12.1) and the fragmentation reaction (Eq. 12.2) 

both involve an initial photochemical cis-trans isomerization to form highly 

reactive trans-cyclic ethylenes (1 and 2) which proceed to products via secondary 

thermal reactions. 

Product Intermediate 

p L OAc 

ocr via | (12.1)3 

1 

OH W ae 

2 

Mechanisms of Photosensitized cis-trans lsomerization 

There are two general mechanisms of photosensitized cis-trans isomerizations of 

ethylenes:° 

1. Energy transfer in which an electronically excited state of the ethylene is 

produced. The S, or 7, state produced then undergoes a twisting motion about 

the C=C bond until a critical geometry is reached and radiationless transition 

to S, occurs (Fig. 12.1). 

2. Chemical sensitization in which the sensitizer effects cis-trans isomerization 

but an electronically excited ethylene is not formed. 

In class 1 there are two convenient subclassifications: 

la. “Vertical” energy transfer, in which the ethylene excited state formed 

initially has a nuclear shape similar to that of vertical transitions achieved by 

light absorption of the equilibrium ground state shape (Eq. 12.3). 

1b. “Nonvertical” energy transfer, in which the ethylene excited state formed is 

significantly different from that involved in probable spectroscopic (“vertical”) 

radiative transitions (Eq. 12.4). 
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seme bie ela = — > (12.3) 
a a a 

vertical 

excitation 

(planar) 

a a a 

ef sf ages ae (12.4) 
a a a 

nonvertical 

excitation 

(twisted) 

Experimentally, we expect “nonvertical” energy transfers® to be possible 

whenever the energy acceptor ethylene is unusually flexible with respect to twist 

about its C=C bond and when sens-ethylene electronic interactions are significant 

(Section 9.18). The cis-trans isomerization of the excited sensitizer-ethylene 

complex on an excited state surface may be considered as essentially the same as 

that of the free ethylene (weak excited sensitizer-ethylene interactions) or as one 

which is significantly different from that of the pure ethylene (strong excited 

sensitizer-ethylene interactions). The latter corresponds to a strong electronic 

interaction or strong spin-orbit interaction between the sensitizer and ethylene. 

Such mechanisms can be termed Schenck mechanisms’ for photosensitization. 

Photochemical cis-trans Isomerization of Ethylenes 

and Conjugated Polyenes 

The photochemical cis-trans isomerizations of ethylenes—and especially 1,3- 

dienes—hold a special place in the theoretical development and practice of 

Direct 
photoexcitation ” 

Photosensitized 
excitation =e 

ai SY rad Figure 12.1 

Wend Prototype surface diagram for 
critical or 
geometry twisting about a C=C bond. 
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mechanistic organic photochemistry. 1,3-dienes are commonly employed as 

probes of photoreaction mechanisms by serving as triplet energy acceptors.® 

Since the triplets of 1,3-dienes undergo efficient cis-trans isomerization, the 

observation of photosensitized cis-trans isomerization has often been employed 

as diagnostic of triplet energy transfer. However, as mentioned above, numerous 

mechanisms for cis-trans isomerization exist and many do not require involve- 

ment of an ethylene or diene triplet. Nevertheless, 1,3-dienes are often useful as 

specific triplet quenchers (Section 8.7). An ideal triplet quencher would have a 

high selectivity toward triplet (relative to singlet) quenching (say > 10° to 1). Also 

an ideal quencher should not undergo irreversible reactions with the sensitizer it 

is quenching. Finally, an ideal quencher should undergo some specific reaction 

or emit a characteristic emission. 

Dienes are nearly ideal triplet quenchers of a number of triplet sensitizers. For 

alkyl ketones, for example, 1,3-dienes usually quench T, from 10? to 10* times 

faster than they quench S,.? Adducts of ketones and dienes derived from triplet 

quenching are only formed with low quantum yield.'° Finally, cis-trans-isomeriza- 

tion of the diene serves as a chemical manifestation of the quenching event. 

Experimental Examples of cis-trans Isomerization of Ethylenes 

Cis-trans isomerization of acyclic ethylenes and polyenes is a very general photo- 

reaction which can be effected by direct or sensitized excitation.? One of the 

simplest ethylenes, 2-butene, undergoes cis-trans isomerization upon direct 

excitation or upon triplet sensitization. 

Both benzene triplets and ketone triplets sensitize the cis-trans isomerization of 

the 2-butenes.'' The mechanisms for these sensitizations probably differ. The 

triplet energy of benzene is somewhat higher (~ 84 kcal/mole) than that for 2- 

butene (~ 80 kcal/mole). Thus, triplet energy transfer from benzene triplet to the 

butene triplet is likely. Sensitizers whose triplet energy is less than 70 kcal/mole 

(e.g., benzophenone) are also capable of effecting sensitization of cis-trans isomer- 

ization, presumably via a Schenck mechanism. Reaction of the ketone triplet with 

the butene to form an intermediate, capable of executing rotations about the CC 

bond, probably occurs.'* A 1,4-diradical intermediate is a likely candidate. This 

species can also collapse to form oxetanes, products which commonly accompany 

the ketone photosensitized cis-trans isomerization of ethylenes (see Section 11.3). 

Photosensitized cis-trans Isomerization of Polyenes 

The rates of conversion of trans to cis and cis to trans isomers are equal at the 

“photostationary state.” Stilbene and 1,3-pentadiene are isomerized to photo- 

stationary mixtures by various triplet sensitizers.? A most remarkable feature of 

these photostationary mixtures is that the ratio of cis to trans isomers depends 
on the sensitizer employed (Fig. 12.2). 

As an example, consider the triplet photosensitized isomerization of 1,3- 

pentadiene.* It was found that dibenzalacetone, acetylpyrene, and benzanthrone - 
(sensitizers whose triplet states are less than 53 kcal/mole ' above their ground 
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states) are extremely inefficient as sensitizers. This is in marked contrast to the 
high efficiency exhibited by other carbonyl compounds, whose triplet energies 
were greater than ~55 kcal/mole. Sensitizers whose triplet-excitation energies 
are above 60 kcal mole! give the same photostationary mixtures (a cis-trans 
mixture containing 55% of the trans isomer): while sensitizers whose triplet 
excitation energies are below 60 kcal mole! give a variety of results (photo- 
stationary cis-trans mixtures varying from 65 to 80°% trans), and are markedly 
less efficient in effecting cis-trans isomerization. 

Postulates which easily accommodate these results are that 

1. All the sensitizers whose E, is greater than 60 kcal mole~! transfer triplet 
energy to either cis- or trans-1,3-pentadiene in a diffusion controlled process, so 
that the composition of the photostationary mixtures depends only on the 

unimolecular decay processes of the pentadiene triplets. 

2. If the energy of the sensitizer is less than 60 kcal mole~!, transfer to trans- 

1,3-pentadiene becomes measurably inefficient, and the photostationary mixture 

becomes richer in trans, because the system is preferentially “pumped” to 

produce the cis-diene triplet which may decay to either the cis or trans isomer. 

3. A point is reached at which transfer to both isomers becomes somewhat 

inefficient and energetics are no longer the controlling factor in the energy 

transfer step. 
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Figure 12.2 

Photosensitized isomerization of the piperylenes. 
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4. Sensitizers with E, less than 53 kcal mole~! are inefficient at exciting either 

isomer because they possess insufficient excitation energy to transfer efficiently 

to either the cis or trans isomer. 

From a simple mechanism which assumes that a common triplet is produced in 

sensitized cis-trans isomerizations and that energetics are the controlling factor 

in the energy transfer step, we predict that at the photostationary (PSS) state: 

[cis ],.5 =. Ka k, 

[trans]... k ° (Le) 
PSS qc 

where k,, and k,, are the rate constants for quenching of the sensitizer excited 

state by the trans and cis isomers, respectively, and k, and k, are the rate constants 

for decay of triplet diene to cis and trans ground states, respectively. For high- 

energy sensitizers k,,/k,, = 1, i.e., energy transfer occurs at close to the diffusion- 

controlled rate to each isomer, and the equation simplifies to 

(CIS) 3 Ke 
Se 12.6 
(trans)... k, ( ) 

i.e., for “high”-energy sensitizers the composition of the isomer mixture depends 

only on the rate of decay of triplet 1,3-pentadiene to cis- or trans-1,3-pentadiene. 

When transfer to trans-1,3-pentadiene becomes inefficient k,, >k,, and the 
relative yield of trans isomer in the photostationary mixture increases. 

An interesting contrast has been noted between the direct cis-trans isomerization 

of dienes and triplet-sensitized cis-trans isomerization.'*? The singlet reaction 

proceeds with just one terminal double bond rotation, whereas the triplet proceeds 

with “double” double bond rotation. Experimentally the conversion of a trans- 

trans diene into a cis-trans diene occurs exclusively in direct excitation, but the 

formation of some cis-cis diene occurs in sensitized excitation: 

a only 

(a) 
® 

Ss; ——- one-bond rotation 

> st two-bond rotation 
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From the standpoint of syntheses, it is often possible to photochemically “drive” 
a reaction exclusively toward the formation of the cis or trans isomer. In this 
regard, if one of the isomers absorbs strongly in a region of the spectrum where 
the other isomer does not, the absorbing isomer will be driven to the nonabsorbing 
isomer. It is also possible to use photosensitizers to drive the specific formation 
of one isomer. This technique works best when the sensitizer transfers energy 

specifically to one of the two cis/trans isomers. An example of the use of photo- 

sensitized excitation in synthesis is found in the photosensitized trans-cis isomer- 
ization of B-ionol (Eq. 12.8).'* Low-energy triplet sensitizers (E, = 65 kcal/mole) 
selectively excite trans-ionol, driving the photostationary mixture completely to 

the less stable cis-ionol (Fig. 12.3). 

OH 

i SS 

pres (12.8) 
E,< 65 

OH 

trans-ionol 

Linear polyenes related to ionol are involved in the mechanism of vision, which 

is believed to be triggered by a photochemical cis-trans isomerization.'* The cis- 
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Figure 12.3 

Photostationary state compositions of B-ionol as a function of sensitizer excitation 

energy. The dashed line is that of calculated compositions based on excitation 

involving ground state activation only (see text). 
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trans isomerization of the stilbenes has received considerable mechanistic attention 

and appears to proceed in both S, and T, states.* 

Uses of cis-trans lsomerization 

Compilation of data such as that shown in Figures 12.2 and 12.3 allows an estima- 

tion of the E, of sensitizers. This may be important if no method is available for 

direct measurement of this quantity. Photochemical reactions may be studied by 

including isomerizable ethylenes in the photolysis mixture. If quenching of the 

photoreaction and cis-trans isomerization occur concurrently, this gives pre- 

sumptive evidence for a triplet intermediate in the direct photolysis. Dienes are 

especially suited for such studies because of their large $,-T, energy split, which 

puts S$, at close to 125 kcal mole” ' (which is higher than the singlet excitation 

energy of many organic molecules), and T, at about 55 to 60 kcal mole ' (which 

is lower than the triplet excitation energy of many other organic molecules). 

This allows the use of many sensitizers for which only energy transfer to diene 

triplets is energetically possible. 

Cis-trans lsomerization of Cycloalkenes 

The relationship between reactivity toward cis-trans isomerization and ring size 

can be inferred from an extension of the ideas presented earlier in the discussion 

of acyclic ethylenes. Both S, and T, energetically prefer a rotation about the 

C=C bond to achieve the 90° twist angle which minimizes the z and x* electron 

repulsions (see Fig. 12.1) 

The concept of strain is a valuable guide to the understanding of photochemical 

cis-trans isomerization of cycloalkenes. Strain may be defined as a general de- 

stabilizing feature of a molecule which is introduced along with deviation of 

valence angles from optimal values as a result of molecular structural constraints. !° 

Strain raises the energy of a strained molecule relative to an unstrained model 

and affects the physical and chemical properties of the molecule. 

A 90° twisted conformation of S; and T, should be possible and a severely 

twisted ground-state isomer with a finite kinetic stability can occur. We shall 

refer to such species as a “trans” isomer. The following rules are an empirical . 

classification of the possibility of-achieving “trans” isomers of cycloalkenes by 

photoexcitation: 

1. 3 or 4 rings—“impossible.” 

2. 5 rings—*“difficult.” reactive cycloalkene produced. 

3. 6 or 7 rings—“facile”, reactive cycloalkene produced. 

4. 8 and more rings—“facile”, stable cycloalkene produced. 

The smallest carbocyclic trans double bond which has been synthesized and 

matrix isolated is trans-2-cycloheptenone, prepared by photoexcitation of cis-2- 



ISOMERIZATIONS AND REARRANGEMENTS 481 

cycloheptenone."’ This species has also been detected at room temperature in 
fluid solid by flash spectroscopy:!® 

H O 
0 matrix isolated, 

+f , detected by (12.9) 
H flash spectroscopy . 

In Section 10.11 we noted that formation of trans-cycloalkenes (especially 

cyclohexenes and cycloheptenes)'? could result in protonation of the strained 

cycloalkene to produce a carbonium ion and to result in ionic additions to the 

strained cycloalkene. It was also noted in Section 12.2 that strained cycloalkenes 

may undergo other net reactions (Eqs. 12.1 and 12.2). 

The decay rates of the S,; and T, states of 1-phenylcycloalkenes are consistent 

with a ring size dependent deactivation via rotation about the ring C—C bond.?°* 

Irradiation of 1-phenylcyclohexene in methanol (Eq. 12.10) produces a transient 

(t ~ 10 x 107° sec) which has been identified as trans-1-phenylcyclohexene:*°° 

Ph sli detected by (12.10) 

A iy flash spectroscopy 

cls trans 

Photochemical cis-trans Isomerization of Unsaturated Groups 

other than Ethylenes 

Unsaturated groups other than ethylenes undergo photochemically induced 

cis-trans isomerizations. For example, alkyl and aryl trans-azo compounds are 

photoisomerized into the less stable cis-azo (Eq. 12.11) compounds by both 

direct and photosensitized excitation.7' 

Sa NN = N=N cis isomer 

R ue \ thermally unstable 

(PTD) 

R =alkyl : 
R = aryl 

Re NEN Ry OR NG 

The cis-azo alkanes are frequently unstable with respect to thermal reaction’? 

such as reisomerization to the trans isomer or fragmentation into radicals (this 

process is discussed in detail in Section 13.4). 

The singlet and triplet states of azo compounds may exhibit different photo- 

chemistry.2* For example, direct irradiation of the diazacyclooctene 1 (Eq. 12.12) 
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results in loss of nitrogen and fragmentation products 2 and 3. Sensitized excitation 

results mainly in cis-trans isomerization (Eq. 12.13). The latter thermally reverts 

to the more stable cis-isomer.?* 

ae ) + ) (12,12) 

eae BY 710% 30% 

N=N 2 3 

Ph,CO ) 

N=N (12.13) 

trans-diazacyclooctene 

The smallest size for which a trans-azo double bond has been isolated or detected 

spectroscopically is a seven-membered ring.”° 
The photoisomerization of other unsaturated groups (imines, oximes, etc.) is 

known but has not been the subject of extensive mechanistic ‘studies.”° 

12.3. Skeletal and Positional 

Photoisomerizations: Sigmatropic 

Rearrangements 

A commonly encountered structural photoisomerization involves rearrangement 

of the carbon skeleton or position of a substitutent in such a way that a sigma-bond 

shift occurs from a given position along a chain of carbon atoms to a new position.’ 

Such isomerizations are termed sigmatropic rearrangements when a sigma bond 

moves from one position to another along a conjugated 2 system. The most 

important sigmatropic rearrangements involve carbon skeletal shifts or hydrogen 

shifts. Examples of carbon skeletal and hydrogen sigmatropic rearrangements 

are given in Scheme 12.1. 

Sigmatropic rearrangements are Classified by convention in terms of the number 

of atoms involved in the rearrangement. One identifies the sigma bond being 

broken in the reactant (“starred” atoms in the Scheme) and assigns each of these 

atoms the number 1. Then one counts along the carbon-connected atoms until 

the two positions of the new sigma bonds of the product are located. These positions 

are assigned the numbers i and j, which correspond to the number of carbon atoms 

intervening between the old and new sigma bonds. The rearrangement is classified. 

as [i,j]. Ifa hydrogen undergoes migration, there are no carbon atoms intervening 
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the old and new sigma bond for half of the rearrangement. Thus, sigmatropic 
rearrangements of hydrogen are necessarily of the [1,j] variety. 

Since sigmatropic reactions are pericyclic reactions, a set of selection rules are 
available for predicting which sigmatropic reactions are likely to be concerted. 
In concerted sigmatropic rearrangements, as in other concerted pericyclic reactions, 

the nature of bonding in the transition state determines whether the reaction 
pathway is allowed or forbidden in terms of orbital symmetry (Table 12.1). 

Suprafacial and antarafacial bonding refer specifically to the atoms undergoing 

breaking and making of the new sigma bond. Suprafacial bonding implies retention 

at both reaction termini whereas antarafacial bonding implies inversion at one of 

the reaction termini. In open-chain systems, antarafacial bonding may be difficult 

to achieve, and in certain cyclic systems antarafacial interaction is structurally 

impossible, thereby militating against any “allowed” process requiring an antara- 
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Examples of sigmatropic rearrangements. 
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Table 12.1 Orbital Symmetry Rules for Concerted Sigmatropic 

Rearrangements 

Allowed 

Ground state Excited state 

Number of electrons A hy 

4q (q = 1, 2, etc.) > 4e, 8e, etc. (supra-antara) supra-supra 

(antara-antara) 

4q + 2(q = 1, 2, etc.) > 2e, 68, etc. supra-supra (supra-antara) 
(antara-antara) 

facial interaction (Fig. 12.4). As a result, (except in special structural situations, 

vide infra) we anticipate that concerted photochemical sigmatropic rearrangements 

should occur preferevi'ially if 4g electrons are involved, because orbital symmetry 

allowed and structurally facile supra-supra bonding is involved in such situations. 

An easy bookkeeping procedure for deciding on the number of electrons involved 

in a sigmatropic rearrangement is to use the “curved arrow” convention to trans- 

form reactant to product (see Scheme 12.1). Two times the number of curved 

arrows equals the number of electrons. , 

SUPRAFACIAL 
| 

4 
iy 

1, 

\ | 

ANTARAFACIAL 

«— SUPRAFACIAL 

~_aw 

BONDING BONDING 

SUPRAFACIAL- SUPRAFACIAL- 

SUPRAFACIAL ANTARAFACIAL 

PHOTOCHEMICAL! 
ALLOWED : =! 4q electrons 4q+2 electrons 

Figure 12.4 

Schematic representation of suprafacial bonding during a [1, n] rearrangement 

involving a hydrogen atom. Suprafacial bonding is generally more accessible to 

acyclic, nonconstrained systems than is antarafacial bonding. 
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In general, since suprafacial-suprafacial bonding is generally structurally more 
feasible than suprafacial-antarafacial bonding, it is expected that 4q electron 
processes will be the more frequently encountered photochemical sigmatropic 
rearrangements (e.g., the [1,3], [1,2], and [1,7] isomerizations in Scheme 12.1). 
In certain rigid cyclic systems, suprafacial-suprafacial bonding may become very 
difficult but because of molecular structure antara-antara bonding is feasible. For 

these systems 4q processes may also occur photochemically. In terms of “electron 
bookkeeping,” if a sigmatropic rearrangement (without structural constraints) 

can be written with a formal “two-arrow” or four-electron mechanism or a formal 

“four-arrow” or eight-electron mechanism, the reaction is “photochemically” 

allowed, 1.e., assuming that suprafacial-suprafacial bonding is not restrained, the 

reaction can proceed concertedly with a low-energy barrier in S,. 

[1,3], [1,5] and [1,7] Sigmatropic Rearrangements of Alkenes 

and Polyenes and Related Molecules 

On the basis of the orbital symmetry selection rules in Table 12.1, we expect that 

‘nz, x* states will possess a tendency to undergo 4- or 8-electron sigmatropic 

rearrangements, since these isomerizations are allowed to occur supra-supra via 

the readily attainable bonding. Experimentally, many examples confirm this 

expectation. For example, direct irradiation of 4 results in a [1,3] sigmatropic 

rearrangement to 5 (Eq. 12.14).*’ Since the triplet-sensitized reaction follows a 
completely different course to form the x[2 + 2] adduct 7 (Eq. 12.16), the 4-5 
transformation is a singlet reaction, possibly via a concerted reaction. Interestingly, 

thermolysis of 4 results in different, but still “allowed” thermal sigmatropic re- 

arrangement, the six-electron [3,3] sigmatropic shift (Cope rearrangement) to 

6(Eq. 12:15), 

NC (CN 

(12.14) 

CN 
2 )z-ON 
C I ; | (12.15) 

~ peer 2) 

{<2 

4 

(12.16) 



486 CHAPTER 12 

Irradiation of many cycloheptatrienes results in an eight-electron [1,7] sigma- 
tropic rearrangement of a hydrogen or alkyl group (e.g., 8 > 9). The specificity of 
this reaction contrasts with the occurrence of a specific six electron [1,5] sigma- 
tropic rearrangement when cycloheptatrienes are heated.?® Although a four- 
electron [1,3] sigmatropic rearrangement is photochemically “allowed,” the 
formation of the transition state for this isomerization does not compete favorably 
with the more accessible transition state for “equally allowed” eight electron bes 
rearrangement.*” In general, [1,3] and [1,7] sigmatropic shifts do not occur upon 
triplet photosensitization, so reactions such as these are assumed to occur exclusively 
via S, and are probably concerted. 

The conversion of 10 to 11 may involve an allowed supra-antara [1,5] shift.3° 
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rather than a concerted reaction from S$ 1- In protonic solvents, ionic adducts are 
also produced (Section 10.11). These reactions may be explained in terms of a Z 
intermediate produced from S, of the ethylene or in terms of an electron ejection 
to yield a D, intermediate (radical cation plus an electron) from S,. As expected, 
these reactions are not achievable via triplet photosensitization. 

Carbene intermediates have also been invoked to explain the [1,2] or [1,3] 
rearragnements of styrenes and related compounds.*? Indenes, on the other hand, 
undergo [1,5] sigmatropic rearrangements to isoindenes [(Eq. 12.20) which have 
been trapped chemically and detected spectroscopically.33 

gma 7 

C PS ie: ce R (12.20) 
2 *> R 

R R 

indene isoindene 

[1,2] Rearrangements of Hydrocarbons: 

The Di-z-Methane Rearrangement 

The di-z-methane reaction is a [1,2] sigmatropic rearrangement of 1,4-dienes (or 
equivalent structures) to vinyl cyclopropanes (Eq. 12.21).*4 Although the second 

1 

Py > ee (12.21) 
Z 

1,4-diene 

(“di-z-methane”) 

double bond is not formally required for the occurrence of an overall [1,2] sigma- 

tropic rearrangement, it is clear that 1,4-dienes employ the second bond in the 

rearrangement. In this regard, the reaction is most effective when structural factors 

allow for interaction of the 2,4-centers of a 1,4-diene. As a rule, only singlet states 

of acyclic ethylenes and/or triplet states of rigid cycloalkenes are involved as the 

reactive states in di-z-methane rearrangements, i.e., acyclic triplet and cyclic singlet 

systems generally undergo the reaction only inefficiently.” These rules are sum- 

marized in Table 12.2. 

Table 12.2 Structure-Efficiency Rules for the Di-7-methane 

Rearrangement of Hydrocarbons 

Reactive ~ 
state Acyclic Rigid cyclic 

S; Efficient Inefficient 
Ty Inefficient Efficient 
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A formal mechanistic scheme for the di-z-methane reactions is shown in 

Scheme 12.2. The mechanism is an extreme situation in which discrete diradical 

intermediates are shown. In any actual case some or all of the steps may merge 

into one step, i.e., the reaction may tend toward a concerted reaction. 

As some examples of the rules given in Table 12.2, the compounds 12 (Eq. 12.22) 

and 13 (Eq. 12.23) undergo [1,2] shifts upon direct excitation, but only cis-trans 

isomerization occurs upon triplet sensitized excitation.*° Note that upon direct 

excitation the [1,2] shift is both regiospecific and stereospecific. 

cy sae ao via S, (12.22) 

Ph Ph 7 efficient 

12 & 14 

SDS i |ievianlin 

Page, Ph 
Se | 

| L Fe | via S, (12.23) 
ZA 

Ph Ph efficient 

13 15 

In contrast to the results of the above acyclic systems, the cyclohexadiene 16 

undergoes a [6] electrocyclic ring opening from its S,(z, 2*) state to form 17 (see 

rearrangement 

1,2-diradical 1,4- ge 

1,3-diradical 
Grob fragmentation 

cyclization 
hy A 

bP mamas nee a: | | overall 

“di-z-methane” 

(1,4-diene) 

Scheme 12.2 

Paradigm for the di-z-methane reaction. Usually the initial 1,2-diradical is derived 

from a triplet. It is not known at which step intersystem crossing occurs. In certain 

cases some or all of the steps may merge into a concerted mechanism. 
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Section 12.4 for a discussion of photoinduced electrocyclic reactions). In contrast, 
the T, state of 16 undergoes di-z-methane rearrangement to 18.37 Note that 
Eqs. 12.22-12.25 exemplify the rules summarized in Table 12.2 and that in Baqti22s 
a double bond of a phenyl group serves as one of the di-z-methane components. 

hy = 

aan | (12.24) 

- . Ph Ph 

hy, *sens 

T \ (7. 2*) 

These reactions exemplify several other points concerning the di-z-methane 

reaction. 
When an asymmetric diene is employed, the three-membered ring is usually 

derived from rearrangement of the lowest energy chromophore. Another rule 

which yields the same predictions is: to predict the product, consider the 1,4- 

diradical intermediate (Scheme 12.2) and cleave the bond adjacent to the least 

stable radical (Eq. 12.26). These rules are based on the theoretical notion of 

maximum z-delocalization in the bond- making or breaking steps. Thus to predict 

the product from 12 or 13 we (a) note either that the diphenylethylene chromophore 

is lower in energy than the alkene chromophore, or (b) cleave the cyclopropane 

bond adjacent to the alkyl radical in the diradical intermediate (Eq. 12.26). 

The reason for the inefficiency of [1,2] shifts from T, in acyclic systems may be 

simply a result of a faster deactivation to the ground state by twisting about double 

bonds in the triplet state.2° This would constitute an example of the “free-rotor” 

CH, CH; 

19a, lower 19b, less stable 

energy radical 

effect,° in which radiationless decay to ground state occurs via the twisting mech- 

anism T, > °D>‘D- So. 
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In contrast to the behavior of 12 and 13, the bicyclic molecule 20 (trivial name 

“barrelene”) undergoes [1,2] shift (Eq. 12.27) to 21 when Uae: sensitized, but 

upon direct irradiation reaction leads to cyclooctatetraene (22) 

rie dy py A 
son\' 

(2 + 2]\ hv 

b =} 
(1.3) c sens 

a 

[6]| 4 hy 

(12:27) 
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via S, via T, 

The pathway to cyclooctatetraene in the direct irradiation of 20 is not known. 

Two allowed pathways are shown in Eq. 12.27: (a) a primary photochemical [1,3] 

shift of 20 to produce bicyclooctatriene, which then undergoes a thermal ring 

opening to product; and (b) a primary photochemical [2 + 2] cycloaddition 

followed by thermal reverse [4 + 2] to yield the bicyclooctriene. 

The biradical pathway c > d—e-f in the triplet reaction to form 21 from 20 

is supported by deuterium labeling experiments and the observation that photo- 

sensitized decomposition of the azo compound 23°? yields 21 exclusively (Eq. 12.27). 

The photosensitized decomposition of 23 is expected to lead to a triplet diradical 

which is identical in structure to that postulated along the pathway from 20 to 21. 

An aromatic ring system may replace one of its double-bond components in a 

di-z-methane isomerization.*° For example, triplet-sensitized isomerization of 

benzonorbornadienes to tetracyclic compound 25 occurs via an efficient (O ~ 0.5) 

[1,2] sigmatropic rearrangement (Eq. 12.28). Labeling experiments (24, X =D- - 
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25, X = D) demonstrate the absence of a hydrogen shift during this rearrangement. 
Direct excitation of 24 does not result in formation of 25; in fact, 24 is recovered 
after extensive direct excitation. 

KOK XX 

hy = 

cre ~~ enCOCH, or. = 

x 

X 

24 aD 

(12.28) 

The inertness of structures such as 24 to direct excitation may be due to the 
occurrence of a [2 + 2] cycloaddition of S, to produce a highly strained quadri- 

cyclane derivative 26 which thermally reverts to the starting structure (Eq. 12.29): 

| A 

eae Ta ae | (12.29) 

Support of the intermediacy of a quadricyclane structure such as 26 is available 

from the photoreactions of 7-heteroatom-substituted norbornadienes*!’**. For 

example, irradiation of 7-aza (or 7-oxa) benzonorbornadienes (e.g., 27) results in 

formation of azapines (or oxepines—Eq. 12.30), whereas triplet sensitization results 

in [1,2] sigmatropic isomerization. Evidently, the 7-aza (and 7-oxa) quadricyclanes 

undergo a reverse [2 + 4] ring opening which yields an azapine (Eq. 12.30). 

: a CY 

azapine, 67% 

(12.30) 

R = CO,C(CHs3), 
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An interesting apparent exception the usual di-z-methane rearrangement of 

benzonorbornenes is found in the photoepimerization of 7-anti-bromobenzo- 

norbornadienes (Eq. 12.31). In fact, this reaction follows the expected course as 

a primary photochemical pathway; however, the di-z-methane product is thermally 

unstable and undergoes a rearrangement under very mild conditions to yield the 

observed product.** 

Cr 
@ Br° 

Indirect support for a singlet [2 + 2] reaction in benzonorbornadienes derives 

from the observation that “benzobarrelene” 28 yields 29 upon direct excitation 

but yields 30 upon photosensitized excitation.** The initial [2 + 2] product would 

possess a highly strained and labile structure which would be expected to under- 

go a[2 +2 + 2] six-electron fragmentation to yield 29: 

28 Bi 

benzobarrelene [2 + 2] product a 

me IP 132} 

cy 
30 
99% 

Related di-z-methane reactions occur for dibenzobarrelenes,*> dibenzonorborna- 
dienes,*° and tribenzobarrelenes.*’ 

In some cases, the initial diradicals are diverted to carbenes,*°:*® ie., a frag- 
mentation rather than a cyclization occurs after the formation of the initial diradical 
(Eq. 12.33): 
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12.4 Electrocyclic Reactions 

An electrocyclic reaction is a positional isomerization of a special type. The 

position of z-bonds and o-bonds (double and single) change during an electrocyclic 

reaction and (a) a new connectivity of two atoms is made by cyclization along with 

formation of a new g-bond, or (b) a connectivity relationship is broken as a ring 

is opened by cleavage of a g-bond (Scheme 12.3). An electrocyclic reaction 1s con- 

veniently defined in terms of a ring closing or ring opening reaction between the 

termini of a conjugated zm system, 1.e., an electrocyclic reaction 1s defined as ring 

closure or ring opening in which a single bond is formed or is broken between the 

termini of a linear system containing z electrons. A key idea in electrocyclic 

reactions is that, like all pericyclic reactions, they involve a cyclic array of inter- 

acting orbitals. Electrocyclic reactions may be conveniently classified electronically 

or structurally in terms of the ring-closing reaction, by indicating the number and 

types of electrons involved in a formal one-step reaction, or by the new ring size 

formed. Scheme 12.3 shows several examples of this classification. 

Selection Rules for Stereospecificity 

of Concerted Electrocyclic Reactions 

The terms conrotatory and disrotatory are commonly used to describe the motions 

which occur at the reaction termini during an electrocyclic process. A conrotatory 

motion is one in which the cis groups rotate in the same sense, and a disrotatory 

motion is one in which the cis groups rotate in the opposite sense to one another. 

To clarify these terms consider Figure 12.5, in which the p-orbitals at the termini 

of a polyene undergo an electrocyclic closure. A conrotatory motion causes the 

lobes of the p-orbitals at the termini to rotate toward one another whereas a 
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Scheme 12.3 

Examples of electrocyclic reactions. The number of curved arrows times two equals 

the number of electrons involved in the pericyclic reaction. An arrow points to the 

new o-bond formed in the closure of the ring. The number in brackets indicates the 

number of atoms involved in the electrocyclic reaction. 
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Figure 12.5 

Relationship of HO and LU symmetry to conrotation (inversion) and disrotation 

(retention) in electrocyclic reactions. 
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disrotatory motion causes the lobes of the p-orbitals to rotate away from one 
another. For a review of how orbital interactions or correlation diagrams lead to 
a theoretical rationale of these results the reader is referred to Section 7.6 or any 
one of a number of excellent texts.! 

An outstanding feature of electrocyclic reactions is their stereospecificity. The 
following selection rules generally hold for electrocyclic reactions which occur as 
primary photochemical processes: 

Rule 1. The stereochemical pathway of photochemical electrocyclic 

ring Opening is the same as for ring closure. 

Rule 2. Photochemical electrocyclic reactions proceed via 

disrotatory pathways when the number of interacting electrons in 

the cyclic array is 4,8,12, or, in general, 4q where gq = an integer. 

Rule 3. Photochemical electrocyclic reactions proceed via 

conrotatory pathways when the number of interacting electrons is 

2,6,10, or, in general 4q + 2 where g = 0 or an integer. 

These rules are summarized in Table 12.3, and compared to the selection rules 

for ground state electrocyclic reactions. 

Electrocyclic Reactions of Polyenes and Related Molecules 

A remarkable example of the orbital symmetry selection rules for electrocyclic 

reactions is given by the interconversions of the isomeric polyenes 32-39 

(Eq. 12.34).*7-°° Irradiation of 32 yields the tetraene 33 which possesses one trans 
double bond as the result of a photochemically allowed conrotatory 6-electron 

electrocyclic ring opening. Heating of 33 results in formation of 34 via a thermally 

allowed disrotatory 6-electron electrocyclic ring closure. Irradiation of 33 results 

in an “allowed” 2-electron trans-cis isomerization to yield 35, the all-cis tetraene. 

Heatings of 35 yields 32 via a thermally allowed disrotatory 6-electron electrocyclic 

ring closure. Irradiation of 35 yields 36 via a photochemically allowed disrotatory 

8-electron electrocyclic ring closure. Irradiation of 39 yields 38 via a disrotatory 

[4] electrocyclic ring closure and irradiation of 37 yields 32 via a disrotatory [4] 

electrocyclic ring opening. The conversion of 38 to 37 involves an allowed (aic3) 

sigmatropic rearrangement. 

Nearly all electrocyclic ring closures which are true one-step processes occur 

in §, and not in T,. In order to be concerted in T, an electrocyclic reaction either 

Table 12.3 Orbital Symmetry Rules for Allowed Concerted 

Electrocyclic Reactions 

Number of electrons Ground state Excited state 

Ag (qi= 1,2; etc!) Conrotation Disrotation 

4q +2 Disrotation Conrotation 
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36 

would have to produce a triplet product (high-energy process) or possess a mech- 

anism for efficient intersystem crossing to the ground state of the product (involve 

very strong spin-orbit coupling). Apparent exceptions to the rule that electrocyclic 

reactions do not occur efficiently in T should be viewed skeptically. It was reported, 

for example, that 40c undergoes triplet photosensitized [4] closure to 41c°’. Later 
it was discovered that 40c and 40t are interconverted by triplet sensitizers without 

the occurrence of competing triplet electrocyclic ring closure.** However, direct 

excitation of 40t results specifically in formation of 41t (4g, hv, disrotation) and 

direct excitation of 40c results specifically in formation of 41c (4q, hv, disrotation). 
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The “photochemical” conversion of 40c to 41c under triplet-sensitized conditions 
is really a two step process: 40c > 40t (photochemical) followed by 40t > 41c 
(thermal). 

It thus appears that both electrocyclic photoreactions (Eqs. 12.35 and 12.36) 
are concerted, since both occur stereospecifically. It is of further interest to note 
that heating 40t results in thermal closure to 41c (4q, A, conrotation). Note that a 
primary photochemical process of 40c produces a strained ground-state molecule, 
the trans, cis-cyclic diene 40t, which undergoes a thermal reaction to produce the 
observed product. 

Consider the strongly contrasting behavior of the two epimeric compounds 
ergosterol (42t) and isopyrocalciferol (42c). The former undergoes [ 6] electrocyclic 

ring opening to yield the hexatriene 43, while the latter undergoes electrocyclic 

ring closure to yield the cyclobutene 44.°* 

ee: hy 

[6 

conrotatory a 

Sa HO R 

42t 43 

ergosterol previtamin D (1237) 
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Since a considerable amount of strain is introduced in the 42c > 44 transfor- 

mation, while relief of strain and entropy factors would seem to favor the 42c > 43 

process, it might seem to be mysterious that 42c ring-closes rather than ring-opens. 

The mystery is removed when it is realized that the 42c > 43 transformation 

involves a disrotation to yield 43 and is therefore forbidden to be concerted. If 

concerted, the [4q + 2] ring opening is required to occur via a conrotatory pathway 

and generate trans cyclohexene 45. The strain energy produced in a butadiene-to- 

cyclobutene conversion is of the order of 10 kcal/mole, while the energy required 

to produce a trans double-bond in a six-membered ring may be of the order of 

40 kcal/mole. Thus the transition state for the 42c > 45 conversion is much higher 

than that for the 42c > 44 conversion. 
We also note that the 42t > 43 conversion occurs via a conrotatory pathway 

and is therefore an allowed photochemical 4q + 2 electrocyclic [6] process. Thus, 
the contrasting “periselectivity” of two epimers is nicely rationalized on the basis 

of orbital symmetry arguments. 

The molecules discussed in Eqs. 12.37, 12.38, and 12.39 are all important in the 

synthesis of the important family of compounds related to vitamin D.°* 

Prediction of the specific pathway followed by a molecule which has a choice 

of several allowed-pericyclic reactions (the periselectivity of a reaction) is an 

interesting challenge. It should be pointed out that the pathway observed may 

depend on subtle features such as the populations of ground-state conformers in 

flexible systems; wavelength dependences may thus result.°* 
For example the photochemistry of cis-bicyclo [4.3.0] nona-2,4-diene (46) is 

wavelength-dependent. Irradiation of 46 with 254 nm light generates a photo- 

stationary mixture of 46 and the z° product 47. However, irradiation of 46 with 
longer wavelength light (> 300 nm) does not result in formation of 47. Instead, a 

new photoproduct, the z* product 48 is formed. It may be that conformational 

factors determine these wavelength-dependent reactions. A conformer in which 

1,4 bonding (and thereby z* reaction) may absorb selectively at longer wavelengths. 

In contrast, a conformer for which 1,6 bonding is favored absorbs selectively at 

shorter wavelengths and the allowed z°® ring opening becomes the favored reaction 
pathway.°* 

> 300 nm 254 nm 12 40 

[4] {6] ( ; ) 

48 46 47 

Most of the examples of electrocyclic reactions discussed above involve polyenes 

in cyclic systems. Acyclic polyenes also undergo electrocyclic ring closures.*? 

These reactions are also highly stereospecific.°> Yields are often good to excellent 

and even highly strained structures can be prepared by this reaction:°° 

7 te ir oO (12.41) 
SS 

100% 
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a ay (12.42) 

Photovalence Isomerization Reactions of Benzenes; 

Photochemistry of Benzene Valence Isomers 

There are three valence isomers of benzene, i.e., compounds that can be formally 

derived from benzene by simple reorganization of x and o bonds. These are: 

bicyclo-[2.2.0]-hexadiene (commonly called Dewar benzene), benzvalene, and 

prismane. A fourth structural isomer of benzene, 3,3’-bis-cyclopropenyl, completes 

the possible (CH), isomers (Eq. 12.43). 

OO OG Fi 
Benzene Dewar benzene Benzvalene Prismane__bis-cyclopropenyl 

(12.43) 

The photochemistry of benzenes is known to involve Dewar benzenes and benz- 
valenes.°’ Prismanes are not produced directly from photoexcited benzenes, but 

result from secondary [2 + 2] cycloaddition of Dewar benzenes.°’ The bis- 
cyclopropeny] structure does not appear to result from photoexcitation of benzenes, 

but photoexcitation of bis-cyclopropenyls results in formation of benzenes and 

benzene isomers.°®>° All of these photoisomerizations generally involve singlet 

states and not triplet states. 

Excitation of the S$, state of benzene leads to the formation of Dewar benzene 

and benzvalene, but excitation of the S, state of benzene yields only benzvalene.°° 

Quenchers known to efficiently intercept benzene triplets have no effect on these 

ral 
is Ge Ss (12.44) 
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photoisomerizations, thereby attesting to the occurrence of a singlet precursor to 

the valence isomers. Interestingly, the S, state of benzene should have 1,4-bonding 

characteristics, whereas the S$, state will possess 1,3-bonding characteristics. Thus, 
we may interpret the wavelength-dependent photochemical reactions of benzene 

as shown in Eq. 12.45. From S,, reaction to form Dewar benzene and internal 

conversion to S, occur. Benzvalene is formed from the latter state.°! 

Ionic reactions are observed when benzene is irradiated in the presence of polar 

solvents.°* For example, irradiation of benzene in methanol (Eq. 12.47) leads to 

formation of the solvent adduct 49. This adduct could be formed from reaction 

of methanol with (a) S,,(b) Z, or (c) benzvalene. Direct reaction of S,; with methanol 

is ruled out by the lack of fluorescence quenching of S, by methanol.°* However 

both Z and benzvalence are permissible intermediates. Benzvalene is known to 

form 49, but the same product is expected from attack of methanol on Z. Evidence 

in favor of the benzvalene addition is available from photoreaction of CH,0D 

with benzene.°* In this case and in the ground-state addition of CH,OD to 

benzvalene, exclusive endo protonation is observed. 

=e @ Z 
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The photovalence isomerization reactions of benzenes are complicated by the 
high reactivity of the products. Each valence isomer is kinetically stable at room 
temperature but can be easily aromatized by catalysis or photosensitization.°* , 
As we have seen in the case of benzvalene, reaction of the valence isomer with 
solvent can also occur. Fulvene is found among the products produced by direct 
irradiation of benzene but this product has been shown to result from secondary 
photolysis of benzvalene. Only a low steady-state concentration of benzvalene 
is achievable by direct irradiation due to benzene triplet-sensitized aromatization 
of benzvalene.°> 

The possibility of rearomatization of benzvalenes under the reaction conditions 
provides a mechanism for isomerization of the benzene nucleus and for an apparent 
reaction inefficiency. For example, the photoisomerization of 1,3,5-trideutero- 
benzene (50) to 1,2,5-trideuterobenzene (51) probably occurs via a benzvalene | 
intermediate:°° 
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The sequence benzene—* + valence isomer —4— benzene provides a pathway for 
“scrambling” or transposing the atoms of a benzene ring. 

The major reaction which results from direct excitation of benzvalene is a 

degenerate [1,3] sigmatropic rearrangement.°* ETO labeling was required 

to uncover this reaction. 

Oe -_ ft 
D ZPD 

iS a se (12.50) 

The mechanism of this [1,3] shift may either be concerted, or occur via a Z or wD) 

intermediate. 
Triplet photosensitized excitation of benzvalene leads to different results, de- 

pending on the energy of the sensitizer employed (Eqs. 12.51 and 12.52). It has been 

proposed that sensitizers are capable of exciting either of two benzvalene triplets 

(T, and T,,).°* Excitation of the higher energy triplet results in a retrocycloaddition 
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to produce triplet benzene. Excitation of the lowest-energy triplet results in cleavage 

of a cyclopropane ring followed by recyclization. 

The photochemistry of Dewar benzene reveals that benzene is the major product 

of direct photolysis. A significant yield of prismane (Eq. 12.53) is also produced 

via a[2 + 2] cyclization.°° Triplet sensitization of Dewar benzene yields benzene 

triplets in an unusual triplet [4] electrocyclic reaction that produces an elec- 

tronically excited product: 

cy esi ES a. 6 (12.53) 

Dewar 

benzene 

reek i 90 (h2 64) 

Direct excitation of prismane yields benzene. The triplet photosensitized photo- 

chemistry of prismane is interesting in that triplet sensitization yields Dewar 

benzene as the major product.®’ This result is remarkable in the sense that the 

diradical presumably produced by sensitization, undergoes only inefficient ring 

opening to benzene. 

m il (255i 
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A qualitative surface diagram for the benzene S Dewar benzene interconversion 

is shown in Figure 12.6.°' The degeneracy of the Zero Order benzene molecular 

orbitals poses some difficulties in generating a Zero Order diagram, so that 

Figure 12.6 must be considered only as provisional. The S, state of benzene is 

found to correlate (assumption of D,, symmetry) with a very high-energy-excited 

state of Dewar benzene, whereas an upper excited singlet S, is found to correlate 

with the ground state of Dewar benzene (spectroscopic notation, A,). The crossing 

of the S,, and Sy surfaces is only weakly avoided and a substantial energy barrier 

(AH* = 25 kcal/mole) occurs for the highly exothermic (AH° = —60 kcal/mole) 

conversion of Dewar benzene to benzene. 

Treating the Dewar-benzene-to-benzene isomerization as a ground state 

forbidden disrotatory electrocyclic reaction leads to the conclusion that a triplet 

surface comes close to the So surface near the geometry for the transition state 

for the forbidden disrotatory ring opening.°® Indeed, heating of Dewar benzene 

has been shown to produce (in part) benzene triplet states, ie., the thermal ring 

opening is a chemiluminescent reaction (Chapter 14). 
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In Figure 12.6, reaction pathways along the benzene-Dewar reaction coordinate 

from S,, S,, and T, of benzene and from Sy, T,, S,, and S, of Dewar benzene are 

shown. 

S, of benzene produces Dewar benzene via a pathway analogous to the conven- 
tional electrocyclic ring closures, i.e., S, + minimum — S, (benzene) + S, (Dewar). 

S, does not correlate with a low-lying state of Dewar benzene and as a result does 

not proceed along the reaction pathway to Dewar. Instead, S, fluoresces, proceeds 

toward benzvalene (or a Z precursor), or undergoes intersystem crossing to T,. 

The latter may possess both an activation and spin-forbidden barrier on its way 

to Dewar benzene, and mainly undergoes intersystem crossing to So. 

S, and S, of Dewar benzene undergo ring opening to benzene via the minimum 

in the eto Order S, surface. T, undergoes adiabatic ring opening to benzene 

triplet. 

Electrocyclic Reactions of Stilbenes and Related Compounds 

Irradiation of stilbene and related compounds results in two general photo- 

isomerizations: cis-trans isomerization and [6] electrocyclic ring closure (Eq. 12.57). 

The electrocyclic reaction occurs only from cis-stilbenes. The [6] product is a 

dihydrophenanthrene 53 which may be thermally or photochemically pom cuee 

back to cis-stilbene or may be oxidized by a variety of ee to phenanthrene.°? 

If we treat the cis-stilhene > 53 reaction as a concerted n° electrocyclic reaction, 

we predict the stereochemistry of the bridgehead hydrogens of 53 to be trans. 

HIGH ENERGY 
EXCITED STATES 

Narra CU hee 
Figure 12.6 

Qualitative surface diagram for the interconversion conversion of Dewar benzene and 

benzene. 



504 CHAPTER 12 

hy Hn EO ) Grease Ss 
H 

52t 52c 53 te?) 

0 C) peels I 
oxidizing agent 

That [6] is very probably a concerted z°® reaction of S, of stilbene is based on 
the following evidence:’° 

1. The reaction proceeds upon direct excitation but not with triplet 

sensitization. This excludes T, as a candidate for the active state in the 

electrocyclic reaction. 

2. Stilbenes substituted with groups known to enhance intersystem crossing 

from S, to T, (e.g., Br, RCO, NO,) do not undergo the [6] reaction efficiently. 

3. Optically active derivatives of 53 have been prepared by photocyclization, 

a result consistent only with the trans stereochemistry since the cis derivative 

would not be capable of exhibiting optical activity (Eq. 12.58):7! 
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An interesting example of photochemically-induced optical activity (Eq. 12.59) 
was achieved by employing circularly polarized light to excite and photocyclize 
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cis-di-B-naphthyl ethylene (55).’* The latter is chiral due to its helical shape. 
Circularly polarized light is absorbed in slightly different amounts by each of the 
enantiomers of 55, so that one enantiomer is converted more rapidly to product 
than the other. Of the two stereoisomeric [6] products, only the trans form is 
capable of exhibiting optical activity. This result thus confirms the preferred trans 
stereochemistry of the cyclization step. It is interesting to view photons as chiral 
reagents in this reaction. Optically active products could also be produced by 

irradiating compounds capable of cyclizing to helicenes in chiral solvents. 7? 

See 
circularly He (12.59) 
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A general paradigm which satisfactorily explains the photochemistry of stilbenes 

with respect to photoisomerizations is: The S, state may deactivate by twisting 

about the central C—C bond or by undergoing conrotatory [6] cyclization. 

Intersystem crossing to T, will compete with these reactions from S,. Since in 

T, electrocyclic reactions do not occur, in general only cis-trans isomerization 

is observed. This explains why certain substituted stilbenes do not undergo [6] 
electrocyclic reactions (1e., Br, RCO, NO, etc.)’° since these substituents are 

known to accelerate intersystem crossing. 

12.5 Intramolecular Cycloadditions 

of Conjugated Hydrocarbons 

An intramolecular cycloaddition of a conjugated system is a reaction forming two 

or more rings and for which two new a-bonds are made. As such, these reactions 

differ in type from electrocyclic reactions in which only one new o-bond is made. 

Intramolecular cycloaddition may be classified in terms of the z-electron com- 

ponents formally involved in making the new o-bonds and by the number of atoms 

contributed to the new rings by the component systems. For example, the intra- 

molecular isomerization of 1,3-butadiene to bicyclobutane (Scheme 12.5) is an 

intramolecular cycloaddition which involves 27 systems of 2 atoms each.” It is 

thus termed a 2? + x? or x[2 + 2] cycloaddition. We place a label x in the latter 

classification to serve as a reminder that a “cross” bonding is formally occurring 

(terminal atom to internal atom) and to contrast the reaction with its counterpart, 

a “parallel” bonding [2 + 2] which we have defined as an electrocyclic n* or [4] 

reaction. In Scheme 12.4, some examples of intramolecular cycloadditions are 

given. The rules for classification are derived from identification of the new o-bonds 
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Scheme 12.4 

Intramolecular cycloaddition reactions of conjugated systems. 
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Paradigm for intramolecular cycloadditions initiated in S,(z, 2*) states. Top: general 

description. Bottom: specific example of 1,3-butadiene — bicyclobutane. 
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being made in the transformation and of the groups participating in the cy- 

cloaddition. The numbering system gives the reaction termini involved in 

making the new o-bond the number 1 and then counts atoms in the new ring until 

one reaches the second atom of the new o-bond. Thus, the isomerization of 1,3,5- 

hexatriene to bicyclo [3.1.0] hexene is a x* + x* or x[2 + 4] cycloaddition. 
Strained o-bonds may replace z-bonds in these reactions. 

Mechanisms of Intramolecular Cycloadditions 

of Conjugated Systems 

Intramolecular cycloadditions of conjugated systems are pericyclic reactions, and 

as such can be discussed in terms of concerted reactions.’ However, experimental 

evidence indicates that in structurally flexible systems these reactions are probably 
not concerted, in contrast to the situation for photoinduced electrocyclic 

reactions.’*> Nevertheless, intramolecular cycloadditions commonly occur from 

singlet states. 

For example, excitation of the s-trans conformer of 1,3-butadiene is viewed as 

producing a planar S, state which is highly polarizable and which has a tendency 

to take on zwitterion character.’° S$, then transforms by rotation about one of 

the terminal groups into Z,, a minimum on the excited singlet-state surface. This 

species in turn undergoes cyclization to form a dipolar cyclopropyl carbinyl system 

which then cyclizes to product (Scheme 12.5). 

Experimental support for the zwitterion mechanism is available from studies 

of the stereochemistry of the cyclization of butadienes to bicyclobutanes and the 

formation of adducts indicative of ionic addition to zwitterion intermediates (in 

distinction to ionic addition to ground-state bicyclobutanes). ’° 

Examples of Intramolecular Cycloadditions 

of Conjugated Systems 

Intramolecular cycloaddition reactions of conjugated polyenes generally must 

compete with [n] electrocyclic reactions. For example, in the case of 1,3- SN, 

x[2 + 2] cycloaddition must compete with [4] electrocyclic ring closure:’ 

hy me ee ( hy 

| [4] (ieee 

+s y 

cyclobutene S-C1S s-trans bicyclobutene 

307, (minor) (major) LOZ, 

(12.60) 

From structural considerations, the x[2 + 2] reaction appears to be likely to 

result from the s-trans conformer of 1,3-butadiene, whereas the [4] reaction seems 

more likely from the s-cis conformer. However, even though the major conformer 

of 1,3-butadiene is the s-trans form, the major product from irradiation of 1,3 

butadiene is cyclobutene. Evidently, the efficiency of s-trans* > etn 1S 

much less than that of s-cis* > cyclobutene. 
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In methanol as solvent, direct excitation of 1,3-butadiene yields adducts which 

appear to have trapped the zwitterion, Z:’’ 

hy CH,OH 

5 ore RON, ae (12.61) 

OCH, 

It is expected, and found,’*® that constraint of a 1,3-diene to a s-trans confor- 
mation completely inhibits the [4] reaction in favor of the x[2 + 2] reaction: 

O-G 3 
fused s-trans 

12.6 Electrocyclic Reactions and 

intramolecular Cycloadditions 

of Heteroatomic Conjugated Systems 

Although the orbital symmetry arguments appear to be valid for hydrocarbon 

systems, it is not certain whether an unqualified extension to heteroatom systems 

is warranted. However, if we postulate that 2, 2* states of appropriate conjugated 

chromophores possessing heteroatoms have a tendency to undergo electrocyclic 

reactions, we find a strong analogy with the hydrocarbon systems. 

First of all, formal electrocyclic processes are known for heterocyclic systems 

(56 and 57): 

O 
A hy ;-O 78 “\ =a (12.63) 

56 

~S Za 

CPL er ies Caen (12.64)7° 
aan =< SS 

“Or 2s O 

57 

In other cases, intermediates expected via analogy to hydrocarbon systems 

have been proposed. For example,8° an oxabicyclobutane intermediate 58 
“explains” the labeling observed in the photorearrangement of purpurogallin 

tetramethyl ether (only partial structure is shown): 
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OCH, 
* 

Ox« OCH, *O—C# 
OCH V OCH; 

hy 
2+2]- ores (12.65) 

58 

The [6] ring opening of spiropyranes (e.g. 57) is of special practical importance 

as a photochromic system, 1.e., a photoreaction which produces a colored species 

which thermally reverts to starting material (59 — 60). It is of interest that benzo- 

phenone sensitizes this reaction, which may be an example of an adiabatic triplet 

photoreaction or one which occurs completely on an excited triplet energy- 

surface. The lower energy of the product states allow the possibility of such a 

reaction in this case:8! 

(12.66) 

59, colorless 60, colored 

As a second example, the six-electron electrocyclic reaction of diphenyl®? or 

divinyl8* amines results in five-membered ring openings or closures, ie., [5] 
reactions. In analogy to the hydrocarbon systems, such reactions should proceed 

in a conrotatory (inversion) fashion if they are concerted. Indeed, irradiation of 

diphenyl amines (61) leads to cyclized adducts such as pe 

oh wae a 

ORO aie OL ae [5] 
x NS conrotatory iS) N ® 

| | 
R R 

61 62 

63 

The isolated product (63) results from a loss of hydrogen, usually by an oxidation 

of some sort. The cyclized species 62 has been detected spectroscopically and 

evidence has been put forth which indicates that the conversion of 62 to 63 may 

involve an adiabatic triplet reaction.** 
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Photochemical electrocyclic reactions of heteroatomic molecules which can bs 

represented by charge separated (zwitterionic) structures are quite common.*® 

For example, N-oxides undergo four-electron [3] electrocyclic closure reactions 

to yield oxaziridines.°°° In some cases the oxaziridine is reactive under the 

conditions of formation: 

Ph Ph 
SS AS 

hy 85 1 eae (12.68) ASA>Ph 0 LP 
N) mes 

| 
Oc oxaziridine: 

stable product 

CN CN CN 

Ch |OR )-r Ch Z G3] eae [6] 
N # Ne N—O 

Q oxaziridine: 

reactive ; (12.69) 

intermediate 

Among the other products commonly observed in the photolysis of N-oxides 

are pyridines (formal loss of an oxygen atom) and pyrrole-aldehydes:*’ 

SX | ~ 

() a ae ‘ Be 

0 H 
—[(1 +2] 

QL ge 
Aromatic heterocycles undergo electrocyclic rearrangements upon direct photo- 

chemical excitation, but generally not upon triplet photosensitization.** These 

rearrangements may be unified in terms of the paradigm given in Scheme 12.6. 

There are two common initial primary processes that convert aromatic heterocyclic 

singlet states: (a) to bicyclic isomers, via a [4] electrocyclic reaction, or (b) to 

a cyclopropene, via a [1,3] shift.8? Subsequent (thermal or photochemical) 

rearrangements of these primary products then lead to the isolated skeletally 

rearranged isomers. 

Irradiation of numerous aromatic heterocycles such as thiophenes,?° iso- 
xazoles,’' indazole,?? and related compounds’? results in isomerizations that 

(12.70) 
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can be rationalized in terms of Scheme 12.6 if it is assumed that Dewar or cyclo- 

propenyl intermediates rearrange thermally to produce the isomerized product: 

R R 

aS a i Tr (5 

H 

R R. oN R 

[ae Y ore EN ee [-\ (12.71) S ine : 

‘o ese Bae 
H 

N hy ae J OY or Cu == 5 

N NH y N 
| N | 
H a F 

A or hv »-¢ (are) eee ok 
R 

Dewar Rearranged Dewar 

hv | [4] A} (4) 

R 2 mS overall 
x 

7 : 

Cyclopropenyl 
carbonyl derivative 

Scheme 12.6 

Paradigm for the rearrangements of aromatic heterocycles. The structures in brackets 

are proposed transient intermediates. The [1,3] rearrangements may be either 

photochemically or thermally induced, depending on the reactions conditions. 
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In favorable cases, the primary products can be isolated, e.g., 64°* and 65: 

R. ik Ko R 

j ee (12.72) 
E “ A R AN Race ok: \g 

Rei Cie 64, a Dewar thiophene 

YR 

a as (12.73) 
7 LE ba Re Gy: / 

R 

R = C(CH2); 65, a cyclopropenyl ketone 

Irradiation of pyridine, in analogy to aromatic hydrocarbons, produces a 

Dewar derivative:?° 

Ze hy N 
mi 

| = Gg (12.74) 
SN 

An interesting example of a temperature effect on periselectivity is displayed 

by azoheterocycles which undergo [4] electrocyclic closure to a diazobicyclo- 

pentenes at low temperature and a [5] electrocyclic ring opening at room 

temperature :°° 

X ff 4 < 

V/, hy = ~N hy N 

Ge || || =o? |__| (12.75) 
—N Pana 

fo Nee 

Photorearrangements of 2,4-Cyclohexadienones 

2,4-cyclohexadienones undergo two typical rearrangements; an electrocyclic ring 

opening to a linear ketene”’ and a [1,2] sigmatropic shift?* to a [3.1.0] bicyclo- 
hexene (Scheme 12.7). The [6] ring opening is viewed as an «-cleavage of the n, x* 

singlet state which leads to a diradical.?? The latter, by simple twisting about bonds, 
is converted to the ketene product. Usually the ketenes are not isolated but are 

trapped by nucleophiles. Their existence is unambiguous, however, since they may 

be detected spectroscopically.'°° The [1,2] shift appears to be a polar rearrange- 
ment of the z, x* singlet state.?* The ketene produced by [6] ring opening may 
also undergo a thermal x[4 + 2] internal cycloaddition to yield a product identical . 
to the [3.1.0] bicyclohexene produced by a direct [1,2] shift. 
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_ Anelegant synthetic application of the [6] ring opening of 2,4-cyclohexadienones 
is found in a double-barreled ring opening:'°! 

CH;O - A — ~OCHs3 (12.76) 

O 

Sigmatropic !somerization of Cyclic Enones and Dienones 

The photoreactions of cyclic enones and dienones have played a special role in the 

development of synthetic and mechanistic organic photochemistry.'°* These 

compounds undergo many complex structural rearrangements which appear to 

be unrelated on a superficial inspection of product structures. A mechanistic 

analysis has developed, however, which has brought considerable order to the 

field, although many puzzles still remain to be solved. This serves as a challenge 

for future researchers. 

hv or D 

x[4 + 2] | 

O O O 

2 hy exer hy 

= 1.2] 

re \ [3.1.0] bicyclohexene 

byt bot 
Scheme 12.7 

Typical reaction types of 2,4-cyclohexadienones. 
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We shall consider only five- and six-membered-ring cyclic enones and six- 

membered cyclic dienones in this section. Four- and three-membered-ring cyclic 

enones tend to undergo ring fragmentations as primary processes (Section 13.6) 

and seven- and larger ring enones tend to undergo cis-trans isomerization as 

primary processes (Section 12.2). 

For five-membered-ring enones, there are three important rearrangements we 

consider as typical: 

1. A [1,2] sigmatropic shift to form a cyclobutanone: 

O O 

ret gQ (12.77)! 

2. A [1,3] sigmatropic shift to form a cyclopropanone: 

ar fe (12:78)*94 

R (12.79)105 

This reaction is favored by radical stabilizing 5,5 substituents, i.e., for RPh, 
reaction 12.79 goes in ~ 80% yield. 

For six-membered-ring enones or cross conjugated dieones, only [1,2] shifts 
are typical, but two types of 1,2 shifts may occur: 

4. A [1,2] shift which contracts the ring from 6 to 5 by rearrangement of the 
ring atoms and is called a “Type A” rearrangement: 

oO O 
Z R : 

Tart Type A (12:80)*% 
| R 

R R 
\ 

5. A [1,2] shift which contracts the ring from 6 to 5 by migration of a ring 
substituent, called a “Type B” rearrangement: 
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O 

2 “Toy” ay Type B 231°? 

R 

RoR R 

In general the reactions of the six-membered-ring enones and dienones proceed 

via triplet states.'°° The mechanisms of the cyclopentenone rearrangements are 

not well-established but bear a formal resemblance to the rearrangements of 

B,y-unsaturated enones which undergo triplet [1,2] shifts and singlet [1,3] shifts. 
A difficulty in setting up a paradigm for the photorearrangements of cyclic enones 
is the lack of general knowledge of whether T, is an, x* or a x, 1* state.?® 

As a prototype mechanism consider the following simplified mechanism, which 

has been postulated for the rearrangement of cross-conjugated cyclohexadienones 

such as 4,4-diphenyl-2,5-cyclohexadienone:'°° 

O O Oo: O7 

‘ + 

—_—> es ———— wines 

VA 

ee > D 7, > [3.1.0 ]bicyclo- 
hexenone 

(12.82) 

The intermediate Z is the key to understanding the rearrangements of 2,5-cyclo- 

hexadienones. Reactions other than the [1,2] rearrangement of Z to the product 

type shown may compete when certain structural modifications are made 

Knowledge of such a scheme is also important because it allows a mechanistic 

shorthand to be used. We may proceed directly to Z from the starting material 

without always indicating a detailed pathway. 

For example, irradiation of the dienone structure such as 66 in acidic media 

is commonly found to induce rearrangement to cyclopentenones via enols of 

skeletal structure 67 and/or skeletal structure 68 :'0°%1°°, 

HO OH 

hy 

O 

O 

66 67 68 

These rearrangements may be viewed as interception by H,O of the Z intermediate, 

which, as expected, forms a [1,2] shift product 69 in neutral media. Irradiation of 
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69 in acidic media does not lead to 67 or 68: 
>OH, 

ies Seis) SO HO - 

66 Wi, 

H,O H,O 
cleave b cleave c 

(12.84) 

OH OH 

CL) +0 
O 

69 67 O 
68 

We may view the formation of 67 and 68 from 66 as follows: the usual sequence 

leading to formation of Z occurs, but in acidic media protonation of Z occurs 

competitively with Type A rearrangement. A carbonium ion is produced, which 

then is attacked by solvent to break either bond b (leading to 67) or bond c (leading 

to 68). In nonacidic solvents, Z rearranges to 69 in a normal Type A rearrange- 

ment. The enols of 67 and 68 may be formed as initial products and then tautomer- 

ize to 67 and 68. 

The intermediacy of a zwitterionic intermediate in the Type A rearrangement 

of 4,4-diphenylcyclohexadienone 70 has been tested by generation of Z via a 

thermal route:'?! 

O Oke OF O 

hy Cy Om ‘Oo Br 

RO® 

yO os io 4 

Ph Ph Ph Ph Ph Ph Ph Ph 
70 Z Tl (12.85)' 

same product from 

Ph 70 or 71 

“Ph 

Thus, treatment of the bromoketone 71 with base leads to the same product as is 

achieved via photoexcitation of 70. 

The [3.2.0] bicyclohexenone produced by Type A rearrangement of 2,5-cyclo- 

hexadienones (e.g., 66 — 69) is prone to undergo secondary photolysis leading to 
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further rearrangements.'!? In general, the products may be rationalized starting 

from the postulate that an excited state (e.g., 72) is produced that can lead to a 

ring-opened zwitterion 73 which is the ring-opened form of a cyclopropanone 

74: 

O O: OF Ore! O 

hy @ OD O-O-O 0 ® 
SS 

73 74 72, excited state 

In aprotic media, the zwitterion produced by ring opening may undergo 

rearrangements, such as the [1,2] rearrangement of 75 into 76 :'°” 

Ve Lee ra 
75, luminsantonin < 76 

(12.87) 

In addition to providing a convenient formalism for rationalizing the pathways 

of photorearrangements, evidence for zwitterionic structures such as 73 is available 

from the methods of spectroscopy,!!* alternate syntheses,''* kinetics! 'S and chem- 

ical trapping.'!> As an illustration it is found that the [3.2.0] cyclopentenone 

77 undergoes photorearrangement in acid solution to 78 and 79 in the ratio of 

90°% to 10°% respectively. Treatment of the bromoketone 81 with base is expected 

to generate the same zwitterion (80) as the photolysis of 77. Indeed the same 

product ratio of 78 to 79 is obtained by either photochemical or thermal entry to 

80. In protic media zwitterions such as 80 may be protonated to yield carbonium 

ions, which are prone to undergo rearrangements and eventual loss of H®, elimi- 

nation of an anion, or capture of a nucleophile to yield the observed product: 

O O 

(Br 
Ph i thermal wee Ph 

Ph route route a Ph 

77 80 z 
Bo 81 

OH OH 
(12.88) 

BP h 

Ph ~Ph 

1B OG Ph 

TEMA 
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The observation that cyclopropanone 84 (the closed form of zwitterion 83) is 

formed upon photolysis of 82 and may be matrix-isolated, lends further credence 

to the zwitterion hypothesis :'°°!!° 

S) 

HK? =. 
® 

83 
84, matrix isolated 

(12.89) 

On another typical rearrangement reaction of [3.2.0] bicyclohexenones, ketenes 

are produced (e.g., 85 — 86). This process occurs by breaking the external rather 
98,112 than the internal cyclopropyl bond (88 — 89): 

2 fF fF 
in _ ZA 

[4 + 2] = aa os QO vg [6] 

85 86 87 

| | (12.90) 

iS) (S) O 05 

we eee a 
88 89 

The primary product ketene is often thermally unstable and undergoes a [6] ring 

closure to a 2,4-cyclohexadienone (e.g., 86 — 87). 

The mechanism of both the Type A and the Type B rearrangements of cyclo- 

pentenones and cyclohexenones may be quite different mechanistically from the 

rearrangements of 2,5-cyclohexadienones. Diradical intermediates appear to be 

involved in some cases and zwitterions in others. It seems that the nature of the 

lowest triplet (n, x* or 2, 2*)—both of which are comparable in energy—may 

determine whether diradicaloid or zwitterionic behavior is observed. 

Evidently these two energetically proximate states can be inverted via solvent 

effects. It has been postulated that for cyclohexenones, the n, x* state undergoes 

the Type B rearrangement preferentially and that the x, 2* state undergoes the 

Type A rearrangement preferentially. For example, irradiation of the cyclohexenone 

90 in polar solvents yields the Type A product 91 whereas in nonpolar solvents the 
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Type B product 92 is produced :'!* 

Or Oo® 

PS Fey 

Pee “aie Fe 

type A type B 

91 

(12.91) 

90 

Since m, 2* states are lowered in energy by increasing solvent polarity and n, 7* 

states are raised in energy by increasing solvent polarity, the differing reactions 

as a function of solvent are ascribed to state switching.'’® 

12.7 Sigmatropic lsomerizations 

of $,y-Unsaturated Enones 

Direct excitation of numerous f,y-unsaturated ketones results in rearrangement 

to isomeric f,y-unsaturated ketones via a [1,3] sigmatropic rearrangement 

(Eq. 12.92). Triplet photosensitization, on the other hand, results in rearrangement 

to isomeric cyclopropyl ketones via a [1, 2] sigmatropic rearrangement (Eq. 12. 93). 

The latter reaction is analogous to the di-z-methane rearrangement (Section 12.3) 

and is termed the “oxa-di-z-methane rearrangement.''’ The mechanisms of photo- 

rearrangements of f,y-unsaturated ketones are discussed in detail in Section 13.3. 

O 

* es (12.92) 

o [1,3] shift 

AL? O 

B ee a = ae (12.93) 

[1,2] shift 

(oxi-di-z-methane) 
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12.8 Summary 

Most of the reactions discussed in Chapters 10 and 11 involved the generation of 

intermediates, usually diradicals, as primary photochemical products. Many of 

the reactions in this Chapter, however, may be viewed as being concerted from S, 

or concerted after formation of a Z species. Electrocyclic and sigmatropic re- 

arrangements from S, are characterized by their stereospecificity, are prototype 

concerted pericyclic reactions, and obey orbital symmetry selection rules. Cis-trans 

isomerizations may be viewed as the simplest of pericyclic reactions and the energy 

surfaces for this reaction serve as prototypes for pericyclic reactions that are 

forbidden in So. The photosensitized cis-trans isomerization of polyenes is an 

important mechanistic tool in organic photochemistry. 
Many apparent “deep-seated” rearrangements may be interpreted as sequences 

of conventional rearrangements via diradicaloid, zwitterionic, or strained ground 

state intermediates. Such rearrangements are valuable as a means of synthesizing 

unusual ring structures. In this chapter we have attempted to systematize and 

unify many superficially unrelated photoreactions by employing the concept of 

concerted pericyclic photoreactions, together with the general principles set forth 

in Chapters 10 and 11. 
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Photofragmentation Reactions 

13.1 Photofragmentations 

and Photoeliminations 

A number of photoreactions are initiated by the cleavage of a sigma bond(s) and 

result in net rearrangement, fragmentation, or elimination of a small molecule 

(e.g., N,, CO, CO,, etc.). Pericyclic fragmentation reactions, such as concerted 

electrocyclic ring openings, were discussed in Chapter 12. Pericyclic retrocyclo- 

additions are discussed in Section 13.5. 

Classification of Photochemical Cleavage Reactions 

In this chapter we will consider processes which possess the common mechanistic 

step of requiring a photochemical cleavage of a sigma bond as a key feature of 

the reaction. In particular, we will consider reactions for which sigma bond 

cleavage is probably a primary photochemical process. These reactions may be 

classified as: 

1. Homolytic cleavage, in which the sigma bond is cleaved to produce a radical 

pair or a diradical. 

2. Heterolytic cleavage, in which the sigma bond 1s cleaved to produce an ion 

pair or a zwitterion. 

The distinction between a radical pair and a diradical, like that between an 

ion pair and a zwitterion, is arbitrary and not meant to imply a different inherent’ 

chemical reactivity. However, the actual reactions of diradicals and zwitterions 

are often intramolecular, and it is helpful to keep this in mind in our classification. 

There are certain molecules (e.g., diazo compounds, azides) for which cleavage 

of a formal sigma bond produces a molecule (e.g., N,) and a diradical or zwitterion. 

The products expected for «-cleavage of n, x* and z, z* states in terms of primary 

product formation are analogous to those discussed in previous chapters for 

additions, rearrangements, etc. As before, n, 7* > D and *n, 2* > D transforma- 

tions are expected to be common and general. In addition, '2, 7* > Z reactions 

are possible and relatively common, because fragmentations are unimolecular and. 
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may be initiated by single bond cleavage (a process that can be competitive with 
other paths of deactivation of ‘7, 2* states). 

Examples of Reactions Resulting from 

a Primary Photochemical Cleavage Reaction 

A wide variety of isolated products may result from any one of a number of 

primary photochemical o-bond cleavages. A common feature of these reactions 

is cleavage of a relatively weak o-bond followed by secondary thermal reactions 

such as loss of a small molecule (CO, CO,, N,) to generate a highly energetic 

diradical, zwitterion, or fully bonded, but strained, molecule. Often these species 

may be generated and matrix isolated at very low temperatures. 

For example, benzyne (Eq. 13.1), a-lactones (Eq. 13.2), and cyclobutadiene 

(Eq. 13.3) have been generated and matrix isolated by irradiation of cyclic esters 

at 77 K. The loss of the small, stable molecule CO, provides a driving force for 

these reactions. 

O 

HE OLS Ole on O 
O 

O Benzyne 

O 
CH CHO. 

i ato Ws xg + C02 (13.2) 
CHS CH, 

O a-Lactone 

O ’ 3 | eee L | CO; (13.3) 

O Cyclobutadiene 

Similarly, carbenes, nitrenes, diradicals, trimethylenemethanes, and _1,3- 

zwitterions have been prepared and matrix isolated (Eqs. 13.4—13.8) via low 

temperature photolysis: 

PhaC-}N=N =e PhjC +N, (13.4)4 

Carbene 

Ph NLN=N > PhN: +N, (13.5)5 

Nitrene 

hy \\ . 6 
= an + CO (13.6) 

O Tetramethylene ethane 
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7 eS 
hy, —N2 a 5 7 

bas —— +N, (13.7) 
NEN Trimethylenemethane 

O Phe Oseen 
Ph Ph a : nice ai (13.8)8 

Ph Ph Ph Ph 

Zwitterions 

13.2 Homolytic «-Cleavage of Ketones; An 

Alkoxy Radical Model 

From a consideration of orbital interactions and correlation diagrams, it appears 

that homolytic a-cleavage of the n, x* states of ketones (a so-called “Type I” 

reaction) is initiated by the electrophilic half-filled n-orbital (Section 7.3).? If this 

is correct, we may postulate that the alkoxy radical R,CO, which possesses a 

half-filled oxygen orbital, may serve as a model for a-cleavage from the n, 2* states 

of ketones. 

Indeed, alkoxy radicals undergo a homolytic «-cleavage reaction:'° 

R, 
ee Riv 

R,—C—0 —— C=0 Re (13.9) 
os eg 

From the chemistry of alkoxy radicals it has been established that the group 

that fragments is usually the one which corresponds to the most stable radical."! 

In turn, this corresponds to cleavage of the weakest «-bond to the radical center. 

In the case of unstrained ketones, the more stable the diradical or radical pair 

derived from «-cleavage, the weaker the fragmenting bond. In the case of strained 

(usually small-ring) ketones, diradical stability determines the a«-bond which 

cleaves (regioselectivity), but release of strain determines the rate constant of 

a-cleavage. '* 
We can now postulate that for an n, 2* state of a given multiplicity, (a) the 

a-cleavage which produces the most stable radical pair occurs faster, (b) for 

different molecules of similar structure the more stable the radical pair produced 

by a-cleavage, the faster is the absolute rate constant for reaction, and (c) for 

cleavages which produce radicals of comparable stability, the greater the relief 
strain the faster the rate of cleavage. 

Since radical stability generally correlates with bond energy, we may apply this 

rule with our knowledge of bond dissociation energies. For example, since a typical 

triplet energy of an n, m* state is ~ 70 kcal/mole, the strong (80—90 kcal/mole) ° 
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OC—CH, and OC—Ph bonds undergo inefficient «-cleavage, whereas the 
relatively weak (< 70 kcal/mole) OC—CH,Ph and OC—C(CH;), bonds undergo 
efficient «-cleavage from T(n, n*) states at room temperature. Intermediate 
behavior is expected from ketones whose bond strengths are between 70 and 
80 kcal/mole. 

We may use the oxy model as a rough guide for reactivity relationships. It is 

found that A (Eq. 13.10) cleaves to lose CH; about 10’ times slower than B (Eq. 

13/11) ‘cleaves to: lose'C(CH;)3 7" 

A(GH2),COl CH. (CH), CO k ~ 10? sec™! (13.10) 

B(GH3),C(CH,),CO => (CH;),C + (CH.),CO ks 10? sec? (13.11) 

For example, acetone and benzophenone are relatively stable toward formation 

of products from «-cleavage, whereas methyl tert-butyl ketone and phenyl tert- 

butyl ketone yield «-cleavage products efficiently. These results are understandable 
in terms of the above rule because of the radical stability order C,H; < CH; « 

C(CH3;)3. Thus, the rate of x-cleavage of t-butyl ketones should be much faster 

than that for acetone and benzophenone. The rule also allows us to predict that 

methyl tert-butyl ketone and phenyl tert-butyl ketone will cleave the OC-tert 

butyl bond preferentially to the OC-CH, or OC-C,H, bond. 

In cyclic systems, the reactivity pattern of ring opening of alkoxy radicals 

follows that expected for the relief of ring strain. 

O 
— < | Alkoxy radicals (13.12) 

Rate of a-cleavage 

Increasing ring strain 

It can be seen from a comparison of Eqs. 13.12 and 13.13 that the reactivity 

of (n, 2*) states is qualitatively similar to that of alkoxy radicals. 

| 
ei ~ << *%\ n,7x* states (GES) 

> 

Rate of «-cleavage 

Increasing ring strain 

Finally, polar effects are known to affect the reactivity of cleavage of alkoxy 

radicals to yield R’. The polar effect is quantified by the Hammett p constant, 

which is a measure of the sensitivity of a reaction rate constant (for a series of 

substituent changes at a functional group undergoing a given reaction by a similar 
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mechanism) to polar effects.1* The value of p is —1.7 for «-cleavage of alkoxy 

radicals'! and p is — 1.1 for «-cleavage of n, 2* states.'° 

Some General Results for the Photochemical 

a-Cleavage of Ketones 

The experimental evidence for a homolytic «-cleavage primary photochemical 

process of ketones is substantial. In addition to the consistency of product struc- 

tures and structure reactivity relationships with this postulate, direct spectroscopic 

identification has been reported for both the acyl and the alkyl radicals produced 

by a-cleavage. For example, irradiation of methyl tert-butyl ketone in the cavity 

of an ESR spectrometer results in direct observation of the ESR signal of the 

CH;CO and (CH;)3C radicals.'® In addition, CIDNP studies (Eq. 13.14) provide 

further support that acyl and alkyl radicals are produced:!°!’ 

i 
PhC-+CHPh —“> PhCO + CH;,CHPh (13.14) 

hei Detected by CIDNP of products 

As mentioned in the preceding section, the reactivity-structure profile for 

a-cleavage is also consistent with the notion of a homolytic «-cleavage, 1.e., this 

postulate explains the parallelism between the reactivity of alkoxy radicals and 

n, m* states toward a-cleavage and the basis for the regioselectivity of cleavage 

of an unsymmetrical ketone (see Table 13.1 for examples). 

However, the following reactivity patterns are not explained in an obvious 

fashion by the postulation of a homolytic cleavage and most stable radical pair: 

1. For the same multiplicity, the rate constant for a-cleavage of n, x* > 1, 1*. 

For example, phenyl tert-butyl ketone (T, = n, z*) undergoes relatively rapid 

and efficient «-cleavage, but 4-phenyl-phenyl tert-butyl ketone (T, = 7, 2*) is 

stable toward cleavage:'8 

O O 

ae a 
C+C(CH;)3 e200 > (Gi -C(CH3)3 (1351S) 

O O 
> I | Ph < \-cracny), sare prt \-c- ‘C(CHs)3 (13.16) 

2. For the same structure and electronic configuration, the rate constant for 

a-cleavage of *(n, n*) > '(n, x*) for saturated ketones.!? For example, the rate 

constant for «-cleavage of S,(n, x*) of tetramethyl cyclopentanone is at least 10? 

times slower than the rate constant for «cleavage of T,(n, *) of the same 
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compound:?° 

On 

(nD 
T ,(n, n*) k= 1012 3p 

(13.17) 

(13.18) 

3. For the same electronic and spin configuration, dialkyl ketones (RCOR) 

undergo «-cleavage to RCO and R radicals faster than the analogous aryl alkyl 

ketone (ArCOR). For example, the rate constant for T ,(n, 2*)-initiated 

a-cleavage of methyl tert-butyl ketone is about 10° times faster than that for 

Table 13.1 Quantum Yields and Rate Constants for «-cleavage 

~(S;) P(T,) k(S,) k(T,) Reference 

CHC OGC(CHE)s 0.18 0.33 <10° = IO a 
Cyclobutanone ~0.3 a Sie — b 
Cyclopentanone — ~0.2 iO DANO c 
2-methylcyclopentanone == ~0.3 108 De Nay? Cc 

2,2,5,5-tetramethylcyclo-pentanone — ~ 0.6 < 108 = 10% € 
Cyclohexanone _ ~0.2 =e DMO c 
2-methylcyclohexanone = ~0.3 <108 Ba. € 
2,2-dimethylcyclohexanone — ~0.4 = 102 2 x 10° c 
PhCOCH,Ph = ~0.4 = 2 x 10° d 
PhCOCH(CH,)Ph coe 4 a 3 x 107 d 
PhCOC(CH;),Ph — ~0.4 — 1 x 108 d 

PhCOC(CH,); = m03 = 1 x 10? e 
4-CH3,0-C,H,COC(CH3)3 = ~0.1 = WSs MOE e 

AC. H.-C-H,COC(CHs). = <0.001 = <105 é 
PhCH,COCH,Ph S 0.7 = > 101° f 
PhCOCH,Ph = ~0.4 = 10° g 
PhCOCHPhOCOCH, = ~0.3 — Sie 107 g 

PhCOCHPhOCH,; — ~0.4 — sSil@-" g 

mrcoct,—(_)-ock, -- ~0.2 _— ~107 h 

PhCOCH, = a = ~ 105 h 

CF; 

So ™eacge 
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Engel, P. S., J. Am. Chem. Soc., 92, 6074 (1970). 
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phenyl tert-butyl ketone: 

O 
l , ; 

CH,C-+C(CH;); 4~"> CH,CO + C(CHs)3 (i219) * 

T 
PHO=-C(CH,), ——"> PhCo + C(CHs); (13.20)+" 

Tat, a) > 3D 

4. The activation energy for x-cleavage from T,(n, 7*) is considerably less than 

that for «-cleavage of S,(n, x*). For example, for acetone it is found that E,(7 ) 

is ~ 6 kcal/mole whereas E,(S,) is ~ 17 kcal/mole.** Although this result is 

1 1 
CHC -CHe = CHC CH. 

S,(n, 2*) E, ~ 17 kcal/mole (13.21) 

Tia") E, ~ 6 kcal/mole 

generally in line with the much faster rate constant for «-cleavage of T,(n, 2*) 

relative to S,(n, z*) mentioned above, the magnitude of the activation energy for 

simple a-cleavage is somewhat in doubt, and requires further study.?”° 

5. The rate constant for «-cleavage of cyclic ketones (from a given n, 2* state) 

increases with ring strain. For example (Table 13.1), the rate of «-cleavage of 

cyclobutanone in S,(n, 2*) is at least 10 times faster than the rate of «-cleavage 

of cyclopentanone in S,(n, 2*).** 

Products from Photoinduced «-Cleavage of 

Dialkyl and Aikyl Aryl Ketones 

The most common reactions derived from radical pairs produced from «-cleavage 

of dialkyl and alkyl aryl ketones are radical recombination, disproportionation, 

and decarbonylation. In the last case a new pair of radicals is formed and 

may themselves undergo radical recombination or disproportionation. If free 

radicals result from the original cage-radical pair, they may be trapped by 

appropriate radical scavengers. The recombination reaction of the primary radical 

pair is manifested by quantum yields for cleavage products which are less than 

unity, even under circumstances such that kinetic analysis indicates that the 

quantum yield of the «-cleavage step is unity.’®* For example, the cleavage of 

phenyl tert-butyl ketone into benzaldehyde and isobutylene proceeds via a 

primary «-cleavage of T,(n, 2*) into a caged triplet benzoyl and tert-butyl radical 

pair. These radicals escape from their initial cage and become free radicals in 
solution. The radical-radical disproportionation of benzoyl and tert-butyl radicals 
leads to the observed products benzaldehyde and isobutylene and recombination 
regenerates the starting ketone. The decay constant for triplet phenyl tert-butyl 
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ketone is about 10° that of acetophenone, Suggesting that every triplet of the 
former ketone undergoes cleavage. However, the quantum yield of benzaldehyde 
formation is only about 20°. The reaction inefficiency is explained by a secondary 
radical-radical combination reaction to regenerate the starting material. 

Further support for the recombination pathway is found in the observation 
that under irradiation the optically active ketone 1 undergoes both dispropor- 
tionation and racemization.?* Interestingly, the sum of the quantum yields for 
disproportionation and for racemization adds up to about 0.75. The reaction 
inefficiency may be due to cage combination before substantial rotation of the 
radical pair. If this interpretation is correct, then intersystem crossing in the 
radical cage must be competitive with the rotation of the caged radical pair and 
diffusion out of the solvent cage: 

recombination with retention 

® = 0.27 

O O O Woot 2s. UNG ve eit ae Sere Alice 
Ph og [erage Pa ct Speen ale ir 

Ph Ph Ph 

ne | recombination with [  @= 0 | upon 
racemization 

® = 0.33 

PhCHO +) PhCH_CH > 

(13.22) 

The products resulting from «-cleavage of cyclic ketones are analogous to 

those resulting from a-cleavage of acyclic ketones, i.e., combination, dispropor- 

tionation, and decarbonylation.*° For example, irradiation of cyclopentanones 

and cyclohexanones results in formation of disproportionation products. Cycli- 

zation may regenerate the starting material or result in formation of epimers:?° 

(13.23) 

My y LE 

epimer enal 
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For structures in which one of the two disproportionation processes is blocked, 

the formation of ketene or enal product may be synthetically useful :7° 

O. R 

pele (13.24) 
O 

Co 0 
The third typical reaction of acyl alkyl radical pairs is decarbonylation of the 

acyl fragment.*’ This reaction generally does not compete with recombination 

and disproportionation unless the radical produced by decarbonylation is excep- 

tionally stable (ie., an allyl or tert-butyl radical). For example, irradiation of 

methyl tert-butyl ketone results mainly in formation of acetaldehyde and iso- 

butylene (disproportionation products), whereas irradiation of di-tert-butyl 

ketone results mainly in formation of decarbonylation products.'®7! 

The observation that 2 yields a statistical mixture of products derived from 

PhCH, and Ph,CH radicals provides good evidence that the «-cleavage and 
decarbonylation steps are sequential and that truly “free” radicals are involved.?8 

PhCH,CO+CHPh, ———> PhCH,CO + CHPh,’ 

2 

—* PhCH, + Ph,CH ——> PhCH,CH,Ph + PhCH,CHPh, 
Free radicals 2357, 50% 

+ Ph,CHCHPh, 
By A 

Statistical mixture 

of coupling products (13.25) 

If the acyl or alkyl fragments produced by «-cleavage are capable of rearrange- 

ments (e.g., of the cyclopropyl carbinyl — allyl type)*? this process may compete 

with other reactions of the diradical.*° A synthetic application of this idea is 

given in the ring expansion of 3 to 4 which involves two sequences of «-cleavage, 

ring opening, and cyclization.*! 

O 

a 
‘ GS ) 

We at- “qecleavase avage ony 

3 

= oe" =a ee eons z | 

4, 60% 

(13.26) 
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The Photochemical Reactions of Cyclobutanones 

The photochemistry of cyclobutanone and its derivatives is dominated by the 
primary photochemical process of «-cleavage.*? In contrast to other alkanones, 
cyclobutanones undergo efficient «-cleavage from S,(n, 2*) to product a singlet 

1,4-acyl-alkyl diradical, 'D. These reactions generally result from this diradical: 

(a) decarbonylation, (b) cycloelimination, and (c) oxacarbene formation :*> 

O O O 

fF 5 tt 

S,(n, 1*) 1p 

(a) ‘ , o 

CH>=—C—0 Of 
=F CeCe oe CHi_=cCHL a ( ) (13:27) 

Decarbonylation Cycloelimination 5 

| Oxacarbene 

Decarbonylation of 'D produces a 1,3-diradical which may generally cyclize 

(Eqs. 13.28 and 13.29). The oxacarbene intermediate derived from 'D has been 

trapped by alcohols (Eq. 13.30): 

O R O 

aa ee SS —— ae = (1328)* 

O 

= an =— os (13.29)°* 

matrix 

O isolated 

O °) . CH;30_ i 

Set th eke > Saree a i fe acta 
Ne CH ee S y d CH;OH 

(13.30)°° 

It appears that the a-cleavage reactions of cyclobutanones generally proceed 

via a S,(n, x*) > 1D primary process.** From Eq. 13.27 it is clear that the fate 
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of 'D is very different from that of the 1, n diradical produced from photolysis of 

cyclopentanones and cyclohexanones. The latter cyclanones undergo a-cleavage 

predominantly via a T,(n, x*) > *D process, and mainly yield disproportionation 

products (Eq. 13.23). Another important difference between cyclobutanone photo- 

chemistry and that of larger cyclanones is the observation of stereospecificity 

in reaction products. For example, the ethyl alkoxy cyclobutanone 6 undergoes 

stereospecific decarbonylation to yield 7, cycloelimination to yield 8, and 

oxacarbene formation to yield 9 (Eq. 13.31): 

A 
Sie) ; 

A Ko 

1D) 
hy 

Che =C=0 Gua 
ine eGo. a + ae + 3 

RO RO RO 

6 7 8 9 

(13:31) 

The stereospecificity observed in the reactions listed in Eq. 13.31 is a manifesta- 

tion of a general rule for cis-1,4-carbon singlet diradicals: The stabilizing reactions 

of a cis-1,4-carbon singlet diradical (cyclization, fragmentation, etc.) are stereo- 

specific with respect to loss of stereochemistry at the reaction termini. 

Use of Salem Correlation Diagrams to Understand the 

Unique Photochemistry of Cyclobutanones 

The contrasting nature of the products from photochemical «-cleavage of cyclo- 

butanones compared to the products of other alkanones (e.g., cyclohexanones) 

can be rationalized in terms of a unique surface reaction pathway for this small- 

ring ketone.*® Consider the following differences between the photoreactivities 

of cyclobutanone, (CB) and cyclohexanone, (CH) in condensed phases: 

1. CB undergoes «-cleavage reactions mainly from the singlet n, 2* excited state 

whereas CH cleaves exclusively from the triplet n, z* state. 

2. The singlet n, x* of CB yields fragmentation (ketene and olefin), cyclization 

(oxacarbene), or decarbonylation (cyclopropane and CO) products, whereas the 

triplet of CH undergoes only disproportionation reactions. 
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3. The photochemical activity of CB persists even at very low temperatures 

(77 K), a condition under which CH is photostable. 

Although the concept of “ring strain” may explain the faster rate of «-cleavage 

of cyclobutanone, this concept does not explain how the “memory” of ring strain 

can persist after the ring is cleaved to influence the formation of products. 

The state correlation diagram (Salem diagram)*° for «-cleavage of cyclobuta- 
none (Fig. 13.1) is qualitatively equivalent to that for o-cleavage of acetone or 

cyclohexanone (Fig. 13.2), but is quantitatively different.*® For acetone the path- 
way allowed by orbital symmetry (formation of linear acyl fragment) is thermo- 

chemically forbidden, i.e., the energy of the linear-acyl-radical pair is high relative 

to the energy of the initial n, z* state. In cyclobutanone, however, the release of 

ring strain drops the energy of the bent and the linear diradical products by 

~25 kcal/mole. As a result, the orbital symmetry-allowed pathway to the linear 

diradical product becomes thermochemically allowed, since the energy of n, 2* 

states is comparable for all cyclanones. The symmetry-imposed barrier remains 

for the bent acyl pathway. 

The intriguing features of cyclobutanone photochemistry are explained by the 

Salem diagram given in Figure 13.1. The loss of CO from a bent acyl radical of 

-—_T 

ENERGY 

( kcal/mole) 

° p 
ly —— OF — CFC 

topicity=3 
topicity =2 

Figure 13.1 

Surface correlation diagram for the symmetry-forbidden ditopic (right) and the 

symmetry-allowed tritopic (left) x-cleavage reactions of cyclobutanone. 
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the type RCH,CO is known to require an activation energy of ~ 14 kcal/mole.!°*! 

Since cyclobutanone undergoes photochemical loss of CO even at 77 K (conditions 

in which reactions having activation energies of greater than 2—3 kcal/mole are 

completely quenched), an equilibrated CH,CH,CH,CO radical (E, for loss of 

CO expected to be ~ 14 kcal/mole, based on data for RCH 5CO) cannot be involved 

in the decarbonylation. 
From the Salem diagram, it can be seen that the linear pathway should be 

followed for cyclobutanone. From spectroscopic data for the HCO radical, the 

linear form is expected to be close to the transition state for thermal decarbonyla- 

tion.*? If the linear form is produced as predicted from the Salem diagram, it is 

formed in an electronically excited state, so that the reaction linear CH,CH ,CH,— 

C—O > CH,CH,CH, + CO is a photochemical primary process of the first 

excited state of the bent radical. The equilibrated linear radical thus corresponds 

to the thermally relaxed first excited state of the bent radical. The former will 

possess the same energy as the continuous vibrational levels that correspond to 

the products of decarbonylation. Thus, a radiationless transition will cause the 

linear acyl radical to fly apart to CH,CH,CH, + CO. 

ENERGY 

(kcal/mole) 

topicity=3 topicity =2 

Figure 13.2 

Surface correlation diagram for the symmetry ‘‘forbidden’”’ ditopic (right) and the 
symmetry “‘allowed”’ tritopic (left) a-cleavage reactions of cyclohexanone. 
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It is important to note that the other common products of cyclobutanone 

photolysis (ketene/olefin and oxacarbene) may also be rationalized in terms of 

the linearization of the acyl radical during cleavage. 

13.3 Sigmatropic Rearrangements 

of /,y-Unsaturated Ketones 

initiated by ~-Cleavage 

In contrast to the sigmatropic rearrangements of 2, 2* states, which may be 

concerted if the number of electrons and the stereochemistry of the rearrangement 

conforms to the orbital symmetry rules, we expect sigmatropic shifts of n, 2* 

states to proceed directly to diradical intermediates. One of the most common 

examples of a sigmatropic shift from an n, n* state is a [1,3] acyl shift, which 

occurs when f,y-unsaturated carbonyls or aryl esters are photoexcited.** 

From the chemical structure point of view these reactions are unified by a 

notion of a 1,3-migration (Eqs. 13.32 and 13.33). The reaction can be extended 

conceptually via the “vinylogous principle” to include [1,5], [1,7], Li, j = odd] 

shifts. 

O 
oc ee (13.32) 

1 
*O 3 O 

= | 

1 re ye, (13.33) 
3 Ds Hes 

These reactions, which were discussed in Chapter 12 under sigmatropic rear- 

rangement, are included in this chapter because of their mechanistic kinship to 

a-cleavage of saturated carbonyl compounds. Indeed, it seems that the primary 

photochemical process for both the n, x* states of saturated ketones and the n, n* 

states of B,y-unsaturated ketones are of the same genre. 

Examples of [1,3] Sigmatropic Shifts of /, y-Unsaturated 

Carbonyl Compounds 

If the n, 2* states of B,y-unsaturated carbonyl compounds do indeed enter a 

primary process which is an a-cleavage followed by a [1,3] shift, then the reactions 

competing with rearrangement should be those expected of acyl: X—C—C 

radical pairs. This is indeed the case. For example, irradiation of 10 leads to 

11a via a [1,3] shift and to 11b via a competing disproportionation, and irradiation 
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of 12 leads to 13 via a [1,3] shift and to radical coupling products.**:*° The propor- 
tions of [1,3] and radical products are a sensitive function of structure.*°:*° 

of ~H (13.35) 

In addition to the competing reactions derived from a-cleavage, the [1,3] 

sigmatropic shift is sometimes accompanied by a [1,2] sigmatropic shift or oxy- 

di-z-methane rearrangement (Section 12.6). In general, the [1,2] shift is triplet 

sensitized whereas the [ 1,3] shift occurs upon direct excitation. From the standpoint 
of synthesis, this dichotomy is an excellent means of obtaining good yields of both 

[1,3] and [1,2] shift products from the same molecule. For example, direct excita- 

tion of 14 yields 15 in good yield, while triplet sensitized excitation of 14 yields 16 

in good yield: 

O \ hy hy, sens pg 

15 14 16 

The a-Cleavage Reactions of Esters and Amides; 

The Photo-Fries Rearrangement and Related Reactions** 

A competition between [1,3] shift (the so-called photo-Fries reaction) and for- | 
mation of products derived from homolytic «-cleavage and the [1,3] and [1,5] 
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photorearrangement of aryl esters and aromatic compounds of the general formula, 
17, of carboxylic acids and their derivatives is given by:47° 

i 
C . \ XiCR => re +rco{ \—x—H 

i= ON COR 

tautonerization 
hy | a-cleavage 

1 ai R 
€ NK +-cR “fecombination, aa Ox 

H 
H 

COR 

(13.38) 

A radical mechanism has been confirmed ‘in the case of the photo-Fries re- 

arrangement (17, X = O). For example, PhO radicals and a transient cyclohexa- 

dienone have been detected by flash spectroscopy.*® Products resulting from a 

shift to the meta position are rarely observed in the photo-Fries and related 

reactions. 
A clever application of an intramolecular photo-Fries has been devised to 

generate paracyclophanes. In this case (Eq. 13.39), migration to the ortho position 

is “blocked” by a pair of methyl groups, thereby forcing exclusive rearrangement 

to the para position.*” 

N~ — hy 

O a-paracyclophane 

(13.39) 
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Decarboxylation of esters (the analogue of decarbonylation of ketones) may 

also occur.°°* The OC—C, rather than the OC—O ester bond is «-cleaved: 

CN CN Sorel eee 
Ph O Ph Qo” O Ph CN 

O 

Mechanisms of [1,3] and [1,2] Sigmatropic Shifts of 

f,y-Unsaturated Carbonyl Compounds 

As a general rule, [1,3] shifts occur when £,y-unsaturated carbonyl compounds 

are excited directly, whereas [1,2] shifts require photosensitized excitation.*? In 

the case of the photo-Fries rearrangement the [1,3] shift is believed to occur from 
S,(n, 2*).°'°* The major argument rests on an inverse correlation between 
fluorescence yields and yields of photo-Fries product.*® In this case no [1,2] shift 

product is observed. It has been proposed that a general mechanism for the photo- 

Fries involves homolytic cleavage of the ArO-COR bond in S,(n, 2*) to form a 

singlet diradical pair which then underaogs the [1,3] shift or become free radicals 
by diffusion out of the solvent cage.* 

The photolysis of 18 results in the observation of CIDNP. From the net polariza- 

tion measurements, and from the ESR parameters for benzoyl radical and phen- 

oxy radical, it was deduced that a singlet precursor radical pair is responsible for 

the CIDNP.°? These observations confirm both the homolytic nature of the 

primary step in the photo-Fries and the probable singlet character of the excited 

state precursor to the radical pair. 

O 

af \ bso \ cH, 
18 

CIDNP i 
observed ie ates O {cH 

[1,3] 
rearrangement 

RH hydrogen abstraction 

Cy OU 

Ho \- < \-cu, 

(13.41) 
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When viewed as the result of a primary «-cleavage, the [1,3] sigmatropic 

rearrangement of /, y-unsaturated ketones could result from either an initial 

S,(n, n*) > 'D or a T,(n, x*) > 3D process. The possibilities are listed in Figure 
13.3. The observations that the [1,3] shift generally (a) occurs via direct excitation, 

(b) does not occur via triplet sensitization, and (c) cannot be quenched by triplet- 

specific quenchers, have been used to support the S,(n, z*) > 'D > [1,3] pathway. 

However, these observations would also be consistent with a T,(n, 2*) > °>D — [1,3] 

pathway if (a) the rate constant for T,— T, internal conversion were slower 

than the T,—°*D process, (b) triplet sensitizers preferentially transferred to 

T (7, m*) rather than T(n, 2*), and (c) T, were too short-lived to be quenched 

by triplet specific quenchers.°* Further, the overall process 7D — [1,3] product 
must be fast enough to compete with loss of stereochemistry, since the rearrange- 

ment is generally stereospecific. 

This rather extensive set of restrictions evidently can be satisfied in some cases. 

This conclusion is based on observations that fluorescence from S,(n, 2*) is 

observed from both ,y-enones, which are reactive toward, and f,y-unsaturated 

enones, which are unreactive toward [1,3] acyl shifts.°*°* In fact, alkyl substi- 
tutions, which are expected to increase the rate of a S,(n, x*) > 'D process, some- 

times increase the lifetime of S,(n, 2*), by slowing down S,(n, 2*) > T intersystem 

crossing.°° ' 
Thus, the S,(n, x*) > T,(n, x*) + *D > [1,3] pathway appears to be a viable 

one for at least some f,y-unsaturated enones. The preferential sensitization of 

T ,(x, 2*) can be explained as a kinetic effect, ie., faster transfer to T ,(x, x*) which 

may result from a thermochemical barrier or electronic barrier to excitation of 

T, relative to T,. In order to avoid efficient quenching, the lifetime of T,(n, 2*) 

R [l, 2] R’ 

[1,3] <8, S, Se, 
To a (he 3) 

-hv qT a (I, 2) 

v 

3sens 

INTERPRETATION (1) INTERPRETATION (2) 

Figure 13.3 

Two possible interpretations of the different behavior of f}, y-unsaturated carbonyl 

compounds under direct and triplet photosensitized excitation. 
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must be of the order of 107 !° sec or less, and the lifetime of T, must be determined 

by «-cleavage. Such a fast rate suggests a different cleavage pathway from that 

followed by aryl ketones (see Table 13.1). 

13.4 Photoelimination Reactions 

of Azo Compounds 

The lowest-energy electronic transition of many azo compounds, like that of many 

ketones, is characterized as being n> 72*.°° A reaction analogous to a-cleavage 

of the n, z* states of ketones also occurs with azo compounds. However, there is 

a major difference in products derived from «-cleavage of carbonyl compounds 

and azo compounds. The dominant reaction from the diradical intermediate is 

usually the loss of a molecule of N, followed by reactions of the resulting radical 

pair, i.e., coupling and disproportionation.°’ In the case of acyclic azo compounds, 

the formation of free alkyl radicals generally competes with radical reactions in 

the solvent cage. It appears that the cleavage of the carbon-nitrogen bond occurs 

stepwise but that loss of N, from RN, is fast relative to diffusion of R and RN, 

out of the solvent cage.°® 
In general, the basis for the difference in products from «-cleavage of azo com- 

pounds relative to the «-cleavage of ketones derives from the greater exothermicity 

and associated lower activation energy of the R—N, > R + N, process relative 

to the R—CO > R + CO process. Indeed, products derived from reaction of the 

R—N, fragment are exceedingly rare, although evidence for the occurrence of a 

two-step elimination of nitrogen is available from CIDNP experiments*? and 

labeling experiments.°® 

Examples of Elimination of Nitrogen from Cyclic Azo Alkanes 

Qualitatively, acyclic and cyclic azo compounds behave similarly, since elimination 

of nitrogen is a general photochemical process for both classes of structures. 

Quantitatively, however, acyclic azo compounds may behave quite differently from 

cyclic azo compounds, and it is clear that these acyclic azo compounds possess 

mechanisms for the elimination of nitrogen which are not available to cyclic azo 

compounds. Photochemical elimination of N, from cyclicazo compounds produces - 

1,n diradicals. If n is 8 or less, the intramolecular reactions of disproportionation, 
cyclization, or fragmentation usually determine the product structure. 

Of the three processes, disproportionation is not encountered as commonly as 

cyclization and cleavage in cyclic systems. The rarity of disproportionation pro- 

ducts may be understood if singlet cis-1,n diradicals (n < 6) are produced by 

photolysis of cyclic azo compounds, since such radicals appear to react in their 

initial conformations, 1.e., cleavage and/or cyclization are faster than bond rotations 

(required for disproportionation) about the free radical termini. 

Thus, the photochemical loss of N, from 19 or 20 (Eq. 13.42), yields cyclopro-. 

panes in a stereospecific reaction. In contrast, thermolyses of 19 and 20 result in 
nonstereospecific cyclizations. 
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CH 
i CH, 

RCH so sxx 2 (13.42)°° 
N=N CH; 

19 (X = CO,CH;) 70% 
CH; CH, 

CH; 
or ho ZN CHS (13.43)°° 

N=N Xx 

20 (X = CO,CH;) Uh, 
As another example, the photolysis of the cyclic azo compound 21 results in 

loss of N, and competing cyclization and cleavage of the presumed intermediate 

diradical: 

Bee = i ad ee ea 

21 cleavage cyclization 
product product (13.44)°! 

hy 

‘ ) —N, 

disproportionation, 

not formed 

Of the two diradical reaction pathways, cyclization has found the greatest use 

in syntheses. In particular, photochemical extrusion of N, from cyclic azo com- 

compounds followed by cyclization has proven a valuable (but not universally 

reliable) method of synthesizing unusual small rings and polycyclic structures.*’ 

The formations of cyclopropanes (Eq. 13.45) and cyclobutanes (Eq. 13.46) are 

examples: 

y 
62 ee Dox (13.45) 

x N xX 

x = CO,CH, Benzocyclopropane 

Ph A 
jo NES ‘ (13.46)°? 
N : “Ph 

Ph 

100% 

As mentioned in Section 13.1, for certain compounds the photoelimination of 

N, occurs even at very low temperatures (e.g., 77 K). As a result, the diradicals 

produced from loss of N, can be matrix-isolated and detected spectroscopically, 

i.e., via ESR and optical spectroscopy. 
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For example, irradiation of the azo compound 22 (Eq. 13.47) at 77 K produces 

a diradical pair whose triplet ESR spectrum is readily observed: 

| | | | 
ary N=N a Ph —“— Ph 7 N=N ee 

22 PAD ee | 

Detected by ESR 

Recall that from the triplet ESR spectrum a “D parameter” (Section 8.11) allows 

a rough calculation of the “average” distance of separation R of two parallel 

electron spins. An approximate relationship between D and R is:°° 

D(cm~') = 10724 R3 (13.48) 

Photolysis of the azo compound 22 at 77 K in a rigid matrix produces a triplet 

ESR of the diradical pair produced by loss of N,. The observed experimental value 

of D = 0.011 cm~! for the diradical 23 allows a value of R= 6 —7 x 10°§cm= 

6-7 A to be calculated. 

Photoelimination of N, has been employed to generate and matrix isolate the 

1,3 and 1,4 and 1,5 diradicals 24, 25, and 26. From the D for 24 (D = 0.084 cm7') 

Nw» j D= 0084 cm 
as oe ome oe (13.49)°° 

24 

1,3-Diradical 

=— =f 

; q pee (13.50)°7 

1,4-Diradical 

/OCH; /OCH3 

on, . os 7 Va 
UY TT K ees 
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1,3-Diradical 

(Trapped) 

/OCH3 

; D =0.015 cm“! 

go R~4-SA (13.51)®8 

26 

1,5-Diradical 
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and for 26 (D = 0.015 cm '), the average separation of electrons can be seen to 

be much larger for 26. The unpaired spins (electrons) in 25 are both separated by 

a longer carbon chain and partially delocalized into the naphthalene ring. 

The interesting diradical structure, trimethylenemethane has been prepared 

and matrix-isolated via photoextrusions of N, and CO at low temperatures 

(Eq. 13.7).°-°? This species is predicted, from simple MO considerations, to possess 
an orbitally degenerate ground state and should therefore be a triplet, according 

to Hund’s rule.’° The trimethylene methane diradicals produced from photo- 
extrusion of bicyclic azo compounds of the type 27 (Eq. 13.52) may be detected 

by their triplet ESR spectra (matrix isolation)’’ and by their optical spectra 
(absorption and emission).’? Interestingly, the products isolated from photolysis 
of 27 are dimers of 28, the intermediate trimethylene methane which may also 

be trapped by ethylenes (Eq. 13.53 and 13.54).7! 

xX X 
eX 

ae oe | (13.52)"! 
N 

21(Xe=CH.ePh) 28 Detected by 

ESR, optical 

nf Cc spectroscopy 

X, /X 
xX xX 

triplet 
: = product (1353) 

dimers 

X 

Kx Xx 
singlet 

pe product (13.54) 
(3 + 2] 

The Mechanisms of Photoextrusion of Nitrogen 

from Azo Compounds 

It appears that for acyclic azo compounds, the elimination of nitrogen does not 

occur efficiently upon triplet sensitization.’* A major reaction of some azo com- 

pounds which have been excited by triplet photosensitization is trans to cis 

isomerization: ’* 

CH; 

i = CH Ns (1355) 
CH; GH. 
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The cis isomer is often thermally unstable with respect to loss of N,. This sequence 

(trans > cis > loss of N3) is possibly the major pathway for elimination of nitrogen 

from acyclic azoalkanes under triplet photosensitization. 

In the case of cyclic azo compounds the situation is different, in that for medium 

size rings (5, 6, and 7) the trans isomer is very strained and its formation rate is 

expected to be severely retarded. However, examples of the detection and isolation 

of a strained trans-cyclic sevenmembered azo compound have been reported ’° 

(see Section 12.2). 

Acyclic azoalkanes are nonfluorescent and nonphosphorescent.°°7* Although 

cyclic azoalkanes are nonphosphorescent, some are strongly fluorescent. ’* 

Direct irradiation of the azo compound 29 yields the entire array of valence 

isomers of benzene, but triplet sensitization yields diazacyclooctatetraene as the 

major product:’° 

(13.56) 

These results are consistent with the postulate that S, > T, intersystem crossing 

is generally inefficient in cyclic azo compounds. The observation of different 

products upon direct excitation and triplet sensitization is termed the spin- 

correlation effect. Two interesting features of the photochemistry of 29 are the 

observations that (a) at low temperatures, 30 becomes the exclusive product of 

direct S, — S, irradiation, and (b) oxygen appears to enhance the formation of 30 

in the direct Sy > S, excitation of 29. The loss of N, occurs from S,(n, 2*) in 

competition with intersystem crossing to 7 ,(n, z*). Rearrangement to 30 occurs 

from T ,(n, 2*). The «-cleavage which occurs from S, requires an activation energy 

of ~ 5—6 kcal/mole, whereas the rate of intersystem crossing to T, 1s temperature- 

independent.°® Thus, at low temperature, S$, undergoes exclusive intersystem 

crossing and is the only product. That 30 is a product of T, is convincingly demon- 

strated by the observation that direct $y > T, excitation leads to formation of 30 ° 

at room temperature. The photochemical parameters for 29 are summarized in 

Figure 13.4. Finally, in the presence of oxygen, the S$, > T, process 1s catalyzed 

by a S; + O, > T, + O, mechanism and again 30 becomes the major product. 

A nice example of spin correlation effects’? on product distributions is found in 

the photochemical loss of N, from 31 (Eq. 13.57). Although nitrogen is lost via 

both direct and sensitized excitation, the yields of the hydrocarbon products vary 

considerably, depending on the mode of excitation. It appears that the triplet 

diradical shows a strong tendency to undergo a di-z-methane-like rearrangement. 

Apparently, the same diradical is achieved by photosensitization of both 31 and | 
barrelene 32.7% 
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a 
triplet singlet 

(13.57) 

C+ ty — fy 

31 } 32 

Semibullvalene Barrelene 

100% Oy, peeree 

ee 718%, 
aa 100% OF, 

——- Oe 100% 

¢ 

It is evident that the loss of nitrogen can produce highly strained compounds 

even when less strained compounds are possible, as in the formation of quadri- 

cyclane as the major product from triplet sensitized photoextrusion from azo 

compounds (33a and 33b). Thermolysis and singlet state reactions of 33a and 33b 

yield norbornadiene as the major product (for a more detailed discussion of this 

~ ETO Weeee 0.2, kez 10° sec 

Eo~ 2 
(CH) 

Ty OS: 

ISOMERS 
(See Eq. 13-56) ke ~ 3x108sec™ Yan 

or Oe , © 0.08 Sy 
2 matt 

30ns j 

So 

Figure 13.4 

Energy diagram summarizing the photochemical parameters for azoalkane 29. 
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reaction see Section 11.2): 

N=N 

33a Quadricyclane 33b 

The timing of the breaking of the C—N bonds in photoextrusion of nitrogen 
from azoalkanes has not been established: i.e., it is not known whether the C—N 

bonds break concertedly or sequentially. It appears that any R—N = N inter- 

mediate must undergo “very rapid” loss of N,. However, in the case of aryl alkyl 

azocompounds, the alkyl-N bond breaks first and is followed by slower cleavage 

of the aryl-N bond. The evidence for this conclusion is: (a) photolysis of opti- 

cally active 34 results in racemization concomitantly with photoextrusion of N, ;°° 

(b) CIDNP is observed during photolysis of aryl alkyl azocompounds:*! 

CH, CH; CH, 
Ix re | 

Ph-N=N LC Ph —*> Ph-N=N_ -C-Ph + Ph-N=N—C—Ph 

R \ R R 

34, optically active a racemic 

Ph+N,+ ol 

R (13.59) 

A spectacular application of photoextrusion of N, is found in the photolysis of 

dimethyl-s-tetrazine (Eq. 13.60) for which it was shown that the relative chemical 

reactivity of triplet sublevels (T,, T,, T,) are different.8* Photolysis was conducted 

at 4°K, so that no thermal equilibration of T,, T,, and T, was possible. By using 

an oriented (crystal) sample, in a high magnetic field, it was possible to excite and 

to maintain one of the three triplet sublevels. Measurement of the triplet lifetime 

and analysis of the lifetime as a function of orientation allowed the conclusion 

that 7, undergoes photolysis more slowly than T, and T,. 

N=N 
CH; CH, —“> 2CH,CN + N=N (13.60) 

ae i 

13.5 Photoelimination of Nitrogen from 

Diazocompounds, Azides, and Related 

Compounds 

The most characteristic photoreaction of diazocompounds and azides is photo- 

elimination of a molecule of N, followed by reaction of the resulting carbene or 
nitrene. 
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RA) 
R,CN, URC + Ny R-—-C_=R ee Ce) 

diazocompound carbene oS, \ R [\ 

triplet singlet (13.61) 

RNN, —"+ RN+N, R-N& ne 
azide nitrene CN \S 

triplet singlet 

The photochemistry of both diazocompounds and azides are nicely parallel, as 

are the chemistries of carbenes®* and nitrenes.°* From an analysis of the photo- 

chemistry of diazo compounds and the reactions of carbenes we may infer the 

photochemistry of azides and reactions of nitrenes by the use of the isoelectronic 

analogy principle, i.e., since carbenes and nitrenes are isoelectronic species (six 

valence electrons) their chemistries are expected to be qualitatively similar. 

Photochemistry of Diazocompounds and Azides: 

Carbenes and Nitrenes 

In order to understand the photochemistry of diazocompounds, one must under- 

stand the chemistry of carbenes, because the most characteristic photoreaction 

of diazocompounds is loss of nitrogen to form carbenes. Use of the Wigner spin 

rule (spin conservation in an elemental chemical step) suggests that the following 

pattern should occur: 

Diazocompound => carbene + N, 

S, > singlet carbene 
(13.62) 

T, — triplet carbene 

S,) > singlet carbene 

An interesting and important general feature of carbenes is the occurrence of two 

energetically proximate states, a singlet and a triplet state. Let us consider methylene 

as a prototype for analysis of the electronic structure and chemical reactions of 

carbenes.®° 

In the extreme cases of sp? and sp hybridization of the carbene carbon atom, 

we predict that the bent form of CH, will be a singlet because its orbital occupancy 

will be (sp?)? whereas the orbital occupany for the linear form of CH, will be 

triplet (p,)'(p.)'. For a nitrene, the nuclear shape will be the same, linear for the 

singlet and triplet, but the orbital configuration will be different, Le., singlet = 

(sp2)*(p,)°; triplet = (sp)?(p,)'(p2)’- 
As was the case for 1, n diradicals (Eqs. 13.49-13.52), parameters available from 

ESR spectroscopy (Eq. 13.48) provide a means of evaluating the average distance 

between the triplet electrons of triplet carbenes and nitrenes. The D parameter of 

triplet ESR provides a measure of the interaction energy of two magnetic dipoles.*° 



552 CHAPTER 13 

On the average, the closer the two dipoles, the larger the value of D. Thus, the D- 

value for naphthalene is ~0.1 cm ' (~3 x 10° * kcal/mole); for a nitrene it is 

~1.6cm~!(~4.5 x 107° kcal/mole); and for a carbene it is ~0.8 cm™ * (~2.2 x 

10° * kcal/mole): 

~ 9 
sero ee 
r~2A r~1A r~1A 

D2Otem. > 9D 08em + Da locms 
Organic triplet carbene nitrene 

Mechanisms and Expected Reactions from Photolysis 

of Diazocompounds and Azides 

The typical reactions of singlet carbenes and nitrenes are zwitterionic, whereas the 

triplet reactions of triplet carbenes are diradicaloid. Thus, in discussing reactions 

of these species we may employ the resonance structures 35 and 36 as a guide to 

reactivity and reaction type. 

® - : 
RCn. — R,C:6 Rect = RAC: (13.63) 

35 singlet zwitterionic 36 triplet diradicaloid 

For example, singlet diphenyl carbene behaves like an electrophile in its reaction 

with isopropanol in an electron pair (zwitterion) reaction, while triplet diphenyl 

diazomethane behaves like a diradical in a single electron reaction.®’ 

Ss CH, jee 

e os S) ® 

Prec. + HO c H > PhoCc Os i BS 

CH, H CH, 

singlet zwitterion 
(zwitterion) product 

CH; 
| 

Pi>C OCH (13.64) 
| 
H CH. 

product 

isolated 
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tur f 
PhoC- + cake eae —— Ph,CH a die Sa 

CH, CH, 

triplet radical pair 

(diradical) product 

PheCH, (CH), =O) (1365) 

isolated 

products 

Similarly, the reactions of singlet and triplet nitrenes are expected to be those 

derived from structures 37 and 38. 

t 
® : 

R—NW = R—N:e R==N = R—N: (13.66) 

37 singlet zwitterionic 38 triplet diradical 

a two-electron ‘ a one-electron 

reagent reagent 

The typical reactions of singlet carbenes are: 

1. 1,2 sigmatropic shifts to yield an ethylene 

2. Stereospecific insertion into sigma bonds 

3. Stereospecific insertion into pi bonds 

4. Addition of a nucleophile or (less commonly) an electrophile. 

The typical reactions of triplet carbenes are: 

1. Atom abstraction reactions to produce radicals 

2. Nonstereospecific additions to pi bonds 

3. Addition of radicals or radical-like substrates. 

Two methods are available to specifically induce reactions of triplet carbenes: 

(a) use of an inert diluent (or one which promotes singlet-triplet conversion) which 

allows the singlet carbene to relax to the ground state triplet carbene, and (b) use 

of a triplet sensitizer to form a triplet precursor which, because of Wigner’s spin 

rule, specifically produces the triplet carbene.®® The latter method suffers from 

the restriction that chemical sensitization must be carefully excluded, ie., the 

“triplet” sensitizer cannot initiate chemical reactions which then cause carbene-like 

reactions to occur. 
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The different chemistries of singlet and triplet carbenes lead to spin correlation 

effects, as were found for azocompounds. For example, direct irradiation of dia- 

zomethane in the presence of cis or trans-2-butene results in stereospecific insertion 
of CH,(t\), whereas benzophenone-sensitized decomposition of diazomethane 

leads to nonstereospecific addition of CH,(tt):88 

CHa a (13.67) 

CH,N, + /— \ eo" PO PE (13.68) 

Recall that when radical intermediates are present along reaction pathways, 

enhanced absorption or emission is observed in the NMR spectra of products 

(CIDNP). When diazomethane is irradiated in toluene, ethyl benzene is a major 

product but no CIDNP spectrum of this molecule is observed.8? The triplet 
photosensitized decomposition of diazo methane in toluene results in a strong 

CIDNP spectrum of ethyl benzene. These results are consistent with the formation 

of ethyl benzene by concerted insertion of singlet CH, into a CH-bond in the 

direct photolysis, and a hydrogen abstraction by triplet CH, in the Serer ee 

Case: 

ye, ) 

CH,N, CH x H,—Ph Se. CH3,—CH,—Ph 

concerted insertion 

hy | Ph,CO no CIDNP 13.69 on ( ) 

CH, ae Ph CH, CH Ph: = Cer Ph 
radical addition 

CIDNP 

Irradiation of diazoacetophenone 39 in alcohol results in formation of the 

rearranged ester 40 as the major product. Triplet-sensitized decomposition results 

in formation of acetophenone as the major product:?° 

PhCH,CO,CH; singlet product 

PhCOCHN, k.cocx 40 (13.70) 

39 oo PhCOCH, triplet product 

The direct excitation of diazoketones produces a singlet ketocarbene which 
undergoes a [1,2] rearrangement to a ketene (Wolff rearrangement). The loss of 
N, might be concerted with rearrangement in some cases. The ketene is then 
attacked by alcohol to form the observed product.?! 

Triplet-sensitized excitation of diazoketones produces a triplet carbene, which 
cannot undergo rearrangement to the ketene without violation of the Wigner spin 
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1 
Cc 

hy a <S 24] 
PhCOCHN, —— Ph CH ——> 

Sn: 

singlet 

ketocarbene 

PhCH=C=O “°" PhCH,CO,CH; 

ketene (13374) 

rule. Instead, the triplet carbene abstracts hydrogen atoms from the alcohol 

solvent to yield ketones (or radical derived products).?° 

PhCOCHN, —* PRCOCH._- > PRCOCH,-- RCHOH 
hydrogen 

abstraction 

(1, 2] triplet 

‘LPnGH—-C- | PhCOCH, (13.72) 

The photolyses of diazocompounds and azides has been used successfully to 

achieve numerous syntheses that would have been difficult to achieve by conven- 

tional thermal methods.’* For example, the polycyclic ketone 42 is formed upon 

photolysis of the diazo compound 41: 

Ph Ph Ph 
Jp-cocun, i carbene insertion (13.73) 

Ph into G==C 

O 

41 42 

The photo Wolff rearrangement has been employed successfully to “shrink” 

rings. A particularly interesting application of this reaction is given by the for- 

mation of the propellane 44, a molecule possessing two carbon atoms whose 

valences are severely distorted.?* 

te x carbene —> ketene (13.74) 

rearrangement 

1 eae 
O N, : 

O 

43 44 

Penicillin precursors and derivatives (f-lactams) have been prepared via 

cyclization of the carbene produced from photolysis of appropriate a-keto diazo 
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compounds:** 

X 
N, SR SR (13.75) 

O 

In some circumstances the direct photolysis of «-diazo ketones may lead to an 

oxiirene intermediate (45). Ring opening of the oxiirene is then followed by re- 

arrangement to ketenes or other 1,2 shifts:?° 

ae a 
R= == 62= Re aes C=C ——— ah 6 — OC he 

45 

I. 2 | (13.76) 

R I 
a cae=o pe eb veo 

Flash spectroscopic studies of diaryl carbenes have revealed that the dimerization 

of carbenes occurs at close to the diffusion controlled rate,?® ie., for diphenyl 

carbene, the rate constant for dimerization is 5 x 10? M~! sec”! in benzene at 

room temperature. Addition reactions of diphenyl carbene are considerably 

slower, 1.e., for addition to 1,3-butadiene and to styrene, the rate constants are 

6 x 10° M~' sec”! and 4 x 10° M“! sec !, respectively. 
The formation of and reactions of nitrenes from azides parallel the formation 

of and reactions of carbenes from diazocompounds.”’ Thus, one need only replace 

the CR group in R’CR with an isoelectronic N atom and the expected chemistry 
of RN species is evident: 

e @ a 
R—N (N=N > R—N: + N=N (£3.97) 

singlet 

R—N—N=N > R-N: + N=N 
RIA ‘ 

triplet 

Some examples of synthetic uses of the photoextrusion of N, from azides are: 

OCH, OCH, 

of J. ou : 
=~ iaines nitrene ae (13.78) 

2) insertion 

Y N3~ O 
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CH 
phe Ody Sarge Ene (13.79)99 

| 2) addition > N 

N3 

93° 

13.6 Photochemical Cleavage of Small! Rings 

The strain energy locked into small rings may be released by ring opening. This 
provides a powerful thermodynamic driving force for energy release. Photo- 
chemical excitation can initiate the cleavage of small rings if an electronically 

excited chromophore is contained by the ring or if an excited chromophore nearby 

overlaps properly with the bonds of the strained ring. For example, the cleavage of 

three-membered rings is quite commonly observed. The cleavage may be 
zwitterionic, i.e., 1(, 2)*, or diradical ie., (n, 2*) or 3(z, 2*), in nature. 

xe 

J, path a pias de 

path b via ae Toe 

a (13.80) 

eS / . Ohi. n 
patha 

xX: D 

The typical reactions of the D and Z intermediates produced from photofrag- 

mentation of small rings are: (a) a second bond fragmentation, (b) rearrangements, 

and (c) reclosure of the ring. Bimolecular reactions of the D and Z intermediates 

are known but can rarely compete with unimolecular processes (a), (b), and (c). 

Homolytic «-cleavage of Cyclopropy! and Epoxyketones 

The n, 2* states of conjugated cyclopropyl and epoxyketones commonly undergo 

homolytic cleavage of a B-bond.'°° This reaction, in contrast to «-cleavage, appears 

to be initiated by overlap of the x* orbital with the o* orbital associated with the 

bond undergoing rupture (Fig. 13.5). In general, if two f-bonds are potentially 

available for cleavage, the bond capable of best overlap with the x* orbital is 

cleaved preferentially.’°' 

For example, irradiation of 46 yields 47 (Eq. 13.81). Models indicate that in the 

favored chair conformation in its ground state, the 2* orbit of the n, x* state 

overlaps best with the C,C, bond. This is, in fact, the bond that generally breaks. ik 
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Structural factors can, however, cause cleavage of the internal bond to be favored. 

For example, bicyclo-[3.1.0]-hexanones (Section 12.6, Eq. 12.88) undergo photo- 

B-cleavage of the “internal” cyclopropane bond to yield zwitterionic species. !°? 

—t, aot, (13.81) 

ot) 47 

Conjugated cyclopropeny] ketones are occasionally found to undergo photo-f- 

cleavage. The initial diradical produced is electronically related to a carbene. For 
example, photolysis of 48(R = H) in methanol yields the solvent adduct 49 possibly 

via the sequence shown.'°* 

R Sate a = Ph Ph Ph R r 
O aa le 

o O 

48 7D singlet carbene 

em ae ~CH,On mr (13.82) 

7 CO;CH, 
O 

49 

n* —|— fae ot 

n —_|— —- on 

sae 

Figure 13.5 

Orbital interactions for the B-cleavage of cyclopropyl! ketones. Overlap of the x* orbital, 

and the o* (cyclopropane) orbital dominates. 
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If the x* orbital indeed assists in cleaving the B-bond of cyclopropanes, cleavage 
of epoxides should also occur and more easily, since the o* epoxide orbital is 

lower in energy than the corresponding cyclopropyl orbital. Indeed, homolytic 

cleavage of the B-CO bond of epoxides generally occurs more efficiently than 

cleavage of the B-CC bond.'°* The reaction products are usually derived from a 

1,2 shift to yield a 1,3-diketone, 51;!°° 

O OF tO oO 
O ; 

——— sella TS, (13.83) 

50 51 

In analogy to the epimerization of cyclic ketones via a-cleavage (Eq. 13.23), 

epoxyketones may be photoepimerized, presumably via reversible B-cleavage:'°° 

aie: > (13.84) 
O O O 

O O 
O 

52 

In analogy to the “internal” «-cleavage that may occur in the photolysis of 

bicyclo-[3.1.0]-hexenones, the analogous epoxide (53) ring opening to produce a 

zwitterion (54) is known to occur. In this case, the ring open species is detectable 

spectroscopically and may be trapped chemically :'°’ 

O5 O° O 
fe) Ph 

Ph Ph 7 ie Ph (> Ph 

Ox : LO” 
Ph A) Ph Ph 

Ph Ph Ph 

53 54 (13.85) 

B-Elimination of Substituents: Zwitterionic f-Cleavage 

Outside of the f-cleavage reactions of small rings, only few examples of the 

cleavage of other groups are known. Among the better documented examples are 

the photoinduced f-eliminations of a sulphonyloxy group'°® and of acetoxy 

groups :!°? 
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OSO,CH; sae 

aan | 

©) 

“oe es. OSO,CH; 

OAc 

N Phi 

~ pileavapel 
= 

a 
Ses 

OGH: OCH; 

(13.86) 

(13.87) 

Some photoreactions of a-halocyclic ketones may also be initiated by f- 
110 cleavage: 

=O hy O 

Cl CH,OH 4 ce 

H . 

(13.88) 

CH,OH 

-HCI O 

OCH: 

The mechanisms shown in Eqs. 13.85—13.87 are speculative and require experi- 

mental support before they can be considered as valid. 
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Ring-Opening Reactions of Azirines 

Direct photoexcitation of azirines results in ring cleavage to produce a 1,3-dipolar 
zwitterionic species (nitrile ylides), which may be trapped intra- or intermolecu- 
larly by a variety of dipolarophiles.''' The ring opening is formally a [3] four 
electron electrocyclic process and therefore might be viewed as a concerted 

photoreaction. However, the initial singlet state for this reaction is generally 

n, m* so that ring opening from S$, must produce an initial D state. This situation 

is reminiscent of the bent-linear dichotomy of a-cleavage of ketones, except that 

in this case (a) the linear form is more stable in general than the bent form, and 

(b) the linear form is more stable as a zwitterion than a diradical.!1? 
The n, 2* excitation plays a similar role in the «-cleavage of azirines as it does 

for ketones. The n electron (originally localized on nitrogen and in the plane of 

the molecule) becomes dispersed over ¢arbon and nitrogen when it is excited into 

the z* orbital, which is located above and below the molecular plane. Conse- 

quently, the nitrogen atom becomes electrophilic and is on its way to resembling 

an aziridinyl cation. The half-filled n orbital (in the molecular plane) will now 

suck electron density from the C—C bond via overlap with the back lobe of the 

saturated carbon atom. Cleavage is then facilitated and a diradical is produced. 

The detailed electronic pathway depends on whether the ring opening occurs with 

or without linearization. If the bent form is produced (by surmounting an energy 

barrier) then a bent D intermediate is formed. Simple linearization of this species 

will produce the lowest-energy diradicaloid, i.e., the linear 1,3-dipolar zwitterion. 

If linearization occurs along with ring opening, the lowest excited state of Z is 

produced. Internal conversion or intersystem crossing then leads to Z. 

For example, irradiation of the azirene 55(Eq. 13.89) in the presence of dimethyl 

fumarate (trans, X = CO,CH;) or dimethyl maleate (cis, X = CO,CH3) results in 

stereospecific [3 + 2] cycloaddition. In the absence of a dipolarophile, dimers 

such as 56 and 57 are obtained,!'!! These reactions are not inhibited by standard 

triplet quenchers, nor are they initiated by standard triplet sensitizers. Thus, they 

appear to be initiated from S,(n, 2*) states. 

oe ee Pha Nee 
Len ) N=— Ph > tl L 

a oe H RY Ph 
ylide * 56 
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The fragmentation-cycloaddition reactions of azirenes (e.g., 58) occurs with a 

wide variety of electron-deficient acceptors and is a synthetically useful reaction 

for preparation of heterocycles. Even CO, is effective, with which oxazolinones 

59 are formed: 

Ph. UN 
‘SN Coy es ae 

O 
O 

v/s ye 59 94% (13,90)? 

mal xen | E GS) SAN ae =o" 

Ph 

zwitterion 
x 

The latter undergo photoextrusion of CO, to yield the same nitrile ylide as does 

photolysis of 58. 
Irradiation of a number of arylazirines in a rigid matrix at — 185°C produces an 

intermediate believed to be the nitrile ylide:''* 

—185°C 

(S) 

 _, Ph_C=N—CHR_ matrix isolated (13.91) 
A» 
Ph 

Interestingly, the nitrile ylide undergoes photochemical (electrocyclic) closure to 

regenerate the azirine, but does not undergo thermal reversion to the azirine. 

The photocleavages of small ring compounds appear to singlet reactions. It is 

not known whether S, > !D > Z or S, > Z pathways are involved.'!? 

Pericyclic Fragmentation Reactions 

Pericyclic reactions which result in a net fragmentation may be classified as 

ring-opening (electrocyclic) and ring-fragmenting (retrocycloadditions). When a. 

single atom component of a ring is extruded, the term cheleotropic fragmentation 

is applied. 

Pericyclic fragmentation reactions which are initiated by n, x* states can be 

viewed as examples of a n, n* > D process, followed by diversion of the diradical 

to a pericyclic reaction. For example, the ring opening reactions of 2,4-cyclo- 

hexadienones proceed from n, 2* singlet states. Although the reaction is formally 

an electrocyclic ring opening, the mechanism (Section 12.6) is probably a-cleavage 

to yield a diradical which then rearranges to the ketene product. 

In contrast to the [1,2] shifts common to the photochemistry of 4,4-disubstituted 

cyclohexenones, 4,4-disubstituted cyclopentenones undergo pericyclic fragmenta-’ 
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tion rearrangement. For example, irradiation of 60 yields 61 (Eq. 13.89): 

O 

(13.92)!15 

R R R R 

A plausible mechanism for such fragmentation rearrangements involves an initial 

[1,2] shift to generate a 1,4-diradical, which then cyclizes to a cyclobutanone 

(detectable by low-temperature IR). The latter then undergoes a retro [2 + 2] 

cycloaddition to yield a ketene. 
Ketenes are also produced in the photolysis of bicyclic dienones. The mecha- 

nism of reaction is not established. 

pais C (oo 

Photoretrocycloaddition Reactions of Small Rings 

Four-electron cycloadditions and retrocycloadditions can be allowed to occur 

in a concerted manner via photoexcitation.''’ Two of the most common types 

of retrocycloadditions are [3 > 2 + 1] and [4 — 2 + 2] reactions. 

A wide variety of three-membered ring compounds undergo photochemical 

[3 > 2+ 1] retrocycloadditions or cycloeliminations which yield carbenes or 

nitrenes. In some cases, the yields are excellent. For example, irradiation of 

either the cyclopropane 62 or the oxirane 63 yields diphenyl carbene.'°°'''* The 

latter has been characterized by chemical trapping and by direct spectroscopic 

identification:''® 

Vie as 
hy p hv Z a 

Pits oPh 

62 63 
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Photolysis of cyclobutanes and cyclobutenes causes [4 — 2 + 2] retrocyclo- 

additions. For example, photoexcitation of cyclobutene 64 yields 65 and 66 and 

photoexcitation of 67 yields 68, both via [4 > 2 + 2] retrocycloadditions:'"” 

CHO C20 OY wore H H 

64 65 66 

ae (13.95) 

[4 3 +2] 

67 68 69 

40°% not formed 

a 

It is interesting that in the case of 64, the allowed disrotatory [4] electrocyclic 

ring Opening competes with the [4— 2 + 2] retrocycloaddition to 65, but for 

67 no [4] electrocyclic ring opening is observed. This can be understood in terms 

of the requirement that the allowed [4] ring opening is disrotatory and would 

produce a trans-cyclohexene (69). Such a species is too energetic to be produced 

in competition with the allowed [4 > 2 + 2] retrocycloaddition to 68. 
The photo [4-2 + 2] retrocycloaddition reaction has been used to release 

simple pentalenes from their dimers (Eq. 13.96):'7° 

= 
hv | | 

= 196°C | (13.96) 

T 
{[4+2+ 2] SS 

dimer monomer 

The fluctional molecule bullvalene 71 was first prepared by a photo [4 > 2 + 2] . 
retrocycloaddition of 70:17! 

= yo alee re. 

= ACC [| (13.97) 
70 71, bullvalene 

Photoretrocycloadditions of the type [12 > 6 + al. provide possible examples: 

of allowed pericyclic reactions involving 12 electrons:! 
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es 2 (13.98) Te 

p-quinodimethane 

Cyclobutadiene, a reactive intermediate of long-standing theoretical interest 
to organic chemists,'** has been prepared and studied by matrix isolation via 
several different retrocycloaddition reactions: 

O i . mag 
chy < 

‘k 

Ie 2+2] 

[6>4 +42] [42+ 2] 

(13.99) 

oe 

(matrix isolated) 

hy 

‘) e = 2a ey) we 

The mechanism of fragmentation of heterocyclic three-membered ring com- 

pounds may involve bond cleavages to yield transient species such as 1,3-diradicals 

or 1,3-zwitterions (Eq. 13.80). In the case of oxiranes, for example, spectroscopic 

evidence exists for the intermediacy of 1,3-zwitterions in ring-opening reactions. '** 

The postulate of such a species allows rationalization of the cleavage which will 

occur for asymmetric oxiranes. The rule is to consider the more stable zwitterionic 

structure and then cleave the formal single bond to yield products. Thus, irradia- 

tion of 72 yields mainly PhCCN with PhCH as a minor product:'?5 
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Further evidence for the occurrence of intermediates in the photolysis of 

oxiranes is available from the methods of alternate synthesis. As an illustration, 

the epoxide 73 may be ring-opened to 74 by irradiation at 77 K. The ylide 74 is 

colored blue and can readily be detected spectroscopically.'*° The same species 

can be produced by photodecarbonylation of the ketone 75. An important reaction 

of the ylide is cleavage to a carbene and carbonyl compound. In systems capable 

of exhibiting cis-trans isomerization, none is observed. This result is interpreted 

to imply that cleavage is faster than closure, which would be expected to be a 

thermal conrotatory process that would effect cis-trans isomerization.?’ The 
fragmentation of ylides such as 74 to carbenes is (at least in part) a photochemical 

reaction :!78 

0 © Phy /O) ,Ph Pree Oe en Ph, /\ | Ph 
hy S hy 

[3] “ie co ax 

Ph Ph Ph Ph Ph 
O 

73 74, Blue 15 
(13.101) 

a hy 
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The photochemical ring-opening reactions of oxiranes to zwitterions are 

formally [3] four-electron electrocyclic reactions. If subject to orbital symme- 

try constraints, favored disrotatory ring opening is anticipated. Spectroscopic 

evidence, in fact, suggests the symmetry selection rules are obeyed and that 

only 76 Z and 77 Z are produced from the stereoisomeric stilbene oxides 76 and 
77, respectively.!?° 

H Eas H Ph 
16 16 Z 

A (13.102) 
+ 

fos 

Ph Y oe Ov 6 Ph 



PHOTOFRAGMENTATION REACTIONS 567 

Further support for a concerted [3] is found in the stereospecific photoring 
opening of aziridine to trapable zwitterionic intermediates. !° 

Evidence for the theoretically expected contrast between singlet (zwitterionic) 
and triplet (diradical) behavior is found in the contrasting behavior of 1,2-diphenyl 
cyclopropane upon direct and triplet-sensitized excitation. The cyclopropane 78 
undergoes predominantly cis-trans isomerization via a diradical!*° (photosensi- 
tization) whereas the singlet (direct excitation) opens to a zwitterion and may be 
trapped by protic reagents.!*! 

Phx” ~=—Ph Ph—~ “—Ph 

aaa Si, Te 

Ph 

2 a ee 
H NHR Ph Ph Ph 

78 79 

(13.103) 

It is found when the conversion of 78 to 79 is effected by optically active 

sensitizers that 79 is optically active:'*? 

Ph 
hy 

(ae 
optically 

active 

Ra Ph sensitizer Ph (13.104) 

78 79 optically 

active 

Benzene-sensitized decomposition of the sulfones 80 and 81 results in a [5 > 

4 + 1] retrocycloaddition.'** Interestingly, the reactions are moderately stereo- 
specific, leading to a product expected from conrotation (inversion of stereochem- 

istry). Although this result is expected for an allowed 6-electron cheleotropic 

reaction for singlet states, it is interesting that triplet sensitization is required. 

[ so, > [_, +50: 
[57441] 

80 major 
(13.105) 

[ i C ey 
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13.7 Miscellaneous «-Cleavage Reactions 
of Peroxides, Halides, and Nitrites; 
The Barton Reaction 

Aryl halides (especially aryl bromides and iodides) are known to undergo photo- 

induced homolytic «-cleavage into halogen atoms and aryl radicals.'** The aryl 

radicals produced have been used successfully in a number of synthetic sequences. 

Among the more noteworthy are cyclization eliminations such as the conversion 

of the iodide 82 to 83 (methyl ester aristolochic acid) and the bromide 84 to 85: 

eee. © OCH. (13.107)72" 

OCH, 
85 

Carbonium ions which are difficult to produce by solvolysis of halides (e.g., 
bridgehead and vinyl carbonium ions) have been generated by photolyses of the 
corresponding bromide or iodide: 
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CP =Or Cy hy CH,OH Cy 

x = Br | 65% 

Ms vo (13.109)!38 

The mechanism involved is thought to be an initial homolytic cleavage of the 

C—X to yield a diradical pair (C X) followed by electron transfer to yield an ion 
© 

pair (CX), 1e, 54> 6, 07% > DD Z. 

Photocleavage of 1,1-dihalides has been employed to generate carbenes: 

= ar CHXI, hy a (is 110)2? 

en CHX Be) 

Ozonides and cyclic peroxides, which may seem unlikely candidates for useful 

photochemical substrates, have in fact proven to be exceedingly useful in several 

important syntheses, such as the generation of Dewar benzenes and cyclobu- 

tadienes:!*° 

\ \ 
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A Dewar naphthalene has also been prepared by the ozonide photolysis 

method:!*! 

O O 

Om | || 
oes eee + CH,COCCH, (13.113) 

O 
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Reaction 13.114 is remarkable in that it seems to involve formation and cycli- 

zation of a 1,14-diradical:'*? 

eae Bien. cline 26 + (Chih) 
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O—O si sit 
PINTO 

BOTS om 
Remarkably, the analogous reaction also works, even with cyclodecanone 

diperoxides. 

The photolysis of cyclic peroxides sometimes results in unusual rearrangement 

products: 

Ph 

Ph 

Ze 
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NS 

The photolysis of 1,2-dioxetane (a cyclic four-membered ring peroxide) results 

in cleavage into carbonyl fragments.'*! This reaction is of special interest because 

one of the carbonyl fragments is produced in the excited state (an adiabatic 

photoreaction; see Chapter 14):'** 
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The photochemistry of organic nitrites is dominated by one primary photo- 
chemical process: homolytic cleavage of the RO—NO bond (Barton reaction).!*° 
The products obtained from this primary process are understandable on the 
basis of an alkoxy radical as a reaction intermediate. Thus, hydrogen abstraction, 
addition to unsaturated systems, and fragmentations are all expected (and found) 

to occur. The latter is an inherent unimolecular process and the former two 
processes usually tend to occur intramolecularly. 

The mechanism of the Barton reaction is believed to involve the following steps: 

1. Homolysis of the nitrite 

2. Internal hydrogen abstraction by an alkoxy radical 

3. Radical coupling 

4. Isomerization of a nitroso compound to an oxime. 

An outstanding example of the use of nitrite photolysis'*® is the photolysis of 
86 to yield cortisone oxime 87: 
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13.8 Summary 

Photofragmentations and photoelimination reactions provide a valuable means 

of generating a variety of reactive diradicals, zwitterions, and strained ground 

state species. The «-cleavage of a o-bond attached directly to a chromophore is 
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a very common primary process for both $, and T, states. The f-cleavage of a 

o-bond is less common but is occasionally encountered. 

A major synthetic application of photofragmentations is to prepare reactive 

intermediates under matrix isolation conditions. A wide variety of important 

strained or reactive organic molecules have been prepared and studied via this 

technique. 
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14 

Singlet Oxygen and 

Chemiluminescent Organic 

Reactions 

14.1. A Conceptual Link Between 

Photoreactions and Chemiluminescent 

Organic Reactions 

Chemiluminescence occurs when a sizeable fraction of the exothermicity (AG) of 

a chemical reaction is converted into electronic excitation energy (*) of a reaction 

product, which then emits photons of light (hy).!’? We can describe chemilumi- 

nescence as a AG > * ~ hv sequence (Fig. 14.1). The heart of the sequence is the 

chemiexcitation (AG > *) step. The * hy process is an ordinary and well- 

understood luminescence step which serves to announce the presence of an 

Figure 14.1 

Schematic of a chemiluminescent 

organic reaction. A key elementary 

step is a transition from a ground 

surface to an excited state surface. 

The free energy of a reaction is 

partially or entirely converted to 

electronic excitation energy ofa 

product. An important goal is to 

determine at which nuclear 

geometries such ‘‘surface jumps” 

AG + AG — kK hy may occur and what electronic 

mechanisms determine the 
FREE ELECTRONIC | igHT uM 

ENERGY EXCITATION probability of such jumps. 
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electronically excited state. If we consider photochemistry as a hy > * + AG 
sequence (Fig. 14.2), it follows that a conceptual link exists between chemilumi- 

nescence phenomena (photochemistry in reverse) and photochemical reactions. 

Classification of Chemiluminescent Organic Reactions 

In terms of potential-energy surfaces, we recognize two major classes of chemilu- 

minescent organic reactions: (a) nonadiabatic chemiluminescence, and (b) adiabatic 

chemiluminescence. An adiabatic reaction proceeds entirely on one electronic 

energy surface (i.e., in one electronic state). A nonadiabatic reaction occurs with 

a change from one electronic energy surface to another (i.e., from one electronic 

state to another) as a result of a surface jump at some point along the reaction 

coordinate. 

The essence of many photochemical processes is a change in electronic state. 

All photoreactions must involve at least one nonadiabatic step, since an elec- 

tronically excited state eventually results in ground-state products. 

With these facts in mind, we can see that the AG >* step is generally a non- 

adiabatic reaction, because the reactant R is in its ground state but the product 

P* is in an electronically excited state. The process R > R* > P* > P + hy is 

thus an adiabatic chemiluminescence. Adiabatic chemiluminescence is a process 

in which an electronically excited reactant R* produces an electronically excited 

product P* which then emits light. 

It is possible to classify chemiluminescent organic reactions in many ways. 

Empirically, a classification by reaction type has evolved. The majority of chemi- 

luminescent organic reactions require a critical step which involves an oxidation 

of a substrate with molecular oxygen or its synthetic equivalent. Other important 

types of chemiluminescent organic reactions are electron transfer, fragmentation, 

and pericyclic rearrangements. 

Figure 14.2 

Schematic of a typical photo- 

chemical organic reaction. 

Absorption places a molecule on 

an excited electronic surface. At 

some Critical nuclear geometry a 

radiationless transition to a ground 

state surface occurs. An under- 

standing of photoreactions requires 

knowledge of such geometries and 

hy ——~ * — AG) of the electronic mechanisms 

LIGHT ELECTRONIC FREE which determine the probabilities 
EXCITATION ENERGY of such ‘‘surface jumps.” 
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The oxidation of luminol (Eq. 14.1) represents a classic example of a chemilumi- 
nescent organic reaction:* 

NH, O 

NH 
| =F O, = 2HO®? SS 

NH 

O 

Luminol 

NH, 

COz° 

+N,+2H,0+4Light (14.1) 

CO? 

The famous example of firefly (Photinus pyralis) bioluminescence is also be- 

lieved to involve a key oxidative step:* 

O 

oer ar see eS 
Enzymes 

O S S 

Photinus pyralis 

N NO 
Ci i + hv (14.2) 

ee S ‘S 

+ CO; 

H 

HO 

The reaction of the radical anions of organic hydrocarbons with organic cations 

produces chemiluminescence that corresponds spectrally to the fluorescence of 

the aromatic hydrocarbon. A typical example is the reaction of the anthracene 

radical anion and the cation of aromatic amines to yield anthracene, an amine, 

and light :° 

| eS NAC» [ | + NAr,; + Light 

(14.3) 

Reports of chemiluminescent pericyclic rearrangements (or reactions) which do 

not involve oxygen in some form are very rare, an example being the electrocyclic 

rearrangement of Dewar benzenes to benzenes (Eq. 14.4). In contrast to the 

previous examples, the emission 1n this case is too weak for direct measurement. 
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Energy transfer to a strongly emitting acceptor A is required to increase emission 

to a measurable value.° 

* 

Oo ae CO) A+ A* ——> A + Light (14.4) 
inefficient transfer 

The fragmentation of endoperoxides into singlet molecular oxygen plus a diene 

equivalent (Eq. 14.5)’ and the fragmentation of 1,2-dioxetanes into two carbonyl 

compounds (Eq. 14.6)° are generally chemiluminescent and represent classes for 

which the chemiexcitation step is relatively efficient (10—100%%): 

Ph Ph 

OOS OC us efficient 

Ph Ph 

oO 0 
fone an, 14.6 

cH,+_t-cn, ey 2 oN + Light nae 
= efficient CH CH 

CH;CH, : 2 

Although energetics determines the feasibility of producing an efficient chemi- 

luminescent reaction, surface dynamics determines the observed efficiency of 

exothermic (ic., AG + AG* > Ep.) chemiluminescent reactions. In general, it 

appears that the ability to achieve a diradicaloid geometry (Fig. 14.3) enhances 

the efficiency of surface jumps that correspond to chemiexcitation. 

In terms of energy surfaces, the diradicaloid geometry corresponds to a struc- 

ture for which two or more electronic surfaces tend to merge to a common point 

os ob 

SS ae 
Diradical Zwitterion 

D Z, 

High energy Diradicaloid Electronically 
reactant geometry excited product 

Figure 14.3 

Schematic of the conversion: high energy reactant — diradicaloid geometry — elec- 

tronically excited product, a mechanism for the process AG >*. 
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(Zero Order surface crossing or surface touching). Such a convergence of surfaces 

is the most favorable for jumps between surfaces. An important point is that the 

Zero Order crossing must not be strongly avoided, because such a situation would 

push the two surfaces far apart and reduce the probability of a surface jump. 

Molecular Oxygen and Chemiluminescent Organic Reactions 

Many of the reported chemiluminescent organic reactions involve molecular 

oxygen (a ground state triplet termed *X oxygen) or an O—O (peroxide) bond in 

some manner.’'? The lowest excited state of molecular oxygen is a singlet state 

(termed the 'A state of molecular oxygen). The 'A state of oxygen is involved in 

many chemiluminescent processes. For example, the reaction of 'A oxygen with 

electron-rich ethylenes sometimes produces cyclic peroxides which undergo chemi- 

luminescent fragmentation reactions:'® 

— ae | | A 

hoon Alu lia 
7h Electron-rich 

Singlet oxygen ethylene . Dioxetane 

O 
2 Ae +Light (14.7) 

Singlet oxygen is also a primary product of certain reactions. For example, it 

has been shown that ‘A is produced when the endo peroxides of anthracenes are 

thermolyzed (Eq. 14.5).’ 
What are the special features of molecular oxygen or of peroxide bonds that 

have such a pervasive influence in efficient chemiluminescent reactions? A partial 

answer is revealed in the energetics of reactions involving molecular oxygen and 

peroxide bonds. For example, the reactions of 'A and 3 oxygen with simple 

ethylenes to yield ketones are exothermic by about 100 kcal/mole and 80 kcal/mole, 

respectively.'’ Also, cleavage of an O—O bond occurs in many cases and brings 

the molecule to the diradicaloid geometry required for an effective surface jump 

(see Fig. 14.3). 

44.2 Molecular Oxygen: Ground State (*2) 

and Excited Singlet States (‘A and '2) 

Molecular oxygen is an important participant in photochemical processes be- 

cause of its high chemical energy content, its unique reactivity characteristics, its 

low-lying excited state, and its ubiquity as an “impurity” in reaction systems. The 

reactions of the excited states of molecular oxygen are intriguing in their own 

right. 



584 CHAPTER 14 

Two Lewis structures for molecular oxygen (1 and 2) serve as a basis for discus- 

sion of its chemistry: 

-0=0:=0=0 :0—-0:=0—0 (14.8) 

1, electrons paired 2, electrons unpaired 

Structure 1, in which all the electrons are paired, corresponds to a singlet state 

structure, while structure 2, in which two electrons are unpaired, may correspond 

to either a singlet or a triplet state. We expect the chemistries of the states of 

molecular oxygen corresponding to structures 1 and 2 to be quite different. 

However, it is not obvious how to correlate structures 1 and 2 to particular 

electronic states. This correlation is best done in terms of a molecular orbital 

description of oxygen. The ground state of O, is described by the electron con- 

figuration: : 

O, > (core)(1,)7(y)°(aE) (aH) (14.9) 

Ignoring all but the two highest-energy electrons, we have: 

O2 > (ax) '(ay)’ (14.10) 

Schematic descriptions of the x* and z¥ orbitals of the oxygen molecule are 

shown in Figure 14.4. Because the 2* and z* orbitals are degenerate, and because 

the ground state of O, has two electrons for the occupancy of these orbitals, the 

ground state of molecular oxygen is predicted (Hund’s rule) and found to be a 

triplet, 1.e., for a given degenerate electronic configuration, the state of highest 

multiplicity lies lowest. 

Consider the orbital occupancies of the (z*)(z*) pair and their corresponding 

spin states.'* The four possible orbital occupancies correspond to a lowest energy 

triplet state and three singlet states: 

T > (n¥T)(2,1) called *X 

are ee 1) called 'X 

S— (x*t)? called 'A, 

Stl)" called 'A, 

(14.11) 

These four states have been given spectroscopic notations of *£, 'L, 'A,, and 'A,, 
respectively. The electron orbital occupancy corresponding to these four states 

leads to the electronic distributions shown on the right-hand side of Figure 14.4. 

The two & states possess an electronic distribution which is cylindrically symmetric 

about the bond axis. The A states possess an electronic distribution such that two 

m* electrons are in one of two mutually perpendicular planes. The 2* electronic 

distribution of the A states is reminiscent of the z electronic distribution of ethylene, 

except that there is a nodal plane passing through the center of the 0—0O bond. 

The 'A, and 'A, states are degenerate in the Zero-Order Approximation. Approach 
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of another molecule will cause a splitting of these two states. We shall ignore the 

degeneracy and refer to S$, as 'A, by which we imply either 'A, or *A,. The 'A 

state of molecular oxygen is generally referred to as “singlet oxygen” by organic 

chemists. '* 
From the Lewis structures and the orbital descriptions of molecular oxygen we 

deduce that: 

1. The spin-independent chemical reactivity of *X and *Z should be similar, 

since both possess an identical electronic distribution in Zero Order. 

2. The reactions of 7X and 'Y should be radical-like in character (1.e., they are 
diradicaloid states). 

However, the electron-paired Lewis structure 1 (Eq. 14.8) does not properly 

reveal the zwitterionic reaction-chain activities of 'A oxygen. The zwitterionic 

character of this state derives from the wave functions for the 'A state.!? Pertur- 

bation by an attacking reagent will polarize the electronic structure of 'O, so that 

it resembles the Lewis structures shown in: 

'O=00 = 0-0 == Oo. 
1 e 6 ® © 

= 02-0 <== 0= 001419) 
S ® ® ic) 

The State Diagram and Potential Energy Curves for 

Molecular Oxygen: Energetics and Dynamics 

The potential energy curves for molecular oxygen are given in Figure 14.5. Due to 

the very weak electronic coupling between the *Z and ‘A states of oxygen in the 

“free” molecule, even simple collisions provide significant spin-orbit perturbation 

mechanisms to mix these two states.'* As an example of the magnitude of the 
environment on the probability of the radiative *X—'A transition (which, 

incidentally, is a magnetic dipole transition), the oscillator strength of the transi- 

tion increases by 10° upon going from low pressures in the vapor to solution. The 

pure radiative lifetime of 'A molecular oxygen decreases from the order of tens of 

minutes to seconds.'® 
Experimentally, the energetic ordering of the lowest electronic states of molec- 

ular oxygen is found to be *Z < 'A (22.5 kcal/mole) < ' (37.5 kcal/mole). The 
pure radiative lifetimes of 'A and 'D are quite long; 2.7 x 10° sec and 7.1 sec, 
respectively.'° Such long lifetimes are usually not observed under laboratory 

conditions because at ordinary pressures or in solution, collisional or chemical 

deactivation of 'A and ' occurs efficiently. However, the radiationless conversion 
of 'A to * is spin-forbidden and might be expected to be quite slow. In fact, in 

condensed phases the rate of this intersystem crossing process is quite variable.!” 

Apparently the 'A state interacts with all solvents in such a manner as to allow 

intersystem crossing to occur. The longest lifetimes of 'A(~ 107 > sec) are observed 
in solvents normally considered to be chemically inert (e.g., fluorinated materials). 
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The lifetime of the 'D state in solution is not known, since no direct method for 
probing its decay has been devised. It would be interestirfg to see if this state 
persists long enough to be detected spectroscopically in fluorocarbon solvents. 
The 'A species can be generated in a number of ways and then be trapped. The 
disappearance of the trapping agent can be determined spectroscopically, and 
thus serves as a monitor of 'A oxygen. The lifetime of !A in various solvents has 

been measured by this technique; the results are given in Table 14.1. 

Methods of Generating Singlet Oxygen 

Many methods have been developed for the generation of 'A molecular oxygen. 

Both thermal and photochemical methods are utilized.1® Although the direct 

photoexcitation of molecular oxygen is possible, it is not a practical photochemical 

method.'? However, the triplet photosensitized production of singlet oxygen is a 

general and synthetically useful method of generating singlet oxygen (Eqs. 14.13a 

and b). Commonly, a strongly absorbing dye (Rose Bengal, methylene blue, etc.) 

is employed as photosensitizer :'® 

Sens + hy > Sens > ?Sens (14.13a) 

3Sens + 7O, > Sens + 'O, (14.130) 

8 

S 
@m 

— 6 

S 0(°P)+0(>P) 
ac 

ze 

ii 4 
a 

<t 
= 2 2q TY as] Hot RRP rene = KS) 

- a = ze 7 619A = nN 5 T= aipero 1, aoe 
a oreo ae Bere fi aes 

0-4 08 2 6 ZO 24 8 Sic 36 

INTERNUCLEAR DISTANCE (A) 

Figure 14.5 

Potential energy curves for the three lowest electronic states of molecular oxygen. 

The energies and inherent radiative lifetimes of the ‘A and '2 states are also listed. 
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Equation 14.13b represents a triplet-triplet annihilation which results in an 

energy transfer to yield 'O,. This annihilation is depicted in terms of orbitals in 

Figure 14.6. It is generally assumed that an electron exchange mechanism operates 

in the triplet-photosensitized formation of singlet oxygen. A range of *sens inter- 

actions with *X may operate in any given case. Thus, mechanisms varying from 

weak overlap and a simple collisional energy exchange to an electron transfer or 

diradical formation via bonding may occur: 

Elect 

Seas “Sens. = °O, > Sens + 'O, (14.14) 

Electron *Sens + °O2 > Sens? + O7 (Dz) (14.15) 

ase + Sens + 'O, (14.16) 

Diradical *Sens + *O, > Sens — O — O (D) (14.17) 

formation = Sens +10, (14.18) 

These photochemical mechanisms for generating 'O, are radical-like in nature, 

since the key interactions involve diradicaloid structures. The thermal generation 

of singlet oxygen usually involves two electron (zwitterionic) processes. This 

Table 14.1 Lifetime of Singlet Molecular Oxygen ('A) in Various Solvents 

at Room Temperature 

Reference 
Solvent T (in p sec) (see below) 

H,O 2 I 
HCON(CH;), 7 6 
CH,0OH 7 1 

EtOH 10 56 

CH,CH,CH,Br 10 a) 
D,O 20 D 
Cun 16 5 
Cit 24 I 
(CH;),CO 25 1 
(CD;),CO 25 I 
CH,CN 30 5 
CHelr 60 3 
CS; 200 1 

CDCl, 300 3 
Cr 600 3 
CCl 700 5} 

CF,Cl (Freon 11) 1,000 3 

Vapor (1 atm) 80,000 4 

Radiative (zero pressure) 2,700,000,000 4 

1. Merkel, P. B., and Kearns, D. R., J. Am. Chem. Soc., 94, 1029 (1972). 

2. Merkel, P. B., Nilsson, R., and Kearns, D. R., ibid., 94, 1030 (1972). 
3. Long, C. A., and Kearns, D. R., ibid., 97, 2018 (1975). 

4. Badger, R. M., Wright, A. C., and Whitlock, R. F., J. Chem. Phys., 43, 4345 (1965); see also Wayne, R. P., Adv. 

Photochem., 7, 400 (1969); Gleason, W. S., et al., J. Am. Chem. Soc., 92, 2068 (1970). 

5. Merkel, P. B., and Kearns, D. B., J. Am. Chem. Soc., 94, 7244 (1972). 

6. Adams, D. R., and Wilkinson, F., J. Chem. Soc. Faraday, Trans II, 68, 586 (1972). 

7. Wilkinson, F., Singlet Oxygen Reactions with Polymers, New York: John Wiley, 1978, p. 27. 
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means that 'A (a zwitterion structure, see Eq. 14.12) is the product to be expected 
from thermal generation of 'O. Of the many thermal reactions that have been 
found to generate 'O,, the more synthetically useful examples involve decomposi- 
tion of phosphite ozonides (Eq. 14.19)?° or endoperoxides (Eq. 14.20).7°?! 

(RO);PO; —— (RO);PO + '0, (14.19) 

Notice that these reactions are chemiluminescent reactions because 1O, is an 

electronically excited product. Indeed, reactions such as 14.20 (and 14.5) are 

experimentally found to be chemiluminescent. 

Quenching of Excited Singlet and Triplet States 

by Molecular Oxygen 

Ground state molecular oxygen is a general and efficient quencher of the S, and 

T, states of organic molecules.*?:** With few exceptions, the rate constant for 
quenching is within an order of magnitude of the diffusional quenching constant 

(see Table 14.2). The quenching mechanism may be physical or chemical in nature. 

The two most common chemical mechanisms are probably diradicaloid electron 

3sens 0, (75) sens 0,('A) 

3sens 0,(°2) sens 0,( =) 

Figure 14.6 

Molecular orbital description of the triplet-sensitized generation of singlet oxygen. An 

electron exchange mechanism is assumed. The diagrams do not correctly display the 

spin statistics of the process. Only one out of nine possible triplet-triplet spin combi- 

nations is correct for formation of singlet products. If special dephasing or spin 

flipping mechanisms are operative, the spin statistics do not apply. 
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transfer and addition: 

Electron 

transfer Mr O= OMe O; D. (14.21) 

Diradical q* + O—O > M—O—O D (14.22) 

formation ; ; 

Physical quenching mechanisms include exciplex formation and energy transfer 

(e.g., Eq. 14.14). 

From Table 14.2 some important generalizations may be made: 

1. In general, quenching of S, of aromatic hydrocarbons occurs at close to the 

diffusional rate. 

2. Quenching of T, of aromatic hydrocarbons usually occurs within an order of 

magnitude of the diffusional rate, but is consistently slower than quenching of 

Sj. 

3. Some n, * states are only weakly quenched by °O,, but others are efficiently 

quenched. 

The k, value should depend on the electron donor properties of the quenchee (.e., 

be related to its ionization potential).** Such behavior has been observed experi- 

mentally. For example, the quenching of substituted benzenes by molecular 

oxygen is only slightly dependent on molecular structure when the ionization 

potential of the aromatic molecule is less than ~9 eV. When the quenchee ion- 

ization potential is greater than this value, k, falls off. 

Experimentally, it is found that quenching of the singlet states of aromatic 

hydrocarbons by oxygen occurs at a comparable rate even when the S,-T, 

Table 14.2 Rate Constants for Quenching of Excited Singlet and Triplet 

States by Molecular Ground-State Oxygen 

Compound Singlet quenching Triplet quenching Reference 

(M * sec” *) (M* sec™ *) 

Benzene MSOs — 1,2 
Naphthalene Sag tO - ee? 
Anthracene 3 Sele yee le 1,2 
Pyrene sis OFS D107 12 
Perylene D3 NOs? _ 2 
Acetophenone — Bee lO? 3 
Benzophenone = exe 02 3 
Benzil — 107 3 
Hexafluoracetone 8 x 10’ 4 x 108 4 
Diaza-Bicyclo[ 2.2.2 ]octene IeatOn ~ 5 
2-Acetylnaphthalene — 2e Oe 6 
4-Phenylbenzophenone — an 0 6 

. Kearns, D., Chem. Rev., 9/, 395 (1971). 

. Gijzman, O. L. J., et al., Faraday Trans. II, 70 708 (1973). 

Carbon tetrachloride at 25°. Merkel, P. B., and Kearns, D., J. Chem. Phys., 58, 398 (1973). 

. Vapor phase measurement. Ware, W., and Lee, S. K., J. Chem. Phys., 49, 217 (1968). 

. Liu, C. K., unpublished results. 

Morina, V. F., and Sveshnikova, E. B., Opt. Spectroscopy, 34, 359 (1973) Dn WH — 
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energy gap of the aromatic is smaller than the >Z—'A energy gap of oxygen (an- 
thracene [AE ~ 34 kcal/mole], k, ~ 3 x 10'° M7! sec~!, triphenylene [AE ~ 
i keal/mole [tke -~<2, 010°? Me 4'seca")) Thus. S, 4 OsCd)— 17 OCA) 
energy transfer cannot be a general requirement for quenching.”> There is evidence 

that in the vapor phase, singlet quenching does not yield ‘A oxygen; on the other 

hand, the triplet state of the donor is produced by the quenching.”° Thus, quenching 
of singlet state by O,(*Z) amounts to catalyzed intersystem crossing :?’ 

Oxygen catalyzed 

intersystem $; + 0,Cd)— T +4 0,02) (14.23) 
crossing 

An interesting feature of diffusional quenching by *O, is that this diatomic 

diffuses considerably faster than most organic molecules. For example, in benzene 

near room temperature, oxygen diffuses two to three times faster than anthracene.”® 

Another important practical feature of quenching by molecular oxygen is its low 

solubility in most organic solvents [O,] ~ 10° * M at 760 mm QO, . Since concen- 
trations of O, greater than 10°? M are not obtainable unless external pressures 

greater than 760 mm of O, are applied, if k, ~ 10'° M~' sec” ', then k,[O2] < 
10° sec” ' at ordinary pressures. Thus, S, or T, states with decay rates on the 

order of 10®—10° sec‘ will not be efficiently quenched in air-saturated solutions 

and will be only moderately quenched in oxygen-saturated solutions. 

On the other end of the dynamic spectrum, if [O,] ~ 10°° M (a value corre- 
sponding to “degassing” by saturation with nitrogen) then the maximal k,[O,] 
of ~10* sec~! will be sufficient to strongly quench triplets whose decay rates are 
smaller than 10° sec’ !. Since it is experimentally impractical to routinely achieve 

[O,] ~ 10~’ M, it is clear that the lifetime of triplets in solution will not exceed 

~10~? sec if they are efficiently quenched by oxygen. 

Chemistry of Molecular Oxygen 

The Zero Order orbital descriptions of *Z and 'A are the starting points for a 

description of the effect of any perturbation which destroys the Zero Order 

cylindrical symmetry of the oxygen molecule, e.g., the approach of a reactive 

molecule (see Fig. 14.4). In general, the effect of such a perturbation mixes the 

Zero Order !¥ state with the 'A state, and generally causes the latter to become 

lower in energy. Thus, the *£ and 'A descriptions are useful descriptions for the 

behavior of molecular oxygen at the initial stages of a reaction. 

Most of the known general reactions of 'A oxygen may be classified as one of 

three types:'®-?° 

1. Hydrogen abstraction and addition (the ene reaction): 

CH, (CHa hes Crs 
NG / 

(Caa + O=O —— oe —C. (14.24)°° 
Hp \ 1 

Gi. TcHees = Oo | CH 
OH 

An allylic hydroperoxide 
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2. [2 + 2] and [4 + 2] cycloaddition reactions: 

O20-+ CH;CH, OCH=-CHOCH CH. = 535, 
1 A 

——— 

i (14.25)3! 
CH,;CH,OCH—CHOCH,CH; 

a 1,2-dioxetane 

32 Oz OF ae = (14.26) 

An endo-peroxide 

3. Oxygenation: 

Rsk -O--O0-- R50) (14.27)°° 

In general, the mechanisms of these reactions are not known, although the 

ene reaction and formation of 1,2-dioxetanes exhibit many of the characteristics 
associated with concerted reactions. In general, the rates of the reactions of 'A 

increase as the ionization potential of the substrate decreases. This suggests that 

a charge transfer character (substrate electron donor-'A electron acceptor) 

generally occurs at the initial stages of reaction. 

The data in Table 14.3, which surveys the rate constants for quenching of °O, 

by various substrates, confirms the postulate that charge transfer interactions are 

most important in determining the reactivities of quenchers toward deactivation 

of 'O,.°* Although many electronic effects must be operating, a general tendency 

toward low ionization potential — large k, is evident. 

According to quantitative MO calculations, the most favored geometry for 
initial interaction of O,('A) with C—C bonds has been proposed to be a single- 
atom, end-on interaction.*° Continuation of this interaction could lead to 

<. 8-7 ©& . Superoxide 

9 . DN ila We formation (14.28) 

aint » “C—C—O—O  Diradical ~—(14.29) 

i “C-C—O—6O — Zwitterion (14.30) 
CSO=) 

| 
ce 
00 Perepoxide (14.31) 
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(a) transfer of an electron to form a D, pair (Eq. 14.28), (b) addition to form a 
diradical D (Eq. 14.29), (c) addition to form a zwitterion (Eq. 14.30), or (d) addition 
to form a perepoxide (Eq. 14.31). The mechanism that actually occurs depends 
strongly on the substrate structure. Also, it is possible that when the substrate is 
a nonpolar species, a concerted reaction leading directly to products such as 
those given in Eqs. 24-27 may result. For example, the ene reaction of 'A with 
alkyl ethylenes appears generally to be a concerted reaction,!® as does the [4+ 2] 
cycloaddition of 'A to 1,3-dienes. 

Table 14.3. Rate Constants for Quenching of ‘A Oxygen by Various 
Singlet Oxygen Quenchers 

Quencher ene Ssecr 2) Reference 

CE.CICCLE 2 
Cyclohexene (C,H 9) 10° 
1,4-Dimethylnaphthalene 10* 
CH,CHLI 104 
CH,CH,NH, 104 
0,(32) 104 
Cyclopentene (C;Hg) 107 
Anthracene 10° 
D,O 105 
CH,CH,CH,NH, 105 
Diphenylanthracene 10° 
H,0 108 
Trimethylethylene 10° 
(CH,CH,),N 108 
2,5-Dimethyl-2,4-hexadiene 

1,3-Cyclohexadiene 
CH3;CH,SCH,CH; 
1,3-Cyclopentadiene 
9,10-Dimethyoxyanthracene 

— So 
fon 

Si 

Fe ee EE COR SS SCS I en ES RSIS Se SIS TS Sen COTS SK 

—— ore 
aon 

PO ER RS Te KG a 

lon 

COMM NR OH NON MNAEEAWNYNAUNWAUNNAWOWNNHE 

Tetramethylethylene ~ ORES <aTOe) 10 
1,4-Diazabicyclooctane (DABCO) 107 
Rubrene 107 
i 107 2 

Nickel (II) chelates 108 
o-Terpinene 108 2 
2,5-Dimethylfuran LON Oy 10) 10 
1,3-Diphenylisobenzofuran MO 
Pentacene AO? 
f-Carotene Che 

1. Matheson, I. B. C., Lee, J., Yamanashi, R. S., and Wolbarsht, M. L., J. Am. Chem. Soc., 96, 3343 (1974). 

2. Ashford, R. D., and Ogryzlo, E. A., ibid., 97, 3604 (1975); Monroe, B., J. Phys. Chem., 82, 15 (1978). 

3. Matheson, I. B. C., and Lee, N., J. Am. Chem. Soc., 94, 3310 (1972); Monroe, B., J. Phys. Chem., 81, 1861 (1977). 

4. Stevens, B., Acc. Chem. Research, 6, 90 (1973). 

5. Stevens, B., Perez, S. R., and Ore, J. A., J. Am. Chem. Soc., 96, 6846 (1974). 

6. Merkel, P. B., and Kearns, D. B., J. Am. Chem. Soc., 94, 7244 (1972). 

7. Furukowa, K., Gray, E. W., and Lgryzlo, E. A., Ann. N.Y. Acad. Sci., 171, 175 (1970). 

8. Carlsson, D. J., Suprunchuk, T., and Miles, D. M., Can. J. Chem., 52, 3728 (1974). 

9. Wilkinson, F., Singlet Oxygen Reactions with Polymers, New York: John Wiley, 1978, p. 27. For a large com- 

pilation of quenching constants for singlet oxygen by metal complexes, see Ziweig, A., and Henderson, W. A., 

J. Polymer Sci., 13, 717 (1975). 

10. Value in parenthesis refers to gas phase values of &,. 

11. Calculations from data in Higgins, R., Foote, C. S., and Cheng, H., Adv. Chem. Ser., 77, 102 (1968). 

12. Gollnick, K., Singlet Oxygen Reactions in Polymers, New York: John Wiley, 1978, p. 111. 
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14.3 Chemiluminescence of 1,2-Dioxetanes 

and Endo Peroxides 

Numerous dioxetanes and dioxetanones, once believed to be only fleeting inter- 

mediates and too unstable to be isolated, have now been prepared.*° Many are 

isolable and quite stable at room temperature and one (bis adamantylidene 

adamantane dioxetane) is stable beyond 150°.%’ The activation parameters of a 

number of dioxetanes are in the range of 25 + 5 kcal/mole.*° As a typical example, 
tetramethyl-1,2-dioxetane (TMD) is a yellow solid (it exists as beautiful long 

needles) at room temperature.® It melts at 78°C and, if cooled quickly, resolidifies. 

Upon continued heating, TMD is converted quantitatively to acetone with E, ~ 

28 kcal/mole. Studies (described below) indicate that thermolyses of all 1,2- 

dioxetanes display two important chemiluminescent properties (Section 14.10): 

(a) they cleave quantitatively into two carbonyl fragments, one of which is elec- 

tronically excited (6* ~ 100 to 1%); (b) the directly produced excited fragment is 

predominantly triplet rather than singlet (p}/d% ~ 10 to 1000). Thus, thermolyses 

of dioxetanes display two unusual and remarkable features: excited states are 

produced in high yields, and a spin-forbidden pathway is favored over a spin- 

allowed pathway. 

The decomposition of endo-peroxides (Eqs. 14.5 and 14.20) are often chemi- 

luminescent due to emission from aggregates of singlet oxygen or from the aromatic 

chromophore.? "38 

Experimental Methods for Analyzing the Chemiluminescent 

Reactions of Cyclic Peroxides 

All 1,2-dioxetanes and most endo-peroxides of aromatic compounds prepared to 

date are either chemiluminescent or capable of inducing the luminescence of an 

additive. Thus, a AH — * step is common to the thermolysis of these compounds. 

What are the structural features and mechanistic details of these thermolyses? 

What makes the peroxide’s ring system such a common ingredient in chemilumi- 

nescent systems? In other words, what qualities of these thermolyses allow the 

AH —* to occur and do so efficiently? Why do the thermolyses of simple 1,2- 

dioxetanes produce triplets selectively, whereas the thermolyses of endo-peroxides 

produce singlet O, selectively? Before seeking answers to these questions, let - 

us review some important aspects of the theory of chemiluminescence reactions.*? 
Consider the reactions: 

Rate 

R= P* k,[R] (14.32) 

P* > P + hy kU P*] (14.33) 

R > “dark” reactions ka[R] (14.34) 

P* — “dark” reactions aa (14.35) . 
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The fundamental experimental parameter in chemiluminescence studies is the 
intensity of luminescence, I, the units of which are moles of photons per second 

per liter. The key equation which relates the value of the measured quantity I to 
microscopic quantities 1s: 

T=k,[R]¢,¢¢ (14.36) 

1.e., the measured intensity (J) equals the total rate of decomposition of R(k,[R]) 
times the probability (¢,) that decomposition of molecules of R will produce an 

excited molecule, times the probability (@,) that an excited molecule will emit a 

photon. Thus, the macroscopic observation of light emission provides information 

on the microscopic transition state for decomposition of R (via k,). 

If a quencher molecule (Q) is added to the solution of R, J will drop to a new 

value [2 because some of the excited molecules (P*) have been quenched before 

they can emit. The difference between J and [2 is simply a measure of the effec- 

tiveness of Q as a quencher of P*, and on the microscopic level is a reflection 

of the competition between all of the normal unimolecular decay paths of P* 

(which include light emission) and the new bimolecular decay path introduced by 

adding Q: 

Rate 

uenchin 

ee a FV) e* | (14.37) 

The Stern-Volmer relationship (Eq. 14.39) provides a quantitative connection 

between the measured values of J and [2, the quencher concentration [Q], and 

the rate constant k, (defined as ie the inverse of the lifetime of P*). 

di : : 
coe 1+ k,[Q]/k, Stern-Volmer relationships (14.38) 

d 4.3 
(22 bet k,tLQ | (14.39) 

A linear plot of I/I2 versus [Q] confirms the simple competition of Eq. 14.37 

and the unimolecular decay of P*, and the slope of this plot is equal to Katgeent 

should be noted that /2 is less than J, according to Eq. (14.36), not because the 

rate (k,[_R]) or the excitation probability has changed, but because ¢#,, the prob- 

ability of emission, drops to a smaller value, p2 due to the occurrence of Eq. 14.37. 

The efficiency of a chemiluminescent reaction (#,,) is simply the probability 

that an excited state will form times the probability that the latter will emit: 

fa = PxPe 
(14.40) 

If the key intermediate R is itself produced in a reaction from a prior reagent 

R’, then the efficiency of chemiluminescence starting from R’ must include the 
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efficiency (,) of the R’ to R conversion: 

Per = PrPx Pe (14.41) 

In many chemiluminescent reactions emission is not observed from the primary 

product of the chemiexcitation step P*, but instead from A*, a species capable 

of accepting energy from P* and then emitting. In this case (called indirect 

chemiluminescence, in contrast with direct chemiluminescence from P*) the 

efficiency of energy transfer (,,) to produce A* and the efficiency of emission 

($4) from A* replace the emission efficiency in Eq. 14.41: 

be. = PrP here (14.42) 

The fact that Eq. 14.42 contains four probabilities would lead us to expect that 

complicated chemical sequences are not likely candidates for efficient chemilumi- 

nescent reactions. Thus, we expect high efficiency only in systems corresponding 

to Eq. 14.40. This is generally correct, but some important exceptions occur. 

The most efficient chemiluminescent system reported to date is the biolumi- 

nescence of the firefly.* Bioluminescence requires a lumophore, and enzymes 

which mediate the key chemiexcitation step.2 The enzyme associated with the 

lumophore is called luciferin. The enzyme which “triggers” the chemiluminescent 

reaction is called luciferase. Commonly, molecular oxygen is also required. In 

the case of the firely luciferin-luciferase system, a quantum yield of ¢,, = 1.0 has 

been measured. A peroxylactone is believed to be a key intermediate: 

ge a “ "OH ___Luciferase__, 

“O, Me?* ATP” Mg?*, ATP 

HO’ 
R 

O* 

Lumophore of firefly ia N, N= 

HO’ S 

a. 0 

(14.43) 

O 
ye 

No yw 2 CI Gre HO” 5 S 

Peroxylactone 

intermediate (14.44) 

The most efficient “synthetic” chemiluminescent system (,, ~ 0.25) involves a 
multistep sequence for which the reaction of H,O, and an oxalate ester produces 
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a reactive intermediate, believed to be a cyclic peroxy dione (Eq. 14.46). The 
decomposition of the latter is catalyzed by various energy acceptors which are 
responsible for the observed emission. The mechanism of catalysis appears to be 
of a charge-transfer type, possibly an initial electron transfer followed by retransfer 
of an electron within a radical ion pair to produce an excited state (see Eq. 14.3).+° 

00 Phi, Ph 

ArOCCOAr + H,0,'+ Seeo 
SS 

Ph Ph 

Rubrene 

Ph Ph 

ven + CITI n= 02s 
Ph- Ph (14.45) 

O oO ; | 

oe (14.46) 
Rubrene 

O-O 

Thermolysis of 1,2-dioxetanes: A Model System 

We shall employ tetramethyl-1,2-dioxetane (TMD) as a model system to discuss 

chemiluminescent organic reactions.*! The thermolysis of TMD yields acetone in 

quantitative yield (Eq. 14.47). The thermolysis is clearly First Order and the 

activation enthalpy in acetonitrile is AH* ~ 27 kcal/mole. The enthalpy of 

reaction (AH,) in solution is ~ 63 kcal/mole.*? 

O20 

CH, | | Coe ar 21H) CO (14.47) 
100°, 

GLecHe 
TMD 

Figure 14.7 compares the reaction energetics to the state energy diagram of 

acetone. It can be seen that the sum AH, + AH‘ is greater than the energy required 

to populate either S,(n, x*) or T,(n, 2*) of acetone. We say that the reactions 

TMD = !(n, 2*) and/or *(n, 2*) are energy-sufficient, 1.e., both products may be 
formed exothermically from the transition state for thermolysis. 

Experimentally, one must seek to measure the primary efficiency of formation 

of S,(n, 7*) and T,(n, 2*) from TMD. This can be done by direct methods in which 

chemiluminescence emission from acetone-excited states is measured quantitatively 
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and compared to photoexcited emission. In effect, the number of fluorescence 

photons and phosphorescence photons may be titrated or measured quantitatively. 

From a knowledge of the fluorescence and phosphorescence quantum yields and 

other photochemistry of acetone, the primary excitation yields of acetone singlets 

(1A) and triplets (7A) may be derived. 
The primary yield of 'A and 3A from thermolysis of TMD was first measured by 

chemical titration of acetone-excited states with trans-dicyanoethylene (t-DCE).** 

The latter reagent has been shown to react with 'A to yield only an oxetane and 

to react with °A to yield only cis-dicyanoethylene (c-DCE). Thermolysis of TMD 

in the presence of t-DCE, and extrapolation of the yield of oxetane, and of c-DCE 

to infinite concentration of t-DCE, allow the determination of the primary yield 

of 'A,ie., ', and the primary yield of *A, ie. *¢,: 

Te 

ee ca (14.48) 
O—-O <0. oA CN 

Sh 30 , 
DCE | meN 
=e NN (14.49) 

1* TRANSITION STATE 

+ 
AH ~ 27 kcal/mole 

*a 
' 

85 kcal/mole 

78 kcal/mole 

AHg~ 63 kcal/mole 

+ 
AH + AH ~90kcal/mole 

A+A 
a 

Figure 14.7 

Thermochemistry of tetramethyl-1,2-dioxetane. 
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Remarkably, the experimental result is that "Og Seeand oe ex507,. 
A chemiluminescence photon titration leads to the same conclusion: the pre- 
dominant primary path in decomposition of TMD is the selective and efficient 
generation of *A, ie., an electronically nonadiabatic, spin-forbidden pericyclic 
fragmentation has occurred. 

A simple, striking, and convincing experimental demonstration of the above 
conclusion was possible. The chemiluminescence of TMD consists of both acetone 
fluorescence (Eq. 14.50) and phosphorescence (Eq. 14.51) 

OA hy, (14.50) 
A= A+ hy, (14.51) 

The latter is very sensitive to quenching by O,, whereas the former (because of 
the much shorter lifetime of the excited species) is not. Deaeration of a solution 
of TMD by simple nitrogen purging results in chemiluminescence which is 

essentially pure acetone phosphorescence (/?,,, = 430 nm).** If air is admitted to 

the initially deaerated solution, the chemiluminescence intensity immediately 

drops to about 1% of pure acetone fluorescence. Photoexcitation of acetone 

(deaerated solutions) results in nearly pure fluorescence. Thus, when TMD is 

decomposed, *A must be produced directly and not via 'A, otherwise the ratio 

of fluorescence to phosphorescence would be‘the same in both chemiexcitation 
and photoexcitation. 

Mechanism of The Chemiluminescence Thermolysis of 

1,2-Dioxetanes. Chemiexcitation Mechanisms (The AH —>* Step) 

A central question which can be asked of all photoreactions is, “At which nuclear 

structure during the reaction does the electronic deexcitation or electronic relaxa- 

tion occur?” This question is important because the rates of photoreactions—and 

hence the efficiencies and yields of photoproducts— depend on the rate of electronic 
relaxation. More specifically, it is important to establish at which nuclear structure 

or geometry deexcitation is possible and what factors determine the probabilities 

of deexcitation when these structures are achieved. The same kinds of questions 

can be asked about a reaction involving chemiexcitation. At what point does 

electronic excitation occur? What are the nuclear geometries for which chemi- 

excitation is possible, and what determines the efficiency of chemiexcitation when 

these geometries are achieved? In both these cases we are fundamentally concerned 

with how electronic excitation energy is converted into nuclear motion and 

chemical energy and vice versa. What are the structural features which might 

determine the rates of the AH > * step in thermolysis of TMD? 

A simple qualitative model to analyze the chemiexcitation step in the ther- 

molyses of dioxetanes is shown in Figure 14.8. The key four-atom array of the 

dioxetane ring is assumed to cleave in a more or less planar fashion. This allows 

us to formulate reaction 14.47 as electronically forbidden for the ground state of 

TMD. This means we expect a high-energy symmetry-imposed (Zero Order) 

barrier on the ground-state surface. We know from Chapter 7 that a triplet of 

TMD (symmetrical with respect to the reaction plane) will connect with a *(x, 2*) 
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of acetone via a surface touching which will occur near the transition state for the 

concerted cleavage of TMD. 
Since the lowest excited states of acetone are n, z* we must determine with 

which states of TMD they correlate. Experimentally, TMD is found to possess 

a weak absorption near 280 nm.*! Evidently TMD possesses a singlet state 
(probably of the z > o* type) whose symmetry with respect to the reaction plane 

is antisymmetrical, i.e., this state will correlate directly to the n, x* state of acetone. 

The appropriate correlations of the states of TMD and acetone are shown in the 

top portion of Figure 14.9.*° Note that the correlation of the 2, z* state with the 
n, m* states implies an obligatory surface crossing of both the S, and T, states with 

So. A weak avoiding of S) and S, is also expected. 

The center of the surface diagram corresponds to the (forbidden) transition 

state for concerted cleavage. To the left of center, the O—O bond has lengthened 

and a diradical structure is expected to occur near the Zero Order surface crossings 
of S, and T, with So. This diradicaloid structure should resemble an alkoxy 

radical and as such should possess substantial spin-orbit coupling, thereby causing 

an avoiding of the Sy and T, surfaces near the diradicaloid geometry. To the 

right of center, the carbon-carbon bond begins to break, the odd electrons origi- 

nally localized on oxygen begin to delocalize into x and x* orbitals, and the 

magnitude of the spin-orbit coupling decreases. In addition, the fragments are 

beginning to move rapidly apart. Thus, the Zero Order crossings of Sp) and T, 

and of Sy and S$, which occur to the right of center of the surface diagram probably 

exist in a First-Order analysis also. 

If we now follow a representative point along the ground state surface, we see 

that it will climb in energy until it reaches the diradicaloid geometry. A “switch 

Figure 14.8 

Orbital basis for the unusual preference of 1,2-dioxetanes to cleave to triplet 
fragments. 
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of states” corresponding to a spin flip or jump to the triplet surface occurs and the 
point starts down the triplet surface. The point proceeds past the crossing of the 
triplet and So surfaces to T,(n, n*), and produces acetone triplets. 

In order to visualize in greater detail what is happening electronically when the 
representative point is near the diradicaloid structure, consider the lower portion 
of Figure 14.9 top, which shows schematically the diradicaloid structure, in which 
the O—O bond 1s severely stretched and the C—C bond is significantly weakened. 
Now contrast the electronic structure of this transition state (TS) with the elec- 
tronic structure of the products, an acetone ground state molecule and a n, 2* 
state. We see that in going from TS = n, x* state, electric charge must be moved 

zero oc 
surfqce 

crossings 

So avoiding Triplet formed 
(spin-orbit preferentially . 

rend) crossing 
(spin-orbit So 

weak) 

Figure 14.9 

Top: Zero Order surface correlation of the decomposition of TMD into acetone. 

Bottom: Working surface correlation for the decomposition of TMD into acetone. 
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from a region above and below the original molecular plane of the four-membered 

ring into a region in the original molecular plane (Figure 14.8). This movement 

of charge can be described in terms of an electronic transition from a p,-orbital 

(perpendicular to the molecular plane) into a p,-orbital (in the molecular plane). 

Furthermore, according to this picture, the “business end” of the major electronic 

change is localized on the left-hand oxygen atom. From the concepts discussed 

in Chapters 3 and 5 we expect that a p, > p, electronic transition would result 

in an enormous facilitation of the rate of spin flipping. Recall that the physical 

reason for this derives from the generation of a strong magnetic field and an 

electron jump from one orbital into another at right angles to the originally 

occupied orbital, i.c., when spin and orbital momentum can be coupled or ex- 

changed, spin selection rules break down and spin flips become allowed. This 

coupling of electron spin momentum with electron angular momentum is the key 

mechanism for singlet @ triplet process in organic molecules. 

In order to appreciate the effect of spin-orbital coupling we need only review 

the n, > z*, transition of ketones. This process is electronically analogous to the 

p,(m,) > p-(o*) transition shown in Figure 14.8. The inherent probability of 

absorption or emission from an n, * triplet is about 10° times greater than that 

from a z, 2* triplet. In the latter case no p, —> p, transition is possible. 

Furthermore, since the p,— p, transition is more or less localized on the 

oxygen atom, it is understandable that energy is concentrated on the carbonyl 

group, since this is exactly what happens when a carbonyl function undergoes a 

n—n* excitation or 2* +n relaxation. For example, from analysis of the n, 2* 

absorption and emission spectra of carbonyl compounds, it is concluded that 

electronic excitation is highly localized on the C=O function. Interestingly, the 

C—O bond length, the dipole moment, the shape of the ring carbon, and energy 

content of TMD are more similar to those of *A than to A. 

Thus, a model based on the ideas of molecular spectroscopy allows a rather 

interesting description and interpretation of the mechanism of thermolysis of 

TMD. This model combines the notion of the key electronic reorganization 

involved in the TMD > *4 + 4 process with spin-orbit coupling, which allows 

rationalization of the high yield of *A from TMD. This model also suggests 

significant coupling of the O—O bond breaking with the C—C bond breaking. 

Thus, should certain choreographical sequences of the molecule (which are most 

effective in inducing spin-orbital coupling) be inhibited, we expect the reaction 

rate as well as the efficiency and selectivity of the chemiexcitation step, to be: 

strongly affected. 

Thermolysis of Dewar Benzenes 

Dewar benzene (Eq. 14.4) undergoes a chemiluminescent electrocyclic rearrange- 

ment to benzene triplet. In contrast to TMD, this reaction possesses a very low 

chemiluminescence efficiency. What is the reason for the low efficiency of formation 

of T,? Examination of a wide range of Dewar benzenes indicates that energy 

insufficiency is probably not it.*’ A clue to the mechanism is provided by the 

observation that chlorinated Dewar benzenes show higher chemiexcitation 
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efficiencies than the parent compound.® This result implies that a heavy-atom 
effect on intersystem crossing may be operating, and that the low efficiency of 
Eq. 14.4 is due to the very weak spin-orbit coupling inherent in hydrocarbon 
systems. 

Consider Figure 14.10 which shows the archetype surface diagram for a forbid- 

den pericyclic reaction, modified to accommodate the state diagram of the Dewar 

benzene > benzene system.*® The representative point starts off on a “pure 
singlet” surface. Near the geometry of the transition state for the ground state 

electrocyclic ring opening, a “near” surface touching of the Sy and T, surfaces is 

expected. The touching is only weakly avoided because it involves states of different 

spin multiplicity and because hydrocarbons possess no good mechanism to mix 

or split singlet and triplet states. 

A qualitative argument shows why the molecule prefers to go “over the top” and 

then down to Sp, of benzene in preference to “sliding over” to T, of benzene. The 

time the representative point spends about r, (the “critical nuclear geometry” that 

corresponds to the “touching”) is on the order of the lifetime of a transition state, 

Le., ~ 10°! sec. If we consider the time of intersystem crossing of benzene (S,; > 

T,) as a rough guide to the time (1/k,,) it might take for intersystem crossing, a 

value of ~ 10” ’ sec is obtained. Thus, we see that only a small fraction of transition 

state structures near r, (about 1 in 10°) will undergo intersystem crossing to Tj, 

in agreement with the low experimental efficiency of Eq. 14.4. 

Thermolyses of Endo-Peroxides: Concerted Spin-Allowed 

Pericyclic Fragmentation 

The endo peroxides of naphthalenes*! and anthracenes’ generally undergo 

thermolysis to yield the parent aromatic compound and molecular oxygen. In 

Energy (kcal/mole) 

200+ 

aot : 
AS = 115 

aA ue 
major 

60 2° 
very weak 

ES 
Figure 14.10 

Schematic surface description of 

the Dewar benzene to benzene 

O rearrangement. 
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most case studies, chemical trapping experiments and chemiluminescence experi- 

ments indicate that 'O, is a primary product of the thermolysis (Eq. 14.5): 

Ph Ph 

Cle le eee Ce 
Ph Ph 

DAP 

For example, heating 9,10-diphenylanthracene peroxide (DAP) in the presence 

of tetramethyl ethylene results in formation of an allylic Bydioperanes. the 

product expected from 'O),.’ 
The heat of reaction of DAP > DPA + O,(°Z) may be estimated from the 

application of the principle of microscopic reversibility and the use of spectroscopic 

data and activation parameters. The reaction of O,('A) and DPA possesses an acti- 

vation energy of about 5 kcal/mole. From the spectroscopic value of 23 kcal/mole 

for the °& — 'A transition energy we can locate the transition state for the DPA + 

O,(1A) reaction at 5 + 23 = 28 kcal/mole above DPA + O,(°). The activation 
energy for DAP > DPA + O,('A) is 33 kcal/mole. If the addition and fragmenta- 

tion reactions are related by microscopic reversibility, they share a common 

transition state. Therefore, the energy of DAP (which is ~ 33 kcal mole below the 

transition state) must be 5 kcal/mole lower than that of O,(?2) + DPA (which is 

~ 28 kcal/mole below the common transition state). In effect the reaction DAP > 

DPA + O,(?2) is essentially thermoneutral. However, most of the activation 

energy for decomposition of DAP is stored in the primary product O,('A). 

The question arises as to the reason for the contrast between the selective 

formation of triplets when simple dioxetanes are decomposed thermally and the 

selective formation of singlets when endo peroxides are decomposed thermally. 

From a state correlation diagram based on the assumption of a plane of 

symmetry in the transition state, the lowest DPA + O,(?2) state is found to 

attempt to correlate with an excited triplet state of DAP (see Fig. 14.11). In First 

Order, avoiding will occur and the correlation will ultimately be with a lower 

triplet state of DAP. The DPA + O,('A) state, however, correlates directly to 

ground state DAP, ie., the DPA + O,('A) 2 DAP interconversion is an elec- . 

tronically allowed reaction. 

The correlation diagram for the addition of O, to 1,3-dienes provides the 

following qualitative information concerning the thermolysis of endo peroxides 

and addition of molecular oxygen to 1,3-dienes: 

1. O,(°2) is not expected to add to dienes because the interaction of this state 

with a ground state 1,3-diene correlates endothermically with a high energy 

triplet state of DAP. 

2. The reaction does not proceed via a diradicaloid intermediate so that there 

is no structure which favors spin-orbit coupling along the assumed reaction 

coordinate (i.e., an Ar—O—O structure does not occur), 
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3. O,(A) is expected (and found) to undergo [4 + 2] cycloaddition to 1,3-dienes 
with low activation energy, because a ground state diene and O,(!A) correlate 
directly to the endo peroxide product. 

4. The thermolysis of endo peroxides requires substantial activation unless the 

heat of reaction for endo peroxide > 1,3-diene + O,(*2) reaction is substantially 

exothermic (i.e., AH? > 23 kcal/mole), because AH? mainly represents the energy 

needed to climb the energy surface to form O,('A). 

5. Because of the poor spin-orbit coupling along the reaction coordinates, there 

is little chance for intersystem crossing in either direction. Therefore, for the 

assumed reaction coordinate, both addition and chemiluminescent fragmentation 

are highly efficient (i.e., “quenching” to DPA + O,(?) is not important). 

6. The addition-chemiluminescent fragmentation is a Diels-Alder analogue. 

In the same way that 1,2-dioxetanes may be viewed as a “shelf-stable” form of 

the n, z* states of carbonyl compounds, endo peroxides are a form of “stored” 

O,(‘A). The excited state is released from its “masked” state by simple heating. 

14.4 Applications of Chemiexcitation 

to Photochemical Problems 

The ability to use chemical energy to generate electronically excited states provides 

a means of studying “photochemical” processes without the need of an initiating 

photon absorption. One can think of such systems as “photochemistry in the 

TT ae 

S, = DPA + 0;('5) 
S, = DPA + 0,(.A) 

os if = DPA + 0,(°2) 

Ph Fin Ph 

og — = eo: a) Z 2 

Ph Ph Ph 

Figure 14.11 

State correlation diagram for decomposition of an endo peroxide. 
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dark.”*® There are several important practical differences between photochemical 

processes initiated by light and those initiated by chemical energy release: 

1. For systems excited by absorption of photons, the rate of generation of excited 

states depends on the extinction coefficient (¢) of various chromophores, and the 

selectivity (orbital, vibrational, and spin) of generation of excited states depends 

on the relative magnitudes of «. 

2. For systems excited by chemical reaction, the generation rate of excited states 

depends on the rate constants for the various steps leading up to the formation 

of the excited species, and the selectivity of generation of excited states depends 

on the bonds being made or broken during the chemiexcitation step. 

3. In chemiexcitation processes, the law of energy conservation exerts a con- 

trolling influence over the “efficiency” of excited state production. Only energy 

sufficient processes have an a priori high probability of proceeding with high 

efficiency. In excitation by light, the law of conservation of energy is met by 

adjusting the photon’s energy to match the energy gap required for an orbital 

jump. 

The differing methods for producing excited states may result in differing 

selection rules for excited state formation. The selection rules for photon absorp- 

tion are determined mainly by the interaction of the electric vector of a light 

wave with the higher-energy electrons of a molecule. The selection rules for 

chemiexcitation are determined by the surfaces traversed by the molecule as the 

nuclear geometry proceeds along the reaction coordinate, 1e., by the surface 

connection leading from the starting ground state to excited states of product. 

Furthermore, when a surface “jump” is required, the detailed pathway on the 

surface depends on the rate of movement of the nuclei through the array of nuclear 

configurations that correspond to the crossing region. Mixing mechanisms must 

be available to remove Zero Order crossings in this crucial region. 

For example, in 1,2-dioxetanes there is good spin-orbit coupling in the region 

of the surface crossing of S) and the triplet surface which leads to the 3(n, 2*) 

state of acetone. As a result, the selection rule for exciting a product state is that 

the spin-forbidden process is strongly favored. 

In endo peroxides, there is no good intersystem crossing mechanism along the 

reaction coordinate. A singlet product is therefore obligatory. 

A number of novel types of experiments can be performed by taking advantage 

of the special selection rules for chemiexcitation. Since chemiexcitation is insensi- 

tive to extinction coefficients, an electronically excited molecule may be produced 

under environmental conditions that would be impossible via photoexcitation, 

1.€., In a solution of a strong competitive absorber. “Photochemistry in the dark” 

may be utilized in a number of ways. Photoreactions may be initiated by direct 

formation of reactive excited states via chemiexcitation, or by indirect formation 

of reactive excited states via energy transfer from excited molecules produced by 

chemiexcitation. 
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For example, decomposition of 1,2-dioxetanes such as 3, 5, and 7 result in 
electronically excited carbonyl fragments, which then undergo their expected 

photochemical reactions: 

RO 2 \ O O ees 

A [1.2] Ph 49 = abel, 14.53 ei ae’ (14.53) 

Ph Ph Ph Ph 
3 4 

O26 7 
PhCH, | | —4., PhCH,CCH,Ph ——> PhCH,CH,Ph + CO 

CH,Ph 
5 6 (14.54)5° 

a xO) O 
Ass | 

© ee ee pes 

7 8 (14.55)5! 

Chemiexciation of carbonyl groups has been employed to study energy transfer 

processes. Because triplets are produced with high selectivity and since the acceptor 

extinction coefficient is not pertinent to chemiexcitation, an ideal situation Is set 

up for studying triplet-to-singlet energy transfer. 

Utilization of Chemiluminescence to Study Organic 

Reaction Mechanisms 

Because of the high sensitivity of devices that measure chemiluminescence, ex- 

ceedingly low concentrations of chemiluminescent intermediates can be detected. 

This feature allows the detection of chemiluminescent reaction intermediates, even 

in cases in which conventional methods of analysis fail to detect their presence. 

For example, the thermolysis of 3,3-dimethyl-bis-cyclopropenyl, 9, to xylenes 

has been shown to involve a Dewar benzene. Detection of the latter was possible 

via its chemiluminescence characteristics :°? 

VA A A ad ‘ F ms 

| a | oe SS | + Chemiluminescence 

SX 

) 
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The thermal fragmentation of the polycyclic azo compound, 10, also involves 

an initial loss of nitrogen to form Dewar benzenes. The latter are unstable under 

the reaction conditions and undergo chemiluminescent ring openings:>° 

Dn — wD = ic + Chemiluminescence (14.57) 
7 2 

\N 
10 

14.5 Adiabatic Photoreactions: Examples 

of Chemiluminescent Photoreactions 

Most photoreactions do not produce primary products in an electronically excited 

state. The adiabatic passage of an electronically excited reactant R* to an electron- 

ically excited product P* is termed an adiabatic photoreaction (Fig. 14.12). Since 

P* possesses the potential of light emission, such reactions can also be termed 

chemiluminescent photoreactions.°* Such processes are well known. For instance, 

the formation and dissociation of excimers and exciplexes are examples of reversible 

adiabatic photoreactions:°* 

i + Mei M (14.58) 

ADIABATIC PHOTOCHEMISTRY hv! —=* —= hy 

NON-ADIABATIC PHOTOCHEMISTRY hy —=—* —e AG 

CHEMILUMINESCENCE AG —= * — hy 

Figure 14.12 

Schematic surface description of an adiabatic photoreaction. 
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The reversible loss and addition of protons to electronically excited bases is 
another commonly encountered adiabatic photoreaction:°* 

A—H* 2*A~ + Ht (14.59) 

Less commonly encountered are examples of adiabatic photoreactions which 

involve substantial bond-making or nuclear reorganizations. Two classes of 
chemiluminescent photoreactions have been found to have a fairly general scope: 

1. Photoinitiated electrocyclic ring openings. 

2. Photoinitiated pericyclic fragmentations. 

Both naphthvalene, 11°°, and Dewar naphthalene, 12°°, undergo adiabatic 

photo-ring opening to electronically excited naphthalene: 

Photolysis of 1,2-dioxetanes results in the formation of electronically excited 
ketone products.°° Triplet sensitization also effects the decomposition of 1,2- 

dioxetanes and formation of triplet ketone products.°’ From the surface diagram 

(see Fig. 14.9) for decomposition of 1,2-dioxetanes, these results may be interpreted 

as follows. Direct photoexcitation of dioxetanes causes rapid cleavage of the 0O—0 

bond. The molecule then proceeds along the excited surface to produce elec- 

tronically excited products (Eq. 14.61). The high yields of electronically excited 

fragments may reflect a “dynamic” effect in which the nuclei are moving so fast 

that they are carried rapidly through the geometries at which surface crossings 

occur. 

ok 

12 11 Nephthvalene 

OS) “O) O 

mili ee ee (14.61) 

14.6 ‘‘Red Light to Blue Light’ Experiments 

and ‘Uphill’? Photosensitization 

Direct photoexcitation or photosensitization of dioxetanes produces electronically 

excited ketone products.°*°’ In some respects, these two methods are related to 

biphotonic processes, since direct photoexcitation involves the collision of a 

dioxetane (a pseudo-excited state) with a photon, and photosensitization involves 

the collision of a dioxetane with an electronically excited molecule. A biphotonic 

process possesses an unusual energetic feature in that the total energy available in 

a biphotonic interaction can be considerably greater than that of an originally 
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absorbed photon. This means that absorbed red light can produce emitted blue 
light in the sense that electronically excited products emit “to the blue” of the 

energy of absorbed photons. This also means that “uphill” photosensitization is 

possible in the sense that a low-energy sensitizer may be capable of sensitizing the 

formation of a high-energy carbonyl fragment. Let S be a low-energy sensitizer 

and A be the carbonyl fragment produced by decomposition of a dioxetane, D. 

The following process represents the key steps in an “uphill” sensitization: 

S + hy > S* (14.62) 

S*+D—>S+A*+A (14.63) 

If the triplet energy of S, E3(S) < 78 kcal/mole (the approximate energy of *A), 

then Eq. 14.63 represents an uphill photosensitization, since more energy is avail- 

able from *A than from the absorbed photon. What is the lowest energy of S* 

which could effect eq. 14.63 efficiently? As long as E3(S) plus the reaction enthalpy 

and activation enthalpy is greater than E,(A), reaction 14.63 is exothermic ie., 

in principle, it can proceed with negligible activation energy. Since the reac- 

tion enthalpy plus available thermal energy at room temperature is 70 kcal/ 

mole for Eq. 14.63, we conclude that E3(S) can be as low as 10 kcal/mole and still 

efficiently effect the reaction. This is a rather remarkable possibility since 10 kcal/ 

mole corresponds to light of wavelength equal to 2600 nm (3850 cm ')(ie., infrared 
light). Since A* emission occurs 1n the 400-450 nm region, this hypothetical process 

would correspond to an uphill photosensitization in which infrared light is trans- 

formed into blue light. 

A rather convincing experimental verification of the notion of an uphill photo- 

sensitization is demonstrated by a thioketone (E3 = 40 kcal/mole) photosensitized 

decomposition of valerophenone (£3 = 74 kcal/mole) in the presence of tetra- 

methyl-1,2-dioxetane (TMD).° 

qT, 80 S, 23 ____ S, fo 

74 ae 2 __ Ty 

ne 
TYPE I 
REACTION So =. 56 S, 

| 52 
| Cr 
| 

| } 
| | 

| So | ENERGY | 

fe) H Orde Seas) seer S 

pe ee 
Figure 14.13 

Energy diagram for “‘uphill’’ sensitization reaction assisted by tetramethyl-1,2- 

dioxetane. 
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Figure 14.13 will serve to guide our thinking in the microscopic interpretation 
of this unusual observation. Experimentally, one can selectively photoexcite a thio- 
ketone in the presence of a large excess of valerophenone. However, no sensitized 
decomposition of valerophenone is observed under these conditions because the 
energy transfer from thioketone (J) to valerophenone (V) is endothermic by nearly 
20 kcal/mole, which is too large an amount of thermal energy to be picked up 
during the lifetime of the sensitizer. However, with TMD as a relay, photosensitiza- 
tion of valerophenone photochemistry is readily and efficiently achieved. Demon- 
stration of this effect was possible by using Type II reaction of valerophenone as 

a probe for electronically excited molecules. This reaction is known to proceed 

exclusively via the valerophenone triplet, which possesses an energy content of 

about 74 kcal/mole in excess of its ground state. These results mean that an excited 

state of the thioketone has sensitized formation of excited acetone which in turn 

transfers its excitation to valerophenone which rapidly cleaves in a Type I process 
(Fig. 14.13). 

Thus, a molecule of high energy content may be used as an excited state equivalent 

in a sensitization relay which eventuates in generation of an electronically excited 

state whose energy is well to the blue of an initially absorbed photon. In effect, we 

are dealing with a “two-quantum” process in which one of the quanta is masked 

in the chemical energy of the dioxetane. Acetone is an effective sensitizer in many 

photochemical and photobiological systems. It is of special interest to organic 

chemists and to biochemists since it can generate excited acetone molecules 

employing long-wavelength excitation and very mild conditions. 

14.7 Interplay of Organic Photochemistry and 

Chemiluminescent Organic Reactions 

The material discussed in this chapter shows how organic photochemistry and 

chemiluminescent organic reactions may be tied together conceptually via the 

use of energy surfaces. The theories of radiative and radiationless processes, of 

critical geometries for jumps between energy surfaces, electronic energy transfer, 

and spin-orbit coupling are of central importance for both photochemical and 

chemiluminescent reactions. Knowledge of one discipline can be profitably 

employed to understand and design experiments in the other discipline. 
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Epilogue 

It is hoped that this text will meet its goal of providing a unifying intellectual basis 

for understanding the processes involved in the photochemistry of organic 

molecules. The author has attempted to break down systems to be analyzed into 

their components (the qualitative kinds of structures), their compositions (the 

number of each kind of structure), their constitution (the connections between 

structures), and their configurations (the “shape” of a structure). The idea of molec- 

ular structure and energy surfaces provides a very general and powerful means of 

tracking a molecule during reactions, monitoring the reaction energetics, and re- 

vealing reaction pathways and critical geometries for surface jumps. The dynamics 

of photochemical processes can be understood by further decomposing molecular 

structure into its electronic, vibrational, and spin components. The latter serve as 

a basis to generate molecular states,'to evaluate orbital interactions, and to con- 

struct state diagrams. Molecular dynamics or the time dependence of interchange 

of molecular structure can be readily visualized in terms of state diagrams which 

are used to examine prototype photochemical reactions from n, x* and 1, ee 

states. The very useful notion of Z and D intermediates provides a broad and power- 

ful basis for analyzing photochemical reactions of organic molecules. The number 

and kinds of fundamentally different photoreactions are few and readily inter- 

related. . 

The text was written with the intention of putting forth very broad and general 

principles of chemistry and scientific thinking and reinforcing these principles 

with numerous examples and useful tabulations of data. These general principles, 

which are termed topological ideas, provide a qualitative framework which reveals 

all of the important connectivity relationships between the components of the 

system under study. It is hoped that the student was able to absorb the broader 

aspects of the material in addition to the more factual material. 

In conclusion, it has been my goal to make an impact on the teaching of organic 

photochemistry by giving students a stimulating, coherent view of molecular 

processes in terms of readily visualizable structural, energetic, and dynamic 

concepts. The following quotation (made in response to the proposal that it 1s 

unimportant and/or impossible to provide an intuitive or pictorial context for 

the basic concepts of quantum mechanics) epitomizes my attitude and attempts 

to interpret molecular photochemistry in a manner that is both exciting and 

concrete: 

“1 am certain that the human mind would not be fully satisfied with a universe 

in which all phenomena were governed by mathematical processes that are 

perfectly coherent but completely abstract and impossible to visualize. Are 

we not then in a wonderland? When deprived of all possibility of intellectual- 

ization—that is, of interpreting geometrically a given process—the human 

brain will seek to create, even in the face of conspicuous deficiencies, through 

appropriate interpretation, an intuitive rationalization of the process. The 

alternative is submergence into a resigned incomprehension, which repetition 

will transform to apathetic acceptance.” . 

The author invites comments and criticism from readers as to the effectiveness 

of the approach espoused in the text. 



index 

Absorption 
anthracene in solution, 94 

aromatic ketones, 94 

benzophenone, 102 
charge transfer, 136-137 

hydrindanone, 102 

light, 82-84 
hydrogen atom, 82 

hydrogen molecule positive 

ion, 84 

measurement, 103-116 

producing electronically 
excited states, | 

orbital energy level descrip- 

tion, 3 

SoS, 105-109 
So-T, 121-130 

perturbation, 124-28 
So—T), internal “heavy atom 

effect.) 125 
singlet-singlet, 4 

polycyclic azoalkane, 122 
singlet-triplet, 5 

polycyclic azoalkane, 122 

spectroscopic quantities, 91 
from triplet sublevels, 123 

Absorption complexes, 135-146 
Absorption spectra 

4-aminobenzophenone, 382 
benzophenone in ethanol and 

cyclohexane, 108 
definition, 8 
enol ethers, 136 

Franck-Condon principle, 93 
“heavy atom effect,” 126 

trans-B-hydrindanone in iso- 

octane, 108 

measurement, 103-105 

organic chromophores, 77 
organic molecules, 76 

experimental, 77-78 

shape, 91-96 
spectral overlap integral, 299 
tetracyanoethylene, 136 

triplet-triplet 
acetophenones, 381 
naphthalene, 131 

Acetonaphthone — phosphores- 
cence, 102 

Acetone 

absorption intensity, 107 

addition to cis-dicyanoethyl- 
ene, 445 

a-cleavage 

orbital correlation 
grams, 226 

pathways, 225 
singlets 

addition to DCE, 251 
cycloaddition, 250 

Acetophenone 

emission, 102 
triplet-triplet 

spectra, 381 
Activation energies, rate con- 

stants, frequency factors, 
temperature and, 236 

Activation parameters, hydro- 
gen abstraction reactions 
of ketones, 237 

Adiabatic approximation, 155 

Adiabatic photoreactions, 73- 

74, 608-609 
Alkenes 

cycloaddition 
437-442 

intermolecular [2 + 2] cyclo- 

addition reactions, 419- 
421 

intramolecular cycloaddition 

reactrons, 425-432 

photoreactions, 419 

dia- 

absorption 

to ketones, 

sigmatropic rearrangements, 
485-487 

state-energy diagram, 291 
Alkoxy radicals, homolytic a- 

cleavage reactions, 528- 

539 
Alkyl aryl ketones, a-cleavage 

products, 532-534 

Amides, a-cleavage reactions, 
540-542 

4-Aminobenzophenone absorp- 
tion and emission spec- 
tra, 382 

Anharmonic oscillator, 61-62 

Antarafacial bonding in cyclo- 
addition reactions, 416- 

417 

Anthracene 

in solution, absorption, and 

emission, 94 

transitions, 112 

Anthracene-diethy! aniline sys- 
tem, exciplex and mono- 
mer emission, 143 

Aromatic compounds, 141-143 
cycloaddition reactions, exci- 

plex intermediates, 454— 
456 

cyclodimerization, 456-458 
Aromatic heterocycles, 

rearrangements, 511 

Aromatic hydrocarbons 

energetics and dynamics, 292 
State-energy diagram, 291- 

292 

Aromatic ketones, absorption, 

94 

Aromatic substitution reac- 

tions, 404-408 

photonucleophilic 
mechanisms, 406-408 



orientation rules, 405-406 

Aryl phenyl ketones, quantum 
yields and reactivity con- 
stants, 388 

Atomic orbitals, 20-21 

first order state-energy dia- 
gram, 32 

linear combination, 21 

Azides 
photochemistry, 551-552 
photoelimination of nitrogen, 

550-557 
photolysis, mechanisms and 

reactions, 552-557 

Azirines, ring-opening reac- 
tions, 561-562 

Azo alkanes 
cyclic, nitrogen elimination, 

544-547 
photochemical parameters, 

549 
Azo compounds 

nitrogen photoextrusion, 
$47-550 

photoelimination reactions, 

544-550 
Azulene, S2—So fluorescence, 

147 
Azulene anomaly, 148 

Barton reaction, 568-571 

Beer’s law, 130, 140 

Benzene valence isomers, 499- 

503 
Benzenes 

cycloadditions, 452-458 

Dewar 

interconversions, 503 

thermolysis, 602-603 

oxygen perturbation of So~T 
absorption spectrum, 
124 

photovalence isomerization 
reactions, 499-503 

Benzene fluorescence, 
113 

Benzophenone 
absorption, 102 
absorption spectra in ethanol 

and cyclohexane, 108 
emission spectrum in Freon 

113 solvent, 116 

fluorescence, state-energy 
diagram, 146 

t-butyl 

phosphorescence emission 
spectrum, 127 

phosphorescence excitation 

spectrum, 127 
photoreduction to benzpin- 

acol, 262 

state-energy diagram, 179 
transitions, 106, 107 

Benzophenone-coumarin sys- 

tem state-energy dia- 
gram, 463 

1-benzoyl-4-(a-naphthyl)-bicy- 
clo-[2.2.2] octane, phos- 
phorescence spectra, 336 

Benzpinacol, benzophenone 
photoreduction, 262 

Biacetyl emission in de-aerated 
hexane solution, 117 

Bimolecular reactions, 11 

quenching, 263 
Bis-steroid, testing distance de- 

pendence of Coulombic 
energy transfer, 326 

Bohr’s correspondence princi- 
ple, 60 

Bond strengths, 164 

Bond types, common, 164 

Bonds 
mw, twisting and _ breaking, 

217-219 
g, stretching and breaking, 

215-216 
stretching and bending, 171 
strong, vibrational spacings, 

57 
weak, vibrational spacings, 

Si 
Born-Oppenheimer approxima- 

tion, 17-19, 155 

radiationless transitions, 158 

7-anti-Bromonaphthonorborn- 
ene emission spectrum, 
1S 

Bromoperylene fluorescence, 

112 
Butadiene 

formation from cyclobutene, 

210 
stereoisomeric forms, 425 

| ,3-Butadiene 

electrocyclic ring opening of 
cyclobutene, orbitals, 

and states, 211-214 

orbital interactions of cyclo- 
butene formation, 204 

Butyrophenone, type II reac- 
tion of triplet, 248 

Carbenes, 551-552 

Carbonyl compounds 
cycloaddition with electron 

poor substrates, oxetane 
formation, 442-445 

cycloaddition with electron 
rich substrates, oxetane 

formation, 437-442 

Index 617 

energetics and dynamics, 290 

intersystem crossing rates, 
168 

photoreduction, 363-364 

(2 + 2] cycloaddition reac- 

tions, 432-452 

unsaturated 

sigmatropic shifts, 539-540 

mechanisms, 542-544 

Carbonyl derivatives, hydrogen 

and electron abstraction, 

393-395 
Charge transfer absorption, 

136-137 
Cheleotropic fragmentation, 

562-563 
Cheleotropic reactions, 209 
Chemical dynamics as transi- 

tions between states, 38 

Chemically induced dynamic 
nuclear polarization; see 
CIDNP 

Chemiexcitation, 605-607 

definition, 2 

mechanisms, 599-602 

Chemiluminescence, organic re- 

action mechanisms and, 

607-608 
Chemiluminescent reactions, 

579-611 
classification, 580-583 
cyclic peroxides, 594-597 
1,2-dioxetane thermolysis, 

599-602 
molecular oxygen, 583 
photoreactions, 579-583 

1-Chloronaphthalene 
emission spectrum, 116 
heavy atom perturbation of 

So7T; absorption, 125 

state-energy diagram, 178 

Chromophores 
conjugated, excitation trans- 

fer between, 340-343 

definition, 77 

organic, long-wavelength ab- 

sorption bands, 77 

size, 6 

CIDNP, 273 
detecting diradicals, 284-288 
detecting radical pairs, 273- 

288 
Kaptein’s rules, 283-284 
radical-pair theory, 275-276 

CIDNP NMR, polarized NMR 

and, 282 
CIDNP spectra, irradiated cy- 

cloheptanone, 287 

Cleavage reactions 

classification, 526-527 



618 Index 

reactions resulting, 527-528 

small ring, 557-567 

a-Cleavage reactions 

acetones 

orbital correlation dia- 

grams, 226 

pathways, 225 
alkyl aryl ketones, products, 

532-534 
amides, 540-542 

dialkyl ketones, 

532-534 
esters, 540-542 
first order correlation dia- 

gram, 227 
halides, 568-571 
homolytic 

cyclopropyl, 557-559 
epoxyketones, 557-559 

ketones, 528-539 
ketones, state correlation dia- 

grams, 224-228 
nitrites, 568-571 
peroxides, 568-571 
quantum yields and rate con- 

stants, 531 

sigmatropic rearrangements 
of unsaturated ketones, 

539-544 
Zero Order state correlation 

diagrams, 224-228 
p-cleavage reactions, zwitter- 

ionic, 559-560 

Collisions, influencing motion 
of representative point 
on potential energy sur- 
faces, 63-64 

Coulombic energy transfer, 297, 

300 
bis-steroid distance depend- 

ence testing, 326 

Forster theory, 302-303 

Coulombic interactions, 301- 

305 
Cyanoethylenes, cycloaddition 

of ketones, 442-446 

Cycloaddition reactions, 
228, 414-467 

acetone singlets, 250 

aromatic compounds, exci- 
plex intermediates, 454- 
456 

benzene, 452-458 

classification, 414-417 

concerted, selection rules, 

416-417 

conjugated enones, 458-465 
conjugated polyenes, 422 
cyclic enones, 459-460 
cyclic enones to ethylenes, 

460-464 

products, 

209, 

to 1,3-dienes, 449-451 
diradicals, 417-432 
exciplexes, 417-432 

intermolecular [2 + 2] of 
alkenes and polyenes, 

419-421 
intramolecular 

alkenes and polyenes, 425- 

432 
conjugated hydrocarbons, 

505-508 
electrocyclic reactions and, 

508-519 
examples, 507-508 

mechanisms, 507 

ketones to ethylenes, orbital 

interactions and correla- 
tion diagrams, 434-437 

photoreduction competition, 
452 

photosensitized intermolecu- 
lar, dienes, 422 

reactive intermediates, 417- 
432 

stereospecificity, 416-417 
suprafacial and antarafacial 

bonding, 416-417 

Die 
carbonyl compounds, 432- 

452 
enones, synthetic applica- 

tions, 464-465 

unsaturated nitrogen com- 
pounds and thioketones, 
465-467 

zwitterions, 417-432 

Cycloalkenes, cis-trans isomer- 

ization, 480-481 

Cyclobutane products, varia- 
tion of % as function of 
sensitizer triplet energy, 
424 

Cyclobutanones 
reactions, 535-536 

Salem correlation diagrams, 
536-539 

Cyclobutene to butadiene, 210 

Cyclobutene to 1,3-butadiene 
orbital interactions, 204 
orbitals and states for elec- 

trocyclic ring opening, 
211-214 

Cyclodimerization 
aromatic compounds, 456- 

458 
photosensitized, |,3-dienes, 

422-425 
Cycloeliminations, 228 

Cycloheptanone, irradiated, 
CIDNP spectra, 287 

2,4-Cyclohexadienones 

photorearrangements, 512- 
513 

reaction types, 513 

yc Ohexane solvents, photore- 
se auction eMicieneres, 387 

Cyclopropyl, homolytic” a- 
cleavage, 557-559 

Deuterium isotope effects 
quantum yields and quench- 

ing constants, 385 

T—So intersystem crossing, 
189-190 

Deuterium isotope test for in- 
ternal conversion, 184 

Dewar benzene 

interconversion conversion, 

503 ’ 
thermolysis, 602-603 

Di-7-methane rearrangement, 

hydrocarbons, 487-493 
structure-efficiency rules, 487 

Diabatic photoreactions, 73-74 
Dialkyl ketones, a-cleavage 

products, 532-534 
Diaza [2.2.2] bicyclooctane flu- 

orescence, 112 

Diazocompounds 

photochemistry, 551-552 
photoelimination of nitrogen, 

550-557 
photolysis mechanisms and 

reactions, 552-557 
cis-Dicyanoethylene, acetone 

addition, 445 

trans-Dicyanoethylene, ace- 

tone-triplet sensitized 

cis-trans isomerization, 
445 

Dienes, photosensitized inter- 
molecular cycloaddi- 
tions, 422 

1,3-Dienes 

cycloaddition, 449-451 
photosensitized cyclodimeri- 

zation, 422-425 
Dienones 

sigmatropic isomerization, 
513-519 

state-energy diagram, 292- 
293 

1,4-Dimethylbenzene, transi- 
tions, 106 

1,2-Dioxetanes 

chemiluminescence, 594-605 
chemiluminescent thermoly- 

sis, 599-602 
thermolysis, 597-599 
triplet cleavage, 600 

9,10-Diphenyl-anthracene fluo- 

rescence, 112 



A 
j 

BA 

Dipole moments os 4 
electric field induction, 81 

excited and ground states of 
organic molecules, 133 

excited state structures, 132- 

135 
transition, polarizability, 81- 

82 
Dipoles, oscillating electric, 

electromagnetic waves 
and, 78-84 

Diradical intermediates, state 

correlation diagrams, 

215-219 
Diradicaloid geometries, 200 
Diradicals, 216, 219-224 

CIDNP detection, 284-288 
cycloaddition reactions, 417- 

432 

magnetic resonance detec- 

tion, 266-273 
mechanistic reaction analysis, 

264-265 
reactions, 264-265 

1,4-diradicals in type II reac- 
tions, 390-392 

Efficiency laws, 243-245 
Electric fields, inducing dipole 

moments, 81 

Electrocyclic reactions, 493-505 

concerted 
orbital symmetry rules for 

allowed, 495 

selection rules for stereo- 
specificity, 493-495 

examples, 494 

HO and LU symmetry, 494 

intramolecular cycloaddi- 

tions and, of hetero- 

atomic conjugated sys- 

tems, 508-519 

polyenes, 495-499 

state correlation diagrams, 

209-214 
stilbenes, 503-505 

Electrocyclic rearrangements, 

228 
Electromagnetic waves, oscil- 

lating electric dipoles 

and, 78-84 
Electron abstraction 

carbonyl derivatives, 393-395 

hydrogen abstraction compe- 
tition, 383-385 

ketones, 367-368 
unsaturated nitrogen com- 

pounds, 393-395 
Electron affinities, photoelec- 

tron spectroscopy and, 

35-36 

Electron exchange energy trans- 

fer, 305-309 
Electron exchange integral, 279 

Electron-nuclear spin flip, 280 
Electron spin 

interactions, 268 
nuclear spin, 269-270 

vectoral model, 24-26 

Electron spin spectroscopy; see 

ESR 
Electronic configurations 

electronic states, 23-24 
equilibrium, 57 
ground state, 21-22 

Zero-Order, 20-21 

Electronic deexcitation, 3-4 

Electronic energy 
nuclear motion effects, 43-45 

singlet and triplet state dif- 
ferences, 28-32 

Electronic excitation, 3-4 

Electronic relaxation, radia- 

tionless transitions, 153 

Electronic states, 20-21 

electronic configurations, 23- 
24 ; 

Electronic structure, nuclear 

motion effects, 43-45 

Electronic symmetry, 206-207 
Electronic tautomerism, 157- 

158 

Electronically excited states 
definition, | 
experimental tests for in- 

volvement, 256-260 
formation, 2 

nuclear geometry, 11-12 

Emission 
acetophenone, 102 
anthracene in solution, 94 

biacetyl in de-aerated hexane 

solution, 117 

efficiency, 112-113 

excimer 
pyrene, 141, 142 

surface interpretation, 139 

exciplex, 143-145 

anthracene-diethyl aniline 

system, 143 

ketones, 112 
light, 82-84 

measurement, 103-116 

monomer 
anthracene-diethyl aniline 

system, 143 

pyrene, 142 
orbital energy level descrip- 

tion, 3 
singlet-singlet; see Fluores- 

cence 
spectroscopic quantities, 91 

Index 619 

triplet parameters, 121 
triplet-singlet; see Phosphor- 

escence 
triplet sublevels, 123 

upper excited singlets and 

triplets, 148 

Emission spectra 
4-aminobenzophenone, 382 

benzophenone in Freon 113 
solvent, 116 

7-anti-bromonaphthonor- 
bornene, 115 

l-chloronaphthalene, 116 

definition, 8 
Franck-Condon principle, 

93-96 
measurement, 103-105 

naphthonorbornene, 115 

organic molecules, 76 

experimental, 77-78 

shape, 91-96 

spectral overlap integral, 299 
state energy determination, 

114 
trans-B-hydrindanone in iso- 

octane, 108 

Endo-peroxides 
chemiluminescence, 594-605 

decomposition, state correla- 

tion diagram, 605 

thermolysis, 603-605 

Energy of activation, 10 
Energy barriers, 199-200 

state correlation imposed, 
200 

Energy conversion, 8 
Energy degradation, energy- 

surface description, 296- 
298 

Energy gap law for internal 
conversion, 183 

singlet-triplet, 186 

Energy hopping, 354-358 
Energy migration, 354-358 

triplet-triplet, 357-358 

Energy sink, 39-40 
energy sources, 55-56 

Energy-surface descriptions 

definition, 12-14 

energy transfer and energy 

degradation, 296-298 

Energy surfaces 
matching, radiationless tran- 

sitions between, 172-174 

near critical nuclear geomet- 

ries, 158-160 

radiationless transitions as 
jumps between, 154-155 

as reaction graphs, 230-231 
S; and 7; minima, molecular 

structure and, 200-201 



620 Index 

Energy transfer, 296-358 
in absence of diffusion, 317- 

319 
collision mechanism, 305-309 

collisional, 296 

Coulombic, 297, 300 

bis-steroid testing distance 
dependence, 326 

Forster theory, 302-303 

325 
steroids testing depend- 

ence 9329 
donor and acceptor separa- 

tion, 303-305, 325-328 
overlap, 304 

efficiency, 303-305 

electron exchange, 305-309 
energetics, 309-311 

energy hopping, 354-358 
energy migration, 354-358 

vs. molecular diffusion, 

356 
energy-surface description, 

296-298 
exchange mechanism, 300 

distance dependence, 320 
excitation, between conju- 

gated chromophores, 

340-343 
exothermic, 331-332 

at less than diffusional rate, 
333 

in fluid solution, molecular 

diffusion, 311-316 
distance-time_ relation- 

ships, 316-317 
intramolecular, 4-phenylben- 

zophenone, 341 

multiphoton, 343-344 
nonvertical, 346-348 
orbital description, 307 
overlap mechanism, 305-309 
oxetane formation competi- 

tion, 449-45] 
Perrin formulation, 317-319 

radiationless, 299-301 
radiative, 298-299 

rates and efficiencies, theo- 
retical distance depend- 
encies, 319-321 

reversible, 349-351 
singlet-singlet, 321-328 

oligomers testing distance 
dependence, 327 

singlet-triplet, 339-340 
spectral overlap integral, 

298-299, 325-328 
transmitter-antenna mechan- 

ism, 301-305 
triplet-singlet in fluid solu- 

tion, 338-339 
triplet-triplet, 328-338 

experimental examples, 
332 

in fluid solution, 331, 333- 

334 
intramolecular, 335-338 

phenanthrene to naphtha- 

lene, 345 

in rigid solution, 334-335 
from upper excited states, 

344-346 
Enol ethers 

absorption spectra, 136 
cycloaddition of ketones, 

437-442 
Enones 

conjugated 
cycloaddition 

458-465 
state-energy diagram, 292- 

293 
cyclic 

cycloaddition, 459-460 
to ethylenes, 460-464 

sigmatropic isomerization, 
513-519 

cyclic conjugated, addition 
reactions, 401-402 

[2 + 2] cycloadditions 
synthetic applications, 

464-465 
to ethylenes, 456 

unsaturated, sigmatropic iso- 
merizations, 519 

reactions, 

Epoxyketones, homolytic a- 
cleavage, 557-559 

ESR 
monoradicals and _ triplets, 

266-267 
single electron system, 267- 

269 
ESR parameters, time-and-dis- 

tance scale derivation, 
271-273 

ESR spectra 

(CH3)2COH radical, 271 
free radicals and triplet 

states, 270-271 
Esters, a-cleavage reactions, 

540-542 
Ethylenes 

acyclic, addition reactions, 
395-404 

cis-trans isomerization, 475- 
476 

cyclic, addition reactions, 
397, 398-401 

cycloaddition 
cyclic enones, 460-464 

ketones, orbital interac- 

tions and correlation 

diagrams, 434-437 

fluorescence, 112 

lowest excited states, 22 

n,7* addition, orbital inter- 
actions, 434 

n,7* state interactions, 433 

nuclear geometry, 12 
photoreduction, 363-364 
quenching n,7* states of ke- 

tones, 437 

radiative transitions, 119 
singlet and triplet energies, 

292 
[2 + 2] cycloaddition of 

enones, 459 

Excimer emission 

pyrene, 141, 142 

surface interpretation, 139 
Excimers, 135 

aromatic compounds, 141- 

143 

exciplexes and, 137-141 

intramolecular, 145-146 

triplet, 145 

pyrene, 141-143 
Exciplex emission, 143-145 

anthracene-diethyl! aniline 
system, 143 

Exciplexes, 135-146 

cycloaddition reactions, 417- 
432 ; 

excimers and, 137-141 
exciplex emission, 143-145 
as intermediates in cycload- 

| : dition reactions of aro- 

| matic compounds, 454—- 
456 

intramolecular, 145-146 

oxetane formation, 448-449 

pyrene-dimethylaniline, 144 

Excitation energies, photoelec- 

tron spectroscopy, 35-36 
Excitation spectra, 103-105 

Excited-state configurations 
mixing and switching, 375- 

Sift 
reactivity, 375 

Excited-state dynamics, photo- 
reactions measuring, 
288-290 

Excited-state energetics, photo- 
reactions measuring, 
288-290 

Excited-state structures, dipole 
moments, 132-135 

Excited states, upper, energy 

transfer, 344-346 
Excitons, 355-357 



Exothermic energy transfer, 
331-332 

at less than diffusional rate, 

333 
Experimental denial, 235 

First Order approximation, 19 

Flash spectroscopy, 130-131 
Fluorescence, 65, 111-113 

allowed $\—So, quantum 

yields, 109-110 

benzophenone,  state-energy 
diagram, 146 

definition, 5 

delayed, 146-148 

longest lifetimes, 6 

norcamphor, quenching, 446 
organic molecules, quantum 

yields, 181 

quenching processes deter- 
mining, 112 

Si—So, 105-109 
S2-So of azulene, 147 

Fluorescence parameters, mole- 

cular structure and, 114 

Fluorescence quantum yields, 

experimental examples, 

110-114 
Formaldehyde 

coplanar hydrogen abstrac- 

tion, orbital correlation 

diagram, 221] 
energy dissipation, 175 
lowest excited states, 22 

nuclear geometry, 12 
photoelectron spectrum, 35 
radiative transition absorp- 

tion, 119 

state-energy diagram, 30 

states, 24 
symmetry plane, 207 

Forster theory of Coulombic 
energy transfer, 302-303 

Franck-Condon overlap inte- 

gral, 69 

Franck-Condon principle, 45- 
46 

absorption spectra, 93 
emission spectra, 93-96 

quantum mechanical inter- 

pretation, 69 
radiationless transitions, 70- 

72, 160, 174 
radiative transitions, 65-70 

“Free rotor” effects, 170-172 
Frequency factors, rate con- 

stants, activation ener- 

gies, temperature and, 
236 

Friction; see also Energy sink 

movement of classical par- 

ticle on potential-energy 
surface and, 55-56 

Glasses, 110 

Ground-state configurations, 
21-22 

Ground-state reactions, 73-74 

Ground states, molecular oxy- 

gen, 583-593 

Halides, a-cleavage reactions, 

568-571 
Hamiltonian operator, 18 

Harmonic oscillator 

quantum mechanical, 56-62 
vibrational wave functions, 

59-61 
Heavy atom effect 

absorption spectra, 126 / 
So-T7\ absorption, 125 
transitions, 192 ; 

Heteroatomic conjugated sys- 

tems, electrocyclic reac- 

tions and intramolecular 
cycloadditions, 508-519 

HO-LU concept, photoelectron 

spectroscopy, 35-36 

orbital interactions, 202-204 
Hooke’s law, 58 

Huckel theory, 19 
Hydrindanone absorption, 102 

trans-B-Hydrindanone in iso- 
octane, absorption and 

emission spectra, 108 

Hydrocarbons 

conjugated, intramolecular 

cycloadditions, 505-508 
di-7-methane rearrangement, 

487-493 
structure-efficiency rules, 

487 
nonaromatic phosphores- 

cence, 128-129 
Hydrogen abstraction 

carbonyl] derivatives, 393-395 

coplanar 

First Order correlation dia- 

gram, 223 

formaldehyde, orbital cor- 
relation diagram, 221 

surface correlation dia- 

gram, 367 
electron abstraction competi- 

tion, 383-385 
energetics, 366 
intramolecular, 386-392; see 

also Type II reactions 
protonation reactions and, 

402-404 

Index 621 

ketones, 367-368 

rate constants and activa- 
tion parameters, 237 

from n,7* and 7,7* states, 
364-367 

photochemical, 219-221 
state correlation diagram, 

222-224 
substrate structure and reac- 

tivity, 374-375 
synthetic applications, 368- 

8/2 
unsaturated nitrogen com- 

pounds, 393-395 
Hydrogen atom light absorp- 

tion, 82 
Hydrogen molecule positive ion 

light absorption, 84 
Hyperfine coupling, 269-270 

radical pair, nuclear spin po- 
larization via, 278-282 

Ionization potential, 34 
Internal conversion, 65 

definition, 5 

deuterium isotope test, 184 
energy gap law, 183 
molecular structure and, 181- 

182 

radiationless transitions, 

180-185 

— S$, 184-185 

between S>) and S, and S; and 

So, 173 

Intersystem crossing, 65 

allowed and forbidden, 166, 

167 
carbonyl compound rates, 

168 
definition, 5 

from individual spin levels, 
191 

internal perturbation, 192- 

193 
naphthalene, 111 

organic molecules, quantum 

yields, 181 
S:-T, molecular structure 

and, 186-187 

Si-T, temperature depend- 

ence, 187-188 

Sian 185-188 

selection rules, 165-170 

spin-flip, vector model, 277 

T:—So, 188-191 

deuterium isotope effects, 

189-190 
molecular 

189 
temperature effects, 190 

structure and, 



622 Index 

to triplet sublevels, 188 
Intersystem crossing rates, 186, 

189 
Isomerizations, 473-520 

photosensitized, piperylenes, 
477 

photovalence, benzenes, 499- 

503 
sigmatropic 

cyclic enones and dien- 

ones, 513-519 
unsaturated enones, 519 

sigmatropic rearrangements, 

209, 228, 482-493 
alkenes, 485-487 

di-7r-methane hydrocarbon 

rearrangement, 487-493 
examples, 483 

orbital symmetry rules for 
concerted, 484 

polyenes, 485-487 

cis-trans Isomerizations 

acetone-triplet-sensitized, 
trans-dicyanoethylene, 
445 

conjugated polyenes, 475-476 
cycloalkenes, 480-481 

ethylenes, 475-476 
mechanisms, 474-475 

polyenes, 476-480 
unsaturated compounds, 

473-482 
unsaturated groups, 481-482 
uses, 480 

Isomers 

benzene valence, 499-503 

definition, 2 

Isopropanol, quenching ketone 

triplets, rate constants, 

378 
Isopropanol solvents, photore- 

duction efficiencies, 383 

Kaptein’s rules in CIDNP, 283- 
284 

Kasha’s rule, 103, 148 

Kasha-Valivov rule, 105 
Ketones 

aromatic, absorption, 94 

aryl phenyl, quantum yields 
and reactivity constants, 
388 

a-cleavage, state correlation 

diagrams, 224-228 
cycloaddition to ethylenes, 

orbital interactions and 

correlation diagrams, 
434-437 

electron abstraction, 367-368 

emission, 112 

homolytic a-cleavage, 528- 

539 

hydrogen abstraction, 367- 

368 
rate constants and activa- 

tion parameters, 237 
n,7* state quenching by 

ethylenes, 437 
n,7* excited state quenching 

by unsaturated com- 

pounds, 436 
orbital configurations, empir- 

ical criteria for assigning, 
107 

photoreduction 
mechanistic analysis, 372- 

Sy 
product structures and in- 

termediates, 373-374 
rate constants for quenching, 

378 
self-quenching rate constants, 

3557/ 
singlet-triplet splittings, 31 
state-energy diagram, 291 

triplet n,7*, reactivities for 
quenching, 374 

unsaturated 

sigmatropic rearrange- 

ments initiated by a- 
cleavage, 539-544 

triplets, quenching, 438 
Ketyl radical intermediates, 

373-374 
Ketyl radical ion intermediates, 

373-374 
Kinetic feasibility in quantita- 

tive mechanistic analy- 
ses, 235-238 

Koopman’s theorem, 35 

Lambert’s law, 103, 104 

Law of Conservation of Energy, 
39 

Law of Conservation of Mo- 

mentum, 39 

LCAO, 21 

Lifetime-concentration meas- 

urements, 246 

Light 
interaction with molecules, 

79-81 

nature, 78-84 

photons, 85-9] 

Light absorption, 82-84 

hydrogen atom, 82 
hydrogen molecule positive 

ion, 84 

measurement, 103-116 

producing electronically-ex- 

cited states, | 

Light emission, 82-84 

measurement, 103-116 

Linear combination of atomic 

orbitals, 21 

“Loose bolt” effects, 170-172 

Lumophores, 77 

Magnetic moments, 49 

Mechanistic reaction analysis, 

232-293 
CIDNP, 273-288 
criteria, 234 

experimental denial, 235 
efficiency laws, 243-245 
kinetic feasibility, 235-238 
kinetic parameters, 250-252 

kinetics involving more than 

one excited state, 252 

magnetic resonance methods, 

266-273 

mechanisms, 232-235 

photoreduction of ketones, 

372-377 

radicals and diradicals, 264- 

265 

rate constant determination, 

245-248 
rate constant measurement, 

248-254 
rate laws, 241-243 

reaction types, 239-240 
reactive intermediates, 238- 

240, 254-255 
experimental tests, 255- 

264 
role of structures, 256 
structural relationships, 240 

Methoxyacetophenone 

phosphorescence emission 

spectrum, 127 

phosphorescence excitation 
spectrum, 127 

4-methyl-1-phenylhexanone, 
type II and racemization 

reactions, 391 

Minima, S; and 7), 200-201 

Molecular diffusion in energy- 
transfer processes in 
fluid solution, 311-316 

distance-time relationships, 

316-317 
Molecular dimensions, calibra- 

tion points, 6-8 
Molecular dynamics, 2 
Molecular electronic spectro- 

scopy, 103-116 
Molecular energetics, calibra- 

tion points, 8-11 
Molecular motions, calibration 

points, 6-8 
Molecular orbitals, 20-21 
Molecular oxygen 

chemiluminescent 
583 

chemistry, 591-593 

reactions, 



ground and excited singlet 
states, 583-593 

orbital configurations, 585 

potential-energy curves, 586- 

587 
quenching, 354 

of excited singlet and trip- 
let states, 589-59] 

singlet 

generation, 587-588 
lifetime, 588 

state-energy diagrams, 586- 
$87 

Molecular states, | 

Molecular structure, | 

energy surface minima on S, 
and 7; and, 200-201 

fluorescence parameters, 114 

internal conversion and, 181- 

182 

molecular wavefunctions 

and, 17 

phosphorescence parameters, 

129 

radiationless transition rate 

and efficiencies and, 

170-174 

S:-T intersystem crossing 
and, 186-187 

T,:—So intersystem crossing 
and, 189 

Molecular symmetry, 206-207 
Molecular wavefunctions, mo- 

lecular structure and, 17 

Monomer emission 
anthracene-diethyl aniline 

system, 143 
pyrene, 142 

Monoradicals, ESR, 266-267 

Multiphoton energy transfer, 

343-344 

Multiplicity mixing, 98-100 
effect on radiative transitions, 

100-103 

n,1* states, ethylenes interact- 

ing with, 433 
Naphthalene 

fluorescence, 111-112 
intersystem crossing, I11 
phosphorescence emission 

spectrum, 127 
phosphorescence excitation 

spectrum, 127 
triplet-triplet absorption 

spectrum, 131 
triplet-triplet annihilation, 

345 
triplet-triplet energy transfer 

from phenanthrene, 345 

Naphthonorbornene emission 

spectrum, 115 

Nitrenes, 551-552 

Nitrites, a-cleavage reactions, 
568-571 

Nitrogen 
elimination from cyclic azo 

alkanes, 544-547 

photoextrusion from azo 
compounds, 547-550 

Nitrogen compounds, unsatur- 

ated 

cycloaddition reactions, 465— 
467 

hydrogen and electron ab- 

straction, 393-395 

unpolarized, CIDNP 

NMR and, 282 
Nonadiabatic reactions, 64-65 
Nonadiabatic transitions 

radiationless, 65 

radiative, 65 
Nonaromatic hydrocarbons, 

phosphorescence, 128- 

129 
Norbornadiene-to-quadricy- 

clane system, energetics, 
428 

Norcamphor fluorescence, 
quenching, 446 

Nuclear geometry 
definition, 2 

diradicaloid, 200 

electronically-excited states, 

11-12 
surface situations near criti- 

cal, 158-160 

Nuclear motion, 43-46 

effects on electronic energy 
and structure, 43-45 

effects on transitions between 

states, 45-46 

NMR, 

Nuclear polarization, chemi- 
cally-induced; see 

CIDNP 
Nuclear shape, effects on tran- 

sitions between states, 

45-46 

Nuclear spin, interacting with 

electron spin, 269-270 

Nuclear spin-dependent mixing, 

of singlet and triplet 

states of radical pairs, 
276-278 

Nuclear spin polarization via 
hyperfine coupling in 
radical pairs, 278-282 

Oligomers, testing distance de- 
pendence of singlet-sing- 
let energy transfer, 327 

Optical density, 103-104 

Orbital configurations 
definition, 4 

Index 623 

ketones, empirical criteria for 

assigning, 107 

mixing, effect on radiative 
transitions, 100-103 

molecular oxygen, 585 

for stretching and breaking 

a bonds, 215 

for twisting a 7 bond, 217 

Orbital correlation diagrams 

a-cleavage of acetone, 226 
construction, 207-209 

coplanar hydrogen abstrac- 
tion by formaldehyde, 
221 

state and, 206-207 
Orbital energies, photoelectron 

spectroscopy in measur- 
ing, 32-36 

Orbital energy levels 

absorption, 3 
emission, 3 

Orbital forbidenness, 106 

Orbital interactions, 199-200 

cycloaddition of ketones to 

ethylenes, 434-437 
cyclobutene formation from 

1,3-butadiene, 204 
n,7* addition to ethylenes, 

434 
n-orbital initiated abstraction 

of hydrogen atom or 

electron, 369 

in organic photoreactions, 
202-206 

reaction coordinate selec- 
tion, 204-206 

types, 203-204 

Orbital overlap 
maximum positive, in organ- 

ic photoreactions, 201- 
202 

in radiative transitions, 69-70 

Orbital symmetry rules 
concerted sigmatropic rear- 

rangements, 484 

allowed concerted electrocy- 

clic, reactions, 495 

Orbitals 
for stretching and breaking a 

bonds, 215 
for twisting m7 bonds, 217 

Organic compounds, definition, 

! 
Organic molecules 

absorption and emission 

spectra, 76 
experimental, 77-78 

fluorescence, quantum yields, 

181 
intersystem crossing, quan- 

tum yields, 181 

Oscillating electric dipoles, elec- 



624 Index 

tromagnetic waves and, 

78-84 
Oscillator 

anharmonic, 61-62 

harmonic 
quantum mechanical, 56- 

62 
vibrational wave functions, 

59-61 
Oscillator strength, 86-87 

radiative transitions, 118 

transition dipole moment in- 
tegral, 87-88 

Overlap forbidenness, 106 

Overlap principle 
maximum positive in organic 

photoreactions, 201-202 

radiative transitions, 69-70 
Oxetane formation 

cycloaddition of excited car- 

bonyl compounds with 

electron poor substrates, 

442-445 
cycloaddition of excited car- 

bonyl compounds with 
electron rich substrates, 

437-442 
energy transfer competition, 

449-451 
exciplex intermediacy, 448- 

449 

intramolecular, 446-447 
stereoelectronic require- 

ments, 445-446 

Pauli principle, 23 

1 ,3-Pentadiene, quenching 2-n- 
propylcyclohexanone, 
253 

Pericyclic fragmentation reac- 

tions, 562-563 
concerted spin-allowed, 603- 

605 
lowest singlet surfaces, 214 

state correlation diagrams, 

209-214 
Peroxides 

a-cleavage reactions, 568-571 
cyclic, chemiluminescent re- 

actions, 594-597 
Perrin formulation, 317-319 
Perturbation 

intersystem crossing, 192-193 
So—T absorption, 124-128 
spin-forbidden radiationless 

transitions, 191-193 
Perylene, transitions, 106 
PES, measuring orbital ener- 

gies, 32-36 

Phenanthrene, triplet-triplet en- 
ergy transfer, to naph- 
thalene, 345 

4-Phenylbenzophenone intra- 
molecular energy trans- 
fer, 341 

Phosphorescence, 65 

acetophenone, 102 

biacetyl, quenching, 350 
definition, 5 
delayed, 146-148 

in fluid solution at room 
temperature, 129-130 

longest lifetimes, 6 

nonaromatic hydrocarbons, 

128-129 
quantum yields, 121, 128 
So-T, 121-130 
spin-forbidden, 120 

Phosphorescence emission 
spectra, 127 

Phosphorescence excitation 
spectra, 127 

Phosphorescence parameters, 

molecular structure and, 

129 
Phosphorescence radiative 

rates, 189 

Phosphorescence spectra of 1- 

benzoyl-4-(a-naphthyl)- 

bicyclo-[2.2.2] octane, 

336 
Phosphorescence yields, 189 
Photo-Fries rearrangements, 

540-542 
Photoaddition reactions, 362- 

408 
acyclic ethylenes, 395-404 
classification, 362-363 
cyclic conjugated enones, 

401-402 
cyclic ethylenes, 397, 398-401 

Photochemical hydrogen ab- 
straction, 219-221 

correlation diagram, 
222-224 

Photochemical kinetics, Stern- 
Volmer analysis, 246 

Photochemical processes 

definition, 6 
photophysical ‘radiationless 

transitions, 194-195 
Photochemical reaction mech- 

anisms; see Mechanistic 
reaction analysis 

Photochemical reactions; see 
Photoreactions 

Photochemical rearrangements; 

see also specific type 
classification, 473 

Photoelectron spectroscopy in 

measuring orbital ener- 
gies, 32-36 

Photoelimination reactions, 

526-528 

State 

azo compounds, 544-550 

nitrogen, 550-557 

Photoextrusion mechanisms, 

nitrogen from azo com- 
pounds, 547-550 

Photofragmentation reactions, 
526-572 

Photoluminescence, delayed, 

343-344 
Photolysis, diazocompounds 

and azides, mechanisms 

and reactions, 552-557 

Photons, 85-91 

size, 6 : 
Photophysical processes, defin- 

tion, 4 

Photoreactions, 14-16, 199-231 

alkenes, 419 

chemiluminescent 

and, 579-583 

chronology, 2-3 

classification, 73 

involving diradical interme- 
diates, state correlation 

diagrams, 215-219 

maximum positive orbital 
overlap, 201-202 

measuring excited-state ener- 

getics and dynamics, 
288-290 

non-concerted, state correla- 

tion diagrams, 219-224 
orbital interactions, 202-206 

reaction coordinate selec- 
tion, 204-206 

types, 203-204 
polyenes, 419 
primary, m,7* and n,7* 

states, 228-230 

qualitative theory, 199-201 
rate constant determination, 

245-248 

rates, 8 

selectivity, 9-10 
Photoreduction 

benzophenone to benzpina- 

reactions 

col, 262 
carbonyl compounds, 363- 

364 
cycloaddition competition, 

452 
efficiency 

in isopropanol and cyclo- 
hexane solvents, 383 

mechanisms suppressing, 
383 

quantitative analysis, 377- 
383 

reactant electronic orbital 
configuration and sub- 
strate structure effects, 

378-380 



ethylenes, 363-364 
ketones 

mechanistic analysis, 372- 

Sy 
product structures and in- 

termediates, 373-374 

reactant structure effects, 

380-382 
Photoretrocycloaddition reac- 

tions of small rings, 563- 
567 

Photosensitization 
quenching, 351-354 
triplet parameters, 352 

“uphill,” red light to blue 
light experiments, 609- 
611 

Photosubstitution 
362-408 

classification, 362-363 

Photovalence isomerization re- 
actions, benzenes, 499- 

503 
Piperylenes, photosensitized 

isomerization, 477 

Polarizability, transition dipole 
moments, 81-82 

Polycyclic azoalkane, singlet- 

singlet and singlet-triplet 

absorption, 122 

Polyenes 
conjugated 

cycloaddition 
422 

cis-trans isomerization, 

475-476 
singlet and triplet energies, 

292 
electrocyclic reactions, 495— 

499 
fluorescence, 112 

intermolecular [2 + 2] cyclo- 
addition reactions, 419- 

42] 
intramolecular cycloaddition 

reactions, 425-432 
cis-trans isomerization, 476- 

480 
photoreactions, 419 
sigmatropic rearrangements, 

485-487 
state-energy diagram, 291 

Potential-energy curves 
ground state of HCI, 61 
molecular oxygen, 586-587 
potential-energy surfaces 

and, 52, 62 

Potential-energy surface, 52-75 

definition, 2 
movement of classical parti- 

cle, 52-56 

friction and, 55-56 

reactions, 

reactions, 

potential-energy curves and, 
5), PP 

representative point on, 58 

collisions and vibrations 

influencing motion, 63- 
64 

transitions between, 64-65 

Precession rate, 46-47 

Prohibition factors in radia- 

tionless transitions, 160 

2-n-Propylcyclohexanone, 1,3- 

pentadiene quenching, 

253 

Protonation reactions, 402-404 

Pulsed excitation, 245-246 

Pyrene, 141-143 

excimer emission, 141, 142 

monomer emission, 142 

transitions, 106 

Pyrene-3-aldehyde fluores- 

cence, 112 

Pyrene-dimethylaniline exci- 
plex, 144 

Quantum dynamics, 40 
Quantum mechanical 

tors, 19-20 « 

Quantum mechanics 
Franck-Condon principle, 69 
harmonic oscillator, 56-62 

vibrating molecule, 60 

Quantum yields 
aryl phenyl ketones, 388 

a-cleavage, 531 

deuterium isotope effects, 385 

fluorescence 

allowed Si—So, 109-110 
experimental examples, 

110-114 
organic molecules, 181 

intersystem crossing of or- 
ganic molecules, 181 

phosphorescence, 121, 128 

Quenching 
biacetyl phosphorescence in 

benzene solution, 350 
bimolecular reactions, 263 
diffusion-controlled, 311-316 
ketone n,7* excited states by 

unsaturated compounds, 

436 
ketone n,7* states by ethyl- 

enes, 437 

ketone triplet ,7* by hydro- 
gen and electron donors, 

reactivities, 374 

ketone triplets by isopro- 
panol and triethylamine, 

rate constants, 378 

molecular oxygen, 354 

excited singlet and triplet 

states, 589-591 

opera- 

Index 625 

norcamphor fluorescence, 

446 
photosensitization and, 351- 

354 
selective, of 2-n-propylcyclo- 

hexanone by 1,3-penta- 
diene, 253 

Stern-Volmer, 247-248 

unsaturated ketone triplets, 
438 

wavelength-independent _re- 
actions, 258 

Quenching constants 
concentration lifetimes, 261 

deuterium isotope effects, 385 
Quenching processes determin- 

ing fluorescence values, 
2 

Racemization reactions of 4- 

methyl-1-phenylhexa- 

none, 391 

Radiationless transitions 
Born-Oppenheimer approxi- 

mation, 158 

chemical versus physical, 72- 
74 

definition, 5 

Franck-Condon principle, 
70-72, 160, 174 

internal conversion, 180-185 

as jumps between surfaces, 

154-155 
between matching surfaces, 

172-174 
parameterized model, 160- 

170 
photochemical, 72-74 
photophysical, 72-74, 153- 

195 
as form of electronic relax- 

ation, 153 
photochemical processes 

and, 194-195 
prohibition factors, 160 

promoter and acceptor vibra- 

tions, 170-172 

quantum mechanical basis 
for slow rate, 70 

rate constant evaluation, 

176-180 

rates, 2 

rates and efficiencies, molec- 

ular structure and, 179- 

174 
spin-forbidden, perturbation, 

191-193 
spin-orbit coupling promot- 

ing, 164-165 
vibronic mixing and, 161-164 
wave mechanical interpreta- 

tion, 155-160 
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Radiative mechanisms for elec- 

tronic energy transfer, 

298-299 
Radiative transitions, 4-5 

absorption and emission of 
light, 76-148 

Franck-Condon principle, 
65-70 

involving a change in multi- 
plicity, 118-120 

involving more than one mol- 
ecule, 135-146 

involving a spin flip, spin- 
orbital selection rules, 
119, 120 

multiplicity mixing, 100-103 
orbital configuration mixing, 

100-103 
oscillator strength, 118 
overlap principle, 69-70 

quantized model, 67-69 
rates, 2 

singlet-singlet lifetimes, 90 

spin-allowed, 105-109 

spin-forbidden 
experimental examples, 

121-130 
spin-orbit 

117-120 
state-energy diagrams, 5 

Radical pairs 
hyperfine coupling, nuclear 

spin polarization via, 
278-282 

singlet and triplet states, nu- 
clear spin-dependent 

mixing, 276-278 

Radicals 

free, ESR spectra, 270-271 

magnetic resonance detec- 
tion, 266-273 

in mechanistic reaction anal- 

ysis, 264-265 

Rate constants 
activation energies, fre- 

quency factors, tempera- 
ture and, 236 

a-cleavage, 50. 
ketone hydrogen abstraction 

reactions, 237 
measurement, 248-254 

molecular oxygen quenching 
of excited singlet and 
triplet states, 590 

'A oxygen quenching, 593 
photoreactions, determina- 

tion, 245-248 
quenching of ketone triplets 

by isopropanol and tri- 

ethylamine, 378 

radiationless transitions, 

176-180 

coupling and, 

self-quenching of ketones, 

357 
triplet-triplet annihilation, 

344 
Rate laws in mechanistic re- 

action analysis, 241-243 
Raction dynamics, calibration 

points, 8-11 

Reaction mechanisms, see 
Mechanistic reaction an- 
alysis 

Reactions 
aromatic substitution, 404- 

408 
photonucleophilic 

mechanisms, 406-408 

orientation rules, 405- 

406 
bimolecular, 11 

quenching, 263 
chemiluminescent, 579-611; 

see also Chemilumines- 
cent reactions 

cycloaddition, 209, 228, 414- 
467; see also Cycloaddi- 
tion reactions 

electrocyclic, 493-505; see 

also Electrocyclic reac- 
tions 

electron abstraction 
carbonyl! derivatives, 393- 

395 
hydrogen abstraction com- 

petition, 383-385 

ketones, 367-368 
unsaturated nitrogen com- 

pounds, 393-395 

ground-state, 73-74 

hydrogen abstraction; see 

Hydrogen abstraction 

linear addition, 363-364 
nonadiabatic, 64-65 
pericyclic fragmentation, 

562-563 
concerted spin-allowed, 

603-605 
lowest singlet surfaces, 214 
state correlation diagrams, 

209-214 
photoaddition, 362-408 

acyclic ethylenes, 395-404 
classification, 362-363 
cyclic conjugated enones, 

401-402 
cyclic ethylenes, 397, 398- 

401 
photoelimination, 526-528 

azo compounds, 544-550 

nitrogen, 550-557 

photofragmentation, 526- 
572 

cheleotropic, 562-563 

photosubstitution, 362-408 
classification, 362-363 

photovalence isomerization, 

benzenes, 499-503 

protonation, 402-404 
racemization, 4-methyl-1- 

phenylhexanone, 391 

type II; see Type II reactions 

Reactive intermediates, 254- 

255 

cycloaddition reactions via, 

417-432 

exciplex, in cycloaddition re- 

actions of aromatic com- 
pounds, 454-456 

experimental tests, 255-264 

ketyl radical, 373-374 
ketyl radical ion, 373-374 

kinetic detection, 261-264 

in mechanistic reaction anal- 

ysis, 238-240 
Reactivity constants, 

phenyl! ketones, 388 
Ring-opening reactions of azi- 

rines, 561-562 

aryl 

Salem correlation diagrams, 

221-222 
cyclobutanones, 536-539 

Self-quenching 
rate constants of ketones, 

357 
triplet, 357-258 

Sigmatropic isomerization 
cyclic enones and dienones, 

513-519 
unsaturated enones, 519 

Sigmatropic rearrangements, 

209, 228, 482—493 
alkenes, 485-487 

di-7-methane rearrangement 
of hydrocarbons, 487- 

493 
examples, 483 
orbital symmetry rules for 

concerted, 484 

polyenes, 485-487 
unsaturated carbonyl com- 

pounds, 539-540 

mechanisms, 542-544 

unsaturated ketones, a-cleav- 

age initiated, 539-544 
Singlet energies, conjugated 

and related compounds, 

293 
Singlet oxygen quenchers, rate 

constant for 'A oxygen 
quenching, 593 

Singlet oxygen reactions, 579- 
611 

Singlet-singlet absorption, 4 
polycyclic azoalkane, 122 



Singlet-singlet emission; see 
Fluorexence 

Singlet-singlet energy trans- 
fer, 321-328 

oligomers testing distance de- 
pendence of, 327 

Singlet-singlet transitions, radi- 
ative lifetimes, 90 

Singlet states 

acid and base strengths, 134 

configurations, 23-24 

constructed from electronic 
configurations, 23 

definition, 4 

derivation from single con- 
figuration, 26-28 

electronic energy difference 
between triplet and, 28- 

32 
excited, molecular oxygen 

quenching, 589-591 

molecular oxygen, 583-593 

triplets and, mixing, 98-100 
vector representation, 26 

Singlet-triplet absorption, 5_/ 
polycyclic azoalkane, 122 

Singlet-triplet energy gaps, 1867 
Singlet-triplet energy transfer,/ 

339-340 
Singlet-triplet latteconverien” 

46-51 
Singlet-triplet mixing, vector/ 

model, 277 

Singlet-triplet splitting, 30-32/ 
ketones, 31 

Spectral overlap integral, 292- 
299 

absorption and emission 
spectra and, 299 

Spectroscopy 
chemical, measuring excited- 

state energetics and dy- 
namics, 288-290 

flash, 130-131 

molecular electronic, 103-116 

Spin-orbit coupling, 48-51 
promoting radiationless 

transitions, 164-165 

spin-forbidden radiative 

transitions and, 117-120 

Spin-orbit rules, 50-51 
Spin-spin coupling, 48 
State correlation diagrams, 

199-200 
a-cleavage of ketones, 224- 

228 
concerted pericyclic reac- 

tions, 209-214 

construction, 207-209 
cycloaddition of ketones to 

ethylenes, 434-437 
endo-peroxide decomposi- 

tion, 605 
extending to new situations, 

224 
first order 

addition of an n,7* ketone 
state to an ethylene, 435 

a-cleavage, 227 

coplanar hydrogen ab- 

straction, 222-224 

photoreactions involving 
diradical intermediates, 

215-219 
stretching and breaking o 

bonds, 215 
twisting m bonds, 217 

Zero Order, a-cleavage, 227 

State energies, emission spectra 
determination, 114 

State-energy diagrams, 20, 291- 
293 

alkenes, 291 

aromatic hydrocarbons, 291- 

292 
benzophenone, 179 

benzophenone-coumarin sys- 

tem, 463 

benzophenone fluorescence, 

146 
1-chloronaphthalene, 178 

conjugated enones, 292-293 

definition, 4 

dienones, 292-293 

electronic and spin isomers, 

4-6 

first order, from atomic or- 

bitals, 32 

formaldehyde, 30 
ketones, 291 
molecular oxygen, 586-587 
polyenes, 291 
radiative transitions, 5 

relevant to chemical spectro- 
scopy, 290 

State mixing, 96-103 

multiplicity, 98-100 
State switching, 380-382 

during reaction, 389-390 

Stereospecificity 
concerted electrocyclic reac- 

tions, selection rules, 

493-495 
cycloaddition reactions, 416- 

417 

Stern-Volmer analysis, 246 

Stern-Volmer quenching, 247- 

248 
Stilbenes, electrocyclic reac- 

tions, 503-505 
cis-Stilbene fluorescence, 113 

trans-Stilbene fluorescence, 113 

Structure-efficiency rules for 
di-7-methane rearrange- 

Index 627 

ment of hydrocarbons, 
487 

Suprafacial bonding in cyclo- 

addition reactions, 416- 

417 

Symmetry plan assumption, 
221-222 

Tautomerism, electronic, 157- 

158 
Temperature 

effects on 7,:—So intersystem 

crossing, 190 

rate constants, activation en- 

ergies and, 236 

Temperature dependence of 5, 
—T intersystem crossing, 

187-188 
p-Terphenyl transitions, 106 
Tetracyanoethylene absorption 

spectrum, 136 

tetramethyl-1,2-dioxetane 

assisting sensitization reac- 

tions, 610 

thermochemistry, 598 
Tetramethylethylene fluores- 

cence, 112 

Thermal pathways causing 

photoreactions, | 

Thermolysis 
Dewar benzenes, 602-603 

1,2-dioxetanes, 597-599 
endo-peroxides, 603-605 

Thioketones, cycloaddition re- 

actions, 465-467 
Toluene fluorescence, 113 
Transition dipole moment in- 

tegral, oscillator strength 

and, 86-87 

Transition dipole moments, po- 
larizability and, 81-82 

Transition probabilities, 41-43 

between vibronic states, 58 

Transitions 
between potential energy sur- 

faces, 64-65 
chemical dynamics, 38 
classical dynamics, 39-40 
effect of nuclear shape and 

motion, 45-46 

heavy atom effect, 192 

quantum dynamics, 40 
radiationless; see Radiation- 

less transitions 
radiative; see Radiative tran- 

sitions 
transition probability evalua- 

tion, 41-43 

Zero Order to First Order, 98 
Transmitter-antenna mechan- 

ism of energy transfer, 

301-305 



628 Index 

Triethylamine, quenching ke- 
tone triplets, rate con- 

stants, 378 
Triplet energies, 189 

conjugated and related com- 

pounds, 293 
Triplet photosensitization pa- 

rameters, 352 

Triplet quenchers, energies, 353 

Triplet-singlet emission; see 
Phosphorescence 

Triplet-singlet energy transfer 

in fluid solution, 338- 
339 

Triplet state energy sensitizers, 
479 

Triplet states 
acid and base strengths, 134 
configurations, 23-24 
constructed from electronic 

configurations, 23 
definition, 4 
electronic energy difference 

between singlet and, 28- 

32 
ESR spectra, 270-271 
excited, molecular oxygen 

quenching, 589-591 
single configuration deriva- 

tion, 26-28 
singlet states and, mixing, 98- 

100 
vector representation, 26 

Triplet sublevels, absorption 

and emission, 123 

absorption and emission, 123 

intersystem crossing, 188 

Triplet-triplet annihilation, 146, 
343-344 

naphthalene, 345 

rate constants, 344 

Triplet-triplet energy migration, 

357-358 
Triplet-triplet energy transfer, 

328-338 
experimental examples, 332 

in fluid solution, 331, 333- 
334 

intramolecular, 335-338 

phenanthrene to naphtha- 

lene, 345 

in rigid solution, 334-335 
Triplet-triplet excitation trans- 

fer, 330 

Triplets 
ESR and, 266-267 
self-quenching, 357-358 

Type II reactions, 386-392 
butyrophenone, 248 
1 ,4-diradicals, 390-392 

4-methyl-1-phenylhexanone, 

39] 
quenching, 253 
state switching, 389-390 

structure-efficiency and 
structure-reactivity, 

388-389 

Unimolecular reactions, 10-11 

Vibrational motion 

effects on Zero Order cross- 
ing, 163 

promoting radiationless tran- 
sitions, 161-164 

state switching and, 161 
Vibrational overlap integral, 59 
Vibrational relaxation, factors 

influencing, 174-176 
Vibrational spacing for strong 

and weak bonds, 57 

Vibrational wave functions 

harmonic oscillators and, 59- 

61 
net positive overlap, 71 

Vibrations 

influencing motion of repre- 
sentative point on poten- 
tial energy surface, 63- 

64 
promoter and acceptor, ra- 

diationless transitions 
and, 170-172 

Vibronic interactions, 169 
Vibronic mixing, 161-164 

Vibronic motion, effects on hy- 

bridization of p orbitals, 
4 

Vibronic states, 43-46 

transition probabilities 
between, 58 

Wavefunctions, molecular, 17 

molecular structure and, 17 

Wavelength of light, photon 
size and, 6 

Wavelength-independent reac- 

tions, sensitization and 

quenching of 7, for, 
258 

Zero field splitting, 27, 28 

Zero Order approximation, in- 
tersystem crossing for- 
bidden in, 165 

Zero-Order crossing, vibration- 
al motion effects on, 163 

Zeroth-Order approximation, 
19 

Zwitterionic B-cleavage, 559- 
560 

Zwitterions, 216, 219-224 

in cycloaddition reactions, 
417-432 
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