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Chemistry of Excited Triplet Organic Carbonyl Compounds 

I. Introduction 

Anyone who has ever taught organic chemistry realizes how important and varied 
are the reactions of carbonyl compounds. It is not surprising that studies of 
carbonyl compounds, particularly ketones, have played a very large role in the 
development of synthetic and mechanistic photochemistry. Not only do ketones 
and aldehydes absorb light in the convenient near ultraviolet, they can be pre- 
pared with seemingly infinite structural variations and they undergo a wide variety 
of synthetically useful photoreactions. The wide variety of measurable chemical 
and physical reactions undergone by excited ketones has allowed extensive 
correlations of structure with reactivity, sucll that the photochemistry of the car- 
bonyl group is understood far better than that of any other functional group. 

The photochemistry of acid derivatives is not well understood. Since these 
compounds absorb in the far ultraviolet and rarely react with great quantum 
efficiency, they have not been studied at all systematically. Consequently, this 
review will emphasize aldehyde and especially ketone photochemistry. So much 
is known about carbonyl photochemistry and so much is added each year (e. g., 
over 200 pages in the Chemical Society's 1973 survey of photochemistry 1)), 
that this review had to be limited to but a few aspects of carbonyl photochemistry. 
Although the main kinds of carbonyl photoreactions have been adequately review- 
ed often 2), several important generalizations have resulted from the past few 
years' work. This review will attempt to summarize these new generalizations 
which may not yet be familiar to the entire chemical community. Several un- 
resolved problems will also be outlined. 

The dynamics of photochemical reactions are generally considered from a 
statistical viewpoint. Once a molecule is electronically excited by absorption of 
a photon, it can undergo several competing physical decay reactions. The most 
important of these are: 

internal conversion to lower excited states; 

intersystem crossing between singlet and triplet manifolds; 

emmision of light (fluorescence or phosphorescence); 

radiationless decay to the ground state; and 

energy trans]er to another chromophore. 

Any chemical reaction of a particular excited state must compete with these 
physical decay modes. For a photoreaction to occur at all efficiently, some excited 
state of the reactant must undergo an irreversible chemical reaction at a rate 
comparably fast to those of the physical decay reactions. Knowledge of rate con- 
stants is much more important in photochemistry than it is in ground state 
chemistry because excited states, unlike ground states, do not sit around patiently 
waiting for someone or something to make them react. A general understanding of 
the photoreactions of the carbonyl group demands a good understanding of the 
nature of the different possible carbonyl excited states and how the rates of the 
various chemical and physical reactions of these excited states vary with structure. 

The quantum yield of a photoreaction represents the probability that light 
absorption will produce that reaction. Not only does the quantum yield measure 
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the efficiency of a photoreaction, it is the only kinetic parameter which can be 
measured under steady state conditions, since photoreactions generally follow zero 
order kinetics. For a triplet reaction, the quantum yield can be dissected into three 
separate probabilities, any or all of which can be less than unity 3). 

O) 

4)1% = kisc Ts �9 kr TT �9 Pp (2) 

The intersystem crossing yield else is the fraction of singlets which cross 
over to the lower energy triplet instead of reacting themselves, fluorescing, or 
otherwise decaying. This quanti ty can usually be measured independently by 
using the compound to photosensitize some well known triplet reaction of another 
compound, such as the phosphorescence of biacetyl 4) or the cis-trans isomerization 
of an olefin 5). The only requirement is that  the triplet of the sensitizer be long- 
lived enough to transfer energy to practicable concentrations of the acceptor. 
The rate constant kise :[or intersystem crossing is large ( >  10 8 sec -1) for all ketones, 
so that  they often form triplets in high yield. For this reason, many phenyl keto- 
nes are among the most popular photosensitizing agents. With aliphatic ketones, 
fluorescence, intersystem crossing, and chemical reaction are often competitive 
reactions of the lowest excited singlet so that  s tudy of these compounds has prov- 
ided a wealth of information about differences in reactivity between singlets and 
triplets. 

The probability r that  an excited state will react is defined according to its 
rate parameters simply as krz, where kr is the rate constant for the reaction and 
z is the kinetic lifetime of the excited state (T~ for the triplet), determined by the 
rates of all reactions undergone by that  state. The unimolecular physical reactions 
of excited triplets are spin-forbidden and therefore relatively slow, so that  chemical 
reactions are often highly efficient (krZT m 1). 

Despite high probabilities for triplet formation and for triplet reaction, 
many overall photoreactions proceed in low quantum efficiency. In the absence of 
competing chemical reactions, the factor most often responsible for low quantum 
yields is the revertibility s) of primary triplet reactions. Metastable intermediates 
such as radicals, biradicals, and charge transfer complexes (either excited or ground 
state) are the usual photoproducts from excited triplet reactions. These inter- 
mediates generally can revert to ground state reactant, thus providing a chemical 
path for "radiationless decay", as well as proceed to stable products. Hence, the 
factor _Pp is necessary to describe the probability that  the intermediate will form 
product. 

There is one physical reaction of triplets which is not slow. Bimolecular 
exothermic energy transfer proceeds at rates which approach those of diffusion 
control 6). I t  is thus possible to selectively quench out the triplet photoreactions 
of a given compound by adding a compound which has a lower triplet excitation 
energy but which does not itself absorb significantly at the wavelength being used. 
Conjugated dienes have been most often employed to quench aliphatic ketones. 
1,3-Pentadiene is very useful because it is a relatively poor quencher of excited 
singlets 7) and it undergoes easily measurable geometric isomerization 5). Its 
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only serious drawback is that  it is a good radical scavenger. 2,5-dimethyl-2,4- 
hexadiene does not suffer from this drawback but  is a rather efficient singlet 
quencher 7). With phenyl ketones polynuclear aromatics such as naphthalene 
can be employed. Actually, aromatics such as biphenyl and naphthalene can be 
used to quench even aliphatic ketone triplet state photochemistry. Even though 
these aromatics have much higher extinction coefficients than the ketones at all 
wavelengths, they transfer their singlet excitation to the ketones 8). With the 
yellow ~-diketones, aromatics such as anthracene and pyrene are good triplet 
quenchers. Molecular oxygen quenches most excited triplets; even the small con- 
centrations normally present in air-equilibrated solutions are sufficient to quench 
triplets which do not react within one/~sec. Lamola's review on energy transfer 6) 

tabulates the triplet energies of many readily available potential quenchers. 
The efficiency of quenching is proportional to the rate constant for energy 

transfer, kq, and the lifetime z of the excited triplet being quenched. Since kq 
values are so close to being diffusion controlled, quenching studies provide a 
simple method for measuring triplet lifetimes. 

There are two distinct types of electronic excitation which occur in carbonyl 
compounds and which produce excited states with quite different physical and 
chemical properties. In aliphatic ketones and aldehydes, the weak absorption with 
~max at 280--300 nm represents an n-~n* transition, in which a nonbonding 
electron on oxygen is promoted into a n* orbital. The resulting excited state 
resembles a diradical both in its physical and chemical properties. In particular, 
the chemical reactions of triplet n,n* states parallel those of alkoxy radicals 2,9), 
almost as if the electron in the antibonding orbital does not affect the electron 
left on oxygen. 

I t  is perhaps valuable to compare electronic excitation with one-electron redox 
processes. For example, an n-o-n* excitation is equivalent to oxidizing the n- 
orbital and reducing the n-system. The predominant valence bond structure of the 

_r162 
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radical anion has an odd electron on the carbon and a negative charge on oxygen; 
that  of the radical cation has the odd electron and the positive charge both on 
oxygen; combining the two gives the diradical. Inasmuch as an electron in the 
~* orbital results in a partial negative charge on carbon, the n,~* state has another 

= 

f 

resonance form which emphasizes that  the oxygen atom as well as its n orbital 
is electron-deficient, while the carbon is somewhat electron-rich. I t  has been noted 

r 

by several authors that  n,~* singlet carbonyls demonstrate marked nucleophilicity 
at carbon, whereas n,~* triplets behave more like diradicals. This difference is 
probably due to the necessity for electrons with parallel spin to get as far apart  
as possible, such that  the zwitterionic resonance form is destabilized in the 
triplet but  not in the singlet. 

In conjugated ketones, the n-+~* transition occurs at lower energy, with 
2max occuring at 325 nm for typical phenyl ketones. In terms of triplet energies, 
those of aliphatic ketones are usually taken to lie in the 76--80 kcal/mole range. 
A more precise figure is not obtainable because the phosphorescence of aliphatic 
ketones shows no vibrational structure so that  a 0--4) band energy is not assignable. 
Aldehydes presumably have lower n,~* triplet energies, since that  of formaldehyde 
is 72 kcal]mole 10). The n,~* E~ values of phenyl alkyl ketones lie around 72 
kcal ll). while tha t  of benzophenone lies at 68 kcal 12). The n,~* triplets of con- 
jugated enones also lie 70--72 kcal above their ground states 13). 

Although the ~ - ~ *  transitions of aliphatic ketones occur at very high energy, 
those of conjugated ketones lie much lower. In particular, phenyl ketones have 
~,~* triplets which lie less than 75 kcal above the ground state 14), while enones 
have ~,z* triplets which lie within a few kcal either way of their n,~* triplets is). 
Substituents on the benzene ring of phenyl ketones or on the double bond of 
enones independently stabilize or destabilize the n,~* and ~,~* transitions, so that  
such substituents usually determine which of the two triplets is lower in energy. 
The polarity of the solvent also affects relative triplet energy levels, with ~,~* 
triplets being stabilized in hydrogen-bonding and high dielectric solvents 14). 
When an acyl group is at tached to any aromatic ring bigger than benzene, the 
lowest triplet of the compound is basically a perturbed ~,~* triplet of the aromatic. 

The excited state behavior of a compound usually depends largely on the 
nature of its lowest triplet. In compounds where the two triplets are energetically 
proximate, they can equilibrate thermally before decaying and they may also mix 
with each other. How much these two phenomena affect chemical reactivity is 
still the subject of active research and speculation. The latest thinking is that  
mixing is not significant unless the two "pure"  triplets would be within 0.6 kcal 
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of being isoenergetic 15). Consequently, it is usually fairly safe to think of these 
triplets in terms of a simple m.o. model. An orbital diagram and commonly 
accepted valence structures are presented below for the n,~* and ~,~* states of a 
simple enone. The ~,~* triplet is more nucleophilic than electron-deficient at 
oxygen and may have diradical character. Inasmuch as the chemical reactions of 
such states reflect the electronic distribution of the reactant, quite different 
chemical reactivity is expected and observed for n,~* and z,~* triplets. 

C=C C=C--C=O C=O 

-'. ./> ' 

:0. :6: :6~ 
/ / / 

C=C--.C ~ C--C=C -~ C--C=C 

/ / + / / 
6---L-c ,-,- ~ - c = c  -,., c - e - ~ .  -~ c - c - c  

+ 

IL Primary Photoreactions 

The photochemistry of alkanones has been reviewed recently 2e). It would appear 
that rate constants for the physical decay processes of both singlets and triplets 
vary only slightly among a wide collection of structurally varied acyclic, cyclic, 
and polycyclic alkanones. Consequently, relative triplet yields are determined 
primarily by relative rates of excited singlet chemical reactions. As in most triplet 
reactions, overall quantum yields are usually determined primarily by the parti- 
tioning of metastable primary photoproducts. 

All of the photoreactions of aliphatic carbonyl compounds result from just 
four primary reactions of n,z* states. More complicated carbonyl compounds can 
undergo various rearrangement reactions and reactions characteristic of ~,~* 
states but also undergo the four basic carbonyl reactions. A brief summary of 
these reaction types is presented in this section; the remainder of this review 
is devoted to a critical summary of how structure affects the rates and efficiencies 
of these basic reactions. Since each of the primary photoreactions produces another 
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reaction intermediate, the chemistry of both the excited states and the intermedi- 
ates must be understood if quantum efficiencies are to be predictable. 

A. a-Cleavage is the common unimolecular, intrachromophoric radical-pro- 
ducing reaction of the excited carbonyl group and is closely analogous to the 
r-cleavage of alkoxy radicals 16). Aeyclic compounds yield a pair of radicals 

O* 0 

R-- --R" ) RC" +'R' 

O 
l i  

) R'~" + "R 

which can either react in the initial solvent cage or diffuse apart and initiate 
typical radical reactions. Cyclic compounds yield diradicals which can either 
recouple or disproportionate to yield stable products. 

O 

hv H 
_ " i _  + 

B. Hydrogen Atom Abstraction is the other alkoxy-radical-like reaction of 
triplet n,a* carbonyls. The substrate can be another molecule, in which case a pair 
of radicals is formed; or an accessible hydrogen in the same molecule, in which case 
a diradical is formed. 

R2C----O* + S--H " R2--C "OK + S" 

O* OK 
II I 

R--CCH2CH~CH3 ) IZ--C--CH~--~H~--CH2 

C. Charge Trans[er Complexation. The one-electron oxidation and reduction 
potentials of excited triplets are lower than those of the ground state by  the 
triplet excitation energy E~. Therefore, excited triplets (and all excited states) 
are very prone to get involved in charge transfer and electron transfer processes. 
Charge transfer complexation seems to account for most bimolecular chemical 
reactions of ketone triplets which are not initiated by hydrogen abstraction. There 
is as yet  no hard evidence whether the CT complexes so formed are still electronic- 
ally excited (exciplexes) or whether they represent some high energy ground state 
configuration, but exciplexes certainly are likely intermediates. Depending on 
the nature of the substrate, the complex can proceed to products by  various 
chemical paths; but reverse electron transfer always operates to quench a signif- 
icant fraction of the complexes. 

D. r-Cleavage. Ketones substituted with keteroatoms on an a-carbon, including 
a-halo, a-tosyl and a-aminoketones, undergo photoinduced loss of that  substituent 
either as a radical or as an anion 17). 
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o 
II 

h, I ,RCCH~+C,. 
RCCI-I2C1 0 

II 
- RCCH + + CI- 

HI. c~-Cleavage 

A. Acyclic Aliphatic Ketones 

The photolysis of ketones into radicals is called Norrish type I cleavage. The 
efficiency of this cleavage depends strongly on the ketone's structure and on the 
medium. 

The simplest ketone, acetone, has remained one of the hardest to understand. 
It photofragrnents efficiently in the gas phase with unit quantum yield above 
100 ~ is). In inert solvents, however, it fragments so inefficiently 19) as to require 
CIDNP techniques to be detected 2o) ; even then, only in water is CIDNP readily 
detected for the products expected from cleavage. (In solvents with labile C--H 
bonds, acetone is photoreduced 21)). 

O O O 
II h, [[ II 

CH3CCHs ~ [CHsC" + CHa'] > CHaC" + CHs- 

O O 
II II 

CH3C. + R- -H > CH3C--H + R -  

O O 
II II 

CHs-  + CHsCCH3 > CH4 + CH3CCH.~. 

2 CH 3 �9 ) CH3CH 3 

O OO 
11 I] II 

2 CH3C. ) CHsCCCHa 

o o 
H II 

CH3CCH2. + CH~. ~ CHsCCH~CH 3 

Unlike acetone, diethyl ketone cleaves well even in cumene 2z). 2-Pentanone 
triplet undergoes considerable a-cleavage in competition with rapid intramolecular 
hydrogen abstraction, as judged by the buildup of an efficient triplet quencher 23). 
Biacetyl is the only likely candidate for that quencher and is the major product 
of a-cleavage of methyl ketones at temperatures low enough that decarbonylation 
of the acetyl radical is slow. Isopropyl, tert-butyl, and benzyl ketones all cleave 
quite efficiently and various reports have appeared on the CIDNP spectra of prod- 
ucts derived from the radicals 24). 

The rate constant for triplet ~-cleavage depends strongly on the stability 
of the radical produced, as judged by both intramolecular competition and by 

9 



P. J. Wagner 

measured triplet lifetimes. An order of magnitude comparison of rate constants 
can be estimated for cleavage of progressively more stable radicals R. as follows: 
CHs, 10a---104 sec-1; CHsCH2, ,-d06--10 ~ sec-Z; (CH3)zCH, ~-~10 s sec-1; 
C(CHa)s; 2 X 109 sec-1; PhCH2, 10 l~ sec -1. The last two are measured 95,26); 
the second would explain the above-mentioned behavior of 2- and 3-pentanone. 

O* O 
II 11 

CH3CR > CHsC" + R" 

The values for methyl and isopropyl have not been even indirectly measured. 
They were chosen by analogy to the known relative rates of r-cleavage of alkoxy 
radicals 2~) The number so chosen for methyl explains the inefficient cleavage 
of acetone in solution. Although this rate is large enough to compete with quench- 
ing by unreactive solvents, it is not large enough to compete with quenching by 
productbiacetyl. By the time 10-6M biacetyl is produced (0.001% conversion for 
0.1M acetone), the reaction is half-quenched by product, since kq is on the order 
of 101OM -1 sec -1 in most common solvents s). Although quenching by product 
has long been recognized as an a priori possibility in all photoreactions, it is a 
serious complication surprisingly rarely. 

It is noteworthy that the excited singlets of t-butyl ketones undergo c,- 
cleavage only 1/100 as fast as their triplets 25), despite their 5 kcal greater energy. 
This fact has been a real puzzle for some time and remains so today. Turro suggest- 
ed that the triplet ketone can correlate with a repulsive triplet of the radical 
pair 28,29). Salem has recently applied simple symmetry considerations to this 
photocleavage reaction 39) and concluded that the singlet radical pair with the 
same symmetry as the n,~r* ketone singlet is a high energy state, whereas the n,~* 
triplet can indeed pass smoothly to the lowest energy triplet radical pair either 
by mixing with an upper triplet or by losing all symmetry by cleaving in a non- 
coplanar fashion. Other calculations 3o) and some experiments 31) suggest that the 
latter is the case. 

Decarbonylation regularly accompanies ~-cleavage reactions at higher tem- 
peratures in the gas phase but occurs at room temperature in solution only if 
the acyl radical can form a very stable alkyl radical (tert-alkyl, benzyl). For 
example, di-tert-butyl ketone photofragments with a total quantum yield of 
0.7 in solution as). Cage recombination invariably cuts the efficiency of type I 
cleavage in solution. In terms of the general kinetic scheme, Pp is less than 
unity. 

h v  _ + 

o 

--- + CO 

H 

- - y + y  

- f r c c  radicals 
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If decarbonylation of the acyl radical is slow, aldehydes and diketones are 
formed. 

B. A ldehydes  

Photoreactions of aldehydes have a strong tendency to become messy if radicals 
are produced, because of the high reactivity of aldehydic hydrogens in abstraction 
reactions, flA,-unsaturated aldehydes undergo a highly stereospecific decarbonyl- 
ation, which probably takes place from the excited singlet 32). 

H 

~ + . C - H  + CO 

C, Cycl ic  Ketones  

a-Cleavage of a cyclic ketone necessarily produces a diradical. I t  is now well 
accepted that  the photorearrangement of cycloalkanones to o~-unsaturated alde- 
hydes and to ketenes proceeds via such diradicals. I t  has not always been ade- 
quately appreciated that  a diradical mechanism had to be a possibility for this 
rearrangement given that  excited ketones cleave into radicals. The only way the 
rearrangement could be primarily or exclusively a concerted process would be 
if that  process were much faster than the homolytic cleavage. 

The evidence for diradicals in cycloalkanone photochemistry is widespread. 
Proton 33), fluorine 34), and laC-CIDNP 3BI spectra have been recorded for prod- 
ucts and reactant ketone. This evidence indicates that  a diradical is at least par- 
tially involved in the rearrangement as well as in the well-known photoepimeriza- 
tion of certain keto-steroids 36). Such loss of stereochemistry is usually associated 

O O 

with the presence of an sp2-hybridized intermediate. Here a diradical is the 
obvious choice. The identical product distribution from both ds and trans-2,3- 
dimethylcyclohexanone is a more subtle indication that  there is an intermediate 
involved in the rearrangement which loses its configurational integrity at carbon 
2 37). 

O O O O 

The kinetics of these rearrangements demand an intermediate. Triplet life- 
times depend strongly on a-substitution as,89) in line with what would be expect- 
ed for relative stabilities of the alkyl-half of the diradical. 3- and 4-Substituents 
have only small effects on rates of triplet decay. Most important, there is no 
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correlation between quantum yield and triplet state reactivity as), symptomatic 
behavior for photoreactions in which an intermediate reverts to starting material. 

Relative rates of a-cleavage to yield primary: secondary: tertiary: benzylic alkyl 
radical sites are 1:30:300:1000, just as with the a-cleavage of acychc ketone 
triplets into radicals. For the cyclohexanones, the absolute rates are very similar 
to these for a-cleavage of acyclic ketones, as befits a similar mechanism. The rate 
for 2-phenylcyclohexanone is considerably larger than first reported asl, more in 
line with the behavior of dibenzyl ketone 26~. Cyclopentanones cleave ten times 
faster than the corresponding cyclohexanones, presumably manifesting the 
release of ring strain. I t  is noteworthy that excited singlet lifetimes increase with 
a-substitution 89~. The rearrangements of the cyclic ketones are therefore predom- 
inantly triplet reactions, although the fact that part of the cleavage of a,a- 
dialkylcyclohexanones is inquenchable 4o) indicates some singlet c~-cleavage. In 
this respect, it is worth mention that application of Kaptein's ixde to the CIDNP 
spectra of Norrish type I cleavage reactions 241 suggests the intermediacy of tri- 
plets. Since this conclusion is derived only from the sign of polarization, it is 
impossible to rule out partial (< 50%) singlet participation. 

Most of the remaining uncertainties in cycloalkanone photochemistry are con- 
cerned with the behavior of the diradical intermediate. Its major reactions in- 
clude recouphng and disproportionation in two senses to yield ketene or unsat- 
urated aldehyde. A few strained cyclopentanones also partially recyclize to oxy- 
carbenes 41). 

0 O ~ O C H a  

CH3OH 

~0 hv ~'~CHO ~'~O 
CH30H ~ ~ + k____/~OCH3 

1,4-Acyl, alkyl diradicals also apparently close to oxacarbenes. This statement 
derives from the most rational mechanism for the observed photoproducts of the 
3-oxacyclohexanone below 42~. 

<  co 9" CH30H 2CH3 
o 

o 

O 

+ OCH 3 + CHaCCH 3 

§ 
o 

12 
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It  is very difficult to predict how a given diradical will partition itself among 
its possible competing reactions, since any structural modification affects each 
competing reaction independently. 3- and 4-Alkyl groups apparently slow alde- 
hyde formation in favor of ketene formation, whereas 2-substituents enhance 
aldehyde formation 3s,39). Rate constants for radical-radical reactions are little 
affected by alkyl substitution away from the trivalent carbon. The large changes 
in Pp values produced by 3- and 4-alkyl groups on cyclohexanones suggest that, 
in the intramolecular reactions of diradicals, rates of conformational change 
become at least partially product-determining. Each separate diradical reaction 
can occur from only a few of the many conformations accessible to the diradical. 
Heavy substitution about a given C--C bond could well slow rotation about that bond 
to the point that the diradical, whichis born in a conformation similar to that of the 
parent ketone, cannot achieve the conformation required for disproportionation 
rapidly enough to compete with reconpling. It is difficult to think of any other 
explanation of the remote substituent effects. It must be emphasized that this 
interpretation necessitates that rates of bond rotations be comparable to those 
of coupling of triplet-derived diradicals. This problem will be discussed again later. 

Cyclobutanones are unusual in that triplet sensitization experiments seem to 
indicate that a-cleavage is not efficient from the triplet 43,44). Given the rapid 
cleavage of triplet cyclopentanones, it is difficult to explain why added ring 
strain does not enhance the rate of cleavage even more. Direct irradiation of 
cyclobutanone derivatives results in fragmentation and oxacarbene formation 45). 
Both processes could easily arise from a 1,4-diradical, but extensive arguments 
have been proposed that a concerted reaction might be involved in the carbene 
formation 46). These direct photoreactions probably involve excited singlets. 

O 
[~(/ hv,. CH2=C=O + ~_~" 

H2C=-CHz 

D. Phenyl Ketones 

The ~-cleavage reactions of aryl ketones have been studied carefully only recently. 
The enhanced rate of intersystem crossing in phenyl ketones usually guarantees 
that most reactions proceed from triplet levels. Several workers independently 
studied the type I cleavage of tert-alkyl phenyl ketones and found that the rate 
constants are only 1/100 as large as for the triplets of aliphatic ketones 47). The 
most reasonable explanation for this difference is that the lower triplet energies 
of phenyl ketones makes the cleavage less exothermic. However, Heine and Lewis 
recently have done the first systematic studies on phenyl benzyl ketones. Phenyl 
benzyl ketone itself cleaves only 1/10 as rapidly as triplet pivalophenone, k,-~ 
2 x 106 sec -1, 4s) despite the fact that loss of a benzyl radical should be some 
6 kcal more exothermic than loss of a tert-butyl radical. The benzyl ketone triplet 
is so unreactive that it phosphoresces appreciably at room temperature. Although 
it has been suggested that steric effects rather than radical stability are of predom- 
inant importance in determining the rate constants for these sorts of radical 
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cleavage reactions 48), it is more likely that the formation of benzyl radical is slowed 
by significant entropy loss in tile transition state for cleavage 49). 

Careful study of (S)-(+)-2-phenylpropiophenone reveals that approximately 
half of the radical pairs recombine before diffusing out of the initial solvent 
cage 50). This conclusion follows from the 44% quantum yield of scavengable 
benzoyl radicals and the 33% quantum yield for racemization. Alkyl thiols are 
excellent radical scavengers in carbonyl photochemistry because they quench 
triplet ketones fairly slowly 51). Lewis has shown that concentrations of thiol 
above 0.03 M generally trap all ]ree benzoyl radicals as benzaldehyde 50). Of 
course, tile minimum concentration for complete scavenging depends on conver- 
sion. 

The extent of cage recombination is of very practical importance, since ben- 
zoin ethers are among the most common initiators in several commercial photo- 
initiated polymerizations 5~). The excited states of these benzoin ethers are so 
reactive that they undergo no measurable bimolecular reactions. 

0 OR 0 

II I h,  II 
P h - - C - - C - - P h  �9 PhC. + RO(~H--Ph 

I 
H 

Only one study has been reported of the effect of electronic configuration on 
~-cleavage. Lewis reports that triplet p-methoxypivalophenone cleaves only 
1/200 as rapidly as triplet pivalophenone itself, while p-phenylpivalophenone is 
quite stable to light 5~). The two para-susbtituted ketones have ~,~* lowest 
triplets. Their relative reactivities in ~-cleavage parallel those in the much more 
extensively studied hydrogen abstraction reactions. This comparison indicates 
that n,~* excitation is required for ~-cleavage and furthers tile generality of the 
simple alkoxy-radical like picture of n,~* excited ketones. 

Sophisticated theoretical pictures of carbonyl compounds all point out that 
the n-orbital and the C--C a orbitals are mixed. Therefore, an n,~* excitation 
intrinsically weakens the carbonyl-~-carbon bond and predisposes that bond to 
rupture. However, tile actual cleavage process is certainly distinct from the 
electronic transition and apparently follows potential surfaces analogous to those 
followed by alkoxy radicals in their fi-cleavage reactions. Mixing of the n-orbital 
with the C--C a orbital is presumably very similar in the transition states for both 
kinds of cleavage and involves three electrons. The ~* electron in the excited 
state reaction is in an orbital orthogonal to the reaction coordinate and is not 
apparently involved in the reaction. 

o<g~ o 
I LL 

R - ~ < ~ D C ~ > R '  ~ = R - C  oR' 

R R 

o<~ O 
I II 

R - C ~ @  R' ~ R-C -R' 
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IV. H y d r o g e n  Abstraction 

Hydrogen abstraction by triplet carbonyl compounds has been the most widely 
studied excited state reaction in terms of structural variations in reactants. Con- 
sequently, the most detailed structure-reactivity relationships in photochemistry 
have been developed for hydrogen abstraction. These correlations derive from 
studies of both bimolecular reaction and intramolecular reactions. The effects of 
C--H bond strength and the inductive and steric effects of snbstituents have been 
analyzed. The only really quantitative comparisons between singlets and triplets 
and between n,~* and zl,~* states have been provided by studies of photoinduced 
hydrogen abstractions. 

A. Comparisons of n, ~r* and ~r, tr* Triplets 

Phenyl ketones invariably have an n,~* and a ~,~* triplet of comparable energy. 
Because the n - ~ *  transition causes electron density to move away from oxygen 
and the ~-*-~z* transition causes electron density to move from the benzene ring 
toward the carbonyl, ring substituents tend to have opposite inductive effects 
on n,z** and z~,~* transition energies. Electron-donating substituents stabilize 
the z~,z* triplet and destabilize the n,~z* triplet. Polar solvents do the same. In 
the case of phenyl alkyl ketones, even one methyl group is enough to invert the 
triplet levels; with benzophenone, only strongly electron-donating groups such as 
amino make the lowest triplet z~,z~* in character. Groups which are inductively 
electron-withdrawing (such as CFa, m-CN) increase the separation between triplets 
by stabilizing the n,~* state. Electron-withdrawing groups which can conjugate 
with the carbonyl in the para-position, such as halogens and cyano, stabilize 
both n,~* and z~,z~* transition. 

Acylbiphenyls and acylnaphthalenes have lowest ~,~* triplest with the nearest 
n,~* triplet being >6 kcal higher. The greatly reduced photoreactivity of naphthyl 
ketones relative to benzophenone 54) was the earliest evidence that ~,~* triplets 
are not good hydrogen atom abstractors. Yang was the first to point out that 
methyl- and methoxy-substituted acetophenones, with z,u* lowest triplets, are 
efficiently photoreduced 55). Later quantitative work established that phenyl 
ketones with energetically proximate n,z~* and ~,~z* triplets, with the latter 
lower, undergo triplet state hydrogen abstraction with smaller rate constants 
than those characteristic of n,z~* triplets 56,57). The decrease in rate constant is 
proportional to the energy gap between the two triplets 58). 

.B. 

J 

Several explanations have been advanced to explain the radical'like reactivity 
of excited ketones with ~,~* lowest triplets. Vibronic mixing of the two proximate 
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triplets would make the lowest triplet partially n,~*-like sv) and might induce 
some of that  state's typical radical reactivity into the resultant mixed state. If 
the two triplets are close enough, they might equilibrate thermally before decaying, 
thus allowing a small population of the upper n,~* triplet to do the hydrogen 
abstraction, with the unreactive ~,n* triplet serving merely as a reservoir 59). 

Inasmuch as naphthyl ketones are not totally unreactive at hydrogen abstrac- 
tions 54,60), there must be a small amount of reactivity intrinsic to a,~* states. 
Such reactivity is actually known for a,u* olefin triplets 61) and for enone triplets 
62). In the case of phenyl ketones the carbonyl and aryl x-systems are mixed, such 
that  a locally excited carbonyl ~,~* triplet contributes a small fraction to the 
overall wave function for the ~,~* triplet. Given this intrinsic reactivity, which is 
some 10-4--10 -6 that  of an n,~* triplet, the observed reactivity of ~,~* triplets 
with nearby n,n* triplets can be expressed as follows, where ko ~ is the rate constant 

kobs = k2 + kvib + Zn.= k~ 

~ n , ~  ~ e -ET/RT 

describing intrinsic radicM-like reactivity, kvib is the rate constant describing 
any radical-like reactivity resulting from partial n,~* character, k~ is the 
rate constant for hydrogen abstraction by the upper n,~* triplet, and Xn,~ 
is the fractional equilibrium population of that  state. 

The only studies specifically designed to differentiate between vibronic mix- 
ing and equilibration as the source of n,~*-reactivity in ketones with a,~* lowest 
triplets have been performed here at Michigan State University. Perhaps the best 
evidence that  equilibration is the major mechanism involves a comparison of 
intramolecular triplet state hydrogen abstraction by a series of phenyl ketones 
(Sn,~* lowest) and an analogous series of p-methoxyphenyl ketones (s~,~. lowest). 

~ X -'- Y ~ X  

Y=H, CH30 X=CN, C02CH3, H 

The observed rate constants for v-hydrogen abstraction are decreased in 
parallel fashion by electron-withdrawing substituents near the y-carbon for both 
the benzoyl and anisyl compounds 58,59). Such a result is expected for equilibra- 
tion, as long as the substituent does not change the energy gap between n,~* and 
~,~* triplets. However, it is difficult to rafionalizehow a~,~* triplet, even with 
a small fraction of n,~* character, could become electron deficient at oxygen. 

A careful study of polymethyl substituted butyrophenones has revealed that  
their observed rates of triplet state y-hydrogen abstraction are no greater than 
what would be predicted from estimates of AET, if equilibration of triplets is the 
only source of reactivity 6s). In fact, meta- and para-methyl ketones are less 
reactive than would have been expected. In these cases, the n,~* and ~,~* triplets 
are so close that  they presumably undergo maximum vibronic mixing, moving the 
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resultant mixed triplets farther apart and reducing X-, ~. The present status of 
the question is that  vibronic coupling is significant only when n,~* and ~,~* 
triplets are within 1 kcal of each other and then does not add significant reactivity 
to the lowest ~,~* triplet. 

Since the n,~* and ~,z~* triplets of benzophenone are some 6 kcal apart, the 
rate constant for hydrogen abstraction from a given substrate by  triplet benzo- 
phenone is independent of solvent polarity 64>. However, switching from hydro- 
carbon to alcoholic solvents lowers the triplet state hydrogen abstraction rate 
constants for phenyl alkyl ketones 58,s5~, presumably because the lowest triplet 
becomes largely ~,~* in the polar medium. A similar solvent change lowers triplet 
hydrogen abstraction rates by  p-methyl and p-methoxy phenyl alkyl ketones by  
a factor of ten 5s}, suggesting a further separation of 1.4 kcal between the lowest 
~r,Tr* triplet and the reactive n,~z* triplet. 

B. Inductive Substituent Effects 

Triplet state hydrogen abstraction by substituted benzophenones, all of which 
have n,~* lowest triplets, reveals tha t  ring substituents exert very little effect 
on reactivity. A Hammet t  a--e plot indicates a ~ value of only 0.8 --  i.e., a two- 
fold rate reduction for a p-methoxy, a three-fold increase for p--CN 60. The 
direction of this inductive effect is easily understandable in terms of the simplest 
model for an n -~ ~* excitation ~>. Loss of an n electron makes the oxygen some- 
what electron deficient. 
This electron deficiency is more pronounced when the effects of substituents near 
the C--H bond are considered. A series of ~-substituted valerophenones display a 
two order of magnitude variation in rate constants for triplet state v-hydrogen 
abstraction, or a Q value of - -2 .0  when ai  values are used 6~. The e value falls 
off by a factor of 0.43 for each additional insulating methylene group, suggesting 
a value of 4.3 for substituents directly attached to the carbon being attacked. 
Of course, substituents directly on the carbon change tile stability of the radical 
product. Nonetheless, strong electron-withdrawing groups are very deactivating, 
so that  solvents such as acetonitrile, acetone, and acetic acid are very unreactive 
toward ketone triplets and in fact make excellent solvents for the observation of 
room temperature phosphorescence of ketones with n,~* triplets. 

C. Bond Strength Effects 

As would be expected, rates of hydrogen abstraction are strongly dependent on 
C--H bond strength. For a given C--H bond, there is very little difference in rate 
constants among triplet acetone, acetophenone, and benzophenone, all of which 
possess n,~z* lowest triplets. Activation parameters have been measured for both 
intramolecular and intermolecular hydrogen atom abstractions. The activation 
energy for abstraction of an unacfivated secondary hydrogen is on the order of 
3--3.5 kcal/mole; the activation entropy varies strongly from system to system 
(see below) 64,68). This activation energy is comparable to that  displayed by tert- 
butoxy radicals, another demonstration of the appropriateness of an alkoxy 
radical as a model for the nTr* triplet. 
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Previtali and Scaiano have attempted to correlate rates of hydrogen abstrac- 
tion with thermodynamic parameters s0} along the lines of Polanyi 70}. In this 
approach (AH* proportional to AH) the exothermicity of hydrogen abstraction 
varies with the triplet excitation energy and the carbonyl z~-bond energy, at con- 
stant C--H and O--H bond energies. 

R~C=0* + H--R' :~ R2C--0H + R' �9 

AH = D(R' - -  H) - -  ET + E~--D(O--H) 

The near constancy of kit values as ET drops some 10 kcal/mole from acetone 
to benzophenone is readily explained by the close parallel between ET and E~ 
values. Conjugation of the carbonyl with a benzene ring lowers the C--O ~r-bond 
energy since the resulting semi-pinacol radical is resonance stabilized. This parallel 
further supports a simple 1,2-diradical valence bond picture for carbonyl triplets, 
a picture which implies that the excitation has broken the ~r-bond and that the 
n-electron on oxygen is very weakly correlated with the electron in the ~r-system. 

sO* t~* 

It is at least amusing and perhaps even revealing that the dipole moment of 
triplet benzophenone is that of a C--O single bond ~1}. The measured ki~ values for 
the n;r* triplets of ~-diketones are 2--3 orders of magnitude lower than for mono- 
ketones via}. I t  is likely that the low ET values (,-,55 kcal/mole) are not com- 
pensated for by lowered =-bond energy. 

D. Steric Effects 

Lewis has reported that rates of bimolecular hydrogen abstraction by triplet 
phenyl alkyl ketones depend on the size of the alkyl group ss}. Relative rates for 
attack on 2-propanol by acetophenone, propiophenone, isobutyrophenone, and 
pivalophenone are 1.0, 0.65, 0.13, 0.035, respectively. It is noteworthy that the 
tert-butyl group does impede hydrogen abstraction significantly. Since triplet 
ketones act much like alkoxy radicals, it perhaps is time to turn the tables and 
suggest that the normal assumption that rates of hydrogen abstraction by alkoxy 
radicals are independent of the alkyl group ~7) may need reevaluation. 

Intramolecular hydrogen abstraction is dominated by conformational factors 
which limit the accessibility of most hydrogens in a given molecule. 1,5-Hydrogen 
atom transfers are by far the most common, as exemplified by the Norrish type n 
photoelimination reaction. The transition state for ~,-hydrogen abstraction can 
adopt a torsion-free chair conformation 72}. That for fl,~, or more remote hydrogen 
abstraction would necessarily be destabilized by some of the torsional strain of 
rings with 5, 7, or more carbons. In fact, the effects of x,fl,?, and 6-methyl groups 
on rate constants for triplet state },-hydrogen abstraction indicate that no eclipsing 
interactions are required in the transition state v2,~3~. 
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0 

With n-hexyl (and presumably larger) ketones, about 5% &hydrogen abstrac- 
tion competes with y-hydrogen abstraction 72). When the &carbon is activated by  
a methoxy group, the ratio increases to 50:50 74L 

OH 

O* ~ '---' OCH3 

Pll~_/--"~OCHa 

The 20[1 y[0 ratio, when both carbons are unactivated methylenes, is also 
displayed by alkoxy radicals 75~. The slower 1,6-hydrogen transfer presumably 
reflects some of the strain in a 7-membered ring. I t  must also involve a more neg- 
ative entropy. Rotations about three C--C bonds are frozen in the transition state, 
whereas only two C--C rotations need be frozen for y-hydrogen abstraction. 

O ~ H 

Ph ~ 

The entropy argument can be looked at another way, namely as the probability 
that the triplet can reach a conformation which brings a hydrogen within bonding 
distance of the carbonyl oxygen. There are of course more conformations involving 
carbons ~ through r than involving just ~ through y. 

Lewis has reported that  y-hydrogen abstraction in polycyclic ketones is more 
rapid than in acyclic ketones 6s) and concluded that  the rate increases are due to 
the increased number of "frozen" C--C bonds in the reactant. His measured acti- 
vation parameters certainly support this interpretation. 

One factor which has not normally been considered explicitly is the varying 
distances between ~,-hydrogens and the oxygen. At one point it  was suggested 
that  hydrogen abstraction had to occur in the nodal plane of the carbonyl ~-system 
since the axis of the n-orbital lies in this plane 70. I t  has since been pointed out 
tha t  there is no very  strict such stereoelectronic requirement for hydrogen ab- 
straction 72,7a). In fact, the original evidence 78~ cited for a stereoelectronie 
effect --  the lack of triplet state y-hydrogen abstraction in trans-2-propyl-4-tert- 
butylcyclohexanone --  ignored the fact that  no hydrogens lie anywhere near 
within bonding distance of the oxygen. 

In several steroids, triplet state y-hydrogen abstraction is efficient even 
though the ~-hydrogens lie appreciably above (or below) the nodal plane of the 
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Ketone D?_H, 10 8 sec -1 Ea, kcal AS@, eu 
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O ~ P h  

70, 3.7 --4 

reactive carbonyl's ~z-system ~7). The concept of a stereoelectronic requirement 
may be valid but  of limited usefulness. The angular dependence of electron den- 
sity in a nonbonding p orbital is a cos2~ function. Therefore, for a nearby hydro- 
gen held at ~ = 6 0  ~ reactivity would presumably be lowered no more than a 
factor of 1/4. I t  may indeed be true that  a hydrogen held exactly in the plane of 
the carbonyl n-system (r = 9 0  ~ is unreactive. Sugiyama has so interpreted the 
lack of light-induced hydrogen abstraction in the following rigid polycyclic ke- 
tone.T8) However, other reactions could be happening too fast. What  must be 
determined in order to assess whether a real stereoelectronic requirement exists 
is the dependence of rates of triplet state hydrogen abstraction on ~b. 

H O H  O 

Several different elegant studies have been concerned with the availability of 
remote hydrogens for intramolecular abstraction by  a triplet benzoyl group. 
Breslow and Winnik first reported remote hydrogen abstraction from para- 
substituted benzophenones 79). Winnik has shown that  the accessibility of 

- C.H 

P 

various hydrogens on the remote alkyl chain can be predicted by  statistical com- 
putations 80). Measured rate constants for intramolecular hydrogen abstraction 
also increase as the predicted probability of a favorable conformation increases 81). 
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Rather  regioselective oxidation of steroids is possible by such remote photo- 
induced hydrogen abstractions s2). 

Since rate constants for bimolecular hydrogen abstraction are in the 104-  
106M -1 sec -1 range, the measured rate of any intramolecular reaction of a flex- 
ible molecule includes rotational equilibrium constants. This basic aspect of the 
kinetics was always assumed in early discussions and was not treated explicitly 
until recently. 

/cI-i 
unfavorable conformations (u) ~ favorable conformations (~) ) H-abstraction 

l hv I hv 
unfavorable conformations (u) ~ favorable conformations (f) 

There are three boundary conditions of interest: 1) excited state conformational 
changes are faster than triplet decay; 2) conformational changes are slower than 
triplet decay; 3) conformational changes are rate-determining. 

When all conformational changes are fast with respect to the rate of hydrogen 
abstraction, the Winstein-Holness and Curtin principles apply. The observed rate 
is the sum of rates for each favorable conformation ] times the equilibrium per- 
centage of molecules is that  conformation. The values of X] are the normal Boltz- 

s = X x s  
$ 

mann distributions determined by the number and energies of discrete conformers. 
There is only one triplet lifetime. 

u 1 

The lifetimes vu of unfavorable conformations are determined by whatever 
decay reactions --  physical and chemical --  are available to each conformer. The 
decay rates z] 1 of favorable conformations include rates of hydrogen abstraction. 
Quantum yields for hydrogen abstraction are determined by the relative rates of 
hydrogen abstraction and of decay, no matter  what conformers they arise from. 
The type II  reaction of acyclic ketones falls into this general class. The unit quan- 
tum yield for triplet state 7-hydrogen abstraction in many ketones indicates that  
conformational change is faster than hydrogen abstraction which, in turn, is 
faster than any other form of decay. 

~ H  ~--- k ~  s 

In ketones with quantum yields lower than unity, some other decay mode is 
competing with hydrogen abstraction. Cyclobutyl ketones provide nice examples 
of low quantum yields being due to very low Zs values. The rate of decay of 
triplet benzoylcyclobutane is 5 • 105 sec -1 in benzene ss); the quantum yield for 
type II  elimination and cyclization is only 0.03 and varies sharply with sub- 
stitution on the benzene ring s4). Hydrogen abstraction can occur only when the 
benzoyl group is in the pseudo-axial conformation a. 
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*0" Ph HO Ph 

e a 

5 �9 109sec-t ~ H  

Ph Ph 

Since exo-5-benzoylbicyclo[2.1.1]hexane, a good model for a, undergoes 
triplet state y-hydrogen abstraction very rapidly ss), the low apparent reactivity 
of triplet benzoylcyclobutane indicates that  only < 0.001% of the triplets are in 
the pseudoaxial conformation at equilibrium. 

Lewis has provided the nicest example of a system in which excited state 
reactions are faster than conformational change, such that  excited state reactions 
are determined by  ground state conformational preferences. Excitation of 1- 
benzoyl-l-methylcyclohexmle yields two discrete triplets: one with a lifetime of 
10 -7 sec which undergoes only a-cleavage to radicals; and one with a much shorter 
lifetime which undergoes only y-hydrogen abstraction and cyclization ss). The 
l0 s sec -1 rate of cyclohexane ring inversion is too slow to equilibrate excited 
conformers with the benzoyl group equatorial and axial. 

PhC- 

4 

Ph 

l hv 

We have recently discovered at Michigan State University that  the well-known 
photoenolization of ortho-alkyl ketones 87) involves two distinct rotamers ss). 
The syn-triplet enolizes very rapidly (>109 sec-1), the anti-triplet so slowly 
( ~  107 sec -1) that  y-hydrogen abstraction can compete. The rate of enolization 
of the anti-triplet is apparently determined by  the necessary rotation into the 
syn conformation, since it is independent of substituents on the benzene ring and 
of the nature of the ortho-alkyl group. 
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CH2R CH2-R 
fast 

3 syn* 3 �9 10 7 sec'~ a anti* 

1 >109secl 1 

CH-R CHz-R 

The type II  reaction of these ortho-alkyl ketones comes only from the -,-20% 
of the ground states that  are in the anti conformation. Enolization, on the other 
hand, comes from both conformations. That  from the syn conformation appar- 
ently is so fast that  it is kinetically "stat ic";  that  from the anti conformation is 
dynamic. 

E. Triplet vs. Singlet Reactivity 

The relative reactivities of n,n* singlets in hydrogen abstraction reactions has 
not yet been defined as precisely as for n,n* triplets. There is httle doubt that  
n,z~* singlets do abstract hydrogen atoms, since the unquenchable type II  cycli- 
zation of compounds such as cyclohexenyl acetone involve allyhc rearrangement 
89,90). 

The singlet state type II  reaction of aliphatic ketones proceeds very ineffi- 
ciently 90) and in a highly stereospecific fashion 91), as opposed to tlle highly 
efficient 9), nonstereospecific triplet reaction 91). Although an extremely short- 
lived singlet diradical has been invoked 90,91), it has been clear for some time that  
the situation may be more complicated 9). 

Heller first proposed that  electronic energy might be transferred into vibra- 
tional stretching energy of a C--H bond 92), with further partitioning of the hot 
product into a pair of radicals (or diradical) or to a relaxed ground state. This 
proposal was perhaps the first specific suggestion in line with Hammond's latest 
postulate, that  chemical reactions of excited states are special forms of radiation- 
less decay 9a). I t  was suggested in 1971 that  singlet (but not triplet) state type II  
reactions may be one example of such coupled chemistry and radiationless decay 9). 
Since then, understanding of radiationless decay has improved c9nsiderably and 
it appears that  a reaction coordinate for chemical change can indeed promote 
radiationless decay of excited singlets. The following picture of excited ketone 
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o*  0 

0 O-H 

hydrogen abstraction can be pieced together from the recent papers of Michl 94) 

and of Salem ~%95), with only a few embellishments by the present author. The 
triplet ketone can proceed smoothly to a triplet diradical state, the efficiency 
being limited only by the rates of any competing reactions 6~.96). As the CIDNP 

GS 

Z~ 

1DR 

- 3DR 

o O - H  

phenomenon shows, spin inversions in diradicals and radical pairs is rapid enough 
that  triplet diradicals can go on easily to singlet products. In fact, the potential 
energy diagram indicated by the dashed line can be considered to arise from the 
normal conlbination of two potential wells. The only difference between triplet 
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state hydrogen abstraction and hydrogen abstraction by  a ground state radical 
is that,  in the former, the potential wells for reactant and product lie on a common 
triplet, rather than ground state, hypersurface. 

Simple symmetry considerations indicate tha t  the n,~* shlglet of a carbonyl 
correlates with the singlet diradical product, whereas the ground state correlates 
with a zwitterionie divalent species 29). Since a plane of symmetry is not main- 
tained in most hydrogen abstractions, there is an avoided crossing between the 
excited surface and the ground state surface 29). Hydrogen abstraction therefore 
requires a radiationless decay which can occur easiest at the point of smallest 
energy difference between the two surfaces 94). This minimum in the excited sur- 
face occurs at a reaction coordinate where the C-H bond is stretched but not yet 
fully broken 94). The sudden change of electronic energy into vibrational energy 
populates the ground state surface on a maximum, from which redistribution of 
vibrational energy can lead on to diradical product or back to ground state re- 
actant. In other words, singlet hydrogen abstraction is inherently inefficient 
94,97) even if no other reaction of the excited singlet can compete, exactly the 
situation in singlet state type II eliminations 9,90). The potential energy diagram 
for excited singlet hydrogen abstraction is different from that  for normal radical 
hydrogen abstraction only in the involvement of a lower energy hypersurface in 
the latter stages of the reaction. Whatever  activation barrier must be surmounted 
results from the normal avoided crossing of two potential wells of the same sym- 
metry on the same singlet hypersurface. (These last two sentences are the present 
author's contribution to the problem.) 

These recent theoretical studies seem to support the early suggestion 9) that  
the inefficiency of singlet state type II  elimination may be explained by  Heller's 
electronic-to-vibrational energy transfer. What  was missing earlier was a good 
explanation of why this form of radiationless decay should occur. I t  is still dis- 
turbing, however, that  the experimental evidence regarding bimolecular hydro- 
gen abstraction by  n,~* singlets is somewhat confusing. 

The weak quenching of alkanone fluorescence by several alcohols 9s) correlates 
better  with their ionization potentials than with their C--H bond strengths. Several 
fl,v-tmsaturated ketones and aldehydes are photoreduced by  stannanes even in 
the presence of triplet quenchers 32). Aliphatic ketones are photoreduced in 100%- 
quantum yield by  tributylstannane but  the reaction is quenched totally by con- 
jugated dienes 99,100). The stannane does not quench the fluorescence intensity 
of acetone 101) but  does shorten the singlet lifetime of adamantanone 98). The bi- 
molecular rate constant which describes the ability of stannane to shorten :'the 
singlet hfetime of adamantanone is 5 • 108 M-1 see-l,  similar to the measured 
rate constant for triplet state hydrogen abstraction from stannane 99). If one 
assumes some error in the fluorescence measurements, this singlet quenching must 
either produce radicals in 100% efficiency or be a heavy atom induced inter- 
system crossing, otherwise the quantum yields for photoreduction in the 
absence of triplet quenchers could not be unity. Dienes might well intercept 
hydroxy radicals 9s) and thus chemically quench singlet state photoreduction, but  
it is unlikely that  naphthalene would do so. We have found a quantum yield of 
0.07 for isopropyl alcohol formation in 1 M acetone-0.4 M tributylstannane-3 M 
1-methylnaphthalene mixtures 102), conditions s) in which all of the light is ab- 
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sorbed by the naphthalene, 98% of the naphthalene singlets transfer their energy 
to acetone (stannane does not quench naphthalene fluorescence), and 09% of the 
acetone triplets are quenched by naphthalene. With the rate constant for inter- 
system crossing in acetone equal to 5 • l0 s sec-1, the effective rate constant for 
singlet hydrogen abstraction is only 1 • l0 s M-1 sec-1. The evidence about the 
ability of n,~r* carbonyl singlets to abstract a hydrogen atom from very reactive 
hydrogen donors such as stannanes is contradictory and no firm conclusion can 
yet be reached about this important comparison between singlet and triplet 
reactivities. 

F. Radicals and Diradicals 

Excited states are essentially diradicals 2,9~). Their early-noted 27 propensity to 
yield diradical products was always intuitively reasonable and is now understood 
more fully in terms of state correlation diagrams 97~. For triplets, diradical for- 
mation can occur without spin inverson and is particularly favorable since it 
allows the parallel spins to get farther apart 96). In early discussions the rate of 
triplet-~singlet spin inversion in primary diradical photoproducts was always 
tacitly assumed to be fast enough that ground state (singlet) product formation 
could proceed without further ado. However, the stereospecificity of product 
formation from cyclic azo compounds depends so strongly on whether direct 
(singlet) irradiation or triplet sensitization is employed 103) that it is widely 
believed that the rate of triplet-*-singlet spin inversion is rate-determining in the 
reactions of triplet-derived 1,3- and 1,4-diradicals. Since the type II reaction allows 
the production of 1,4-diradicals of great structural variety, it has been possible to 
learn much about diradicals from careful study of this reaction. 

The ability of thiols to trap the diradical intermediates 104) and the partial 
rearrangement of ~-allylbutyrophenone to 2-phenyl-2-norbornanol x05) strongly 

O OH OH 

I[ ][ �9 

suggest that the rate constants for cyclization and for cleavage of the diradicals 
are on the order of 10 6 sec -1. It would be surprising if spin inversion were 
this slow, unless through bond coupling 106,1o7~ produced an unusually large 
exchange interaction. There is considerable evidence that substituents which 
increase rotational barriers alter product ratios from triplet-derived diradicals 
2 s, ~ 2,73,1087. Cyclobutanols formed from optically active ketones with asymmetric 
7-carbons always retain some optical activity 96,109,110). Therefore, triplet-derived 
diradicals do not live long enough for complete rotational equilibration to occur. 
I t  has been proposed that normal activation barriers, not rates of spin inversion, 
determine the lifetimes of diradicals 107) with strong through-bond coupling 
inhibiting rotation in singlet, but not triplet, 1,4-diradicals 1117. 

The actual reactions of the diradicals and radical pairs formed by triplet state 
hydrogen abstraction are those expected of radical pairs: coupling (cyclization); 
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disproportionation; cleavage (1,4-diradicals); radical rearrangements; further 
hydrogen abstraction. Not enough structural variations have been studied in 
order to allow reliable predictability of the actual partitioning of a given diradical 
or radical pair. Steric hindrance clearly decreases coupling. Thus pivalophenone 
is photoreduced to the alcohol rather than to pinacol 53}. However, tert-alkyl 
ketones with 7 C--H bonds undergo type n cyclization in preference to elimina- 
tion.47} It has been suggested 74,108) that e-substituents impede rotation of the 
diradical into a conformation required for cleavage, one with the 2,3 C--C a bond 
parallel to both p orbitals at carbons 1 and 4112}. Such a stereoelectronic require- 
ment for cleavage seems indicated by both theoretical 106 and experimental work 
9,113~. Since type II cyclization is one of the best synthetic entries to four-member- 
ed tings, the structural parameters which favor cyclization vs. cleavage are of some 
interest. 

Inductive effects of substituents on diradical behavior are most pronounced 
in the disproportionation reaction. With phenyl ketones, electron-donating sub- 
stituents in the para position and electron-withdrawing substituents in the 7- 
position enhance the probability for product formation from the diradical inter- 
mediate, at the expense of disproportionation. This disproportionation is now 
seen as a normal, low activation energy, ground state reaction 29,94~. It has been 

2 H. + /=x  p-H 
x - - -  

suggested that partial zwitterionic character in the (singlet) diradical might 
affect disproportionation, since the singlet ground state and a zwitterion have the 
same symmetry 97~. Experimentally, substituents which make the hydroxyl 
proton more acidic and the ?-radical site more easily oxidizable favor dispro- 
portionation 10s}. This phenomenon is an example of the now well documented 
electron donating character of alkyl radicals in hydrogen atom abstraction 
reactions 114). It is not a zwitterionic contribution to the diradical but the correct 

zwitte~ionic contribution to the transition state for disproportionation that lowers 
type II quantum yields. 

The mere fact that so much diradical disproportionation occurs in triplet type 
n reactions reflects the acidity of the hydroxyl proton. The ability of even very 
weak Lewis bases to suppress this disproportionation 115) is further evidence. It 
often happens that added Lewis base causes Pp to equal unity, such that quantum 
yields are determined solely by competing triplet reactions. Unfortunately, in 
stetically crowded ketones, such is not always the case. 

Since ~-hydroxyradicals are the primary photoproducts in any hydrogen 
abstraction by ketones, their strong reducing power should be noted. The photo- 
reduction of benzophenone in secondary alcohols provided the first example of 
the reducing capabilities of hydroxyradicals 116). 
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Ph2C = O* + R2CH--OH 

R2d--OH + Ph2C = 0 

Ph2r + R~r 

R2C = 0 + Ph2r 

The second reaction above was verified by thermal production of ~-hydroxy- 
radicals 117). There are now many reports of chemical sensitization by ketones, 
wherein a a-hydroxyradical photoproduct reduces a ground state of another 
compound. ,r lla), ,r ketones 119), and imines 120) all 
undergo such chemically sensitized photoreductions. 

Finally, there is one aspect of the photoreduction of phenyl ketones which 
has been resolved only recently. It is now well established that benzyl radicals 
couple to form 1-alkylidene-2,5-cyclohexadienes as well as bibenzyls, the ratio 
depending primarily on steric factors 121). Schenck first showed that the semi- 
pinacol radicals involved in the photoreduction of benzophenone also form such 
products 122). These compounds absorb very strongly in the near UV and often 

Ph2~--O + S--H * Ph2r + S. 

s 
I ~ n H  

S. + Ph~r ~" Ph2--C--OI{ + S 

h 
OH OH I ~ /=x OH 

2 Pha(~--OrI ) Ph~Cg-2 + P h 2 C % _ _ ~  

H ~ Ph 

function as internal filters lowering quantum efficiency. Their presence also inter- 
feres with UV analysis of ketone disappearance, although they do slowly dis- 
appear by as yet undefined reactions. In particular, tlley react rapidly with 
oxygen. 

I concluded in 1969 that only a few per cent of ring coupling occurs in benzo- 
phenone photoreduction but that the triene products effectively quench all high 
energy triplets present, both those of benzophenone and of several aromatic 
quenchers 123}. Steel has now verified this conclusion by flash spectroscopic 
studies 124). Despite the fact that the UV spectra of irradiated solutions in which 
phenyl ketones have undergone photoreduction are dominated by triene absorp- 
tion 12s), FT NMR of an irradiated benzophenone solution indicates that benz- 
pinacol is the predominant (only readily detectable) product 134). The earlier 
suggestion 125) that trienes were the first-formed products and that they slowly 
rearrange to pinacols is not true. 

V. Charge Transfer 

A. General Considerat ions  

All Excited states are easier to oxidize and reduce than are ground states. In 
particular, carbonyl compounds undergo one-electron reductions fairly readily 
to yield relatively stable ketyl radical-anions. The triplet excited ketone is 
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7"1-5 * - -  

e-- 

E red=2.0 eV (2.0-3.0) eV 

easier to reduce than the ground state by the triplet excitation energy, as the 
figure illustrates. Simple phenyl ketones are reduced polarographically at approx- 
imately - - 2  ev relative to a standard calomel electrode. The excited ketone is thus 
reduced at a 1V positive potential relative to sce. 

Since excited ketones are relatively strong oxidizing agents, it might be ex- 
pected that  they would participate in a wide variety of one-electron redox re- 
actions. In fact, they do not seem to. Instead, they form charge transfer complexes 
with almost all electron donors. These complexes are probably exciplexes, although 
there is no evidence that  they either dissociate back to excited ketone or phosphor- 
esce. These complexes do undergo facile chemical rearrangement and radiationless 
decay. Two important  reaction classes --  the cycloaddition of triplet ketones to 
olefins and the reduction of triplet ketones by  amines --  apparently involve such 
intermediates. The rest of this section consists of discussions of these two reactions 
followed by a discussion of CT quenching in general. 

B. Cycloaddit ions to Olefins 

1. Mechanism 

It  has been thought for some time that  the interactions of triplet ketones with 
olefins involve a competition between hydrogen abstraction from, energy transfer 
to, and cycloaddition to the double bond 126). Cycloaddition has generally been 
considered to proceed via a diradical intermediate. At first, the only evidence for 
a diradical was that  the regioselectivity of oxetane formation often --  but  not 
always --  is such as would be expected from the relative stabilities of the possible 
diradical intermediates 120. Moreover, n,~* ketone triplets are known to act like 
alkoxy radicals, which add to olefins, albeit less efficiently than do most other 
radicals 27). 

o. jg..  
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Carless has reported a careful s tudy of the photoreaction between acetone and 
2,3-dimethyl-2-butene 127k Together with photoreduction products and oxetane 
are formed two alcohols which can be explained simply as internal disproportio- 
nation products of the diradical. 

30, . / "  

o H  Coupling products 

- - -  § 

Earlier, Saltiel provided indirect evidence for a diradical intermediate by not- 
ing variations in the photosensitized cis/trans ratio of 2-alkenes 128). Originally, 
sensitized isomerization of olefins was thought to involve only energy transfer 

+/. 
R ~ R  R 

R 

from the triplet ketone. However, any real 1,4-diradical intermediate would 
certainly cleave at least partially to two olefins (the same diradical reaction 
responsible for type II  photoelimination). The cis/trans alkene ratio so formed in 
general could be different from that  formed by decay of the alkene triplet. 

PhotoSxetane formation is quite inefficient, a fact which usually points to the 
presence of an intermediate which can partially revert to ground state reactants. 
Cleavage of the diradical must be responsible for some of the inefficiency in oxetane 
formation 19.9). However, in the past few years convincing evidence has appeared 
that  a CT complex precedes the diradical la0,1al). The two most telling pieces of 
evidence are the relative reactivities of different alkenes 130) and the absence of 
any measurable secondary deuterium isotope effect on quenching rate constants 
lal}. Relative quenching rates of sterically uncrowded olefins are proportional both 
to the ionization potentials of the donor olefins la0) and to the reduction potentials 
of the acceptor ketones lal), as would be expected for a CT process. Inasmuch as 
n,~* triplets resemble electron-deficient alkoxy radicals, such substituent effects 
would also be expected on direct radical addition of triplet ketone to olefin. How- 
ever, radical addition would yield an inverse isotope effect (in, say, 2-butene- 
2,3-d2) and would be faster to 1,1-dialkylethylenes than to 1,2-dialkylethylenes, 
in contrast to the actual observations. 
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The regioselectivity in oxetane formation is probably determined primarily 
by the orientation of the CT complexes. Additions of r which have 
such low reduction potentials as to be particularly hot 182) and therefore poten- 
tially unselective acceptors, do proceed with negligible regioselectivity 128). 
The actual product ratio is quite complex kinetically because of all the various 
competing reactions of four separate intermediates. 

ph /C~ ' cx3  CX 3 

~ .hp 
PhCOCX3 " PhCOCXa 

II o 

A 
CX3 CXa 

kel D 

CX3 
2244 

CXa 

2233 

2233 kel hbl (k-e2 + kd2 + kb2) kcl (he2 + ks2) 
2244 ken kb2 (k-el + kdl -'~ kbl) ke2 (kcl + hsl) 

For example, the change in the 2233/2244 ratio from 9:1 for X = H to 1.5 for 
X = F  126) involves possible changes in 12 independent rate constants, even 
though the simple inductive argument noted above would hope that the biggest 
change is in kel/ke2. Steric features of both reactants may produce large variations 
in all rate constants. For example, as steric crowding increases, kb and ke may 
well decrease while ke, kd ,and ks may increase. In fact, some olefins quench triplet 
ketones so efficiently without yielding products in significant yields in0) that one 
may infer that ka often is larger than kb. 

The orientation of the two molecules in the CT complex is not well under- 
stood. Turro has presented evidence that substituents on the ketone in the nodal 
plane of the carbonyl n-system sterically hinder CT quenching of the triplet 
ketone I33). The effect is not large; but given that the approach between donor 
and acceptor in CT complexes is not as close as required for covalent bonding, 
a large effect is not needed for one to infer that the donor orbital probably over- 
laps with the half-vacant n-orbital. Inasmuch as the olefin has radical-catonic 
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character in the CT complex, most of the charge should be situated on the more- 
substituted carbon of the double bond. Complexation to an unsymmetrical olefin 
such as isobutylene might involve two orientations with charge-separated reso- 
nance contributors as shown below. I t  is possible that  in a fluoro-substituted 

ketone, the CT complex involves more electron transfer (i. e., the charge separated 
form contributes more to the total) than in a less electron-demanding ketone. 
The resulting extra charge on the dimethyl-substituted carbon would then force 
the complex into a very asymmetric orientation with positive and negative charges 
as close together as possible, such that  collapse to the less stable diradical could 
occur readily. 

As mentioned above, if the CT complex is an exciplex it might revert to mono- 
meric excited ketone. Caldwell's isotope studies rule out this possibility, since if 
complex formation were significantly reversible, the observed rate constant for 
quenching would be proportional to kb and thus should show an isotope effect. 

2. Singlet vs. Triplet Reactivity 

Oxetane formation is not only a triplet reaction. Singlet n,~* states of aliphatic 
ketones add stereospecifically to electron-deficient olefins, whereas their triplet 
states transfer energy to these olefins 134>. With olefins such as 1-methoxy-1- 
butene, oxetane formation takes place from both singlet and triplet states 135). 

) 1 . . .  + - - - - -  
CN N 

CN 

sO* CN fCN 
+ (  - -  

ON NC 

Yang reported that  quenching of excited singlet alkanones by  alkenes and by  
dienes is so dependent on the quencher's ionization potential that  a CT process is 
likely 136). The rate constants which describe quenching of singlet and triplet 
ketones by  a given olefin are very similar, as would be expected for similar proc- 
esses. 

3. n,~* vs. ~,~z* Reactivity 

There has been surprisingly little work done to differentiate the relative reactivi- 
ties of n,:~* and ~z,~z* triplets in oxetane formation. Triplet fluorenone does add to 
ketenimines 137). Naphthyl  1as) and biphenylyl 126) ketones also form oxetanes. 
I t  is not known whether the lowest ~z,:~* triplets are responsible or whether an 
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upper n,~* state reacts, as observed for 9-anthraldehyde 13~. I t  is entirely pos- 
sible that  olefins are active in forming CT complexes with zc,z~* ketones but  tha t  
the complexes rearrange very inefficiently to diradicals and oxetanes. 

4. a, fl-Unsaturated Ketones 

The cycloaddition of enones to olefins is a reaction of considerable synthetic 
interest 140). Oxetane formation and cyclobutane formation are sometimes 
competitive 141) but  the latter reaction is the more common. The photodimeri- 
zation of enones 142) is a special case of such cycloaddition. I t  has been shown 
that  triplets are involved in these cycloadditions, since intersystem crossing quan- 
tum yields are unity 143) and cycloaddition is totally quenchable by  triplet quen- 
chers. Careful kinetic analysis indicates an intermediate which can partially 
revert to ground state reactants, since quantum yields are lower than unity even 
when extrapolated to infinite substrate olefin concentration. That  a diradical is 

o 0 o 

~ HO hv ~CHO ~ ~ H O  

7 -  
involved seems very likely, as judged by the disproportionation products observed 
in several reactions 144-146). Moreover, there is no stereospecificity in the ad- 
dition 140,147). 

0 O O 

cl  

I t  is assumed that  a CT complex precedes diradical formation 140,148,14B), 
primarily because of the regioselectivity of addition to unsymmetrical olefins. 
If different complexes are indeed involved, the final product ratio is a complex 
function of many competing rates. For example, let us assume the least compli- 
cated scheme as shown below for cyclopentenone. 

The final equation is included not merely as a display of kinetics prowess. 
Several authors have pointed out tha t  product ratios are not a simple function 
of k~r]k~; the equation ought to make that  fact indelibly clear., Moreover, the 
scheme shown ignores many likely complications. Reversibility of complex 
formation is ignored. The stereochemistry of H and T are ignored. The diradicals 
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kBH3 " kCH3 
kH (kBH3 -{- kBH2 + kdH) (kCHS + kSH3) 

kBH2 �9 ~CH2 ] 
+ ~kB~3 + k B ~ u  f i d ~  + k~/ 

~BT3 " ~CT3 ~BT2 " kCT2 ] 
k~ ikBT3 + kB~2 + kdT/ (kC~3 + kS~3/ + Ik~8 + k ~  kd~ ~CT~ + kS~.~) 

O O O 

R 

labelled h3 and h2 may well couple to different ratios of the two H isomers. The 
worst possibility is that  each CT complex may well collapse to both diradicals, 
albeit in potentially different ratios. 

O* O O 

+ 

J m R  
0 0 

R 

There is no clear evidence which carbon of the double bond forms the first 
covalent bond in diradical formation. In fact, there is evidence from rearrange- 
ment products that  each does 14sL 

Yet another puzzle exists with respect to the nature of the reacting triplet. 
I t  is now widely accepted that  the n,~* and x,~* triplets of enones lie very close 
together 140,143). One can argue, mostly by analogy, that  the ~,n* triplets are 
responsible for cyclobutane formation and the n,~* triplets for oxetane formation 
and photoreduction. The large rate constants for reaction of triplet cyclopente- 
none with olefins 14o) indicate that  the lowest triplet, which is probably mostly 
x,x*, is the reactive species in cycloaddition. Solvent changes which would be 
expected to destabilize the z,z* triplet do elicit more reduction and oxetane 
formation 141,149). 

It  is fortunate that  the kinetic complexities and mechanistic ambiguities in 
enone cycloadditions, which promise to remain with us for some time, have not 
prevented some really elegant synthetic applications 140,14~,150,151). 

C. Photoreduction by Amines 

1. Evidence for CT Mechanism 

Cohen has recently reviewed the large amount of research performed on photo- 
reduction by amines 1~). The overall reaction is different for tertiary amines 
than for primary and secondary, since radicals with the structure R~C--NH--R are 
able to reduce ground state ketone in the same way that  cr radicals do. 
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RsC=O + Rzd--NH--R ~ R~C--OH + RsC=NR 

Photoreduction by amines differs from photoreduction by alcohols in two 
respects: quantum yields are always lower than maximal and rate constants for 
amine quenching of triplet ketones are very large. These two facts led Cohen 153) 
and Davidson 154) to suggest that amines react with excited carbonyl compounds 
by electron transfer followed by proton transfer from the amine radical cation. 

kr + 
]R2C=O* + IR2NCHRs * R2(~--O + R21%--CHRs 

...--- kp 

? 
R2C=O ~ " R2C--OH + R~N--~R2 

/ 
products 

It  was later pointed out that a charge transfer rather than electron transfer 
process was more likely 155). Now most people would call the product formed by 
interaction of a triplet ketone and an amine an exciplex, although there is no evi- 
dence for any low energy phosphorescence or for reversal to monomeric excited 
ketone. 

The best evidence for a CT process rather than direct hydrogen abstraction 
involves the values of kr :s-butyl- and tert-butylamine display much the same 
value 156); triethylamine and tert-butyldimethylamine are equally reactive and 
some 50 times more so than primary amines 155). Thus the rate constant for 
reaction is independent not only of the type of C--H bond a to the nitrogen but 
also of the presence or absence of a-hydrogens. Such evidence demands that 
abstraction of an a-hydrogen not be involved in the rate-determining quenching 
reaction. Moreover, the relative reactivity of amines (tertiary >secondary> 
primary) is proportional to the ease with which they are oxidized. 

Although all amines quench triplet ketones rapidly, the efficiency with which 
the interaction produces radicals varies considerably. 

The dependence of kp on the type of a-hydrogen is not known, nor can varia- 
tions in ke be predicted easily. Mataga has studied amine quenching of triplet 
benzophenone by flash spectroscopy. N,N-dialkylanilines are the only amines 
which actually yield radical ions, and then only in polar solvents 157). He suggests 
two competing decay modes of the exciplex. Monoalkylanilines and tertiary 
aliphatic amines in any solvent and dialkylanllines in nonpolar solvents yield 
only radicals, presumably from the exciplex. Even though the oxidation potentials 
of tertiary aliphatic amines are so low that they quench triplet ketones at rates 

a- 0+ 
Ph2C=O* + PhNEt2 > ~(PhaC=O-..PhNEt~)* 

Ph~- -O + PhNEt~ Ph~e--OH + Ph--N--eHCH3 
I 

CH~CH3 
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close to diffusion-controlled, full electron transfer does not occur easily until 
the amine has a very low oxidation potential. 

The high rate constants for chemical quenching of triplet ketones by amines 
provide two sidelights of considerable importance. Photoinitiation of polymer- 
ization has received widespread and varied industrial applications. One problem is 
that many vinyl monomers quench triplet ketones very rapidly either by charge 
transfer or energy transfer mechanisms, without forming any radicals. Most 
solvents cannot compete with the olefins for the triplet ketone. However, tri- 
ethylamine quenches at rates close to diffusion-controlled, so that radical forma- 
tion and polymerization initiation are quite efficient 158). 

Second, it is conceivable that amines quench triplet ketones before spin-lattice 
relaxation takes place within the three triplet sublevels 1591, which are populated 
unevenly 160). In that event, radicals can be produced with their electron spins 
polarized. The CIDEP phenomenon 161), whereby EPR emission is observed 
upon irradiation of ketones and very reactive substrates, may involve this mech- 
anism. In fact, certain CIDNP observations may depend on rapid quenching of 
spin-polarized triplets 162~. 

In this regard, the interpretation of CIDNP observations during irradiation 
of ketone-amine solutions is interesting. Irradiation of acetonitrile solutions 
of several benzophenones produces spin-polarization of the benzophenone protons 
if 1,4-diazabicyclo[2.2.2]octane (DABCO) is present 163). The polarizations 
were interpreted as arising from radical ions. Since DABCO has an oxidation po- 
tential even lower than that of dialkylanilines, Mataga's work 157) suggests 
that DABCO can indeed transfer an electron to triplet ketones. InterestingIy, 
quantum yields for ketone photoreduction by DABCO are not as large as for 
amines which apparently do not yield radical ions 15z). 

2. n,~* vs ~,~* Reactivity 

Ketones with ~,~* lowest triplets are photoreduced by tertiary amines, but 
quantum efficiencies vary with solvent polarity. For fluorenone, photoreduction 
quantum yields decrease with increasing solvent polarity is4); for naphthyl 
ketones, the dependence is reversed 16s). In both cases, rate constants for quench- 
ing of triplet ketone by amine are much higher in polar (both protic and aprotic) 
than in nonpolar solvents. This fact suggests a high degree of charge transfer in 
the interaction. In fact, Davidson has observed the radical ions from fluorenone 
in polar solvents 166~. In contrast, ketones with n,~z* lowest triplets are quenclled 
by tertiary amines no faster in acetonitrile than in hydrocarbon solvents and 
appreciably more slowly in protic solvents x52,I55~. Hydrogen bonding to the 
amine lone pair can explain the retardation of CT quenching of n,~* triplets in 
protic solvents. The absence of this solvent effect in naphthyl ketones suggests 
that amines quench n,~* and ~,~* triplets by somewhat different mechanisms. 

There is really no solid evidence regarding the relative reactivities of n,~* 
and ~,~* triplets in CT quenching. The rate constants for tertiary amine quenching 
of triplet naphthyl ketones are in the 10~--106 M-I sec-1 range, as compared to 
values greater than 10 9 M -1 sec -1 for quenching of triplet benzophenone, aceto- 
phenone, etc. A good deal of this difference must reflect the low triplet excitation 
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energy of naphthyl ketones. Although rates of CT quenching have been reported 
for several different ketones with varying triplet energies, reduction potentials, 
and electronic configuration, variations in donor structure and in solvent polarity 
are such that  no extensive correlation is possible. 

3. Aminoketones 

Intramolecular CT quenching is interesting for several reasons. Since bimole- 
cular quenching of many triplet ketones by tertiary amines is so rapid as to 
approach being diffusion-controlled, analogous intramolecular quenching should 
be rotation-controlled 167). That  is, the rate limiting step may involve those 
combinations of bond rotations which bring the molecule into one of several 
conformations in which the nitrogen lone pair overlaps significantly with the 
carbonyl molecular orbitals. One would think that,  in acyclic molecules, the 
fewer the carbons between the two functional groups, the faster an unfavorable 
conformation can rotate into a favorable one and the greater the proportion of 
favorable conformers at any given moment. 

We have studied several aminoketones and the results are not totally under- 
standable 1~8). For ~,y, and ~ dialkylaminosubstituted ketones, the quantum 
yield for formation of long-lived triplet increases as the amino group gets farther 
away from the carbonyl and is higher in protic solvents than in aprotic solvents. 

PhO(CH2) nI~R2 
II 
C 

This trend can be explained in either of two ways. First, rates of singlet state CT 
quenching may be so great that  they compete with intersystem crossing -- and 
compete better the closer together the two functional groups are. The protic 
solvent effect would then be the expected retardation of CT because of hydrogen 
bonding to the lone pair. Second, large fractions of the ground state molecules may 
exist in favorable conformations such that  CT is effectively the only reaction fol- 
lowing intersystem crossing. The measured triplet yields then would define not the 
competition between intersystem crossing and singlet reaction but rather relative 
conformational populations. 

The actual rate constants for intramolecular quenching in the triplet amino- 
ketones are <109, 7 • 109, 3 • 109 sec -1 for n=1,3 ,4 ,  respectively l~s). The 
rates for the y- and ~-aminoketones are in the range expected for bond rotations; 
that  for the ~-aminoketone is surprisingly low. In fact, rate constants for singiet 
CT quenching would have to be at  least ten times faster than the triplet rates if 
the low measured triplet yields are due to singlet reaction. 

That  close overlap of the nitrogen lone pair with carbonyl orbitals is required 
for CT quenching is demonstrated by the behavior of the 4-benzoylpiperidine 
below 169). I t  forms two kinetically distinct triplets, one of which undergoes, at 
a rate >109 sec -1, solely type II  cyclization; the other of which undergoes, at  a 
rate of 107 sec -1, only ~-cleavage. The two conformers with axial and equatorial 
benzoyl groups, respectively, seem to be the likely triplets. The latter triplet, 
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+ 

O 
H 

Ph-C. 

Ph 

1 

Ph OH 

in which the nitrogen lone pair is held some 6A from the carbonyl, undergoes 
CT quenching at least three orders of magnitude more slowly than do acyclic 
y-dialkylamino phenyl ketones. 

y-amino ketones provide one further interesting bit of information about 
the complexes formed from triplet carbonyls and amines. The ~,-dimethylamino 
naphthyl ketone below undergoes an unquenchable type II photoelimination with 
low efficiency (< 1%) in all solvents. No quenchable triplet reaction occurs in 
aprotic solvents, although long-lived (~,~r*) triplets are formed with high ef- 
ficiency 170). No y-hydrogen abstraction occurs and the expected CT quenching 
does not produce any diradical. In protic solvents, however, the ketone undergoes 

0 

an efficient, readily quenchable triplet state photoelimination. A protic solvent 
is required for the cyclic excited CT complex to rearrange. Presumably the cyclic 
nature of the complex holds the v-protons away from the carbonyl oxygen, 
such that the facile proton transfer which occurs in bimolecular complexes cannot 
occur. 

I/ H 
OH 

A r - c . . . ~  

; ;  + RO- 
Ar-C~ 

I/ 
N 

J 
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D. Generality of CT Quenching 

Weller 171) has pointed out that  the rate constants for electron transfer to fluor- 
escent aromatics are diffusion-controlled when the process is exothermic but  are 
proportional to the free energy change when the process is endothermic. Here 
E(D]D +) is the donor oxidation potential, positive by  convention, and E(A-]A) 

e2 
AG= - -  ET + E(D/D+) -- E(A-/A) - -  TAS - -  - -  (3) 

is the acceptor redaction potential, negative by  convention. These can be measured 
polarographically relative, of course, to the same reference electrode. The last 
term describes the Coulombic attraction of two oppositely charged ions. I t  must 
be stressed that  this equation pertains to complete electron transfer with formation 
of a caged pair of radical ions. Solvent effects on the rates of such processes are 
dramatic. As mentioned above, solvent effects in CT quenching of triplet ketones 
are minimal and radical ions are rarely formed. 

The thermodynamics of electron transfer can influence CT quenching only 
inasmuch as electron transfer contributes to the excited CT complex(exciplex). 
In valence bond terms, the value of lc 2 describes the percentage of electron 

A* + D ~ A- D $ 

~2cT ---- ar + D )  + lcr +D $ )  (4) 

transfer in the complex. Cohen 172) and we 130) pointed out that  the rate con- 
stants describing quenching of 3n,z~* ketones by  amines, sulfides, and olefins 
correlate with the ionization potentials of the donors, as might be expected 
for a CT process 178). There are three specific aspects of such correlations which 
demand comment. 

First, although ionization potentials are proportional to oxidation potentials, 
both effectively measure unimolecular processes. Therefore, any steric effects 
which may hinder the formation of a bimolecular CT complex are not accounted 
for by  simple redox potentials. I t  is clear that  steric factors do influence rates of 
CT quenching 130,1.33,174). 

Second, plots of log kq of a given triplet ketone vs. ionization potential or 
oxidation potential are roughly linear for the donors listed above. The slopes 
are negative and have values which indicate that  variations in rates respond 
to only 15--20% the variations in endothermicities of full electron transfer. I t  
has been suggested 173) that  one might infer from this correlation that  lc 2 is 0.15-- 
0.20 in triplet exciplexes of n,~*-excited ketones. 

Fewer data exist for constant donor and varying ketone, but  presumably 
there should be a correlation between log kq and [AET +E(A-/A)] .  With ketones 
and amines, what results exist are inconclusive 175). 

Third, does any compound with a given ionization or oxidation potential 
quench a given triplet ketone at the same rate ? The answer is no for two reasons. 
Hydrogen abstraction and electronic energy transfer are discrete, competitive 
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bimolecular quenching processes. Even in the absence of one of these competing 
processes, CT quenching rates depend on the compound type as well as on its 
oxidation potential 130,176). In particular, benzene and some of its simple deriva- 
tives quench triplet ketones by a process which has been inferred to involve 
charge transfer because of linear log k- IP  correlations 182,172). Presumably, the 
aromatics act as z~-donors. However, the linear free energy plot which correlates 
their quenching ability lies some 2 units (log I00) below the plot for n-donors 
and unhindered olefins. In other words, the latter donors quench some 100 times 
faster than do benzenes. There is no adequate explanation for this difference --  
nor for why n-donors and olefins should be correlated by the same parameters. 
I t  was not too many years ago that  it was discovered that  the relatively short 
lifetimes of triplet ketones in benzene was not intrinsic but  was due to quenching 
by the solvent 177). I t  is still not clear what combination of radical-like addition, 
CT complex formation, and as yet  undefined processes contribute to the quenching 
of triplet ketones by  benzene solvent 178,179). This topic will be reexamined below. 

I t  is interesting to compare how CT quenching might compete with the other 
bimolecular reactions of triplet ketones. For example, tetrabutylstannane and 
dibutylsulfide have comparable gas phase ionization potentials. The latter, 
having a readily available lone pair of electrons, quenches triplet ketones rapidly, 
whereas the latter does so much more slowly and primarily as a hydrogen atom 
donor 180). Conjugated dienes have ionization potentials ---8.5 eV. If the behavior 
of monoolefins can be used as a guide, the conjugated dienes should quench 
triplet ketones by CT interactions with rate constants in the range 108--109 
M-1 sec-1 130). In fact, conjugated dienes quench triplet ketones by  energy 
transfer at rates approaching those of diffusion. However, triplet ketones do add 
to dienes to produce vinyloxetanes, but  in very low quantum efficiency is1). 
Apparently a few percent CT quenching does compete with energy transfer. We 
have already 130) pointed out that  with 1,3-pentadiene, which is used widely to 
monitor triplet formation 5), CT quenct.fing would be predicted to contribute at 
most 1% to its total rate of quenching, at least for ketones such as benzophenone 
and acetophenone, in which ET +E(A- /A)  is ~-~28 kcal/mole. 

As mentioned above, there is a scarcity of data  on how variations in ketone 
structure affect CT quenching rates. A comparison of the interactions of sub- 
sti tuted benzenes with triplet acetophenone and triplet a-trifluoroacetophenone 
is interesting 132,182). The relative reactivities of various hydrocarbons towards 
triplet acetophenone are suggestive of direct hydrogen atom abstraction by the 
triplet ketone. The low reduction potential of the trifluroketone enhances the 
rate of CT quenching so much that  photoreduction proceeds almost entirely by  a 

O* 0 C'Hs 
II k I 

PhCCF3 + r-'!'-" Ph-C-CF 3 ..... 

PhCCF3 + Ph-C-CF 3 + 
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CT interaction 132). In the case of substituted benzenes with benzylic hydrogens, 
proton transfer yields radicals. The main evidence for this CT photoreduction 
mechanism is the lack of any isotope effect on kr when toluene-~-d3 is substituted 
for toluene-hs. In the absence of any labile protons on the aromatic half of the 
CT complex, such as with benzene itself, the CT interaction is primarily a quench- 
ing one, unless an external proton source is present, in which case the complex 
is apparently protonated 188). 

O OH 

PhCCF3 ~ Ph-C-CF3 + 

OH 
I 

Ph-C-CFa �9 
The rates at which several substituted benzenes quench triplet benzophenone 

have been measured 178). No single linear free energy relationship can be derived. 
For alkoxybenzenes, alkylbenzenes, benzene itself, and benzotrifluoride as quench- 
ers, one finds a linear plot of log kq vs. IP  with a slope similar to tha t  found 
for the plot of all substituted benzenes and triplet ~-trifluoroacetophenone. A 
given aromatic such as benzene quenches the fluorinated ketone triplet, which 
has an ET + E(A-/A) value of only 16 kcal, some 50 times faster than it quenches 
triplet acetophenone or benzophenone 132). This rate difference reflects only 
~ 2 0 %  of the full 12 kcal difference in thermodynamic redox potentials. However, 
the halobenzenes and benzonitrile quench triplet benzophenone faster than does 
benzene 178). I t  seems likely that  with these electron poor benzene derivatives, 
some alternate chemical reaction becomes dominant. Although a reverse CT 
process has been suggested, with the triplet ketone as donor, it is perhaps more 
likely that  some sort of radical addition occurs with conjugating substituents on 

X 

P h 2 - ~ - % ~ X  

the benzene ring being able to enhance the process somewhat. This interpretation 
would perhaps explain the low quenching rate of benzotriftuoride. The mat ter  
is by  no means settled, but  it may  be relevant to note here that  trialkylboranes 
also readily quench triplet benzophenone by a process which certainly resembles 
the addition of oxygen radicals to boranes 184). 

�9 + - -  

Ph2~--(b + R3B * Ph--(~--O--BR3 - Ph--C--OBRz + R. 
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As indicated above, it is unlikely that free radical ions are formed in these CT 
quenching processes. If they were, protons more acidic than benzylie ones 
could be lost. For example, the radical cation of phenoxyacetic acid readily 
decarbonylates. Thus, the report that benzophenone can photosensitize the 

~ O-CH2-COOH ~ "CO----i--2 ~>--O-CH2. 

decarboxylation of several awl acids lSS) is quite interesting. This observation 
does not necessarily indicate the presence of any free radical cations, since a 
cyclic proton transfer process could occur in the excited CT complex. It remains 

Ph 

pl12~- ~ ~ <  
H CH 2 \ / 

0 

Ph / 

CH2 
/ 

.02C 

possible that the photoreduction of simple ketones such as benzophenone and 
acetophenone by toluene involves competing CT and direct hydrogen abstraction. 

E. Self-Quenching 

In the past few years it has become apparent that triplet phenyl ketones are 
quenched by ground state ketone molecules. In the case of Michler's ketone, 
this observation 186) should not have been surprising, since Michler's ketone is a 
dimethylaniline and dimethylanilines quench even ~,~* ketone triplets very 
rapidly 187). With benzophenone, one might argue that the ketone is merely a 
substituted benzene. However, ground state benzophenone quenches triplet 
benzophenone with a rate constant on the order of 106 M 1- sec -1 lSS), approxim- 
ately the same as that recorded for benzonitrile 178) and some 100 times larger 
than that for benzene itself. Clearly, the self-quenching is not a case of charge 
transfer from ground state to excited triplet. That benzonitrile and benzophenone 
are comparable quenchers of triplet benzophenone rules out the possibility that 
excimer formation accounts for usually rapid self-quenching. As discussed above, 
it remains to be determined by what mechanism electron-deficient benzenes quench 
triplet ketones. 

VI. Eliminations of ~-Substituents 

As mentioned above, a variety of a-substituted ketones undergo light-induced 
cleavage of that substituent. The simple picture presented earlier for an n,~* 
excited state suggests that both ionic and radical cleavage is possible and both 
have in fact been observed 17,189). The simple model would suggest that ionic 
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cleavage occurs only from excited singlets, whereas radical cleavage could also 
be a triplet reaction. The experimental evidence bearing on tlfis hypothesis 

o + o + o 

~ / .  O ~ O 

is confusing. In fact, there really is not much quantitative information on rates 
of excited state processes in a-substituted ketones. 

The situation is further complicated by the well known fact that  a-substituents 
affect the n-~a* transitions 190), so that  it is tempting to speculate upon how 
electronic interaction of the a-substituent with tile carbonyl may predispose the 
excited state toward fragmentation. For example, it is well known that,  in cyclic 
ketones, axial a-substituents produce the largest changes in n-~a* transitions 191). 
Likewise, amino 192) and tosyloxy 193) groups are photocleaved when axial but 
not when equatorial. Presumably the a-C-X a-orbital must be parallel to the 
carbonyl n-system. 

X X" 

Another example of such complications are the differing photoreactions of 
para'- and meta'-methoxy benzoin acetates 194). The para-isomer undergoes pre- 
dominately a-cleavage and a little cyclization, both apparently from the triplet. 

OAc O OAc O 

CH30~CH--C-Ph hv= CHaO CH + ,CPh + CH30 

\ v t .O...~.ph 
90% 10% 

OCH 3 
OAc 0 

_/~--CH--C-Ph = 

Ph 
CH30 k ~  . H ~ 6 7 %  

0 

~ + II 
CH-C-Ph 

OCH3 

CH30 

21% 
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The recta-isomer eliminates acetic acid and cyclizes, apparently from a singlet 
excited state. This cyclization can certainly be visualized to involve ionic cleavage, 
although the original investigators suggested instead an "ephemeral" tricyclic 
oxetane intermediate. The uv spectra of **-arylketones indicate that there is 
considerable interaction between the aryl group and the carbonyl in the n,~* 
states 195). It is well known that meta-methoxybenzyl acetates photosolvolyze 
far better than the para-isomers 1~). Inasmuch as delocalization of excitation 
onto the ~-aryl group occurs, the tendency toward elimination of the acetate ion 
would be enhanced over that already present in the carbonyl n,z~* singlet. The p- 
methoxybenzoin acetate does not undergo this rapid singlet reaction and under- 
goes normal triplet state chemistry. The mechanism for the small amount of com- 
peting cleavage cannot be readily deduced. 

Not enough is known for one to predict whether ionic or radical cleavage 
will occur. Many x-chloro and g-bromo phenyl ketones are used as photoinitiators 
for polymerizations 53), so they clearly produce radicals readily. Irradiation of 
chloroacetone in solution initiates the addition of CC14 and thiols to olefins z97). 
Careful analysis of product structures suggests that only radical cleavage occurs. 
For example, in anisole the main product is ortho-methoxyphenylacetone. Radicals 
but not carbonium ions add preferentially ortho to monosubstituted benzenes. 

OCH3 o 
~ hv ]1 

CICH2CCH3 + " CH2-CCH 3 + HCI 

OCH3 

o:m:p=85:7:5 

Rearrangements characteristic of carbonium ions have been cited as evidence 
for ionic cleavages 193). 

+ 

To H20 

o \  o 7 

0 o 

OH 

O 

We have looked at the photochemistry of ~-chloro-~-methylvalerophenone and 
find it to be almost hopelessly complex 19s). At high conversion, the major photo- 
products are the/~,~-unsaturated ketones plus/~ and ~,-chloroketones formed by 
addition of HC1 to them. However, the reaction is quite complex, since many other 
products are formed only at low conversion. All of these, including some but not 
all of the /~,7-unsaturated ketones, are quenched by radical traps and triplet 
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O 
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h= I! 
Ph C--CH~CH2CHs * Ph- -C--CH--CH~CH--CHs + HC1 

I I 
CHs CHs 

quenchers. Apparently a very short-hved (,-0.2 nsec) triplet undergoes primarily 
cleavage of atomic chlorine to give a host of radical products, including the 
8,?-unsaturated ketone. Since the amount of unquenchable/~, ?-unsaturated forma- 
tion is largest in polar solvents, some ionic singlet cleavage is likely. 

On the other hand, Schaffner has reported quenching and sensitization experi- 
ments on S-mesyloxy-2-butanone which suggest radical cleavage from the singlet 
and ionic cleavage from the triplet 189; ! Despite the wealth of knowledge on ketone 
photochemistry, the details of the various E-cleavage reactions remain mysterious. 

VII. Summary and Sermon 

Structure-reactivity relationships are now well understood for hydrogen abstrac- 
tion and ~-cleavage reactions of monofunctional excited ketones. The generality 
of CT quenching is recognized but many aspects are poorly understood. Most 
aspects of E-cleavage reactions are poorly understood. 

When one takes up a polyfunctional molecule which contains at least one 
carbonyl group, one knows which reactions of that  carbonyl group are possible. 
One does not know how well these reactions will compete with various physical 
and chemical interactions of that  excited carbonyl group with other functional 
groups in the molecule. I t  is this aspect of carbonyl photochemistry which re- 
quires and deserves extensive future research. The uniquely well understood chem- 
istry of the carbonyl group can serve as a monitor for studying interactions in 
electronically excited polyfunctional molecules. 
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1, I n t r o d u c t i o n  

The photolysis of azo compounds with ultraviolet light can, in principle, lead to 
1) unimolecular and 
2) bimolecular reactions. 

The unimolecular reactions are the predominant ones, consisting of: cis- 
~rans-isomerisation, tautomerisation and elimination of nitrogen. While these 
reactions mainly occur in the azo alkane series, with aromatic azo compounds, 
cyclisation and photoreduction are observed in addition to these reactions. 

In this article reactions of both acyclic and cyclic azo compounds with regard 
to triplet intermediates are collected. Typical heterocyclic systems as well as 
tdazines etc. are excluded. 

2. Spectroscopy 
2.1. Absorpt ion Spectra of Azo Compounds  

The azo group - -N=N--  is very important  as an essential ent i ty of organic dyes. 
On the other hand interesting photochemistry of azo compounds is to be expected 
since these molecules contain a chromophore absorbing the uv light as well as a 
leaving group, e.g. nitrogen, of low energy. In addition to the bands arising from 
n-electrons of the N--N-double bond, the bands due to lone pair electrons on nitro- 
gen further complicate the spectra of azo compounds. 

In TaMes 1, 2 and 3 ultraviolet absorption spectra of acyclic or cyclic, aliphatic 
and aromatic azo compounds are compiled. 

Table 1. n--*-~*-Bands of aliphatic azo compounds 

Compound Vmax 2max emax l~ef. 
[cm -1] [nm] 

C2h- Symmet ry :  

trans-CHsN=NCH s 28000 337 13 6) 

trans-(CHs) 2CHN=NCH(CHa)2 28000 357 17 6) 

OCOCHa 
/ 

tra~s-(CHa) aCN~NCH 28000 357 19 6) 
\ 

CH(CHa) 2 

C H 3 O C O ~ N . ~  N 

N~N ~/LXOCOCH 3 28000 357 60 6) 

Azobiscyclohexyl cyanide 28600 350 11 7) 

2,2'-Azobis-2-methylpropionitrile 29000 345 12 77 

EtPhCH - -N=N--CHEtPh  27800 359 -- 7) 
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Table 1 (continued) 

Compound Vmax ~max ~max Ref. 
[cm -1] [nm] 

/N~.. .CHPh 

Ph~H " ~ N d "  " ~ H 2 ) n  

I 
Ph 

CHz=~-N=N-CH3 

CH3 

CH3CO--N=N--COCH3 

27800 360 _ 7) 

25900 386 6060 7) 

22100 452 30 7) 

C2v- Symmetry: 

Cis-CH3N=NCH3 

Diazirine 

3-Methyldiazirine 

3,3-Dimethyldiazirine 

(CH3)2 

H3C/~N~N 1 

(CH3)2 

3 

H'-..c/C1 

O 

O 

28400 352 240 6) 

32400* 309 176 7) 

29300 341 470 7) 
31000* 322 _ 7) 

27700 360 180 7) 
29000* 345 _ 7) 

38900 257 2250 7) 
28600 350 270 7) 

36800 272 3530 7) 
28800 347 300 7) 

29500 349 400 6) 

31000 333 280 e) 

28000 357 250 6) 

30500 328 - , ~) 
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Table 1 (continued) 

Compound 77max ~,max emax Ref. 
[cm -1] [nm] 

~o 

~ / X ~ C O :  R 
~o C02R 

7 27900 365 -- 8,9) 

8a 27000 371 150 6) 

9 25900 408 770 6) 

Table 2. Spectra of substituted trans-azo benzenes p--R--CsHaN=NC6H5 6) 

R ~ Long wavelength 
n-~-~*-Band ~ -~* -band  

V-max ~max lg 8max Vmax ~max Ig 8max 
[cm -1] [rim] [cm -1] [nm] 

H 22300 448 2.61 31600 327 4.35 

N(CHs) 3 J 22500 444 2.71 31600 327 4.3 

CHa 22200 450 2.83 30000 334 4.37 

OCH3 22500 444 2.8 29000 345 4.31 

1~O2 22000 455 2.83 30000 334 4.35 

N(CH3) 2 215001 ) 465 -- 24500 408 4.36 

N ~  NCsH5 22000 455 3.4 27900 359 4.6 

1) Calculated. 

The  a l ipha t i c  azo compounds  show a charac te r i s t i c  S o ~ S 1  absorp t ion  in  the  
region of 320--380 nm, whereas  a roma t i c  azo compounds  absorb  be tween  430 a n d  
460 nm. These  bands  are  due  to  n - ~ * - t r a n s i t i o n s  of the  azo compounds  concerned.  
I n  acycl ic  azo compounds  the  n - ~ * - b a n d  is dependen t  on subs t i tu t ion ,  whereas  
in a roma t i c  azo compounds  no such influence is not iceable .  However  ~ - ~ * - b a n d s  
in a roma t i c  azo compounds  r e spond  qu i te  s t rong ly  to  subs t i t u t ion  while, the  
i n t ens i t y  of n- , -~*-bands is only  w e a k l y  affected b y  subs t i tu t ion .  The  n - ~ * - b a n d s  
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Table 3. Spectra of trans-diaryl azo compounds 6) 

Triplet States from Azo Compounds 

Compound n-+~*-Band 1. ~--*-~z*-Band 

~rnax gmax lg emax v o - o  gmax ~max gmax lg emax 
cm-1 nm cm-1 nm cm-1 nm 

Ph--N=N--Ph 22500 444 2.65 28500 351 31500 317 4.35 

Ph--N=N--1-Napht 22100 453 2.95 26000 385 27000 371 4.08 

Ph--N=N--2-Napht 22400 447 2.96 26000 385 27000 371 3.8 

1--Napht--N~N--1-Napht 21600 463 3.17 23500 426 25000 400 4.22 

1--Napht--N~N--2-Napht 22000 455 3.18 25000 400 26300 381 4.29 

2--Napht--N=N--2-Napht 22500 444 3.18 25500 393 25500 392 4.15 

Ph = Phenyl 
Napht = Naphtyl 

of both aliphatic and aromatic azo compounds show no structure, usually broad 
bands are obtained. Low temperature as well as solutions in polyethylene do not 
increase the fine structure of the spectra. In contrast to n -~*-bands  the ~-~r~*- 
bands in aromatic azo compounds show fine structure. If the azo group is however 
incorporated in rigid rings such as 3 or 8 the absorption sharpens and fine structure 
can be seen (see Fig. 1). 

From these spectra the O--O-band, e.g. the S o ~ S l - b a n d ,  can easily be 
derived, whereas in flexible or acyclic azo compounds the energy of the lowest 
singlet state must be taken from the onset of the broad n-*~*-band. According 
to group theory 0) the lowest energy transition being of the n - ~ * - t y p e  is symmetry 
forbidden, for trans-azo compounds (ns-~*) ,  which have C2h-symmetry. For the 
cis-azo compounds (C 2v-symmetry) the n - ~ * - b a n d  is symmetry allowed (na~-~*). 

HMO-calculations and a MIM (Molecules in Molecule) s,6a,10)calculation are 
shown in Figs. 2, 3 and 4. 

The n-,-~*- and the z~ -,-z~*-bands are indicated in Fig. 2. The different symme- 
try of the highest MO can also be seen from Fig. 2. Other calculations have been 
carried out lO-14), the most complete study is however an ab initio calculation 
of H N = N H  12). In a recent ab initio calculation 15) a dependence of C--NN- 
angle on the energy of the l(n-~n*)-transition of cyclic azo compounds was found. 
Increasing the N--N--C-angle leads to a decrease in the n-~n*-excitation energy, 
e.g. to a bathochromic shift of the band concerned. The high intensity of tile for- 
bidden n - ~ * - b a n d  in tans-azo compounds is due to a coupling with the ~ - ~ * -  
transition. Thus energy is transferred to the n-~*- t rans i t ion ,  increasing the 
intensity of the latter. 

2.2. Emission Spectroscopy 

Emission spectroscopy is usually used to determine the energy of the lowest 
singiet state Es  (fluorescence) and the lowest triplet state ET (phdsphorescence). 
However no fluorescence could be observed for either acyclic or cyclic trans-azo 
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0 
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~-- 20 
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26 28 30 

Fig. 1 a. a) Gas spectra of (Sa) ; b) Absorption of 
in hexane 6) 

---- Absorption 
Excitation 

~:~176176 
29 31? 31.103 

V [cm -t ] 

- b) [ 400 

A 
I I  200 

(3) 

N-CH3 I "'  | 

25 30 35.103 
[cm "1 ] 

(3) in isooctane; . . . .  trans-azomethane- 

I 
~u 

..,# 

@~-~ �9 
N N [ I cis N 

(10) / I /  

IZ, / / '  
20 30 40- 103 

v" [cm "l l 

Fig. 1 b. Absorptions of cis-azobenzene . . . . .  and o.o'azodiphenylmethane (10) -- in methyl- 
cyclohexanefisopentane at 77 K 
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l 
2~ 

/3 " ' ' nrr*(cis) 
~.N I-" 

- ' ~  lnrr*(trans) 

7r. i _ . jn  a 

MO 

2~ 

~ 0 

- =--z.--_~ 

Ph +-Ph P h - A - P h  A 
MIM 

Fig. 2. Energy levels of azobenzene in Htickel-MO and MIM-approximation 

c~h 

N--N (S) 

0 O /  1 
N~N n~ -- ~-~ (;'q+n2) 

~c~ n~ = ~ (nl--n2) 

C2v 
1 , . - -  

1 

n+ 

Fig. 3. n-Orbitals of tmns -  and cis-azo compound in the MO-model 

compounds 5,0). Even studies in matrices at low temperature gave no indication 
of fluorescence. Similarly from acyclic cis-azo compounds no fluorescence has been 
detected as yet. Fluorescence, e.g. emission from the Sl-state,  can however be 
observed in rigid cyclic systems with a cis-azo group. Bicyclic azo-compounds 
such as S and 8 16,17) have a higher fluorescence yield than the pyrazolines d 
and G. The o-diazines generally exhibit fluorescence 19,20). 

2.3. Tr iple t  Energies  

For a photochemical reaction it is important to know the energy of the triplet 
state. The triplet energy of a certain compound is most easily determined by  
measuring the 0'-~0-band of phosphorescence. For acyclic or cyclic azo com- 
pounds no phosphorescence has been observed so far. The only exception to this 
are phthalazine 71 21) and the diaza[2.2]spirene 7 22). Preliminary phosphores- 

59 



H. Diirr and B. Ruge 

-4  

-5 

-6 

-7 

- 8  

- 9  

-10 

--11 

-12 

-13 

- 1 4  

-15 

~4(C) dYT 
~4(P) 

~r3(c) 

symmetry 
forbidden ! nTr ~ ~r 7r ~ 

~3 (P) 

7r2 ( O  ~ "  N ~ N  O 

Fig. 4. Na ture  of excited state  of diaza [2.2] spirene f rom an extended HQckel-calculation 
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cence studies on 7 also point to emission from a triplet state. From the emission 
maximum the energy of the triplet can be derived to be E ~ >  54 kcal/mole 227. 

11 

A second method for observing phosphorescence spectra is to populate the triplet 
via energy transfer with sensitizers. With this sensitized phosphorescence a very 
inefficient intersystem crossing step can be overcome. The bicyclic azo compound 
8a and its 3,6-dimethylanalog 8b appeared ideal for such a s tudy since they 
show little photochemistry from the triplet state. However this investigation 
was not successful 23~ (see also 24)). The triplet energy of the 3(n~*) and 3(~*)  
state of pyridazine 25a) and benzo[c]cinnoline 12 25b~ could be determined from 
the crystal absorption spectra at 4.2 K. 

N=N 

/2 

Another possibility to determine the triplet energy of a molecule is to monitor 
the efficiency of energy transfer. This is possible if the molecule undergoes a 
definite reaction. This is the case with azo compounds which can loose N2 very 
efficiently. Diazabicycloheptene 3 is an ideal case, because here nitrogen elimina- 
tion occurs with unit efficiency 237. The triplet sensitized quantum yield of nitro- 
gen evolution is equal to the product of the probability of intersystem crossing 
multiplied by the probability of triplet energy transfer to 3. If the triplet of the 
donor is about 3 kcal/mole higher than that  of the acceptor the energy transfer 
rate is at the diffusion controlled limit. If the energy of the donor decreases, the 
energy transfer rate falls drastically or in other words the quantum yield of reac- 
tion is also reduced. In the photolysis of 3, on going from the sensitizer Michler's 
ketone (ET = 61.0 kcal/mole) to 2-acetonaphthone (E~ = 59.3 kcal/mole) the quan- 
tum yield drops from uni ty  to almost zero. This places the triplet state of 3 at 
about 60 kcal/mole. If the triplet acceptor does not undergo a well defined reaction, 
the energy of the triplet state can be calculated if the rate constant of triplet 
energy transfer kt can be measured. 1,1-Azo-isobutane quenches the biacetyl 
triplet placing the triplet energy of I, 1-azoisobutane at about 55 kcal/mole. More 
recent work gave a simillar value of the order of 54 4- 1 kcal/mole ~77. 

From similiar studies of the cis-trans-isomerisation of azobenzene a maximum 
value of about 45 kcal/mole was derived 2s). However no clear distinction between 
a 3n~*- or a 3m~* was made. 

Care should however be taken in using sensitization or quenching experiments 
to derive the triplet energy of azo compounds. Steric interaction of bulky trans- 
azo compounds like azo-t-butane can greatly reduce the energy transfer rates 
thus giving rise to wrong values for triplet energies of azo compounds 2s). No such 
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problems seem to arise in cis-azo compounds 29). A series of triplet energies for 
azo compounds is collected in Table 4. 

For a discussion of the triplet state of pyridazines see 3o). 

Table 4. ]Excited state energies of selected azo compounds 6) 

Compound ES ET ES-T l) 
kcal kcal kcal 

-•N--N/•'" < 68 54 < 14 

84.3 60 -4- 1 24 3 

~ N  76.0 54.5 4- 1 21.5 8a 

13 C~H~f -'C6Hs 80~') 65 25 
N=N 

H / N _ _ N J H  90.53) 69.53) 21.0 

H ~ N = N / H  77.63) 47.83 ) 29.8 

~ / N ~ N / ~  -- <45 ss) _ 

7 ~ ( A X ~ C O 2 C H  3 -- >54 ~e) _ 
i i 

C02CHa 

i) Energy gap from lowest excited singlet to lowest triplet state. 
2) Estimated from the 358 am absorption band origin in 3,6- 

bis(p-methoxyphenyl)-1-pyrazoline. 
3) Calculated values from Ref. 18). 

2.4. Photoelectron Spectroscopy 

Photoelectron spectroscopy is a very valuable tool in measuring the different 
energy levels of a molecule. This is however based on the assumption that  the 
ionization potentials which are determined experimentally are directly correlated 
with the MO's of a certain molecule, i .e. Koopman's theorem must be valid. 
The few azo compounds studied so far already allow a clear assignment of the 
orbitals concerned and a deeper insight into the ordering of the n and zr-states 
in azo compounds. 
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The photoelectron spectra and the assignment of the various bands for trans- 
and cis-azo compounds are collected in Table 5. The assignments are usually 
made with the aid of semiempirical calculations such as MINDO or CNDO 
procedures. 

Table 5. Photoelectron spectra of trans- and cis-azo compounds (all bands 
are given in eV) 

Compound n ~ n a l~ef. 

CH 3 n, na 
/ 

N=N (n+) (n-) 
/ 

CH3 8.98 11.38 12.3 

11.84 

I 1.53 

11.68 

12.0 

(Z,--) 
8.96 

.3 

8.32 

8a 

2 r ~ ' - N  8.07 

14 

802  

15 

13.5 

14.6 

15.8 

31) 

~V$ 8 

(.+) 
11.53 11.91 3s) 

10.70 complex 32) 
bands 

10.60 11.2--11.61) 32) 

(10.52) I) complex as) 
bands 

1) Complex bands. 

From the photoelectron spectrum of trans-azomethane the ordering of the 
different states is 

n + - ( n a )  < ~ < n _ ,  

e.g. the transition with lowest energy in trans-azomethane is expected to be the 
symmetric n,-*~* transition 31). The different states of azomethane, together with 
the corresponding orbitals obtained by MINDO]I 31) are shown in Fig. 5. 

More refined calculations give the same assignments Sl). The' photoelectron 
spectrum of diazirine has also been studied ss). In diazirine as well asin the bicyclic 

63  



H. Diirr and B. Ruge 

o o 
tt~ 

7 8 9 10 11 

H.c 
N ~ N  

0 ~cH. 

,x 21, 
12 13 14 15 .16 17 18 19 20 21 

i.P.(EV) 

H H 
�9 ~H _ ~ H  

01 r ' 05 / 

H I{ H 
H H 

,It ' II 

02 r 

H H II t t  

il n 07  

H H H H 

04 r " Os 
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Fig. 5. Photoelectron spectrum atxd molecular orbitals of t r a n s - a z o m e t h a a x e  31). A b s z i s s e :  

ionisation potent ia l  in eV; Ordina te  : counting rates ia  arbi t rary  units  

azo alkanes (Table 5) the two n-states are reversed, because of C~-symmet ry .  
The lowest energy band in the PE-spect rum is now the anti-symmetric na-band. 
As Table 5 demonstrates, this n~-band is in the same region as the n , -band for 
trans-azomethane. With decreasing strain in the bicyclic azo compound the 
ha-band is displaced to lower values 8~.). 
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R--N----N--R" 
16-18 

2.5. ESR-Spectroscopy 

ESR spectroscopy can generally be used to study the multiplicity of the radicals 
formed by photolysis of azo compounds. Very few studies of this type have how- 
ever been reported. Photolysis of the azo compounds 76, 17 and 78 in isopentane/ 
methylcyclohexane in a matrix did not give rise to the radical pair but 
instead hydrazyl radicals 19 were detected a4L These were formed by attack 
of the initially produced radicals on solvent, which then adds as a radical to the 
azo compound to give 19. 

h~ Solvent (SH) 
) R. + "R'+N2 ~ S. 

R 
\ 

N--N" 
/ \ 

S R' 

19 

R R '  

R-N=N-R" 

;6 9 C(CHa)2 ~o 

17 q0 CO2C2H5 
18 q~ C(CHa) 2CH=CH~ 

Bartlett studied the photolysis of the azo compound 20 with ESR spectro- 
scopy as). A triplet ESR signal could be detected at low temperature, which is 
thought to be due to a triplet radical pair 20". Tiffs radical pair is thought to be 
held apart by a nitrogen molecule at about 7A. Warming up the system produces 
the ESR signal of the monoradical. This result is however in contradiction with 
recent CIDNP studies (see below). 

Ptt \ /  
c 

N ~ N  ~ Ph N ~ N  Ph 

V 

Ph 

20 20 '  

An ESR study of the photolysis of the 3H-indazole 21 revealed at low tempera- 
ture the formation of a triplet biradica122. This can be trapped with 1,1-diphenyl- 
ethylene to give -- after warming to 140 K -- the 1,5-diradical 23 36). 

' 
~ . . ~ R  l m  *t . 

~ [ ~ . ~ N  ~ A= 140~ 
! 

21 22 

R = CN, C02CHa,OCH a 
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These results were however questioned recently by Schrader aT). A singlet 
22 was thought to be formed first eliminating nitrogen to give a singlet biradical 
22 (r162 which then undergoes intersystem crossing to triplet 22 (r162 

2.6. CIDNP-Stud ies  

To study the photolysis of azo compounds, CIDNP was only recently introduced 
in the field of photochemistry. The CIDNP-effect consists of generating a geminate 
radical pair which still remembers the spin state of its precursor. So the multi- 
plicity of the precursor can be determined from enhanced absorption or emission 
signals in azoalkane photolysis. The benzophenone sensitized photolysis of dia- 
zirine in deuteriochloroform leads to the triplet azo compound 24 which decom- 
poses under elimination of a ground state nitrogen molecule and a triplet methy- 
lene as). This abstracts deuterium from deuteriochloroform to form the geminate 
radical pair 25. This can now recombine to give 26 or dissociate to afford the free 
radical products. 

N s e n s .  

(ll + ~176176176 
CH ) a:CH~ + N ~  ) C13C �9 �9 CDH2 

1,1 25 

28 

> C18C--CDH2 26 

) free radical products 

26 shows an enhanced absorption for the methylene protons (the direct 
photolysis produces an enhanced emission signal) clearly indicating the involve- 
ment of a triplet in this reaction (see Fig. 6). 

cis - - 2 7  

/ N = N . . ~  
C(CHa)2~ 

~'~N=N~,  C(CHa)2 ~P 

~rans - 2 7  

[~0-C(CH3)212 + ~0 C(CHa)2H 

free radical 
roducts 

~o-N2- �9 C(CH3)2 r 

-N2 

CHIC-9 + ~-H + CH3-C~02-CH3 + ~ - 

29 .30 

Photolysis of azo compounds 27 showed that  nitrogen is eliminated thermally, 
but  that  the photochemical step involved is only cis-trans-isomerisation of 
27 a9,5~). 
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ClaC-CDH 2 

(b) . 

i i v ~ ~ t T T ~ t I ~ ~ i , 

H ~  

Fig. 6. Proton NMR Spectra (60 MI-Iz) of diazirine solutions in deuteriot~ichloromethane 
during trlplet-sensitized (a) and direct (b) photolysis. A spectrum of the same region without 
irradiation is shown between traces a and b. A frequency scale (10.6 Hz between markers) 
is given below trace b 

Thermal decomposition of cis-27 leads then to the geminate radical pair 28 
giving the products ~-methylstyrene 29, benzene and 30. The main products 
after isolation are biphenyl (20%) and dicumyl (48%). This s tudy shows tha t  the 
decomposition of azo compounds proceeds via a diazenyl radical in the singiet 
reaction (see also 4o)). No such studies are available at  the present t ime for the 
triplet. 

3. R e a c t i o n s  of  T r i p l e t  A z o  C o m p o u n d s  

3.1. Cis-trans-Isomerisation o f  A z o  C o m p o u n d s  

Acyclic azo compounds are obtained by  usual routes only as trans-isomers. 
Photochemical isomerisation provides an easy and effective way to the cis- 
isomers. The cis-azo compounds are however thermally  quite labile and decom- 
pose with elimination of nitrogen 41), some of them even at  - -120  ~ 5). Activation 
energies for the thermal decomposition of cis-azo-alkanes are of the order of 20 
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kcal/mole. Theoretical calculations for this process are available 42). Cis-azo 
benzene cannot be planar any more, because of steric hindrance resulting from the 
ortho-hydrogens. The azo group is planar but  the benzene rings are tilted away 
from each other by  an angle of 56 ~ 6). The mechanism of the photochemical 
cis-trans-isomerisation of azo compounds is not completely clear. The photo- 
chemical isomerisation even at low temperature  is very fast, i.e. no large barriers 
can be present 5). Cis-azomethane can be prepared by  eis-trans-isomerisation at 
- -196  ~ In  the gas phase, photolysis of azo compounds leads mainly to nitrogen 
elimination. On the other hand in the condensed phase cis-trans-isomerisation is the 
dominating process 43,44). 

H H 

H 

Q u a n t u m  y i e l d  
of i s o m e r i s a t i o n  

s t a r t i n g  f r o m :  trans-azoisopropane: #tranScls = 0 .38 ;  q~transtrans = 0.51 

cis-azoisopropane: #as cis = 0 .52 ;  ~ a s t r a n s  = 0 .56  

The quantum yields for cis-trans-isomerisation of azo-isopropane are almost 
equal starting either from eis- or trans-azoisopropane 44). The excited state for 
isomerisation of azo alkanes must  therefore have a very  low barrier. Since the 
n~*-state of azo alkanes still possesses considerable double bond character,  
isomerisation must  occur from the 8 ~ * - s t a t e  45). Since triplet sensitizers do not 
effect nitrogen elimination 46) the most  likely candidate for cis-trans-isomerisation 
is a 3~*-s ta te .  The high energy of the l ~ * - s t a t e  adds further weight to that  
argument.  Thus one can conclude (1) tha t  cis-trans-isomerisation of azo alkanes 
most probably proceeds from a 3m~*-state, whereas (2) fragmentation most 
probably arises from a ln~*-state 5). 

Aromatic azo compounds show a clear wavelength dependence of cis-trans- 
isomerisation. The results of different groups on the photostat ionary state of azo 
benzene are however quite contradictory 24,28,47,48). Cis-azobenzenes revert  
easily to the more stable trans-isomers. This process has been shown to have an 
activation energy of about 20 kcal/mole. The quantum yields for cis-trans-iso- 
merisation differ starting from cis- or trans-azo benzene so). 

There exists also a discrepancy in the data  obtained for the sensitized photo- 
lysis of azo benzene. The different results of Jones and H a m m o n d  28) for direct 
and sensitized photolysis most probably imply a 8m~*-state in the sensitized and 
a singlet s tate in the direct photolysis. However  the findings of Fischei 24,47) 
as well as theoretical calculations 11) and spectroscopic studies 51), again suggest 
a triplet state. 

9 9 9 
\ h. \ / 

N = N  ( > N = N  
\ 
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irradiation of potos ta t ionary state:  ~ * - b a n d  ~8) n~* 2s) 

trans/cis-ratio: 411 2/1 

sensitized 

60/1 28) 4 #  24) 

quan tum yields ~b of cis/trans-isomerisation 5o) 

s tar t ing from mz*-excitatiort ~rz~*-excitation 

ds  0.70 0.44 

trans 0.20 0.10 

In a recent paper Porter and Marett 52} could demonstrate that photochemical 
cis-trans-isomerisation of optically active N-phenyl-N'-(2-phenyl-2-butyl)-dia- 
zene 31 as well as that of the 2-propyl-analog 32 occur at low temperature (--78~ 
without nitrogen elimination. This cis- or tram-isomer produced predominantly 
depends on the wavelength used. 

31 33 

cjN=N" hv _78 ~ = tpfN=N~>~t p 

32 34 

Optically active 37 during the cis-trans-isomerisation shows no racemization. 
Cis-37 or -32 already decompose thermally at room temperature. Therefore 
photolysis of 37 or 32 (room temperature) giving nitrogen evolution, must arise 
exclusively from thermal decomposition of the cis-azo compound. For cis-trans- 
isomerization of 31 and 32 two routes are suggested: 

~/N=N/R 9fN=N"-R 

~-N=Ne eR 

(1) a direct interconversion according to path b) or (2) one-bond scission and 
formation of a radical pair which can undergo internal return faster than racemi- 
zation. The actual path followed depends obviously on the stability of the radical 
pair formed. 

3.2. Nitrogen Elimination and Spin Correlation Effects 

Early studies on the thermal decomposition of azo compounds seemed to indicate 
a concerted two-bond scission of the C--N-bonds (a) sa}. 

R - - N = N - - R  * R .  N2 .R  two-bond(a)  

R - - N = N - - R  ~ R - - N = N .  .R  one-bond (b) scission 
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However it was soon recognized that  a one-bond scission (b) is in better  agree- 
ment with experimental data 54~. Although a lot of work has been done in the field 
of photochemical decomposition of azo compounds the question of one-bond 
versus two-bond scission has only recently received more detailed attention. 
The photochemical elimination of nitrogen from an azo compound can in principle 
proceed in the following way: 

R/N=N/K 

o n e  R-N---No+oR" (I) 

hv hv [ ["'"---~ 
_.=-------- R/N--N~R, 

I 
two-bond scission ' = RoN-NoR' (2) 

concerted ~ products 

After excitation and population of the n~* or ~ *  state the excited molecule 
can undergo one-bond scission after cis]trans-isomerisation according to Eq. (1). 

Thus a radical R- and a diazenyl radical are formed. These radicals can either 
recombine to starting material (see above) or decompose into two radicals R . ,  R'-  
and a nitrogen molecule. The concerted fragmentation according to Eq. (2) is 
less probable on the basis of recent results. The elimination of nitrogen occurs 
as the experimental data demonstrate in general from a singlet excited state in 
acyclic azo compounds. The 3 ~ .  state leads to cis/trans isomerisation only. 
In cyclic azo compound where no cis/trans isomerisation is possible, in small and 
medium tings elimination of nitrogen can arise from both the singlet and the 
triplet excited state. 

Since the intersystem crossing step in azo compounds populating the triplet 
is not very efficient, the triplet state is populated in general by energy transfer. 

�9 Another important  feature in azo compound photolysis is the spin correlation 
effect. The conservation of electron spin as well as energy considerations require 
that  an excited singlet azo compound should decompose to ground state nitrogen 
and a singlet biradical or singlct radical pair. A triplet excited state however prod- 
uces nitrogen and a triplet biradical or radical pair. Since bond formation of the 
triplet biradical or radical pair cannot occur before intersystem crossing to a 
singlet, a reaction faster than spin inversion can compete efficiently with this pro- 
cess. For singlet biradicals or radical pairs no such restrictions hold, so that  no 
competing process should interfere. 

Under these conditions photochemical decomposition from the singlet or the 
triplet state of azo compounds should lead to a different product ratio. This 
phenomenon is called the spin correlation effect. The simple scheme representing 
the photodecomposition of azo compounds (see above) has to be extended further 
if the complete mechanism has to be dealt with. 

Spin conservation immediately after bond scission of the azo compound 
leads to an intimate or correlated radical pair 35, which can diffuse from the 
solvent cage to give a free radical pair 36. Two routes are also possible for tile less 
probable concerted process 37~38. Products formed from the intimate radical 
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R - N = N - R  hv 

Products (3) 

R - N = N .  i R~ =...~ 

35 ~ R-N=N* "R 
36 

1 
Re N-=N oR ~ Products (4) 

R* N-=N * R ~  ~ ' ~  38 

37 ~ Products (5) 

pairs 35 (or 37) ill the solvent cage still remember the original spin state from 
which they were generated. Only the cage products should therefore show a spin 
correlation effect. 

In this chapter singlet reactions will always be compared with the triplet 
reactions to point out the spin correlation effect whenever possible. 

In Table 6 quantum yields for direct and sensitized decomposition of azo 
compounds are collected. 

Table 6. Nitrogen quan tum yields for photolysis of acyclic 
azo compounds in nonpolar  solvents 

R in R N = N R 1 )  q51~2~ ) ~SN s (sens)3) Ref. 

CHa 0.15 0.009 5,4a,55a) 

C2H~ 0.023 -- 56) 

n--C3H7 0.007 -- 5) 

i---Call7 0.025 0.0014 ) 5,44) 

t--Call9 0.46 0.016 4~,55) 

C6H5CMe2 0.36 0.31 5) 

NCCMe2 0.44 0.11 5,57) 

H~C~CHCMe~ 0.57 0.54 5,58) 

HC~CCMe2 0.47 0.27 5,58) 

EtOOCCMc2 0.42 0.06 59a,b) 

Ph  and CH3 Ph  0.051 -- 52) 
\ /  

C 
/ \  

0.58 0.42 60) 

1) All compounds are trans isomers. 
2) Direct irradiation. 
a) Benzophenone sensitized. 
4) Quantum yield for hydrocarbon formation. 

71 



H. Dfirr and B. Ruge 

3.2.1. Acyclic Azo Compounds 

Three typical examples of the photodecomposition are presented in the following 
scheme: 

C2H5 
/ h~ 

N ~ N  
/ 336 nm, 0 ~ 

H5C9. 

A B 
coupling disproportionation 

product 

CHa--CH2--CH2--CH3 + CH3--CH3 + H~C=CFI~ 

90% 

56) 

^ 

39 40 41 

sgb) 

,CO 

dir.: 19.9~/o } 
sens. (triphenylene) : 17.7%~ 
A (80%) 9.4%~ 

cage products 

A B 
A 

s 

CH3 
d2 43 44 45 

dir: 94-95% 5-6% 6o0 

In all reactions nitrogen elimination occurs to give the radicals according to 
the scheme on p. 71. The radicals thus generated can combine to give the coupling 
product A or form disproportionation products B as usual in radical chemistry. 
In some of these reactions studied, the cage effect was determined. This cage effect 
is at t r ibuted to the products formed in the solvent cage before diffusion and 
arbitrary reactions of the radicals can occur. For the reactions of azoethane and 
42 cage effects of the order of 83% and 33% have been reported. The triplet 
reaction of 42 shows the same cage effect as the direct reaction ~ol. Photolysis 
of 39 gives the coupling products dO and 4l .  If cumene is used as solvent the forma- 
tion of d7 is suppressed and all dO formed is due to the cage products. The cage 
effects for the S1 and the T1 reaction are given by  the yield of dO, which is of the 
order of 18--19% in both cases 59). This result is most easily explained by assuming 
that  intersystem crossing is faster than dissociation into the radical pair. 

For the triplet 39 a tight radical pair was originally postulated 39). The photo- 
elimination of nitrogen from d2 has been mainly studied in order to determine 
the cage effect of the reaction. Direct ($1) as well as sensitized photolysis (T1- 
state) show a cage effect of about 33% versus 27% for the thermal reaction. At 
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lower temperature disproportionation competes more favorably with coupling to 
43 Go). A clear cut relation between the overall rate constant of azo compound 
photolysis and cage recombination parameters is however not operative 61). 
The sensitized photolysis of other aromatic azo compounds has not yet been 
investigated, only the direct photolysis via the S1 state has been reported 52,s2). 
From Table 6 it can be seen that  the quantum yields for photodecomposition of 
acyclic azo compounds (usually in hydrocarbon solvents) are about 50%. In all 
cases the quantum yields for the triplet reaction are lower, sometimes more than 
by a factor of 10. This suggests, if energy transfer conditions were met, that  the 
triplet state decomposes to a much lesser extent than does the corresponding 
singlet state. The only exceptions are azo compounds bearing ~-systems on the 
cr atom of the azo group. If the energy transfer has been complete, decom- 
position of the triplet is obviously as fast as for the singlet. Nitrogen elimination 
is therefore most easily explained by assuming the following reaction sequence : 

Energy transfer populates the triplet state ( ~  state) of the azo compound. 
Then cis-trans isomerisation occurs leading to the cis-isomer, which is in most 
cases unstable and decomposes thermally at room temperature. 

In the gas phase however decomposition Call occur with unit efficiency 1). 
Here electronically as well as vibrationally excited molecules are involved in the 
decomposition step. The azomethane photolysis in the gas phase leads to decom- 
position with r = 1 at lower pressures ssb). With increasing pressure the quan- 
tum yield r drops from 1 to lower values. This is at tr ibuted to partial intersystem 
crossing of the excited azoalkane to the triplet state which gives only cis/trans 
isomerisation. 

3.2.2. Nitrogen Elimination from Cyclic Azo Compounds 

The photochemical extrusion of nitrogen from cyclic azo compounds has been 
studied on a broad scale. Cyclic azo compounds, in contrast to acyclic ones can 
react with N2 elimination from both the $1 and the T1 state. Ring strain as well 
as the lack of cis/trans isomerisation favor photodecomposition. Since intersystem 
crossing is not very efficient the T1 state has mostly been populated by energy 
transfer. 

The lowest members of cyclic azocompounds are the diazirines. Photofrag- 
mentation of diazirines affords carbenes which can react in the normal way 68). 

H" 

R 

Most of these reactions have been carried out in the gas phase. At higher 
pressure triplet carbenes are involved. However it is not clear if intersystem cross- 
ing OCCULTS already in the diazirine or in the carbene formed 68). 

The photolysis of pyrazolines has attracted much attention since in this reac- 
ti0n 1,3-diradicals are produced, which were supposed to be related to the inter- 
mediate trimethylene diradical which would be a model for an addition of singlet 
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ca rbenes  to  olefins. T h e  sens i t i zed  d e c o m p o s i t i o n  s h o u l d  r e s e m b l e  t h e  t r i m e t h y l e n e  

d i r ad i ca l  of t h e  t r i p l e t  c a r b e n e  a d d i t i o n  t o  d o u b l e  bonds .  T h e  s t e r e o c h e m i c a l  

course  of p y r a z o l i n e  p h o t o l y s i s  can  be  d e t e r m i n e d  b y  us ing  d i s u b s t i t u t e d  p y r a z o -  

l ines.  T h u s  p h o t o l y s i s  of t h e  d i m e t h y l - p y r a z o l i n e s  46--49 affords  t h e  fo l lowing  
p r o d u c t s  64) : 

_= 

46 

/1 : 21.8 46.0 16.3 15.8 -- 

hv gas phase: 37.2 24.4 16.4 14.5 5.7 

E tOH:  50.7 13.0 18.3 14.1 3.1 

seas: Ph~CO, E tOH:  72.7 27.8 1.5 1.1 1.9 

hv_._~_. 64} 

47 

A: 35.2 43.7 14.4 7.1 -- 

by: gas phase: 37.6 43.0 4.7 4.8 7.2 

E tOH:  26.4 60.4 5.0 3.7 4.0 

seas:  EtOH:  66.2 32.1 0.5 -- 1.3 

------•lllllll ~ + 

48 

direct (EtOH) : 45.6 44.5 2.8 3.0 2.8 

sens (Ph2CO) : 61.2 38.8 trace trace trace 

49 

direct (EtOH) : 61.7 33.9 1.0 2.7 

seas (Ph2CO) : 60.1 38.9 <0.2  0.8 

Ph N = ' ~ N  Ph 

50 

- - - - - - - p ~  + P~/~2hhAP 
6s) 

A B A/B 

direct: 88 12 7:1 

seas:  65 35 1.8:1 

64) 

51 
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For easier comparison the result of the thermal  reaction is included for com- 
pounds ,/6 and 47. As can be seen in the reaction scheme above direct photolysis 
of the pyrazolines 46 and 47 proceeds mainly with retention of the original stereo- 
chemistry in the cyclopropanes isolated. 48, 49 and 50 however lead mainly to the 
inverted stereochemistry in the cyclopropanes. The singlet biradical 51 formed 
from 46--49 is therefore clearly not on the same energy surface as a ,,possible" 
singlet diradical in the carbene cycloaddition. However  one knows today tha t  
singlet carbene cycloaddition is a concerted process, so no such diradical should 
be detectable. 

The 0,0-diradical or zc-cyclopropane 51 is also unlikely as thermal  decom- 
position reactions show (see 86)). 

In  the triplet reaction however, the stereochemistry is lost and an almost 
similiar ratio of cis]trans-cyclopropanes is obtained from 46, d7 and 48, 49. The 
trans]cis-cyclopropane ratio for 46 of 2.77 and 47 of 2.63 is in good agreement 
with the ratio of 2.9 found for the triplet addition of :CHT to cis- or trans- but-2- 
erie 66). This shows tha t  rotation around the C--C-bond in the diradica157 is faster 
than spin inversion. 

The results for 46--50 clearly show the spin correlation effect for the different 
electronic states involved. Shorter wavelengths of irradiation can enhance the spin 
correlation effect in pyrazolines 67). 

A clear spin correlation effect is observed for the pyrazolines 4a  and 4b 6s,69): 

N----N 

4a; X ---= Cl direct: 77 23 as) 

sens. (Ph~CO) : 25 75 

4b; X = COuR direct: 64 36 

sens. : 18 82 

For  the 6-membered ring azo compound 52 spin correlation effect is opera- 
tive, too 70) 

52 

meso-52 

d,z-52 

meso-52 

d,l-52 

hp 
~, > 330  nm r 

53 54 cis-55 trans-55 

direct: 61% 35% 3.5% 

60 4 33 

sens. (thio- 77 11,5 8 

xanthone) : 75 8 12 
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Formation of cis- and trans- cyclobutanes 55 occurs with 95--97% retention 
of configuration. The triplet reaction however gives only 60--65% retention of 
configuration. In the triplet biradical 53 the parallel spins delay ring closure thus 
allowing rotations about all three single bonds. The amount of cleavage to give 
54 is also enhanced in the triplet reaction of 52. The retention of configuration in 
the direct photolysis of 52 is in contrast to the pyrazoline photodecomposition of 
48 and 49 where mainly inversion of stereochemistry occurs (see above). Spin 
correlation effects are also reported for 7- and 8-membered ring azo compounds 71). 

P Ph TI~F'I- + 
= Ph Ph 

+ Ph-CH=CII(CH2)4-Ph 

trans cis 

direct: 20% 1,5% 65% 

sens. (PhmCO) : traces >95% 

3H-Pyrazoles: Azo compounds of the 3H-pyrazole type are an interesting 
class of molecules. The basic mechanism for the photochemical decomposition of 
cyclic azo compounds becomes more complex for 3H-pyrazoles because of the 
additional double bond present. 

r 
N~N 

hv 

---"-  , /~ - -~ - ,  + N2 (a) 

56  

69 
(b) 

57 58 59 

~ c  / 
~'~N �9 

III + II (c) Nle 

In addition to t he  geminate and free radical pairs a 1,3-retro-dipolar path 
(c) is possible in certain systems. The concerted scission of two bonds (a) leads 
to a vinyl-allyl-diradical. One-bond scission produces the diradical 57 which can 
rearrange to the vinyl diazoalkane 58. A second photon can then give rise to the 
vinyl carbene 59 which is one of the resonance forms of diradical 56. 

A series of substituted 3H-pyrazoles has been irradiated since this reaction 
is an easy entry to the class of cyclopropenes 72-7~). 

No sensitization experiments to generate the excited triplet states of 3H- 
pyrazoles have been reported so far. On the other hand the triplet multiplicity 
of the intermediates has been detected by ESR. 
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f f ~  h~_~_ P h ~  ' 'R 

R- "~..c / 
R ~ O  II 

O 
R= Ph 60% 
> 6O% 

H> mixture 

73d) 

Photolysis of the 3H-pyrazole 60 with a Cu]Ni-salt filter (2:330--410 nm) 
afforded the vinyldiazoalkane 61. This could be interconverted to the cyclopropene 
63 via the vinylcarbene 62. Direct photolysis with light 2 > 350 nm gives 63 
directly. ESR spectroscopy after irradiation at 5 K indicated clearly a triplet 
carbene 62 7o). 

Ph "N hv Ph Ph 

Ph"%N2 B--U--'- ph / i  t " ~  P salt filter salt filter Ph Ph 

6 0 ~  61(k>350nm) > 350 nm / 6 3  

An unexpected strange reaction of 3H-pyrazole 64 giving 65 via a carbene 
dimerisation followed by [2 + 2]-cycloaddition and 66 via a hydrogen abstraction 
followed by cyclisation has been reported. No clear statement was made on the 
multiplicity of that reaction 77). 

p h ~  Ph 
~q=~q "CH2CHa-CO2Me 

64 

Ph 
Ph~-~-CH2CII2CO2Me 
ph/~-----~ CHaCH2CO 2Me 

Ph 
65 8% 

Ptt~7~CO2Me 

66 
cis: 6.5% 

trans: 7.5% 

Photolysis of spiro-3H-pyrazoles has been studied recently quite intensively. 
Photochemical decomposition of spiropyrazole 7 affords benzocyclopropenes in 
excellent yields 78). An X-ray analysis demonstrated the structure of the highly 
strained benzocyclopropene system 7o). 
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R 1 

R2+ CO2R 
R  : co2R R3 R, co2R 

14 CO2R "CO2 R 

7a-d, f 67a-d, f 68 a-d, f 

R 1 R 2 R 3 R 4 % CO2R 

Ph Ph Ph Ph 85 ~ " C 0 2 R  

Ph H H Ph 86 
Ph Ph Ph H 26 
Ph Ph benzo 30 ">" y "Ph 
Ph m-C1-CeH4 benzo I0 Ph 
Ph p-CI-C6Ha belizo - 68d 

% 68a 
direct: 87% 

sens: 85% 
(CH3) 2 CO) 

The first naphtho[a]cyclopropene 68d was also obtained by  tha t  route. 3 / / -  
indazole was proposed as an intermediate in this reaction 78). The reaction pro- 
ceeds equally well from the triplet s tate of 7. However with acetone light capture 
from the sensitizer m a y  not have been complete. A trapping of the diradical inter- 
mediate 67' to give the known indene 69 by  photolysing 7 in dimethyl-acetylene- 
dicarboxylate (ADC) afforded only a trace of 69. However  the yield of 68a was 
reduced to 40%. Either  trapping of 67' was not effective enough or ADC m a y  
have acted as quencher. Trapping with furan or cyclopentadiene was also not 
effective 7s a). 

R 1 R t CO:R 
R 2 

ADC ~ C02R 

R ~ CO2M e IZO2NI e 1~4 CO2R C02R 

67' 69 
R =CHa 

In  the meant ime the first spiro-benzocyclopropenes 68g could be prepared ~s b). 

1~ 1 

-N2 R 

7g 67g 68g 

The separate irradiation of 3H-indazoles 67 was less effective in Nz-evolution 
m the sensitized as in the direct run aT). With piperylene also no quenching was 
observed for 67. ESR has shown tha t  the ground state  of the biradical produced 
b y  photolysis of 67 is a triplet 3s). So it was concluded tha t  after photolysis of 67 
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a diradical 67' is generated in the singlet state which either reacts to 68 or under- 
goes intersystem crossing to triplet 67'. The photodecomposition of dibenzo-3H- 
pyrazoles 70 gave rise to [1.2]spirenes 73 s0,81a)). 

C=N2 C: 

70 71 '72 73. 

R = CHACO; Ph CO; CFa 

Quenching experiments (anthracene) as well as sensitisation (xanthone) show 
that in that reaction a triplet is involved VSb). This is not clear in the photolysis 
of A, which leads also to a cyclopropene derivative B 78e). 

The direct photolysis leads after ring opening to vinyldiazocompound 77 which 
decomposes via the carbene 72 to 73. Mechanistic studies demonstrated that the 
rather selective carbene 72 involved adds nonstereospecifically to cis- or trans- 
4-methyl-pent-2-ene and therefore from a triplet state 81). The difference of the 
reaction path for the photolysis of 3H-pyrazoles 74 leading to 68d,  e (R'=H, m---Cl) 
or [1.2]-spirene 75 (R'=p--CI) may be attributed to intersystem crossing induced 

C02R 

R'=H, m-. 1 ~ C 0 2 R  

"~ "Ph 
~ N  CrH4-R' 

~N flu 68 d, e 

p -CI R,/C 02R \ Pk 
C ~ C 0 2  R 

74 d, e, .f R'=p---~ ~ . ~  "C02R 

R.=CH3 7 5 f :  61% 
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by the chlorine heavy atom effect being effective only in the p-position. This 
result would thus indicate a spin correlation effect s~. However more work needs 
to be done with this problem to clarify this point unambiguously. 

3.2.3. Nitrogen Elimination from Bicyclic and Polycyclic Azo Compounds 

Bicyclic azo compounds can decompose photochemicallyin a way similiar to mono- 
cyclic ones, however here 1,3-retrodipolar fragmentation can occur also. So 2,3- 
diazabicyclo [3.1.0]hex-2-ene 76 can photofragment via the allyi-diazoalkane 77 
and the allylcarbene 78 to 79 and 80 s3). 

J / C H 3  
(98%) 

N2 ~ ' k . " - ~  

76 77 78 80 (2%) 

.yield: 79 + 80.=86% 

The 4,4-diphenylderivative of 76 however showed coupling products of a 1,3- 
diradical in addition 84). This reaction was however only studied for the singlet 
species. This s tudy implied a one-bond scission as the major step in the reaction. 
The homolog 81 however showed equal product ratios for the photodecomposition 
in direct as well as sensitized reactions ss) (yields refer to degree of stereospeci- 
fity). 

7ooh  
=-- 82a > 99.5% 

81a 

_70 ~ 

81b 

_70 ~ 

81r 

trans, cls 

82b > 99.5% 

/ / • / / •  cis, cis 

82C >99.fi% 

Despite the fact that  photolysis of 81a can be sensitized, no quenching occurs 
on the other hand for the direct photolysis of 8lb.  The photochemical reaction is 
thought to occur in a disrotatory fashion leading to the dienes 82. For the thermal 
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reaction, on the other  hand,  a highly twisted intermediate  would result  because of 
the conro ta to ry  ring opening leading to a trans azo group. This reasoning holds 

N N 

81a 

good however  only for a concerted ring opening. Since mos t  ni trogen eliminations 
proceed via a one-bond scission s~} these explanations seem somewhat  in doubt  
(see above). 

A spin correlation effect was also noted in 83 87), 

C6HIz--- 

83 84a 

direct: 26.8 58.9 10.7 

seas. (acetophenone) : 10.3 89.7 trace 

as well as in the  photolysis of diaza-bicyclo[3.3.0]oct-3-ene 88). 

85 exo-86 endo--86 

lZl~CH3, tZ2~H, endo: dir.: 29.8 61.0 3.4 5.8 

seas. : 59.4 40.6 trace trace 
(Ph2CO) 

R i c H ,  RZ~CH3, exo: dir.: 62.9 21.3 7.5 9.0 

scns. : 68.9 31.1 trace trace 

I n  the  singlet reaction exo-86 and endo-86 are produced with predominant  
retention of configuration. The triplet reaction shows an almost  identical p roduc t  
distr ibution s tar t ing from exo-85 or endo-85. One-bond scission and slower rate  of 
ring closure of the triplet biradical explain these facts sufficiently well. A similar 
spin correlation effect was found for the hetero analog of 85 sg). 

C6H6 

o o o 

85' 
direct: 62% 21% 17% 

sens. (PhzCO) : 99~ -- -- 
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Much work has been done on the photodecomposition of 2,3-diaza-bicyclo- 
[2.2.1]hept-2-ene 3 17,23). 

R 2 2 "R z 

3a-c 84a-c : exo or endo 

a: RI=H, R2=H; b: R*=CH3, R2=H; v: RI=H, R==CH3 

Singlet as well as triplet photodecomposition has been reported. 
The 5-methoxy derivatives of 3b or 3c show a clear spin correlation effect. 

The singlet reaction gives different product ratios for exo- and endo-8d, whereas 
the triplet reaction gives the same ratio 79121 for both  stereoisomers. From this 
result an equilibrated pyramidal  or planar diradical was inferred as all inter- 
mediate 9o). 

Nitrogen elimination from the triplet s ta te  was also reported for 8 27). No 
sensitized reactions were carried out for the azo compounds described in l.c.91). 

Photolysis as well as thermolysis of A generate a triplet biradical which was 
detected b y  ESR 92). 

. R I 

R 2 ~ N k \  t R2 _ 2 
_K ~ e l  

hp~ .~  R 2 
R l 

"N -N2 R 2 

A spin correlation effect is found also for the pentacyclic system 87 93). 

.,~/~~ ~ + 

CN CN CN 

87 endo-88 exo-88 

R I = H ,  R~=NIe(ex o) : dir. : 60.8 7 

sens. : 93 7 
(Ph2CO) 

RI=CH3, R2=H(endo) : dir.: 22 51 

sens, : 63 37 
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Table 7. Nitrogen quantum yields for direct 
photolysis of cyclic azo compounds in 
nonpolar solvents 

Compound ~x2 l%ef. 

C N  (0.7--1.8; 67) 
gasphase) 

COOMe 

M e ~  COOMo 0.52 5) 
N~N Me 

0.45 5) 

0.026 Tab) 

d~ 

0.025 7Sb) 

3 

8a 

8b 

0.002 5) 

1.0 

0.022 27) 

0.014 5) 
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The singlet leads to the configurationally inverted forms, whereas the triplet 
mainly affords endo-88. This result indicates that  rotation is inhibited in the 
diazenyl radical formed primarily. In the triplet diradical the formed ring closure 
is obviously slower than in the singlet diradical. 

In Table 7 the quantum yields r for photolysis of cyclic azo compounds are 
presented. So far only one determination of a triplet ~bN 2 has been published. 

The energy gap between the S1 and the T1 state in cyclic azo compounds de- 
pends obviously on ring size 5). The larger this energy gap the less probable is 
intersystem crossing to the triplet. 8, in contrast to 3, undergoes intersystem 
crossing as well as emission. Only in very few cases have intersystem crossing ef- 
ficiencies been measured. All examples presented in this chapter show a clear spin 
correlation effect. The exceptions are however the azo compounds d9 and 81, 
which show the same product distribution in singlet and triplet reactions. This 
could be due (a) to ine/ficient sensitization, (b) reaction [rom an equilibrating state 
(c) [rom a So ground state reaction or (d) last intersystem crossing steps. In aeyelic 
azocompounds no clear spin correlation effect has been observed. This is due to (a) 
singlet energy transfer or (b) thermal decomposition of photochemically generated 
cis-azo compounds. 

4. Misce l l aneous  Reac t ions  

Azo compounds bearing a-hydrogen atoms can photochemically, a s well as ther- 
mally, tautomerize to the more stable hydrazones. Little has been done however 
in studying the multiplicity effect of this reaction. Phototautomerisation was 
reported for the following compounds: 

Ph 

Another possible route is photoreduction from 89 to hydrazinderivatives 9s). 

o~N N'--N NEt2 ROH 

Ph2CO 
89 

So azo-benzene derivatives can be photoreduced -- most probably via a triplet 
state -- to hydrazo compounds. In some aromatic azo compounds photocycli- 
sation occurs also probably via a triplet state, protonation can increase the yield 
in these reactions 9~. 

N--N hv ~ = 0.015 

We take the opportunity here to express our thanks to the Deutsche Forschungsgemeinschaft 
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1. I n t r o d u c t i o n  

Loss of nitrogen from organic azides results in most cases in uncharged, electron- 
deficient molecular fragments 1, containing a nitrogen atom with only six electrons 
in its valence shell .  

R--N8 ) R--___ + N2 

? 

These reactive intermediates were proposed first for the Lossen rearrangement a) 
in 1891 by  Tiemann 1) and for the photochemical decomposition of hydrazoic 
acid in 1928 by  Beckman and Dickinson 2). The chemistry in this field, which 
at tracted little interest for a long time, was stimulated by  the development of 
carbene chemistry. In the last fifteen years, beginning with a summary by  
Kirmse 3) in 1959, excellent reviews on nitrene chemistry appeared 4-12). 

No agreement on the nomenclature for these neutral, univalent nitrogen inter- 
mediates was achieved for a long time. The names used include imene 14}, imine 
radical 15,16) azene 17) azacarbene 18), imin 19, and nitrene 20L The nitrene 
nomenclature, which parallels that  for carbenes, is commonly used today and will 
be employed in this article. In this nomenclature I-I--N: is nitrene, CsHs--N: 
is phenylnitrene, CHs--O--C--N: is methoxycarbonylnitrene etc. 

II 
O 

For nitrenes both a singlet state I a, with two pairs of electrons and a low- 
lying empty px-orbital, and a triplet state 1 b, with one electron pair and two 
electrons with parallel spins, are possible. 

Px Px 

G 
la tl (So) lb tt  (1"1) 

With respect to the electronic structure, nitrenes are analogous (isoelectronic) 
to carbenes. As in the case of diazocompounds, photolysis as well as thermolysis 
of azides leads to the corresponding nitrenes. Some reactions are collected in the 
following scheme: 

h~M 
HN3 > HN: + N2 

hv/A 
RN 3 > R--N:  + Nz 

hfla 
R--SO2N s ) R--SOaR: + 172 

s) I t  now appears unlikely tha t  nitrenes are involved in this rearrangement. Today for this 
reaction a concerted mechanism for the N2 expulsion and the migration of the substi tuent  
is formulated 11). 
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R--CON3 hvl~ > R--CO--N: + N2 

hrlA 
ROCON3 ,> ROCON: + N2 

hvlLI 
NCN3 ) NCN: + N~ 

Other methods b) (see the following scheme), including 

a) deoxygenation of nitro- and nitroso-compounds with triethyl- or tdphenyl- 
phosphite, 

b) base-induced ~-elimination, 

c) oxydation of hydrazine derivatives with mercury oxide or lead tetraacetate and 

d) photolysis of oxaziridines 

all lead to nitrenes. But the intermediates generated by these procedures will not 
be included in this article. 

O o 
t 

Ar--NO2 + RsP ; Ar--N--O--PR3 ) ArNO + R3PO 

G 
Ar--NO + R3P ) Ar--N--OPR3 ) At--N: + R3PO (a) 

H 

< - R--N + B ~ R--N: + BH + + Ph- (b) 

Ph 

HgO 
R2N--NHs ) Rz--N--N: (c) 

~ , , i _ p h  hv =_ ~ =  0 + Ph_N: (d) 

1.1. Thermolyses 
The thermal decomposition of most organic azides will lead to nitrene intermedia- 
tes which, according to the spin conservation rule, must be formed initially in the 
singlet state (So). 

A 
R--Ns > R--N: + N2 

l(s0) 

The thermolysis of methylazide was studied first by Ramsperger 21a) who 
found it to be a homogenous first-order reaction. Studies of thermolyses of several 
other organic azides in various solvents and at different concentrations also show 
first-order kinetics 22-~s). This led to the conclusion that free nitrene intermediates 
are involved. There are however thermal decompositions of azides where nitrene 
intermediates are not involved. For example ortho-substituted arylazides like 
o-nitrophenylazide 2, undergo formation of benzofurazan 3 by a concerted 
mechanism according to 1. c.91b). 

b) For a detailed review see Ref. 9b). 
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O 

N~o , A , _ L .  L /~-  
V ?eN-Ne-~N ~"~,i~N...N__ N ~L,,~/~N 10 

8 + 

2 3 

The thermolysis of arylazides 4 leading via a Curtius-rearrangement to iso- 
cyanates 5 most probably does not involve a nitrene intermediate. 

R--CON3 ~ R--N=C=O -k N2 

4 5 

So nitrenes could not be trapped in this reaction by  insertion into C--H bonds 
or olefinic double bonds. Decomposition temperatures of several azides and their 
corresponding rate constants (k) are listed in Table 1. Unlike most organic azides, 

Table 1. Decomposition temperatures and rate constants of various nitrenes 

Azide Decompo- Solvent h X 104 Ref. 
position [sec - l]  
Temperature 

C8H5 
\ 

C6Hs--C--N 3 180 Dibutylcarbitol 2.4 22) 
/ 

C6H5 

Cell5 
\ 

CHs--CoH4--C--Ns 180 Dibutylcarbitol 2.7 23) 
/ 

Call5 

CoHs 
\ 

O2N--C6H4--C--Ns 180 Dibutylcarbitol 2.8 22) 
/ 

C6H5 

~ -N~  194 Ethylbenzoate 0.38 28) 

CaHs--N3 132 Ethylbenzoate 0.078 33) 

p--CHaO--C6H4--N 3 132 Ethylbenzoate 0.91 23) 

m--CHsO--C6H4--N8 174 Aniline 8.8 24) 

m--CH3--C6H4--N3 174 Aniline 8.8 34) 

CHs--C6H4--SOs--N8 155 Diphenylether 3.4 25) 

HaC--(CH2) s--CHs--SO2--N3 166 Diphenylether 4.4 25) 

HsC--CHg.--CH 2--O--CO--N~ 130 Diphenylether 5.9 2~) 

HaC--(CH~)I 6--CH2--O--CO--N:) 120 Diphenylether 2.4 37) 
N~C--N3 40--50 n-Hexane ,_~0.31) 38)I) 

1) Estimated value from the reaction t ime given in Ref. 28). 
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which require temperatures for the fragmentation to the corresponding nitrenes 
above 100 ~ cyanogenazide smoothly evolves nitrogen when heated to 40--50 ~ 
This fact is due to the symmetry and the resonance stabilisation of the resulting 
cyanonitrene. 

Thermolysis, as pointed out earlier, produces nitrenes being initially in their 
singlet state. Triplet reactions will be observed therefore only when time for spin 
inversion (isc) is available before the nitrene reacts. 

A lse  
R--N3 ~ R--N: + N2 ~ R--N. * products 

s T 

[ 
products 

1.2. Photolyses 

Photolysis of organic azides can lead to the nitrene in the singlet or triplet state. 

hy 
R - - N : j  �9 R - - I ~ :  o r  R - - N .  

- - N  2 
s T 

The wavelength required for effective absorption of UV light by azides de- 
pends on the substituents. The azides absorb normally below 290 nm, with the 
exception of arylazides, which show also transitions between 300 and 350 nm. 
Therefore as light sources low-pressure mercury-lamps are most commonly used. 
In Table 2 the range of absorption, the e-values and the quantum yields of some 
azide photolyses are compiled. 

Photolysis of an azide will lead to an excited singlet state of the azide which 
can: 

1. undergo intersystem crossing to a triplet azide, 

2. go back to starting material by internal conversion in a radiationless decay 
process, 

3. decompose to a singlet nitrene. 

In addition, the singlet nitrene can undergo intersystem crossing to the triplet 
nitrene. The Tl-azide state can thus be populated by two routes (a) and (b). 
These possibilities are indicated in the following scheme: 

R-N3 h v  ,[R_Nal, ~ R-N: (So) (a) 

3[K-N31* ~ R-.N- (T~) (b) 
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Table 2. UV-spectra of azides 

Compound •max (log e) ~ of light Quantum Ref. 
used yield 

CH3--CH2Ns -- 253 0.884 ) 81,32) 
313 0.89 ~) 

CHa--CH2--CH3--N8 -- 313 0.834 ) 31,32) 

CH.q--(CH2)2--CH2--N8 216(2.6) n--~* 313 0.781) 31--~3) 
287(1.3) ~Z--7~* 

CH3--(CH2)a--CH2--Ns -- 253 0.86 a) 81,32) 
313 0.714 ) 

~ _  216(2.6) n--~* 313 0.68 81-88) 
Nz 287(1.3) g--r~* 

( ~ - - ) 3 C  -N3 - -  313 0.804) 31,82) 

~ } - C H 2 - S O ~ - N a  217(4.7) -- -- 36) 

C H a - ~  SO2Na 232(4.3) _ _ 36) 

CHa_O- ~ SO2N a 248 (4.9) _ _ 3 o) 

CHs--SOs--N 3 254(1.1) _ _ 37) 

247(3.9) ~--~* 254 0.531) 29,30) 
278(3.3) ~--~* 0.522) 

N~ 315(1.9) n---r 

_ ~  247(3.4) ~---~* 254 0.961) 89,20) 
N3 286(2.8) ~--~* 0.982) 

300(2.0) n--x* 

_ ~  -- 280 1.008 ) 29) 
CHa-CO Na 1.003) 

246(4.2) ~--~* 254 0.371) 29,30) 
292(3.5) ~--x~* 0.362) 
320(2.3) n-~z* 

N3 
CH3CH2--O--C--N 8 254(1.9) _ _ 35) 

O 
~CN8 220 (3.3) _ _ 34) 

275(2.2) 

1) Hexane solution. 
s) Methylcyclohexane-Isopentane 
8) Cyclohexane solution. 
4) Methanol solution. 
5) Ethylether solution. 

matrix. 
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An exception is the unsensitized photolysis of ter t iary alkylazide in which 
according to Abramovitch and Kyba 18~ a discrete nitrene intermediate is not 
formed. 

Depending on the substituent R and the reaction medium, the photochemically 
generated nitrene can undergo different reactions. These will be analogous to those 
observed in the tbermolysis of azides but  may  differ in product ratios. 

2. E l e c t r o n i c  States and Structure of Triplet Nitrenes 

2.1. Calculations 

The electronic structure of the parent nitrene NH, which is also the best known 
and understood, has been calculated by MO and valence-bond methods as~. 
Various molecular orbital methods such as LCAO-SCF method 39,4o>, SCF-MO- 
calculation allowing for electron correlations 41} and configuration interaction 42, 4a~ 
have been used to calculate electronic structure of ground and excited states of 
nitrenes. The molecular ground state is a 3l - t r ip le t  (like CH2) and the lowest 
excited state is the iz] state, being 1.76 eV above the ground state. Both states 
have the same molecular orbital configuration 1~ 2 2a 2 3~ 2 1~ 2. In the ground 
state, the two degenerated orbitals pz and Pv are occupied by one electron each, 
thus having a total spin number of S = 1. The multiplicity is therefore 2 S + 1 = 3 
(82:-triplet state). If the two orbitals are not degenerated then two electrons are 
present in the same orbital and the multiplicity now equals 1 (1A singlet state). 
Calculations of the electronic states and electronic spectra of the substituted 
alkylnitrenes RN I are rather rare. A theoretical s tudy of the electronic structure 
of methylnitrene has recently been published 44} and the lowest electron confi- 
guration was found to be lal, 22al, a3at, 34at, 21e, 45al, ~2e 2. Besides [NH, 
extensive calculations have been done only for cyanonitrene 45~ and carbonyl- 
nitrenes 46~. 

For cyanonitrene it  was shown that  the linear structure is favored over the 
bent  one and the ground state is a triplet 

C 
/ \  

�9 N = C ~ N .  N N .  

(2al, 2~2, 2as, 4~rt, 2~4, 2~r2). The electronic configuration of several carbonyl- 
nitrenes has recently been determined by  nonempirical molecular orbital studies 4 o. 
The calculations suggest that  acylnitrenes RCON: are ground state triplets while 
carbalkoxynitrenes ROCON : may  have singlet ground states. The last point, how- 
ever, must await further work for clarification. 

For arylnitrenes ionly qualitative treatments have been carried out by Reiser 
et al. 3oj. I t  was concluded that  the ground state of arylnitrenes is also a triplet 
as expected from the experimental results. No quantum mechanical calculations 
have been reported for sulfonylnitrenes, but  ESR-evidence indicates a triplet 
ground state also for these intermediates 47) (see below). 
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With the exception of carbalkoxynitrenes the calculations indicate a triplet 
ground state for all nitrenes. However the triplet ground state of a nitrene may not 
be achieved if the nitrene is undergoing a very fast reaction, i. e. a nitrene may then 
react in its singlet state. 

2.2. Electron Spin Resonance (ESR) 

This technique is the best one to prove the triplet multiplicity of a nitrene. The 
nitrenes investigated so far were always generated by photolysis of the corres- 
ponding azides at low temperatures (4 or 77 K) in randomly oriented glasses. 
The resulting ESR-spectra show transitions between spin states (S = 1, 0, --1) 
of a reactive species with two unpaired spins. The spectrum can then be described 
by the following equation: 

= g. #.  HS + DS2 + S#) 

where: S = spin operator, g = Landd splitting factor and D and E are the so-called 
zero field splitting parameters, which should be present in the absence of an ex- 
ternal field. The value of D is roughly proportional to the separation of the two 
unpaired spins, thus being a measure for electron delocalization. E indicates the 
deviation of the spill interaction from cylindrical symmetry. 

In the absence of external perturbation, photodecomposition of azides must 
occur with overall conservation of spin. Within this restriction there are four 
possibilities for the fragmentation: 

1R-N: + ~N2 (1) 

~ 3R_N. + 3N~ (2) 
R-N3 hv I[R_N3], 

1R_N: + 3N 2 (4) 

Routes (2) and (4) are unlikely since the light employed in the photolysis does 
not have enough energy to generate molecular nitrogen in the triplet state. An 
equilibrium, however, between the singlet and triplet nitrene formed according 
to route (1) and (3) is theoretically possible (see above). If there is enough time, 
the reactive species initially formed can equilibrate with its ground state provided 
that  it does not react before intersystem crossing (isc) could occur. 

R--N: �9 ' R--N. 

la (So) 7b (TD 

The theoretical calculations mentioned above predict a Tl-ground state ; b 
for nitrenes and this is in agreemeRt with many ESR-measurements, where the 
triplet species can be observed. The ESR-spectra of nitrenes generated at 77 K 
in a matrix by UV-irradiation of the corresponding azides were detected and 
assigned to the triplet ground state for the following species: C~Hs--Iq. �9 ; o--CFa-- 
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Table 3. Zero field spli t t ing parameters  for nitrenes 

Triplet States from Azides 

Nitrene D (cm -1) E (cm -1) ReI. 

CHa--~"  1.595 0.00 48) 

CHs- -CHs- -CHg--  ~ �9 1.607 0.0034 44) 

CHa--(CH2) 5 
\ 

CH--N.  1.616 0.0019 44) 
/ 

CH3 

~ - - ~  �9 1.575 <0.002 44) 

~> --~. * 1.599 < 0.002 44) 

CH3 
\ 

CHa--C-- ~ �9 
/ 

CH8 

0 - )  C-N. 
3 �9 

0 - )  CH-N* 
�9 2 �9 

CHa--SO~--N-. �9 

5raN.. 

--X=//~ \.~. 

~ _CH I N a  

"-N. 

1.625 <0.002 44) 

1.660 0.00 48) 

1.636 0.00 48) 

1.581 0.0036 44) 

1.544 <0.002 49) 

0.99 <0.002 44) 

1.625 0.00 48) 

1.626 0.00 48) 

1.606 0.003 so) 

97 



H. Dtirr and H. Kober 

C6H4--.i~" ; C6Hs--SO2--N." ; p--CH3--C6H4--SO2--1~ �9 and NCN. 47,49). Attempts 
to observe triplet alkylnitrenes by  direct irradiation of alkylazides at 77 K 
were unsuccessful. At lower temperature (4 K) however, weak signals were ob- 
served 48). So Wasserman, Smolinski and Yager 48b) could show by ESR-spec- 
troscopy that  in analogy to H N .  the ground state of alkylnitrenes is a triplet. 
No ESR-signals were observed for C6Hs--CH=CH--N], CH3--CH~--O--CO--NI 
and C6Hs--O--CO--N]; probably they react too fast to be present in a detectable 
stationary concentration 47,49). On the other hand the ground state may be a 
singlet as discussed in the case of R--O--CO--N: 46). In Table 3 the D- and E- 
values of some nitrenes are collected. 

The smaller the value of D, the smaller the interaction between the unpaired 
electrons, or in other words the greater is their separation. So, from the zero field 
splitting parameter of phenylnitrene (D =0 .99  cm -1) one can deduce that  one 
unpaired electron is delocalized into the aromatic system. Although ESR shows 
that  these nitrenes have triplet ground states it tells nothing about the electronic 
state of the nitrenes at the moment of generation. 

2.4. Electronic Spectra 

The UV and IR  spectra for the parent :NH have been measured by the flash 
photolysis technique as well as with the matrix technique at low temperature 
(for detailed reviews see Abramovitch and Davies 5) and Berry 3s)). For :NH 
four spectral bands are detected. The sharp A 3n , . . ,  X3Z -'- transition is readily 
observed at approximately 336 nm in the absorption and emission spectra. The 
broader c l r r ~ a l A  transition is well known in emission, bu t  difficult to observe 
in absorption. Emission from the c l n - * b l S  + and d i s  +-*tIn-transitions appears 
as a 453 nm and 254 nm band respectively. 

For the homologous alkylnitrenes no electronic spectra have been reported 
so far. 

The optical properties of arylnitrenes are much better known than for alkyl- 
nitrenes; this is largely due to the optical spectroscopy of azide photolysis products 
by  Reiser e ta / .  a0,51-54). The arylnitrene UV-spectra reported there show three 
main absorption bands. Typically these have maxima in the 370--390 nm, 310-- 
370 nm and 220--260 nm regions. The triplet arylnitrenes give rise to spectra 
resembling those of aromatic radicals. Thus phenylnitrene in an organic glass at 
77 K exhibits two bands at 314 and 402 nm which correspond to the bands of 
the benzyl radical at 318 and 463 nm. The UV- and IR-spectra of NCN: have 
been reviewed by  Anastassiou et al. 45). Flash photolysis of NCNa produces a 
high concentration of the nitrene which shows the characteristic absorption of 
this species in the 329 nm region. A much further information on NCN: was 
obtained by  Milligan et al.55, 56) on the basis of matrix isolation studies. They 
generated NCN: by photolysis (2>  280 nm) of NCNz and observed a character- 
istic absorption at 329 nm, which they assigned to a a ~  ~ z2:g-transition. In 
addition to this band, a series of bands appears between 300 and 240 rim. In the 
infrared NCN: displays a band at 423 cm - t  as well as an intense absorption at 
1475 cm -I .  Energy considerations suggest that  the 423 cm -1 band is due to a 
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bending vibration (v2) and the 1475 cm -1 absorption to an ant isymmetric  stretch- 
ing vibrat ion (va). 

3. R e a c t i o n s  of  Tr ip le t  N i t r e n e s  

The typical reactions of nitrenes generated from aliphatic azide precursors are 
shown below and include isomerization to imines (a), intramolecular insertion 
into C--H bonds (b) has been questioned (see 1. c. 11~ p. 57) and intermolecular 
hydrogen abstraction (c). 

a CHz-CH2 
R-CH2 CH 

J 
H2-C~2 CH2 -CH2 

R-CH2 CH2 ~ / \ R-CH 2 CH 2 
-N2 :N / N3/t 

yH2 -CH2 
b ~ R-CH CH2 

\N / 
H 

C H 2  -CH2 
c ~ R-CH2 CH2 

HzN 
Reactions of Alkylnitrenes 

General reactions of nitrenes - -  where R = ROC--, R--S02-- ,  Ar--  and NC--- 
are insertion into sigma bonds (C--H, N--H,  O--H) (a), addition to double bonds 
(b), dimerizations (c) and H-abstractions (d). 

R-Ns ,A/h~ R-N: 

~C -H  
, ~ C - N H - R  (a) 

-~ R-N=N-R (c) 

(d) R-NH2 
Reactions of Nitrenes (R = see above) 

These modes of stabilization are not available for all nitrenes. The reactions 
observed depend on the nature of the R-group, on the reaction conditions, as well 
as on the spin state of the nitrene. In  this article only reactions which involve a 
triplet nitrene will be discussed. 

3.1. Abstraction Reactions 

Nitrenes can formally insert in a number  of a-bonds. This is a common reaction 
which in some cases will be the dominant  if not the exclusive one. Three different 
mechanisms can be postulated for this reaction as pointed out in the following 
scheme. 
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R--N: +R'--H 

] a "7. N--R 
~ 

b I" ~+ ~- 1 
> LR'----H----N--R J 

o , [R ..... H--.-N--R] 

e 

�9 R '  +HN--R , 

, R'. + H _ ~ - - R  

�9 R'--NH--R 

Of these mechanistic possibilities (a) represents the commonly considered one- 
step reaction of a singlet nitmm. Path  (c) is a two-step reaction indicating a triplet 
nitmne. Mechanism (b), involving the ylid formation is possible with highly 
electrophilic species such as NCN : only, which possess a vacant low-lying bonding 
Me, e.g. ~g of 5~ 45). Hydrogen abstraction in aliphatic solvents probably involves 
the triplet nitrene 25,57) which reacts with loss of configuration, while singlet 
nitrenes are thought to insert stereospecifically into C--H bonds 6,25). The ab- 
straction reactions of nitrenes are therefore an indication of a triplet species. 
Unfortunately alkylnitrenes undergo 1,2-H-migration with great facility (if there 
is no H attached to ~-carbon then 1,2-alkyl- or 1,2-aryl-migration will occur) 
to the corresponding imines. Therefore other "nitrene products" are formed 
only in small amounts. At the most, a few percent amine (from intermolecular 
abstraction) is observed, even in the presence of hydrogen donors. Rapid gas 
phase pyrolysis (in argent) of some alkylazides 5s) gave the corresponding amines. 

R--Ns ~ R--NH2 + other products 

Addition of hydrocarbons to the reaction mixture does not change the amine 
yields noticeably. Similiar results are obtained by solution-phase photolysis of 
alkylazides 59). The amine yields of these experiments are collected in Table 4. 

Table 4. Gas phase pyrolysis and solution photolysis results of various alkylazides 

Azide Gas phase Gas phase Solution phase Ref. 
pyrolysis pyroIysis photolysis 

azide + cyclo- 
hexane 1 : 7 

CHs--N3 1% 
CHs--CH~--Ns < 1% 

CH 3--(CH 2) z--CH 2--N 3 1% 

CHs--(CH~)e--CHz--N3 1% 
CHs--CH~ 

\ 
CH--Ns 3% 

/ 
CHs 

CHs--CH---CH~--CH~--CH 2--N S I~/o 
i 
CH8 

CH 3--CH--CH 2--CH ~--N S 

l 
Ph 

1% - -  5s) 

_ _  _ _  6 0 )  

1% 5~/~ 58.59) 

- -  12% 58,59) 

ss) 

58) 

7 ~  o 58,59) 
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Abstraction of hydrogen by the triplet nitrene to form primary amines is 
perhaps the most general reaction of arylnitrenes in solution. The source of hydro- 
gen may be the solvent or the nitrene precursor. Although many arylazide ther- 
molyses were carried out under comparable conditions (see Table 5), there is no 
study available which deals with the relation between nitrene structure and the 
reaction paths which are possible. From the experimental data it can also be seen 
that  the extent  of hydrocarbon abstraction depends on the reaction medium, 
but  no systematic s tudy has as yet been reported. 

Table 5. Thermolysis of arylazides to triplet-abstraction products 

Azide Solvent Temperature Ar--NHg.(%) Ref. 
[~ 

CrHs--N3 p-Xyleae 138 20--25 61) 
CrHs--N3 Benzene 155 20--25 61) 
CrHs--N3 n-Pentane 160--180 30 63) 

CrHs--N3 i-Pentane 160--180 15 6a) 

CrH5--N3 Thiophenol 165 52 84) 
CrHs--N3 Decalin 141 44 62) 
m--Br--CrH4--Ns Decalin 141 85 62) 

m--CHa--O--CrH4--N 2 Decalin 141 97 82) 
m--O2N--CrH4--N 3 Decalin 141 1 62) 
p--O2N--C6H4--N3 Decalin 141 < 1 62) 
p--Br--CrH4--N3 Decalin 141 78 62) 

The nature of hydrogen abstraction process is normally indicated by  the fact 
tha t  the hydrogen-supplying solvent undergoes dehydrogenative coupling to a 
considerable extent but  always in a poorer yield as the aniline formation would 
predict. Thermolysis of phenylazide 6 in p-xylene 7 affords aniline (8 a) and syn- 
di-p-tolylethane (9) ~1). Thermolysis of p-methoxyphenylazide (10) in cumene (11) 
gave the aniline 12 and bicumyl (73) 23~. 

Smith 65~ concluded the strong preference of hydrogen abstraction b y  the 
nitrene from the starting material rather than from alkane solvents from the results 
of the thermolysis of C6DsNs in pentane ssL The two main products were aniline, 
which was found to contain 18% of N-D-aniline. 

Thermolysis of C6HsN3 in (CH3)3CD produced aniline containing only 7% 
N--D, in spite of the fact that  the tert iary position of isobutane is the most readily 
at tacked one. Intermolecular insertion of arylnitrene in C--H bonds has been 
reported recently 63~ in the thermolysis of phenylazide in alkane in yields up to 
10%, along with aniline as the major product. Hall and co-workers 60 have shown 
tha t  thermolysis of CsHs--Ns in optical active 2-phenylbutane led to 2-anilino- 
2-phenylbutane with 40% retention of optical activity; they obtained further 
information on the nature of the insertion and hydrogen abstraction process from 
the thermolysis of ArN3 in mixed solvents. Aniline and N-cyclohexylaniline (ratio 
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6 

I i  

[ C H a - ~  CHa 

&] 7 _ 

Ph~cH-CII2-CH3 
CH3 

~--NH2 + (CH3--~-CH2--)2 
8a (25%) 9 (4%) 

H 

8 ~  
c 

H3C-H2C / \Ph 

8b 

~ _  hv 0 _  / H  N 3 ," 8a + N 

6 Q 
8c 

CH3_O _ _ ~  N3 A , C H a _ O _ _ ~ N H 2  + 

10 12 (43%) t 3  (20%) 
11 

about 4: 1) are formed in the photolysis of phenylazide in cyclohexane and it was 
shown that the product ratio is independent over a wide range of the azide con- 
centration. Similiar results were obtained with p-tolylazide and with p-chloro- 
phenylazide. The inert solvent however should increase the ratio of triplet versus 
the singlet nitrene available for reaction with cyclohexane. The insensitivity of 
the product ratio 8 a : 8 c  to the increase of inert diluent shows that both products 
derive from the same electronic state of the nitrene. These results are most easily 
explained by the following scheme: 

Ar--Na h v  ~, Ar--N: l.s.e._,~.~ At--N- l~]t > [Ar--~H + .R] [tt]  Ar--NH~. 
S1 T 1 solvent cage 

l 
Ar--NH--R 

The initial step for both products is an abstraction of hydrogen by a triplet ni- 
trene from the hydrocarbon to form an aminoradical and an alkylradical. These 
radicals originate in the solvent cage, and if they recombine before leaving it, 
N-alkylaniline (ArNHR) is produced. Escape of the two radicals from the solvent 
cage after further abstraction from the solvent or the nitrene precursor leads to 
the amine (ArNH~) as well as to coupling (R R) and other products. This shows 
that in the case of arylnitrenes not only the arylamines arise v ia  the triplet nitrene 
but also the alkyl-anilines, which appear to be formed by an insertion process. 

Alkylsulfonylnitrenes, generated in aliphatic hydrocarbons undergo hydrogen 
abstraction to a small extent only. In the thermolysis of 2-propanesulphonylazide 

102 



Triplet States from Azides 

(14) in cyclohexane 3% of 2-propanesulphonamide (75) were found zs), whereas 
no abstraction product was detected in the ease of 1-pentane-sulfonylnitrene. 
Thermolysis of g-toluenesulphonylazide (76) in n-dodecane 67) afforded 25% 
of g-toluenesulphonamide (77), and 1-pentylsulphonylnitrene gave a 1% yield of 
dicumyi by H-abstraction from the g-C-atom of cumene z~). Methanesulphonyl- 
azide (18), when thermolyzed in toluene, led to 22.7% of methanesulphonylamide 
and 0.5% of dibenzyl (13) 68). 

CH3,.. A CH~ 
...CH-SOzN3 ~ ~CH-SO2NH2 

CH3 ~ CHa 
~ J  

14 2s (3%) 

CH3 CH3 

16 17 (25%) 

CH3-SO2-N3 h ,_ CHa_S02 _NH2 + ~ } _  CH2_CH2_ O ~} -CH3 

18 19(22%) 13(0,5%) 

If arylsulphonylnitrenes are generated in aliphatic hydrocarbons, better 
yields of hydrogen abstraction products as in the case of alkylnitrenes are obtained. 
Thermolysis of p-toluenesulphonylazide in cyclohexane 25) gave 5% yield of 
p-toluenesulphonylamide, whereas 40% yield was reported also 5s). Thermal 
decomposition of o-substituted phenylazides 20, 21, 22 in dodecane via abstrac- 
tion afforded amides 23, 24, 25. 

C12H2: 

20 23(4%) 

21 24(19%) 
0 0 

Na NH2 
22 25(9%) 
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In contrast to the nitrene reactions with aliphatic hydrocarbons, where only 
little amide formation occurs 2s,69) in aromatic hydrocarbons much better  
yields of sulphonylamides are obtained t6,08,70). For example, thermolysis of 
benzenesulphonylazide and methanesulphonylazide in benzene gave 18% of 
benzenesulphonamide 18) and 14% ethanesulphonylamide, respectively 68). In 
contrast to the nitrene reactions in aliphatic hydrocarbons no coupling product 
such as biphenyl-derivatives was detected. This should have been the case however 
if abstraction of a single hydrogen atom did occur thus giving rise to an aryl 
radical as shown below. 

R - - S O ~ -  + CeHe 

[CBH4" + C8~8 -~ [(C6Hs--CsR4" 
z~-so2~r 

�9 , :p CrHsCrH5 + R--SO3NH2 

The first step in the reaction is therefore addition of the nitrene to the aromatic 
double bond forming an aziridine 26 71). This intermediate can now collapse to the 
sulphonamide 27 and an aryne which produces tars 68). Ring opening to form an 
aniline derivative 28 --  a formal insertion product --  is another possibility of sta- 
bilization. 

26 ~ ' ~ N H 2 S O 2 R  

28 

If this mechanism is really operative, the "abstraction product" formed in 
benzene is not necessarily due to a triplet nitrene precursor. Recently a careful 
s tudy of the thermolysis of methylazide in substituted benzenes demonstrated 
that  the unsubstituted primary sulfonamide is a product of hydrogen abstraction 
by the nitrene 72). On the other hand there are remarkable differences in isomer 
ratios (o:m:p) of the ring-substituted anilides formed depending on the spin 
state of the reacting nitrene. The triplet was shown to at tach the aromatic nucleus 
mainly in the o-position, as is expected from a highly electrophilie diradical. 
Dehydrogenations by  carbonylnitrenes have been reported by  several authors 
for a variety of systems. In the direct photolysis of ethylazidoformate 29 in cyclo- 
hexene, the amide 30 and the bicyclohexenyl 3 / w e r e  isolated 35). Both products 
result from an abstraction reaction. 

EtO-CO-Na ~-N2 EtO-CO-~Io+ 
29 34 

~' EtOCONH2 + [ ~ / J  ~, , . J  

30 31 
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Thermolysis of n-octadecylazidoformate (32) in cyclohexane gave 22% amide 
(33) and about 10% cyclohexene 34 78). 

CiaH370CON3 ~-N2 CtaHaTOCON~" + 

32 

--- C1sH37OCONH2 + [~ ~J 
v 

33 34 

I t  was suggested that  both hydrogens in cyclohexane are removed simultan- 
eously. 

3.2. A d d i t i o n  React ions  of Triplet  N i trenes  

In contrast to the carbene chemistry, where addition to a double bond is a very  
common process, in nitrene chemistry the [1 +2]-cycloaddit ion obviously occurs 
wittl carbethoxy- and cyanonitrene in an easy way only. There are three main 
reasons why [1 +2]-cycloaddition of nitrenes to carbon-carbon double bonds is 
relatively rare: 

1. The addition products are very unstable at the temperature used for the gene- 
r a t i o n  of the nitrenes. 

2. The nitrene precursor (usually the azide) undergoes 1.3-dipolar addition to give 
triazoline, which can loose nitrogen, but  does not involve a free nitrene. 

3. The olefinic double bond participates in the nitrogen elimination and no free 
nitrene is formed. 

In the case where free nitrenes are involved, both the singlet and the triplet 
nitrene will add to the double bond. On the basis of SkeWs postulate which is 
now well established for the [1 + 2]-cycloaddition of carbenes to double bonds 74), 

a) singlet nitrenes should add stereospecifically and 

b) triplet nitrenes should add nonstereospeeifically. 

This is shown in the following scheme: 

H CH3 H CH3 

H ~  H CH 3 
; %  

R-lq: ' "  Stercospecific 
So II H CH3 addition 

HsC" IH .)k. ~ 
trans "][" . R-N 36 

H CH 3 CH3 H 
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Non stereospecific addition 

H / ' - .CHy/  * R-N 35 

R-N CH3 R -  CH3 H CH3 

�9 t II + 
H3C _H H3C H H3C H 

t r ans J  L < R-N 36 

H"--CH3 R -  CHa R -  CH3 H CHa 

The addition of a singlet nitrene to a double bond is supposed to occur concert- 
edly, while the triplet nitrene is supposed to add in two discrete steps via a 1.3-di- 
radical intermediate. The rate  of ring closure of the diradical is supposed to be 
smaller than  tha t  for the rotation around the C--C-bond, therefore the stereo- 
chemistry of the olefin will be lost. 

Arylazides normally add to olefinic double bonds faster (forming the corres- 
ponding triazolines) than their thermal  decomposition to nitrenes. These triazo- 
lines however loose nitrogen more easily 7s-Ts) (thermally or photolytically) than 
the corresponding azides and lead to aziridines, which should also arise from a 
nitrene reaction. 

Ar-N3 + > C=C < 

A/by 
Ar-N3 ~ Ar-N: 

I I 
--C C -  

A I 1 
ArIN...N~N - ~  I I - - C ~ C - -  \ /  

>C=-C< NI Ar 

Aziridine formation can therefore never be a proof for the involvement of a 
nitrene. Addition of carbethoxy nitrenes to carbon-carbon double bonds is ob- 
served in solution 35,79-83) as well as in the gas phase 84,s5). In these reactions 
the singlet and the triplet species are involved, the former add stereospecific- 
ally S0,81,sa) and the lat ter  nonstereospecifically. The addition of singlet and 
triplet carbethoxynitrene 29' to cis- and trans-4-methylpentene-2 37 has been 
studied very carefully 8o,s3,86). Both adduets 38 and 39 were formed - -  showing 
tha t  the reaction was not stereospecific. 

F rom the ratios of cis- and trans-N-carbethoxy-2-methyl-3-isopropylaziri-  
dines (38) and (39) it was concluded tha t  30% of the photochemically generated 
nitrene was formed in the triplet state ss). With  a-methylstyrene (dO), which was 
used as triplet trap, carbethoxynitrene does not lead to aziridines. As 1 : 1 adduct 
3-carbethoxyamino-2-phenyl-propene-1 (42) was isolated sa), which was pre- 
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lw/A 
EtO2CN3 ~ E t O 2 C I ~ : -  

29 29" 

H /dH H ,H 

cis37 Et , . ~  \\\\ ~ i  O,~-N~[. + EtO:C-N 

38 /v///CH3 39 ' H H CH 3 

H /dH H H 

trans 3 7 .~ \ \ \  / ~ /  
'- EtO2C-N.....], + EtO2C~-N 

3 8  7///CH3 3 9  " H H C H  3 

sumably formed by a diradical intermediate 41 and not by direct insertion into 
the methyl-group. 

CH2. CH2 
Ph-C=-CH2 +.NCOOEt ~ P h - C ~ ' ~ H  ~ Ph-C 'r 

I " \ ~ .  \ 
CHs CH2-NCOOEt CH2NHCOOEt 

40 41 42 

It was however not rigorously excluded that this product was formed from the 
corresponding aziridine. 

With 1,3-dienes only 1,2-addition by nitrenes is observed. In the reaction of 
carbethoxynitrene with isoprene 43 in contrast to the singlet nitrene which does 
not discriminate between the disubstituted and the monosubstituted double 
bonds, the triplet nitrene prefers the methyl substituted double bond by a factor 
of 2 87). 

+ >/ / �9 - + 

I I 
CO2Et COzEt 

2 9 '  4 3  4 4  4 5  

With sulfonylnitrenes, additions to double bonds are very rare. The reason 
is that addition of the sulfonylazide to the double bond normally is much faster 
than azide decomposition. Another explanation is double-bond participation in 
the nitrogen elimination where no free nitrene is involved. 

Only in the presence of metals, as in the copper-catalyzed decomposition of 
benzenesulphonylazide in cyclohexene 8s) and in the photolysis of ferrocenylsul- 
phonylazide in cyclohexane lo) such reactions are observed. 

Cyanogenazide 46 reacts, unlike most organic azides, with strained and un- 
strained double bonds at room temperature to give alkylidenecyanamides 47 
and/or N-cyanoazirines 48 34,91). These products are also expected from the 
reaction of cyanonitrene with olefins. 
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NsCN46 + R ~ R ] ~ R~CNA 

NCN: + R 
R 47 

RR 

+ ~ N - C N  

R R  

48 

Therefore, without isotopic labeling, it is impossible to distinguish between 
azide-products and nitrene-products. That is the reason why only one NCN- 
olefin reaction (the thermolysis of NCN3 in cyclooctatetraene) was studied in 
detail. Cyclooctatetraene (d9) reacts with NCN3 very slowly at room temperature 
and leads exclusively to the alkylidenecyanamide. Thermolysis of NCN3 in diluted 
(ethylacetate) cyclooctatetraene at 78 ~ afforded 50, 51, 52 92,9~). 

NCNa + ~ _ _ ) -  

49 

25oc,_ ~ N C N  

50 
CN 
N 

78~ 
EtOAc ~- 50 + + ~ N C N  

51 52 

�9 52 is formed in a one-step reaction by the singlet NC~ and 51 in a two-step 
reaction by the triplet NCN.. This explanation is supported by dilution experi- 
ments. 

3.3. Dilution Experiments Effecting Intersystem Crossing to Triplet Nitrenes 

As pointed out earlier, photolysis or thermolysis of organic azides generate the 
corresponding nitrenes initially in their singlet states. The triplet state must there- 
fore be populated by intersystem crossing (isc). The dilution technique uses the 
different concentration dependence of the different steps involved. While isc 
of singlet to triplet nitrene is unimolecular, the [1 +2]-cycloaddition step of the 
nitrene is first order in concentration. High dilution should therefore Iead theoreti- 
cally to the same cis-/trans-aziridine ratio. If the solvent used possesses a heavy 
atom (e.g. Br) then a fast intersystem-crossing step is effected; this is called 
heavy atom effect. 

Thermolysis of ethylazidoformate 29 in cis-4-methylpent-2-ene 37 solutions 
in CH2C12 demonstrated that the ratio of cis- to trans-addition products 38[39 
depends on the olefin concentration sr) (see Table 6). 
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Table 6. Thermolysis of ethyl azidoformate in cis-4-methylpent-2-ene solutions in dichloro- 
methane at 100 ~ for 24 h 86) 

Olefin Total Trans- [T] IS] [T][[S] 
conen, aziri- aziri- 
mole [0/o ] dine [%] ridine [%] 

100 67 14 0.175 0.825 0.21 
33 --  18 0.225 0.775 0.29 
I0 78 33 0.410 0.590 0.70 
5 - -  41 0.515 0.485 1.06 
3.3 60 46 0.575 0.425 1.35 
1.5 --  51 0.64 0.36 1.78 
1.0 - -  54 0.675 0.325 2.08 

E t O O C N  3 A : E t O O C N "  - -  H E t O O C - N ~  + E t O O C - N ~  

H H 

29 29' 38 39 

The  a p p r o x i m a t e l y  comparab le  overa l l  y ie ld  shows t h a t  the  nons tereospec i f i ty  
is increased  b y  decreas ing the  olefine concent ra t ion .  This  is in ag reemen t  wi th  the  
t h e o r y  of coll isional  deac t iva t ion ,  which pred ic t s  t h a t  dilution increases the  ra t io  
of triplet nitrene. Thermolys is  of NCN8 in 1 ,2 -d imethylcyc lohexane  53 is ano the r  
example  of the  d i lu t ion  effect in n i t rene  reac t ions  94). 

~CHs .CH3 .NHCN 
, ("FN CN NCNa ~'N2 NC~" + H 3  kv,- l~Cn3 + 

H H H 

53 54 55 

Table 7. Stereochemistry of the insertion of cyanonitrene into the tertiary C--H bond of cis- 
and trans-l,2-dimethylcyclohexane as fur~ction of the solvent 94) 

1,2-Dimethyl- Solvent I) Temp. ~/o cis ~/o trans Overall 
cyclohexan yield [%] 

cis - -  46 :>98 < 2 48 
trans --  46 < 2 >98 48 

cis CH2C12 41 74 26 28 
trans CHiCle. 41 34 66 35 

cis CH2Br2 43 52 48 35 
trails ' CH2Br2 43 52 48 29 

I) 10:1 solvent to hydrocarbon mixture. 
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From the data  indicating partial loss of stereospecifity of the nitrene reaction 
in CHeC12 and the complete one in CHeBr2, it  can be concluded that  NCN. 
reacts part ly as triplet in CHzC12 (dilution effect) and exclusively as triplet in 
CH2Br2 (dilution and heavy atom effect). Similiar results were obtained in the 
thermolysis of NCNs in cyclooctatetraene 49 9s) (see Scheme p. 108). 

Table 8. Relative amounts of 51 and 52 from reaction of NCN.. 
with cyclooctatetraene in various solvents as) 

Solvent 51 [%] 52 [%] [51]][52] 

CH~Br 2 76 24 3.3 
CHsCOOC2H5 56 44 1.3 
CHaCN 17 83 0.2 

In this case also the ratio 51]52 depends on the solvent. I t  is largest in CHzBrz, 
a solvent which is expected to favor reaction by  3NCN.., and smallest in CHaCN, 
a solvent favoring reaction by  1HCN :. 

In contrast to the carbene-chemistry there is ample evidence that  in some 
cases the singlet state of nitrene will be stabilized by  inert solvents, e.g. C6F6 
and CH2CI~. The stabilization of nitrene singlet states by  symmetrical interaction 
of the nitrene with two lone pairs has been proposed by  Gleiter and Hoffman 95). 

Breslow has reported that  yields of insertion (singlet) of carbalkoxynitrene 
with cyclohexane are increased by  dilution with hexafluorobenzene 96). One of 
the explanations given for this fact is that  the singlet nitrene complexes with the 
fluorine in C6F6 to give a nitrenoide-type species which is stable enough to de- 
crease the rate of intersystem crossing but  also active enough to insert in C--H 
bonds of saturated hydrocarbons. For  a number of alkanoylnitrenes (RCON :) 
it was also shown that  their singlet state is stabilized by CHgCI~Or); and recently 
Belloli and co-workers 98) have shown that  by  dilution with CH2Clz carbalkoxy- 
nitrenes (ROCON :) singlets are also stabilized. 

3.4. Tr ip le t  Nitrenes  by  Sensitization 

Sensitized photolysis is a much more efficient method to produce triplet nitrenes 
than the collisional deactivation method. This technique, which populates the 
triplet state of a nitrene exclusively by  energy transfer, employs triplet sensitizers 
such as aromatic ketones with a high intersystem-crossing efficiency. Energy is 

R ~ N  3 

direct hv L 

sensitized h/, 
It 

[R-N3]* ~ R-N: * Products 

$1 So 

II lI 
[R-N3]* ~ R-~o -'- Products 

T~ T~ 
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then transferred from the triplet sensitizer to the azide, populating the triplet 
state of the latter. The triplet azide then looses nitrogen and leads to a nitrene in 
the triplet state. 

Not much data are available in this field. One example is the decomposition 
of hexanoylazide (56) in cyclohexane by direct and by sensitized photolysis 99). 

direct 
lu 

CsHnCON3 + 
56 

I t  

sensitized 
(r 

~ ' ~ O  +~/~O + ~I~NHCOCsHn' 
H H 

57(13%) 58(8.%) 59(3%) 

CsHnCONH2 + 0 + 

6'0(78%) 34(11%)  61(11%) 

In the direct photolysis the main products are isocyanates. Two lactames 57 
and 58 and the insertion product 59 are formed in addition. The sensitized photo- 
lysis, in striking contrast to the direct photolysis, leads only to abstraction pro- 
ducts 60, 3d and 61 in good yields arising from a triplet nitrene. No lactames could 
be detected here. 

Another example is the photolysis of NCN3 in cis-l,2-dimethyl-cyclohexane 
(50) 

Table 9. Stereochemistry of the insertiort of photochemically generated 
cyanonitrene into tertiary C--H bonds of cis-l,2-dimethylcyclohexane 45) 

Wavelength [A ~ Sensitizer ]R--NHCN 

% eis ~/o trans 

3100---4500 -- >98 < 2 

3100---4500 Fluorenone 87 13 

3100--4500 Benzopheaone 56 44 

A CH. / - .  �9 CH3 . NHCN 
[" "]r ~ [" "]~'-NHCN ( ' " ~ C H 3  

NCN3 + t . . . . / ~ i H .  -N, t . . . .~CH3 + i... ~ C H  3 
- - H  ~ H  

53 54 55 

Direct photolysis leads exclusively to the singlet nitrene which inserts into the 
tertiary C--H bond of 53 in a totally stereospecific fashion. In the sensitized photo- 
lysis C--H-insertion is no longer stereospecific; the loss of the stereospecifity 
parallels the efficiency of the sensitizerin promoting the decomposition of the azide. 
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1. Introduction 

A discussion on line broadening in the spectra of large molecules may  be best 
introduced by describing the spectral results obtained for naphthalene when 
present as a low-concentration substitutional solid solution with durene at very 
low temperatures 1,2}. 

I t  may  be considered surprising that  the triplet-triplet absorption spectrum ~), 
Fig. 1, displays a series of featureless broad bands (width at half-height N300 cm -1) 
whereas the lowest singlet-singlet transition of the same sample under identical 
physical conditions gives bands two orders of magnitude sharper. On the other 
hand, for transitions to the higher-lying singlet states, increased band widths 
are obtained. The immediate retort  may be that  one is not really observing a 
molecular characteristic but  an electronic transition in which the entire mixed 
crystal is involved. Closer inspection of the effects of environmental broadening 
reveals that,  although it is not possible to reject the host crystal outright as being 
responsible for the selective broadening in the triplet-triplet and higher singlet 
systems, it is difficult to reconcile the range of broadenings observed with clystal 
effects aL 

I/I 
C r 

- 0  

0 

23000 

~/~ PMMA 

25000 27000 
cm-1 

Fig. 1. Triplet-triplet absorption spectra of naphthalene in polymethylmethacrylate at 293 K 
(PM1VIA) and parallel to the a and b axes of durene host crystal at 4 K 

Similar results have been reported for naphthalene in the vapor phase by Por- 
ter  and Wright 4L However, in the vapor phase at room temperature the observed 
broadenings may result from spectral congestion. Each vibronic band is associated 
with extensive rotational structure and in addition sequence and hot bands 
are active. Furthermore, there is no reason why exactly similar spectral congestion 
must obtain for different electronic transitions. 
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One is therefore led to look for essential differences between the varying 
electronic transitions, which may be reflected in the varying linewidths. As the 
respective transitions are all spin and orbitally (electric dipole) allowed, this aspect 
of the transition is not a contributory factor, although transition intensities may be 
important. There are two clear-cut differences, and they concern 

(i) the absence of intermediate singlet states in the energy interval between 
the electronic ground and the lowest excited singlet state. This is not the case 
for transitions to tfigher-lying singlet states nor does a corresponding situation 
prevail for the triplet-triplet transition. 

(it) the energetics, the final triplet state, and likewise the higher singlets are 
located at much higher energies relative to the ground state than is the first excited 
singiet. 

If these two observations are indeed pertinent, this would suggest that,  
under certain circumstances, tansitions between the two lowest triplet states may 
be sharp. Of course, it would be necessary to choose a system where the two lowest 
triplet states are separated by an energy gap typical of the separation of the ground 
and first excited singlet states. 

One further observation that  is very relevant to any comparison of the char- 
acteristics of the various singlet-singlet and triplet-triplet transitions concerns 
the general absence under typical experimental conditions of fluorescence from 
other than the lowest excited singlet state, no triplet-triplet fluorescence being 
recorded, and the occurrence of phosphorescence being recorded only from the 
lowest triplet state. 

I t  is the purpose of this review to consider in detail the implications of the 
above observations on the energetics of the absorbing states, the presence of inter- 
mediate electronic states, and emission quantum yields vis-a-vis line broadening 
in the spectra of large molecules. In the following section we consider the reported 
contributions to the explanation of the possible causes of diffuseness in electronic 
spectra. We also define what is conventionally understood by large molecules 
and line broadening. Numerous widely representative, experimentally recorded 
spectra are presented in Section 3. In the final section we consider the theoretical 
models that  have been proposed to account for the observed spectra. Despite 
the difficulties involved ill carrying out actual calculations for real systems, pro- 
gress has been made in this direction. 

2. Diffuseness in Electronic Spectra 

2.1. General 

Byrne and Ross 5~ have considered diffuseness in electronic spectra and have 
listed some twelve causes of line broadening. In an earlier work 6~ they considered 
in detail a trivial explanation of the broadening, namely spectral congestion, with 
particular reference to the related molecules benzene, naphthalene, anthracene 
and tetracene. They showed that  for the first three molecules spectral fine structure 
should be observable under the appropriate experimental conditions, but that  
for tetracene under practical experimental conditions no resolvable fine structure 
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is predicted. They supported these conclusions by  recording the vapor absorption 
spectrum of anthracene, the fine structure of which was clearly resolvable. 

All of Byrne and Ross' work referred to the vapor-phase spectra. In a comple- 
mentary work, Hochstrasser and Marzzacco 8) and Hochstrasser v) considered 
the perturbations between the low-lying electronic states of a number of aromatic 
and heteroaromatic molecules in the solid state. They recorded the low-temperature 
electronic Spectra, and suggested that  the appearance of line broadening could be 
viewed as an indication of the presence of another electronic state. Tiffs is of 
particular relevance for the aza-aromatic molecules, since for them there is an in- 
creased number of low-lying electronic states, due to the presence of the nitrogen 
lone-pair electrons. Hochstrasser and Marzzacco further concluded that  inter- 
actions between aa* and na* states are larger than interactions between states of 
the same orbital type, such as m *  by  a~z*, and this conclusion was supported by  
experimental observations on the line broadenings of the higher-lying excited 
electronic states. In this context, the lowest excited electronic state of each multi- 
plicity was excluded from consideration. 

In a review on radiationless transitions Jortner,  Rice and Hochstrasser 8~ 
described some results from solid-state spectra. The two most important  generali- 
zations are: 

i) Transitions to higher-lying states of the one multiplicity display broader 
bands than those to the the first excited state. This characteristic is not an out- 
come of uncertainty broadening due to radiative effects. 

ii) The broadening is dependent on the energy gaps separating the state in 
question and lower-lying states of the same multiplicity. 

Other general results appealing from the experimental s tudy concern the size 
of the molecule, the oscillator strength of the transition, and the nature of the 
transition, such as whether it is n~*, mz*, or Rydberg. In their review on diffuse- 
ness in gas-phase spectra they emphasized the importance of first establishing 
the nature of the broadening mechanism. When it is possible to eliminate trivial 
(extrinsic) causes such as spectral congestion and D6ppler broadening, the same 
conclusions are reached as are listed above for the solid state spectra. 

Apart from the above-mentioned studies of Hochstrasser and co-workers, 
and Ross and co-workers on linewidths in vapor-phase and solid-state spectra, 
carried out in the last few years little attention has been paid to the detailed 
s tudy of linewidths in the electronic spectra of large molecules. I t  is not inappro- 
priate to remark that,  until recently, there has been little or no interest in transi- 
tions to higher-lying excited electronic states, excluding the Rydbergs, for the 
precise reason that  in general only broadened bands were observed. All the atten- 
tion was therefore devoted to the lowest singlet and triplet systems since they 
displayed a sharp structure for which, in most cases, it was possible to arrive at  
consistent vibrational analyses, and in some cases also rotational analyses. In 
addition, fluorescence and phosphorescence studies indicated, almost without 
exception, tha t  only the lowest excited state was capable of emitting. Hence it 
was concluded that  the lifetime of the molecule in its higher excited states was 
considerably shorter than its natural radiative lifetime as estimated from the 
absorption osciallator strength. 
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I t  is therefore clear that,  although the occurrence of rapid electronic relaxa- 
tion from higher-lying electronic states has been recognized for some time now, 
the relation between it and line broadening has only recently been emphasized. 

In any study of the line broadening in large molecules it is important  to specify 
what is understood by  large molecules and to define line broadening. Large mole- 
cules axe molecules which, for energy gaps of the order of I0 a cm -1, satisfy the 
physical conditions pertaining to the statistical case. Since the discussion is re- 
stricted mainly to aromatic and aza-aromatic molecules, the smallest molecules 
we shall consider here are benzene and sym-triazine. In terms of the electronic 
spectroscopy of polyatomic molecules these are generally considered large mole- 
cules, since individual rotational lines cannot be identified, in contrast to the small 
molecules such as SO2, NSF, and HgCO. Furthermore, for these small molecules, 
transitions to the higher electronic states may, and often do, display bands as 
sharp as to the lowest excited state. 

In the definition of line broadening it is necessary to exercise some discrimina- 
tion. On the one hand spectral linewidths of less than 0.17 cm -1 are observed for 
some of the vibronic bands of the lowest singlet system of benzene 1B2u~lAlg 
in the vapor phase 9), while on the other hand many electronic spectra have been 
encountered, in particular in higher excited singlet and triplet systems, for which 
few or no vibrational features are apparent. In crystal spectra at  4 K, linewidths 
as sharp as 0.5 cm -1 are often obtained for the lowest excited state of any mul- 
tiplicity, despite coupling with the lattice modes, which may be expected to lead 
to considerable broadening. Nevertheless, these crystal linewidths are consider- 
ably more than the linewidths observed in the vapor phase and certainly more 
than the natural radiative widths. 

In general, in any spectium there are a number of contributions to the line- 
width. If the purpose of a spectroscopic s tudy concerns the assessment of a partic- 
ular broadening mechanism, then it is essential that the other contributions to 
the broadening be held fixed or at least that  their contributions are known while 
certain parameters, for example excitation energy, are varied. 

2.2. Causes of Line Broadening 

In  vapor-phase spectra at low pressures (<: 10 tort) no problems of environmental 
broadening, collisions and intermolecular interaction are encountered. For the 
majority of aromatics and aza-aromatics, solids or liquids at room temperature, 
only very low pressures are actfieved at 20 ~ and in the experimentally practical 
temperature range 273 to 373 K. 

DSppler widths given by  

C 

where v is the mean velocity of the absorber and v is the absorption frequency 
in the absence of motion, only become a problem when the instrumental resolving 
power is sufficiently high. This was the case in the benzene study of Callomon, 
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Parkin and Lopez-Delgado, where resolving powers of --~750,000 were attained. 
However, the majority of large-molecule spectra have been recorded at resolving 
powers of less than the DSppler widths. 

Spectral congestion is an important  source of line broadening. Temperature- 
dependent studies may  be very helpful in delineating the nature of the broadening 
mechanism. This is of particular significance in identifying sequence congestion. 
When such studies are taken together with solid-state studies at 4 K of the elec- 
tronic origin and the accompanying low-lying vibrational bands, sequence 
diffuseness, rotational diffuseness and vibrational congestion may all be identified 
and eliminated. In the solid state, environmental broadening must be considered. 
This may arise through coupling with the lattice vibrational modes, through the 
ocurrence of a multiplicity of sites, or through Davydov splitting. 

All of the above-mentioned causes of line broadening are trivial (extrinsic) 
in the sense that,  given the appropriate experimental conditions, the cause of the 
line broadening may be removed or at  least reduced to a minimum. There is no 
sure general prescription for selecting the appropriate experimental conditions 
but  dilute mixed-crystal studies at 4 K to examine the spectrum in a variety of 
crystal hosts have proved successful in the majority of cases. The anthracene 
lowest singlet spectrum is an excellent example. The vapor phase offers a very 
narrow range of physical conditions so that  it is possible to observe resolvable 
structure, while in host crystals of p-terphenyl bandwidths of ~1  cm - I  are ob- 
tained 10). 

Here we are chiefly interested in the intrinsic causes of line broadening. 
We do not include among these dissociation, ionization, predissociation, auto- 
ionization, and pleisomerization, since few unambiguous examples of their 
occurrence have been reported for the low-lying excited electronic states. Atten- 
tion is devoted to broadening through anharmonicity (vibrational relaxation) 
and in particular to electronic relaxation. 

2.3. Anharmonicity 

What evidence is there to support Nepolent 's  11) alguments that  intramolecular 
vibrational relaxations may generate diffuse and complex spectra in polyatomic 
molecules ? Neporent does stress the point that  the differentiation between elec- 
tronic and vibrational relaxation is based on the Born-Oppenheimer approxima- 
tion, and if the Born-Oppenheimer approximation is not tenable, as may be the 
case for the higher-lying electronic states, no differentiation is possible. 

By line broadening through anharmonicity we understand a coupling respons- 
ible for the rapid redistribution of vibrational energy within tile one electronic 
state. I t  is difficult to understand how a sufficiently strong coupling of the vibra- 
tional levels of the lower-lying electronic states may arise. In the usual approach, 
anharmonicity is associated with the terms of higher order than quadratic in the 
expansion of the electronic potential about some fixed nuclear configuration. 
But  to achieve the coupling of a large number of energetically close-lying levels 
at high vibrational energies, the low-order cubic and quartic terms are not suffi- 
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cient. The cubic and quartic terms are too selective to bring about a coupling 
of all the levels since vibrational matrix elements of the type 

< z , ( Q )  ~ . .  I z j ( Q ) >  

must be non-vanishing and the coupling terms ~a vb - . .  must be totally 
symmetric. Z* are the vibrational wave functions, functions of the normal coordi- 
nates Q, and na is the power to which the nolmal coordinate Qa appears in the 
coupling terms. Instead, higher-order terms are required. However, the magnitude 
of the coupling is dependent on the order, and for high-order terms it is very 
small. Of course, if the vibrational energies are approaching the dissociation energy, 
the harmonic description of the electronic potential energy as a function of normal 
coordinates is no longer appropriate, and the magnitude of the coupling through 
higher-order terms may become very significant. 

Experimentally, there is little to suggest that  large anharmonicities may be 
expected for the low-lying electronic states of the aromatic and aza-aromatic 
molecules, at least on the evidence of the extensive sequence structure and the 
well-developed progressions observed for the lowest excited singlet and triplet 
states of many molecules. 

2.4. Electronic  Relaxation 

Among the numerous intrinsic causes of line broadening in the electronic spectra 
of large molecules, electronic relaxation (widely called radiationless transitions) 
is the most important and has received the greatest attention in recent times. 

In the model genelally employed to describe the line broadening it is assumed 
that  there exist two sets of interacting levels corresponding to the Born-Oppen- 
heimer levels of two different electronic states, whel e one of the electronic states 
contains only one level ~vn of energy En, to which optical transitions ale allowed 
from the ground state 12). The lineshape is given by  a Lorentzian function of 
width 

A = 2z VeQ. (1) 

In this simplified model, later to be discussed in mole detail, the linewidth 
depends directly on V2~ and, clearly, the greater this product the greater the line- 
width. I t  should be noted at the outset tha t  in this unsophisticated model the 
quanti ty ~V 2 is assumed to be constant, although it is known that  0, the density 
of states, is a rapidly increasing function of E and that  V, the vibronic coupling, 
varies over many orders of magnitude and also varies in sign 12,13). However, 
despite these variations, it is possible to consider an average value of the quant i ty  
~V~ and to predict an average lineshape. This stems from the fact that  the sign 
of V is unimportant  since in the model of one discrete, optically active state inter- 
acting with a dense manifold which does not carry intensity, only the squared 
interaction is considered 14). 

In order to obtain the Lorentzian lineshape, that  corresponds to the statistical 
limit, it is necessary that  the average vibronic coupling matrix element is much 
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larger than the mean spacing between the levels. In terms of the linewidth A ,  

it is clear tha t  A >> e if we are to speak of a Lorentzian line-shape, which in turn 
requires that  (Ve)2>> 1. 

When we consider the broadening in terms of the uncertainty principle, 

1 
A v  z >I  ~4 - - -  ~ ' 

where Av is a measure of the uncertainty broadening in cm -1. ~ contains contri- 
butions from both the radiative Kr and radiationsless Knr channels 

z = (Kr + Kar) -1 (2) 

whele Knr and Kr are the radiationless and radiative rate constants, respectively. 
In the statistical limit Kar>> Kr and hence 

z _ Knr-* (3) 

A distinction arises in the description of the hneshape when the dense, optically 
inactive manifold is replaced by  a sparse one, corresponding to the intermediate 
case 15). This may  apply to small molecules such as S02 and NO2, and also to 
large molecules characterized by  a small energy gap between the two interacting 
electronic states, such as naphthalene 16,17) and 3,4-benzpylene is). According 
to Jortner,  Rice and Hochstrasser s), separate, inhomogenously broadened lines 
are predicted for the intermediate case. 

3. Spec t ra l  O b s e r v a t i o n s  

3.1. B e n z e n e  

The benzene spectrum is one of the most studied and one of the best-known illus- 
trations of the occurrence of line broadening in electronic tI ansitions to the higher- 
lying excited states of a large molecule. The 2600 ( * B 2 u -  1Alg) and 2000 /~ 
(1Blu +- 1Alg) systems, observed under low resolution in the vapor phase, are 
displayed in Fig. 2 10). I t  is apparent that,  despite the low spectral resolution, 
bandwidths in the latter system are very considerably greater. This relative char- 
acteristic is not lost in tile low-temperature solid-state spectra where in the crystal 
at 4 K linewidths as small as 1 cm -1 are obtained for the first singlet system 20), 
compared to greater than 100 cm -1 for the second system 21,22). In a krypton 
matrix linewidths of 10--35, 300 and N850 cm -1 are recorded for the first three 
~ *  systems, respectively 23). 

CaUomon, Parkin and Lopez-Delgado 9) have studied the variation ill hne 
widths with increasing vibrational energy in the lowest singlet system of benzene 
in the vapor phase. They took as a lower limit of detectable diffuseness A~ _ 
0.17 cm -1, where A~ is the spectral linewidth. More accurate estimates of the dif- 
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Fig. 2. The 2600 and 2000 A. absorption spectra of benzene vapor, according to Dunn 19) 

fuse llnewidths can be made by  comparing observed with calculated rotational 
contours in which the linewidth is a widely varying parameter. Callomon, Parkin 
and Lopez-Delgado indicate that  the contours are very sensitive to line broad- 
ening in the region of particular interest, A~ -~ 0.05 to 0.2 cm -1. Fluorescence is 
also detected from the low-lying vibrational levels of this electronic state indicating 
that  the ratio of the radiative to the radiationless rate for these levels must be 
greater than 1:300. On the other hand the spectral ]inewidths fol the 1Blu ~- iA 1~ 
and 1El** ~-1Alg systems under optimum experimental conditions are much 
greater. In the vapor phase the latter appears with very little vibrational 
s t ruc ture  19). 

This description of the relative spectral linewidths of the lowest excited ~ *  
states apphes to the whole family of aromatic hydrocarbons. I t  also applies to the 
manifold of triplet ~ *  states. In the case of benzene, Burland, Castro and Robin- 
son 247 and Burland and Castro ~5} have used phosphorescence and delayed fluor- 
escence excitation techniques, respectively, to measure the absorption spectrum 
of the lowest triplet state, 3Bxu of ultrapure crystals at 4 K. The origin is located 
at 29647 cm -1. Unlike all the earlier studies on the lowest singlet ~ triplet ab- 
sorption spectrum, this was not an 02 perturbation experiment. Here widths of 
less than 3 cm -x were obtained. This result should be compared with the much 
broader bands ~ 150 -1 observed for the suspected second triplet 3El** in 5 cm 
crystals of highly purified benzene ~G). The two triplet states are separated b y  
7300 cm -1. 

The particular mechanism of electronic relaxation for the 1Blu state is not 
well understood. Shimakura, Fujimula and Nakajima m) have calculated the 
nonradiative transition rate for the 1Blu -,- 1B2u transition by  taking into account 
the pseudo Jalm-TeUer distortion in the lBlu  state through vibronic coupling with 
the electronically degenerate XElu state. For the 1Bxu state of a molecule belong- 
ing to D6h point group symmetry,  the direct radiationless transition 1Blu .+lBg.u 
vanishes because the transition density between these two states is exactly zero 
in the ~-electron approximation. The matrix element 
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but  

 r ] I av(qQ)  ]Qo I  ~ = 0 (4a) 

\ aQe2~/Qo 

These authors arrived at a calculated half-width of 150 cm -1, in good agree- 
ment with experiment. However, their calculation did not take into account the 
presence of the as yet  unidentified electronic relaxation channel observed by 
Callomon, Parkin and Lopez-Delgado 9) to be predominant in the radiationless 
transition from the higher vibrational levels of the 1B2 u state. This channel may  
contribute to the broadening in the 1Blu state. Further  extensive photodisso- 
clarion is observed upon excitation into the 1Blu state and therefore photodisso- 
elation must be considered a possible cause of the line broadening. 

In a high-resolution study of the linewidths in the 2600 A system of benzene, 
Callomon, Parkin and Lopez-Delgado noted that  the majority of bands involving 
vibrational levels more than 3000 cm -1 above the zero-point level of the excited 
state are diffuse. They pointed out that  this threshold agrees with the cut-off in 
the excitation of fluorescence. No resonance fluorescence can be excited by  ex- 
citation to vibrational levels lying above this threshold. The evidence suggested 
that  a third and as yet  undefined relaxation channel became operative at energies 
greater than 3000 cm -1 above the zero-point energy in the 1B2u state. The absence 
of resonance fluorescence at  these higher energies indicated that  the radiationless 
rate was now much greater than the radiative rate, at least by  a factor of 300 to 1. 
This set a minimum for the nonradiative transition rate for this new channel of 
Knr ~ 109 sec -1. The high-iesolution linewidth studies established a relaxation 
rate of Knr -~ 3 • 1010 sec-1. There remains the intriguing question of identifying 
this channel. The absence of measuxeable quantities of photodecomposition 
products rules out photochemical processes. Assignment of this channel to an 
unidentified electronic state appears to offer the most promise. 

3.2. Small-Molecule Behavior 

(a) Naphthalene and 1,6-Naphthyridine 

For the situation whele the energy gap between the two interacting electronic 
states is small, i.e. of the order of vibrational frequencies, small-molecule behavior 
may be observed is). This is the recorded case for naphthalene 17), pylene as), 
biacetyl ~9), 3,4-benzpyrene is) and benzophenone 30,al) to name just a few ex- 
amples. The electronic relaxation may be aptly described by  the Intermediate 
Case, which is characterized by the following features. Nonradiative electronic 
relaxation does not occur in the isolated molecule. The density of vibronic states 
is small relative to the statistical situation while the vibronic coupling matrix 
elements are large. The coaIse spacing of levels exceeds the radiative bandwidth 
resulting in a spectrum of well-separated lines exhibiting the strongly coupled 
sparsely spaced {r levels that  borrow intensity from the r state 15,17). 

In the naphthalene vapor spectrum, the combination of extensive sequence 
structure, extending for the $1 (1B~u) system more than 200 cm -1 to the red of 
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the parent band, and the broad rotational contour obscure direct measurements 
of the intrinsic line widths z2~. In the durene mixed crystal spectra at 4 K line- 
widths of ,-~ 1 cm -1 were observed for the first system 16~. In the same host crystal, 
the second excited state of naphthalene, ZBlu short axis polarized, lies only 
,~2500 cm -1 above the 1B2u long axis polarized state. In the region of overlap a 
very complex spectrum is obtained, which has only recently been analyzed zr~. 
Considerable vibrational structure is apparent and both sharp and broad bands are 
noted. The spectrum observed is not merely a superposition of the two separate 
and noninteracting spectra but  instead one recording transitions to a mixed state. 
The two lowest excited singiet states are of different symmetries and in a durene 
crystal the transitions appear to be polarized parallel to different crystallographic 
axes: a/b and c'. Relative to the two noninteracting states, significant level shifts 
and intensity transfers have occurred. 

Very similar spectral results are obtained from pyrene in mixed crystals of 
biphenyl and fluorene at about 10 K 28). For pyrene the energy gap between the 
ZB~u and 1BIn origins is approximately 2000 cm -1 in fluorene and 1700 cm -z in 
biphenyl crystals. These values are less than for the corresponding gap of naph- 
thalene. However, the increased number of normal coordinates can be expected 
to lead to a similar density of states, and in fact a range of spectral linewidths 
paralleling those obtained for naphthalene is recorded. 

For a number of aza-naphthalenes similar observations concerning the spectra 
of two close-lying electronic states have been reported 33~. The interesting and real 
possibility arises tha t  the interacting electronic states are of different orbital sym- 
metry, in particular n~* and ~r~* states, in contrast to naphthalene and pyrene 
where the relevant states are both ~ * .  As the interactions between n~* and z~* 
states are expected to be much larger than interactions between two m~* or two 
n:~* states7~, the effects of the increased interaction may be apparent in the spectra. 
However this may not be the case when the two interacting electronic states are 
close-lying. The electronic matrix elements do not show any systematic variation 
with the nature of the combining states 3~. 

The coupling V in Eq. (1) may be written as a product of a vlbronic coupling 
energy and a vibrational overlap integral. I t  is the vibrational matrix elements 
which introduce the large differences since tile geometries of n~* and n~* states 
differ considerably more than the geometries of two zc~* or two nz* states. When 
the energy gap is small, of the order of 1 to 2 quanta of the progression-forming 
vibration, a different if not opposite behavior may be obtained than when the 
energy gap is large. For the latter situation, vibrational matrix elements relevant 
to the coupling of nz* and ~ *  states are dominant whereas for small gaps this is 
no longer necessarily true. However, as pointed out by Hochstrasser 7~, when the 
energy separation of the two interacting electronic states is small the description 
in terms of Born-Oppenheimer states is no longer a good first approximation to 
the actual states, and the above argument does not apply. 

The polarized absorption spectrum of 1,6-naphthyridine-d~ in naphthalene at 
4 K in the region of the first two excited singlet states is shown in Fig. 3. The lowest 
singiet system with origin at 28794 cm -1 has been assigned ZA" (mz*) 3z). Tile 
origin of the second singiet system has not been identified but  comparison with 
the naphthalene spectra and the nature of the 1,6-naphthyridine-ds spectrum 
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Fig. 3. Polarized absorption spectra of 1,6-naphthyridine-d8 in naphthalene at 4 K. The spectra 
encompass the region from the lowest singlet system (ln~r* 0--0 at 28794 cm -1) to the onset of 
the next singlet system (the lowest l~rar*) 

observed suggests that  the first singlet ~r~* state lies within 2000 to 3000 cm -1 
of the IA" (n~r*) state. I t  can be noted (Fig. 3) that  for absorption parallel to the 
naphthalene b (and c') axes, which predominantly contain the in-plane molecular 
axes, there is a considerable increase in the number of vibronic bands and in their 
intensities for vibrational energies more than ,-~ 1000 cm- i  above the IA" (n~r*) 
origin. A comparable picture is not observed for the a crystal axis, which corre- 
sponds mainly to the out-of-plane molecular axis. 

In common with other aza-naphthalenes, 1,6-naphthyridine displays a pro- 
gression in the angle-bending mode. Along the a axis this progression displays a 
normal Franck-Condon envelope but  when based on the false origins 347 and 
484[8 polarized parallel to the b and c' axes, this is certainly not the case. 

(b) Biacetyl 

Biacetyl is of particular interest because it displays both small- and large- (sta- 
tistical) molecule behavior over a narrow energy range 34). This is evidenced by  
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the pressure dependence of its phosphorescence below excitation energies of 22800 
cm -1. The transition to large-molecule behavior at this energy has been explained 
by  Drent, van der Werf and Kommandeur ~4} as evidence for the presence of 
another electronic state, most probably the 3Bg state. 

There are four electronic states to be considered in the present discussion. Of 
these the 1Au and 3Au states have been located at N21850 and 20000 cm -1, 
respectively 35}. In the low-temperature pure-crystal spectra, Sidman and Mc- 
Clure ~6) assigned the origins to the bands at 22873 and 20421 cm -1, respectively. 
The 1Be and 3Bg states, on the other hand, have not been unambiguously observed 
in spectra. Electric dipole transitions to them from the ground state are forbidden. 
Calculations 87~ have placed the 1Bg and 3Bg states at much higher energies than 
the 1Au and 3Au states, although from experimental considerations Sidman and 
McClure 36~ believed them to be very close. 

The vapor-phase absorption spectrum observed in the region 21800 to 22500 
cm -1 may be described as a very broad band with superposed poorly contrasting 
fine structure ( < 5  cm -1) s4,ss}. Byrne and Ross 5) have intimated that  biacetyl 
may be among the largest open-chain compounds to show fine structure. The 
broadening mechanism is not an intrinsic one but  is more probably related to 
spectral congestion. The appearance of fine structure at regular intervals is evi- 
dence of this. The essentially diffuse nature of the spectra must arise principally 
from the activity of the very-low-frequency torsional mode (,--35 cm-1), which is 
active in both states involved in the transition. The sharpened nature of the 
spectrum in the low-temperature crystal supports this interpretation, since hot 
bands and sequence bands no longer contribute to the absorption. 

To conclude, smaU-molecule behavior is predicted ~9~ for the low-lying vibra- 
tional levels of the lowest 1A u state, and it is in fact observed. At low pressures 
irreversible intersystem crossing is not expected because of the relatively low 
density of triplet vibrational levels in near resonance. The reversible or irreversible 
nature of the intersystem crossing is not expected to contribute to the line broad- 
ening of the vibrational levels of the 1A ~ state, since the observation of fluorescence 
indicates that  the rate of radiatiouless transition is too small to contribute more to 
the linewidths than othez mechanisms, such as D6ppler broadening and environ- 
mental effects. At excitation energies greater than 22500 cm -z, line broadening 
due to electronic relaxation may be envisaged because for these energies biacetyl 
displays statistical behavior. Preliminary spectroscopic studies are in accord with 
this prediction since no fine structure of the type observed at energies less than 
22500 cm -1 is noted as). 

(c) Benzophenone 

Benzophenone is another example of a molecule showing small-molecule behavior 
in a specific region of its absorption spectrum 30,31~. Here it concerns intersystem 
crossing between the lowest excited singlet and triplet states, which are separated 
by  about 2800 cm -1. Very fast intersystem crossing is induced by  intelmolecular 
interactions 30~. Under isolated-molecule conditions relative t6 the radiative 
lifetime as calculated from the integrated oscillator strength, irreversible behavior 
is not obtained. 
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There appears to be general agreement that  the lowest excited singlet and 
triplet states are n~* 40,41). The lowest 3 ~ ,  state does not lie between the two 
n~* states, it is at least 2000 cm -1 above the lmz* state 41L Dym and Hochstras- 
ser 42) have reported the linewidths of the 0--0 bands of the ln~* and 3n~* systems 
as 0.9 and 0.23 cm -1, respectively, in the solid. For the vibronic band 0 + 1178 
(1 quantum of the --C=O stretching vibration) in the ln~* system a hnewidtll of 
2.1 cm -1 was obtained, corresponding to a relaxation rate of 4 • 1011 see-1. 
Therefore the linewidths in the excited singiet system are broadened by  inter- 
system crossing. The energy uncertainty corresponds to a rate of intersystem 
crossing of N1  • 1011 see-1. As expected, no fluorescence is observed in the 
condensed phase. 

Rentzepis and Busch 31) have studied the electronic relaxation of benzo- 
phenone in benzene solution by  picosecond spectroscopy, in particular the inter- 
system crossing rate at two different energies corresponding to the vibrationless 
level of the lowest excited state and to a level v -~ 2 for the --C=O stretching mode. 
They explained the variation in the rate of intersystem crossing with excitation 
energy as resulting from different Franck-Condon factors. On following the dis- 
appearance of excited singlet state molecules through singiet-singlet absorption, 
rates of ,--2 • 1011 and 5 X 101~ see-l,  respectively, were measured. This is in 
general agreement with the rate deduced from the linewidth study, although the 
decreased rate at the higher energy implies a smaller hnewidth, certainly an inter- 
esting phenomenon. 

I t  is clear that  a number of questions need to be answered. Why, in the con- 
densed phase, is the intersystem crossing between two nz* states so efficient? 
What  is the explanation of the conflict between the hnewidth studies of Dym 
and Hochstrasser and the lifetime studies of Rentzepis and Busch, with respect 
to the vibrationally excited levels ? I t  was in an at tempt  to provide some answers 
to these questions that  Hochstrasser, Lutz and Scott 43 carried out picosecond 
experiments on the dynamics of triplet state formation. In benzene solution the 
build up of the triplet state had a hfetime of 30 :t: 5 psec, but  this could only be 
considered as a lower limit of the intersystem crossing rate since vibrational 
relaxation also contributed to the radiationless transition to the triplet state. The 
rate of triplet state build-up was found to be solvent-dependent. 

Lifetime studies in the gas phase at low pressures indicated two decay rates 31~. 
The short-hved component (r = 10 #see) has a lifetime an older of magnitude 
larger than the fluorescence lifetime determined from the absorption spectrum. 
The longer-lived component has z_~ 200/~sec. In the model proposed to account 
for these results, the short-lived component is said to derive from the strong cou- 
pling of the singlet level with only a small number n of triplet levels, such that  the 
observed lifetime is given by  

T = h ( r s / n  --J: (~T))  -1 (5) 

where 7s and (~'T) are the hnewidths (average for the triplet) in the isolated 
molecules for uncoupled levels in each manifold. The coupling leads to a dilution 
of the singlet character, resulting in an increased lifetime. This behavior is char- 
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acteristic of the small-molecule model, where anomalously long fluorescence life- 
times are predicted and observed. 

In the model considered the strongly coupled levels are themselves weakly 
coupled to a very large number of levels of the triplet manifold. If this manifold 
is sufficiently dense, it may provide a dissipative quasi-continuum, so giving rise 
to a relaxation channel. This is the proposed explanation for the long-lived com- 
ponent. I t  corresponds to phosphorescence and its yield shows some pressure de- 
pendence. However, even at the lowest pressures studied, ,--10 -4 tort, the yield 
of the long-lived component was not negligible, indicating that  the triplet manifold 
does act as a dissipative quasi-continuum. The high-pressure results may be 
viewed in the same light as the condensed-phase results previously discussed. 

Vapor-phase linewidth studies of benzophenone in this interesting spectral 
region have not been carried out. Nevertheless, it may be possible to make some 
predictions on the variation of linewidths with pressure. The pressure dependence 
or collisional deactivation may be qualitatively described by assigning a linewidth 
A~, which is assumed propoltional to pressure, to the triplet levels. Thus, the line- 
widths are given by  

r = Fs/n + r~ + ~ (6) 

where F is the radiative width, it being assumed that  other relaxation channels, 
namely electronic relaxation to So, the ground state for the S1 and 1"1 states, 
may be neglected, and that  collisions do not appreciably effect the width of the 
singlet state. Equation (6) shows the role played by the solvent in inducing inter- 
system crossing. At the one extreme of very low pressures the linewidth is tllat 
corresponding to a lifetime of 10 #see, while at the other extreme-liquid or solid 
solution and presumably high-pressure vapor --  the linewidth is that  corre- 
sponding to a very short lifetime of 10 psec. 

(d) Quinoxaline 

For quinoxaline (1,4 diazanaphthalene) the two lowest excited singlet states are 
separated by  about 5000 cm -1. In both durene and naphthalene crysta13,44~ 
at 4 K and ill the vapor 45,40 at 295 K linewidths as small as 1 cm -1 are observed 
for the first singiet transtion 1Bl(n~*)~-1A1. In contrast, the second transition 
(1A1 (n~*) ~- IA1) is marked by  broad bands (--~300 cm -I) which upon closer 
inspection reveal poorly contrasting fine structure 46~ The region to the red of 
the ~ *  0--0 band in the ab polarized spectrum of quinoxaline-ds in naphthalene 
is shown in Fig. 4. The fine structure consists of a progression of peaks at intervals 
of ,-,70 cm -1. This interval is very prominent in the 1B1 spectrum and there it 
corresponds to the frequency difference between the two totally symmetric 
progression-folaning vibrations, 510 and 580 cm -1. A similar explanation may 
apply here. The absorption is strongest parallel to the c' and b crystal axes (Ic, > 
Ib), which for naphthalene host crystal correspond most often to the molecular 
long and short axes, respectively, and it is in accord with tile in-plane nature of 
transitions to ~ *  states. 

The spectrum observed is not simply a superposition of the sharp 1B1 (n~*) 
and broad IA1 ( ~ * )  systems, but  an interaction spectrum of the two. This is 
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Fig. 4. The a b polarized absorption spectra of quinoxaline-d6 in naphthalene at 4 K. The region 
towards the onset of the lowest laz~z* state is displayed. The lowest singlet state is ln~* with 
origin at  26913 cm -1. The sharp cut-off is due to host  crystal absorption. Along the b axis fine 
structure is evident and the interval separating the peaks is reminiscent of tha t  observed in 
the ln~* system 

borne out by  its transition polarization, the absorption strength, and the line 
shapes. Note that  in Fig. 4 there is no indication of structural absorption along 
the a or b axes towards lower energies. To simulate the spectrum it is necessary 
to carry out a treatment,  yet  to be described, in which the interactions between 
the vibronic states are considered in detail, as has been done for phenanthrene 47). 

McDonald and Brus as) have considered the time-resolved emission in the 
vapor phase, following excitation in the S2 (lzz*) region (2800--3200 A). In 
terms of the lifetime a two-component fluolescence is recorded: A fast component 
TF~50 msec, limited by  the time dependence of the excitation source, and an 
intermediate component with a pressure-dependent lifetime in the /~sec range. 
Both appear in the same spectral range. This behavior is reminiscent of tha t  de- 
scribed for benzophenone. However, a major difference concerns the number and 
nature of the interacting states which, for quinoxaline, are at least three: S1 (nu*), 
$2 ( ~ * )  and one or more triplet states. 

Apart  from the low-resolution vapor spectrum reported by Glass, Robertson 
and Merritt a6), no other s tudy of the second system is available. I t  is therefore 
not possible to discuss line shapes in the vapor-phase spectrum in relation to 
the decay rates of the two-component fluorescence. More information is available 
fol the crystal, but  in the condensed phase the decay rate of the intermediate 
pressme-dependent 'fluorescence' may  have been considerably increased, as is 
the case for benzophenone. 
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(e) Azulene 

Any discussion of nonradiative processes and line broadening must  at some 
t ime make a reference to azulene. I t  is not our a im to review the wealth of spec- 
troscopy that  has been carried out on azulene over the past few years, but  ra ther  
to describe some recent and very pertinent work by  Hochstrasser and Li 497 
on linewidths for the S1 ~- So (at 14652) and $2 ~- So (at 28048 cm -1) transitions. 
The linewidths were measured at 1.2 K for azulene and azulene-d s in a naphthalene 
host crystal. 

The well known anomalous fluorescence from S~ has been interpreted in terms 
of a much slower radiationless transition out of $2 than $1, such that  for S1 the 
fluorescence lifetime is severely shortened relative to the radiative hfetime. The 
anomaly is related to the unusual energy disposition of the two lowest excited 
singlet states. Hochstrasser and Li wished to ascertain whether the spectral 
linewidths were consistent with this interpretation and also whether the $1 
linewidths of azulene-ds were narrowed in comparison, as theoretically predicted. 
Their results are listed in Table 1. The spectral resolution was claimed to be 
<~0.15 cm-X; as linewidths in the S~ system corresponding to the observed 
fluorescence lifetime are of the order of 10 -4 cm -1, the linewidths of ,-.4).50 cm -x 
measured must  be considered crystal-imposed. I t  is assumed that  the max imum 
crystal inhomogeneity contribution to the S1 linewidth is similarly ~-~0.50 cm -1. 
This leads to a line broadening due to rapid nonradiative electronic relaxation 
of 1.61 (-hs) and 1.27 (-d8) cm -x as compared to 0.64 cm -x (-hs) determined b y  
Rentzepis n0} from lifetime studies of azulene in benzene sclution at  300 K. 

Table 1. Linewidths for the azulene and azulene-d8 
0--0 bands in the S1 and $2 systems in naphthalene 
host crystal at 1.2 K. Results in cm-i  

System Energy --hs --ds 

S1 14652 2.08 1.77 

$2 28048 0.47 0.50 

(]) Sym- Triazine 

The four lowest excited singlet states of s-trlazine are predicted to lie within an 
energy range of ,~10000 cm -1 and to be nz* in character 51}. S-triazine is isoelec- 
tronic with benzene but  the presence of the three nitrogens gives rise to four 
low-lying nx* states in addition to the ~ *  states characteristic of benzene. Only 
one of these n~* states is associated with an allowed electric dipole transition. 
The presence of so many  electronic states in such a small energy range leads 
to a very  complex situation. This is borne out by  the complexity of the observed 
spectrum, for which only a partial  analysis is available ~l,SZ}. ,An 1E" state is 
located at 30870 cm -1 (crystal 30014) and a 1A2 state some 5000 cm -1 to higher 
energies. The other 1E" and 1A~ states have not been identified. 
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The relatively small number of fundamental vibrations combined with the 
lfigh molecular symmetry lead to sparse vibrational manifolds for the energy 
gaps of interest here. Therefore, it would seem that  s-triazine should display small- 
molecule behavior. The spectrum should be characterized, not so much by  the 
broadening of bands, but  by  the appearance of vibrational structure which 
cannot be accommodated in a straightforward vibrational analysis based on a 
single electronic state. This indeed appears to be the case. The vapor spectral 
analysis is far from complete and a considerable amount of the observed vibrational 
stnlcture remains unassigned. In the vapor phase, rotational fine structure per- 
sists up to 2500 cm - I  to higher energy of the 0--0 band 52). The observation of 
rotational structure is in accord with the appearance of fluorescence 5~). 

The pure crystal spectrum at 4 K (Fig. 5) similarly has not been fully analyzed, 
but  it has been noted that  the out-of-plane absorption at energies greater than the 
0--0 band broadens rapidly while becoming more intense. I t  has been suggested sm 
that  in the crystal the line broadening may be a result of vibronic excition-phonon 
coupling. I t  is not expected that  the crystal spectrum will exactly parallel the 
vapor spectrum, since the crystal environment affects the disposition of the 
energy levels and also the molecular configuration. However, it is difficult to 
reconcile the extensive broadening observed in the crystal with an intramolecular 
electronic relaxation mechanism, since the broadening is characteristic of the 
statistical case and the conditions pertaining to the statistical case do not appear 
to be overtly satisfied. 
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Fig#5. The pure crystal absorption spectrum of sym-triazine-d3 at 4 K taken, with the in- 
cident light perpendicular to the ab cleavage face 
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(g) Quinoline and Isoquinoline 

Recently, a number of instances have been reported where the two interacting 
electronic states are not only close-lying but  are nearly degenerate. For quinoline 
the two lowest excited singlet states of n~* and n~* character, respectively, are 
separated by  only 400 cm -1 54). In the ~ *  system, which is much more intense 
than the n~* system, the hot band at 0--490 shows reasonably well-developed 
fine structure, the 0--0 band only poorly contrasting, close-packed fine structure; 
the bands at higher energy do not display any fine structure whatsoever. A somewhat 
similar behavior is reported for isoquinoline, whose vapor spectrum is shown in 
Fig. 6. Linewidths of < 1 cm -1 are observed for the 0--0 band whereas for energies 
~>800 cm -1 above the origin no apparent fine structure remains. As yet no 
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Fig. 6. The vapor-phase absorption spectrum of isoquinoline-d7 in the region of the lowest 
singlet system 

explanation has been offered for the rapid line broadening observed for quino- 
line and isoquinoline. I t  would seem that  spectral congestion --  in this case a 
number of close-lying vibronic bands each with extensive sequence structure, 
combined with the effects of the coupling between the ~ *  and the sparse, rela- 
tively low-intensity manifold of the n~* state --  may be responsible for the 
apparent line broadening. I t  is clear that  in the vincinity of the electronic origin 
small-molecule behavior obtains but  for energies greater than ~,1000 cm -1 above 
the origin this may no longer be true. There is a gradual transition to large-mole- 
cule (statistical) behavior. Hochstrasser 7) would have it tha t  the line broadening 
is an indication of the presence of another electronic state. Tiffs suggestion 
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would be in accord with the observation for quinoline of an nn* state at lower 
energies than the ~ *  state. The same reasoning suggests that  a second electronic 
state, presumably the nz*, is energetically close to the observed ~z* state of iso- 
quinoline. 

This near degeneracy of two low-lying electronic states, particularly the 
lowest n:r* and n~* states, is more characteristic of the triplet states. The singlet- 
triplet spectrum of crystalline acetophenone originates at 26108 cm -1 (~nu*) 
with sharp linewidths (1--3 cm-1). At 0 + 4 4 0  the lines start to become diffuse 
(>5  cm-1). Dym and Hochstrasser 42) have considered this as evidence for the 
presence of a second triplet state (~z* type) before the onset of broadening, tha t  
is below 26550 cm -1. Similarly, for propiophenone in the crystal, line broadening 
is encountered at about 470 cm -1 to higher energies of the sharp origin 42). How- 
ever, it is difficult to reconcile the diffuseness with rapid nonradiative transitions, 
as required by  the Dym and Hochstrasser interpretation, since the small electronic 
energy gap does not comply with the statistical case but  rather with the small- 
molecule description. A better  explanation may include coupling with the phonon 
modes. 

For 2,4,5-trimethylbenzaldehyde the lowest triplet state in durene crystals 
is nz*, but  Migirdicyan 55) has interpreted higher-energy emission observed at 
195 K as emission from the 8n~* state 400 cm -1 above the zm~* state. 

Spectral results have been presented covering the whole range of line broad- 
ening in large molecules, from very broad (--~300 cm -1) featureless bands to broad 
but  extensively structured, and finally to sharp bands whose widths are governed 
by  radiative andnot  nonradiative rates. In terms of the nonradiative transitions they 
correspond to energy gaps between the interacting electronic states ranging from 
large --d0000 cm -1, to intermediate/small N4000 cm -1, to near resonance. As 
tile energy gap is increased from --d0000 cm -1 to 20000--30000 cm -1, an approx- 
imately reverse process occurs but  without the appearance of anomalous structure. 
The smooth, broad, structureless bands are narrowed till eventually the radiative 
linewidth assumes predominance. 

4. T h e o r e t i c a l  M o d e l s  

4.1. Statistical Case 

Art expression for tile line broadening resulting from rapid radiationless transitions 
has been derived by introducing a number of simphfying assumptions into the 
physical description of the phenomenon. 

a) A 13orn-Oppenheimer (130) vibronic state Cs of an higher excited electionic 
state y)2 is imbedded in a manifold of BO vibronic states {r of a lower excited 
electronic state ~ol. A constant interaction is assumed between Cs and each of the 
manifold states {r 

(7) 

<r IH I r  = w. (s) 
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b) The manifold {4,) is assumed to consist of equally spaced states. The 
density of states e is given by e = e-1 where e is the constant separation between 
the states. 

c) Only the state Cs carries intensity in transitions from the ground state. 
Transitions to the manifold states {r are assumed to be negligible because of 
very small Franck-Condon factors. 

d) A further assumption is made, which applies to the statistical case, 

V > > , .  

A justification for the validity of the theoretical model proposed to explain 
rapid nonradiative electronic relaxation is to be found in the agreement between 
the theoretically derived linewidth and that experimentally observed. 

Interaction between the discrete state Cs and the manifold states {r leads, 
upon diagonalization of the appropriate Hamiltonian, to vibronic eigenfunctions 
of the form 

v,, = ~ r + ~ b~r (9) 
t 

Since Cs is the only state associated with an oscillator strength the intensity 
of transitions to the ton are proportional to In,hi 2 and the lineshape is given by 

ov~ 0o) 

This is a Lorentzian function with width A given by Eq. (1). 

It has been of interest to calculate the linewidth theoretically, but this has 
encountered some problems, particularly in the evaluation of V ~o. In the scheme 
outlined above, V refers to the nuclear kinetic energy operator T(Q), for which the 
linear term, Eq. (11), is believed to provide the major contribution 

v = vl,,~, = ~ ,  f Xl,(Q) <u,~cq,Q)I ~ 0 z2.(Q) dQ (11) 

where Cs =tv2(q,Q) z~s(Q) and r =~l(q,Q) zI~(Q) are adiabatic wave functions, 
U(q,Q) is the potential energy operator of the molecular Hamiltonian, and E(Q) 
are the adiabatic potential energies. In general, one normal coordinate predo- 
minantes in the coupling and hence the summation may be replaced by a single 
term. In the evaluation of Eq. (11) it has been customary to approximate the elec- 
tronic part of the integral at the equilibrium configuration Qo of the second state 
~2, and to write the vibrational wavefunctions z(Q) as a product of 3/7-6 vibra- 
tional wavefunctions, one for each of the normal coordinates. Hence, V may be 
written as a product 

V ~_ KS (12) 
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where K and S are given by expressions of the form 

and 

03) 

s,  = /z <zu(QJ) lz~dQJ)> (14) 
jr  

More simply K may be written in the form 

(is) 

where the term appearing in the square brackets is familiar from Herzberg-Teller 
theory and typicaUy has values in the range 100--1000 cm -1. Its magnitude may 
be estimated from tile intensity induced by  vibronie coupling a). Taking values 
typical for the aromatic hydrocarbons roe-~ 1000 and E 2 - - E 1  ~ _ 10000 cm -1 
one arrives at K =  100 cm -1. Now for energies of 10000 cm -1 Stlarf and Silbey a~) 
estimated that  ~$2_ ~ 10 -a leading to a linewidth 

A _~ l c m  -1 

in obvious disagreement with observation. 
In a further work Sharf and Silbey 57) showed that  the fault lay not in the 

theory but  in the approximation made in evaluating Eq. (11). Under certain 
conditions a large error is introduced by  approximating the electronic matrix 
element and the energy difference E2(Q)--El(Q) by their values at the equilibrium 
configuration of ~0~. 

4.2. Intermediate Case 

Naphtha lene  

Wessel and McClme 1G) considered in detail the other extreme, namely the 
coupling between two close-lying electronic levels. For naphthalene, the two 
lowest excited singlet states are separated by  ~-3000 cm-1; hence only a very  
sparse vibrational manifold of S I ( I B 2 u )  is in near-resonance with the origin of 
S2(1Blu). This presents a situation where it is possible, in terms of tile size of the 
matrix to be daignolized, to consider all, or at least an important  fraction, of the 
interacting states lying within a definite energy range about the $2 origin. This was 
done by Wessel and McClure. They obtained a calculated spectrum, intensities 
(peak heights) and energies in good agreement with the observed spectrum. 

Their calculations involved diagonalizing a matrix whose input elements were 
experimentally determined. Tile diagonal elements recorded the zero-order energies 
and the off-diagonal elements mesured the couphng between the sparse manifold 
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of SI  and the discrete levels of S~. The calculations were refined by  varying the 
input quantities to achieve best fit. 

In p-xylene, relative to durene host crystal the naphthalene Sz - -S~  energy 
gap is reduced by  500 cm -1 to ,-~2000 cm -1. The crystal spectra at 2.2 K are shown 
in Fig. 7. Additions of ag vibrations to the 1B~u electronic state are unperturbed 
by  the 1Blu system even where there is initial overlap of the two systems. Band- 
widths are in the range 0.5 (0--0) to 2.0 cm -1, increasing to higher wavenumbers.  
In  contrast, lines of the 1B2u system but  with overall Blu symmet ry  (short axis 
polarized) intensify and broaden as they approach resonance with the S~ origin. 

I 
.-I 
(..) 
I -  
0_ 
0 

3 3 5 0 0  3 4 0 0 0  3 4 5 0 0  
I , ' I ' ' I ' 

p - X Y L E N E  

- D U R E N E  

, , , , I  = , , , I , , , , I 

3 4 0 0 0  34500  35000  

Fig. 7. The absorption spectra of naphthalene in p-xylene and durene host crystals at 2.2 K, 
in the region of the 0--0 band of the second singlet system. As shown, the origins of the first 
singlet system are coincident. The results are from Wessel and McClure 16) 

The vibrational manifold of S1 at  energies of ---2000 cm -1 above the S1 
origin is in near resonance with the origin of the $2 system in a p-xylene host 
crystal but  --,500 cm -1 off resonance in a durene host. The naphthalene spectrum 
in the latter host provides the off-resonance (zero-order) spectrum from which 
may  be calculated the interaction spectrum observed in p-xylene host. Of course, 
it must  be recognized tha t  the intensities and energies of the levels appearing 
in the off-resonance spectrum predominantly record the coupling witll a number  
of vibrohic levels of $2 and not just the origin, and hence it is necessary to arrive 
at estimates of the individual couplings since it is these tha t  are required as input 
quantities in the matr ix  problem. 
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Of the eight bag fundamentals  tha t  may  be active in the first-order coupling 
two, the C--H stretching modes are immediately eliminated because their fre- 
quencies are greater than the energy gap. Of the remaining six, two are experi- 
mental ly observed. In setting up the interaction matrix,  not all the interacting 
states are included, but  only those active in the off-resonance spectrum. This 
considerably reduces the scope of the matr ix  problem. There is also a restriction 
placed on the number  of vibronic levels, ag additions to 1Blu, of the 1B1 u state 
considered. 

These estimates are necessarily approximate  since not all the interacting 
levels of the Sa electronic s tate  nor of other electronic states are included. By 
allowing for variat ion in the parameters  making up the zero-order spectrum 
(that is before the interaction is switched on) some compensation is made for 
this shortcoming. 

I t  has been shown that ,  for the two extreme situations, namely very large 
and very small energy gaps between the two interacting electronic states, models 
have been proposed which successfully predict the interaction spectra. In  the 
intermediate range the problem is more difficult to handle. Here it is not acceptable 
to consider an average coupling and an average density of states on the one hand, 
nor on the other hand is it feasible to carry out an analysis in which all the inter- 
acting states are included since their number  is far too great. The absorption 
spectra of the second excited singlet states of qulnoxallne (Fig. 4) and phenan- 
threne (Fig. 8) clearly illustrate the case. Essentially broad bands are obtained 
but  they are characterized b y  poorly contrasting fine structure. 
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Fig. 8. The 0--0 and 0+404 (al) bands in the b polarized XB2~- lAx, 3000 A) absorption 
spectrum of phenanthrene in durene at 4 K. The appearance of discrete sta-ucture is indicated 
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4.3. Phenanthrene  

A treatment  of the Sz(tB~-* - 1A1) absorption spectrum of phenanthrene has 
recently been presented 47). There are too many interacting states to permit 
carrying out a full t reatment in which every state is accounted for uniquely. 
On the other hand, the statistical approach of assigning a constant coupling V 
and a constant separation e washes out the details of fine structure. In the approach 
adopted, the dense manifold of vibrational states of $1 in near resonance with $2 
is partitioned into a sparse manifold which contains a small number of discrete 
levels, those associated with the largest coupling, and the remaining dense mani- 
fold. First the interaction between $2 and the small number of discrete levels 
of $1 is considered. This is followed by a consideration of the broadening of these 
levels through interaction with the remaining high density of states of SI. 

An interesting consequence of this approach concerns the absorption intensi- 
ties of the discrete but  broadened lines. The broadened lines all appear with the 
same heights (maximum extinction coefficients) but  differ in widths. However, 
when the intensities of all the lines are summed, this aspect is obscured. 

In the scheme where one level, S~, associated with an oscillator strength 
interacts with a sparse manifold {l}, the intensity carried by each of the result- 
ing discrete states ~Vn is proportional to the squared coefficient [a~[ 2, where a~ 
is defined by  Eq. (9). These discrete states are broadened by interaction with the 
remaining dense manifold and a Lorentzian line shape Ln(E) of the form Eq. (10) 
is assumed for each broadened line. Note that these lines are still associated with 
the same intensities la~lL tha t  is 

oo 

I., l 2 = Y L.(E) dE .  (16) 
--00 

Since the coupling between ~'n and the remaining dense manifold depends on 
the coefficients ann, the interaction V appearing in Eq. (10) is different for each 
~0n but  related to a, n. Therefore the lineshapes of the final broadened fines are given 
by  

/ . , , ( E )  = e(c, , , - ) ,  
(E. - E)~ + (~o(Ca~)Z)z 

(17) 

where C is some constant. 
The sparse vibrational manifold of S1 in near resonance with the $2 vibration- 

less level has been constructed on the basis of the observed $1 ~- So and $9. ~- So 
absorption spectra. The intensities, Franck-Condon factors and vibrational fre- 
quencies in the two systems are required. As in the Wessel-McClure treatment 
for naphthalene, an interaction matr ix is set up but  in a different manner, with 
the diagonal elements representing the zero-order energies of the discrete state 
s and the sparse manifold states {l} and the off-diagonal elements representing 
the coupling between them. Diagonalization of the matr ix lea, ds to the new 
sparse manifold of discrete states ~On. By  computing the effective density of states 
corresponding to the $ 2 ~ S 1  energy gap (4500 cm -1) and assigning a magnitude 
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to the constant C in Eq. (17), one obtains a calculated spectrum (Fig. 9). C 
governs the strength of the coupling responsible for the statistical broadening; 
it is a measure of the mean value of all the vibronic couplings and a parameter 
that  can be varied to achieve best fit with experiment. Likewise, the energy of 
S~ is varied to achieve best fit, since it cannot be directly measured in experiment. 

Overall agreement is good between the observed (Fig. 8) and calculated (Fig. 
9) spectrum for the region near the vibrationless level of the second excited 
singlet state ZB~ of phenanthrene, although not all the fine structure is faithfully 

iiiiii!i!!!! ! HiiHiii! 
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Fig. 9. The computed absorption contour of the 0--0 band of the 1B~ ~ tA1, 3000 ~ system 
of phenant.hxene 
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Fig. 10. The vapor-phase absorption spectra of (a) phenanthrene and (b) phenanthrene-dl00 
showing the structure recorded for the 0--0 bands of the 3000 ~_ sys tem 
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reproduced. The spectrum depicted in Fig. 8 is for phenanthrene in durene crystals 
a t 4  K. 

The phenanthrene vapor-phase spectrum has also been recorded (Fig. 10). 47) 
Because the $2--S1 energy gap is increased to 6000 cm -1 and because sequence 
bands are active, a different fine-structured spectrum is obtained. On the high- 
energy side of the 0--0 band maximum the observed structure results from the 
S1 and $2 near-resonance interactions and is reinforced by coincident sequence 
bands. On the long wavelength side the sequence bands fall over a range of fre- 
quencies and the overlapping of all these bands, each with its own, but similar, 
interference structure, leads to a smearing out and consequent loss of fine structure. 
The effect is more marked for phenanthrene-dl0 (Fig. 10), possibly because of 
greater sequence-band activity resulting from smaller vibrational frequencies. 
The greater energy gap relative to the durene host crystal also leads to a reduction 
in the prominence of the fine structure. 

4.4. Energy Dependence of Density-Interaction Product 

Both Langhoff and Robinson 58) and Delory and Tric 59) have considered the 
effects on the emission decay curves and on the absorption lineshapes of varia- 
tions with energy in the density of states and in the coupling strengths of the dense 
manifold with the intensity-carrying discrete state. The former workers also ex- 
tended their treatment to include coupling with a second manifold, the radiation 
field continuum. 

Langhoff and Robinson have expressed the absorption coefficient A'(E) in 
terms of the energy-dependent density-of-states function Do(E) and the energy- 
dependent interaction V(E) : 

A'(E) 8 = ,  2 =lV(~)[~ Do(E) 
~ .c./aol (E - i~i)~ + [~zIV(E)ISDo(E) ] (18) 

Instead of assuming that the product ]V(E)[2Do(E) is a constant, as is normally 
done, the energy dependence of the density-interaction product was written in 
terms of a modifying function/ '(E): 

IV(E)I 2 Do(E) = Iv(E1) DoCE1)/'(E) (19) 

where E1 is the adjusted energy of the discrete state. Finally, when expressed 
as a reduced absorption coefficient A, the following expression is obtained: 

where 

/(~) (20) 2I = ~2 + 1~(~) 

and /(~) = f ( E ) ,  
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which gives the lineshape in terms of the modifying function /(~). A similar 
procedure leads to an expression for the case when coupling with the radiation 
field is included. They proceded to consider the perturbations of the line shape 
and decay curves due to the different energy dependences of (a) the interacting 
continuum and (b) the manifold of discrete states. 

For a constant interaction continuum a pure Lorentzian function is obtained 
for the lineshape. When the continuum is allowed to vary  exponentially the 
Lorentzian becomes asymmetric. For the coupling of the primary state (associated 
with an oscillator strength) with a manifold of discrete states and with the radia- 
tion continuum, a structured lineshape is obtained. The radiation field con- 
tinuum may be replaced by  any other interacting continuum, and in this sense 
the model approaches that  discussed in the phenanthrene lineshape problem. 
However, the model lacks complete generality in tha t  the manifold of discrete 
states is not fully random. 

4.5. Fano Lines  

In contrast to the general nile that  transitions to the higher-lying states are 
severely broadened by intramolecular electronic relaxation, Rydberg transitions 
in the gas phase appear surprisingly narrow 60,61}. For example, for benzene in 
the gas phase, the 3R Rydberg levels have linewidths of only a few cm -1 whereas 
the linewidths of the 1Blu and 1Elu systems are two orders of magnitude greater. 
Similar observations have been made for naphthalene 62~ and anthracene 61). 
The explanation most commonly proposed is that  the radiationless transitions 
in the isolated molecule are inefficient, and this is rationalized on the grounds 
that  there is only small overlap between the large-radius Rydberg orbital and the 
ground-state z orbital. 

An aspect of particular interest in the case of Rydberg levels is the high 
probability that  transitions to them overlap ~ *  systems which carry oscillator 
strength in the region of overlap. If this occurs, then the model in which only 
the discrete state carries oscillator strength while the interacting dense manifold 
does not, no longer applies to the description of line broadening. Because both 
the discrete state and the interacting manifold carry oscillator strength, interest- 
ing interference effects may arise 63}. This problem has been considered by  Jortner  
and Morris G3} on the basis of the Fano 64) formalism for the appearance of anti- 
resonances under the conditions of autoionization, and experimental results have 
been reported which show some agreement with their conclusions 62}. 

Jortner  and Morris 68~ Sharf 65~, and Rice and co-workers 66,67~ all employ a 
three-state model in which a discrete Rydberg state is quasi-degenerate with a 
sparse, intensity-carrying manifold of vibrational levels of a close-lying m~* 
electronic state, overlapping a dense manifold of a lower-lying z~* state. Jortner  
and Morris have considered (1) the broadening of the sparse manifold through 
interaction with the underlying near-continuum and (2) the interaction between 
the discrete Rydberg state and the broadened sparse manifold. 

In the case of one discrete state interacting with a manifold, the lineshape is 
given by  

L(e) ---- (q + e)21(1 + e ~) (21) 
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where s is the energy parameter in units of the formal linewidth z] =2 ~V 2 Q  
and q is the line-profile index 

fi'~ (22) 
q - -  V" 

It  is assumed that  the manifold consists of equally spaced levels with energy 
separation Q-I, and that  the interaction V of the discrete state s with the mani- 
fold states l is constant, fi~8 and fia are the transition moments to the discrete 
and manifold states, respectively, it being further assumed that  fia is a constant 
for the manifold. As fia -'- O, the lineshape index r tends to infinity, that  is, to a 
symmetric Lorentzian form. On the other hand, when the discrete state carries 
no intensity, that  is fi ,a=O and therefore q=O,  a depression, or symmetric anti- 
resonance, centered at the energy of the discrete state is obtained in the ab- 
sorption band. 

I t  is clear that interference effects covering the whole range of behavior of q 
should be of common occurrence. Yet only a few examples of antiresonances have 
been documented and, of these, only those for the Rydberg spectrum of naphthalene 
have been assigned with any real confidence 60. Furthermore, for none of the as- 
signed antiresonances is there a complete cancellation of intensity at the trough 
of the lineshape. Florida, Scheps and Rice aT} have a t tempted to provide an expla- 
nation for these observations. They suggested that  in the tkree-state model the 
order of diagonalization should be reversed. First, the interaction between the 
sparse manifold and the discrete state should be considered and then the interac- 
tion between the resulting discrete states and the near continuum. However, it 
was pointed out that this scheme lacks complete generality since it  only provides 
an explanation for incomplete cancellation of intensity for half the cases 14,a8). 

Nitzan and JortnerS~), and more recently Nitzan as) have shown that,  if 
coupling with the radiation field continuum is included, then an incomplete 
cancellation of intensity may obtain. If this is done, the following expression is 
obtained for the lineshape as): 

L(e) = (s + qyL)z + (q2yL + 1) (I -- yL) 
(E~ + 1) 

(23) 

where y L  is the quantum yield for the nonradiative decay of the discrete state 
into the near continuum. When the nonradiative decay of the discrete state is 
much faster than its radiative decay --  a condition very characteristic of internal 
conversion --  y l , ~  1. However, as pointed out by  Nitzan 68), this analysis is not 
really relevant to the problem since generally y L _  1 and then Eq. (23) reduces 
to the lineshape expression (21) of Fano. 

Sharf and Fischer 14) have developed a new approach to account for the lack 
of a complete cancellation of intensity at the dip in the Fano line, in terms of the 
Fano treatment of a discrete state and a number of continua. I t  was shown that  
the Bixon-Jortner description of the quasi-continuum as a manifold of equally 
spaced levels with constant interactions with the discrete state and with constant 
transition moments from the ground state, does not comply with the quantum- 
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mechanical sum rules characteristic of the physical situation. In a real manifold, 
as distinct from the Fano continuum, 

(i) the levels are not all equally spaced, 

(ii) the interactions are not all equal, V a #  V'st, 
(iii) the transition moments fi, t are not all of equal magnitude, 

(iv) the interactions cannot all be of equal sign while simultaneously requiring 
that  the respective transition moments are all parallel and in the same sense. 

In the Shaft and Fischer t reatment  the real manifold is subdivided into n 
idealized submanifolds where each one conforms with the Bixon-Jortner model. 
By taking suitable linear combinations of the n idealized submanifolds the 
problem may be reduced to that  of a discrete state and two manifolds, both of 
which carry intensity but  only one of which is associated with a non-zero inter- 
action. The Bixon-Jortner procedure applied to this situation leads to a Fano 
hneshape superposed on a constant background absorption. 

In this case three parameters are employed to describe the lineshape: 

fis (24a) 

J 

A = 2~ 0 ~ (Vl)Z (24b) 
d 

RI = (X fltVt)2]~.~1)2 ~.(VI)2 (24c) 
d d d 

where RI is the fraction of the total  manifold intensity associated with the 
interacting manifold. The summations are over the n idealized submanifolds and 
it is  these summations, satisfying the quantum-mechanical sum rules, which 
provide the values of the interaction squared V 2, the transition moment squared 
fi2 and the product V~. I t  is in the product term Vfi, tha t  differences arise 
with the Bixon-Jortner  procedure, and hence in the description of Fano lines. 
Although 

X07J)~ = ~ (2Sa) 
d 

and 

it is not generally true that  

~(Vt) 2 = V 2 , (25b) 
J 

~/~JVJ = fiV (26) 
J 

where fi and V are constant and average transition moments and interactions 
for all the manifold states. Clearly, when the manifold carries no intensity, tha t  
is fil = O, both treatments lead to the same result for the lineshape, namely a 
Lorentzian of width 
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A = 2 ~ e Y ( V 0  ~ 
d 

= 2 ~ 0 V a .  

A similar approach has been described for the problem of two discrete states 
interacting with a quasi-continuum, all of which carry intensity 14~. However, 
in this case six quantum-mechanical rules of the type of Eq. (25) must be obeyed 
and the problem cannot be simply reduced to that  of two discrete states and one 
idealized manifold, as has generally been done. Even when no oscillator strength 
is associated with the quasi-continuum, it is still not possible to use the two discrete 
states and one idealized manifold description. 
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