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A nonradiative electronic transition in benzene occurs at about 2400 c m - 1 above the zero-point 
vibration of the *B2u electronic state. The rate-determining step may be the vibrational relaxation 
of the product or the nonradiative transition itself. The rate of the latter is limited to 10s <C k\c 
< 1011 s e c - 1 in the vapor at 100 torr and kxc ~ 1012 s e c - 1 in liquids. There are also limiting 
values in liquids for the threshold energy and the rate of vibrational relaxation of the initial state. 

In liquid solutions, the observed transition rate increases with increasing intermolecular force, 
but it is not increased by alkyl substitutions. Symmetry perturbation and other sources of solvent-
induced transitions are discussed. Also, means are suggested by which it may be possible to catalyse 
the formation of benzvalene. 

Introduction 

Two nonradiative transitions from the 1B2u elec-
tronic state of benzene have received attention. The 
first (rate kx) dominates in the gas state when the 
excitation wavenumber is below 40,000 c m - 1 and 
in liquid or glassy solutions below 200 K 1 - 4 . This 
is an intersystem crossing that originates near the 
zero-point vibrational level 5, probably occurs in the 
isolated molecule 6 ' 7, and is not obviously sensitive 
to changes of intermolecular f o r c e s 1 - 7 . The second 
transition (k2) dominates in the gas state with ex-
citation just above 40,000 c m - 1 and in liquids above 
300 ° K 8 - 1 1 . The two processes are related to the 
fluorescence quantum yield q, the spontaneous emis-
sion rate k0 , and the total nonradiative decay (rate 
2 k ) by 
i 

[~q)h= Iki^k1+k2, (1) \ y / i 
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although the second equality has yet to be demon-
strated quantitatively. (We consider only transitions 
that occur below 42,000 cra^1 in the gas state.) 

In liquid solutions at a given temperature the to-
tal rate of nonradiative decay increases regularly 
with increasing electrostatic- and London-interactions 
between benzene and the solvent12 '13 . At 25 °C k* 
constitutes over 70% of the total 10, 12, and an ap-
proximation with a single Arrhenius exponential 
gives 

k2 = k2° e~E^kT (2) 

where k2° = 1011 - 1013 s e c - 1 and 14 E2/h c = 2400 
c m - 1 . In the present report the author compares a 
few mechanisms for the effects that intermolecular 
forces may have on the second process (on k2° or 
E2). The basic theory is given by ROBINSON 15 and 
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Nonradiative Cohesive 
Fluorescence Decay Energy 

Solventa Symbol15 Yield 10-8 2 ki Density, 
q at 25 °C a i M ) c 

(cm3) 
M ) c 
(cm3) 

1) Vapor ( > 10 torr) — 0 - 0 . 1 8 > 0 . 1 1 d 0 
< 0 . 6 

2) 2-Methylbutane O 0.044 0.54 46 
3) 2,2,4-Trimethylpentane O 0.057 0.41 48 
4) n-Pentane o 0.054 0.44 50 
5) n-Hexane o 0.058 0.41 54 
6) n-Octane o 0.057 0.41 58 
7) n-Nonane o 0.059 0.40 60 
8) Methylcyclohexane o 0.046 0.52 62 
9) n-Hexadecane o 0.063 0.37 67 

10) Cyclopentane o 0.056 0.42 66 
11) Cyclohexane o 0.061 0.38 68 
14) Tetramethylsilane • 0.054 0.44 38 
15) 3-Methyl-l -Butanol ® 0.045 0.53 100 
16) 2-Methyl-2-Propanol ® 0.031 0.78 113 
18) 2-Methyl-l-Propanol ® 0.042 0.57 112 
19) 1-Butanol ® 0.045 0.53 120 
20) 2-Propanol ® 0.037 0 .65 132 
22) Ethanol ® 0.033 0.73 168 
23) Diethylether A 0.047 0.51 60 
25) 1,2-Propanediol ® 0.029 0.84 196 
26) 1,2-Ethanediol ® 0.029 0.84 212 
27) Methanol ® 0.027 0.90 212 
29) 1,2-Dichloroethane • 0.031 0.78 100 
30) Dichloromethane • 0.031 0.78 99 
32) 1,4-Dioxane A 0.044 0.54 96 
34) 1,2,3-Propanetriol ® 0.025 0.98 272 
36) Acetonitrile O 0.029 0.84 141 
37) Chloroform • 0.005 5 . 1 e 87 
39) Water ® 0.006 4.3 552 
40) D 2 0 ® 0.005 5.0 568 

a See Ref. 12. 
b Figures 3 and 5. 
C From Ref. ÄS. Also G. ALLEN, G. GEE, and G. J. WILSON, Polymer 1, 456 [1960] ; and H. BURRELL, Interchem. Rev. 14, 31 

[ 1 9 5 5 ] . 
<1 Hypothetical limits only for a vapor with two vibrational levels in equilibrium; 2 = { 2 + k2° e~Et!kT} with 

2 ÄJ = 0.11 x 108 s e c " 1 , E2/h c = 1600 c m " 1 , and 108 < k2° < 1 0 U s e c " 1 . «' 
i =*= 2 

e If all molecules of the dissolved benzene were equivalent (see Ref. 4 0) . 
Table 1. The fluorescence yield of benzene dissolved in liquids. Key to Figs. 3 and 5. 
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Table 2. Classifications for the effects of intermolecular forces on the second nonradiative transition [Eq. (2 ) ] . kI0 and Arn0 are 
the vibrational relaxation rates in the initial and final electronic states of the nonradiative transition, respectively. £ac and £>Ca 
are the densities of vibronically coupled states in the final and initial electronic states, respectively. Under different circumstan-
ces, changing the solvent is expected to change the vibrational relaxation rate kn0, the nonradiative transition rate /CAC > o r the 
activation energy EA • The nonradiative transition rate may depend on the correlation time (not considered here) or the cou-

pling probability where the latter may be factored into vibronic coupling energy ß and Franck-Condon F factors. 
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Fig. 1. Energy-level diagram for benzene. Left (a) : The fluo-
rescence yield q of benzene vapor as a function of the excita-
tion wavenumber (Ref. 8 ' 9 ) . Right (b) : Energy levels of ben-
zene, including the zero-point vibrational level of the 1B2u 
electronic state, and the final sublevel of the perturbed 6,,11002 

vibronic transition (Ref. 1 9) ; and the average activation energy 
measured in solution, dashed at E2/h c = 2400 c m - 1 above the 
zero-point level (Ref. 10' n ) . [If excitation in (a) is due to hot 

bands, the plotted energy of the circles should be raised 
slightly.] 

Mechanism 

We consider only an idealized stepwise mechanism 
(Fig. 2) in which either the vibrational relaxation 
of the primary product (Case I in Table 2) or the 
nonradiative transition itself (Case II) determines 
the rate (h) . This idealization of independent steps 
will break down in a more complete treatment, for 
the duration of the rate-determining interaction will 
depend at least partly on the average rate of the 
other fast process 17. 

In the gas state (Fig. 2 A) the excitation (I) near 
40,000 c m - 1 (to A r) populates excited vibrational 
sublevels of the ^ u electronic state 18~22 . In vapors 

17 W . RHODES, B. R. HENRY, and M. KASHA, Proc. Nat. Acad. 
Sei. (U.S.) 63, 31 [1969]. Some of the relevant correlation 
times are defined. 

18 This may be seen by the analysis of the vibrational fine-
structure in the UV absorption spectrum of benzene 19, 20. 
One unexpected shift of 20 c m - 1 occurs at a somewhat 
lower energy19, and the corresponding sublevel excited 
(r6 + 2>'10) is indicated in Fig. 1. The relative ease of as-
signing the fine structure in the UY absorption to benzene 
vibrations indicates that physically the initial and final 
states of the nonradiative transition derive from character-
istic but overlapping potential energy surfaces of their own, 
rather than from a common surface with a double mini-
mum. However, the assignment should be re-examined with 
respect to considerations summarized by HERZBERG 21. 

A V A P O R (>10 to r r ) 

A r k A C 

I 

EA 

1 

k' + kc + kAY ro F AX 
< C A 

' Ec 

• C „ L 

I i I 
k + k 

F A X 

< C Z 

k A C > ( k , r o + k F + k X x ) Ä k ; o 

B L I Q U I D 

AR 
*AC 

EA 

1 

<CA 
~ C"T 
kno Ec 

C Z 
k F + k A X 

< k _ KAC V ro 
[AR ] = [ A J E - E A ' R T 

Fig. 2. Mechanism for an induced or partially induced non-
radiative transition in benzene. Either the zero-point vibration-
al level (A0) or an excited level (Ar) is populated by photon 
absorption (I photons/sec absorbed). A nonradiative transition 
from A r to C n occurs with a rate k\Q and produces a vibra-
tional^ excited product that may revert to Ar (rate kcx) • The 
excited vibrational levels Ar and C n may relax (with rates kI0 

and A;n0 from A r and Cn respectively) or be thermally popu-
lated (rates k0T and A:on)- Spontaneous emission (kp) and 
nonradiative transitions (k\x , kcz) are indicated. Small dif-
ferences of vibrational excitation are not distinguished, and 
primes (e. g., k'0T) are used to show that different details oc-
cur in the different vibrational relaxation steps. Both the vi-
brational relaxation and the spontaneous emission occur with 
somewhat different rates from different sublevels. Intermolecu-
lar forces may affect the rates of vibrational relaxation (e.g., 
kno) > the rates of the nonradiative transition step (/CAC) > A S 

well as the activation energy E\. Arguments given in the text 
are used to rule out the back reaction indicated by dashes. 

of moderate pressure (up to 100 torr9) no sub-
sequent fluorescence is found. The corresponding 

19 J. H. CALLOMON, T. M. DUNN, and I. M. MILLS, Phil. Trans. 
Roy. Soc., London 259, 499 [1966]. Notation and vibratio-
nal frequencies are listed. 

20 F. M. GARFORTH and C. K. INGOLD, J. Chem. Soc. 1948, 
417. 

21 G. HERZBERG, Spectra of Diatomic Molecules, Van Nostrand, 
New York 1950, pp. 280 f., 315 f., 405 f., 445. 

22 The threshold of the transition at 40,000 c m - 1 may be due 
to (1) the increasing of the density of final states o a c with 
increasing energy (AE large), (2) the occurrence of an 
electronic state not available at a lower energy (AE ~ 0) , 
or (3) a crossing of potential energy surfaces (large change 
in geometry or force-constant, or small changes with A E 
large). (AE is the electronic energy converted to vibration-
al energy.) 



nonradiative transition occurs with a rate kAQ where 
A;AC > (^ro ^ k T 0 . (The definitions of the 
various rate constants are given in Fig. 2.) The vi-
brational relaxation rate kT0 is pressure dependent 
and is slightly different for different vibrational sub-
levels. However, in all observed cases it is near the 
hard-sphere collision rate 6 ' 23. At 100 torr this gives 
a lower limit of £AC> 108 s e c - 1 . An upper limit is 
obtained from the linewidth dE/hc< 1 c m - 1 in the 
fine structure of the UV absorption of benzene. Using 
the uncertainty relation, k A Q < d E / h ^ l O n s e c - 1 . 

In liquid solutions (Fig. 2 B) the fluorescence 
quantum yield q is independent of the frequency 
of the exciting light 2® so that &AC <C. kT0 , and 
[ A r ] = [ A 0 ] e~E^kT, where the brackets indicate 
concentrations and E\ is the thermal activation en-
ergy. 

Rate-Determining Step. The activation energy in 
solution E2/hc = 2400 c m - 1 agrees with the thresh-
old energy in the gas state (Fig. 1) so little ther-
mally-excited back reaction (&on) occurs in liquids. 
Otherwise the activation energy would have been 
the difference E2 = (EA — Ec) 27• The measured E2 

becomes E\ of the mechanism, and the pre-exponen-
tial k2° becomes the rate k of the rate-determining 
step. 

The Arrhenius pre-exponential measured in li-
quids k2° must be equal to or less than the non-
radiative transition rate k\c , k2° ^ kAc ? and also 
kAc < kro . Various measurements on other systems 
would place k T O ^ 1 0 n s e c - 1 (see Refs. 2 8 ~ 3 2 ) , but 
the resulting inequality k2° < 1011 s e c - 1 is not 

23 In a vapor of moderate pressure, it is also known that 
(/CF + ^AX) > k'or , because no thermal quenching of fluo-
rescence or of triplet state formation is found (up to 700 
torr of propane gas) 24, when low-energy excitation (to a 
partially equilibrated A0) is used. Using (&F + k\x) = 1 -4 
x 107 s e c - 1 (see 5 ' 12) shows that the upward vibrational 
excitation of about 2000 c m - 1 (k'or) requires more than 
102 hard-sphere collisions. 

24 E. K. C. LEE, H. O. DENSCHLAG, and G. A. HANINGER, J. 
Chem. Phys. 48, 4547 [1968]. 

25 C. L. BRAUN, S. KATO, and S. LIPSKY, J. Chem. Phys. 39, 
1645 [1963]. 

26 J. B. BIRKS, J. C. CONTE, and G. WALKER, J. Phys. (Proc. 
Phys. Soc.) B 1 , 9 3 4 [1968]. 

27 The location of state C 0 in Fig. 2 is immaterial as long as it 
is not close to state A r , and even then the Boltzmann popu-
lation factor is near unity and the backward step can be 
neglected. 

28 The rate for vibrational relaxation in the *B2u state of ben-
zene dissolved in liquids is not known. However in the 
ground state of benzene it is reported to be about 1010 sec"1 

(see 2 9 - 3 1 ) . In an excited state of azulene it is reported to 
be about 1011 s e c - 1 (see 3 2 ) . 

consistent with the activation energy E2/hc = 2400 
c m - 1 and the degree of fluorescence quenching, 
which gives Ä ; 2 ° > 1 0 1 1 s e c - 1 (see Ref. 1 0 ) . We must 
either abandon the simple Arrhenius approximation 
and use a more exact representation of the rate 33, 
or use a higher rate for vibrational relaxation34, 
K R 0 ^ 5 X 1 0 1 2 s e c - 1 . In the first case, the levels 
drawn in Fig. 2 must represent a manifold of vi-
brational sublevels extending upward from a thresh-
old wavenumber of about 1600 c m - 1 and leading 
to an average 35 E2/h c = 2 4 0 0 c m - 1 . 

The rate-values (k2° = k) obtained both in the va-
por and in the liquid are similar to the rates ex-
pected for vibrational relaxation in the product. If 
this is the rate-determining step (Case I, Table 2 ) , 
k2° = k = kno, and in the macroscopic vapor under 
steady-state illumination 

[Cn ] / [ A r ] = kx€/kCA = pac/Pca • 

£>ac and £ca are the densities of coupled states for 
the forward and reverse nonradiative transitions, re-
spectively. Also, in liquids 

[Cn ] = [ A 0 ] (pac/pca) exp{ - EA/k T} . 

Although vibrational relaxation of the product 
has been invoked as a rate-determining step in 
photochemical tautomerizations 36 ' 37, in the present 
case there is a quantitative difficulty. When 2 5 3 7 A 
excitation is used, the vibrational relaxation of the 
populated benzene levels requires few hard-sphere 
collisions 6. If we apply this result to both the initial 
(A r ) and final (Cn ) resonant levels under considera-
tion ( k n 0 ^ k T 0 , about 450 c m - 1 higher than reached 

29 G. G. SUKHOTINA and M. I. SHAKHPARONOV, Russ. J. Phys. 
Chem. 3 9 , 1 1 9 2 [ 1 9 6 5 ] . 

30 J. L. HUNTER, E. F. CARONE, H. D. DARDY, and J. A. Bu-
CARO, J. Acoust. Soc. Amer. 40, 313 [1966] . 

31 C. I. O'CONNOR and J. P. SCHLUPF, J. Acoust. Soc. Amer. 
40, 663 [ 1 9 6 6 ] . 

32 P. M. RENTZEPIS, Chem. Phys. Letters 2 , 1 1 7 [1968 ] . 
33 S. H. LIN, J. Chem. Phys. 44, 3759 [1966] . 
34 The observed linewidth in the vibrational fine-structure of 

the UV absorption, about 50 c m - 1 in liquid hydrocarbons 
after elimination of hot bands, gives an upper limit for the 
1 B 2 u state, kT0 SS 101 3 s e c - 1 . 

35 In such a case, the pre-exponential measured in liquids 
being an average of rates for several energy levels, cannot 
be compared directly to rate constants obtained in the gas 
state for individual vibrational sublevels. 

36 L. KAPLAN and K . E. WILZBACH, J. Amer. Chem. Soc. 90, 
3291 [1968] , 

37 I. HALLER,J. Chem. Phys. 4 7 , 1 1 1 7 [1967] . 



with 2537 A excitation), there is little room to ex-
plain the irreversibility of the transition in the gas 
state, which requires kno>kvo. One may expect the 
irreversibility to appear more naturally when the 
rate-determining step is the nonradiative transition 
itself, k2° = k = k\,Q (Table 2, Case II ) . A forward 
bias in the densities of states oac>(?ca then drives 
the reaction. 

Solvent Effect 

In the liquid solutions studied the distance be-
tween the molecules does not change much when the 
solvent is changed, so the intermolecular force is 
approximately proportional to the minimum depth 
of the bimolecular potential. As a convenient mea-

S! (ca!/cm') 

Fig. 3. Dependence of the nonradiative transition rate on the 
solvent. The rate of all nonradiative transitions [Eq. (1) ] as a 
function of the cohesive energy density <52 of the solvent. Points 
are keyed to Table 1. Bars give the estimated maximum ex-
perimental error possible at limiting positions on the vertical 
axis. The dashed portion of the vertical axis gives the non-
radiative transition rate for a hypothetical benzene vapor (to 
illustrate the relevant variables only) having a zero-point vi-
brational level and one thermally equilibrated active level 

1600 c m - 1 higher (Table 1, footnote 

sure of this depth we take the cohesive energy den-
sity d2 of the solvent38. It correlates increasing non-
radiative decay rates with increasing intermolecular 
force, Fig. 3. (A straight line is predicted if the 
coupling energy of the rate-determining step is pro-
portional to the intermolecular force.) 

It is seen that the nonradiative transitions are 
exceptionally rapid in water and chloroform. Much 
of this acceleration is caused by energetic electro-
static- and London-interactions, as shown by the cor-
relation between the nonradiative transition rate and 
the (0 — 0) 1B9U — ! Ai g UV absorption intensity, 
which increases with increasing electrostatic- and 
London-interactions 39 and for the solvents consider-
ed is most intense in water and chloroform12 . The 
high rate in water is to be expected from the high 
dipole moment. In chloroform, however, the rate is 
far above that expected. In this solvent, the integrat-
ed UV absorption suggests that complexes with ben-
zene are present12. In such complexes the effects of 
electrostatic- and London-interactions may be greater 
than they are in randomly oriented spheres of sol-
vation 4 0 _ 4 2 . 

Intramoleculer Coupling 

Symmetry Rules. If the rate-determining step is a 
nonradiative electronic transition coupled through 
intramolecular vibrations (Case II B, Table 2 ) , the 
intermolecular forces may induce or accelerate the 
transition by removing restrictions of symmetry. 
For example, the primary product may be the 1 Aj g 

ground state. (A relatively large density of final sta-
tes £>ae favors such an internal conversion at 40,000 
c m - 1 (see 15' 4 3 ) . In this case, the geometry change 
that accompanies the nonradiative transition is small, 
and the corresponding vibronic selection rules 33' 44 

show that the transition is coupled by the b̂ u { v u 

or v15) vibrations in the isolated molecule 19. In the 
presence of neighboring molecules the electronic 

38 J. H. HILDEBRAND and R. L. SCOTT, Regular Solutions, 
Prentice-Hall, Englewood Cliffs, New Jersey 1962. 

39 M. KOYANAGI, J. Mol. Spectry. 25, 273 [ 1 9 6 8 ] . 
40 The U V absorption of benzene in carbon tetrachloride and 

other properties of these solutions indicate that complexes 
are formed 41. About 8% of the benzene molecules in a car-
bon tetrachloride solvent are predicted to be present as com-
plexes. In chloroform, the UV absorption also suggests that 
complexes are present between the solvent and benzene in 
the ground state 12. However, a concentration of 8% is not 
great enough to explain the fluorescence quenching of ben-
zene in chloroform. From the cohesive energy density (Fig. 
3) , we predict a quantum yield of <? = 0.04 for free molecu-

les of benzene in chloroform at 25 °C. Considerably more 
than 8% of the benzene molecules must be present as com-
plexes in the excited state to account for the difference be-
tween this predicted yield and the observed 9 = 0.005. Ad-
ditional complexes are formed in the excited state 42. 

41 R. ANDERSON and J. M. PRAUSNITZ, J. Chem. Phys. 39, 
1225 [1963]. 

42 P. K. LUDWIG and C. D. AMATA, J. Phys. Chem. 72, 3725 
[1968]. 

43 M. BIXON and J. JORTNER, J. Chem. Phys. 48, 715 [1968]. 
44 A . C. ALBRECHT, J. Chem. Phys. 38, 354 [1963] ; 33, 156, 

169 [I960] . 



wave functions of benzene are perturbed so that the 
forbidden (0 — 0) ^ u — *Aig UV absorption ap-
pears. At the same time, nonradiative transitions 
coupled by elu and e2g vibrations ( for example) are 
introduced. (We have been led to look in particular 
for transitions coupled by the vQ e2g and >'10 e l g vi-
brations because their UV-excitation near 40,000 
c m - 1 (Fig. 1) is perturbed 19.) 

Benzvalene (Fig. 4) is a photochemical product 
obtained from benzene 36' 45 (see "Discussion" below) 
and the corresponding vibronic rules are given in 

6 , , 1 

O 
4 I 3 

4 * 7 * 3 

C2 

CT ( y z ) 

2 BENZENE D6H 

BENZVALENE QV 

Fig. 4. Equilibrium nuclear configurations for the tautomeri-
zation of benzene to benzvalene. 

Table 3. If the ground state of benzvalene is the 
primary product there are eleven vibrations of four 
symmetries (including the e%s) that couple the tran-
sition in the isolated molecule. Intermolecular forces 
may induce coupling by some of the remaining vi-
brations. Also, another symmetry restriction may 
apply. This is the WOODWARD-HOFFMANN correla-
tion 46, which is invoked in tautomerizations for 
which the geometry change is relatively large. The 
correlation does not favor the 1B2U — *Ai transition, 
but does favor that of ^^-benzene to ^ - b e n z -
valene37 . Again the intermolecular forces may in-
duce the transition by introducing some 1B l u and 
1BJ symmetry into the initial and final states, respec-
tively. 
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Table 3. Intramolecular vibronic coupling of benzene with 
benzvalene. The small letters in the table give the vibrational 
normal modes of benzene that can couple the electronic states 
of benzene (capital letters in left margin) with those of benz-
valene (capital letters in top margin). Out-of-plane vibrations 
of comparatively low frequency are surrounded by bold 
squares, and a dot precedes the symmetry of the high-ampli-

tude vibration (v16 = 237.3 c m - 1 ) . 

Substitution Effects. Perturbations that are caused 
by intramolecular substitution exceed the intermole-
cular ones, even when the former are as weak as 
those produced by alkyl-substitution. For example, 
alkyl substitutions cause the (0 — 0) absorption peak 
in the ^ou — ^ i g UV absorption spectrum to ap-
pear 47, and in so doing they are considerably more 
effective than intermolecular forces3 9 . Also as ex-
pected the alkyl substitutions cause an increase in 
the spontaneous emission rate, and this is shown in 
Fig. 5 48. However, the total nonradiative decay rate 
(^ k1 + k2) is not increased by the substitution 4 9~5 1 . 
Clearly the solvent perturbation that leads to increas-
ing nonradiative transition rates is different from 
the in-plane perturbations that lead to inhanced 
(0 — 0) UV absorption and inhanced spontaneous 
emission. 

43 I. E. DENBESTEN, L. KAPLAN, and K . E.WILZBACH, J. Amer. 
Chem. Soc. 90, 5868 [ 1 9 6 8 ] . 

48 R. HOFFMANN and R. B. WOODWARD, Accounts Chem. Res. 
1, 17 [1968] . 

47 J. PETRUSKA, J. Chem. Phys. 3 4 , 1 1 2 0 [ 1 9 6 1 ] . 
48 I. B. BERLMAN, Handbook of Fluorescence Spectra of Aro-

matic Molecules, Academic Press, New York 1965. 

49 That nonradiative transitions of alkyl-benzenes and benzene 
itself may be usefully compared is indicated by the close 
resemblance in the gas state of the nonradiative transitions 
of toluene and benzene 50, 51. 

50 C. S. BURTON and W. A. NOYES, IR., J. Chem. Phys. 49, 
1705 [1968] , 

51 G. M. BREUER and E. K . C. LEE, J. Chem. Phys. 51, 3130 
[1969] . 



Fig. 5. Correlation of radiative and nonradiative transition 
rates. The total rate at 25 ° C of all nonradiative transitions 
for benzene dissolved in 28 liquids (symbols keyed to Table 1) 
and for 18 alkyl-substituted benzene compounds (numbered 
points) in cyclohexane measured by BERLMAN 48, as a function 
of the spontaneous emission rate k0 . Numbered points are 
1) benzene, 2) perdeuterobenzene, 3) mesitylene, 4) 1,3,5-tri-
ethylbenzene, 5) benzylalcohol, 6) phenylcyclohexane, 7) sec-
butylbenzene, 8) isopropylbenzene, 9) propylbenzene, 10) 
ethylbenzene, 11) toluene, 12) perdeuterotoluene, 13) m-xy-
lene, 14) o-xylene, 15) p-xylene, 16) perdeutero-p-xylene, 17) 
p-ethyltoluene, 18) 1,2,4-trimethylbenzene. (The bars give the 
estimated absolute error for the least reliable point in the 

series of solvents.) 

The intermolecular forces might mix in planar-
antisymmetric states not available from alkyl-substi-
tution. For example, out-of-plane vibrational modes 
may couple the 1B2U- and ^jg-benzene states in the 
presence of intermolecular f o r ces 5 2 - 5 4 . However, 
this mechanism cannot account for the solvent effect 
if benzvalene is the primary product. Consider the 
data for mesitylene. In the mesitylene tautomer both 
the o x y and axz-symmetric symmetries of benzvalene 
are removed to some degree by the alkyl groups. 
However, the nonradiative transition rate (Fig. 5) is 
affected less by the substitution than it is by a polar 
solvent. That the 0Z2-symmetry is not crucial to in-
duced tautomerization is also indicated by the isola-
tion of both 1,2,4-tri-t-butyl- and 1,3,6-tri-t-butyl-

benzvalenes45. The latter, but not the former, is 
symmetric about the ox z plane. 

We are led to believe that (1) if the primary pro-
duct of the nonradiative transition is a valence tau-
tomer such as benzvalene, the solvent-induced non-
radiative transitions are probably not caused by a 
breakdown of symmetry, and (2) if the intermole-
cular forces do break down a crucial symmetry (re-
lated to the vibronic rules), the primary product is 
probably planar (for example, ^ig-benzene), and 
the solvent perturbs this symmetry. 

Discussion 

Solvent Effects. In the nonradiative transition step, 
the particular initial and final states that interact at 
a given energy will depend on the solvent if the 
energy of one state shifts with respect to the other 
when the solvent is changed. However, in liquid so-
lutions there is a large inhomogeneous broadening 
of the energy levels 55. The broadening is not much 
different from the frequency shifts that can be in-
duced in the electronic energy of a nonpolar mole-
cule by changing the solvent55. As the shift does 
not greatly exceed the width, we do not expect the 
coupled initial and final states to change much when 
the solvent is changed. In particular, if the nonradia-
tive transition is a ^^u — *Aig internal conversion, 
the effect of solvent on the nonradiative transition 
does not derive from the relative shift of the elec-
tronic energies of the coupled states. The solvent-
induced shift of the 1B2u — *A l g electronic absorption 
frequency has been measured, and it does not cor-
relate with the rate of the nonradiative transition as 
a function of solvent12. 

If the vibrational relaxation of the primary pro-
duct is the rate-determining step (Case I ) , the cou-
pling energy and the observed transition rate should 
increase with increasing intermolecular force and 
should be comparatively insensitive to molecular 
symmetry5C, in accord with the experimental data. 
Similarly the data are in accord with a mechanism 
in which the rate-determining step is a nonradiative 
electronic transition (Case II) coupled through the 

52 This mechanism can be checked by calculation of the sort 
carried out by ALBRECHT on vibronic absorption 44 and by 
YOUNG on nonradiative transitions 53. The matrix elements 
are known in general 16, 33, 53, trial wave functions are avail-
able, and accurate methods to include solvent perturbations 
have been developed 54. 

53 J. H. YOUNG, J. Chem. Phys. 51, 4061 [1969]. 
54 W . LIPTAY, H. J. SCHLOSSER, B. DUMBACHER, and S. HÜ-

NIG, Z. Naturforsdi. 21 a, 1613 [1968] . 
55 O. V. SVERDLOVA, Opt. Spectry. 6, 223 [ 1 9 5 9 ] , 
56 R. ZWANZIG, J. Chem. Phys. 3 4 , 1 9 3 1 [ 1 9 6 1 ] . 



intermolecular coordinate ( I I A ) 5 7 - 5 9 . (In this lat-
ter case the competition between the nonradiative 
transition and the vibrational relaxation must be 
considered in detail as a function of the distance 
between the molecules.) 

If a rate-determining nonradiative electronic tran-
sition arises from the vibronic coupling of intra-
molecular vibrations ( I I B ) , there are a number of 
additional mechanisms possible. Increasing rates will 
result from increased coupling probability that is 
related in turn either to increasing vibronic coupling 
energy [ß in Table 2 ] or increasing Franck-Con-
don overlap (F) 33, 64 ' 65. The coupling energy ß 
will increase when symmetry restrictions are re-
moved (treated above) or when a (hange in the 
shape of the electronic wave functions occurs with-
out reduction of symmetry4 4 . A sensitivity of the 
Franck-Condon overlap F to intermolecular forces 
(Table 2) is expected only when the potential energy 
surfaces of the initial and final states are nested and 
when AE, the amount of electronic energy converted 
to vibrational energy, is large. AE should be large 
because the vibrational wave functions are most 
sensitive to intermolecular forces at high amplitudes 
of vibration1 6 ' 66. If the potential energy surfaces 
are not nested, E2 = E\ is lowered when the vibration-
al anharmonicities added by intermolecular forces 
lower the energy of the intersection (F remaining 
about the same). 

Benzvalene as Product. In the gas state with 
increasing wavenumber of excitation, increasing 
amounts of 1B2U-benzene disappear (Fig. l a ) 8 ' 9 

and increasing amounts of benzvalene are isolated 36. 

5 7 R . B. GERBER, Proc. Roy. Soc. London A 309, 221 [1969] . 
5 8 A . B. CALLEAR, in: Photochemistry and Reaction Kinetics, 

P. G. ASHMORE, F. S. DAINTON, and T . M. SUGDEN, Ed., 
University Press, Oxford 1967, p. 175. 

5 9 It is assumed that fundamental vibrational frequencies in 
the isolated benzene molecule (the lowest being v16 = 237.3 
c m - 1 ) are higher than intermolecular frequencies, so the 
two types of vibration are physically distinguishable. When 
intermolecular forces are highly energetic, as with F-cen-
ters in solids 60, with polar molecules dissolved in polar li-
quids 61- 82, and with hydrogen-bounded molecules in alco-
hols 63, nonradiative transitions may be produced by dis-
placements of the intermolecular coordinate. However, the 
nonpolar benzene molecule is bound less energetically to 
neighboring molecules. 
K. HUANG and A . RHYS, Proc. Roy. Soc. London 204, 406 
[ 1 9 5 0 ] . 

61 E. LIPPERT, W . LÜDER, and H. Boos, Advan. Mol. Spectry. 
1 , 4 4 3 [1962] . 

62 J. W. EASTMAN, Spectrochim. Acta, in press [1970]. 
*3 J. W. EASTMAN, Ber. Bunsenges. Physik. Chem. 73, 407 

[1969], 

Also, the amount of benzene that disappears and the 
amount of benzvalene isolated from the vapor both 
increase when added gases are introduced 67 ' 68 . In 
liquid solutions, both the disappearance of the 1B2U 

state of benzene 25 and the isolation of benzvalene 36 

are independent of the excitation wavenumber. In 
addition, neither the observed nonradiative transi-
tion rate (Fig. 5 and Ref. 5 0) nor the isolation of 
benzvalene45 are markedly sensitive to alkyl-group 
substitution. These correlations suggest that benz-
valene is a product of the induced or partially-in-
duced transition discussed (rate k2) 69. The primary 
product of the nonradiative transition may be the 
*At ground state of benzvalene, the *A l g ground state 
of benzene that subsequently converts to the tauto-
mer 70, or other intermediates 69. 

Conclusions 

Rate-determining, Step. In an idealized step-wise 
mechanism (Fig. 2 ) , the rate-determining step may 
be the vibrational relaxation of the primary product 
(Table 2, Case I, induced by intermolecular forces 
and bearing no particular relation to the intramole-
cular symmetry of benzene), or the nonradiative 
transition [Case II, caused by displacements in the 
intermolecular coordinate with symmetry again ir-
relevant (II A ) , or by intramolecular vibrational dis-
placements related to molecular symmetry ( I I B ) ] . 
In the vapor 108<A;AC< 1011 s e c - 1 at 100 torr, and 

kI0. If vibrational relaxation of the product 
is rate-determining, kcA>kno» and kno>kto. How-
ever, vibrational relaxation of the initial resonant 

64 J. P. BYRNE, E. F. MCCOY, and I. G. Ross, Aust. J. Chem. 
18, 1589 [1965]. 

65 W . SIEBRAND, J. Chem. Phys. 4 9 , 1 8 6 0 [1968]. 
66 O. SCHNEPP and K. DRESSLER, J. Chem. Phys. 42, 2482 

[1965], 
67 The fluorescence of benzene is quenched by 1,3-pentadiene 

(see 6 8), and the isolation of benzvalene is catalyzed by 
cis-2-butene 36. However, different mechanisms have been 
invoked for the two effects, and under some conditions it 
is known that butene quenches fluorescence insignificantly 
(see »• 2 4) . 

68 L. M. STEPHENSON, D. G. WHITTEN, and G. S. HAMMOND, 
in: Chemistry of Ionization and Excitation, G. R . A. JOHN-
SON, ed., Taylor and Francis, London 1967. 

69 D. PHILLIPS, J. LEMAIRE, C. S. BURTON, and W . A. NOYES, 
JR., Adv. in Photochem. 5, 329 [1968]. 

70 For a favorable Franck-Condon overlap to be achieved in 
the tautomerization we may expect many excitations in the 
v16 mode of benzene, which has a high amplitude in the 
direction of the tautomerization. 



sublevel (A r) and the final level (Cn) may both re-
quire only a few collisions, so kno~kro. In such a 
case, the nonradiative transition (&AC) must be the 
rate-determining step. Such an irreversible nonradia-
tive transition requires both that kr\c/kT0 > 1 and 
^ C A A I I O < 1, SO &AC ^ • This can be caused by 
a forward bias in the density of states £>ac > QCa. • 

In liquids k\£ < kT0 and the measurements on fluo-
rescence quenching give k2 = k~ 1011 — 1013 s e c - 1 

when a single activation energy E2/h c = 2400 c m - 1 

is adopted. These data are not consistent with values 
of kI0 that have been measured for the ground state 
of benzene and for an excited state in azulene, 
A;r0 ~ IO10 — 1011 s e c - 1 . Either the vibrational re-
laxation of the levels coupled by the nonradiative 
transition in benzene is considerably more rapid, 
kT0 ~ 1012 s e c - 1 in liquids, or the activation energy 
should be spread over several levels starting above 
a threshold of about 1600 c m - 1 . 

Solvent Effects. Concerning the effects of inter-
molecular forces, the conclusions may be summariz-
ed as follows. First, when the rate-determining step 
is the vibrational relaxation of the primary product 
(Case I) or a nonradiative transition coupled by 
intermolecular motion ( I I A ) , the increasing rate 
with increasing intermolecular force is expected, for 
the intermolecular coordinate enters explicitly in the 
transition probability. In either of these cases the 
induced nonradiative decay becomes slower than 
spontaneous emission at very low pressures in the 
gas phase. If nonradiative transitions persist at low 
pressure, the induced decay may arise from an ac-
celeration of nonradiative transitions already cou-
pled by intramolecular vibrations in the isolated 
molecule ( I I B ) . This may be caused by reductions 
of molecular symmetry, with respect to which the 
following conclusions may be drawn: 

1) If the primary product is benzvalene, and if 
either the Woodward-Hoffmann or vibronic sym-
metry rules are valid, the intermolecular forces do 
not act to break the symmetry restrictions. This is 
because the rate is not significantly accelerated by 
alkyl-substitutions, and these perturb the relevant 
symmetry more than the intermolecular forces. 

71 Measurement of the activation energy may be possible in 
solvents such as glycerol or water that are rigid enough 
to trap the benzvalene before it reconverts to benzene. The 
amount of trapped benzvalene may be determined after 
conversion to more stable derivatives. 

2) When the primary product is planar (for ex-
ample, benzene xAig) the intermolecular forces may 
mix in planar-antisymmetric states and introduce 
coupling by out-of-plane vibrations. 

Also the effects of intermolecular forces (under II) 
may not be due to a breakdown of symmetry but to 
variations in: 

i) AE, the electronic energy converted to vibration-
al energy during the transition. However in liquids 
the inhomogeneous broadening of the vibronic levels 
is so large that this seems unlikely. If the primary 
product is ^ig-benzene, the variation in AE does 
not explain the solvent effect observed, for there is 
no correlation between the nonradiative transition 
rate and the changes in AE, which have been mea-
sured; 

ii) Franck-Condon overlap, F. A solvent is ex-
pected to significantly affect F only when AE is 
large and the potential energy curves are nested at 
the transition energy (possible when the product is 
the ground electronic state of benzene and the 
threshold energy derives from the increasing density 
of states with increasing energy) ; 

iii) The energy at which two potential energy sur-
faces intersect, as expected when AE and the geo-
metry change (or force constant change) are both 
large (for example, when ^i-benzvalene is the pri-
mary product). 

The mechanisms ii) and iii) depend on anharmo-
nicities in the potential energy surfaces and their 
sensitivity to intermolecular forces. 

Benzvalene. Correlations between the nonradiative 
transition (rate k2) and the formation of benzvalene 
suggest that the tautomer is a product of the tran-
sition. If so, the activation energy for its formation 
in liquids should be 2400 c m - 1 (see 71' 7 2 ) , and 
the formation may be catalyzed by carbon tetra-
chloride, chloroform, possibly 1,3-pentadiene, or 
other complex-forming compounds, as well as by 
molecules of high dipole moment and polarizability 
(Fig. 3 ) . The geometry change that occurs in the 
tautomerization is relatively large, so the Franck-
Condon overlap may require many vibrational ex-
citations in the primary product of the initial non-
radiative transition step. This product may be the 

72 This may also be the activation energy for the disappear-
ance of triplet states of benzene in liquids. 



ground state of benzvalene or the ground state of 
benzene that leads in turn to the tautomer. In the 
latter case, if the rate-determining step is the ^ u — 
*Aig internal conversion coupled by intramolecular 
vibrations, the formation of benzvalene might be 
catalyzed by chemical substitutions that reduce the 
planar-symmetric symmetry '3 . 

73 Nonradiative transitions are exceptionally rapid in benzyl-
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acetate 48. 

Lumineszenzuntersuchungen zum Problem der Energieübertragung 
in organischen Molekülkristallen 

F . B E L I T Z 

I. Physikalisches Institut der Universität Gießen 
(Z. Naturforsdi. 25 a, 955—966 [1970] ; eingegangen am 23. März 1970) 

From fluorescence spectra and decay times of single crystals of 2.3-dimethylnaphthalene, phen-
anthrene and p-terphenyl doped with one or two different types of fluorescence molecules (anthra-
cene and, or tetracene) informations about the energy transfer processes are obtained. For doping 
concentrations smaller than 4 - 1 0 - 4 Mol/Mol the transfer by excitons is the main process. The 
dipole-dipole interaction over distances more than 80 Ä (14 mean molecular distances) can be ex-
cluded. The mean travelling distance of the excitons in the three host lattices was found to be 
250 — 300 mean molecular distances. 

I. Einleitung 

Zur Untersuchung des Energieübertragungsmedia-
nismus wurden neben polykristallinen Pulvern 1 - 3 

bereits mehrfach dotierte Einkristalle aromatischer 
Kohlenwasserstoffe benutzt. Sowohl aus den relati-
ven Intensitäten von Grundgitter- und Gastfluores-
zenz 4' 5 als auch aus der Abnahme der Grundgitter-
Abklingdauer mit steigender Gastkonzentration6-8 

lassen sich Rückschlüsse auf Art und Reichweite des 
Energieübertragungsgprozesses ziehen. 

Für die Erklärung der Energieübertragung in or-
ganischen Molekülkristallen wird meistens die Be-
schreibungsweise durch Excitonenwellen herangezo-
g e n 9 - 1 1 . POWELL und KEPLER 12 schließen aller-
dings aus Abklingzeitmessungen am System Anthra-
cen/Tetracen auf eine starke Beteiligung einer weit-
reichenden Dipol-Dipol-Wechselwirkung13. Bei ge-
ringen Gastkonzentrationen und großen Schicht-
dicken wird gelegentlich auch eine zusätzliche Ener-

Sonderdruckanforderungen an I. Physikalisches Institut 
der Universität Gießen, D-6300 Gießen, Leihgesterner Weg 
1 0 4 - 1 0 8 . 

1 E. J. BOWEN, E. MIKIEWICZ U. F. W. SMITH, Proc. Phys. 
Soc. London A 62, 26 [1949]. 

2 W. HANLE U. H. G. JANSEN, Z. Naturforsdi. 9 a, 791 [1954]. 
3 A. SCHMILLEN, Z. Physik 150 ,123 [1958]. 
4 K.W.BENZ U. H.C.WOLF, Z. Naturforsch. 19a , 177 [1964]. 
5 W . KLÖPFFER, J. Chem. Phys. 50, 1689 [1969]. 
6 A. M. BONCH-BRUEVICH et al., Opt. Spectr. 11, 335 [1961]. 

gieübertragung durch Emission und Reabsorption 
von Strahlung beobachtet. Die vorliegende Unter-
suchung versucht durch Messungen an doppelt do-
tierten Einkristallen mit Gastkonzentrationen zwi-
schen 10~6 und 10 " 3 Mol/Mol weiteren Einblick in 
diese Frage zu gewinnen. 

Die Grundgitter- und Gastsubstanzen wurden so 
gewählt, daß sich ihre Fluoreszenzspektren mit Hilfe 
von geeigneten Filterkombinationen trennen lassen. 
Als Grundgitter wurden die Verbindungen 2,3-Di-
methylnaphthalin (2,3 DN) , Phenanthren (Ph) und 
p-Terphenyl (p-Tp) gewählt, als Dotierungen dien-
ten Anthracen (A) und Tetracen (T ) . 

In diesen ternären Systemen kann durch gezielte 
Anregung der einzelnen Komponenten untersucht 
werden, ob die beiden Dotierungen ihre Anregungs-
energie unabhängig voneinander aus dem Excitonen-
band des Wirtes beziehen, oder ob auch eine Ener-
gieübertragung von der einen zur anderen Gastkom-
ponente stattfindet. Letzterer Prozeß könnte bei 

7 A. SCHMILLEN U. J. KOHLMANNSPERGER, Z. Naturforsdi. 
18 a, 627 [1963]. 

8 K. KRAMER, Z. Naturforsch. 22 a, 1108 [1967]. 
9 A. S. DAVYDOV, Theory of Molecular Excitons (English 

Translation), McGraw-Hill Book Co., New York 1962. 
10 D. S. MCCLURE, Solid State Phys. 8 , 1 [1959]. 
11 H. C. WOLF, Solid State Phys. 9 , 1 [1959]. 
12 R. C. POWELL U. R. G. KEPLER, Phys. Rev. Letters 22, 636 

[1969]. 
13 TH. FÖRSTER, Fluoreszenz organischer Verbindungen, Van-

denhoeck und Ruprecht, Göttingen 1951. 


