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rntroauction 

Considerable attention has been directed to the examination of isotope 
effects on primary photochemical processes for benzene in both the solid and 
gaseous phases but the effect of complete deuteration on the primary decay pro- 
cesses of the excited lBzu state in fluid solutions has not been extensively studied. 

Here we present details of the variation with temperature of the fluorescence 
and triplet yields, fluorescence lifetime, and, by inference, the internal conversion 
yield of C,D, in dilute methylcyclohexane solution. Comparison with the results 
for benzene-he1 allows some assignment of the processes affected by deuteration. 

Experimental 
Fluorescence quantum yields were measured with a fully self-correcting 

spectrofluorophosphorimeterl and fluorescence lifetimes were determined using 
either a pulse sampling2 or single photon techniques. 

Triplet yield measurements were made by the butene-2 isomerization tech- 
nique described previouslyl. 

RemIts 
The fluorescence quantum yield at 24°C for benzene-d, in methylcyclohexane 

was measured relative to the value of 0.052 for benzene-h, reported by Cundall 
and Pereira4. The yield of 0.042 at 24°C is lower than that for benzene-h, and is in 
the reverse order to that noted by Berlman5 and Sandros6. Several different 
samples of solute and solvent gave identical results (+ 10%) for C6Ds and CsHs in 
cyclohexane. The shape of the fluorescence spectrum was not affected by tempera- 
ture over the range examined. Variation of the fluorescence quantum yield and 
lifetime with temperature is shown in Fig. 1. Our value of 30 ns for the fluorescence 
lifetime of the excited singlet monomer, -cM, at 25°C is to be compared with those 
of BerIman5 (26.6 ns) and Helman’ (32 ns) for cyclohexane solutions of benzene-de. 
At the concentrations and temperatures used excimers have no effect on the photo- 
physical behaviour. 
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Fig. 1. Effect of temperature on the fluorescence yield (@FM) and 
benzene-de in methylcyclohexane solution (lO-2M). 

fluorescence lifetime i?M Of 

TABLE 1 

TRIPLET YIELD MEASUREMENTS ON BENZENE-d6 (10-‘&f) IN METHYLCYCLOHEXANE AT DIFFERENT 
TEMPERATURES 

Temp. cis-butene-2 
co C) (M) 

@ISOM @TRIPLET @ICM 

27 0.170 0.124 (7) 0.249 0.713 
28 0.171 0.122 (3) 0.244 0.717 
33 0.164 0.108 (4) 0.217 0.749 
42 0.160 0.088 (4) 0.177 0.794 
52 0.168 0.075 (5) 0.151 0.830 
63 0.193 0.060 (5) 0.121 0.862 

Triplet yields (Table 1) were determined from the measured isomerization 
yields when sufficient cis-butene-2 ( ~~0.1 M) was present to scavenge practically 
all the quenchable benzene triplet species generated. A branching ratio, which 
is the probability of the olefin triplet relaxing to the tram isomeric form, of 0.5 was 
used in the calculation of G$. 

The quantum yield deficit, l-(@,, + !DT), is given as the internal conver- 
sion yield, aICM. 

Butene-2 had no effect on the ffuorescence of deuterated benzene at the 
concentrations used. 

Discussion 
The radiutive S, -+ S, transition 
The radiative rate constants kFM calculated 

methylcyclohexane solutions is 1.35(5) x 106 s-1 at 
slightly with rise in temperature as shown in Table 2. 
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same conditions is 1.73 x 106 s-1 and shows some increase with temperature. The 
very slight temperature dependence can arise from the effect of vibrations on the 
electronic transition moment integral predicted by Strickler and Berg’s equationlO 
for the probability of fluorescence. Values of higher order terms in this equation 
are increased by molecular vibrations and assume importance for the nominally 
forbidden lAlg-lEZu transition in benzene. 

TABLE 2 

S1 DECAY RATE PARAMETERS FOR BENZENE-de (IO-* &f) IN METHYLCYCLOHEXANE 

Temp. kFM (x lo-‘) &CM (x lo-‘) hCM ( x 10-6) 
(“0 (s-1) (s-1) (s-1) 

25 1.37 
30 1.40 
35 1.42 
40 1.43 
45 1.43 
50 1.45 
55 1 A3 
60 1.45 
65 1.45 

_- 

8.67 23.3 
8.75 27.7 
8.80 32.5 
8.97 37.9 
9.18 44.3 
9.56 51.5 
9.72 58.8 
9.85 65.6 
9.83 73.5 

The intrinsic radiative transition rate constant in a medium of unit refractive 
index should be calculated by the equation k,, = ko,, n2 ll. The refractive 
index of methylcyclohexane at 287 nm, the wavelength of maximum fluorescence 
intensity for CaDe in this solvent, was estimated by the Selmeier-Drude equation 
and constants derived by Lauer 12. At 25°C an intrinsic radiative lifetime Z% 
(l/kO& of 1584 ns, calculated from the value of zr in methylcyclohexane, is about 
25% greater than the corresponding value of r O,. for benzene-h6 (1270 ns) which is 
independent on solvent”. 

Low pressure vapour studies 1% l4 on emission from the zeroth level of S1 
give intrinsic radiative lifetimes of CsDs and CsH6 of 565 ns and 455 ns respectively. 
The difference of 25% appears to show that the relative effect of deuteration on 

k°FM is independent of phase. 
The apparent increase of z Or for both CsH6 and CsD6 in going from gas to 

liquid phases show that either perturbations of excited states by the close proximity 
of other molecules in the liquid state occurs and the cause of this effect is not 
explained by an na relationship or that the latter is invalid. Further examination 
of this problem is required. 

Studies on the gas, liquid and crystal phase of benzene-h6 and benzene-d6 
shawls-19 that deuterium substitution reduces the energy separation of all the 
vibrational levels, the most significant effect involving C-H or C-D stretching 
modes. Changes in the transition probability are, however, primarily caused by 
changes in the nature of the electronic states 2% 21. There is evidence22 of a slight 
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decrease in oscillator strength for the O-0 band, and for all other bands also, in 
CaDs compared with CsHs at room temperature. The decrease in intensity of the 
O-0 band shows that CsDs has higher electronic purity than CsHs. The reasons 
for the change in the electronic make-up of the Sl state, which explains the in- 
crease in the intrinsic radiative lifetime of CeD6, are not clear. 

Intersystem crossing 
The triplet yield for C6D6 in methycyclohexane is slightly higher than for 

C&Is in cyclohexane at room temperaturer; the difference of about 10% may be a 
solvent effect. In cyclohexane the C6Ds triplet yield is fractionally smaller than 
that for CsHs and for both cyclohexane and methylcyclohexane no isotope effect 
on the triplet yields like that found in the gas phase occursg. 

The intersystem crossing rate constants kIsCM calculated from @r/zM in 
methylcyclohexane are presented in Table 2. k,,,, for benzene-de shows a 
temperature dependence similar to benzene-h6. This has been explained23, using 
group theory, as arising from two alternative intersystem crossing processes: (i) a 
temperature independent $--+Tr step, and (ii), a temperature dependent &+Tz 
transition_ The smaller temperature dependence for intersystem crossing of the 
rBzu state of &DC compared with ‘&He is consistent with a lowering of the vibra- 
tional energy levels in the excited states of the deuterated molecule24p 2s. 

Data on the Tr-tSo process in the sobd or glassy phase is obtained from the 
phosphorescence lifetime. This is affected by crystal site, solvent and temperature 
and it is well established that zP for CsHs is less than for CsDe. It has been con- 
cluded 27--2g that the rate constant for the radiative Tr+-So transition is independent 
of deuterium substitution and an isotope effect on the radiationless Tl-+So process 
is dominant in affecting the phosphorescence lifetime due to changes in the anhar- 
monicities and Franck-Condon overlap between the states2’. 

It is surprising that a similar effect is not seen in our data on the influence of 
deuteration on the radiationless intersystem crossing of Sl. It is significant that 
Johnson and Ziegler 3O have recently shown that the radiationless Tt+So process is 
insensitive to deuteration and it is proposed that, unlike earlier interpretations, 
radiative process is substantially affected by changes in vibronic coupling. 

It appears from this work with C D 6 6, and other Shpk arOInatiC mole- 

culesl’ 2s. 31, that the only factors which seriously affect the Sr to triplet conversion 
and probably T ~+SO also, are substituents or solvents which introduce mixed 
character into the electronic levels of the aromatic ring and increase vibronic 
coupling. 

Internal conversion 
The quantum deficit, @r,-, is assigned in the absence of contrary evidence, 

to a single radiationless SI-+SO decay process. The yields of chemical products 
reported for photolysis of benzene under our conditions are low in comparison 
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with @ic, and assignment in the manner proposed has been found satisfactory in 
benzene-hsl. The temperature dependence of the rate constant klCM (@pIc/~M) 
follows an Arrhenius relationship with an activation energy of 0.25 eV and pre- 
exponential factor of 4.1 x loll s-l. Comparable values are 0.28 eV due to 
Helman’ calculated from lifetime measurements, and (0.292 eV and 2 x 1Ol2 
s-1) obtained by Sandros6 using Helman’s lifetime data with measured triplet 
yields. Results in our laboratory for benzene-h6 in methylcyclohexane yield an A 
factor of 4.4 x 101r s-t and EICM = 0.25 eV and other measurements in cyclo- 
hexane have given 8 x lo12 s-1 and 0.32 eV for internal conversions. 

It has been reported that there is no change in the So-S1 energy gap in ben- 
zene on deuteration but more recent works39 3% 33 indicates an increase of 200 
cm-l in the energy separation, a result confirmed by our own observations_ 

Of the various theories proposed to explain the nature of radiationless 
Si-+Sa decay the recent suggestion of Callomon et al.34 provides an acceptable, 
though incomplete, model. We consider that the (0, sr;*> state involved is a singlet 
rather than triplet, in view of the high pre-exponential factor for a spin forbidden 
process, and since triplet state formation has not been detected by either the 
butene-2 or biacetyl techniques. The effect of deuteration on energy of the possible 
(a, x*) state is unknown but shifting the relative energies of SO and S1 states may 
affect crossover efficiency. 

Conclusions 
In contrast to the behaviour in gas and solid phase systems the effect of 

deuteration on the primary decay processes in solutions of benzene is only slight. 
The major deactivation route at room temperature and above is a radiationless 
S~+SO internal conversion which may be slightly more efficient in C6Da than 
CsHs. 
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