
ELSEVIER Journal of Photochemistry and Photobiology i: Chemistry 105 ( 1997) 345-352 

eviations fro indernann 
mm-stilbe er collisional gas p ase conditions 

A. Meyer , * J. Schroeder, J. Tree, M. Votsmeier 
Institutfir Physikalische Chemie der Universitiit Giittingen, Tammannstrage 6, D-37077 Giittingen. Germany 

Received 2 September 1996; accepted I8 October I996 

Abstract 

Systematic fluorescence lifetime measurements of rruns-stilbene in bath gases nitrogen, methane, ethane and propane at pressures between 
1 mbar and 10 bar were analysed by comparison with master equation simulations. The results show that the low-pressure regime of the 
unimolecular photoisomerization reaction is located well below 1 bar. The increase in the isomerization rate coefficient observed with further 
increasing pressure contradicts the basic assumption of the Lindemann model and is discussed in terms of the solvent-induced changes of the 
potential energy surface. The role of restricted intramolecular vibrational energy redistribution (IVR) in determining the observed photo- 
isomerization dynamics is clearly of minor importance. 0 1997 Elsevier Science S.A. 
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1. Introduction 

The photoinduced cis-trans isomerization of ethylenic 
double bonds is a prototype for a large class of processes of 
biological and practical importance. In this group of reac- 
tions, the isomerization of rruns-stilbene has been extensively 
studied under a large variety of physical conditions. These 
range from the isolated molecule in supersonic jet experi- 
ments [ l-81, through the gas [9-Z 1 ] and liquid [ 15-29 J 
phases, to the high-pressure regime in various solvents [ 1% 
19,29-321. From these experiments, it is known that the 
isomerization reaction is strongly influenced by specific inter- 
actions of the reactant with the surrounding medium. Exper- 
iments on the isomerization of stilbene using pressure and 
temperature variations in polar and non-polar solvents have 
shown (in contrast with experiments on the next diphenyl- 
polyene homologue diphenylbutadiene [ 15,20,30,31] ) a 
deviation from the simple Kramers-Smoluchowski theory 
[ 33,341, where the rate constant in the high-friction limit is 
expected to be inversely proportional to the viscosity 
[ 15,301. We have attributed this behaviour to a lowering of 
the reaction barrier due to the influence of the surrounding 
medium [ 351. Alternative explanations which have been 
suggested include microscopic friction models [ 36,371, 
frequency-dependent friction [ 29,381, breakdown of the 
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Stokes-Einstein relation [ 36,371 and multidimensional bar- 
rier crossing f 391. 

A further point of controversy is the interpretation of the 
fact that the measured rate constants in low-viscosity liquids 
exceed the value of the high-pressure limit calculated from 
the specific rate constants k(E) measured in supersonic jet 
experiments [ 1,3,40]. Of the possible explanations, the two 
most probable involve the non-statistical behaviour of the 
isolated molecule and the influence of the surrounding 
medium on the effective potential energy surface for the reac- 
tion in the high-pressure limit. The first explanation is inti- 
mately connected with the rate of intramolecular vibrational 
energy redistribution (IVR). If IVR is fast on the timescale 
of the reaction, the measured k(E) values are true micro- 
canonical rate coefficients which can be integrated over the 
Boltzmann distribution to calculate the correct high-pressure 
limit of the rate coefficient, km. In addition, we can also esti- 
mate a reliable value for the energy barrier of the reaction, 
EO, if we plot k(E) vs. the internal vibrational excess energy 
of the photoexcited stilbene molecule. If, on the other hand, 
IVR occurs on the timescale of the reaction or is even slower, 
it may form a bottleneck for the depopulation of observable 
excited states, and the rate coefficients measured do not cor- 
respond to the microcanonical reaction rates [ 4 1,421. In this 
case, the apparent energy barrier measured in the isolated 
molecule may be considerably higher than the true barrier 
height. This helps to explain the faster rates measured in 
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solution. Since in the energy range corresponding to the 
expected barrier height IVR is possibly not complete on the 
reaction timescale [43], a mechanism of this kind may be 
responsible for the observed discrepancy. Assuming, in con- 
trast, a statistical distribution of energy in the isolated mole- 
cule prior to rea!%ion, we used an optimized RRKM I fit to 

the R(E) data to extract the barrier height and calculate k, 
[40]. In our view. the acceleration of the rate in low-viscosity 
solvents is caused by solute-solvent interactions which effec- 
tively decrease the reaction barrier. From the beam data, we 
obtain &= 1300 cm - ’ [ 401, whereas measuring the acti- 
vation energy in supercritical ethane at about 30 bar yields 
&,=675 cm” [24]. 

The controversial discussion about the isomerization proc- 
ess shows that further investigations of the influence of sol- 
vents on the reaction in the regime between the high-pressure 
limit and isolated molecule conditions are necessary. Balk 
and Fleming [ 131 have observed, for the isomerization of 
stilbene in the presence of methane gas, a thermal rate coef- 
ficient exceeding the calculated high-pressure limit for a pres- 
sure of 2 bar. Thus we expected to extract more information 
on the influence of the bath gas on the reaction by measure- 
ments of the fluorescence decay in the low-pressure regime 
using several bath gases. In this way, it should he possible to 
differentiate between intermolecular interactions and intra- 
molecular processes as slow IVR as a source for the devia- 
tions from the statistical models, adding to our understanding 
of the dynamics of elementary reactions. 

The basic mechanism of gas phase reactions can be con- 
veniently described in terms of the Lindemann model, which 
Stresses the importance of collisional energy transfer in uni- 
molecular reactions, such as A + products, and describes the 
reaction as a three-step process involving collisional a&a- 
tion kl, collisional deactivation k _ , and reaction k2 

A+M 

k,& tk-, 
k2 

A*+M -+ Products 

As is well known, this model leads to a pressure-dependent 
rate constant b for the unimolecular reaction given by 

k&, tM1 
b=k2+k_,[M] (1) 

with the two limiting values 

k2*k-,Wl k;ni=ko=MW (2) 

k,ek_,[M] &z&c* 
K-1 

(3) 

The low-pressure limit b is controlled by cc%sional acti- 
vation; the high-pressure limit k, is determi& by the sta- 
tionary distribution of activated molecules and the rate 

’ RRKMz Rice, Ramsperger, Kassel, Marcus 

constant k2 itself. As a fundamental assumption in this model, 
the role of the solvent molecules M is limited to collisional 
energy transfer without direct influence on the reactive step 
itself. The rate constant k, for a thermal reaction can easily 
be calculated by integrating the microcanonical specific rate 
constants k(E) over the normalized Boltzmann distribution 
f(E) of activated molecules above the reaction barrier 

k,,,= I W)f(EW (4) 

to yield a value which is expected to be independent of the 
bath gas and pressure. 

As shown by Ref. [44] and in contrast with former 
assumptions [ 171, for a correct analysis of the fluorescence 
decay curve in the low-pressure regime, collisional energy 
transfer must be taken into account. This is performed by 
analysing the decay curves obtained using master equation 
simulations [ 453. Such simulations can describe the interplay 
between collisional activation, collisional deactivation and 
the unimolecular reaction which determines the evolution of 
the Sr population after excitation [ 461. 

The use of this method for pressure-dependent measure- 
ments is appropriate for the examination of solvent specific 
influences on reactions [ 20,311. The applicability of theo- 
retical models can be tested and, in addition, the depopulation 
of the excited state can be simulated via a master equation. 
For these reasons, we examined the pressure dependence of 
the isomerization of trues-stilbene in the S1 state for various 
bath gases up to pressures of 10 bar by recording the fluores- 
cence decay using the time-correlated single-photon counting 
technique. 

2. Experimental details 

The fluorescence decay curves of stilbene after excitation 
to the St state were obtained with a standard single-photon 
counting set-up. This is based on an actively mode-locked 
Nd:YLF laser (Coherent Antares 76) which synchronously 
pumps a dye laser (Coherent 700). The wavelength of this 
dye laser used with DCM Special (Lambda Physics) was 
tuned to 620 nm. The pulses with a duration of 1.5 ps and an 
average power of 600 mW were frequency doubled in an 
LiI03 crystal to give an excitation wavelength of 310 nm. 
Part ( 10%) of the excitation pulse was separated and focused 
on an ultrafast photodiode (Telefunken BPW28) whose out- 
put was fed to a constant fraction discriminator (Tennelec 
TC454) to provide the stop signal at the time to amplitude 
converter (TAC, Tennelec TC862). The fluorescence of stil- 
bene after excitation was detected with a cooled ultrafast 
multichannel-plate photomul tiplier (MCP, Mamamatsu 
R3809U). The output pulse of the MCP was amplified and, 
after discrimination, was used as a start sign& for the TAC 
which was operated in 50 ns sweep mode. The TAC output 
was digitized in a Wilkinson-type converter (Canberra 
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ADC8713) with 4096 channels and finally registered and 
analysed in a personal computer. The instrument response 
function had a full width at half-maximum (FWHM) of 
30 ps and, with deconvolution, a time resolution of 20 ps was 
obtained. For pressure-dependent measurements, a custom 
made heatable gas cell was used, designed for pressures up 
to 50 bar and temperatures up to 150 “C [44 1. The measure- 
ments presented here were performed at a temperature of 
323 K in the gas cell, which was controlled via three inde- 
pendent thermocouples. The pressure of the bath gas was 
monitored with a mechanical manometer. truns-Stilbene was 
obtained from Kodak and further purified via high-perform- 
ance liquid chromatography (HPLC). The gases were 
obtained from Messer Grusheim and were used without fur- 
ther purification (purity grades: NZ, 4.6; CH4, 4.5; C&, 3.5; 
C3H8, 3.5). 

3. Analysis of fluorescence decay curves 

3. I. initial ’ ‘collision-free ’ ’ period: k, 

Under collision-free conditions, the behaviour of the flu- 
orescence decay curve is determined by the initial distribu- 
tion. The vapour pressure of stilbene at 50 OC is around 
1 Torr, i.e. the collision frequency is about 1 us- I. For the 
timescale of the reaction (OS-2 ns) , it is therefore reasonable 
to talk about collision-free conditions. In contrast with meas- 
urements in supersonic jet experiments, under thermal con- 
ditions the excited distribution in the Sr state is broad and a 
non-exponential decay can be expected. Fig. 1 shows the 
measured decay curve at 323 K after excitation at 310 nm, 
which is close to the O-O transition of the isolated molecule. 
The calculated decay curve was obtained by summing over 
the exponential decay of each energy level, determined by 
k(E), weighted with the relative population and the radiative 
lifetime 

t/r& 
Fig. 1. Logarithmic plot of the multiexponential decay curve of trans-stilbene 
under thermal collisian-free conditions (T= 323 K, E.., = 0). The experi- 
mental decay curve (line) is shown together with the model decay curve 
(dots) calculated by integrating k(E) [30 ] over the thermal equilibrium 
Boltmann distribution (Eq. (4)). 

g(t) =U(Ei) exp[ -(ki,,(Ei) +k)t] 

&g( Ei) 
(5) 

For the radiative lifetime, we used 2.67 ns [ 21, and for the 
initial distribution we assumed that the ground state thermal 
Boltzmann distribution is maintained during excitation to the 
S, state. We neglected varying Franck-Condon factors, an 
assumption made first by Doany et al. [47] which was later 
confirmed by Balk and Fleming [ 131. Tne k(E) vaiues were 
obtained from RRKM calculations, using the optimized fre- 
quencies of Troe’s fit [ 401 to the experimental k(E) values 
r 1931. 

The calculated g(t) value was convoluted with the instru- 
ment response function r(t) for comparison with the meas- 
ured fluorescence decay curve 

I(t) = g(t)r(t- r)dp,’ (6) 
0 

In this way, we obtained a reasonable fit without larger devi- 
ations considering that we used no fitting parameters except 
the amplitude of the decay curve. This good agreement using 
a Boltzmann equilibrium distribution in the Sr state was also 
reported by Balk and Fleming [ 131, and confirms the 
assumption that the initial distribution is maintained during 
excitation and that the Franck-Condon factors can be 
neglected. Therefore our initial distribution in the excited 
state is the thermal equilibrium distribution after excitation 
to the O-O transition. This allows us to extract the thermal 
rate constant k, from the initial slope of the decay curve, 
which is determined by the sum of the radiative rate h and 
the high-pressure limit k, 

k exp=km+k, (7) 

Within the Lindemann model, the value of k,,, must be 
independent of the bath gas and pressure. The following pres- 
sure- and bath gas-dependent measurements provide the pos- 
sibility to test the hypothesis that there is no influence on the 
initial decay rate and the applicability of statistical theories. 

For modelling the induction period, we must analyse the 
fluorescence decay by master equation simulations 1441. The 
change in the concentration of reactant molecules in energy 
state E is equal to the sum of depletion, replenishment and 
reaction [ 461. The progress of the reaction is simply moni- 
tored by observing g(t) 

The master equation represents the population and depopu- 
lation of each energy level, determined by collisional acti- 
vation, collisiona! deactivation and the reaction to the 
products. k(E) represents the reaction rate corresponding to 
each energy level. The values were calculated using the opti- 
mized RRKM fit of Troe [40] as described above (model 
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C). The collision frequency 2 was calculated using simple 
gas phase collision theory and Lennard-Jones (LJ) para- 
meters [ 481. The W diarreter of stilbene was calculated from 
the critical data obtained by an increment method [49]. For 
the initial distribution g( I = 0). we used the thermal equilib- 
rium distribution of the ground state excited to the St state. 
The energy transfer probability function P(E,E’) was 
assumed to be an exponential of the form [45 ] 

P(EpEk) =Nex Ek>Ei (9) 

In this expression, the parameter o determines the average 
energy transferred per downward collision and is assumed to 
be independent of energy. The value of (Y was determined 
from the Lindemann low-pressure limiting rate constants 4) 
obtained from the long time behaviour. In this region, the 
behaviour is mostly determined by the distribution main- 
tained and therefore the average energy transferred per col- 
lision [44]. Detailed balance was used for the relation 
between upward and downward collisions 

P(Ek+Ei)=#Eex Ek>Ei (10) 

3.2. Steady state regime: kuni 

Adding a buffer gas will change the decay curves. As 
before, the excitation of the thermal ground state distribution 
to the first excited state leads to an initial Boltzmann distri- 
bution, as shown in Fig. 2. Following the Lindemann model, 
at low pressures, the collision rate is not high enough to 
maintain this broad distribution. Because of the low isomer- 
ization barrier of stilbene, Eo= 1300 cm- ’ [ 401, a large 
fraction of the molecules possesses an internal energy higher 
than the barrier. The molecules disappear with a high rate 
constant k(E), which causes a fast initial decay of the tIuo- 

0.6 
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Fig. 2. Vibrational distribution in the St state of truns-stilbene after excitation 
(T=323 K. 4=.= 0) (dots) and after establishment of a stationary distri- 
bution (appmximtely 2 ns) at a pressure of 0.6 bar nitrogen (line). The 
vertical broken line corresponds to the barrier for the isomerixation of the 
isolated molecule (&_= 1300 cm-‘). 
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t/m 
Fig. 3. Logarithmic plot of the fluorescence decay curve (line) of trans- 
stilhene with 0.6 bar nitrogen (T= 323 K, E,,, = 0). The first part is deter- 
mined by a multiexponential decay and the long time behaviour by a 
monoexponential decay. Also shown is a monoexponential fit to the long 
time behaviour (dots). leading to a rate constant of 0.89 ns- ’ for the isom- 
erization after subtracting the radiative lifetime &, = 0.37 ns- I. 

rescence. During this time, the relative population of the high 
vibrational levels decreases and a narrower stationary distri- 
bution with a lower average energy is established. Eventually, 
the fluorescence decay slows down and, after the initial induc- 
tion period, a single exponential decay should be observed, 
which is determined by the stationary distribution maintained 
by the collisions (Fig. 2) and can be characterized by the 
thermal unimolecular rate constant kuni. 

A fluorescence decay curve of stilbene in nitrogen at 
0.6 bar and 323 K is shown in Fig. 3. It illustrates the induc- 
tion period with a fast non-exponential decay at short times 
and the following monoexponential decay at long times. 
From a simple monoexponential fit to the long time behav- 
iour, we can extract the lifetime of the S, state. Subtracting 
the radiative rate gives the unimolecular rate constant for the 
isomerization reaction (Eq. (7) ) . The intersystem crossing 
rate in trans-stilbene is small and can be neglected for our 
purposes. 

4. Results and discussion 

The unimolecular rate constants kuni for several pressures 
of nitrogen up to 1 bar, obtained from the long time behaviour, 
are plotted in Fig. 4. The pressure dependence is clearly linear 
and means that we are in the low-pressure regime of the 
Lindemann model. For higher pressures, the onset of the 
Lindemann fall-off is observed. From the slope of the linear 
pressure dependence, the activation rate constant k, can be 
extracted: I.4 bar-’ ns-’ . Turning to the initial slope, which 
contains k,, we observe a strong pressure dependence shown 
in Fig. 5, which contradicts the statistical model described 
above. A comparison with master equation simulations, using 
the same k(E) values as above for collision-free conditions 
and an initial Boltzmann distribution, clearly demonstrates 
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Fig. 4. Unimolecular rate constants &,,ni for the isomerization of rrans-stilbene 
as a function of nitrogen pressure ( ) obtained from the long time behav- 
iour. The linear fit (line) yields an activation rate of 1.4 bar- I ns- ‘. Because 
of the linear pressure dependence and excitation at the O-O origin. this regime 
corresponds to the low-pressure limit of the Lindemann model. 

that the observed decay at a pressure of 3 bar nitrogen is much 
faster than the calculated value (Fig. 6). Thus the role of 
collisions does not seem to be limited merely to energy 
redistribution. 

In the next step, a set of pressure-dependent k(E,&,(p) ) 
values was used to fit the calculated decay iteratively to the 
initiai part of the measured decay curves. As a result, we 
obtained a pressure dependence of the high-pressure limit 
k,,,(p) with an accuracy better than 10% (Fig. 6). Using this 
procedure, a linear dependence for k,(p) on the nitrogen 
pressure was obtained (Fig. 7). The slope was determined to 
be 0.91 bar-’ ns-’ and is less than the slope for kO. 

A similar pressure dependence of k,(p) was also observed 
for other bath gases. The results of the fitting procedure for 
the alkanes methane, ethane, and propane as bath gases are 
plotted in Fig. 8. Evidently, the slope is dependent on the bath 
gas properties. For ethane and propane, a turnover to a new 
upper limit of the reaction rate occurs at pressures of 8 bar 

Fig. 5. Initial decay of rrans-stilbene fluorescence for several pressures of 
nitrogen (0.6-8 bar, T= 323 K. E,,. = 0). The pressure dependence of the 
initial decay rate is in contrast with the Lindemann model. 

Fig. 6. Initial part of the decay curve of rrajzs-stilbene with 3 bar of nitrogen 
( line, T = 323 K, E,.,, = 0 ) and calculated decay curves obtained from master 
equation simulations and convolution with the instrument response function 
(Eq. (6) ). The slowest decay (broken line) was obtained using k(E) from 
an optimized RRKM fit to the experimental data [ 301. The best fit was 
obtained with a k(E) set corresponding to a barrier of approximately I 180 
cm- ’ (dots). The other decay curves were calculated with f IO% deviations 
for k(E) from the optimal fit (crosses). 

and 5 bar respectively. Measurements up to higher pressures 
with nitrogen and methane will also show whether an upper 
limit can be reached for these gases. In comparison with 
former measurements in the liquid phase [ IS], the upper 
limits here are lower than those reached from the high-vis- 
cosity side, as discussed elsewhere [ 443. Both series of meas- 
urements, however, show a dependence of the upper limit on 
the bath gas. 

In summary, we do not observe a simple fall-off behaviour 
marked by a transition from a low-pressure regime with b ap 
due to collisional activation to a constant high-pressure limit 
k,. Instead, we find a transition from the low-pressure limit 
b = k, p to kth a constant Xp, which finally turns into a limi- 
ting value kso, =constant at solvent densities at which we 

10 

2- 
- :* *-k 

o :** uni . I . I . I . I . * 
0 2 4 6 0 10 

p/bar 

Fig. 7. Pressure dependence of k,,, ( ) for the isomerization of trans- 
stilbene, obtained from the initial decay with nitrogen as bath gas. For 
comparison, we also show the low-pressure regime (dots) of Fig. 4. A linear 
regression (line) to b(p) gives a slope of 0.91 bar- ’ ns- ’ which is lower 
than the slope of h,,,(p) in the low-pressure regime of 1.4 bar- ’ ns- ‘. 
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Fig. 8. Pressure dependence of Ac,h for the isomerization of trans-stilbene in 
several alkanes, obtained from the initial fluorescence decay in methane 
(~),e~ane(O)andpropane(r). 

might expect a high abundance of stilbene-solvent clusters 
having an almost intact first solvation shell [ 151. The key 
question to answer concerns the origin of the peculiar pressure 
dependence. As mentioned above, there are basically two 
possibilities: solvent-induced enhancement of IVR or 
changes in the effective potential energy surface for the 
reaction. 

First, we consider the hypothesis that IVR is incomplete 
on the timescale of the barrier crossing process at low den- 
sities (a few millibars of bath gas pressure) at excitation 
energies only slightly above Y’ = 0 in the Sr state of stilbene. 
In this case, increasing the pressure and hence the collision 
frequency will probably assist IVR which will eventually 
become fast enough to be essentially complete on the reaction 
timescale. The increase in rate, kti a constant Xp, will reflect 
the enhancement of the rate of IVR, and the limiting value 
reached will eventually correspond to the true high-pressure 
limit, such that km1 - k. If this is the only effect of the solute- 
solvent interaction, k,, should have the same value in all 
solvents, which is not observed (Fig. 7 and Fig. 8). Therefore 
we conclude that solvent-induced enhancement of the IVR 
rate cannot be the only effect causing the observed k,,,(p) 
dependence. However, we are not in a position to rule it out 
entirely. 

As a first approximation, we can assume that a similar 
charge separation also takes place in the isolated molecule, 
i.e. that there is no or little “feedback” due to solvent rear- 
rangement to amplify this process. In this case, we may esti- 
mate the electrostatic energy required to bring about the 
necessary lowering of the barrier, e.g. at a pressure of 10 bar 
in ethane. From measurements of the red shift of the absorp- 
tion spectrum of truns-stilbene in ethane [SO], we can cal- 
culate that the S, state of stilbene in the trans conformation 
is lowered by 100 cm” with respect to its position in pure 
stilbene vapour. From our value of kth (p = 10 bar, ethane), 
we know that the barrier height must be 950 cm- *. For sim- 
plicity, we assume that the dipole moment of stilbene in trans 
S1 is zero and that the electronic polarizability of S, stilbene 
does not change along the reaction path (definitely a gross 
oversimplification). This means that we also obtain 100 
cm - ’ lowering of the potential energy surface all along the 
reaction path, and we need an additional 350 cm-’ decrease 
of the barrier due to the hypothetical dipole moment of stil- 
bene at the barrier. Using standard solvent shift models [ 5 11, 
we can calculate pbtia according to 

p&E (11) 

Next, we consider solvent-induced changes in the effective 
potential energy surface for the reaction. Here we must con- 
sider two possible solvent effects: ( 1) “static” lowering of 
the potential energy barrier in the S, state [ 351 with increas- 
ing solvent density; (2) a dynamic effect changing the effec- 
tive reaction path by affecting the curve crossing on adiabatic 
energy surface [ 81. 

For the stilbene radius a =A/2, we used the LJ radius of 
7.8 A calculated from the critical parameters esti 
the increment method [ 491. Thef( 6) function was given in 
Ref. [ 491 for ethane at a pressure of 10 bar 

f(d 
E-1 n2-1 =-=- 
c-t-2 n2+2 (12) 

On the basis of our results, we believe that we can rule out Using the simplifying assumptions listed above, we cal- 
the second alternative as extremely unlikely, because the culated &,h, = 28 D for truns-stilbene in the barrier region 
enhancement of b(p) takes places at pressures of a few bars of the S 1 state. This value represents an upper limit and there- 
where the collision frequency is still fairly low. Since the fore compares well with the value of 22 D obtained from 
increase in the rate coefficient in this case would be caused 
by an enhancement of curve hopping in the crossing point 

measurements of the barrier shift in compressed alcohols 

region as the motion through this part of the potential energy 
[ 301. We used the homogeneous solvent density in estimat- 
ing this value. It is very likely, however, that the local density 

surface is more and more retarded, at the gas phase-like vis- 
cosities under our experimental conditions, this mechanism 
would be expected to have only a negligible effect. 

Therefore we favour the barrier shift effect as the main 
cause of the increase in &, with p. We have already shown 
that it definitely plays a major role in the liquid phase pho- 
toisomerization dynamics of trans-stilbene in non-polar [ 151 
and polar [ 301 solvents. From these results, we can conclude 
that the barrier is highly susceptible to the polarizability of 
the solvent environment, which means that the S, potential 
energy surface of trans-stilbene most probably has a highly 
dipolar character in the barrier region, indicating a fairly 
“late” barrier along the reaction path. Recently, weestimated 
the dipole moment of photoexcited trans-stilbene to be 22 D 
in the barrier region, which implies an enormous amount of 
charge rearrangement along the reaction path from the vir- 
tually non-polar trans conformation to the barrier [ 301. 
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of ethane in the vicinity of stilbene is higher than the average 
density. This would lead to an increase in the effectivef( E) 
used in Eq. ( 12) and hence to a lower value of pbarrier, giving 
better agreement with the value estimated from liquid phase 
measurements. 
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