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Cluster and barrier effects in the temperature and pressure dependence 
of the photoisomerization of trans-stilbene 
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Institutfor Physikalische Chemie der Universitiit G"iJttingen, Tammannstr. 6, D-3400 G"iJttingen, 
West Germany 

(Received 4 December 1989; accepted 11 May 1990) 

The pressure and temperature dependence of the photoisomerization rate coefficient of trans
stilbene in the SI state have been measured in the solvents C2H6 C3Hs C H Xe Co SF , "4 10' , 2' 6' 

and CHF3• At constant temperature, the pressure dependences up to 6 kbar can be well 
represented by the Kramers-Smoluchowski model. The comparison of results in different 
so~vents cl~ly ~ndicates the importance of reactant-solvent cluster formation modifying the 
helght and lmagmary frequency of the barrier. The change of the temperature dependence with 
pressure points towards a multidimensional barrier of nonseparable character. 
Multidimensional barrier effects manifest themselves most clearly via the temperature 
dependence of the rate coefficient in the Kramers-Smoluchowski limit. 

I. INTRODUCTION 

The dynamics of reactions in liquids is strongly in
fluenced by interactions of the reactants with the surround
ing solvent medium. Energy transfer between reactant and 
solvent molecules, transport processes, and reactant-sol
vent interactions modifying the potential energy surface of 
the reaction, play an important role. In general, these differ
ent aspects of the reaction dynamics in solution are difficult 
to separate experimentally. We have recently shown, how
ever, that the individual contributions of the interaction in
fluence barrier crossing processes in different ways in differ
ent density regimes. 1 By studying the pressure and 
temperature dependence of the SI photoisomerization of 
1,4--diphenylbutadiene (DPB), from low densities in the 
gas phase to high densities in the compressed liquid phase, 
we were able to identify solvent-specific cluster effects in the 
low density regime and manifestations of the multidimen
sional character of the barrier crossing process in the high 
density region. We also could show that Kramers theory 
adequately describes the reaction rate in alkane solvents at 
viscosities up to 1 cPo 

In the present work, we describe related experiments for 
the unimolecular isomerization of trans-stilbene in its first 
excited singlet state. This photochemical "model" reaction 
has been extensively studied under a large variety of experi
mental conditions (for work prior to 1980 see, e.g., Refs. 2 
and 3). During the past decade, experiments on isolated stil
bene molecules in supersonic jets4-9 and low pressure gas
es,10-15 time resolved studies of the solvent dependence of 
the reaction rate coefficient in various solvent series, 16-21 
and the investigation of its temperature dependence in al
kanes22-28 and alcohols,29 have greatly improved our de
tailed understanding of stilbene photoisomerization dynam
ics in solution. However, as we have discussed for the case of 
DPB,I there remain a number of open questions which we 
address again in the present article: 

(i) Cluster effects in the low friction regime. RRKM 
modeling30 of the energy-specific rate coefficients for trans-

stilbene SI photoisomerization measured in supersonic 
jets4,5 and low pressure vapor lO led to a reaction threshold in 
the SI state of Eo = 15.6 kJ/mol for isolated trans-stilbene 
and a prediction of the high pressure rate coefficient k 00 of 
the thermal unimolecular reaction of the form 
koo = 8.3 X 1011 exp( - 15.0 kJ mol-I IRn s - 1 . The pre
dicted value, however, is more than one order of magnitude 
lower than the rate coefficient measured in low viscosity Ii
quids26.31 and in the gas phase at high pressure. 31-33 On the 
basis of our investigation of the pressure dependence of the 
rate coefficient in ethane and propane solvent, we have pro
posed that this discrepancy can be understood in terms of a 
"solvent shift" of the reaction barrier due to complex forma
tion between trans-stilbene and solvent molecules setting in 
at fairly low pressures in the gas phase. 31 In the photoiso
merization of DPB the discrepancy between predicted and 
measured low viscosity rate coefficients is only small. 34 Nev
ertheless, there is evidence for cluster effects lowering the 
reaction barrier also in this case. I,35 By employing different 
kinds of solvent molecules, we could show that this effect is 
solvent specific. The question arises whether such solvent 
specificity pertains for stilbene SI isomerization as well. For 
this purpose, we have extended preliminary low pressure ex
periments36 in different supercritical solvents. They provide 
another test of the applicability of the solvent shift modee7 

in view of alternative interpretations27
,3S-40 and criticisms.41 

(ii) Kramers-Smoluchowski behavior in the high fric
tion regime. The dependence of the photoisomerization rate 
of trans-stilbene I9

•
2s

,42 and DPB42,43 on friction in larger al
kane solvents has been observed to deviate significantly from 
the inverse viscosity dependence expected in the high fric
tion Kramers-Smoluchowski limit 

kcr:.k oo lll. (1) 

Instead, a relationship 

kcr:.k oo lllQ witha< 1 (2) 

was found. These results were obtained by studying series of 
n-alkane solvents (larger than n-butane) mostly at ambient 
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pressure. A better test for the validity of the Kramers-Smo
luchowski description of the reaction, however, is provided 
by the investigation of the pressure dependence in single sol
vents along different isotherms. We have employed this ap
proach in a number of earlier studies. 37 Our recent work on 
the pressure dependence of the photoisomerization of DPB 1 

confirmed the advantage of this method. Within a single sol
vent, for the small alkanes (CZ-C4) using pressures up to 6.5 
kbar, the viscosity dependence apparently was well de
scribed by Kramers theory. In the present article, extending 
our earlier studies,31,35,36 the corresponding experiments on 
trans-stilbene are reported. 

(iii) Multidimensional barrier crossing. The comparison 
of the temperature dependences of the DPB photoisomeriza
tion rate coefficient in different friction regimes suggested 
that the strong temperature effects at high friction represent 
a manifestation of the multidimensional character ofthe bar
rier crossing process. 1 Apparently, the reaction rate is very 
sensitive to the properties of the multidimensional potential 
energy surface in the barrier region, such that the reaction 
flow pattern strongly depends on the thermal excitation of 
the various low frequency modes "perpendicular to the reac
tion coordinate". 

Multidimensional effects in barrier crossing problems 
have found attention in a number of recent publications. 
There is the "trivial" multidimensional behavior in the 
weak-damping region, where standard unimolecular rate 
theory applies.37

.44-46 For a while, this has been overlooked 
in discussions of one-dimensional "Kramers turnovers"; it 
is, however, generally accepted now.47 Multidimensional ef
fects in the strong-damping regime48-51 may be due to aniso
tropic friction. 52,53 The topology of the barrier region also 
can playa role,54--56 which may manifest itself in form of the 
temperature dependence of the rate coefficient. I Deviations 
from an inverted parabolic potential in the reaction coordi
nate also lead to deviations of the temperature dependence 
from that given by k", in Eq. (1). However, the effects ob
served in Ref. 1 were far too large to be explained in this way. 
Instead, we attributed our results to a dependence of the 
imaginary barrier frequency in the reaction coordinate on 
the excitation of coordinates perpendicular to the reaction 
coordinate. The present work reports experimental results 
on the trans-stilbene system which may be interpreted in the 
same way. Our quantum-chemical calculations for stil
bene57 demonstrated the complicated character of the po
tential energy surface in the saddle point region which can be 
the reason for the suggested behavior. 

II. EXPERIMENTAL TECHNIQUE 

Rate coefficients for thermal isomerization of electroni
cally excited trans-stilbene after excitation at 308 urn were 
determined from the transient absorption decay at 616 nm. 
The FWHM of the UV -excitation pulse was approximately 5 
ps, its value for the red probe pulse was 2.5 ps. The pump 
pulse energy hitting the sample was about 0.3 mJ at 308 nm, 
and the energy of the 616 nm probe pulse was about 0.05 mJ. 
Pulse energies were measured in front of and behind the sam
ple cell with photodiodes, whose output was integrated, digi
tized, and fed into a computer. The output of the pump-

pulse photodiode was monitored and used to reject measure
ments with more than 15% deviation from the average 
pump energy. The plane of polarization of the probe beam 
could be varied by means of a zero-order half-wave plate to 
eliminate the effects of overall rotational relaxation on the 
transient absorption signals. Samples of 200 nm thickness 
were used in high pressure gas phase experiments, and of 20 
or 1.8 mm in liquid phase measurements. The temperature of 
the cell was controlled to one degree accuracy in gas phase 
experiments. The cell windows were kept at a slightly higher 
temperature than the cell body in order to avoid photocon
densation on the inner surface of the sapphire windows. Sol
vents, gases, and trans-stilbene were of the highest commer
cially available purity and used without further purification. 
Further details of our experiments setup and technique were 
reported earlier. 1,31 

III. EXPERIMENTAL RESULTS 

The transient absorption of trans-stilbene at 616 nm, 
which was measured in a "magic" angle arrangement58 of 
the planes of polarization of pump and probe pulses, showed 
a rapid increase with a rise time of about 5 ps followed by a 
slower decay characterized by first-order kinetics with rate 
coefficients kexpt ' The rise time corresponded to the cross
correlation width of pump and probe pulse and reflected the 
time resolution of the present experiments. The transient 
absorption was assigned to the lowest excited singlet state of 
trans-stilbene in solution. 16, 18,59 Figure 1 shows an absorp
tion-time profile and the corresponding blank signal ob
tained without pump pulse. We obtained the isomerization 
rate coefficient by subtracting the radiative rate coefficient22 

kr = 6 X 108 
S - I from the measured first-order decay rate 

coefficient. We assumed that the nonradiative decay of the 
observed excited singlet state of trans-stilbene is dominated 
by rotation about the double bond.2.60 and the subsequent 
internal conversion to the electronic ground state is a much 
faster process.61 The resulting rate coefficients 

1.4 

1.2 

E 1.0 ... 
0 
I: 0.8 ,........ -~ 

0.6 

0.4 
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0.0 
000 100 200 
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FIG. 1. Absorption-time profile of the photoisomerization of trans-stilbene 
in ethane (p = 6.4 MPa; T= 295 K). Plot of normalized transmitted inten
sity at 616 nm vs time. Upper trace: without UV excitation; lower trace: 
with excitation at 308 nm. Each trace consists of 250 discrete data points. 
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k = kexpt. - kr are listed in Tables I-IV for liquid and super- ane, propane, and n-butane as a function of the inverse of the 
critical fluid solvents together with the corresponding sol- solvent self-diffusion coefficient D- 1 • The k values decrease 

vent concentrations, viscosities, and self-diffusion coeffi- by about one order of magnitude when the pressure is raised 
cients. Diffusion coefficients for liquid and dense fluid from about 1 to 600 MPa in the liquid phase. In the com-
solvents were taken directly or extrapolated from experi- pressed liquid, the rate coefficients approach proportionality 
mental self-diffusion coefficients or viscosity data (for refer- to the self-diffusion coefficient in all three solvents. At con-
ences, see footnotes of Tables I-IV). For the low density gas stant diffusion coefficient, the limiting high viscosity values 
phase, gas kinetic diffusion coefficients were calculated us- increase roughly by 70% from ethane to propane, and by 
ingpVT data and Lennard-Jones collision integrals.62 50% from propane to n-butane. The gas phase measure-

Figure 2 shows the rate coefficients k measured in eth- ments had to be performed at a higher temperature to obtain 
a sufficient vapor pressure of stilbene. They were converted 
to the temperature of the liquid phase experiments using the 

TABLE I. Rate coefficients k for photoisomerization of trans-stilbene in 
supercritical ethane. 

[M]l1O- 2 D/1O- 4 TABLE II. Rate coefficients k for photoisomerization of trans-stilbene in 

p/MPa T/K molcm- 3 Tf/cP' cm2 S-I k/lOlOs- 1 liquid ethane, propane, and n-butane. 

2.6 350 O.loob 0.012b 43.3d 6.8 [Mj/lO-2 D/lO-4 

2.7 366 0.108 0.012 42.3 6.0 p/MPa T/K mol cm- 3 Tf/cP' cm2 S-I k /1010 S-I 

2.8 311 0.221 0.010 37.8 5.0 
6.5 368 0.291 0.Ql5 15.6 8.0 Ethane 

8.6 433 0.294 0.018 17.9 10.3 6.5 295 1.22b 0.048b 3.38 2.8 

10.0 422 0.366 0.019 14.1 9.0 7.0 295 1.24 0.050 3.1 2.5 

15.1 413 0.625 0.024 8.1 8.9 
4.5 298 1.087 0.038 3.7 3.1 

12.0 330 1.075 0.039 3.8 3.8 6.8 298 1.18 0.045 3.5 2.8 

20.0 330 1.25 0.052 3.6e 3.6 14.0 298 1.32 0.060 2.8 2.6 

150 330 1.79c 1.4 2.4 54.0 298 1.60 0.095 1.7 2.1 

180 330 1.84 1.3 2.0 81.0 298 1.70 0.115 1.5 1.9 

240 330 2.00 0.96 1.7 120 298 1.81c 0.159d 1.4 2.0 

300 330 2.05 0.84 1.5 130 298 1.83 0.174 1.3 1.8 

370 330 2.12 0.65 1.4 190 298 1.94 0.232 1.1 1.7 

430 330 2.16 0.60 1.3 240 298 2.01 0.28 0.90 1.4 
300 298 2.07 0.33 0.76 1.4 

5.9 356 0.282b 0.014 15.6d 6.0 340 298 2.11 0.37 0.70 1.2 

8.7 356 0.535 0.019 8.2 5.6 400 298 2.15 0.42 0.62 1.0 

16.6 356 1.06 0.038 4.2 5.4 600 298 2.28 0.59 0.44 0.81 

20.0 356 1.11 0.044 3.ge 4.1 
50.0 356 1.42 0.087 2.6 3.7 7.6 303 1.13b 0.045b 3.6 2.7 

92.0 303 1.72 0.123 1.5 2.0 

10.0 375 0.518 0.020 8.9d 8.0 
19.2 375 0.974 0.037 4.8 7.5 

124 375 1.73c 1.7e 5.8 Propane 

140 375 1.80 1.6 5.1 0.9 298 1.12b 0.095b 1.25h 2.4 
1.1 298 1.13 0.098 1.23 2.5 

8.2 306 1.18b 0.045 3.7d 2.8 50.0 298 1.28 0.167 0.84 2.2 

8.6 309 1.14 0.042 3.6 2.8 100 298 1.37 O.22f 0.68 1.5 

9.5 313 1.12 0.043 3.7 2.8 110 298 1.38 0.23 0.65 1.5 

10.4 318 1.12 0.042 3.7 3.3 300 298 1.55e 0.54 0.31 0.88 

11.0 322 1.11 0.041 3.7 3.5 400 298 1.61 0.70 0.27 0.86 

7.5 325 0.815 0.026 5.0 4.0 470 298 1.65 0.82 0.25 0.73 

13.5 335 1.07 0.041 3.9 5.1 
14.0 338 1.05 0.040 4.0 4.9 
10.6 343 0.855 0.031 4.8 5.6 n-Butane 

16.2 351 1.04 0.039 4.2 5.4 5.3 298 0.996b 0.168b o.M 2.5 

18.5 367 1.01 0.037 4.5 6.1 51.5 298 1.08 0.253f 0.50 1.7 

25.3 403 0.984 0.037 5.0 8.6 150 298 1.22c 0.36 0.33 1.5 
330 298 1.28 0.88 0.17 0.81 

94.0 307 1.70c 0.117 1.5" 1.5 500 298 1.35 1.46 0.13 0.53 

98.0 314 1.72 0.119 1.6 2.0 520 298 1.36 1.52 0.12 0.53 

103 325 1.73 0.125 1.6 2.8 
110 335 1.77 0.130 1.5 2.6 • 1 cP = 10-3 Pa s. 
113 346 1.77 0.118 1.5 3.8 b Reference 77. 
120 361 1.77 0.107 1.5 4.9 c Extrapolated from Ref. 77 following Ref. 70. 

d Extrapolated from Ref. so. 
al cP= 10-3 Pas. <Reference 79. 

bReference 77. fReference SO. 

c Extrapolated from Ref. 77 following Ref. 70. 8 Reference 72. 

d Reference 7S. h Extrapolated from Ref. SI via density dependence of TfD. 

e Extrapolated from Ref. 72. ' Reference S2. 
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TABLE III. Rate coefficients k for photoisomerization of trans-stilbene in 
supercritical and liquid CO2 and SF •. 

[M]lIO- 2 DllO-4 

p/MPa TIK molcm-3 7J/cP" cm2 s- 1 kllOlO s- ' 

CO2 

12.0 335 1.068b 0.035b 4.0" 6.5 
24.0 335 1.73 0.066 2.1d 4.6 
52.0 335 2.13 0.104 1.3 3.9 

160 335 2.61 0.193 0.88 3.2 
260 335 2.83 0.281 0.64 2.6 
350 335 3.03 0.42 0.45 1.9 

7.5 297 1.69b 0.063b 2.0" 4.0 
60.0 297 2.34 0.135 1.05d 2.6 

120 297 2.59 0.190 0.79 2.0 
200 297 2.79 0.250 0.64 1.4 
250 297 2.87 0.264 0.61 1.2 
410 297 3.07 0.368 0.46 1.3 
500 297 3.16 0.417 0.41 1.1 

SF. 
6.5 330 0.743· 0.075" 2.0" 6.1 

11.0 330 0.906 0.123 1.3 5.5 
58.0 330 1.18f 0.6Of 3.9 

105 330 1.26 0.50 3.1 
145 330 1.30 0.40 2.9 

58.0 365 1.12 0.70 4.9 
104 365 1.24 0.58 4.4 
144 365 1.28 0.47 4.2 

5.6 298 0.97· 0.1 SO" 0.86" 3.6 
56.0 298 1.23f 0.38f 2.5 

100 298 1.29 0.25 1.9 
130 298 1.32 0.19 1.4 
140 298 1.33 0.17 1.3 

"I cP = 10-3 Pa s. 
bReference 83. 
c Reference 71. 
d Extrapolated from Ref. 81 via density dependence of 7JD. 
"Reference 85. 
fReference 84. 
" Reference 78. 

measured temperature coefficient of k, see below. The rate 
coefficients obtained in other nonpolar solvents at room 
temperature are plotted in Fig. 3. They appear still to be far 
away from the Smoluchowski limit for Xe and SF6, whereas 
they approach this limit for CO2, 

In our recent work on DPB we have discussed connec
tions between density dependent solvent shifts of the effec
tive barriers for photoisomerization and of the UV-absorp
tion spectra. 1 In a similar way we have now extended our 
earlier measurements of the pressure dependent shift of the 
UV-absorption maximum of trans-stilbene with respect to 
its position in the low pressure vapor at 275 nm. 31 The shifts 
are plotted in Fig. 4 as a function of 
f(n 2

) = (n 2 
- l)/(n2 + 2), where n is the refractive index 

of the solvent. Whereas one obtains the expected linear rela
tionship between solvent polarizability parameter and spec
tral shift in the regime of "normal" liquid-like densities 
[f(n 2

) >0.17], it is interesting to note the deviation from 

TABLE IV. Rate coefficients k for photoisomerization of trans-stilbene in 
supercritical propane, xenon, and CHF3 • 

[M]l1O- 2 D11O- 4 

p/MPa TIK molcm- 3 7J/cP' cm2 s- 1 kllOlO s-I 

Propane 
1.2 468 0.032b 0.0128b 233· 5.0 

22.0 384 0.995 0.070 2.0f 5.4 
56.0 384 1.15 0.106 1.3 5.2 

150 384 1.34c 0.189d 0.90 4.0 
220 384 1.41 0.256 0.70 3.9 
250 384 1.44 0.28 0.68 3.1 
300 384 1.48 0.32 0.59 3.2 
400 384 1.55 0.43 0.47 2.9 

Xenon 
9.5 298 1.29" 0.098h 1.67i 4.8 

22.2 298 1.57 0.147 1.17 4.1 
70.0 298 1.93 0.72 3.8 

100 298 2.07 0.58 3.3 
160 298 2.23 0.40 3.0 

CHF3 

110 330 1.92i 0.92i 6.8 
150 330 2.01 0.75 6.2 
310 330 2.23 0.40 5.6 

"I cP = 10-3 Pa s. 
b Reference 77. 
c Reference 79. 
d Reference SO extrapolated. 
"Reference 78. 
fExtrapolated from Ref. 81 via density dependence of 7JD. 
" Reference 86. 
hReference 87. 
iReference 88. 
i Reference 89. 

p/MPo 
500 

FIG. 2. Photoisomerization rate coefficients k of stilbene at T = 298 K in 
compressed ethane (e), propane (0), and n-butane (0) vs the inverse of 
the self-diffusion coefficient D. The solid lines represent model fits (see Sec. 
4, parameters E o.cI = 7.5 kJ/mol and {()o = 2.7 X 1012

, 4.0X 1012
, and 

6.5 X 1012 s - 1 for ethane, propane, and n-butane, respectively). 
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FIG. 3. Photoisomerization rate coefficients k of stilbene at T = 298 K in 
CO2 (0), SF6 (e), and Xe (6) vs D-'. The solid lines represent model 
fits. (See Sec. IV, E o.c1 = 6.0 kJ/mol and W B = 2.5 X 1012 s -, for CO2, 

5.0X 1012 S -, for SF6, and 6.0X 1012 s -, for Xe. The lowest curve, for 
comparison, shows the model fit for ethane from Fig. 2.) 

this linear correlation towards lower densities in the gas and 
low pressure liquid phase in ethane, CO2, and SF 6. This tran
sition of the density dependence of the solvatochromic shift 
from gas-like to liquid-like densities has also been observed 
in other systems.63 

In addition to the pressure dependence of the rate coeffi
cient k, we also investigated its temperature dependence in 
supercritical ethane, propane, CO2, and SF6• The experi
ments extend earlier measurements of the temperature coef
ficient of k for stilbene by Courtney and Fleming in liquid 
ethane and propane at lower temperatures.26 Figure 5 shows 
four isotherms of k vs D - 1 in liquid and supercritical eth
ane, Fig. 6 shows isotherms for liquid and supercritical pro
pane, and Fig. 7 gives the 330 K isotherms in supercritical 
CO2, SF6 , and CHF3• Whereas the rate coefficients rise with 
temperature, the dependence of k on D generally becomes 

3 

"E 
..,0 2 
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~ . . . 

" . . . 

0'" 

" • 
r~~ 

• .... 
: 0<> 

0 

0,1 0,2 0,3 

(n2_1)/(n2+2) 

FIG. 4. Shift of the peak of the UV·absorption spectrum of trans-stilbene 
[in compressed ethane (e), propane (0), n-butane (0), Xe (6), CO2 

(.), and SF 6 ( <> ) 1 relative to the low pressure vapor spectrum as a function 
of the solvent polarizability parameter (n = solvent refractive index). 

FIG. 5. Photoisomerization rate coefficients k of stilbene in ethane at differ
ent temperatures: 298 K(6), 330 K (e), 355 K (0), and 375 K (0). The 
curves represent model fits with E o.c, = 7.5 kJ/mol, and WB (330 
K)=4.0XlO12 s-', WB (355 K)=5XIO'2 s-', and wB(375 
K) = 7.0X 1012 s-'. 

FIG. 6. Photoisomerization rate coefficients k of stilbene in propane at 298 
K (0) and 395 K (e). The curves represent model fits with E o.c1 = 7.5 
kJ/mol, W B (298 K) = 4.0X 1012 

S -', and wB (385 K) = 7.0X 1012 
S -'. 

10n 
r------,--------, 

9 10 '-:3:-------'---------' 

10 1d 1d 
O-'/scm-2 

FIG. 7. Photoisomerization rate coefficients of stilbene at T= 330 K in 
CO2 (0), SF6 (e), and CHF3 (6). The curves represent model fits with 
E o.c' = 6.0 kJ/mol and W B values 3.0X 10'2, 5 X 10'2, and 1.4 X 1013 s -, , 
respectively. The lowest curve shows the model fit for ethane at T = 330 K 
from Fig. 5. 
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FIG. 8. Temperature dependence of the photoisomerization rate coefficient 
k ofstiIbene in ethane: (a) at low friction (D;;.S X 10 - 3 cm2/s) in the fall· 
off range; (b) at high friction (1 X 10- 4 <D<Sx 10- 4 cm2/s) in the 
Kramers-Smoluchowski range (in this range the measured rate coefficients 
have been reduced to a constant diffusion coefficient Do = 3 X 10 - 4 cm2/s 
according to k • = kDoi D; 0: this work; .: Ref. 26). The solid curve repre· 
sents a model fit to the low friction data, see the text, using Eo.c! = 7.5 
kl/mol. 

weaker with increasing temperature. 
In order to study the temperature dependence in more 

detail in different density regimes, we performed a series of 
experiments in supercritical ethane. Figure 8 shows an Arr
henius plot of k at low densities in the falloff region of the gas 
phase unimolecular reaction. The figure also shows the cor
responding plot for compressed liquid ethane, where the 
pressures were chosen in such a way that the self-diffusion 
coefficients were in the range 2<D<4X 10- 4 cm2 s -I. In 
contrast to our results in OPB,I there appears to be no irreg
ularity of the apparent activation energy in the vicinity of the 
critical temperature of ethane, Tc = 305.4 K. The slope of 
the Arrhenius plot is markedly steeper at higher than at low
er densities. 

IV. DISCUSSION 

A. Falloff curves of the thermal unlmolecular 
isomerization 

We compare our low density results with calculations 
for the thermal unimolecular reaction. The high precision of 
the lifetime measurements in jet-cooled, isolated trans-stil
bene molecules4

,5 allowed for the construction of an opti
mized RRKM fit to the specific rate coefficients k(E,J) of 
the reaction, From this modeling the reaction threshold en
ergy Eo = 15.6 kJ/mol could be derived. 30 Thermal averag
ing of k(E,J) over an equilibrium population /(E,J) then 
leads to the limiting "high pressure" gas phase rate coeffi
cient koo: 

kcO = 100 

roo k(E,J)/(E,J)dE dJ. 
o JEo 

(3) 

As we discussed recently for the case of the photoiso
merization ofOPB, 1 neglecting the rotational dependence of 

k(E,J) leads to an uncertainty of about a factor of 2 in the 
value of the modeled limiting rate coefficient. 30 Including 
rotational effects, we obtained 

koo = 8.3X101l exp( -15.0kJmol- I/RT) S-I 

(200<T<450 K). (4) 

Standard unimolecular rate theory expresses the limit
ing low pressure rate coefficient ko as64,65 

ko = P cZu . [M] roo (00 j(E,J)dE dJ, 
Jo JEo (5) 

where [M] denotes the solvent concentration. Neglecting 
correction factors for rotation and anharmonicity,64,65 i.e., 
Frot = I'" /1 z 1 and Fanh Z 1, using a value of the collision 
efficiency Pc z 1, and estimating Lennard-Jones collision 
frequencies Z u, Eq. (5) with the vibrational frequencies 
from Ref. 66 leads to 

koz2.5 X 1013 [M].JT 

Xexp( - 2.42 kJ mol-I/RT) cm3 mol- I s -I. (6) 

Equations (4) and (6) govern the falloff curves for the 
photoisomerization under thermalized conditions. As in the 
case ofOPB, 1 broadening effects65 of the transition of k from 
ko to k cO are only of minor importance. Since we are interest
ed only in high pressure phenomena, we also neglect the 
effect of incomplete thermalization after photoexcitation67 

which becomes important in low pressure thermal gases. For 
a representation of the [M] dependence of k we, therefore, 
can use the simple Lindemann-Hinshelwood expression 
(with ko ex: [M]) 

1Ikz 1Iko + 1Ikoo . (7) 

If one-dimensional instead of multidimensional unimo
lecular rate theory would apply, ko should be approximately 
koz1014 [M]exp( -11.5 kJmol- I/RT)cm3 mol- 1 S-I. 
At a bath gas density [M] z3x 10- 4 mollcm3 and T= 468 
K, its value would be equal to koz 1.6X 109s -1, which is a 
factor of 30 below the rate coefficient measured under these 
conditions (see Table IV). This "trivial" multidimensional 
effect is thus responsible for the high rates in the weak
damping regime. 

B. Cluster effects in the low friction range 

In contrast to the OPB system, where the modeled koo 
in high pressure gases differs from the measured k only by a 
factorof2,1 in trans-stilbene the measured value is about one 
order of magnitude larger than the one derived from Eq. (3). 
This discrepancy is beyond the uncertainty of the analysis. 
The difference between the measured k and the calculated 
k 00 in high pressure gases thus is clearly established. By 
analogy to our results for OPB,I we have interpreted this 
discrepancy in terms of specific solute-solvent interactions 
that can accelerate the reaction even at moderate gas pres
sures. The phenomenon is attributed to a solvent shift of the 
reaction threshold energy Eo caused by cluster formation 
between trans-stilbene and solvent molecules M prior to ex
citation. 3 1 

The height of the reaction threshold energy in stilbene
ethane clusters can be deduced from the temperature de-
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pendence of the measured rate coefficient in the low density 
falloff regime, see Fig. 8. At the corresponding densities 
([M]::::: 10- 3 moVcm3

), the influence of friction on the re
action rate is still negligible, and the rate coefficient is ade
quately represented by Eq. (7). Therefore, leaving the acti
vated complex frequencies unchanged, we adjusted Eo in 
Eqs. (3) and (5), until Eq. (7) reproduced the experimen
tally obtained temperature coefficient. This implies that 
there is essentially "complete solvation" of stilbene mole
cules in ethane clusters at these densities. The solid line in 
Fig. 8 represents the calculated temperature dependence for 
an energy barrier of E O•c1 = 7.5 kJ/mol. 

In order to test the present cluster hypothesis, we also 
analyzed the stilbene photoisomerization rate coefficients 
measured by Balk and Fleming in gaseous methane. 33 For 
that purpose we describe the increasing solvation of stilbene 
in methane clusters by a Langmuir type "adsorption" equi
librium according to 

0([M]) = Kc1 . [M] , 
(1 + KcdM]) 

(8) 

where 0( [M]) varies between "0" (no solvation) and "1" 
(complete solvation), and Kc1 is the equilibrium constant 
for the "adsorption" of methane on stilbene. Extending our 
simplified cluster model3! (assuming only I-I-solute-sol
vent complexes), we propose that the barrier height in the 
stilbene-methane cluster depends linearly on 0( [M]), the 
fraction of coverage, 

Eo( [M]) = E O•free - 0([M]) (EO.free - Eo.c!)' (9) 

Using Eqs. (3), (5), and (7)-(9), we fitted a barrier 
height E O,c1 = 8.1 kJ/mol and a value for the cluster equilib
rium constant of Kc1 = 2.5 dm3/mol. The result of the fit is 
shown in Fig. 9 together with the falloff curves for the two 
limiting cases 0 = 0 (only free stilbene molecules) and 
0= 1 (fully clustered stilbene). The agreement between the 
measured points and the fitted expression from Eqs. (8) and 
(9) appears very satisfactory, supporting the present hy
pothesis. 

The present model implies that, throughout the density 
range studied, the experimental decay curves should consist 
of single exponential decays, which is in agreement with the 
fluorescence decay measurements32,33 and our own tran
sient absorption experiments. This means that-at a given 
density-the barrier height distribution is sufficiently nar
row, such that additional decay components arising from a 
distribution of cluster sizes cannot be observed experimen
tally. 

Our solvent shift data of the absorption spectrum also 
support the cluster model. The density range, in which grad
ual solvation in clusters occurs, probably corresponds to the 
region of steeper slope in the plot of the spectral shift vs 
polarizability parameter in ethane, see Fig. 4. The densities 
here are even one order of magnitude smaller than in our 
kinetics experiments. This also confirms our estimate of the 
cluster equilibrium constant Kc1 in ethane. The order of 
magnitude of Kc! also compares well with values we ob
tained for cluster formation in the iodine system,68 where 
clusters govern the photolysis and recombination kinetics at 
pressures below those applied in the present work. 

ld r---,---,-----, 

/ 
/ 

109 L-:-----L..,----.l... __ --.J 

10° ld ld 103 
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FIG. 9. Photoisomerization rate coefficient k of stilbene in methane from 
Ref. 33 vsD- I. The lower dashed represents the falloff curve for Eo = 15.6 
kl/mol, the upper dashed curve is the fall-off curve obtained for E o.cI = 8.1 
kJ/mol, both calculated according to Eqs. (3), (4), and (7). The solid line 
is the model fit, see the text, according to Eqs. (8) and (9) with a cluster 
equilibrium constant Kc' = 2.5 dm3/mo!. 

The cluster hypothesis should be tested experimentally 
by preparing stilbene-solvent clusters in a supersonic jet. 
Measurements of energy specific rate coefficients k(E) un
der such conditions should document the lowering of the 
reaction barrier in the cluster compared to the isolated mole
cule. Such experiments are underway in our laboratory. 
Their analysis could provide the confirmation of the E O,c! 

values derived here. 
The RRKM analysis of energy specific rate coefficients 

k(E) for the isolated molecule30 assumes complete intramo
lecular vibrational energy relaxation (lVR). This assump
tion is in agreement with the observation that there is no 
evidence for mode selectivity of stilbene photoisomeriza
tion4

,5 which would indicate incomplete IVR. On the other 
hand, IVR has been shown to be fairly slow at small vibra
tional energies in the S 1 state.8 A recent study of the deuter
ium isotope effect in trans-stilbene photoisomerization33 

also seems to be inconsistent with previous RRKM calcula
tions3o,38 and their implications about the ordering of rate 
coefficients for deuterated and nondeuterated species. A 
theoretical model incorporating limited IVR into an 
RRKM-like analysis was developed40 that qualitatively de
scribes the experimental observations. In this model it is ar
gued that the onset of the experimentally observed k(E) in 
the isolated molecule is dominated by the onset of IVR and 
that consequently, a standard RRKM analysis does not lead 
to the "real" barrier height Eo which may be lower than the 
value deduced from the RRKM analysis. While a model 
with incomplete IVR certainly provides one possibility of 
interpretation, at present we still favor the assumption of a 
reaction characterized by complete IVR. We attribute the 
"unexpected" isotope effects to the complicated activated 
complex structure such as revealed in our MNDO calcula
tions of the potential surface for S 1 photoisomerization in 
stilbene. 57 Changing the normal mode pattern of the mole
cule by deuteration leads to changes of the projection of 
these modes on the lowest energy path. With complicated 
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activated complex structures, these effects may become al
most unpredictable. These complications have not been con
sidered in the analysis of Ref. 27, 38, and 40. 

Another experimental observation appears to be rel
evant in relation with the discussion ofIVR at energies above 
the threshold energy: at moderate excess energies, the decay 
ofisolated molecules in Ref. 27 was found to be nonexponen
tial. This observation may be explained by incomplete IVR 
in the isolated molecule. However, an alternative explana
tion may be offered by rotational effects: k(E,J) very strong
ly depends on J. 30

,34 So far none of the available experiments 
succeeded in the preparation of a distribution with a single J 
only. Therefore, the J distribution may result in nonexpon
ential decays as well as34 in "threshold rate constants" 
which are below the RRKM value of k(E = Eo, J = 0). 

C. Cluster effects in the high friction range 

Over the whole density range, the rate coefficient can be 
expressed with sufficient accuracy by the connection formu
la45,92 

11k::::: 1Iko + 11k"" + 1Ikdiff' (11 ) 

where kdiff denotes the diffusion-limited rate coefficient in 
the high fraction limit. In particular, numerical simulations 
have shown93 that the expression 11k"" + 1Ikdiff approxi
mates the full Kramers equation94 for the rate coefficient 
from intermediate to high damping as well as the analogous 
expression for the BGK model95 to within 10%-20%, pro
vided the rate coefficient reduces to the correct Smolu
chowski limit at high friction. As we will show, this condi
tion is fulfilled in the solvents and the range of friction 
discussed here. Therefore, using k diff given by 

(12) 

with k"" from Eq. (10), imaginary "barrier frequency" OJB' 

and friction coefficient (3 in Eq. (11) is equivalent to using 
the connection formula 11k::::: 11 ko + 11k Kramers with 
k Kramers taken from Ref. 94. 

In the absence of complete potential energy calcula
tions, the a priori identification of the barrier frequency still 
remains equally difficult as that of a reactant frequency be
coming the "reaction coordinate". Therefore, we have to 
accept the activated complex frequency scaling parameters, 
such as used in optimized RRKM fits of k(E,J) in Ref. 30, 
and imaginary barrier frequencies remain fit parameters. On 
the other hand, the friction coefficient {3 for rotation of the 
phenyl group can be estimated by the relationship69 

{3::::: cI 7W2?IIph , (13) 

where 1/ denotes solvent viscosity, 0"2 = 0.37 nm represents 
the estimated Lennard-Jones radius of the phenyl group,70 
the radius of gyration is r = 0.25 nm, and I Ph is the moment 
of inertia of the phenyl group for rotation around the double 
bond, I Ph :::::m2?, with m2 = 1.3 X 10 - 22 g. The value of C I 

depends on the boundary condition. We use C I = 41T for pure 
slip. The Stokes-Einstein relation is used to obtain {3 in 
terms of the self-diffusion coefficient of the solvent. As ex
perimental diffusion and viscosity on ethane and also pro
pane71,n show that the ratio DnO"llkB T = C2 is not constant 

with pressure, we use appropriately interpolated values for 

C2• 

The solid lines i.n Fig. 2 are the result of modeling the 
dependence of the rate coefficient on D - I using E 0.c1 and OJ B 

as fit parameters and assuming that icl ::::: 1 at liquid phase 
densities. The best fit for all three solvents was obtained with 
a reaction threshold of7.5 kJlmol, which is the same value 
as determined from the low friction data in ethane and meth
ane (see Sec. IV B). In each of the solvents one observes that 
k approaches proportionality to D at the highest pressures 
applied. Changing the solvent, however, causes a shift of the 
turnover to diffusion control along the D - I axis, whereas 
the slope of the curve in the high friction range does not 
change. This shift cannot be understood in terms of varia
tions of solvent transport parameters such as friction coeffi
cient, viscosity, or frequency dependent friction alone. There 
is also no reason to attribute these shifts to failures of the 
Stokes-Einstein relation, since this relation appears to be 
valid for each individual solvent. This behavior appears to be 
in contrast with earlier observations of trans-stilbene photoi
somerization in compressed liquid hexane.73 The deviations 
from the prediction of the simple Kramers-Smoluchowski 
expression observed here and also in other higher n-alkanes 
(larger than n-octane) at ambient pressure I9,25,28,42,74,75 and 
therefore, seem to be restricted either to a regime of viscos
ities higher than about 1 cP, or they represent a solvent size 
effect coming into playas the alkane chain length increases. 
In and case, they are of no significance for the measurements 
we discuss here. 

The most plausible explanation of the observed shifts of 
the k(D - I ) curves along the D - I axis appears to be again a 
cluster- or solvent-induced modification of the potential en
ergy surface. Whereas modifications of the barrier height 
were considered in Sec. IV B, we now also have to suggest 
modifications of the imaginary barrier frequency OJ B by clus
tering. The curves in Fig. 2 were fitted with OJ B = 2.7 X 1012

, 

4.0X 1012 , and 6.5 X 1012 s - I for ethane, propane, and n
butane, respectively. These values of OJB are lower than the 
double bond torsional mode frequency, such as noted be
fore l9.43 in connection with the observation of an anomalous 
viscosity dependence of the rate coefficient in a series of dif
ferent solvents. The low values of OJ B indicate a very flat 
barrier to rotation around the double bonds, in agreement 
with our MNDO calculations for stilbene. 57 The concept of 
a reaction being governed by a single torsional mode of the 
molecule apparently is not sufficient here.1,16 Our MNDO 
calculations showed that there is a marked dependence of 
the SI energy on the phenyl ring twist angle, and that the 
equilibrium configurations of ground and lowest excited 
state show a different angle, the molecule being more planar 
in the excited SI state. If the phenyl ring equilibrium configu
ration in ground and excited state is affected by the environ
ment, such as clustering with solvent molecules, one can un
derstand the marked influence on both the height and the 
shape ofthe barrier. 

The solvent specificity of these effects is further support
ed by the analysis of the experimental rate coefficients in 
liquid CO2, SF 6' and supercritical xenon at room tempera
ture in the same density range. The curves in Fig, 3 represent 
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model calculations using E O,c! = 6.0 kllmol for all three sol
vents together with (J)B values of 2.5 X 1012 s - I for CO2, 

5.0X 1012 S -I for SF6, and 6.0X 1012 s -I for Xe. Especially 
the parameter (J) B seems to be very susceptible to changes of 
solvent. (One should note that the fit of E o,c! is not complete
ly independent of the (J) B values chosen.) In summarizing 
this section we conclude that there is ample evidence for 
solvent specific clustering which modifies the shape of the 
potential in the activated complex range (barrier height and 
imaginary barrier frequency) for the SI photoisomerization 
of trans-stilbene. 

D. Multidimensional barrier effects in the Kramers
Smoluchowski range 

Fitting barrier height and imaginary barrier frequency 
for individual solvents allows for a satisfactory representa
tion of all pressure-dependent rate coefficients k at constant 
temperature. We now investigate whether the temperature 
dependence of k can be represented in this way as well. We 
consider the high friction limiting Kramers-Smoluchowski 
range. Inspection of Figs. 5, 6, and 8 indicates that the tem
perature dependence in this range is stronger than in the low 
friction transition range to k"" . Like in the case ofDPB pho
toisomerization, I the effect markedly exceeds that of the 
temperature dependence of the friction. We think that this 
effect-as in DPB-is best accommodated by introducing a 
temperature dependence of the "apparent barrier frequency 
(J) B" of the one-dimensional Kramers expression which ac
counts for the multidimensionality of the potential energy 
surface. The solid curves in Fig. 5 were obtained by keeping 
Eo I = 7.5 kllmol fixed and using fitted apparent barrier 
fre~uencies(J)B =2.7X1012 

S-I at298K,(J)B =5.0X1012 

s -I at 355 K, and (J)B = 7.0X 1012 
S -I at T= 375 K. The 

curves in Fig. 6 show the corresponding fits to the propane 
isothermswithEo,cl = 7.5 kllmol, (J)b (298 K) = 4.0X 1012 

S -I, and (J)B (385 K = 7.0X 1012 S - I . For the isotherms at 
330 K in CO2, SF6 , and CHF3 (Fig. 7) with Eo,c! = 6.0 
kJ/mol we fit the (J)B values 3.0X 1012

, 5.0X 1012 , and 
1.4 X 1013 s - I , respectively. The comparatively high values 
of (J) B in the probably strongly interacting polar solvent 
CHF 3 is worth noticing. 

The increase of the temperature coefficient of k in the 
Kramers-Smoluchowski range beyond the prediction of a 
one-dimensional model with a temperature independent ef
fective imaginary barrier frequency is less pronounced than 
in the DPB system. We illustrate this in Fig. 10, in which, for 
ethane, a "reduced rate coefficient" kred is shown being de
fined byl 

k red (T) = k( T). [1 + P( T)I(J)B (295 K)]. (14) 

For the one-dimensional Kramers-Smoluchowski 
model of Eqs. (11) and (12)-neglecting the ko term
kred (T) should be equal to k"" (T), which is also shown in 
Fig. 10 for comparison. The different slopes of kred (T) and 
k co (T) over the entire temperature range are quite evident. 
In our recent discussion of this effect in the DPB system I we 
have inspected barrier anharmonicity (i.e., deviation from 
an inverted parabola) and multidimensional barrier cross
ing as possible explanations for this behavior. Although the 
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FIG. 10. Temperature dependence of the reduced rate coefficient k_ ofEq. 
(14): (0) this work; (e) Ref. 26. Dashedline:k:" withE~.cI = 7.5kJ/~01. 
The small points (.) are the reduced rate coeffiCients obtained by assuming 
an effective temperature dependence of the "apparent barrier frequency" 
WB (see the text). 

corresponding temperature effect in stilbene seems to be 
somewhat less pronounced than in DPB, anharmonicity ef
fects are still by far too small to account for the larger tem
perature coefficient of kred ( T) . 

Our MNDO calculations for stilbene57 suggest that the 
barrier "sharpens," when at least one coordinate "perpen
dicular" to the reaction coordinate is excited. One such coor
dinate was identified to be the orientation of the phenyl rings 
relative to the plane of the ethylene bridge. In order to dem
onstrate which type of potential energy surface we have in 
mind, in Fig. 11 we have sketched the saddle point area. The 
reaction coordinate is denoted by ql' one mode perpendicu
lar to the reaction coordinate is denoted by q2' We represent I 
an increase of the imaginary barrier frequency (J) B of the 
reaction coordinate ql with excitation of at least one other 
coordinate, e.g., the coordinate q2' in the form 

(J)B (E2 ) ';:;:;(J)ao' (E2Ia)b, (15) 

where (J)ao is the imaginary barrier frequency at the saddle 
point, i.e., at an excitation energy Ez = 0 of the coordinate 

FIG. 11. Schematic representation of a potential energy surface V(Q"q2) 
which shows a "sharpening" of the imaginary barrier frequency W B of the 
reaction coordinate q" when a perpendicular coordinate q2 is excited (see 
the text). For the surface shown here, W B varies according to Eq. (15) with 
b=4. 
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Q2' The parameters a and b describe the dependence of fJ) B on 
the excitation energy E2• Implementing Eq. (15) into a mul. 
tidimensional Kramers-Smoluchowski treatmenti leads to 
an "apparent barrier frequency fJ) B ( T)" in the one-dimen
sional Kramers-Smoluchowski expression of Eq. (12) of 

(16) 

which can be strongly temperature dependent. (A multidi
mensional treatment of the full Kramers expression includ
ing the intermediate damping regime would have been con
siderably more complicated and not reasonable at this 
stage.) 

In the present case, a valueofb:::::3.9 brings the tempera
ture dependence of the reduced rate coefficient k red (T) in 
approximate agreement with the predicted k «> (T), as indi
cated by the small points in Fig. 10. The corresponding value 
for DPB in ethane was 4.9. As stated before, I b = "i.ibi may 
include the contributions from several coordinates i "per
pendicular" to the reaction coordinate. Barrier anharmoni
city would have contributed to a temperature dependence of 
fJ) B (T) with b = 0.5 at most. 

In comparing our treatment with the two-dimensional 
model for barrier crossing proposed by Agmon and Kos
loff,54 we note that the two approaches treat the problem in 
different ways. Agmon and Kosloff suggest that the motion 
is viscosity dependent in only one coordinate. They also as
sume a reaction surface where the barrier height in the reac
tion coordinate depends on the perpendicular coordinate, 
i.e., the phenyl twist angle. Their treatment in effect leads to 
a viscosity dependent barrier height that could provide an 
explanation for the non-Kramers viscosity dependence of 
the rate coefficient in the high friction regime. Recently, 
Park and Waldeck90 have adopted this model in the interme
diate friction regime to interpret their extensive measure
ments of the SI photoisomerization of substituted stilbene in 
linear alkane solvents at ambient pressure. They stress the 
inadequacy of the one-dimensional Kramers model and the 
importance of including the phenyl ring motion. While we 
agree with this conclusion, we have some reservations con
cerning the way it was derived from isoviscosity plots in dif
ferent solvents, disregarding a possible solvent dependence 
of the potential energy surface. Considering the surprisingly 
high temperature coefficient at fixed viscosity in the inter
mediate friction regime, our analysis shows that variations 
in the barrier curvature (imaginary barrier frequency) with 
both solvent and thermal excitation of the perpendicular co
ordinate seem to play the more important role. We also note 
that the kind of surface employed in Ref. 54 at most can lead 
to a linear dependence of fJ) B on temperature. 

Neglecting these differences in emphasis and argument 
it seems clear, however, that experiments under a variety of 
conditions probe different details of the potential energy sur
face, which itself, of course, has to be viscosity and tempera
ture independent. The experiments clearly begin to reveal 
the multidimensional character of the surface. Whether the 
surface itself is modified by solute-solvent interactions or 
whether one is probing different reaction paths on the same 
surface in different solvents remains to be clarified. In any 
case, a simple one-dimensional picture is not sufficient. In 

view of the experimental information available, attempts to 
save concepts such as the one-dimensional Kramers model 
or the constant intrinsic reaction barrier41 appear to lead to 
an inadequate parametrization of the potential energy sur
face. Representing41 observed activation enthalpies in n-al
kanes (C5-CI6 ) as the sum of an intrinsic barrier for twist
ing, which is independent of solvent, and the activation 
energy for viscous flow in the solvent, neglects many of the 
experimental observations we have discussed in detail above. 
For the smaller alkanes, we did not find pressure dependent 
intrinsic barriers, which represent one of the effects behind 
formal "activation volumes." This does not mean that such 
effects are not present in higher alkane solvents. A complete 
separation of the observed effects in terms of frequency de
pendent friction, pressure dependent barner shifts, multidi
mensional barrier crossing, etc. is a difficult task. It cannot 
be accomplished by the analysis41 ,91 of measurements at am
bient pressure alone. Additional studies of the temperature 
and pressure dependence appear obligatory. 

v. CONCLUSIONS 

In the present article we have presented evidence for 
solvent-cluster induced modifications of the potential ener
gy surface of the photoisomerization of trans-stilbene. Our 
analysis allowed us to deduce the threshold energy for iso
merization in stilbene-solvent clusters with ethane and 
methane. In addition to this, the multidimensionality of the 
potential energy surface manifests itself experimentally. Our 
experiments suggest that such effects can be identified via 
the temperature dependence of the rate coefficients in the 
Kramers-Smoluchowski range. At constant temperature, 
the Kramers-Smoluchowski representation works well for 
the low viscosity solvents considered in the present work. In 
order to clarify the mechanisms responsible for the lowering 
of the reaction threshold energy at high densities compared 
to the value determined under collision-free conditions, de
tailed quantum-chemical calculations of the potential ener
gy surface of the free and the clustered molecule appear in
dispensable. In addition, photoisomerization experiments 
with isolated stilbene-solvent clusters are necessary. 
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