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The viscosity dependence of the photoisomerization of trans-stilbene in compressed liquid ethanol 
shows deviations from a simple power law description in the viscosity range from 1 to 4 mPa s. 
Corresponding deviations are observed in the solvents methanol, n-propanol, and n-butanol. This 
behavior is attributed to a competition between solvent relaxation and barrier crossing in the S 1 state 
of trans-stilbene. The relative time scales of barrier crossing and solvent relaxation change as the 
pressure increases, because the dielectric relaxation rate ofthe solvent decreases more rapidly with 
increasing viscosity than the barrier crossing rate. Consequently, the reaction takes place in an 
increasingly retarded solvent environment which no longer relaxes completely around the changing 
charge distribution of the solute along its reaction path, giving rise to "dielectric friction." In 
contrast to trans-stilbene, the corresponding reaction of diphenYlbutadiene in n-alkanols shows a 
much weaker sensitivity to solute-solvent interaction and, consequently, a simple inverse viscosity 
dependence of the· photoisomerization rate is observed in all alkanols such as described by the 
Kramers-Smoluchowski theory. This significant difference is probably caused by smaller sudden 
polarization effects along the reaction path in diphenylbutadiene. The observed dependence of the 
trans-stilbene barrier crossing rate on pressure is compared either to a model with density dependent 
etIective barrier height, or to a simple continuum model of the frequency dependence of the 
dielectric friction in the limit of weak coupling. Neither model works well unless a very strong 
viscosity dependence of the dielectric relaXation time of the solvent (-rD<x: 1]10) is employed to obtain 
agreement with the observed viscosity dependence of the barrier crossing rate. 

I. INTRODUCTION n-alkanes, following a relation k;""'1]-a with a<l, has been 
interpreted in different ways: It was suggested that it is 
caused by the frequency dependence of the friction 
coefficient,26 the multidimensional topology of the potential 
energy surface in the barrier region,27 or by microviscosity 
effects, i.e., the breakdown of the Stokes-Einstein 
relation9

•10 between diffusion coefficients along the reaction 
path and the medium viscosity. 

The photoinduced cis-trans isomerization of ethylenic 
double bonds is a prototype for a large class of processes of 
biological and practical importance. A model reaction of this 
kind, which has been studied thoroughly under a great vari
ety of physical conditions, is the S 1 photoisomerization of 
diphenylpolyenes, in particular, that of trans-stilbene l

-
21 and 

trans-trans-l ,4-diphenyl-( 1,3 )-butadiene (DPB) .22-25 In 
many investigations, the influence of solvent friction on 
these barrier crossing processes has been of main 
interest.2-18.22-24 In particular, the observation of a weak de
pendence of the barrier crossing rate coefficient k for 
trans-stilbene2 and DPB (Ref. 22) on solvent viscosity 1] in 

')Present address: Department of Chemistry, Harvard University, Cam
bridge. Massachusetts 02138. 

b)Present address: Department of Chemistry, University of Pennsylvania, 
Philadelphia. Pennsylvania 19104. 

In general, the effective potential energy surface on 
which the reaction occurs was assumed 'to be solvent inde
pendent. However, a systematic investigation of the pressure 
and temperature dependences of the rate coefficient for 
trans-stilbene in single n-alkane solvents has shown that the 
assumption of a constant potential of mean force throughout 
a homologous solvent series is only a crude 
approximation.28 -34 It seems more realistic to assume that 
the effective barrier to ethylenic bond rotation decreases as 
the polarizability of the surrounding medium increases. Ac
counting for this solvent-induced "barrier shift" in a simple 
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ad hoc manner, the pressure and temperature dependencies 
of the rate coefficients could be represented satisfactorily by 
a combination of Kramers' frictional model with unimolecu
lar rate theory33,34 without the need of postulating a break
down of either the Markovian assumption underlying Kram
ers' model or the Stokes-Einstein relation. 

The latter interpretation receives further support by the 
observation that the corresponding reaction rates of DPB 
show a strictly linear dependence on 1/1], if one changes the 
solvent viscosity by varying the pressure in single n-alkane 
solvents.35 Apparently, the potential energy surface in this 
case is less sensitive to changes in the electronic environ
ment, and the traditional Kramers-Smoluchowski behavior 
is recovered. The apparently weaker dependence on viscosity 
observed in homologous solvent series under ambient 
pressure,21,22 therefore, ha~ to be attributed to a solute
solvent interaction which is solvent dependent. In pressure 
studies, this leads to solvent dependent slopes of the plots of 
k vs 1/1]. Similar results were obtained for the significantly 
faster reaction of cis-stilbene36 and also for the rate of double 
bond rotation in tetraphenylethylene.37 

In polar solvents, the observed activation energies for 
trans-stilbene photoisomerization are significantly lower 
than in nonpolar solvents, which is attributed to a much 
lower effective potential energy barrier in the S 1 
state.1,3,7,1l,16,21 This strong solvent polarity effect could be 
related to a significant charge separation upon twisting 
around the double bond in the S J state.38 Consequently, the 
dipole moment of the molecule would change significantly 
on its way from the planar S 1 equilibrium geometry through 
the barrier region to the perpendicular conformation of the 
"phantom" state. Direct experimental evidence for such an 
effect is difficult to obtain. Recently, however, strong support 
was provided for the formation of a zwitterionic excited state 
of tetraphenylethylene.39

-
41 A recent systematic study of the 

pressure and temperature dependence of trans-stilbene pho
toisomerization in n-alcohols42 showed that an equivalent 
picture might also apply to the case of trans-stilbene as long 
as the relaxation of the solvation shell of the molecules along 
the reaction path is significantly faster than the reactive mo
tion through the barrier region. We concluded that a barrier 
shift comparable to that observed in alkane solvents occurs 
also in liquid alkanols, resulting in a similarly weak viscosity 
dependence of the reaction rates. This can be understood, if 
the dipolar character of the trans-stilbene S 1 excited state 
increases along the reaction path. 

The dynamics becomes more complicated when the time 
scales of photoisomerization and relaxation of the solvent 
shell in the excited state begin to overlap such that the reac
tion has to be considered as a process proceeding on a par
tially relaxed effective potential energy surface. This conclu
sion could be drawn from the experiments of Hicks et al. 11 

and Kim et at. 12 on the temperature dependence of trans
stilbene photoisomerization rates in different n-alcohol solu
tions at 1 bar. The authors concluded that incomplete solvent 
relaxation of the initially prepared Franck-Condon state in 
the longer chain alcohols was responsible for the apparent 
decrease of the potential barrier height in the more viscous 
alcohols. Furthermore, Kim et al. suggested that high fre-

quency components of the solvent dielectric response cause 
an additional stabilization of the transition state in all alcohol 
solvents. Thus, to a certain extent, the photoisomerization of 
trans-stilbene can be considered as a model reaction which is 
sensitive to a loss of solvent synchronism along the reaction 
path.43 Theoreticians have studied model Hamiltonians de
scribing the influence of the resulting dielectric friction on 
reaction dynamics,44-62 which may be compared with the 
results of molecular dynamics simulations.63,64 While experi
mental manifestations of this coupling between reaction and 
solvation dynamics in polar solvents are rare for the type of 
reaction we are considering here, they are abundant for elec
tron transfer reactions and excited state charge transfer pro
cesses where the reaction path is determined by the solvent 
coordinate, i.e., by the coupling of the electronic states to the 
nuclear motion of the medium.65,66 The nature of this cou
pling was discussed by comparing excited state electron or 
charge transfer rates with solvation times obtained from 
time-resolved fluorescence Stokes-shift measurements65,67-69 

or ground state electron exchange reaction rates with longi
tudinal dielectric relaxation times in different solvents.7o-n 

In the present article, we report results on the pressure 
dependence in single alcohol solvents which show a clear 
indication for the lack of solvent synchronism in the photoi
somerization of trans-stilbene. By varying the pressure in a 
single solvent, one can sweep over a wide range of relative 
time scales, from I <k7D to k7D<1, where k is the reaction 
rate coefficient and 7D the dielectric relaxation time of the 
solvent. If k was proportional to 1/1] and 7D to 1], this would 
not be possible. However, in the present case the dielectric 
relaxation time shows a stronger dependence on solvent vis
cosity than the reaction rate73,74 such that changes of k7D in 
a single solvent can be realized by. pressure variation. As the 
pressure increases, the solvent eventually starts to lag behind 
the intramolecular motion along the reaction path such that 
the apparent viscosity dependence of the reaction rate 
changes. This phenomenon becomes even more evident, if 
one compares the pressure dependencies of the reaction rates 
fOr trans-stilbene and OPB in the same solvent, as in the 
latter molecule, the extent of charge separation upon twisting 
around one of the double bonds in the S 1 state appears to be 
much smaller than in trans-stilbene.38 This already led to 
different solvent dependencies of the reaction rates for 
OPB in polar media which show a significantly stronger 
dependence on solvent viscosity· at 1 bar than for 
trans-stilbene.21

,23 In the present experiments using variable 
pressure in single solvents, the difference between OPB and 
trans-stilbene is shown to be even more pronounced. 

II. EXPERIMENTAL TECHNIQUE 

Our picosecond pump-probe spectrometer was de
scribed in detail earlier.29,31,75,76 The laser system consisted 
of a hybridly modelocked dye laser pumped by a frequency
doubled, actively modelocked Nd:YLF laser. The dye laser 
pulses were amplified in a four stage Nd:YAG laser-pumped 
dye amplifier. UV pump pulses were generated by frequency 
doubling these amplified pulses to 308 nm, and subsequent 
reamplification in an XeCI* excimer module. The response 
function of our apparatus was 1 ps full width at half maxi-
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FIG. 1. Nonradiative decay rate coefficients for the S 1 state of trans-stilbene 
and diphenylbutadiene as a function of inverse solvent viscosity 7J in metha
nol at 298 K.(O, diphenylbutadiene, this work; e, trans-stilbene, this work; 
x, trans-stilbene, calculated from Ref. 19. The dashed line represents a 
linear fit to the rate constants for diphenylbutadiene.) 

mum (FWHM) with energies of the pump and probe pulses 
of 0.3 and 0.05 mJ, respectively. In order to eliminate effects 
of overall rotational relaxation, the relative orientation of the 
planes of polarization of the probe and the pump beam was 
adjusted with a zero-order half-wave plate. Experiments 
were done with trans-stilbene in alcohols from methanol to 
n-butanol and with DPB in alcohols from methanol to 
n-pentanol. 

Some rate coefficients for DPB photoisomerization in 
ethanol to n-pentanol were also obtained from fluorescence 
lifetimes, measured by time-correlated single photon count
ing using the apparatus and fitting procedures described 
previously.35 Excitation light pulses were taken from the syn
chronously pumped. dye laser, whose output was frequency 
doubled, and detected by a XP-2020 photomultiplier tube. 
The FWHM of the system response function in this second 
experimental setup was 520 ps. Solvents used were of 
spectroscopic grade (Merck), DPB was used as supplied 
(Fluka, puriss., No. 236589), and trans-stilbene (Fluka, pu
rum, No. 85870) was recrystallized twice from methanol. 

III. RESULTS 

Within our time resolution of 1 ps, n()lle of the recorded 
transient absorption and fluorescence signals showed any 
significant deviation from monoexponential decay laws. De
cay constants obtained from pump-probe experiments 
agreed within the experimental error of ±5% with those 
measured by time-correlated single photon counting. The 
nonradiative rate coefficients knr were calculated from the 
first order decay rate coefficients kexp by subtracting the ra
diative rate constant kr which, for trans-stilbene; can be es
timated from kr = [0.72 f(n 2 ) + 0.37] X 109 s-1 (taking life
time and quantum yield data from Refs. 19,77, and 78), and, 

15 

'00 

"b 10 

5 

O+--T--.--r--~~~--~~--~~ 
0.0 0.2 0.4 0.6 0.8 1.0 

FIG. 2. Nonradiative decay rate coefficients for the S 1 state of diphenyl
butadiene as a function of inverse solvent viscosity 7J in ethanol (0) and 
n-propanol (0) at 298 K. (The dashed lines represent linear fits to the data, 
disregarding the values obtained at the lowest viscosities, see the text.) 

for DPB,22 is calculated from k r=l1.4fCn2)+0.43] 
><109s- 1 with f{n 2 )=ln2 -1]/[n2 +21 (n is the refractive 
index of the solvent). In Fig. 1 we compare the resulting 
values of knr=kexp-:-kr at 298 K as a function of l/'Tj in 
methanol for trans-stilbene and DPB. (Interpolated viscosi
ties in our experience are accurate to within 4%.) We have 
also included earlier measurements by Drickamer's group19 
for trans-stilbene by calculating nonradiative rate coeffi-

O+-~-.~-r~-,~r-~~~~ 
0.00 0.01 0.02 0.03 0.04 0.05 0.06 

mPa s I Tl 

FIG. 3. Nonradiative decay rate coefficients for .the S 1 state of diphenyl
butadiene as a function of inverse solvent viscosity 7J in n-butanol (t.) and 
n-pentanol (V) at 298 K. (The dashed fines represent linear fits to the data, 
disregarding the values obtained at the lowest viscosities, see the text.) 
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cients from their pressure dependent fluorescence quantum 
yields. Considering that the two sets of rates were obtained 
by different experimental techniques and with twelve years 
between them, the agreement is surprisingly good, the largest 
discrepancy being 15%. Our results at ambient pressure also 
agree to within a few percent with earlier measurements 
taken under the same experimental conditions.3,7,ll,16,22,23 

It is evident from Fig. 1 that the nonradiative decay rate 
constant, for DPB, in methanol is inversely proportional to 
solvent viscosity while, for trans-stilbene, one observes a 
strongly nonlinear dependence. The picture is analogous to 
the rate constants for DPB and trans-stilbene in 
n_hexane.33- 35 As we suggested recently,28,33,34,42 the nonlin
ear dependence in the case of trans-stilbene is an indication 
of a decrease of the potential barrier height with increasing 
solvent density in n-alkaneas well as in n-alkanol solvents. 
For DPB in n-alkanols we observe no such effects, in accor
dance with our results in compressed alkane solvents.35 

A. Results for diphenylbutadiene 

The linear extrapolation of the rate constants for DPB to 
infinite viscosity (11-17=0) in methanol gives a nonzero inter
cept kic=(1.2±0.4) X 109 s-l. In ethanol to n-pentanolthe 
rate constants for DPB are also mostly linear in 1/7] as shown 
in Figs. 2 and 3. Extrapolation to 1/7]=0 in ethanol and 
n-propanol yields kic=(1.8±0.I)XI09 s-I. These intercepts 
probably correspond to a pressure independent S l-+S 0 inter
nal conversion in the all-trans conformation of DPB. In 
methanol to n-propanol k ic values are in rough agreement 
with a value of kic = 1.2X 109 s -1 estimated from the fluores
cence quantum yield Of DPB iri ethanol at 77 K.79 In the 
longer chain n-alcohols internal conversion apparently is 
much slower, with rate constants kic=(0.30±0.09) X 109 

S-1 

in n-butanol and kic=(O.26±0.03) X 109 8-
1 in n-pentanol. 

These values are similar in magnitude to those obtained in 
nonpolar solvents,35 while in methanol to n-propanol, kic is 
an order of magnitude larger than in alkane -solvents. 22,35 
This polarity effect on the internal conversion rates could be 
caused by a change in the energy gap between the two lowest 
electronically excited singlet states of DPB, the lAg state and 
the IB u state. 

Table I summarizes our results of knr values for the pho
toisomerization of DPB in various solvents at varying pres
sures. The slopes Bs of the plots of knr vs 1/7], defined by 

(1) 

increase with the molecular size of the solvent. This Was also 
noted in our pressure dependence studies in n-alkane sol
vents and tentatively attributed to solvent-specific changes in 
the topology of the potential energy surface in the barrier 
region. The values of B s in alcohols, however, are about a 
factor of 50 higher, on average, than in alkanes, ranging from 
(14.7±0.4) MPa in methanol-to (45±3) MPa in n-butanol. 
Table II summarizes B s values for DPB in the series of al
kanes and of alcohols. Also included in Table II are values of 
the exponents a of a kcx:. 7] -a representation obtained from 
linear fits to the double logarithmic plots of k = knr - kic VS TJ 

TABLE I. Pressure dependence of nonradiative decay rate coefficients knr of 
the S 1 state of diphenylbutadiene in liquid alcohols at 298 K. Viscosities: 
interpolated data from Ref. 93. 

Solvent, __ p (MPa) 11 (mPa s) kru: (109 S-I) 

Methanol 0.10 0.57 26.5 
75 0.75 21.5 
95 0.80 19.0 

220 1.13 13.8 
375 1.52 11.0 
485 1.90 9.0 

Ethanol 0.10 1.10 17.8 
40 1.35 15.9 
85 1.61 13.7 

155 2.11 11.0 
265 2.94 8.3 
345 3.75 6.8 
400 4.45 6.0 
440 4.88 5.8 

n-propanol 0.10 1.94 13.0 
32 2.58 11.4 
73 3.29 9.9 
95 3.69 9.3 

115 3.96 8.5 
140 4.50 8.1 
190 5.65 6.3 
245 7.36 5.2 
340 10.5 4.2 
410 14.0 3.7 

n-butanol 0.10 2.82 10.5 
4.0 2.70 10.2 

47 3.85 9.4 
93 5.11 8.1 

170 7.60 5.7 
250 11.2 3.6 
350 16.9 2.9 
390 20.6 2.3 
460 27.1 1.56 
540 39.7 1.11 
600 49.7 0.97 
640 58.2 0.91 

n-pentano1 0.10 3.87 6.4 
100 8.49 3.6 
200 16.0 2.2 
300 27.7 1.54 
400 45.7 1.13 
500 73.3 0.84 
600 115 0.61 
675 159 0.50 

shown in Figs. 5-8. The overall inverse proportionality of k 
to 7] for DPB in alkanol solvents in Fig. 4 is illustrated by a 
plot of log(kl B s) vs log 7]. 

B. Results for trans-stilbene 

In methanol, internal conversion and intersystem cross
ing rates are small in comparison to the barrier crossing rate 
coefficient k for both DPB and trans-stilbene,19 such that 
k2!Eknr. We, therefore, can represent the results of Fig. 1 in 
the double logarithmic plot shown in Fig. 5; The weak initial 
decrease of k· for trans-stilbene with increasing viscosity, and 
the sudden turnover into a steeper descent at approximately 

J. Chern. Phys., Vol. 101, No.9, 1 November 1994 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.174.254.155 On: Tue, 23 Dec 2014 07:30:52



7570 Mohrschladt et a/.: Solvation dynamics in polar solvents 

TABLE II. B, values for diphenylbutadiene photoisomerization in liquid 
n-alkanes (Ref. 35) and n-alkanols at 298 K obtained from linear plots of k.,. 
vs 1/7] according to Eq. (1). Power law coefficients a of k~ 7]-a obtained 
from double logarithmic plots in n-alkanols. 

Solvent B, (MPa) a Solvent B. (MPa) 

Methanol 14.7 L03±0.04 ethane 0.20 
propane 0.26 

Ethanol 19.2 1.01±0.02 n-pentane 0.31 
n-hexane 0.34 

n-propanol 25.9 0.99±0.03 Ii-octane 0040 
n-nonane 0.46 

n-butanol 45.3 1.03±0.03 n-decane 0.51 
n-undecane 0.66 

n-pentanol 40.3 n-dodecane 0.66 

1.5 mPa s is quite different from the corresponding behavior 
in DPB. We have recently attributed the weak viscosity de
pendence of trans-stilbene photoisomerization in methanol 
for viscosities 17< 1.5 mPa s to a reduction of the barrier 
height with increasing solvent density,34,42 an effect caused 
by solute-solvent interactions obscuring the Smoluchowski 
type frictional decrease of the rate. In the present work we 
concentrate on the sudden change from a weak to a very 
strong viscosity dependence which occurs at higher viscosi
ties. -While the photoisomerization rates k of D PB are in
versely proportional to 17, the rate constants of trans-stilbene 
at viscosities around 2 mPa s approach a power law with 
a= 1.3, i.e., a steeper dependence on 17 is observed which is 
parallel to the viscosity dependence of the dielectric relax
ation time in methanol such as estimated from the tempera
ture dependence of the dielectric relaxation rates?3,74 This is 

10~----------------------------~ 

~ 

J.-.. 
If) 

co a.. 
$ 

0.1 --2' 
'"'-
~ 

0.01 

10 100 1000 

T] ImPa 5 

FIG. 4. Reduced photoisomerization rate coefficients k/ B, for diphenylbuta
diene in n-alkanol solvents as a function of solvent viscosity 71 at 298 K [see 
Eq. (1) with k=knr-kic; 0; methanol; 0, ethanol; 1::., n-propanol; '11, 
n-butanol; <>, n-pentanoI). 

60r-------~-----------------. 

40 

10 

8 

0.6 0.8 1.0 2.0 4.0 

T] ImPa 5 

FIG. 5. Photoisomerization rate coefficients k in methanol as a function of 
solvent viscosity 7] for trans-stilbene (0) and diphenylbutadiene (e). (_._._) 
Linear fit to the diphenylbutadiene data; (--) linear fit to'the high viscosity
trans-stilbene data; ( ... ) dielectric relaxation times of methanol (Refs. 73 
and 74). 

indicated by the dotted line in Fig. 5. (The extrapolation of 
dielectric relaxation times to higher viscosities should be re
liable to within 20%.) 

For the solvents ethanol to n-pentanol, one has to ac
count for the rate constant of intersystem crossing k jsc ' In 
Figs. 6-8, therefore, we have plotted k= knr -kisc ,where k jsc 
was taken to have a value of approximately 2.8XI08 S-1 in 
all alcohol solvents.19 In ethanol, the steep part of the 
7]-dependence of k between 2 and 3 mPa s in Fig. 6 almost 
exactly coincides with the viscosity dependence ofllTD , 

30r-~-----------------------' 

20 

'II) 
'b 10 
..... 9 
~ 8 

7 
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5 

4 

o 

1.0 2.0 4.0 

T] Impa s 

6.0 8.010.0 

HG. 6. As iff Fig. 5, but in ethanol. 
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FIG. 7. As in Fig. 5, but in n-propanol. 

which obeys a power law with a= 1.25. In n-propanol, Fig. 
7, reaction rates of trans-stilbene are higher than lIrD over 
the whole viscosity range studied, but the k(7J) plot has a 
turning point with an intermediate flat segment. Dielectric 
relaxation in n-butanol finally is always faster than the reac
tion for trans-stilbene and DPB as shown in Fig. 8. For 
trans-stilbene in n-butanol, one only finds the weak viscosity 
dependence indicative of the lowering of the barrier with 
increasing density, which gradually turns into a steeper de
pendence, as the barrierless limit is approached.42 Table III 
summarizes our experimental results for knr of trans-stilbene 
photoisomerization in alcohols. 

100~---------------------------, 

10 
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1] ImPa s 

FIG. 8. As in Fig. 5, but in n-butanol. 

TABLE III. Pressure dependence of nonradiative decay rate coefficients knr 
of the S 1 state of trans-stilbene in liquid alcohols at 298 K.. Viscosities: 
interpolated data from Ref. 93. 

Solvent 

Methanol 

Ethanol 

n-propanol 

n-butanol 

p (MPa) 

0.10 
75 
95 

125 
165 
ISO 
200 
275 
305 
325 
355 
370 
430 
460 
475 
500 
520 
550 
575 

0.10 
25 
55 
75 
84 

100 
125 
150 
175 
202 
225 
250 
260 
305 
325 
355 
385 
410 
435 
470 
510 
545 
595 

0.10 
25 
40 
50 
75 

150 
175 
200 
210 
225 
250 
360 
385 
440 
480 
530 
560 

0.10 
42 
92 

175 
210 
250 
345 
460 
490 
565 

1] (rnPa s) 

0.57 
0.75 
0.80 
0.87 
0.96 
Lao 
1.05 
1.25 
1.32 
1.38 
1.47 
1.51 
1.69 
1.80 
1.85 
1.94 
2.02 
2.12 
2.22 

1.10 
1.26 
1.45 
1.57 
1.61 
1.73 
1.89 
2.06 
2.24 
2.44 
2.63 
2.85 
2.93 
3.35 
3.55 
3.83 
4.20 
4.48 
4.83 
5.28 
6.00 
6.5 
7.3 

1.94 
2.47 
2.75 
2.S9 
3.31 
4.84 
5.39 
6.02 
6.32 
6.74 
7.47 

11.8 
12.S 
15.S 
IS.l 
22.2 
24.4 

2.S2 
3.72 
5.05 
7.87 
9.25 

11.2 
16.S 
27.1 
29.S 
42.7 

23.1 
21.8 -
21.0 
20.4 
19.9 
19.2 
19.7 
IS.O 
17.S 
16.9 
16.6 
16.2 
15.0 
13.9 
14.4 
13.3 
12.4 
12.4 
11.7 

22.4 
19.6 
18.2 
17.5 
17.0 
16.4 
16.2 
15.1 
13.4 
12.4 
12.1 
U.8 
10.8 
10.9 
10.4 
10.3 
9.9 
9.9 
9.5 
9:3 
8.65 
8.2S 
7.34 

18.6 
15.1 
15.4 
14.3 
12.6 
10.9 
10.5 
10.2 
10.3 
10.0 
9.6 
8.2 
7.9 
6.4 
5.6 
5.2 
5.4 

13.4 
12.3 
11.7 
8.8 
7.7 
7.2 
5.5 
3.9 
3.8 
2.3 
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IV. DISCUSSION 

A. Diphenylbutadiene 

The observed linear dependence of k on 1/7] in all sol
vents, with a solvent dependent slope B., is interpreted as 
follows. In the Smoluchowski limit of Kramers' theory one 
may write the barrier crossing rate constant k as 

(2) 

where kTST is the transition state theory rate constant, f3 
is the mass weighted friction coefficient, and UJB is the ap
parent imaginary harmonic frequency at the top of the poten
tial barrier. We assume that f3 is proportional to the shear 
viscosity 7] of the solvent, i.e., f3= C· 7], where C is a con
stant describing the hydrodynamic coupling between DPB 
and the solvent, and we express k TST by 
kTST=ATST exp( - Eo/ RT), where A TST is the preexponential 
factor in the TST limit, and Eo is the barrier height for the 
reaction. We then have 

(3) 

The larger values of B s for alcohols compared to those 
for alkane solvents can have various origins. The coupling 
constant C can be affected, UJB or A TST may change, and the 
barrier can be lower hut pressure independent iti polar sol
vents. We have considered possible variations of C and UJB 

with the solvent in the discussion of our experiments with 
nonpolar solvents;35 we concluded that both factors may con
tribute only to a smaller extent (up to a factor of three) to the 
observed increase of B s, if one compares rate constants in 
ethane to those in n-dodecane.35 If one accepts this order of 
magnitude also in the case of alcohol solvents, the major part 
of the increase of B s in polar solvents must be attributed to 
an increase of kTST , i.e., mostly via a lowering of the barrier. 
An increase of kTST by a factor of 50 would correspond to a 
decrease of the barrier by 9.7 kJ/mol, from a value of 
Eo=10.2 kllmol in n-alkanes76 to a value of 0.5 kJ/mol as 
lower limit, such that DPB photoisomerization in alkanol 
solvents would be practically barrierless. Of course, this is a 
preliminary conclusion and, for confirmation, one would also 
have to measure the temperature dependence of the rate at 
different pressures. Nevertheless, it seems that DPB photoi
somerization in polar solvents is a low barrier crossing pro
cess similar to that of cis-stilbene36 which exhibits a linear 
1/7] dependence of the rate and at the same time obeys a 
monoexponential decay law in the time domain accessible in 
our experiments. Figure 4 illustrates this linear dependence 
for DPB in various alcohols in a double logarithmic plot of 
kl B s vs 7]. According to Fig. 4, the influence of solvent 
friction on barrier crossing rates seems to be adequately de
scribed by Eq. (2). 

B. trans-stilbene 

We have argued previously33,34,42 that there should be no 
fundamental difference regarding the role of friction caused 
by short range repulsive forces in the barrier crossing process 
between DPB and trans-stilbene. In alcohols, the time scales 
for the reaction are of similar order of magnitude for both 
molecules and, therefore, we expect that; 'although the k( 7]) 

dependencies look distinctly different for trans-stilbene and 
DPB, representing this "hard-sphere part" of the friction 
along the reaction path by the shear viscosity of the solvent 
is also a valid procedure for the barrier crossing process of 
both molecules in alcohol solvents. Hence, we are led to the 
conclusion that the observed change of the power a with 
pressure (in the inverse power dependence k~ 7] -~ for 
trans-stilbene is a consequence of the viscosity dependent 
dielectric response time of the solvent which, with increasing 
pressure, causes the reaction to proceed on an increasingly 

I d Od' I t- rf 11 16 80 nonre axe excite smg et state ree energy su ace. ' , 
This time lag between the motion of trans-stilbene along the 
intrinsic isomerization coordinate and the reorientation of 
solvent dipoles around the evolving charge distribution of the 
solute gives rise to "dielectric friction"SI which acts on the 
reacting molecule in addition to the "hard-sphere part" of 
friction caused predominantly by repUlsive forces. The dif
ference in dynamical behavior between DPB and trans
stilbene must therefore be connected with a different varia
tion in the intramolecular charge distribution as the system 
proceeds along the reaction coordinate. 
From our experiments, we can distinguish four regimes of 
the viscosity dependence of the rate coefficient for trans
stilbene as the pressure increases: (i) a=O.4 at k< 'TD I, (ii) 
a> 1 at k= 'TD 1, (ili) a=0.3 at k> 'TD I, and (iv) a approach
ing 1 atk~'TDl. 

We do not observe all four regimes in a single solvent, 
but (i)~(iii) appear in ethanol, i.e., that alkanol on which we 
will concentrate our discussion. We will identify the different 
regimes by the headings fast solvent (n, slow solvent (ii), 
frozen solvent (iii), and frozen solvent-suppressed barrier 
(iv), and we will discuss our results for stilbene iit terms of 
two simple models-a barrier shift and a dielectric friction 
model. 

1. Barrier-shift model 
a. Fast solvent. In the fast solvent regime, orientation 

of the solvent dipoles around the solute molecule along the 
reaction path is always sufficiently fast to keep up with the 
changing charge distribution of the excited state which be
comes increasingly polar on its way from the trans
conformation to the barder region. Therefore,the increasing 
orientational polarization of the solvent dipoles and their 
electronic polarizability contribute to a lowering of the po
tential energy in the S 1 state which becomes more pro
nounced as the dipolar character of stilbene increases to
wards the barrier. With increasing pressure, i.e., increasing 
density and viscosity, this polarization effect becomes larger, 
and the effective barrier height decreases, leading to a frac
tional power dependence of the reaction rate k on solvent 
viscosity.33,34,42 We have described this effect in terms of a 
barrier shift proportional to solvent density, 

Eo([MrJ)=EoCisolated molecule)+BE([MrJ), (4) 

where [M] r is the reduced density of the solvent. In metha
nol, Fig. 5, this regime extends up to about 7]=1.8 rnPa s, 
corresponding to a pressure of p=450 MPa, with B E=-2.6 
kJ/mo1.42 In ethanol, Fig. 6, it covers the range up to 7]=2.0 
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mPa s, i.e., p = 150 MPa, with B E= -4.4 kJ/mol,42 whereas 
in n-propanol, Fig. 7, and n-butanol, Fig. 8, this regime does 
not appear at room temperature. 

The situation is illustrated schematically in Fig. 9 in 
terms of a simple two-state kinetic model. We have rate co
efficients k* and k e for barrier crossing along the reaction 
path in the nonrelaxed and the completely relaxed solvent 
environment, respectively, and a solvent dipole relaxation 
rate constant which is given by the inverse of dielectric re
laxation time. From this simple kinetic description one 
would obtain the following time dependence of the total ex
cited state absorbance in the well region S w of the excited 
state potential energy surface, A = A(S:) + A(S~): 

ACt) = ao(b 1 + I €*)e -(k* + lITD)t - aOb l e -ket, 

b l "7'(l~7'D)/(ke_k*-lI7'D)' 
(5) 

with extinction coefficients c* and tf in the nonrelaxed and 
relaxed state, respectively, initial concentration of excited 
species ao, and optical patblength I in the high pressure cell. 
In the limit which we consider here, the molecule moves 
along the completely relaxed reaction path. It starts in the 
well region at an energy E~v and surmonts the barrier at an 
energy Eb and the effective barrier height becomes E:ff 
= Ef, - ~v' Equation (5) in this limit reduces to 

(6) 

From the observation of monoexponential absorption de
cay curves, one may conclude that i!*-tf at 616 nm' such 
that k equals e in this case. ; 

b. Frozen solvent. In the frozen solvent regime, the sol
vent dipoles move more slowly such that their orientation 
virtually does not change before the reaction is completed 
and the solute molecule has returned to the electronic ground 
state surface. This means that only the electronic solvent 
polarizability and a constant, time-independent dipolar term 
reflecting the solvent eqUilibrium dipole orientation distribu
tion corresponding to the nonpolar electronic ground state of 
trans-stilbene contribute to the stabilization of the S 1 poten
tial energy surface. This also leads to a weak viscosity de
pendence of k which is similar to that observed in the fast 
solvent regime. The main difference is that now only the 
electronic polarizability of the solvent contributes to a low
ering of the effective barrier height. In methanol, Fig. 5, this 
regime is not observed, whereas in ethanol, Fig. 6, it begins 
near to 71=3.5 mPa s, corresponding to p =300 MPa. In 
n-propanol, Fig. 7, it starts to near 71=3 mPa s (p =60 MPa) 
with BE =-4.8 kJ/mol,42 and in n-butanol, Fig. 8, at room 
temperature the reaction seems to be in the frozen solvent 
regime at all pressures, yielding a value for the solvent shift 
parameter of BE=-7.0 kJ/mo1.42 

In terms of the simple two-state scheme in Fig. 9 this 
limit can be characterized by the nonrelaxed reaction path 
where the molecule starts at an energy E! in the well region 
which is determined by the equilibrium configuration of the 
solvent shell dipoles corresponding to the charge distribution 
in the electronic ground state of trans-stilbene. As the sol
vent dipoles do not reorient around the molecule in the well 
region prior to reaction, the solvation shell maintains an en-

FIG. 9. Scheme of barrier crossing in the S J state of trans-stilbene. (S w , S B , 

and S p denote the well, barrier, and perpendicular conformation, respec
tively. [(*) nonrelaxed solvent medium; (e) equilibrated solvent medium; 
for details see the text.] 

ergetically less favorable configuration along the entire reac
tion path and, as explained earlier, the molecule passes the 
potential barrier height at an energy E6 > Eg. The effective 
barrier height in this case is E:ff = Et - E!. As in the first 
case, one observes a weak dependence of k on viscosity with 
increasing solvent density due to the increasing electronic 
solvent polarizability.42 Assuming c*-tf at 616 nm [see case 
(i)], Eq. (5) reduces to 

A(t)laol=(1 +b')e-k*t-b' e-k't, 

b' = 7'i/l(ke_k*)~ 10- 1,
(7) 

such that k can approximately be identified with k*, and the 
decays are monoexponential. One could argue that they 
should show significant deviations from monoexponentiality, 
because the dipole orientation distribution characteristic for 
the nonpolar ground state of trans-stilbene will be broad, 
leading to a similarly broad distribution of barrier heights. 
But one has to keep in mind that the dominant contribution 
to the barrier shift comes from the electronic polarizability of 
the solvent,42 and the contribution from the dipole term is 
comparatively small (see the following discussion). 

c. Comparison between fast and frozen solvent limit. As 
the dipolar character of stilbene in the S 1 state is stronger in 
the barrier than in the well region, the stabilization energy 
due to interaction with the solvent will always be greater for 
the barrier than for the well region by a factor Obw> 1 which 
we assume to be independent of the solvent environment. 
The effective barrier height then can be written as 
E eff= E~olated+ AEw( 1 - 0bw), where AEw is the stabilization 
energy of stilbene in the well region. As AEw is smaller in 
the frozen solvent than in the fast solvent limit, it follows 
that, at the same pressure and temperature, E~ff < E;ff, i.e., the 
effective barrier is smaller along the equilibrium than along 
the nonequilibriuni solvation path. With Eq. (2) it follows 
that In ~('TJ) = In k*( 71) + CE;ff - l:!,~ff)/RT. The results in eth
anol, Fig. 6, are consistent with this expectation: they show 

. that rate coefficients eC7J) are 23% higher than k*(7J), cor
responding to an average barrier height difference between 
the fast and frozen solvent regime of (E:ff - ~ff) "'" 0.5 kJl 
mol, demonstrating that the dipolar contribution to the bar
rier shift is small compared to that caused by the electronic . 
polarizability of the solvent which, at the solvent density at 
the transition from the fast to the frozen solvent regime in 

J. Chern. Phys., Vol. 101, No.9, 1 November 1994 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.174.254.155 On: Tue, 23 Dec 2014 07:30:52



7574 Mohrschladt at al.: Solvation dynamics in polar solvents 

1.0 

~ 0.8 

t: 
III 
€ 
o 0.6 
UJ 

~ 
~ 0.4 

& 
0.2 

0.0 100.0 

tips 

'1"2.06mPas 

200.0 300.0 

FIG. 10. Measured transient absorbance decay for trans-stilbene in ethanol 
at a pressure of 150 MPa. The smooth solid line is a model calculation 
according to the simple two-state model (see text). 

ethanol, [M] =0.01875 mollcm3
, is about 10 kJ/mol, i.e., the 

solvent dipoles contribute only about 5% to the total lower
ing of the barrier. 

In the fast solvent both electronic and orientational po
larizability contribute to the stilbcene S 1 stabilization energy; 
in the frozen solvent it is only the electronic polarizability 
that has an effect. One would expect that, as the pressure is 
raised, the lowering of the barrier is more pronounced in the 
fast solvent, because both contributions increase proportion
ally to the solvent density. The exponent a in the inverse 
power law. therefore, should be greater in the frozen solvent. 
In ethanol, however, we observe the opposite: from the ex
periments we obtain a*=0.41±0.01 smaller than 
d'=0.52±0.03. This discrepancy could indicate that the fast 
solvent limit is not a good approximation to the reaction in 
ethanol at lower pressures: lITD is only about a factor of 2 
larger than the rate coefficient k, and it could well be that 
high frequency components of the solvent dielectric response 
are already freezing out on the time scale of the barrier cross
ing step, leading to a less pronounced lowering of the barrier 
height with increasing viscosity and, hence, a larger a. This 
would also be consistent with the comparatively small con
tribution of dipole reorientation to the barrier shift-the bar
rier crossing step just probes a minor portion of the fre
quency spectrum of the solvent response. 

d. Frozen solvent-suppressed barrier. The viscosity 
dependence of the rate coefficient for trans-stilbene in 
n-propanol, Fig. 7, and n-butanol, Fig. 8, shows a gradual 
steepening into a TJ -1 dependence at viscosities TJ> 10 
mPas. We have discussed this behavior recently42 in terms 
of an approach towards barrierless dynamics due to a com
plete suppression of the barrier at high solvent densities in 
these solvents of higher electronic polarizability. In 
n-propanol this leads to an overall viscosity dependence con
trasting that in ethanol: At low viscosities the reaction 
starts in the slow solvent regime, turns into the frozen solvent 
regime, and finally approaches the suppressed barrier limit 
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FIG. 11. ViSCOSity dependence of the rate coefficient k in ethanol. (e), 
experimental data; dashed line, prediction of the two-state model (see the 
text). 

in a succession of steep, fiat,· and steep viscosity dependen
cies. In ethanol we observe the succession of the flat, steep, 
fiat slope corresponding to the sequence of fast, slow, and 
frozen solvent. In n-butanol we only observe the frozen sol
vent and the turnover into the suppressed barrier limit. 

e. Slow solvent. In ethanol, between solvent viscosities 
of 2 and 4 mPa s, relaxation of the solvent dipole orientation, 
Le., the motion of the system along the solvation coordinate, 
to a large extent, seems to control the reaction dynamics 
along the reaction path S! to S~ to S~ in Fig. 9, In this case 
the simple two state model of Eq. (5) predicts a nonexponen
tial transient absorbance decay. Approximating the viscosity 
dependencies ec'YJ) and k*(TJ) as k_TJ-O

.
43 and74 

TD(TJ)- TJl.
24

, we calculated model decay curves as a function 
of viscosity, from which we obtained mean first order rate 
coefficients km('YJ). Figure 10 shows, as a representative ex
ample, the calculated decay curve at a viscosity TJ=2.06 
mPa s (ethanol at p = 150 MPa) together with the corre
sponding measured absorbance decay: Even if one takes into 
account the scatter of the experimental data, the initial non
exponential part of the model decay definitely is not present 
in the measured curve. In Fig. 11, we compare the viscosity 
dependence km('YJ) obtained from model decays of this type 
with experimental rate constants k( TJ) of trans-stilbene in 
ethanol. Clearly, the model does not reproduce the character
istic inflection point of the measured k('YJ), but predicts an 
almost constant power dependence k - TJ -0.5 . 

One may improve this simple two-state scheme by con
sidering a continuous evolution of the system on a two
dimensional free energy surface spanned by the solvation 
and the internal isomerization coordinate. Motion in the di
rection of the solvation coordinate then leads to a time
dependent barrier height EoCt) and hence, to a time
dependent rate coefficient kCt). Extending our barrier shift 
model42 we have, for the barrier height, 
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FIG. 12. Measured transient absorbance decay for trans-stilbene in ethanol 
at a pressure of 150 MPa. The smooth solid line is a model calculation 
according to the time-dependent barrier model (see the text). 

(8) 

where B characterizes the solvent shift arising from the fast 
components of the solvent dielectric response, B p the corre
sponding contribution from the slower orientational relax
ation of the solvation shell. [M]r is the reduced density of 
the solvent. For the time dependent rate coefficient we obtain 

Here k* and k e have the same meaning as before. From this 
model, we have Bp[Ml/RT=ln(k*/e) which we obtain 
from the fast and frozen solvent limits as 
Bp[Ml/RT=O.05ln(1]lmPa s)-0.207. 

Calculated decay curves for this model also are not 
single exponential, as demonstrated again for 1]=2.06 mPa s 
in Fig. 12, but the deviation is smaller; this could not be 
identified in the present experiments due to insufficient 
signal-to-noise ratios. The predicted viscosity dependence, 
obtained by fitting the calculated decay curves by single ex
ponentials and using TD~1]1.24, is shown as the dashed line in 
Fig. 13. The steeper transition region is not reproduced by 
this model either. If one wanted to force the model to ac
count for the observation of the inflection point in the vis
cosity dependence, one would have to assume that the di
electric relaxation time is proportional to the tenth power of 
the viscosity, i.e., TD~1]lO at least! With this assumption we 
obtain a viscosity dependence of k corresponding to the solid 

~ 
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FIG. 13. Viscosity dependence of the rate coefficient k in ethanol" (e), 
experimental data; dashed line, prediction of the iline-dependent barrier 
!!lodel calculated with the observed rv( 'TI) (see the text); solid line, predic
tion of the time-dependent barrier model with the dielectric relaxation times ~ 
indicated by the pointed line (see the text). 

k(t}=k*exp[ -Bp[MMI-e-t/rD)IRT]. (9) 

Integration leads to an approximate expression, K(t), which 
is proportional to the logarithm of the transient absorbance 
-:K(t)cx:lnA(t): 

(10) 

line in Fig. 13. In physical terms, such a rapid change of TD 
with 1] would imply that certain regions of the frequency 
spectrum of the solvent dielectric response, which are spe
cifically probed by the barrier crossing process in the photoi
somerization of trans-stilbene, freeze out almost instanta
neously at a viscosity near to 2.2 mPa s at 298 K in 
ethanol-at least in the vicinity of the solvated molecule. 
Whether such an assumption is realistic, can only be an
swered either by molecular dynamics (MD) simulations or 
by measuring the pressure dependence of the high frequency 
part of the dielectric response spectrum in liquid alcohol so
lutions. 

As a result of this analysis in terms of a simple kinetic 
barrier shift model, we conclude that a modification of the 
Kramers-Smoluchowski model with a density dependent 
barrier height alone only satisfactorily reproduces the ob
served k( 1]) dependence in the limiting regimes of the fast 

and frozen solvent as well as the transition to the suppressed 
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barrier limit. Already on the basis of this simple model, 
however. one would expect nonexponential decay kinetics in 
the transition regime, which we were not able to observe at 
our probe wavelength of 616 nm which is close to the center 
of the excited state absorption band in alcohols. As the signal 
decays could also be affected by time-dependent solvent 
spectral shifts of the transient absorption, measurement of 
pressure dependent time resolved spectra could clarify this 
point. 

Alternatively, one could try to characterize the dynamics 
of the reaction more appropriately as a motion of the system 
on an at least two-dimensional free energy surface with dif
ferent dynamic friction along the two degrees of 
freedom.8o,82,83 On the basis of the viscosity dependence of 
the rate coefficient alone, however, it is not possible to 
specify such a. surface in_reasonable way. __ _ 

2. Dielectric friction model 

In trying to understand the observed viscosity depen
dence of the rate coefficient k, up to now we have focuse<;l 
attention solely on pressure or density induced changes of 
the activation barrier for the reaction; an approach following 
logically from the observation of density dependent barrier 
heights in a series of nonpolar and polar solvents?4,42 Alter
natively, one can consider this phenomenon as a deviation 
from Kramers model caused by non-Markovian dynamics 
caused by nonequiIibrium solvation along the reaction path 
which leads to a time-dependent dielectric friction 
coefficient.82- 84,85 

The general case of frequency dependent friction is de
scribed, e.g., by the Grote-Hynes model which, for the rate 
coefficient, gives an expression of the form85 

(11) 

where Wr is the reactive frequency defined by the implicit 
relation 

(12) 

Here l:(wr) denotes the frequency dependent friction co
efficient at the reactive frequency Wr . For the present system 
we assume that the friction consists of a dielectric contribu
tion l:DCw), mainly due to electrostatic forces between. the 
twisting trans-stilbene and the alcohol molecules in the sol
vationshell, and a "mechanical" contribution l:m(w) encom
passing the short range, mainly repulsive interactions caus
ing dissipative coupling to the surrounding. On the basis of 
our previous studies,28-37,42 we assume that the latter part is 
frequency independent and can be replaced by the zero fre
quency friction {;mO-this represents the Kramers limit using, 
e.g., the shear viscosity to describe the friction. At a pressure 
of, e.g., 1 bar in ethanol, one has l:D<t.l:,;,O, and Kramers' 
model applies if one includes the lowering of Eo' with in
creasing solvent polarizability and polarity. As the pressure 
increases, l:D may become comparable to l:mo, and the rate 
coefficient given by the barrier shift model, kBS , has to be 
corrected by a factor KZH which accounts for dielectric fric
tion and leads to the stronger viscosity dependence observed 
in the intermediate range. As the pressure increases further, 
the influence of dielectric friction apparently decreases again. 

This observation suggests that the dielectric friction in this 
system is caused by weak solvent forces in the limit de
scribed by the van der Zwan-Hynes mode1.82,84,85 In the con
tinuum version of this model,84 KZH with increasing 'Tl (the 
longitudinal dielectric relaxation time) decreases from an ini
tial value of unity at low friction to a limiting value at high 
friction (large 'Tz) given by the expression 

(13) 

In Eq. (13) Ws denotes the electrostatic solvent frequency, 
defined by the harmonic restoring potential along the solva
tion coordinate due to the dielectric friction at time zero, 
{;D(t=O). The limit of weak solvent forces is then deter
mined" by the relation W s < W B' This model describes the 
physical picture of a frozen solvent such as discussed earlier 
in terms of a frequency dependent friction. If one wants to 
specify KZH( 71) and Ws one needs a model for the frequency 
dependent dielectric friction coefficient relevant for the sys
tem studied, which could be developed, e.g., from an analy
sis of molecular dynamics simulations. 

Comparing our experiments with the ZH model, we de
duce a value of K

rnin-O.81 in ethanol and, from Eq. (13), 
obtain a value near to 0.6 for the ratio wi WB' A rough esti
mate of Ws for trans-stilbene in ethanol, based on a con
tinuum model for dipole rotation reactions,84,87 can be ob
tained from 

2 2/-L2(eo-l) 
W = 

s ( 2eo+ 1)/ 
(14) 

where /-L is the effective dipole moment of trans-stilbene 
close to the barrier, eo the static dielectric constant of ethanol 
at the respective pressure, / the moment of inertia of trans
stilbene, and p the radius of the cavity occupied by trans
stilbene in ethanol. We can estimate the effective dipole mo
ment of trans-stilbene in the S I-barrier region from our 
barrier shift in theJrozen solvent regime of ethanol:42 using 
a cavity radius of p=8X 10-8 cm (estimated Lennard-Jones 
radius), we obtain W· .. 7.3XlO-29 Cm or 22 D. Using this 
value together with eo=24.3 and / = 1.7 X 10-37 g cm2, we 
arrive at a value ws ",,1.6XlO12 S-1 and, subsequently, 
u)B""'2.7X1012 S-I. This result indicates a moderately flat 
barrier top consistent with the suggestion that the barrier 
height in ethanol is very small. 

In this model, the time scale of the dielectric friction l:(t) 
is given by the relaxation time 'TR which is proportional to 
the Debye relaxation time 'TD .88 

(15) 

For small values of WB'TR, KZH should be proportional to 
1/'TR ,83 i.e., according to Eq. 15, its viscosity dependence 
should follow that of eof'TD' Because eo increases slightly 
with increasing density,88 one may estimate lI'TR~1l-a with 
a=1.With increasing WB'TR, the factor KZH then approaches 
the limiting value of KD:dr=0.8. As the overall reaction 
rate coefficient is given by k = KZH( 71) k BS( 71), one can 
try to fit the data with an expression of the kind 
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FIG. 14. As in Fig. 13, but for the dielectric friction model. 

k fit=k"[O.8+a/(b1]+ 1)], where a and b are adjustable pa
rameters. The factor in square brackets just qualitatively rep
resents the viscosity dependence of K;m-the parameters a 
and b merely set the viscosity range in which KZH goes from 
unity to~. . 

The result of the fit for ethanol is the dashed line in Fig. 
14 which shows that we encounter the same difficulty as in 
the barrier shift model-the viscosity dependence of KZH is 
too weak to be able to account for the observed switch over 
of the rate coefficient, and, again, one would need to postu
late a viscosity dependence of the kind1"R~1]lO to bring this 
simple dielectric· friction model into accord with the data 
(solid line in Fig. 14). ... ... . 

The discussion of the results for ethanol also applies to 
the other alcohols, the only difference being that the viscos
ity dependent k and lI1"D do not cross in these cases. In 
methanol, the turnover of the k(1]) curve into the steeper 
descent occurs at slightly lower viscosities than expected on 
the basis of dielectric relaxation times. In n-propanol the 
initial steep portion is at somewhat higher viscosities than 
predicted by the simple picture.90-

92 IIi MY case, apparently 
1"D can only act as a rough guide to the description of the role 
of solvation dynamics in the reaction considered here. 

3. Interpolation formula 

In view of our lack of knowledge conce.rning the dynam
ics of solvent motion during the reaction, it may seem suffi
cient to represent the experimental observations by an inter
polation formula of the kind 

1 1 1 
k= ke + k +a.ke with krx=b.· (1]/mPa s)fI, (16) 

rx 

where k rx stands for a viscosity dependent rate of solvent 
dipole rearrangement along the reaction path, and a, b and 13 
are fit parameters. The solid curve in Fig. 15 was obtained 

..... -.. ..I<: 

20 

10 

9 

8 

7 
" ... o 

6+-------~~----~----.~--r-~. 

1.0 2.0 4.0 6.0· 8.0 10.0 

11 fmPa s 

FIG. 15. As in Fig. 13, but for the interpolation formula, Eq. (16). 

for 13=10, a=5, and b=5XlO13 S-I. It empirically fits the 
experimental data quite satisfactorily. 

V. CONCLUSION 

We have presented experiments on the photoisomeriza
tion of trans-stilbene and DPB, which demonstrate that 
Kramers' model is applicable to this type of barrier crossing 
reactions in polar solvents, as long as (i) one takes into ac
count the decrease of the barrier height with increasing bulk 
polarizability of the solvent; (ii) the reaction'rate coefficient 
is not of a similar order of magnitude as the inverse of the 
dielectric relaxation time TD of the solvent. 

If condition (ii) is not met, one can. either extend the 
barrier shift mode128 to allow for a time~dependent effective 
barrier height, or describe the lack of synchronism between 
the motion along the isomerization coordinate and the solva
tion coordinate by a model including the frequency depen
dence of the dielectric friction coefficient. 83 It remains to be 
clarified, to what extent both'models provide complementary 
descriptions of the same physical phenomenon. Descnbing 
the time scale of motion along the solvation coordinate by 
experimental viscosity dependent dielectric relaxation times 
within either of these models, however, does not reproduce 
the measured viscosity dependence of the reaction rate in the 
slow solvent regime. Instead, one has to postulate a very 
rapid freezing' out of fast parts of the solvent response to 
obtain agreement with experiment. Whether the nonexponen
tiality of the absorption decays predicted by the simple mod
els can be detected, has to be tested by experiments with a 
higher signal-to-noise ratio. 

The picture emerging from the present study is in accord 
with earlier suggestions about the importance of solvation 
dynamics in the photoisomerization of trans-stilbenell

•
16 and 

dihydroxystilbene.80 . Our expyriments provide unequivocal 
evidence' for the interplay between intramolecular and sol
vent motion in this type of reaction. We hope to obtain more 
detailed information on the dynamics from time resolved 
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subpicosecond transient spectra which would allow to test 
more elaborate models59 of reactions proceeding on partially 
equilibrated free energy surfaces. 

Comparing the results of the pressure dependence stud
ies for trans-stilbene and DPB in liquid alcohols with those 
for liquid and supercritical alkanes,28-35 one realizes that the 
reaction of DPB shows much less evidence for specific sol
vation effects. Compared to trans-stilbene, the barrier in this 
molecule seems to decrease to a much smaller extent in the 
clustering range in compressed gases while, subsequently, it 
vanishes more rapidly with increasing solvent bulk polariz
ability. It would be interesting to see, whether this striking 
difference between DPB and trans-stilbene is also observed 
in quantum chemical calculations of excited state solvation. 
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