
2168 J .  Phys. Chem. 1988, 92, 2168-2172 

Reorientatlon and Isomerization of trans-Stllbene in Alkane Solutions 
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Rotational reorientation times were obtained for trans-stilbene in the series of n-alkanes over a wide temperature range by 
using picosecond anisotropic absorption measurements and fluorescence depolarization measurements. The data show that 
the coupling of solute and solvent decreases as the size of the solvent increases. However, in a given solvent the reorientation 
depends linearly on a /  T over our temperature range. The results are discussed in the context of the free space model of 
Dote et al. The new data are used to discuss the applicability of current models for activated barrier crossing to the isomerization 
of stilbene. 

Introduction 
The qualitative influence of the friction exerted by nonpolar 

solvents on the photoisomerization of trans-stilbene now seems 
clear.’” As predicted by barrier crossing theories: the rate first 
rises as friction is increased, reaches a maximum, and then turns 
over and decreases as friction is increased further. The maximum 
occurs in high-pressure gas phase,]%* and in liquid solutions the 
rate is a decreasing function of solvent viscosity. Attempts to 
provide a quantitative description of both r i ~ i n g ~ , ~  and falling4.5 
parts of the curve have met with difficulties. In this paper we 
concentrate on the high-friction (solution) portion of the curve. 

If the stilbene isomerization rate is plotted as a function of 
viscosity with different viscosities being obtained by change of 
solvent or temperature, the rate falls off more slowly than is 
predicted by Kramers’ equation if the solvent friction is equated 
with macroscopic shear v i ~ c o s i t y . ~ ~ ~  There are several possible 
explanations for this behavior: (1) The intramolecular potential 
surface could be solvent (2) The solvent viscosity 
may not be an adequate measure of the friction felt by the 
isomerization molecule, either because the presence of the in- 
tramolecular barrier places an emphasis on the short-time response 
of the solvent (frequency-dependent friction”2) or simply because 
Stokes’s law is inadequate on the molecular scale involved in the 
isomerization process. (3) Other degrees of freedom than the 
reaction coordinate may complicate the friction dependence. l3-I5 

Perhaps the possible inadequacy of Stokes’ law is the most obvious 
explanation, and recently both Lee et a1.I6 and Courtney et aI.l7 
have taken up the suggestion of Velsko et ai.’* and used rotational 
reorientation times as a measure of microscopic friction. Both 
groups found that the Stokes-Einstein relation gave a poor de- 
scription of reorientation times in a series of alkane solvents a t  
room temperature. Improved fits to Kramers’ equation (in the 
same solvents) were obtained if the inverse reorientation time was 
used as the friction m e a s ~ r e . ’ ~ . ’ ~  Thus, much of the failure of 
Kramers’ equation to describe stilbene isomerization in a series 
of alkanes at  room temperature can be traced to the failure of 
the Stokes-Einstein relation. 

The failure of the Stokes-Einstein relation in experimental 
studies of small-molecule reorientation is w e l l - k n ~ w n ’ ~ ~ ~ ~  and has 
also been observed for larger molecules in very viscous solutions.22 
Theoretical approaches to the problem have been discussed by 
Dote et aI.l9 These authors propose a model in which the coupling 
between the rotating molecules and the solvent depends on the 
free space in the solvent. This suggests that the relative size of 
solvent and solute should be an important parameter. Recently, 
Zwanzig and Harrison25 have also suggested that deviation from 
the Stokes-Einstein formula should be discussed in terms of an 
environment-dependent coupling to the solvent, rather than a 
breakdown of the basic Stokes-Einstein formula. In order to 
investigate this problem in the case of trans-stilbene, we have 
measured the molecular reorientation in a series of n-alkanes over 
a range of temperatures. Our results support the suggestions of 
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Dote et al. and Zwanzig and Harrison: in a single solvent, over 
our temperature range, the Stokes-Einstein relation works well. 
However, the coupling coefficient (slope) is strongly dependent 
on the solvent and changes by almost a factor of 2 between hexane 
and hexadecane. We discuss our data in the context of current 
theories of rotational reorientation and also discuss the implications 
of our results for the analysis of the isomerization data. 

Experimental Section 

Two techniques were used to obtain the rotational reorientation 
times: fluorescence depolarization using time-correlated single- 
photon counting and anisotropic absorption (polarization spec- 
troscopy) using an amplified colliding pulse mode-locked ring 
laser.” In both cases excited-state reorientation was monitored 
either via fluorescence or via Sl-S, absorption. The former 
technique has been described in detail e l s e ~ h e r e , ~ ~ ~ ~ ’  and details 
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trans-Stilbene in Alkane Solutions 

TABLE I: Comparison of Measured Decay Times for the 
Excited-State Anisotropic Absorption Measurements (iMe) and the 
Ground-State Anisotropic Absorption Measurements ( i M g )  

solvent temp, "C 7 M c ,  ps 7M8, ps 
tetradecane 12.5 27.7 f 0.4' 25.0 f 2.0b 

17.0 24.6 f 0.4 21.3 f 1.5 
30.0 17.8 f 0.3 15.4 f 1.0 

hexadecane 21.0 33.0 f 1.0 27.7 f 2.OC 
27.0 27.4 f 0.5 24.8 f 2.0 
41.0 17.9 f 0.3 16.1 f l.Od 
50.0 14.5 f 0.5 12.9 f 1.0 

'Errors represent fit uncertainty. b12.0 "C value. c22.0 OC value. 
"0.0 "C value. 

of the anisotropic absorption experiments are given in ref 17 and 
2 8 .  

In the anisotropic absorption experiments, the excitation 
wavelength was the laser second harmonic at 308 nm and generally 
the probe. wavelength was the fundamental (615 nm). The probe 
was time delayed and had 4 5 O  polarization with respect to the 
pump polarization. The analyzer polarizer was set a t  -45' and 
detects the signal induced by rotation of probe polarization due 
to sample dichroism. 

The polarizers [Karl-Lambrecht Co.] showed extinction ratios 
around 3 X IOd. It is known that reducing birefringence from 
external optics may be critical in obtaining an undistorted sig- 
nal,28*29 and we found this indeed is the case for trans-stilbene. 
We therefore used a free flowing jet instead of a sample cell. The 
extinction ratio of probe pulse through the analyzer polarizer was 
greater than 2.2 X lo4 with most quartz cells while it decreased 
to 6.5 X with the jet. A Neslab RTE-5B thermostat was 
used to regulate the sample temperature. Two thermocouples were 
inserted into the circulating sample line approximately 10 cm 
before and after the sample. Those two readings were identical 
to within 0 . 5 O .  Most of the alkane solvents made high-quality 
jets using a Spectra Physics stainless steel dye jet nozzle from -3 
to 76 O C .  Because of difficulties with water condensing around 
the jet nozzle below -3 OC, the fluorescence depolarization ex- 
periments were used to provide the reorientation data a t  lower 
temperatures. 

The reorientation time ( rOR)  is obtained in the anisotropic 
absorption experiments from the expression 

1 1 1  - = - - -  
TOR 2TM 

where 7 is the excited-state lifetime, obtained from fluorescence 
decay measurements, and rM is the measured time con~tant . ' '~*~ 
T can also be obtained from excited-state absorption measurements 
using an identical setup to anisotropic absorption measurements 
except the probe and analyzer polarizations are at the magic angle 
( 5 4 . 7 O ) .  The lifetimes obtained from such measurements agree 
with the ones obtained from fluorescence decay measurements 
but have greater experimental uncertainty. 

We also carried out several measurements by probing the 
ground-state depolarization with the same color (285 nm) for both 
pump and probe pulses. The pulse was generated from the similar 
dye laser amplifier chain as used for excited-state anisotropic 
absorption, but the dye laser oscillator was a synchronously 
pumped-passively mode-locked dye laser operating at  570 nm. 
Scattered light was a more serious problem than in two-color 
measurements. However, after the scattered light was eliminated, 
the signal was larger than in the two-color measurements because 
the absorption cross section for the ground state is larger than 
that for the excited state or because the single-color experiment 
has better overlap between the pump and probe. (A 6-mm focal 
length difference exists between 615 and 308 nm when a 63 mm 
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Figure 1. Anisotropic absorption decay of the excited state of trans- 
stilbene at 0 O C  in decane. 

TIME (ps) 

TABLE II: Least-Squares Fits of the Reorientation Times 
temp no. of fitted S, linear 

solvent range. OC data uoints lo3 K DS/CP correlation 
~~~~ 

pentane 29.0 1 16.5 
hexane -33.0-15.0 3 13.8 f 0.5 0.999 
octane -20.0-24.0 4 12.3 f 0.4 0.995 
decane -7.0-59.0 7 11.8 f 0.3 0.995 
dodecane 1.5-67.5 8 10.5 f 0.1 0.999 
tetradecane 12.5-73.0 7 8.57 f 0.09 0.997 
hexadecane 21.0-72.5 7 8.75 f 0.14 0.991 

focal length quartz lens is used.) In Table I we list selected values 
of r M  from both methods for comparison. Interestingly, rM for 
the ground-state anisotropic absorption is about 10% shorter. 

In the fluorescence depolarization measurements the excitation 
of trans-stilbene was at 298 nm and the fluorescence was collected 
at 345 nm after going through an analyzer polarizer. The parallel 
and perpendicular polarized fluorescence curves are accumulated 
individually and deconvoluted with an instrument decay curve 
before being fitted simultaneously until the minimum x2 is reached. 
In the analysis the initial anisotropy r (0)  and the reorientation 
time 70R for trans-stilbene are correlated. We found that rOR 
values fitted with a fixed value of r(0) (= 0.39 f 0.01) are in good 
agreement with the values projected from anisotropic absorption 
experiments, as shown in Figure 2. 

Spectrophotometric grade or gold labeled alkanes were pur- 
chased from Aldrich Chemical Co. and used without further 
purification. The concentration of trans-stilbene, Kodak scin- 
tillation grade, was about 2 mM for the anisotropic absorption 
experiments and approximately 10 KM for fluorescence depo- 
larization experiments. No differences in the measured decay 
times were observed at  concentrations to almost -5 mM for 
anisotropic absorption. 

Results and Discussion 
( A )  Rotational Reorientation. Figure 1 shows an anisotropic 

absorption curve for the excited state of trans-stilbene in decane 
at  0 OC. The decays in all solvents were well-described by a 
single-exponential decay. Rotational reorientation times were 
extracted via eq 1. Following Dote et al.19 and Zwanzig and 
H a r r i ~ o n ? ~  we write 

where Vis the volume of stilbene, 7 is the shear viscosity, fstick 
is a factor dependent on molecular shape,30 and C is a measure 
of the coupling between the rotating molecule and its surroundings. 
Equation 2 provides the motivation to plot iOR vs a /T  as shown 
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Figure 2. iOR for trans-stilbene in hexane ( 6 ) ,  octane (8), decane (0), 
dodecane (*), tetradecane (X), and hexadecane (H). Error bars are 
shown for the dodecane points and come from the fit uncertainty of the 
anisotropic absorption decay curves. The dashed line represents ioR 
predicted with Hu and Zwanzig's slip parameter as explained in the text. 
The solid lines are the least-squares fits to data for each given alkane. 
The highest iOR value for hexane, octane, and decane was measured by 
fluorescence depolarization. These points were not included in the fits 
because of the correlation between r(0) and TOR. Fixing r(0) to 0.39 gave 
T~~ values that corresponded well with the anisotropic absorption data. 

in Figure 2 for c6, c 8 ,  c,,, c,,, Cl4, and c16 n-alkanes. Also 
shown in Figure 2 are least-squares fits to rOR = S(t)/T'). The 
value of S for each solvent is given in Table I1 along with the 
temperature range of the measurements. The dashed line in Figure 
2 is a slip boundary condition calculation of rOR using eq 2 and 
the value of fstickC given by H u  and Z w a n ~ i g . ~ ~  To make this 
calculation, stilbene is ap roximated as a prolate ellipsoid with 

Several observations are apparent in Figure 2. First, the re- 
orientation times are similar to slip predictions for the smaller 
solvents and are below slip predictions (subslip) in the larger 
alkanes. This remains true even if the shorter semiaxis is reduced 
to 1.7 A. Second, in each solvent the reorientation times follow 
an expression of the form (2) very well. It is not necessary to 
include a finite in te r~ept '~  to fit the data. [If the data in Figure 
2 are fitted to TOR = S(t)/T') + a,  the values of a obtained are 

14), and -8.75 ps ( n  = 16).] However, the slope of the least- 
squares fits decreases substantially along the alkane series, varying 
by almost a factor of 2 from pentane (single temperature mea- 
surement) to hexadecane. Thus, although a plot of r O R  vs t) at 
a given temperature is highly nonlinear (and in fact fits very well 
to rqR a vu with a - 0.7 at room temperature), the origin of this 
nonlinearity seems to be weaker coupling with the solvent as the 
solvent-solute size ratio increases. Over our temperature range 
the coupling does not appear to be a strong function of density. 
The apparent validity of eq 2 with the coupling C dependent only 
on the size of alkane is noteworthy. Ancian et al.,' obtained iOR 
for adamantane-d, in the same alkane solvent series (but over a 
wider temperature range, -90-1 50 "C) from ,H NMR experi- 
ments. Their C decreases in a given alkane as the temperature 
decreases. However, our earlier work on the reorientation of 
DODCI in alcohol solvents also found that C was independent 
of temperature over the limited range studied.,' The ESR studies 
of Zager and Freed on PD-Tempone also show a temperature- 
independent C as long as the pressure was held constant.24 

Zwanzig and Harrison25 suggest that fractional viscosity de- 
pendence arises when both viscosity and diffusion coefficient (0: 
rOR-') depend exponentially on some parameter. They note that 
in the normal alkanes (CnH2n+2) 

exp(0.247n) (3) 

a longer semiaxis of 7.4 B1 and a shorter semiaxis of 2.8 A. 

0.0 (n = 6) ,  2.9 (n = 8), 1.7 (n = lo), -1.9 (n = 12), 1.0 (n = 

7 (cP; T = 20 "C) = 7.36 X 
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Figure 3. Predicted TOR curves with eq 6 for octane (a), dodecane (b), 
and tetradecane (c). Also shown are experimental data points for octane 
(8), dodecane (*), and tetradecane (X). The size parameters for 
trans-stilbene are given in the text. They givehUck = 2.00 andf,,,, = 0.80. 
Molar volumes were used for V,. The parameters B and K~ were taken 
from ref 32 and 33, respectively. 

For our data we find (from a least-squares fit omitting tetradecane) 
a good fit to 

-- - 1.293 exp(-O.O432n) 
C(n) 

C(n=6) (4) 

Thus, for our data as well as those considered by Zwanzig and 
Harrison, the fractional viscosity dependence arises from 
"accidental" exponential dependence of rOR-l and 7 on an ex- 
perimental parameter-in our case the number of carbon atoms 
in the n-alkane. 

Dote et al.I9 have discussed a number of theories for the cal- 
culation of the coupling coefficient C. They suggest 

c = (1 + r/fshp)-l (5) 

whereLtip is the hydrodynamic friction coefficient for slip boundary 
condition and 

y = B ~ T K T ~ ) [ ~ ( V , / V , ) ~ / ~  + l ] / v p  (6) 

where B is a temperature-independent parameter,19i32 KT is the 
isothermal compressibility of the solvent, and Vp, V, are the 
volumes of probe and solvent molecules, respectively. Equation 
6 suggests that C should decrease as the size of the solvent 
molecule becomes larger, which agrees with our experimental 
observations. However, Dote et al.'s C (C,,,,) varies with tem- 
perature in a given solvent through the variation of K~ and t). 
Figure 3 shows the calculated (via CDote) and experimental iOR 
values for Cs, C,,, and Cl4. The correct trend is obtained, but 
the curvature present in the calculated curves is not reflected in 
our data. This was already noted by K i v e l ~ o n ~ ~  in the context 
of the data of Zager and Freed.24 Kivelson suggests that the failure 
of eq 5 in predicting C with the temperature changes arises because 
the B ~ T K T ~  coefficient in eq 6 is a composite of several different 
theories of liquids. In fact, the coupling constants proposed in 
several other theoretical  model^'^,^^ have similar forms to C,,,,, 
namely 

(7) 

C from these models should show more curvature than C,,,, on 

c = (1 + at))-l 
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TABLE III: Comparison of C Estimated from Cierer-Wirtz Theory 
(CGw) with Experimental Values 

solvent cGW Cerpt? 

hexane 0.18 0.39 
octane 0.15 0.35 
decane 0.13 0.34 
dodecane 0.11 0.30 
tetradecane 0.094 0.24 
hexadecane 0.084 0.25 

ccxptl = Sk/(V$tick) 

the rOR vs q/T plot because a is virtually temperature independent, 
while Dote et al.’s a compensates somewhat for the temperature 
dependence of 7. Gierer and W i r t ~ ’ ~ , ~ ~  developed an alternative 
model in which for the successive solvent shells surrounding the 
probe molecule a stepwise decrease of angular momentum is 
assumed. Their result is 

r ’I 

where 

(9) I 1 co = [ + 
(1 + 2 4 4  ( I  + 4 4 3  

and 

While our experimental results favor the form of CGw in that it 
depends only on V,/ Vp, it predicts rOR 2-3 times smaller than the 
experimental values, as shown in Table 111. The qualitative 
success of the Dote et al. and Gierer-Wirtz models suggests that 
the relative size of solute and solvent is a critical factor in the 
variation of solute-solvent coupling. However, it appears that 
no quantitatively successful theory is currently available. 

(B)  Isomerization. Given the more extensive set of reorientation 
data available from these studies, it seems appropriate to reexamine 
the fits of the isomerization rate data to Kramers’ equation dis- 
cussed by Courtney et al.17 and Lee et a1.I6 These fits are based 
on the standard expression for barrier crossing 

kIso = F(CISO) exp(-Eo/RT) (11) 
where F(Cs0) is a function of solvent friction and Eo is the barrier 
height. Cm is often assumed proportional to solvent shear viscosity 
7. Then 

Following Velsko et a1.I8 the assumption is made that 

CIS0 o: COR (13)  

and 

COR = ( E ) T O R  

where CIs0 and COR are the friction coefficients for isomerization 
and reorientation, respectively, and ZOR is the moment of inertia 
for reorientation. Kramers’ equation can now be rewritten as 

where A = (w/2r)(Q+/Q’) and B’ = 2wB/f. Here f is a pro- 
portionality constant, w is the angular frequency of the reaction 
mode, wB is the frequency corresponding to the barrier curvature. 
Q’and Q+ are partition functions for the reactant and transition 

(37) Gierer, A,; Wirtz, K. Z. Naturforsch. A 1953, 8, 532. 
(38) Berm, B. J.; P a r a ,  R. Dynamic Light Scattering; Wiley: New York,, 

1916. 
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Figure 4. Reduced isomerization rate data for trans-stilbene in pentane 
(S), hexane ( 6 ) ,  octane (8), decane (0), dodecane (*), tetradecane (X), 
and hexadecane (H) plotted versus the solvent shear viscosity (a) and the 
angular momentum correlation time COR (b). Solid curves represent the 
Kramers model fit to each plot. xz values for each fit are also shown. 

0 1 2 
7 (CP) 

b) 

3 3.35 4 
1/T (10- K-’) 

Figure 5. (a) Reduced isomerization rate data for trans-stilbene in 
decane with the best Kramers fit curve (solid curve). (b) Arrhenius plot 
of isomerization rate data for stilbene in decane at  temperatures from 
-26 to +76 OC with linear least-squares fit (dashed line). The solid curve 
represents the projection of the Kramers fit (solid curve in (a)) on this 
plot. 

state, respectively. The prime indicates that the reactive mode 
has been factored out of Q. 

To compare with our experimental data over a wide temperature 
range, we calculate the experimental prefactor as 

and 
1 k,, = - - k, 
T 

where we use 3.5 kcal/mol for E$ and 6 X lo8 s-* for kr.39 Figure 
4 compares eq 12 and 15 with viscosity (a) or COR (b) as the friction 
measure. Using the reorientational data produces a slightly better 
fit, in particular reducing dispersion between the decane, dodecane, 
and tetradecane data. However, neither the standard expression 
nor eq 15 contains enough curvature to fit the data well. The doubt 
remains, however, that the failure of eq 12 and 15 arises from 
the use of different solvents. 

The excellent straight-line fits in Figure 2 suggest an alternative 
approach. Since rOR a 7/T in a single solvent, it should be possible 
to use eq 12 directly in any particular solvent. The ratio Vp/Vs 
may be smaller for isomerization than for reorientation, but the 
data in Figure 2 suggest that, although the coupling constant may 
decrease, the linear dependence of COR on 7 should also be pre- 

(39) Good, H. p.; Wild, U. p.; Haas, E.; Fisher, E.; Resewitz, E.-P.; 
Lippert, E. Ber. Bunsen-Ges. Phys. Chem. 1982, 86, 126. 
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in coupling as solvent is varied. When we apply eq 18 to our 
trans-stilbene in decane data, we also obtain a good fit (Figure 
6b) with similar parameters ( A  = 1.06 X l O I 3  s-I, a = 8.0 X IO-’‘ 
CP s, b = 9.66 X s) to the ones reported in ref 44. The form 
of the friction chosen by Lee et al. has two parts: a part inversely 
proportional to viscosity which is important a t  low viscosity and 
a constant part, b, which takes over at higher viscosities. Lee et 
al. suggest that this additional term arises from interactions that 
depend on the intramolecular properties of the solute (e.g., barrier 
height) but are independent of solvent viscosity. Comparing eq 
7 and tIs0 a ( a / q  + b)-l and making the identification a = b/a 
shows that the form of the friction coming from the free space 
model of reorientation is the same as that proposed by Lee et al., 
although the physical reasoning seems rather different. The value 
of a required to fit the isomerization data, 12 cP-’, is about I O  
times larger than the typical values of a calculated from Dote 
et al. For example, Dote et al.’s a ranges from I .  1 to 2.1 cP-’ 
in decane over the temperature range of our reorientation studies. 
The large increase of a for the isomerization presumably reflects 
the influence of the intramolecular potential barrier on the friction. 
In other words, the friction approaches a constant value much 
more rapidly for isomerization than for reorientation. The greater 
quantitative success of eq 18 for F (Cls0) as compared with eq 
7 for no doubt stems from the use of three variable parameters 
in the former case and only fixed parameter values in the latter 
case. However, it seems clear that the connection between the 
approaches of Dote et al. and Lee et al. to describing friction in 
complex solvents deserves further investigation. 

Concluding Remarks 
The data presented here point out the importance of the relative 

size of a solvent and a moving object in determining friction. Since 
the relative size of the solvent and the moving group differs 
substantially between rotational reorientation and isomerization, 
the process of “calibrating” isomerization friction via reorienta- 

is not without ambiguity. Our data do show, however, 
that for trans-stilbene isomerization in n-alkane solvents a linear 
dependence of reorientation time on q / T  does not imply that the 
friction dependence of the isomerization is adequately described 
by the Markovian form of Kramers’ equation. Our data, in a 
single solvent, can be well-fit by both the Grote-Hynes9 expression 
and the form proposed by Lee et aL4 In assessing the significance 
of these fits, it is necessary to bear in mind that we cannot rule 
out temperature-dependent changes in the potential surface or 
the possibility that the zero-frequency friction is nonlinear with 
q in a single solvent for the isomerizing group. Pressure-dependent 
studies of reorientation and isomerization should help in addressing 
the former possibility. 

Two aspects of the reorientational data are worth noting. It 
is interesting that the excited state of trans-stilbene appears to 
reorient about 20% more slowly than the ground state. This 
implies that either the effective volume of the excited state or the 
coupling to the medium is larger than that of the ground state. 
The trend in decreasing coupling with increased solvent size 
parallels that seen earlier by Waldeck and Flemingz3 for the 
monocation DODCI in alcohol solutions. The decrease is rather 
larger for trans-stilbene in alkanes, perhaps implying that the 
stronger intermolecular interactions between the charged molecule 
and its polar solvent tend to weaken the importance of molecular 
sizes in determining the friction. Another factor, as recently noted 
by Ben-Amotz and is that the decrease of coupling in going 
from alkane to alcohol solvents is rather large for trans-stilbene 
and becomes less significant for larger solute molecules. This again 
stresses the importance of the relative size of the probe molecule 
and the solvent. 
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Figure 6. Reduced isomerization rate data for trans-stilbene in decane 
fitted (a) with the Grote-Hynes model9 (solid curve and (b) with the 
model of Lee et al.44 (sold curve). Fit parameters are given in the text. 
The dotted fit curve in (a) is made with wB = 2.0 X 10l2 s-l with other 
input parameters fixed to show how sensitive the fit is to the barrier 
frequency. 

served. Figure Sa shows a fit to eq 12 for decane solutions. Clearly 
Kramers’ expression fails qualitatively even though the reorien- 
tational friction is proportional to t. In fact, we should have 
expected this failure since the Arrhenius expression always fits 
our isomerization data in a single solvent extremely well. As 
Figure 5b demonstrates (for decane solution), this should not be 
the case if eq 12 fits the data. 

We have discussed at  length possible reasons for 
the failure of eq 12 to fit our isomerization data. The kind of 
deviation shown in Figure 5 is of the type expected if frequen- 
cy-dependent friction were i m p ~ r t a n t . ~ J ~  When the barrier 
crossing motion is faster than the solvent response (high wB), the 
molecule is likely to feel reduced friction. Using the generalization 
of Kramers’ equation by Grote and Hynes: it is possible to 
calculate F(rIso) by using the method described by Bagchi and 
Oxtoby12 along with the various acoustic parameters for the 
solvents from the l i t e r a t ~ r e . ~ ~  Earlier, Rothenberger et aL5 
obtained, using the frequency-dependent model, a good fit to 
trans-stilbene isomerization data in a series of n-alkanes at  room 
temperature. However, the model fits the data with an unphy- 
sically low value of the barrier frequency. When we apply the 
theory to fit our decane data over a wide temperature range (rather 
than solvent change) (Figure 6a), we obtain similar frequencies 
to Rothenberger et al.,5 wB = 2.1 X 1OI2 s-’ and w(Q’/Q? = 1.1 
X l O I 4  sei, when IIso = 3.3 X kg m241 and G, = 7 X lo7 
Pa (all other parameters as in ref 5). We expect wB and w to be 
fairly similar which implies Q’/Q’ >> 1. RRKM fits to supersonic 
jet data, in contrast, imply Q+/Q’ - 142 or Q+/Q’< Thus, 
even in a single solvent the Grote-Hynes fit does not appear to 
generate satisfactory frequencies. A different approach to the 
frequency-dependent friction was made recently by Lee et al.44 
Instead of the barrier sharpness (we) determining the friction, the 
inverse of the reduced isomerization rate F(tIs0) was used as the 
frequency measure for the frequency-dependent solvent friction. 
In their extended Kramers equation, Lee et al. use 2(a/q + b)F 
(flso) instead of B / q  in eq 12. Then Kramers’ equation can be 
simplified to eq 18 and fits isomerization data from a number of 

systems very we1L4 However, the fits do not consider the variation 
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