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Solvent dielectric effects on isomerization dynamics: Investigation of the
photoisomerization of 4,4'-dimethoxystilbene and #-stilbene in n-alkyl nitriles

N. Sivakumar, E. A. Hoburg, and D. H. Waldeck

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260
(Received 16 September 1988; accepted 9 November 1988)

New data for the photoisomerization dynamics of z-stilbene and 4,4'-dimethoxystilbene in
polar solvents are reported. These data demonstrate that in n-alkyl nitriles, nonassociated
polar solvents, it is possible to extract a solvated barrier for the isomerization. This result is
contrasted with recent studies in n-alkyl alcohols, associated polar solvents, where this
separation is not possible and clarifies the origin of the changing barrier height in n-alkyl
alcohols. Comparison of reduced isomerization rates with models of chemical reaction
dynamics in solution are drawn. Good agreement of the data with a coupled oscillator model is

found.

INTRODUCTION

The trans to cis photoisomerization of stilbene'~ and its
analogs’® provides a model system for the investigation of
unimolecular reactions in the condensed phase. These stud-
ies have pointed to two primary solvent effects on the iso-
merization, namely solute/solvent friction and solute/sol-
vent dielectric interactions. The incorporation of these
effects into a proper modeling of the reaction dynamics is
still developing. For instance, it remains to be ascertained
under what conditions stochastic models (such as Kramers)
are appropriate, or alternatively under what conditions non-
Markovian effects become important to the dynamics.*""'

The isomerization of stilbenes involves a large ampli-
tude motion which couples to the solvent through collisions,
i.e., friction. Experimental studies of s-stilbene in nonpolar
solvents have elucidated both the regime where the reaction
rate increases with solvent friction® and the regime where the
reaction rate decreases with solvent friction. This latter re-
gime, the more common in liquid solution, is considered in
this study. Furthermore, studies in nonpolar solvents indi-
cate that the intramolecular potential energy barrier and the
solvents’ frictional influence are separable. In fact, the size of
the potential energy barrier for stilbene in alkane solvents
agrees closely with the isolated molecule value.'? Investiga-
tions of the isomerization of stilbenes and other compounds
in the solvent damping regime (rate decreases as friction
increases) have revealed deviations from the predictions of
Kramers model when shear viscosity is used as a measure of
solute/solvent friction. Although a variety of approaches
have been used to better model the friction, the limits of
applicability of Kramers model remain unclear.*®

A second aspect of the solvents’ influence occurs
through the dielectric properties of the solvent. The isomeri-
zation of stilbenes is believed to involve a very polar, twisted
intermediate'® and the excited state potential energy surface
of stilbene is strongly influenced by polar solvents. A variety
of studies in polar solvents®”'*'7 show the dramatic influ-
ence of solvation on the activation barrier to isomerization.
Photoisomerization studies on -stilbene® and 4,4'-dimeth-
oxystilbene (DMS)” in n-alcohol solvents have revealed that
the solvent friction and barrier influences are not separable,
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as for the case of nonpolar solvents. It was suggested in this
earlier work that this loss of separability arose because of the
slow dielectric response of the n-alkyl alcohol solvents (a
result of hydrogen-bonded oligomer structures in these sol-
vents). The early time behavior of the fluorescence decay of
DMS in n-alkyl alcohols’ can be highly nonexponential, in-
dicating that isomerization and solvation of the excited state
are occurring on similar time scales. This lack of time scale
separation and strong solute/solvent coupling results in an
inability to model the reaction as occurring on a one-dimen-
sional equilibrated potential energy surface. These results
motivated the present studies which investigate the photo-
isomerization of ¢-stilbene and 4,4'-dimethoxystilbene in the
n-alkyl nitrile solvents.

Because the nitriles are polar but nonassociating, effects
of solvation on the barrier will be present but the dielectric
response should be rapid.'® Excited state lifetime studies
have been performed for both t-stilbene and DMS in the
homologous series of n-alkyl nitriles from propionitrile to
decanenitrile as a function of temperature at ambient pres-
sure. For both stilbene and DMS it is possible to extract an
effective barrier (solvated barrier) from the data. This sol-
vated barrier to isomerization is reduced in magnitude from
that observed in alkanes.

The rest of this manuscript is organized as follows. First,
specific experimental details are discussed. Second, the data
analysis used to successfully separate the activation barrier
from solvent friction effects is presented. Subsequent to this
separation, comparisons are drawn between the measured
frequency factors and a hydrodynamic Kramers model.
Fourth, the data is analyzed in terms of “extended” Kramers
models. That is, models which have a Kramers form, but
with a more detailed treatment of the friction. Lastly, the
conclusions and implications of this work are discussed.

EXPERIMENTAL

Measurement of fluorescence decay rates k- and quan-
tum yields ¢ for 4,4'-dimethoxystilbene and #-stilbene al-
lowed the isomerization rates &, to be determined, via

kiso =k}7‘(1 _¢)-
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Fluorescence decay profiles were measured using the time
correlated single photon counting technique'® at a variety of
temperatures and ambient pressure. Figure 1 shows a sample
decay curve for #-stilbene in butanenitrile at a temperature of
284 K. The best fit excited state decay time is 64 ps. This
decay curve shows not only the excited state decay but back-
ground fluorescence from the solvent. A best fit to a sum of
exponentials gives a y> = 1.6 and indicates that the back-
ground fluorescence from the solvent. A best fit to a sum of
exponentials gives a y* = 1.6 and indicates that the back-
ground solvent fluorescence is 0.08% of the signal fluores-
cence. Fitting of the decay curves to a single exponential vs a
double exponential only had a minor effect ( <2 ps) on the
decay time extracted. Because of the limited instrument re-
sponse function (60 ps FWHM and 110 ps FWTM) and
difficulties in fitting, only experimental conditions which re-
sult in decay constants of greater than 30 ps are reported.
The specifics of the apparatus used for these studies have
been described previously.’

Relative quantum yields were measured using an SLM
8000 (SLM Instruments Inc.) fluorimeter in the 90° config-
uration. The reference standard for these measurements was
quinine sulfate in 0.1 N H,S0, (¢ = 0.54),?° the quantum
yield of fluorescence of 4,4'-dimethoxystilbene was deter-
mined in acetonitrile (¢ =0.26) and in hexanenitrile
(¢ = 0.32) at 298 K. The radiative rates k, were determined
tobe 0.73 ns ! in acetonitrile and 0.62 ns ~ ' in hexanenitrile.
The average radiative rate (0.36 ns ™' at unit index of refrac-
tion) was used in the different nitrile solvents after correct-
ing for the solvent index of refraction [i.e., k, (ns™') = 0.36
n?, where # is the solvents’ index of refraction]. The radia-
tive rate for t-stilbene, taken to be 6.2 10% s ' in n-hex-
ane,”™ was corrected for index of refraction changes as well.

The n-alkyl nitrile solvents required extensive purifica-
tion before use (solvents were purchased from the Aldrich
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FIG. 1. This figure shows a fluorescence decay curve for t-stilbene in n-
butanenitrile at 284 K. The best fit parameters are given in the text.

Sivakumar, Hoburg, and Waldeck: Solvent dielectric effects on isomerization

Chemical Company and Dixon Fine Chemicals). The purifi-
cation method of choice was to vacuum distill the solvents at
temperatures of less than 370 K.?! The solvents were dis-
tilled up to three times. The criterion for purity was that the
observable impurity solvent background fluorescence be less
than 0.1% of the signal fluorescence. The purification proce-
dure for 4,4'-dimethoxystilbene has been described pre-
viously.” Scintillation grade #-stilbene was used without ad-
ditional purification. Measurement of the fluorescence life-
time of r-stilbene in pentane provided a decay time
(7 =65 ps at T =295 K) in close agreement with other
workers.?

The viscosities of #-alkyl nitriles were obtained from the
literature for propionitrile through hexanenitrile** for tem-
peratures greater than 273 K. Viscosities for these solvents
were measured from 253 to 273 K and the viscosities of a-
heptanenitrile through n-decanenitrile were measured from
253 to 353 K at ambient pressure using a Uhbolode visco-
meter. The measured viscosity values for these solvents are
reported in the Appendix. The densities for these solvents
were obtained from the literature.>® If densities were not
available below 0 °C, they were extrapolated by no more
than 25 °C from a fit to the literature data.

The methods used in fitting data have been described
elsewhere.”?*

EXTRACTION OF SOLVATED BARRIER

The method used to separate the activation barrier from
the solvent frictional effects is based on a general expression
for the isomerization rate constant, which has an Arrhenius-
type form. This expression can be written as

ki, = F({)exp(— E/RT), (1)

where E is the activation energy, R is the gas constant, T is
the temperature, and F({) is a function of the solute/solvent
friction £ and properties of the solute potential energy sur-
face. Because of solute/solvent dielectric interactions, this
potential energy surface is not strictly intramolecular. By
measuring the isomerization rate constant in an homologous
series of solvents, it is possible to perform an Arrhenius plot
where the preexponential factor F(§) is held constant. That
is, one assumes that the solute potential energy surface pa-

TABLE I. Isoviscosity plot parameters for n-alkyl nitriles.

t-stilbene 4,4'-dimethoxystilbene

Viscosity (cP) E (kcal/mol)  Solvents  E (kcal/mol)  Solvents
0.50 418 +0.12 C,-C,
0.70 2.59 +0.13 C,-C, 4.04 + 0.08 C,~Cyp
0.90 2.36 +0.12 C,—Cp 3.97 + 0.06 Cs—Cq
1.10 2.47 +0.08 C,—Cio 398 +0.10 Ce—Cio
1.30 2.53+0.10 C—Cyo 4.26+0.12 C,—C,o
1.50 2.61 + 0.08 C—Cq 434 +0.12 Cy—Cyo
2.00 2.67 + 0.06 Ce—Cio e e
2.50 2.83 + 0.06 C~Co

3.00 2544013  C~Cy
4.00 2664019  CyC,
5.00 2694008  C-Cy
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rameters remain constant for all members of the homolo-
gous series. If the temperature dependence of the isomeriza-
tion rate is studied in each member of the homologous series,
then it is possible to take a constant friction {and hence con-
stant F(£)] slice through the data set. These “isofriction”
plots typically involve the assumption that & « 7,, where 7,
is the solvents’ zero frequency shear viscosity. The insensiti-
vity of the activation energy, which is obtained from this
type of analysis, to the precise modeling of { has been dis-
cussed and demonstrated for the n-alkanes.” Previous stud-
ies in n-alkane solvents found an activation barrier of 3.5
kcal/mol?? for t-stilbene and an activation barrier of 5.7
kcal/mol’ for 4,4'-dimethoxystilbene.

Following this procedure, isoviscosity plots were per-
formed for both 4,4’-dimethoxystilbene and ¢-stilbene in the
n-alkyl nitriles. Figure 2(a) shows representative plots for ¢-
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FIG. 2. Isoviscosity plots for (a) z-stilbene in the n-alkyl nitriles and (b)
4,4'-dimethoxystilbene in the n-alkyl nitriles (@: 5.0 cP; A: 3.0 cP; I; 2.0
cP; O: 1.3¢cP; &:0.9 cP; [0: 0.5¢cP).

stilbene and Table I provides a listing of the barrier heights
(the average barrier height is 2.6 kcal/mol). Figure 2(b)
shows representative plots for 4,4’-dimethoxystilbene in n-
alkyl nitriles and Table I provides a listing of the isoviscosity
plots performed. An average value of 4.2 kcal/mol is found
for 4,4'-dimethoxystilbene from this analysis. The error in
these average barriers is estimated tobe + 0.2 kcal/mol. For
both solute molecules the isomerization barrier is reduced
from that seen in n-alkane solvents by about 25%. This re-
duction is in keeping with the presence of a polar transition
state which is stabilized in a higher polarity solvent.

The degree of solvation in different members of the n-
alkyl nitriles series might be expected to vary and hence the
barrier height change through the series.'® If this effect were
strongly manifest in the data, the slopes of the isoviscosity
plots would be expected to increase as one progresses from
low viscosity to high viscosity. This result would occur be-
cause the low viscosity plots involve the more polar members
of the series (hence lower barriers) and the high viscosity
plots involve the less polar members of the series (hence
higher barriers). Hicks et al.'> have proposed a method of
correcting for the differing degrees of solvation by different
polarity solvents through the use of an empirical polarity
scale E-(30).%° Performance of that analysis on the isomeri-
zation data of 4,4'-dimethoxystilbene and z-stilbene does not
improve the quality of the isoviscosity plots significantly,
although it does shift the average value of the barrier more
toward that observed in n-alkane solvents, as expected. It is
likely that this effect is weak because of the relatively small
polarity change through the nitrile series, from an
E;(30) = 46.0 for acetonitrile to an E;(30) = 40 for non-
anenitrile. In fact, the range of polarity through the nitrile
series is not much different than that of the n-alkanes. The
work of Brady and Carr?® shows that on the 7* polarity scale
the alkanes range from #*= —0.08 for pentane to
m* =0.08 for hexadecane, as compared to a range of
a* = 0.75 for acetonitrile to 7* = 0.62 for decanenitrile. Al-
though the nitriles are on the average much more polar than
the alkanes the variation of polarity through the homolo-
gous series is similar.

The insensitivity to polarity changes through the homo-
logous series of n-alkyl nitriles can be further examined
through the steady state Stokes shift of 4,4’-dimethoxystil-
bene in the n-alkyl nitriles. Table II shows the steady state

TABLE II. Steady state spectral data for 4,4’-dimethoxystilbene in n-alkyl
nitrile solvents.

Solvent At (nm) Aq® (nm) $S® (cm™')
Propionitrile 325.9 3751 226
Butanenitrile 326.1 375.6 242
Pentanenitrile 326.9 375.2 139
Hexanenitrile 327.1 376.3 198
Heptanenitrile 327.0 376.7 236
QOctanenitrile 326.5 376.5 268
Nonanenitrile 327.5 376.6 182
Decanenitrile e 376.0 e

*The wavelength is the maximum of the absorption or fluorescence profile.
®The Stokes shift is defined relative to the n-alkanes (see the text for de-
tails). The error in this number is estimated tobe 4+ 50cm ™",

J. Chem. Phys., Vol. 90, No. 4, 15 February 1989
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spectral data for this solute in the alkyl nitriles at 25 °C and
ambient pressure. Because of the difficulty in assigning the
0-0 transition, the Stokes shifts are determined by comput-
ing the energy difference between the absorption and flu-
orescence peaks. The Stokes shift for DMS is reported with
respect to the average value of this shift in the n-alkane se-
ries, namely 3799 cm ~'.” To the extent that there is no orien-
tational ordering of the alkane solvent about the DMS, the
value of the Stokes shift reported here provides a measure of
the orientational polarization about the solute in the n-alkyl
nitriles. As observed with both the alcohols and alkanes,’ the
steady state spectral data in the nitriles indicates that the
solvation is dominated by the optical part of the solvent re-
sponse. That is, both the absorption and fluorescence peak
positions show a red shift as the index of refraction of the
solvent increases. Such behavior indicates that the initially
prepared excited state has a small dipole moment and/or
small change in geometry, and is well approximated as the
trans species. It is expected that the z-stilbene Stokes shift
would behave in a similar manner.

The isoviscosity plots presented here suggest that the
attempt to separate the energy barrier and solvent frictional
effects on the isomerization rate is successful. Although the
barrier height obtained is smaller than the corresponding
barrier in alkanes (which is very close to that of the isolated
molecule), this difference can be explained by an increased
solvation of the transition state by the more polar nitrile
solvents. Whether or not the activation barrier obtained cor-
responds to an equilibrium solvation barrier remains un-
clear. Although the barrier could correspond to the equilib-
rium value, it may well be that it is an effective barrier and
the system is actually nonequilibrium. Because the degree of
solvation and the time scale of the dielectric response'®?7 is
similar throughout the homologous series, the barrier height
appears to be constant in the isoviscosity plots. This extrac-
tion of a barrier is in direct contrast to observations in alco-
hol solvents. In the n-alkyl alcohols the isoviscosity plots’
slopes (activation energies) change for differing viscos-
ities.>” In fact, as the viscosity increases the slope becomes
shallower. Although it might first appear that the barrier is
viscosity dependent as reported for other species,'® the ni-
trile studies demonstrate that this is not so. The isoviscosity
plots for the nitriles have been performed over the same vis-
cosity range as the n-alcohol studies, but the activation bar-
riers obtained are constant. These results identify the chang-
ing barrier in the #-alkyl alcohol studies to be associated with
the large change in polarity through the alcohol series and/
or the slow dielectric relaxation of the alcohols.

DISCUSSION

Equation (1) gives a general form of the rate constant in
terms of a preexponential factor and an activation term.
Having obtained the activation barrier through the use of the
isoviscosity plots, it is now possible to extract the preexpon-
ential factor F({) from the data and compare the experimen-
tal values of F(¢) with the predictions of various models.

Kramers’ modet

A prevalent model for the reduced isomerization rate
constant is that of Kramers.® In this model the reactive flux

Sivakumar, Hoburg, and Waldeck: Solvent dielectric effects on isomerization

(flux of probability) is found for a Brownian particle diffus-
ing over a potential barrier in one dimension. A description
of the assumptions and limitations of this model have been
given previously.”*'! Solving the Fokker—Planck equation
for this motion results in

o2 [ (5] o

Although it is typical to associate the activation barrier with
an intramolecular barrier, for the case of the alkyl nitriles it
should be considered an effective, or solvated barrier. In this
expression, @, is the reactant well frequency, w, is the bar-
rier frequency, /, is the effective mass of the particle (for the
isomerization, a reduced moment of inertia), and £ is the
solute/solvent friction. In order to compare the measured
rate constants with Eq. (2) it is necessary to model the fric-
tion . In particular, by assuming that ¢ is proportional to
the solvent shear viscosity 174, Eq. (2) can be converted to a
hydrodynamic form

A

F = 1 B 21z _ . 3
() 5/ {[1+ (B/70)?] 1} (3)

%o

This assumption of using a macroscopic parameter 7, to
describe the microscopic solute—solvent friction has serious
limitations which have been discussed by a number of
workers, 272829

The hydrodynamic Kramers form has been fit to the
data for both #-stilbene (dashed line in Fig. 3) and for 4,4'-
dimethoxystilbene (dashed line in Fig. 4). The behavior il-
lustrated in these fits has been observed in a variety of other
studies, as well. The Kramers form does not possess enough
curvature to fit the data. If a best fit is performed to the low
viscosity data the line underestimates the rate at high viscos-
ity and, conversely, if the model is fit to the high viscosity
data it underestimates the rate at low viscosities. This failure
could result from a variety of sources, among which are the
hydrodynamic form of the friction, the use of a zero frequen-
cy measure of the friction, and the use of a one-dimensional
model. These limitations are discussed further below.

Before proceeding, it is useful to discuss the fit of the
data to a phenomenological functional form, namely

F(&) =B /" (4)

Fits of the data to this power law form are found to be good
for a variety of systems. The parameter a gauges the strength
of the solvent damping and B indicates the frequency, or
time scale, of the isomerization motion. Although these pa-
rameters are not interpretable directly because of the lack of
a physical model, they allow comparison between systems in
order to identify general trends. The solid line in Fig. 3 shows
the best fit of Eq. (4) to the z-stilbene in nitriles data and the
best fit parameters are B = 1.1x10'2 s~! at 1 cP and
a = 0.51. Figure 4 shows a best fit of Eq. (4) to the dimeth-
oxystilbene in nitriles data with best fit parameters of
B=1.4X10"s""at 1 cP and a = 0.44. The major error in
these fitting parameters is systematic error caused by the
choice of an activation barrier. For changes in the activation
energy of + 0.5 kcal/mol the a parameters change by less
than 0.015. These parameters are in keeping with the conclu-
sions of previous studies on z-stilbene and 4,4’-dimethoxys-

J. Chem. Phys., Vol. 90, No. 4, 15 February 1989
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FIG. 3. Plot of the reduced isomerization rate data of ¢-stilbene in n-alkyl
nitriles vs the zero frequency shear viscosity of the solvent. The long dashed
curve is the best fit to Kramers model; the short dashed curve is the best fit
to Eq. (10); the solid line is the best fit to a power law form [Eq. (4)].

2,3,7 29-31

tilbene in n-alkanes and from other solute systems,
as well. Namely, as the barrier height increases (DMS has a
4.2 kcal/mol barrier and r-stilbene a 2.6 kcal/mol barrier),
the frequency of the motion increases (gauged by the magni-
tude of B) and the viscosity dependence becomes weaker (a
decreases). The conclusions drawn from this correlation are
that the friction dependence of the isomerization is frequen-
cy dependent. That is, the friction which should be used in
describing the isomerization is the friction evaluated at the
characteristic frequency of the reaction.'®%3* Because the
zero frequency shear viscosity of the solvent incorporates

F(¢£) (ps™")

1 1 1 |
0.5 1.0 1.5 2.0

FIG. 4. Plot of the reduced isomerization rate data of 4,4'-dimethoxystil-
bene in n-alkyl nitriles vs the zero frequency shear viscosity of the solvent.
The long dashed curve is the best fit to Kramers model; the short dashed
curve is the best fit to Eq. (10); the solid line is the best fit to a power law
form [Eq. (4)].

both high and low frequency solvent motions it is the incor-
rect friction to use. On the reaction time scale the low fre-
quency motions of the solvent contribute very little to the
solute/solvent friction, hence as the frequency of the motion
increases the zero-frequency shear viscosity becomes a
worse measure of the friction. In keeping with previous stud-
ies, it is observed here that as the barrier height increases the
frequency of the motion becomes higher and the viscosity
dependence of the reduced isomerization rate is weaker.

For the particular case of 4,4'-dimethoxystilbene and #-
stilbene in n-alkyl nitriles, a behavior similar to the n-alkane
case is observed. Even though the viscosity dependence in
the n-alkyl nitriles is correspondingly larger than in the n-
alkanes, the ordering of the viscosity dependence within a
solvent type is the same. The trend is that ¢-stilbene has a
stronger viscosity dependence than 4,4'-dimethoxystilbene.
This observation is in direct contrast to the predictions of
free volume theories of the friction, which give rise to a func-
tional form of the type in Eq. (4).7* Qualitatively it would
be expected that if the displaced volume of the motion is
larger, then the viscosity dependence should be stronger.
This intuition is supported by recent studies of the depend-
ence of the rotational diffusion of solute probes on the solute-
to-solvent size ratio.>>>¢ Using van der Waals radii, it ap-
pears that 4,4’-dimethoxystilbene should displace twice as
much volume upon isomerization than does ¢-stilbene, yet, it
has a weaker viscosity dependence. Perhaps in this situation,
the effects of a frequency dependence on the friction override
the spatial aspect of the friction.

An aspect of the Kramers model which has been tested
in a variety of ways is the modeling of the solute/solvent
friction. One straightforward approach is to use a more mi-
croscopic measure of the solute/solvent friction rather than
the solvent shear viscosity. In particular, workers have used
the overall rotational diffusion time of the solute 7, as a
measure of the friction for the isomerization in the case of ¢-
stilbene in alkanes,>* the dye molecule DODCI in alco-
hols,?® and binaphthyl in alkanes and alcohols.?® For the
case of ¢-stilbene in n-alkane solvents this approach leads toa
small improvement in the best fit to Kramers model but does
not totally correct for the limitations of the Kramers treat-
ment. For the case of DODCI in n-alkyl alcohols there is no
improvement in the fits. In the case of binaphthyl the use of
T, seems to model the friction appropriately, and good
agreement with Kramers’ model is observed. However, in -
alcohol solvents, 77, models the friction just as well as 7. It
is important to note that because binaphthyl has a lower
barrier to isomerization ( < 1.4 kcal/mol), frequency depen-
dent effects may be less important. A different type of treat-
ment has been attempted for the case of 4,4'-dimethoxystil-
bene in n-alkanes. The light scattering relaxation time of the
solvent, a measure of the solvent/solvent friction on a micro-
scopic scale, was used as a measure of the microscopic sol-
ute/solvent friction.” Little improvement was observed for
this treatment, as well. The underlying tenet of these ap-
proaches seems valid, however. That is, one should model
the spatial and dynamic aspects of the solute/solvent friction
appropriately before conclusions can be drawn concerning
the adequacy of a Kramers type of treatment.
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For the case of n-alkyl nitriles the Debye relaxation time
7, of the solvent can be used to gauge the solvent/solvent
friction on a more microscopic time and distance scale than
does the zero frequency shear viscosity. Because the amount
of dielectric relaxation data on nitriles is limited, it is neces-
sary to estimate these times from a Stokes—Einstein Debye?’
model of the relaxation. The measured dielectric relaxation
data in acetonitrile?” was fit to

74(p8) = Co/T + 7,
where C and 7, are adjustable parameters. The constant C
depends on the molecular shape, volume, and hydrodynam-
ic boundary conditions employed. The Debye relaxation
time in other n-alkyl nitrile solvents is estimated by correct-
ing the constant C for the increasing solvent volume through
the homologous series. The use of the relaxation times from
this modeling differs from the use of shear viscosity by the
change in C and the presence of the constant term 7. Use of
this characteristic relaxation time for the friction in the stan-
dard Kramers expression does not improve the agreement
with the data.

For a variety of solute species the overall rotational mo-
tion is found to scale linearly with 5,/T in a single sol-
vent.*>3¢ This behavior is observed even in the case of solute
particles which are close to or smaller than the solvent, i.e.,
even when the reorientational motion may not be small step
diffusion.>>*63® The success of a hydrodynamic model in
this restricted regime for overall rotational motion suggests
that such a modeling would be appropriate for isomerization
in a single solvent. As recently shown by Kim et al.>® for ¢-
stilbene in decane the Kramers model with a zero frequency
hydrodynamic friction still fails. Figure 5 shows two such
fits for t-stilbene in decanenitrile and in octanenitrile. The
decanenitrile case shows quite dramatically the failure of a
Kramers-type model. Although the linearity of the overall
rotational relaxation time 7, of t-stilbene with shear viscos-
ity in decanenitrile has not been verified, substantial circum-
stantial evidence suggests it would be linear. The best evi-
dence for the presumed linearity is the work of Kim3®
which found 7, to be linear with viscosity in decane. Since
decane and decanenitrile are of like size, the solute/solvent
size ratio should be similar for the two cases. This ratio is a
primary cause of a nonlinear dependence on viscosity.*

These deviations are not present in all solvents, how-
ever. If the viscosity range spanned is small enough, then the
Kramers model can be made to fit the data. Figure 5 shows
an example fit for ¢-stilbene in octanenitrile and similar qual-
ity fits can be performed for r-stilbene in octane, DMS in
octanenitrile, and DMS in octane. Through the use of a
structural model for the isomerizing particle, parameters of
the potential energy surface can be obtained from these fits.
The structural parameters used here are similar to those of
other workers.>** For t-stilbene the reduced moment of
inertia Z, is taken to be 0.433 X 10~* kg m”. The hydrody-
namic radius of the isomerizing moiety R is taken to be 3.2 A
and the distance of the center of the moiety from the axis of
rotation D is taken to be 2.5 A. For 4,4'-dimethoxystilbene
the parameters are estimated to be 1.01x 10~* kg m?, 3.7
A, and 3.5 A, respectively. Table III provides best fit
Kramers parameters for the different solute/solvent combi-
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FIG. 5. Best fit of the zero frequency hydrodynamic Kramers form for -
stilbene in octanenitrile (dashed curve) and decanenitrile (solid curve).
The reduced isomerization rates in octanenitrile (A) and decanenitrile
(@) are shown with error bars.

nations with these structural parameters and a slip hydrody-
namic boundary condition for determination of the friction
coefficient.”*4° Although the potential parameters give phy-
sically reasonable values in all cases, the trend for the barrier
curvature between species is unreasonable. For the case of r-
stilbene as one goes from n-octane to n-octanenitrile the bar-
rier height decreases, but the barrier curvature obtained
from the Kramers fit increases. This trend is unphysical.
Although the friction in the latter solvent (octanenitrile)
may be different than octane, in order to reverse the trend of
the barrier curvature one must actually decrease the fric-
tional coupling in the octanenitrile compared to the octane,
which is unreasonable as well. Because the structural con-
stants (/,, R, D) of the stilbene should not change in differ-
ent solvents, it is possible to rescale w, and w, using the
barrier height changes and fit the data in octane and octane-
nitrile simultaneously. Fits of this type are extremely poor.
Comparisons between solute types in octanenitrile seem un-
reasonable as well, namely the barrier frequency obtained
for DMS is half that of t-stilbene despite the higher barrier
for DMS in octanenitrile. This latter trend is not necessarily
unrealistic since the moment of inertia of DMS is more than
twice that of z-stilbene and the distance scale is not strictly
the same between the solutes. However, the trend in w, val-
ues is in the opposite direction. Lastly, the trend in barrier
frequencies between solute types is different for the two dif-
ferent solvent systems (octane vs octanenitrile) as well. A
caveat to these comparisons is that the octane data spans a
small range of viscosity and there could be considerable er-
ror in these best fit parameters. In conclusion, although
Kramers model can be made to fit the data over a small
viscosity range with physically reasonable potential surface
parameters, the trends one observes between solute types
and between solvent types are unreasonable.
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TABLE III. Best fit Kramers parameters.

E kcal/mol  A(10'2s™") B (cP) o, (em™") ®,* (ecm™")
t-stilbene
n-octane 35 6.24 1.24 208 192
n-octanenitrile 2.6 1.35 3.62 45 561
4,4'-DMS
n-octane 5.7 8.63 323 288 615
n-octanenitrile 4.2 2.31 1.92 77 366
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*The major contribution to the error of these parameters is caused by systematic errors introduced by uncer-
tainty in the barrier energy. A change in the barrier energy of + 0.25 kcal/mol creates a change in the poten-

tial parameters of 4+ 50%.

Extended Kramers models

Asdiscussed earlier, various workers have suggested the
use of a frequency dependent friction in the Kramers equa-
tion, as appropriate. Grote and Hynes*? have used a general-
ized Langevin equation which incorporates the frequency
dependence of the friction in an expression for the rate con-
stant in a consistent manner. Two approaches have been
used to model this friction. First is the use of empirical sol-
vent properties and a hydrodynamic model to compute the
frequency dependent friction.*! This friction is then used in
the Grote—Hynes relation to model the reaction rate. In par-
ticular, this approach has been used for studies in the »-
alkanes and provides good fits to the experimental data but
unrealistic parameters for the intramolecular potential.>* A
second type of approach, which is phenomenological, has
been proposed by Lee ef al.*>** This approach assumes that
when the solvent response is rapid compared to the solute
motion the friction is treated adequately as proportional to
the shear viscosity, but when the solvent response is slow the
solute motion is independent of the shear viscosity of the
solvent. Lee e al.**** are able to fit this form to a wide range
of data. In this section, the rate constants are fit to a modified
Kramers form,'%*? namely

a)f,——/12=—/1§* (5)

which is identical to Eq. (2) withA = 27w, F({)/w,and § *
is the friction for the isomerization process which may be a
function of 4.

Bagchi and Oxtoby*® proposed the use of a hydrody-
namic model for the frequency dependent friction experi-
enced by the isomerizing moiety. The mechanical model of
the isomerization treats the isomerizing moiety as a sphere of
radius R which is attached to the axis of rotation. The center
of the sphere is a distance D from this axis.**>° The frequen-
cy dependent friction experienced by this sphere is

{*=4A) =D%, () +§,(4). (6)

In this treatment a slip hydrodynamic boundary condition is
used, and since the isomerizing moiety is modeled as a
sphere, the rotational friction £, (1) is zero.>® The modeling
of the translational friction coefficient is that originally de-
veloped by Bixon and Zwanzing*' and found to adequately
describe the velocity autocorrelation function of small
spheres. The translational friction £, (1) is given by

60 = (4) 7 ORXP2CE+ DP+ (1 + DQ),
%)
where
X = [Apo/n,(A)]'?R,
Ay (4) ) o
Po
P=—i—(3—+—3Y+ Y?),

Y=A1 (c2 +

3 X1+ X)
=3 3+3X+X2+———),
0 A( 2+B8/9,(4)

A=2X*[34+3Y+ Y1+ Y?[3+3X+X?]

X214+ X2 +42Y4+YH
2+ B/9,(4)

Po is the density, c is the velocity of sound, £ is the hydrody-
namic slip parameter (zero for a slip boundary condition
and infinity for a stick boundary condition), 7, (4) is the
frequency dependent shear viscosity, and 7,(4) is the fre-
quency dependent longitudinal viscosity. The frequency de-
pendent viscosities are modeled by a simple Maxwell form

b4

Ay=—To__ 8
7(A) e (8)

where 7is a relaxation time which is modeled as 7,/G_, (G
is the infinite frequency elastic modulus of the solvent).
Some of these parameters are difficult to evaluate or to ob-
tain, especially for the n-alkyl nitriles. In order to fit the data,
average values were used for some of the parameters, namely
po="0.70 g/cm® in n-alkanes, p, = 0.85 g/cm? in n-alkyl
nitriles, c¢=10X10° cm/s, 7,(1)=6%,(4), and
G, = 10" dyn/cm? which corresponds to 1 ps relaxation
time for 1 cP viscosity. The quality of the fits to Eq. (7) for
the data and the parameters obtained from these fits were
found to be relatively insensitive to all of these parameters
except G, . Variation of the densities over the full range for
the liquid, variation of ¢ by a factor of 2.5 and variation of %,
by a factor of 2 change the best fit parameters by less than
10%. However, the fits are very sensitive to G_ because it
determines the solvent relaxation time.

Figure 6 shows a fit of the #-stilbene in n-alkyl nitriles
data to Eq. (5) with §* modeled in this way. The best fit
parameters with G_ = 10'® dyn/cm? R =32 A, D=25
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FIG. 6. Best fit of the reduced isomerization rate for r-stilbene in n-alkyl
nitriles to a hydrodynamic frequency dependent friction model [Eq. (6)].

A, and I, =0.433X10~* kgm? are w, = 10 cm™' and
@y =91 cm™". If the value of G, is lowered to 10° dyn/cm?
the barrier frequency w, is lowered to 3.6 cm ™! and w, in-
creases to 125 cm™!. If the value of G is increased to
3.0X 10" dyn/cm?, the barrier frequency w, increases to 16
cm ™! and w, decreases to 77 cm . Further increases in the
value of G leads to fits of notably less quality. The trend in
the barrier parameters are qualitatively similar to those ob-
tained by other workers?®®™ for t-stilbene in n-alkanes
and by Millar et 2/.*? for 1,1’-binaphthyl in #-alkyl alcohols.
That is, the barrier curvature is significantly more shallow
than the well curvature. Use of a stick boundary condition in
place of a slip boundary condition lowers the barrier fre-
quency @, even further. It seems clear from the fits that since
the reactive frequency A is used to determine the friction the
ratio w,/w, is optimized for a good fit. When the value of
G, is decreased the ratio of frequencies is decreased in order
to fit the data. Except for the case of G_ = 3.0 10" dyn/
cm?, these frequencies are not realistic. However, these pa-
rameters do show a realistic trend between data sets (see
Table IV). More specifically, as the barrier height increases
for a given solute, the barrier curvature increases. This result
is in direct contrast to the zero frequency result in which the
trends were muddled.
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Also shown in Table IV are the best fit parameters for
both DMS and r-stilbene in a single solvent type. By assum-
ing that the intramolecular potential has the same shape in
both solutes it is possible to perform a three parameter fit to
the combined data. Two of the parameters are the barrier
frequencies for each solute and the third parameter is the
ratio 27w, /w,, which should be the same for both solutes if
the form of the potential does not change. Keeping this pa-
rameter fixed also has the benefit of keeping the characteris-
tic relaxation time of the solvent fixed. An analysis of this
sort probes the solvents’ friction over a wider frequency
range than a single solute analysis. Although the fits are
quite good for both n-alkanes and n-alkyl nitriles the extract-
ed potential parameters are once again unphysical, i.e., the
barrier frequency is much too small for the corresponding
well frequency. The ratio of the extracted parameters for the
alkane results agree very well with the ratio of the barrier
heights. However, the nitrile data yields barrier frequencies
which are very similar despite a large difference in barrier
height. Whether the failure of this model to extract reasona-
ble parameters results from improper modeling of the fre-
quency dependent friction on these time scales, the failure of
hydrodynamics on this distance scale or the presence of
multidimensional effects in the friction is unclear. Fits of the
data in a single solvent to this friction model does not result
in any improvement of the extracted parameters, nor does
the use of a variable, i.e., subslip hydrodynamic boundary
condition. These latter two variants are usually able to cor-
rect for the failures of hydrodynamics on a microscopic
scale.

This interpretation of the parameters obtained from the
fitting of the data to the frequency dependent friction case is
strictly a one-dimensional interpretation of the reaction.
That is, the influence of other modes are neglected. It is not
unlikely that significant changes in the frequencies of other
normal modes occur during isomerization. Incorporation of
these changes results in the incorporation of an entropy term
in the expression for the rate constant.>** It now becomes
ambiguous as to how o, is determined. If @, is assumed to be
equal to w, in Table IV, then the frequencies would corre-
spond to a physically reasonable potential energy surface
(i.e., consistent with the barrier heights and moments of in-
ertia). A method for estimating the entropy change has been
described by Lee e al.** The changes in entropy required by
these considerations are provided in Table IV as well and are
found to be reasonable in magnitude. However, as pointed

TABLE IV. Potential parameters for fit to hydrodynamic frequency dependent friction model.*

System E (kcal/mol) @, (ecm™') @, (cm™') G_ (dyn/cm®) AS (cal/mol K)
DMS/lIkanes 5.7 12 396 10'° 6.9
DMS/nitriles 4.2 9 130 10" 53
t-stilbene/alkanes 3.5 11 299 10'° 6.6
t-stilbene/nitriles 2.6 10 91 10% 2.2

3 t-stilbene 3.5 38 400 i o
Alkanes DMS 5.7 49 517 10 4.7

. t-stilbene 2.6 34 174

Nitriles 3 DMS 42 37 190% 10" 32

*The structural parameters of t-stilbene and 4,4'-dimethoxystilbene (DMS) are the same as those used for the

fits in Table I11.
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out by Kim et al.,>® other studies indicate that AS should
be very small for #-stilbene in n-alkanes.

A second model for the effective friction experienced by
an isomerizing moiety has been proposed recently by Robin-
son and co-workers,*** and it is found to fit both experi-
mental data and molecular dynamics simulations quite well.
In particular, these workers propose the use of

é_ * — AOa) bI r ( 7]0 )
F(§) \a+bn,
for the effective friction, where A4,, a, and b are adjustable
parameters. At very low viscosities this equation follows
Stokes law and the friction is proportional to 7, whereas at
high viscosities the friction saturates and becomes indepen-
dent of shear viscosity. The ratio of frequency factors incor-
porates a frequency dependence in an approximate way as
well. As F(£) becomes large at low viscosities £ * will de-
crease and at high viscosities when F(¢) is small the friction
will increase as 1/F(£). The extra parameter A4, is a factor
“to account for any entropy contributions caused by devia-
tions from the one-dimensional picture.” ** In order to com-
pare this analysis with the earlier work of Lee et al.,*’ it is
useful to write Eq. (5), with the friction given by Eq. (9), as
P/, +R—11"

'LP/no+R+1
where 4, = Ayw,/2m, P = 2aA,,and R = 2b4, — 1. Table V
shows the best fit parameters for fits of this model to the
data. The best fit curves of this model to the data are given in
Fig. 3 for t-stilbene and Fig. 4 for 4,4’-dimethoxystilbene.
The parameters Pand R do not follow the trends which Lee
et al. observed for other systems. Although the parameter P
increases with increase in the size of the isomerizing moiety,
the value of R does not approach its limiting value of unity.
The value of R is larger for 4,4'-dimethoxystilbene than for ¢-
stilbene. The trend in the P parameter only holds within a
solvent type, however. Since P is a measure of the solute/
solvent coupling, the increase in P for the alkanes over the
nitriles could be a result of a changing hydrodynamic bound-
ary condition.

As Lee et al. show, it is possilbe to reexpress Eq. (10) in
a Kramers form with an effective viscosity 77*. The effective
viscosity has the form

n* = gnoll + 2Ry/P + (R* — 1)7,3/P?] =2,
where

M

F({) =4 (10)

20,1,

E=ZDR?P

TABLE V. Parameters obtained from fits to Eq. (10).
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and fis 4 for a slip boundary condition and 6 for a stick
boundary condition. As 7, becomes small 7* is proportional
to 7, with a proportionality constant g. By modeling the
form of the potential in the manner described by Lee, namely
w, = w, = /2E /I,, and using the previously given values
of the other parameters a value of g can be obtained. The
parameter g is the limiting value of the viscosity dependence.
As seen from the values in Table V it seems to be highly
correlated with the barrier height. As the barrier height in a
given solvent type increases the value of g drops, primarily
because the value of P increases. This trend indicates that
even though a larger group is moving through the solvent it
experiences less friction than a smaller group moving at a
slower speed, i.e., frequency dependent effects of the friction
win out over spatial effects. Between solvent types, however,
this trend does not hold, DMS in nitriles has a larger value of
g than z-stilbene in alkanes despite the fact that DMS has a
higher barrier. This behavior may result from stronger sol-
ute/solvent coupling, which could be a result of the in-
creased solute/solvent size ratio and/or stronger attractive
interactions between the solute and the nitriles as compared
to the solute and the alkanes. In hydrodynamic terms this
would correspond to a change in the boundary condition.

Coupled oscillator model

In a series of papers van der Zwan and Hynes have treat-
ed the relative motion of two coupled dipoles in a dipolar
solvent.*>*¢ Their treatment is based on a generalized
Langevin description of the motion and friction as outlined
by Grote and Hynes.'%3? This treatment assumes a particu-
lar form for the time dependent friction and models the sol-
ute/solvent interaction via an oscillator model. Although a
simple model and developed in terms of dipolar coupling, it
should model general features of the reaction dynamics and
should be applicable to nonpolar solvents. Van der Zwan
and Hynes consider a variety of cases, but the most appropri-
ate for this study is the overdamped solvent regime, which
results in an expression of the form

OpeaPAT,
1+ A7, N

The quantity A is the reactive frequency which is given by
@}, K, Where « is the transmission coefficient (ratio of actual
rate constant to the transition state theory predictions) and
@,,., 18 the frequency of the equilibrium solvated barrier.
This frequency would determine the reactive frequency in

2 2
AZ— wb,eq

(11)

System AR (10%s™)  P* (107%cP) R® E (kcal/mol) g
DMS/alkanes 11.4 58.1 1.221 5.7 0.161
DMS/nitriles 5.6 12.9 1.005 4.2 0.624
t-stilbene/alkanes 10.1 19.3 1.060 35 0.476
t-stilbene/nitriles 6.5 6.2 0.998 2.6 1.28

*The best fit values of these parameters can change by a factor of 2 for changes in the barrier height of + 0.25

kcal/mol.

" The best fit values of these parameters can change by + 0.01 for changes in the barrier height of + 0.25 kcal/

mol.
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the limit that the solute and solvent remained in equilibrium.
The quantity 7, is a characteristic solvent relaxation time
which determines the friction on the barrier crossing, and 8
is a measure of the solute/solvent coupling strength. The
quantity A is the reactive frequency, which in terms of F(£)
is given as

_ 2mF(§) o, (a)s )

(200 (2799 ,
where w, is the frequency of the reactant well, @, is the
characteristic solvent frequency when the solute is in the
reactant well, and w, is the characteristic frequency of the
solvent when the solute is at the transition state. In the non-
polar alkane solvents these latter two frequencies should be
similar, whereas for the dipolar nitrile solvents they could
significantly differ. It is useful to note that Eq. (11) has the
same form as Eq. (5) with

g* — wi,eqﬁT.\'
I 1+4r,

and the barrier frequency w, replaced by the equilibrium
solvated barrier frequency @, . This form of { * is a Max-
well form, as was the case in the modeling of the hydrody-
namic friction. This model differs from the hydrodynamic
model by its use of a microscopic relaxation time and a sol-
ute/solvent coupling which is an adjustable parameter (this
model has three parameters). ’

Because of the number of parameters in Eq. (11) it is
difficult to fit the data to the fully parametrized equation
without obtaining pathological values for the parameters.
Consequently, in comparing the data with Eq. (11), it is
assumed that F({) is the reactive frequency 4. For the n-
alkyl nitriles 7, is modeled by 7, the Debye dielectric relaxa-
tion time. The procedure followed for estimating 7, is the
same as that described previously. For the n-alkanes it is
possible to estimate 7, via G, as outlined earlier, but it is also
possible to use light scattering relaxation times 7, for the
solvent.” Although both procedures give reasonable fits, the
use of 7, is given here.

The parameters obtained from the fits of the data to Eq.
(11) have realistic values and show the correct sort of trend
(see Table VI). Figure 7 shows the relative error for a fit of
the t-stilbene data in n-alkyl nitriles with 7, as a measure of
the solvent relaxation time. It is clear from Fig. 7 that al-
though the fitted values agree with the experimental values
to within experimental error, the deviations are not random.

A (12)

TABLE VI. Best fit of the data to Eq.(11) with F(§) = 4.
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FIG. 7. Best fit of the r-stilbene in n-alkyl nitriles data to the coupled oscilla-
tor model {Eq. (11) ]. Each number in the plot corresponds to a data point
where the solvent has the corresponding number of carbon atoms (except
for decanenitrile which is represented by a 0).

Each type of solvent(represented by a number correspond-
ing to the number of carbon atoms in the solvent molecule)
shows systematic deviations from the data. Figure 8 shows a
simultaneous fit for ¢-stilbene and 4,4’-dimethoxystilbene in
n-alkyl nitriles with 7, used as the solvent relaxation time.
The use of 7, (longitudinal dielectric relaxation time,
T, =T4€_/€,) as a measure of the solvent relaxation pro-
vides worse fits. The value of 5seems to change, but not very
dramatically, with solvent type (alkanes vs nitriles). Also,
the values of w,., seem to correlate properly with barrier
height in a given solvent type and have magnitudes which are
reasonable for torsional frequencies. The fact that the fre-
quencies do not correlate between solvent types could indi-
cate that the energy barriers to the isomerization obtained
from the isoviscosity plots are not “equilibrium” barriers but
incorporate nonequilibrium effects in an average way. This
latter conclusion requires better quantitative examination of
this model before it can be considered more than conjecture.

Also, Table VI contains the parameter {(¢ = 0) which
corresponds to the magnitude of the solute/solvent fric-
tional coupling at time zero and is given by w} . B.** This

System Dpeq (cm™')
Stilbene/alkanes (7, = 7,,) 91
Stilbene/nitriles (7, = 7,,) 27
DMS/alkanes (7, = 7, ) 185
DMS/nitriles (7, = ;) 38

t-stilbene 123

Alkanes (7, =T7,) ’DMS 157
L. t-stilbene 29
Nitriles (7, = 7,) 2 DMS 37

B $(t=0) (ps™?)
0.965 284
1.01 26
0.968 1177
0.996 51
0.988 531
0.950 832
1.011 30
0.994 48
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FIG. 8. Best fit of the coupled oscillator model [Eq. (11)] to reduced iso-
merization rate data for t-stilbene in n-alkyl nitriles (O) and dimethoxystil-
bene in n-alkyl nitriles (*).

latter quantity is found to be much larger for the alkanes
than for the nitriles; a result which seems unrealistic. This
result could come from a variety of sources: unrealistic 8
parameters, the inadequacy of modeling A as F(£) instead of
the more proper expression, and/or differences in 7, and 7,
as measures of the solvent relaxation time. If 7, is assumed to
be proportional to 7, (instead of 7, or 7,) and the propor-
tionality constant is varied in a fit to Eq. (11), the friction at
zero time £(¢ = 0) shows the correct trend between solvent
types (i.e., larger for the n-alkyl nitriles than for the n-al-
kanes). The assumption that F(£) is the reactive frequency
implies that o, = 27w, ., if w,, = @, in Eq. (12). Using the
values of o, ., given in Table VI, reactant well frequencies
are obtained which are quite unrealistic for a torsional po-

APPENDIX. Measured viscosities of n-alkyl nitriles.

tential. If the fit of the data to the model is restricted to more
realistic potential parameters, poor agreement is found. In
conclusion, the same trends are observed here as are seen in
comparison with the hydrodynamic friction model. Namely,
the reactant well frequency is too large for the corresponding
barrier frequency.

In summary, the inadequacies of a stochastic one-di-
mensional model which are seen in other systems are ob-
served for z-stilbene in nitriles and 4,4'-dimethoxystilbene in
nitriles. Non-Markovian effects can be incorporated into the
treatment of the dynamics via a frequency dependent fric-
tion. The use of hydrodynamic frequency dependent friction
fits the data quite well but with unrealistic potential param-
eters and is very sensitive to the relaxation time used for the
solvent friction. Similar effects have been observed by other
workers. Most notably, Millar ez a/.** find that even though a
zero frequency hydrodynamic model of the friction shows
good agreement with Kramers model, a frequency depen-
dent hydrodynamic friction model fails to give good fits to
the data unless unrealistic potential parameters are used.
This observation is suggestive of a breakdown in the hydro-
dynamic approximation on the time scale of reaction. The
use of a more microscopic modeling of the frequency depen-
dent friction in the coupled oscillator model provides a bet-
ter fit to the data, but with unreasonable potential param-
eters, as well. A caveat of this analysis is that the microscopic
dielectric relaxation time was estimated in higher alkyl ni-
trile solvents via fits to acetonitrile data and the use of the
hydrodynamic approximation. It is important to realize that
a frequency dependent friction model yields reasonable po-
tential parameters if entropic effects are invoked. This expla-
nation is equivalent to a breakdown of the one-dimensional
approximation and quite reasonable because of the presence
of many other nonreactive modes in the solute molecule.
Lastly, a modeling not explored in the analysis here is the

IA:
n{(cP) 7(°C) 7{cP) T(°C) 7(cP) T(°C)
Propionitrile 0.729 -20.0 0.638 — 100 0.556 0.0
Butanenitrile 1.069 - 190 0.905 —10.0 0.776 0.0
Pentanenitrile 1.453 —20.0 1.199 — 100 1.009 0.0
Hexanenitrile 2.142 —20.0 1.703 - 100 1.383 0.0
1B:
Heptanenitrile Octanenitrile Nonanenitrile Decanenitrile
7(°C) 7(cP) 7(°C) 7(cP) TCC) 7(cP) 7(°C) 7(cP)
- 200 3.106 —19.0 4.642 - 19.0 6.489 —20.0 9.665
—10.0 2.346 —9.5 3.356 —9.5 4.565 - 11.0 6.523
0.0 1.845 0.0 2.540 0.0 3.363 0.0 4.577
20 1.795 10.0 2.030 9.5 2.694 10.0 3.464
10.0 1.507 20.0 1.651 18.5 2.152 20.0 2.676
20.0 1.259 29.5 1.368 23.5 1.844 29.5 2.140
29.5 1.064 39.0 1.158 28.5 1.707 39.0 1.747
39.5 0.917 455 1.048 39.0 1.403 50.0 1.432
50.0 0.788 59.5 0.863 49.5 1.187 60.0 1.220
60.5 0.692 70.5 0.743 59.0 1.023 70.0 1.055
70.0 0.617 82.0 0.650 70.0 0.886 80.0 0.927
80.0 0.555 79.5 0.784

Estimated error in is + 0.01 cP, and in T'is 4 0.05°C.
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presence of more than one reactive mode,*” which has been
shown theoretically to explain the trend observed in the
power law of the reduced isomerization rates’ viscosity de-
pendence.

CONCLUSIONS

This work provides new results for isomerization dy-
namics in polar solvents. In contrast to recent studies in alco-
hol solvents (associated), the homologous series of n-alkyl
nitriles (unassociated) allows an activation barrier to be
identified for the isomerization. This result implies that vis-
cosity is not the determining factor in the modification of
barrier heights in the stilbenes. This barrier is solvated by
dielectric interactions with the solvent, in agreement with
expectations. Although the description of isomerization dy-
namics in alcohol solvents may necessarily involve a multidi-
mensional model, in the nitriles it is possible to discuss an
effective one-dimensional potential energy surface.

The same type of deviations of the data from the predic-
tions of a stochastic Kramers model are observed here as are
observed in nonpolar solvents. More detailed treatment of
the solute/solvent frictional coupling provides better agree-
ment with the experimental data, however, the parameters
obtained from this modeling are not always in agreement
with physical expectations. The best fit of the data comes
from comparison with a coupled oscillator model of the iso-
merization.
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