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ABSTRACT. t1easurements of the influence of solvent on the rate 
of photochemical isomerization are described. The results are 
discussed in terms of models of one-dimensional activated barrier 
crossing. The possible influence of a frequency dependent fric
tion is suggested for isomerizations with sharp barriers. 

BARRIER CROSSING IN SOLUTION 

Introduction 

The idea that chemical reactions can be modeled as an acti
vated crossing over a potential barrier is, of course, an old 
one. Recently there has been considerable interest in the 
description of the influence of solvent on such barrier crossing 
processes both from the theoretical [1-5] and experimental points 
of view [6-12J. The solvent has two antagonistic roles; it 
promotes the reaction by providing the solute with sufficient 
energy to overcome the barrier, but if the reaction involves 
large amplitude motion the frictional forces exerted by the 
solvent will also impede the reaction. The balance of these 
two forces in determining the rate of the barrier crossing 
depends on the value of the friction coefficient (or alternatively 
on the collision rate) and on the curvature of the potential 
surface. At low values of friction the rate should increase with 
increasing friction until a maximum value (which is expected to 
be less than the transition state theory value of the rate~ is 
reached. The rate then turns over and begins to decrease with 
increasing friction. 
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In our work we have studied the viscosity, temperature and 
pressure dependence of photochemical isomerization in solution. 
Our hope was that these readily measurable processes would pro
vide model systems with which to test the concepts and theories 
mentioned above. We studied the isomerization of diphenyl 
butadiene (DPB) on the excited singlet surface in two different 
classes of solvents; nonpolar (9J and polar [llJ, and the iso
merization of DODeI on the excited state surface [8J and the 
return isomerization on the ground state surface [lOJ. The large 
time scale separation (ns to ms) makes it possible to measure both 
processes in the same molecule. In carrying out this pronram we 
had in mind the following questions: To what extent is a one
dimensional barrier crossing picture applicable to the photo
isomerization of large molecules in solution? What are the 
relative time scales of the observed isomerization and the cor
relations among forces exerted by the solvent? How accurate are 
simple hydrodynamic models for the microscopic motions involved 
in isomerization? 

Experimental 

The fluorescence lifetimes of DPB and DODeI were measured by 
the time correlated single photon counting technique [9J. The 
decays fit well to single exponentials in all cases. Lifetimes 
were measured in a range of solvents and over a range of tempera
tures. In the case of DPB experiments were also carried out at 
pressures up to 3 kbar in octane solution. Quantum yields were 
obtained from integrated fluorescence spectra. The return iso
merization of DODeI and the initial photoisomer yield were 
measured via conventional flash photolysis using a 20 ~s flash 
from a flash lamp pumped dye laser. 

The Internal Barrier 

If we assume that the isomerization rate takes the form 

(1 ) 

where F(n) is a universal function of viscosity and E is an 
intrinsic molecular barrier height, then by plotting ~(kiso) vs 
liT at constant viscosity one obtains a value for Eo. In a given 
solvent type the implicit assumption that Eo is not a strong 
function of solvent appears to be a good one. For example, for 
DPB in alkanes we find that the reduced isomerization rate 
kis (= kiso exp(Eo/RT)) is a universal function of viscosity 
reg~rdless of whether viscosity is changed by varying solvent, 
temperature, or pressure [9J. The values for the internal barrier 
height for the systems studied are given in Table I. Note the 
much larger barrier for ground state return isomerization than for 
excited state isomerization in DODeI, and the sharp decrease in 
barrier for DPB (excited state) in alcohol vs alkane solvent. 
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The twisted configuration of the diphenyl polyenes is believed to 
have considerable charge transfer character [13J and should be 
stabilized by polar and polarizable solvents. The absorption 
and emission maxima are unaltered by the solvent type consistent 
with the ideas that (1) the energy of the Bu state is little 
influenced by solvent and (2) that both absorption and emission 
take place from this state. 

Given that k1so (or F(n)) seems to be a universal function of 
viscosity it seems reasonable to confront the various theories of 
barrier crossing with our data, making the hydrodynamic approx
imation for the friction. By the hydrodynamic approximation we 
simply mean that the correlation time for the relevant motion is 
assumed inversely proportional to the solvent shear viscosity. 

Brownian Motion Theories of Barrier Crossing 

At the present state of knowledge about liquid state dynamics 
we hav·e decided to begin the interpretation of our data through 
statistical mechanical models of barrier crossinq. These models 
idealize the reaction as motion on a one dimensional harmonic 
potential surface, and describe solvent friction by means of a 
single (constant) parameter. Clearly this approach ignores a 
great deal of the personality of the solvent and solute. In 
addition the relationship of the parameters derived by fitting 
the theoretical expressions to experimental data to molecular 
properties - such as vibrational frequencies - is not obvious 
since the coordinate along which the reactive motion occurs is 
not clearly defined. These comments are not intended to imply 
that the use of simple Brownian motion pictures for interpretation 
of barrier crossing processes is without merit. On the contrary, 
they provide important information on the relative time scales of 
'free'motion on the potential surface and of the solvent frictional 
forces. The concept of reaction coordinate and of the transition 
state,so valuable in the interpretation of gas phase reactions, 
should also be applicable to solution phase reactions, and it 
seems possible that even a full multidimensional theory would 
still have a single 'effective' coordinate along which the reaction 
proceeds, although coupling to other modes would be an important 
feature of such a theory. 

The transition state value for the rate of barrier crossing 
is given by 

w 
kTST = 2~ exp(-Eo/RT) (2) 

where Wo is the frequency of the reactant well minimum, i.e. the 
'attempt frequency' and Eo the barrier height. Kramers expression 
for the barrier crossing rate [14J can be written as 
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k = kTST [p-=-1 [(1 + (2w'Tv)2)1/2 - 1]] (3) 
Kr W TV 

where w' is the curvature at the barrier maximum of TV is the 
velocity relaxation time of the relevant coordinate. The term 
in square brackets is always less than unity and approaches 
unity for large TVW' and zero for small TVW'. In Kramers theory 
the factor in square brackets accounts for the decrease in over
all rate caused by repeated crossing and recrossing of the barrier 
i.e. it corrects the transition state theory rate for the influence 
of collisions in the region of the barrier. TV is related to the 
friction coefficient r, by 

TV = )l/r, (4) 

with )l being the effective mass of the coordinate. If a hydro
dynamic model is assumed for r" then 

r,exn (5) 

and TV becomes inversely proportional to viscosity. Then, for 
fixed w', at low viscosity equation (3) reduces to equation (2) 
and at high viscosity the Kramers rate approaches zero. In fact 
for w'Tv«l (3) simplifies to 

kSM = kTST WITV ex ~ exp(-Eo/RT) (6) 

Expression (6) is called the Smoluchowski limit of Kramers equa
tion and might be expected to apply at high viscosity or for a 
potential surface which is rather flat (small w'). 

Expression (3) has at least one serious shortcoming, in that 
it predicts k = kTST at n = O. In ~act the rate is expected to 
approach zero as n approaches zero. The reason for this is the 
collision rate approaches zero as n approaches zero and so at low 
enough viscosity there will be insufficient collisions to provide 
the necessary energy to overcome the barrier. Kramers himself 
realized thi.s problem and derived a low friction expression in 
which the rate increases linearly with viscosity [14]. The posi
tion of the turnover is of considerable interest, recent stochastic 
trajectory calculations by Singer and Bagchi [15] place the turn
over in the region of 0.05 cp for DPB. Jonas and coworkers have 
(using high pressure nmr techniques) observed the turnover in the 
ring isomerization of cyc10hexane [12] and Millar and Eisenthal 
have some evidence for a turnover in binaphthy1 [16]. We have 
constructed a cell which will enable us to reach viscosities of 
10-2 cp and hope to build up a detailed picture of the dynamics 
in this inertial or energy controlled regime [17,18]. 
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When the curvature of the barrier top is very large the 
reactive motion may be sufficiently rapid that the solvent is 
unable to respond in its 'normal' low frequency fashion. In 
other words, for very sharp barriers, the friction may no longer 
be Markovian. Grote and Hynes have provided a theoretical dis
cussion of this problem [1]. These authors suggest that when the 
forces on the isomerization coordinate relax on a time scale com
parable to the velocity relaxation time (TV)' the frequency 
dependent (or time dependent) friction should be evaluated at 
the reactive frequency Ar = 2nkrs' Grote and Hynes find a self 
consistency relationship between ~iso and ~(w) which for unequal 
Wo and w' reads: 

2 
k * =.l ______ w.::.o __ ----,z--__ 

i so 2n * + A * 2nkiso (wo/w')[~(2nkiso)/~] 
(7) 

It should be noted that this expression cannot be valid at low 
friction since (7)*approaches the transition state value at zero 
friction, i.e. 2nkiso~a' Nitzan and Carmelli [19] have recently 
provided a discuSSlon OT non-Markovian effects. 

The influence of barrier height with respect to kBT is of 
interest. Kramers theory is generally presented as only being 
valid for Eo»k6T. Theoretical studies of double minimum poten
tials show conslderable time dependence in the rate for Eo~kBT [2]. 
However, in the case of isomerization the second minimum contains 
a sink. This alters the behavior considerably since the time 
dependence referred to above arises essentially from rebounding. 
Bagchi, Fleming and Oxtoby [20], and more recently Bagchi, Singer 
and Ox toby [15] have considered the situation where there is no 
barrier at all and the initial state is not in thermal equilibrium. 
In general, as expected, the decay is nonexponential and for a 
position dependent sink (e.g. Gaussian [20]) a fractional quantum 
yield dependence on viscosity is found [20]. At low viscosities 
the position dependent sinks (as opposed to pinhole or delta 
function-like sinks) exhibit exponential decay [20]. Stochastic 
trajectory calculations find a nonmonotonic viscosity dependence 
in the low viscosity region [21]. t·10re recently Bagchi and Singer 
have carried out very detailed stochastic trajectory calculations 
for a range of barriers and potentials [15]. These calculations 
should provide the definitive picture of barrier crossing models 
derived from the Fokker-Planck equation. 

Experimental Results 

~e analyze our data in two ways, first by comparing the 
activation energy of the nonradiative process, Enr , with En the 

~~l~~:: ~!S~o~~t{h:c~!~~~~~nt~~~~~{ic:~de~~~~~~~;n~Ya~~t~~n~n~lots 
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empirical relation originally suggested by Gegiou et al. [22J 
A (8) 

Expression (8) fits our data well under all circumstances, how
ever the value of a varies from 0.26 (DODeI ground state) to 
0.92 ± 0.05 for DPB (alcohol solvents) (see Table I). 

System 

OODeI 
GS 
ES 
[Rotation] 

DPB 
ES alkanes 
ES alcohols 

Fav 2R 
ES (alcohols) 

(Ref. 7) 

Table I 

Summary of Barrier Crossing Data 

Barrier Effective 
height frequency 
(kca 1) ~t 1 cp (5.1) 

13.7 4 x 1012 

2.7 8 x 10 1 I 

0 8 x 109 

4.7 1.5 x 1012. 

"'0.5 1.5 x 1010 

"'0.2 9 x 1010 

W'Ty 

at 1 cp 

7.5 
0.8 

0.71 
a 

a 

0.26 
0.43 
0.99 

0.69 
0.92 

0.98 

aIn the Smoluchowski limit only the product WOW'TV is significant (Ref. 11). 

bObtained from k<r(l/na). 

As far as fitting to expression (3) or (6) our data fall 
into two groups. The DPB in alcohols data fit (3), (6) or the 
expression of Skinner and Wolynes [3J very well [llJ. The best 
fit lines for the three expressions are superimposable and the 
only region where the three expressions should be identical is in 
the high friction or Smoluchowski limit [llJ. The very small 
barrier in DPB (alcohols) from isoviscosity plots is confirmed 
by the finding that the nonradiative rates in particular alcohols 
measured as a function of temperature lie on the same smooth 
curve (vs viscosity) as the nonradiative rates measured in the 
same series of alcohols at room temperature. In this system we 
find Enr = En within experimental error [llJ (as predicted by (6) 
if E «E ). o n 
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The two DODeI data sets and the DPB (alkanes), however, fit 
poorly to expression (3) [9,10J. If the low viscosity rates are 
fit to the Kramers expression, then the rates at high viscosities 
are consistently larger than theory predicts. On the other hand, 
if high viscosity points are fit to the Kramers expression then 
theory predicts too low values for rates at low viscosities. In 
other words, Kramers theory does not have the correct curvature 
necessary to describe the experimental results at low and high 
viscosities. In these systems Enr is always greater than En (but 
less than the sum of En and Eo). A typical example is the DODeI 
excited state data shown in Figure 1. In the case of DODeI we 
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Fig. 1. Reduced isomerization rate vs viscosity for the excited 
state of DODeI. The solid line is a fit of Kramers equation to 
all the pOints. The dotted line of the Skinner and Wolynes 
function [3J to all the points. The dashed line is a fit to 
expression (7). The value of a is 0.43. An excellent fit is 
also obtained to the ground state data with a = 0.26. 
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attempted to improve the fit by replacing viscosity in (3) by 
directly measured rotational reorientation times [23J (a full 
description of the procedure is given in [10J). On fitting the 
reduced reorientation times (again with the intrinsic temperature 
dependence removed) we find that the data fit well to equation (8) 
with a = 0.99, i.e. Stokes law is obtained. In view of this it 
is hardly surprising that using the reduced reorientation times 
as a measure of the friction does not improve the fit. 

Before attempting an explanation of fhe apparent failure of 
Kramers expression to describe these three isomerizing systems, a 
few general comments on the data in Table I are in order. First, 
within a single molecular species, a smaller barrier implies a 
smaller reduced rate or effective frequency kiso' Second, a 
larger barrier implies a less strong dependence on viscosity as 
measured by a or by the product TVW'. In barrier1ess (or low 
barrier) cases the Smoluchowski limit of a lin dependence is 
approached. (We also find this for the Fast Acid Violet (FAV) 
data of Tredwe1l and Osborne [7J.) It seems likely that as the 
barrier gets smaller w' will decrease and our data are consistent 
with the notion that the high barrier cases are more potential 
controlled or inertial, and the low barrier cases are more dif
fusive or viscosity controlled. 

Bagchi and Oxtoby [4J and more recently Rothenberger, Negus 
and Hochstrasser [24J have calculated the isomerization rate via 
the Grote and Hynes expression (7). A general feature of the 
Bagchi and Oxtoby calculation, using pure slip or pure stick 
boundary conditions is that the viscosity dependence is well 
described by kiso/na with 0.1< a < 1.0. The result of a particular 
calculation, compared with Kramers equation for the same barrier 
frequency are shown in Figure 2. As with the experimental results 
the Grote-Hynes theory shows a much weaker dependence on viscosity 
at higher viscosity values; eventually the rate reaches a constant 
value [4J. The physical reason for this effect is that for sharp 
barriers, that part of the friction which comes from low frequency 
motion does not effect the reactive motion across the barrier. 

Although, in the authors' opinion, it is premature to attempt 
quantitative fits of our data using the Grote-Hynes theory (because 
of lack of data on viscoelastic response at high frequencies and 
because of lack of good experimental values for the barrier cur
vature), a frequency dependent friction based on the sharpness 
of the intramolecular potential barrier does seem to provide the 
most consistent explanation of our results. 
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Fig. 2. The rate parameter x( = Ar./W') vs shear viscQsity Tl~ foy 
DPB in octane (~) and in butanol {OJ. w' = 6.0 x 1012 s--I. The 
solid line is a fit to equation (7) with a = 0.25. The dashed 
line is the Kramers theory result with the same value of the 
barrier frequency. From reference (4) with permission. 

Summary 

We have observed rates of photochemical isomerization both 
in accord with simple theoretical predictions and at variance to 
these theories. We suggest that the shape of the intramolecular 
potential surface is responsible for the two types of behavior. 
We feel that our data favors an explanation involving frequency 
dependent friction, but further work is clearly necessary before 
the breakdown of the Kramers equation can be definitely stated. 

As a final point we note that the process that has the slowest 
observed rate; DODCr (ground state) (~3 ms, ethanol, 25°C) 
apparently requires a frequency dependent friction to explain the 
observed behavior, whereas the fastest rate we have studied, DPB 
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excited state isomerization (~ 60 ps, ethanol, 25°C) only requires 
that we use the ze'ro frequency limit of the friction. This arises 
because the effective time scale for friction is determined by 
kisQ not kiso itself. These results imply that high frequency 
motlons and the frequency response of the medium could have 
important implications on chemical reactions which occur at 
modest rates. 
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