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ISOMERIZATION OF I-STILBENE IN ALCOHOLS 
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The isomerization of optically excited t-stilbene in n-alcohol solution is discussed. Tbe data are consistent with incomplete 
salvation in the initial state for alcohols larger than ethanol and with stabilization of the polar transition state by rapid compo- 
nents of the solvent dielectric response in all alcohols. The combination of these two effects leads to a progressive decrease in 
apparent barrier height with increasing size of alcohol. 

1. introduction 

The isomerization of t-stilbene in non-polar sol- 
vents has been used extensively to investigate the- 
oretical descriptions of activated barrier crossbg [ l- 
31. In this case the potential on which the isomeri- 
zation takes place is assumed to be essentially in- 
dependent of the specific solvent used, allowing the 
experimental determination of a unique barrier 
height via “isoviscosity plots” [ 3,4]. The frictional 
forces responsible for motion along the reaction co- 
ordinate arise from viscous effects, i.e. collisional ex- 
change of momentum and energy. A more complex 
situation holds in polar solvents, where the potential 
surface may be significantly modified compared to 
the non-polar solvent case. If the reaction is pictured 
as proceeding on a single modified potential surface, 
this implies that the solvent and reacting molecule 
remain in equilibrium all along the reaction coor- 
dinate, i.e. solvent response is fast compared to re- 
active motion. Recently the implications of slow 
(orientational) response of polar solvents for charge 
transfer reactions have been discussed by a number 
of authors [s-8]. If the solvent lags behind in equi- 
libration as reactive motion proceeds an extra fiic- 
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tion arises - dielectric friction - and at least in some 
cases the rate of solvent relaxation is expected to de- 
termine the reaction rate. Thus, interactions with a 
polar solvent can influence both the activation en- 
ergy (fast response) and frequency factor (slow re- 
sponse) of charge transfer reactions. 

In the isomerization of t-stilbene in polar solvents 
both kinds of friction, collisional and dielectric, are 
expected to be important. Dielectric friction effects 
are expected because as the molecule twists towards 
a 90” geometry, the electronic structure changes from 
a delocalized aromatic system to a system resem- 
bling two phenyl radicals [ 9 1. The wavefunction in 
the twisted geometry has a good deal of charge trans- 
fer character [ 91, and thus the stilbene molecule 
would be expected to become significantly more po- 
lar as twisting proceeds. Naively, then, if the solvent 
remained in equilibrium, one would expect that the 
barrier to isomerization would be lower in alcohol 
solvents than alkane solvents. This suggestion was 
made earlier by Keery and Fleming [ lo] in connec- 
tion with diphenyl butadiene and Akesson et al. [ 111 
and Smedarchina [ 121 have suggested that the iso- 
merization of t-stilbene in n-alcohols is a barrierless 
process. Eisenthal and coworkers [ 131 found that 
purely static solvent effects were adequate to explain 
the influence of polar solvents of dimethylamino- 
benzonitrile isomerization. However, these same 
workers found that the situation for trans-stilbene is 
more complex - the variation in isoviscosity barrier 
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heights could not be accounted for by a purely static 
model. They suggested that dynamic solvent effects 
are important in the isomerization of trans-stilbene 
as a result of the formation of a zwitterionic inter- 
mediate [ 13 1. An important contribution to this 
problem was made by Waldeck and coworkers 
[ 14,15 1, who pointed out that the influence of sol- 
vent on friction and barrier height may not be sep- 

arable if no time scale separation exists between bar- 
rier crossing and solvent dielectric relaxation. 

In this note we present data on the isomerization 
of t-stilbene in alcohol solutions. To provide a self- 
consistent explanation of our data it is necessary to 
consider both fast (remaining in equilibrium) and 
slow solvent responses. An additional complexity 
arises from the preparation step - the formation of 

the first existed singlet state. Again depending on time 

scale separations this state may, or may not reach 

equilibrium with a polar solvent during the excited 

state lifetime [ 14,15 1. It might seem surprising that 

the planar excited singlet state should interact sig- 

nificantly with polar solvents, however, the S, state 

may be substantially more polarizable than the So 

state, and this will lead to a Stokes shift [ 161. 

2. Experimental 

Steady state absorption and emission spectra of 1- 
stilbene in n-alkanes (n=6, 8, IO, 12, 14, 16) and 
n-alcohols (n= 1-6, 8, 10) were recorded on a Per- 
kin-Elmer Lambda 5 visible spectrometer and a Per- 
kin-Elmer MPF-66 fluorescence spectrometer re- 
spectively. Spectral maxima are listed in table 1. 
Fluorescence lifetimes were determined by time-cor- 
related single photon counting using a microchannel 
plate photomultiplier as detector. The instrument is 
described elsewhere [ 171. Excitation was at 300-3 10 
nm and detection at 345-360 nm. All the decay 
curves fit very well (xf < 1.2) to single exponential 
decay. A comparison of quantum yield and lifetime 
data between alkanes and alcohols showed that the 
radiative rate was insensitive to solvent within our 
precisionwithavalueofk,=6x108s- (+0.6x10* 
s- I). Because of the very short fluorescence lifetime 
in alcohol solvents, isomerization was assuined to be 
the only nonradiative process and isomerization rates 
were extracted via k,= 1 /B-k,. The temperature- 
dependent h, values lit the Arrhenius expression 
extremely well and the fitted values of activation en- 
ergy and frequency factor are given in table 2. 

Table 1 
Peak maximums of absorption (v.) and emission (v,) spectra of &stilbene 

Solvent Y,B) 
(cm-‘) 

b) Vb 
(cm-‘) 

V.-VI, 
(cm-‘) 

a’) 
( 10mZZ cm>) 

hexane 32573 28910 3663 1.35 
octane 32541 28885 3656 1.78 
decane 32520 28802 3718 2.19 
dodecane 32446 28810 3636 2.61 
tetradecane 32436 28760 3676 3.03 
hexadecane 32394 28177 3616 3.45 

methanol 32626 28818 3808 0.41 
ethanol 32531 28760 3771 0.59 
propanol 32510 28760 3750 0.79 
butanol 32489 28802 3750 1.00 
pentanol 32478 28752 3687 1.21 
hexanol 32425 28777 3648 1.43 
octanol 32352 28769 3583 1.85 
decanol 32352 28760 3592 2.27 

a) With uncertainty of k 32 cm-‘. 
‘) With uncertainty of 2 25 cm-‘. 
c) Polarizability from the Claussius-Mosotti equation, LY = (3MJLp) [ (n*- 1) / (n2+2 ) 1, where M, is the molecular weight, L Avogad- 

TO’s number and p the density. 
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Table 2 
Arrhenius parameters for t-stilbene isomerization in alcohols 

Solvent 

methanol 
ethanol 
propanol 
butanol 
pentanol 
hexanol 
octanol 
decanol 

E. 
(kcal/mol) 

4.6 kO.2 
5.2LO.5 
5.OkO.6 
4.7kO.6 
4.8 + 0.3 
5.oto.1 
5.5kO.2 
6.4kO.9 

10”_4 
(s-l) 

7.02::: 
12:: 
9.3:‘s 5.9 
4.7?’ 3.0 
4.5’Z.P 
5.4’$$ 
9.1 ‘:I: 
36?:i6 

Temperature 
range (‘C) 

-17to45 
-15to40 

1 to38 
1 to38 

-5 to45 
-5 to45 
-5to45 
121048 

3. Results and discussion 

3.1. Zsoviscosity plots and apparent barrier height 

The isoviscosity approach [4] to determining bar- 
rier heights is based on the assumption that the iso- 
merization rate can be written as 

&,=F(tl) exp( -GIRT) , (1) 

where F(q) is further assumed, for fixed intramo- 
lecular parameters, to depend only on viscosity. Thus 
the procedure is to select different solvents that, at 
different temperatures, have the same viscosity. A 
fixed viscosity “Arrhenius” plot is then made. A 
consistency check is made by carrying out the same 
procedure at a number of fmed viscosities. Naturally 
in moving from low to high fixed viscosities the sol- 
vents used to construct the isoviscosity plots change, 
so if E0 changes along a solvent series a single value 
of E,, extracted from a series of isoviscosity plots will 
not be obtained. For trans-stilbene in alkane solvents 
a single value of E0 ( = 3.5 + 0.1 kcaI/mol) was ob- 
tained. However, as fig. 1 and table 3 show this is 
clearly not the case in a series of alcohol solvents. 
Fig. 1 shows that there is a systematic decrease in the 
apparent value of E,, as the fixed viscosity value is 
increased from 1 to 12 cP. This very likely arises from 
the use of different solvent combinations in the con- 
struction of fig. 1. In other words the plots are prob- 
ably not linear but we cannot detect the curvature 
over our limited temperature range. It is noteworthy 
in table 3 that the highest apparent barrier heights 
are obtained when methanol and ethanol are used as 
the solvent. To rationalize this point we turn to a dis- 

t/T (tO-3K-il 

Fig. 1. Constant velocity Arrhenius plots of the non-radiative rate 
for f-stilbene in alcohol solutions. C. refers to the number of car- 
bonsinthealcohol.0,1cP;r,3cP;X,8cP,V,12cP. 

Table 3 
Activation barrier from isoviscosity plots 

t 
(CP) 

E(v) 
(kcal/mol) 

Solvent 
combination 

1.0 3.55 Cl-C2 
2.0 3.11 Cl-C2 
3.0 2.70 C3-C6 
4.0 2.32 C3-C8 
5.0 2.16 C4-C8 
6.0 2.10 C4-C8 
7.0 1.88 c5-Cl0 
8.0 1.79 cs-Cl0 

10.0 1.67 c5-Cl0 
12.0 1.60 c5-Cl0 

cussion of the spectral shifts listed in table 1. 

3.2. Spectral shifts and salvation dynamics 

Table 1 reveals that the magnitude of the Stokes 
shift decreases as the alkane chain length increases 
in tbe alcohol solvents. In alkane solvents, within our 
precision, there is no discemable trend of Stokes shift 
with alkane length. The Stokes shift in the higher 
members of the alcohol series is very similar to that 
in alkanes. As noted earlier, presumably the Stokes 
shift for t-stilbene arises because the excited singlet 

state is significantly more polar&able than the ground 

state. Recent studies of Stokes shift dynamics have 
shown that at least for the slowest portion of the sol- 
vent response (see below) the longitudinal relaxa- 
tion time, TV,, provides a reasonably good measure 
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Table 4 
Comparison between excited state lifetimes of r-stilbene (rr) and 
longitudinal relaxation times ( rL1 )‘I of corresponding alcohol 
solventsb) 

Solvent rf 91 
(PSI (Ps) 

methanol 32 8 
ethanol 42 30 
propanol 51 74 
butanol 51 98 
pentanol 63 156 
hexanol 73 219 
octanol 98 346 
decanol 121 520 

*) rL, is calculated from the longest dielectric relaxation time [ 18 1. 
‘) 300 K values are listed. Even though 7f and rLI have slightly 

different dependenccs, the ratio rr/rLI remain relatively con- 
stant in a single alcohol. 

of the solvation time scale in alcohol solutions [ 18- 
20 ]. Table 4 compares the fluorescence lifetime zf, 
with rL1. It is clear that only in methanol and ethanol 
will the excited molecule reach equilibrium with the 
solvent during the excited state lifetime. This ac- 
oounts for their larger Stokes shifts. In all the alco- 
hols there are shorter relaxation times but when the 
response is modeled as a sum of Debye responses 
[ 18,191 it is clear that a major contribution to the 
total solvation energy comes from the rL1 contribu- 
tion. Thus isomerization proceeds from unrelaxed 
states in the higher alcohols, If this picture is correct, 
why in ethanol, for example, do we not see the char- 
acteristics of solvation dynamics - a time-dependent 
spectral shift and non-exponential decays? In fact, in 
dimethoxystilbene Waldeck and coworkers [ 141 have 
seen such effects, but in t-stilbene the spectral shift 
is so small compared to the spectral width that it 
would be very difficult to observe, for example, the 
rising component on the red edge. 

3.3. Model for the isomerization process 

In their studies of dimethoxy- and dibydroxy-stil- 
bene in alcohol solutions Waldeck and coworkers 
[ 14,151 have related barrier height changes to in- 
complete relaxation of the initially formed state. In 
a recent study of stilbene in nitriles where rLB=rf 
these workers found that a consistent barrier height 
could be obtained from isoviscosity plots [ 15 1. Thus 
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for t-stilbene at least a portion of the decrease in ap- 
parent barrier height in the higher alcohols comes 
from incomplete solvation on the isomerization time 
scale. However, this cannot be the complete story 
since the difference in Stokes shifts between meth- 
anol and octanol for example is 0.64 koaI/mol 
whereas the apparent barrier height has dropped by 
l-l.5 kcaI/mol. In addition, we would expect meth- 
anol and ethanol to exhibit higher apparent barriers 
than alkane solvents, because of the relaxation in S,. 
But, of course, we must consider the stabilization of 
the transition state. As t-stilbene twists the double 
bond breaks and at the 90” geometry a highly polar 
diradical species is predicted via quantum chemical 
calculations [ 91. Thus the transition state is ex- 
pected to be significantly more polar than the planar 
initially excited S1 state. The contributions to changes 
in the apparent barrier from the electronic response 
of the solvent (i.e. (n*-l)/(n2+2)) are appar- 
ently quite smalI since (see table 1) the alkanes show 
similar variation in this quantity to the alcohols, yet 
no detectable changes in E,, are found in these sol- 
vents. However, the alcohols have rapid contribu- 
tions to the nuclear part of the dielectric response - 
libration, OH rotation, for example, that may re- 
main in equilibrium on the time scale of motion over 
the barrier top and thus lead to lower barriers in these 
solvents. In tbe formulation of Hynes [ 261 the char- 
acteristic time scaIe is rl, the reactive frequency. As 

alkanes 
/ 

short alcohols 

Iniltal State Transition State 

Fig. 2. Schematic representation of the energy levels of reactant 
and transition state for t-stilbene in alkane and alcohol solutions. 
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Hynes has noted, the sharper the barrier, the more 
the system is biased towards the shorter parts solvent 
response [ 6,2 1,22 1. In the stilbene system we expect 
I-’ to be in the 10-‘3-10-‘2 s range. In a recent 
computer simulation of water salvation dynamics 
[ 191, Maroncelli and Fleming found a major con- 
tribution to the relaxation arose from libmtional mo- 
tion on a time scale of 25 fs. In addition rL3 (OH 
rotation) in the alcohols is in the range of 300 fs. We 
thus propose that the additional lowering of the ap- 
parent barrier height arises from the stabilization of 
the transition state by these rapid contributions to 
the solvent dielectric response. Fig. 2 shows a qual- 
itative picture of the proposed model. 

4. Concltldlng renuuks 

We have presented a qualitative rationale for the 
solvent dependence of t-stilbene isomerization in al- 
cohol solutions. Our model emphasizes the impor- 
tance of polar response on several time scales. A full 
understanding of salvation dynamics involves both 
the frequency and wavevector dependence of the sol- 
vent response [ 23 1. Theories of charge transfer re- 
actions involving only the slowest, orientational, 
contributions to the response are effectively k=O 
theories. The details of dielectric friction in barrier 
crossing processes will involve important contribu- 
tions from higher wavevector processes such as 
translation and libration. Recently McManis and 
Weaver have presented evidence for the involve- 
ment of rapid relaxation processes in an electron 
transfer reaction in alcohol solution [24]. At least 
for moderately high, sharp (cusp-like) barriers, the 
conventional “solvation time” often denoted as TV, 
may not be a relevant quantity for gauging the time 
scale of solvent dielectric response. This remark ap- 
plies particularly to more structured solvents where 
librational motions may contribute significantly to 
the response. 

A quantitative description of the isomerization 
dynamics will require a two-dimensional picture in- 
volving both viscous and dielectric friction [ 25 1. 
Even modeling the viscous friction part will be dif- 
ficult since large deviations from Stokes law behav- 
ior are observed for the rotational reorientation of Z- 
stilbene in alcohol solvents [ 261. 
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