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Solvent- and temperature-dependent band shape changes of the olefinic CdC stretch Raman band of S1 trans-
stilbene have been analyzed on the basis of the dynamic polarization model. The analysis has shown that the
solvent-induced dynamic polarization gives rise to the dephasing of the CdC stretch vibration and,
concomitantly, triggers and facilitates the rotation around the CdC bond leading to the trans to perpendicular
(and eventually to cis) isomerization. Picosecond time-resolved Raman spectra have been measured in the
three alkane solvents, hexane, octane, and decane at a number of different temperatures ranging from 268 to
338 K and a total of 40 peak positions and the bandwidths have been determined for the CdC stretch band.
The correlation plot of the bandwidth against peak position shows a clear linear relationship that is predicted
by the dynamic polarization model. Picosecond time-resolved fluorescence measurements have been performed
in the same three alkane solvents at five different temperatures from 283 to 313 K, and 15 rates of the trans
to perpendicular isomerization have been determined. The plot of the peak position against the rate of
isomerization indicates another linear relationship between these two quantities which have no obvious reason
to be correlated with each other. The dynamic polarization model accounts very well for this linear relationship
and yields a new formula that relates the rate of isomerization to the frequency of the solvent-induced dynamic
polarization. This formula seems to possess certain generality because it shows an excellent numerical agreement
with the Arrhenius formula. The new formula derived from the dynamic polarization model gives the molecular-
level details of the reaction process as to how the reaction is triggered and in what time scale the reaction
actually proceeds. A new view of the photoisomerization oftrans-stilbene has thus been obtained.

Introduction

Vibrational Raman band shapes carry useful information on
vibrational dynamics of molecules in liquids and solutions.
Numerous experimental and theoretical studies have been carried
out on Raman band shapes of molecules in their ground
electronic states.1 Separate measurements of the isotropic and
anisotropic components of polarized Raman spectra enable the
differentiation of the Raman bandwidth caused by rotational
diffusion and that caused by vibrational dephasing. Rotational
diffusion times of a number of molecules in liquids and solutions
have thus been determined by Raman spectroscopy. On the other
hand, information extracted from vibrational dephasing times
varies depending on the type of intermolecular interaction that
predominates the dephasing process. Development of time-
resolved Raman spectroscopy in the past decade has made it
possible to extend those band shape studies to electronically
excited states and radical species.2,3 Raman bandwidths of these
short-lived species are generally much larger than those of the
corresponding ground-state molecules. Because rotational dif-
fusion makes only a minor contribution to Raman bandwidths
of medium to large size polyatomic molecules and because they
are expected to be similar for the ground and excited electronic
states, the observed larger bandwidths are most probably due

to shorter vibrational dephasing times. It is considered that some
extra vibrational dephasing mechanism exists which is specific
to excited states and radical species.

Raman spectra of S1 trans-stilbene have been studied
extensively since the first observation in 1983.4-43 Marked time-,
temperature-, and solvent-dependent Raman band shape changes
are known for the olefinic CdC stretch band observed around
1570 cm-1. The central issue in these studies is how these
spectral changes are elucidated to shed more light on the
mechanism of the trans to cis isomerization reaction, which has
been studied thoroughly as one of the simplest prototype of
chemical reactions.44,45It is already established that the S1 trans-
stilbene molecule first isomerizes to the 90° twisted perpen-
dicular form and then very quickly transforms to either of the
trans and cis forms with nearly a 50:50 ratio. The rate of the
overall trans to cis isomerization is determined by the rate of
the trans to perpendicular conversion.

From a comparison with the Stokes/anti-Stokes Raman
intensity ratio, it has been proved that the time-dependent change
represents the cooling process of the hot S1 trans-stilbene
molecule that is generated with extra vibrational energy upon
photoexcitation.29,33 The time-dependent band shape changes
have the same origin as the temperature-dependent changes.
Picosecond time-resolved Raman spectroscopy can serve as
“picosecond thermometry” that probes the temperature of the
S1 trans-stilbene system with picosecond time resolution. The
temperature- and solvent-dependent band shape changes possess
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a characteristic feature in common. The shift of the peak position
and the change in the bandwidth are linearly correlated with
each other,20,32 though there is no intrinsic reason why they
should be correlated. If we plot the observed peak position
against the bandwidth for different temperatures and solvents,
we obtain nice straight lines. This finding led the present authors
to introduce the exchange model20 (generalized later as the
dynamic polarization model46) of vibrational dephasing, which
accounted very well for this linear relationship between the peak
position and the bandwidth. A still more interesting and
somewhat surprising feature has been discovered for the solvent-
dependent Raman band shape changes; the shift of the peak
position and the change in the bandwidth are correlated linearly
with the (solvent-dependent) rate of the trans to the perpen-
dicular isomerization.44,45 This correlation has also been ex-
plained well in terms of the exchange model.

In the present paper, we examine in further details the solvent-
and temperature-dependent Raman spectral changes of S1 trans-
stilbene from a unified viewpoint of the dynamic polarization
model, which is a generalized version of the exchange model.
Picosecond time-resolved Raman spectra were measured in three
different alkane solvents, hexane, octane, and decane, at more
than 10 different temperatures, and a total of 40 peak positions
and bandwidths have been determined for the olefinic CdC
stretch band. The correlation plot of the 40 peak positions and
bandwidths confirms beyond any doubt the linear relationship
between these two quantities, rationalizing further analysis based
on the dynamic polarization model. Fluorescence lifetimes were
measured in the same three solvents at five different tempera-
tures, and 15 isomerization rates have been determined. The
five iso-temperature plots of the peak position against the
isomerization rate give five straight lines having slopes gradually
changing with temperature and having a common intercept at
zero isomerization limit. These two correlations, the correlation
between the peak position and the bandwidth of the olefinic
CdC stretch mode and the correlation between the peak position
and the isomerization rate, are difficult to explain quantitatively
with any existing theory of vibrational dephasing. For example,
the temperature-dependent changes of the peak position and
bandwidth may be explainable in terms of a hot band mechanism
which assumes the excitation of some low-frequency vibrational
mode(s) anharmonically coupled to the CdC mode. However,
this model cannot account for the solvent-dependent changes
of the peak position and the bandwidth and their correlation
with the isomerization rate. These two correlations are discussed
quantitatively in the following on the basis of the dynamic
polarization model.

Experimental Section

Picosecond time-resolved Raman spectra were measured with
the pump-probe technique. The details of the experimental
setup have already been published.47 Output pulses from a cw
mode-locked Nd:YAG laser (Spectra Physics 3800S, 82 MHz)
were compressed with a glass fiber and a grating. The
compressed pulses (5 ps) were used for exciting a synchronously
pumped mode-locked dye laser (Spectra Physics 3520). The dye
laser output was then amplified with a two-stage dye amplifier.
Output from a cw Nd:YAG regenerative amplifier (2 kHz) was
used for the dye amplification. The second harmonic of the
amplifier output (294 nm, 2 kHz, 2-3 mW) was used as the
pump light source. The remaining visible light (588 nm, 2 kHz)
was used as the probe. The temporal width of the probe light
pulse was 3.2 ps while its spectral width was 3.5 cm-1. The
light pulse was close to the Fourier transform limit.47 Time delay

between the pump and probe pulses were regulated by a
stepping-motor driven optical delay line. We reduced the probe
light power at the sampling point to 0.1 mW for avoiding
deformation of the shapes and positions of observed Raman
bands, caused by strong probe light field. Scattered light from
the sample was collected by a pair of lenses, was focused into
the entrance slit of a single polychromator (Instruments SA,
HR320), and was detected with a liquid-nitrogen-cooled CCD
detector (Princeton Instruments LN/CCD-1024 TKB).

Picosecond time-resolved fluorescence spectra were measured
with an apparatus that consisted of a mode-locked Ti:sapphire
laser system and a streak camera.48 Output from a cw mode-
locked Ti:sapphire laser (80 MHz, laboratory-made) pumped
by an argon ion laser (Spectra Physics BeamLok 2060) was
amplified with a Ti:sapphire regenerative amplifier (Clark
Instruments CPA-1). Third harmonic of the amplifier output
(266 nm, 1 kHz, 2 mW) was used for the sample excitation.
The fluorescence component with a 54.7° polarization angle to
the excitation polarization was collected with lenses and then
analyzed with an astigmatism corrected spectrograph (Chromex
500IS/SM) and was detected with a streak camera (Hamamatsu
C2909, modified). Remaining fundamental output from the
regenerative amplifier was used for triggering the streak camera.
Time resolution of the apparatus was determined by a timing
jitter of the streak camera. Typical width (fwhm) of the
instrumental response function was 15 ps.

Dynamic Polarization Model

In a previous paper, we formulated the dynamic polarization
model of vibrational dephasing in three steps.46 Figure 1
schematically shows how the stochastic modulation of the
vibrational frequency of the CdC stretch mode is treated in
the three models: the two-frequency exchange model, the
distributed frequency exchange model, and the continuous
dynamic polarization model. We started with the two-frequency
exchange model (Figure 1a) in which the vibrational frequency
hops to and fro between the two limiting valuesω1 andω2 with
the frequency differenceδω ) ω2 - ω1. In the case of S1 trans-
stilbene,ω1 corresponds to the CdC double-bond frequency
andω2 to the fully polarized C-C (C+-C- or Ċ-Ċ) single-
bond frequency. For this simple case, a general formula of the

Figure 1. Three models for stochastic modulation of vibrational
frequencies assumed in the dynamic polarization model. Two-frequency
exchange model (a), many-frequency exchange model (b), and continu-
ous-frequency modulation model (c).
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band shape was already known.49,50 We placed a focus on the
asymmetric exchange limit, in which the frequency stays most
of the time atω1 and occasionally hops toω2 (with the forward
hopping rateW1) but comes back toω1 very quickly (with the
backward hopping rate ofW2), so thatW1 , W2 ∼ δω holds.
Under these conditions, the band shape is given by a Lorentzian
with a small shift∆Ω of the peak position and a small increase
∆Γ in the bandwidth from the original unperturbed Lorentzian
band shape,

whereτ ) δω/W2 is the mean phase shift for a hop. In the
simple two-frequency exchange model, the band shape is
determined by the two parameters, the forward hopping rate
W1 and the mean phase shiftτ. If we take the ratio of∆Γ to
∆Ω, we obtain the following formula:

This equation indicates that, if the mean phase shiftτ can be
regarded as constant for different solvents and temperatures,
the band shape does change holding a linear correlation between
the peak positionΩ and the bandwidthΓ. Thus, the experimental
linear relationship betweenΩ andΓ is very well accounted for
by the two-frequency exchange model.

We then considered the distributed-frequency exchange model
(Figure 1b) in which the vibrational frequency can taken values
including the limiting frequenciesω1 andωn. In the case of S1
trans-stilbene,ω1 corresponds to the CdC frequency andωn

to the C-C frequency, withωk (1 < k < n) standing for any
intermediate frequencies. By assuming that a hop always starts
from ω1 and that each hop is independent, we obtain formulas
corresponding to eqs 1 and 2:

whereW1k is the partial forward hopping rate fromω1 to ωk

(W1 ) ∑W1k) andτκ is the mean phase shift for a hop toωn.
Equations 4 and 5 mean that the hops to different frequencies
make independent contributions to the vibrational band shape
and that each contribution is described by the same formulas
as eqs 1 and 2. If we assume that all of the mean phase shifts
τκ are constant and are equal toτ, eqs 4 and 5 reduce to eqs 1
and 2. This condition is equivalent to the relationWk1 ) δωk/τ,
whereWk1 is the backward hopping rate fromωk to ω1 and
δωk ) ωk - ω1. It seems physically sound that the backward
hopping rateWk1 is, to a first-order approximation, proportional
to the frequency changeδω, because the solvent fluctuation
causing a larger frequency hop is likely to have a shorter
duration. Thus, relationships in eqs 1-3 hold approximately
for the distributed frequency exchange model.

Although the exchange models provided simple formulas with
clear physical meanings, they assumed instantaneous jumps of
frequencies which were not likely to happen in the real system.
We therefore proceeded to the dynamic polarization model
(Figure 1c) in which the vibrational frequency is continuously
modulated by the solvent fluctuation. For this model, the

mathematical approach used for the exchange models is not
applicable. However, considering the fact that each hop
contributes to the band shape only through the phase shiftτ as
eqs 4 and 5 indicate, we proposed the following two integral
formulas which are expected to hold for the continuous
frequency modulation case:

whereG(τ) is the phase shift distribution function which gives
the magnitude and frequency of the phase shifts induced by
the solvent fluctuation. The phase shift distribution functionG(τ)
varies, in general, with solvent and temperature. If, however,
G(τ) can be regarded as the same for some like solvents and
for a certain range of temperature, eqs 6 and 7 indicate that
∆Ω and ∆Γ are both proportional toW1 and that a linear
relationship holds between the peak positionΩ and the
bandwidthΓ.

To obtain an expression corresponding to eq 3, we assumed
a Gaussian distribution of the phase shift,G(τ) ) exp(-ln 2τ2/
τ1/2

2), whereτ1/2 is the half width of the Gaussian. A numerical
calculation then showed that for smallτ1/2 (τ1/2 < 0.5) we have
a simple approximate relation between the∆Γ and∆Ω:

This equation has the same form as eq 3 except that the mean
phase shiftτ in the two-frequency exchange model is replaced
by the half widthτ1/2 of the phase shift distribution function
G(τ). A linear relationship between∆Γ and∆Ω has thus been
obtained also from the dynamic polarization model.

Results and Discussion

Temperature-Dependent Band Shape Changes of the
CdC Stretch Band.Picosecond time-resolved Raman spectra
of the S1 state of trans-stilbene were measured at various
temperatures in hexane, octane, and decane. For all of the
measurements, sample solutions were excited with the pump
light of 294 nm. Resonance Raman spectra of generated S1

trans-stilbene were recorded with the probe light of 588 nm.
Time delay between the pump and probe pulses was set to be
50 ps. Because the time dependent change of the peak position
and the bandwidth is complete by 50 ps after the photoexcita-
tion,17,18 the observed Raman bands are not affected by these
time-dependent changes. Typical examples of the obtained
spectra are presented in Figure 2, where spectra measured at
274.2 K (a), 283.8 K (b), 293.3 K (c), 303.6 K (d), and 322.8
K (e) in octane are shown. Although we observe several intense
Raman bands from S1 trans-stilbene in the fingerprint region,
only the spectral region between 1500 and 1650 cm-1, where
the olefinic CdC stretch band is observed, is shown in the
figure. It is obvious that the peak position of the observed Raman
bands moves to the lower wavenumber direction as the
temperature is increased with concomitant increase in the
bandwidth.

Because the photon energy of the probe light at 294 nm is
larger than the 0-0 transition energy between the S1 and S0

states of trans-stilbene, vibrational excess energy of ap-

∆Ω ) W1τ/(1 + τ2) (1)

∆Γ ) W1τ
2/(1 + τ2) (2)

∆Γ/∆Ω ) τ (3)

∆Ω ) W1∑
κ)2

n

(W1κ/W1)τκ/(1 + τκ
2) (4)

∆Γ ) W1∑
κ)2

n

(W1κ/W1)τκ
2/(1 + τκ

2) (5)

∆Ω )
W1∫-∞

0
G(τ)τ/(1 + τ2) dτ

∫-∞

0
G(τ) dτ

(6)

∆Γ )
W1∫-∞

0
G(τ)τ2/(1 + τ2) dτ

∫-∞

0
G(τ) dτ

(7)

∆Γ/∆Ω ) τ1/2 (8)
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proximately 3000 cm-1 is deposited to S1 trans-stilbene upon
the photoexcitation. Our “picosecond Raman thermometry”
experiment, however, has revealed that S1 trans-stilbene cools
with a time constant of 10∼20 ps.29,33Therefore, we can safely
assume that the excess energy of S1 trans-stilbene has been
already dissipated to the bulk solvent at 50 ps when the
measurements are performed. In our experimental conditions,
S1 trans-stilbene and the surrounding solvent molecules are in
equilibrium at given temperatures.

The peak positions and bandwidths of the observed Raman
bands were obtained by fitting Lorentzian functions to their
symmetric portion. Note that the lower wavenumber side of the
olefinic CdC stretch band is affected by the nearby ring CdC
stretch band around 1530 cm-1. Data from three different sets
of experiments were averaged for determining the final band-
width and the peak position values. In Figure 3, the bandwidths
Ω thus obtained are plotted against the peak positionsΓ for
octane. The 14 data points represent 14 different temperatures
from 268 to 332 K. There is a clear linear relationship between
Ω and Γ. The best fitted line obtained from a least-squares
analysis is also shown in Figure 3. The slope gives the relation
∆Γ/∆Ω ) -0.32 ( 0.02. As already pointed out in previous
papers,20,32 there is no apparent reason why we should expect
a linear relationship between the bandwidths and the peak
positions of observed Raman bands. A linear correlation similar
to the present observation has been reported for time-dependent
spectral change of this Raman band in hexane.20

Solvent-Dependent Band Shape Change of the CdC
Stretch Band. The peak position and the bandwidth of the
olefinic CdC stretch Raman band obtained at a particular

temperature change depending on the solvent. Figure 4 shows
the observed band shapes for decane (a), octane (b), and hexane
(c) at 283 ( 1 K. The peak position shifts to the lower
wavenumber direction as the solvent is changed from decane
to hexane, and the bandwidth increases concomitantly. The peak
positionΩ and the bandwidthΓ of each Raman band have been
obtained once again by the same analysis as used in the previous
section. The results for 283 K are plotted in Figure 5. Although
there are only three points in the plot, these points form a good
straight line, which is also shown in the figure. The slope gives
∆Γ/∆Ω ) -0.30 ( 0.06.

Correlation between the Peak Position and the Bandwidth
of the CdC Stretch Band. To examine the solvent- and
temperature-dependent spectral changes from a unified view-
point, we plot in Figure 6 a total of 40 pairs of the observed
peak positions and bandwidths for different solvents and
temperatures. The plot shows convincingly that a linear relation-
ship holds between the peak positionΩ and the bandwidthΓ
in the three like solvents and in the temperature range of
268∼338 K. It is noticed that the data points at lower peak
positions/larger bandwidths scatter more compared with those
at higher peak positions/smaller bandwidths. This tendency is
explained by the fact that those data points at lower peak
positions/larger bandwidths have been obtained from the lower
S/N Raman spectra which were measured with smaller popula-
tion of the S1 state. Note that the time-resolved Raman
measurements were carried at the fixed delay time of 50 ps and
that the S1 lifetime was not much longer than 50 ps for hexane
and octane at high temperatures. By a least-squares fitting of
all of the data points to a straight line (shown as a solid line in

Figure 2. Temperature dependence of the observed olefinic CdC
stretch Raman bands of S1 trans-stilbene in octane. Each spectrum was
measured at 274.2 (a), 283.8 (b), 293.3 (c), 303.6 (d), and 322.8 K (e).

Figure 3. Relationship between the bandwidth and the peak position
of the olefinic CdC stretch Raman band of S1 trans-stilbene in octane.
Each data point represents one of 14 different temperatures between
268 and 322 K. The result of the least squares calculation (slope,-0.32
( 0.02) is shown with solid line.

Figure 4. Solvent dependence of the observed olefinic CdC stretch
Raman bands of S1 trans-stilbene. Each spectrum was measured in
decane at 282.9 K (a), in octane at 283.8 K (b), and in hexane at 283.9
K.

Figure 5. Relationship between the bandwidth and the peak position
of the olefinic CdC stretch Raman band of S1 trans-stilbene in three
alkane solutions at 283 K. The result of the least squares calculation
(slope,-0.30 ( 0.06) is shown with solid line.
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Figure 6), we obtain from the slope∆Γ/∆Ω ) -0.35( 0.01.
This value corresponds well to the value for the temperature-
dependent changes,∆Γ/∆Ω ) -0.32 ( 0.02 and to that for
the solvent-dependent changes,∆Γ/∆Ω ) -0.30( 0.06. It also
agrees with our previous results,∆Γ/∆Ω ) -0.31 for S1 trans-
stilbene20 and∆Γ/∆Ω ) -0.36 for S1 trans-stilbene-d5.32

The results shown in Figure 6 are fully consistent with eq 8,
rationalizing further discussion on the basis of the dynamic
polarization model. From eqs 6 and 7, we consider that
vibrational dephasing of the CdC stretch mode in hexane,
octane, and decane in the temperature range of 268∼338 K is
characterized by one common Gaussian phase shift distribution
function having a half width ofτ1/2 ) -0.35. Then, the CdC
band shape is a function of the forward hopping rateW1 only.
As is shown in the following,W1 increases with increasing the
solvent mobility (decane< octane< hexane), and in accordance
with this trend, the observed peak position is higher, whereas
the bandwidth is smaller in the order of decane> octane>
hexane. With increasing temperature,W1 increases, giving rise
to a shift of the peak position to a lower frequency and a
concomitant increase in the bandwidth. Thus, we have explained
qualitatively the solvent- and temperature-dependent band shape
changes of the CdC stretch mode of S1 trans-stilbene from a
unified viewpoint on the basis of the dynamic polarization
model. A more quantitative discussion onW1 is given in the
following.

In the framework of the two-frequency exchange model, eq
3 indicates thatτ ) δω/W2 ) -0.35. Then, the backward
hopping rateW2 is also constant in the three like solvents and
in the temperature range of 268∼338 K, because the frequency
differenceδω is most probably independent of the solvent and
temperature. If we assumeδω ) 200 cm-1 (3.8 × 1013 rad
s-1), we haveW2 ) 1.1 × 1014 s-1 meaning that the average
duration of the solvent fluctuation causing the CdC frequency
hop is about 10 fs. Ifδω ) 100 cm-1, W2 ) 5.4 × 1013 s-1,
and the average duration of the fluctuation becomes about 20
fs. In the dynamic polarization model, we can discuss only
semiquantitatively that the average frequency change of a few
hundred wavenumbers and the average duration of a few tens
of femtoseconds are consistent with the experimental results.

Correlation between the Peak Position and the Rate of
Isomerization. We now discuss the correlation of the peak
position and the rate of the trans to perpendicular isomerization.

Figure 7 shows five iso-temperature correlation plots of the peak
position Ω of the CdC stretch band against the rate of
isomerizationkiso of S1 trans-stilbene. Each plot consists of three
points corresponding to hexane, octane, and decane. Though
the number of data points are small for each plot, we see a
clear tendency that each set of data points is well fitted with a
straight line and that the five straight lines tend to converge to
the same point at the limitkiso ) 0 (Figure 7a). In fact, we can
successfully fit all of the data points by a least-suqares analysis
to five straight lines with different slopes but having a common
intercept atkiso ) 0 (Figure 7b). The obtained lines are shown
as full lines in Figure 7. This least-squares analysis gives five
slopes and one intercept as given in Table 1. The fact that the
five straight lines in Figure 7 have a common intercept atkiso

) 0 strongly suggests that the peak positionΩ is meaningfully
correlated with the rate of isomerizationkiso. Note that theΩ
value at the common intercept in Figure 7b corresponds to the
CdC stretch frequencyω1, which is free from the effect of the
isomerization dynamics.

By using the value of the intercept, 1577.4 cm-1, we can
convert the observed peak positionΩ to the frequency shift

Figure 6. Relationship between the bandwidth and the peak position
of the olefinic CdC stretch Raman band of S1 trans-stilbene in three
alkane solutions of hexane, octane, and decane. Each data point
represents one of 40 different combinations of solvent and temperature.
The temperature ranges from 268 to 338 K. The result of the least
squares calculation for all the data points (slope,-0.35(0.01) is shown
with solid line. Figure 7. Peak positions of the olefinic CdC stretch Raman band of

S1 trans-stilbene in three alkane solutions of hexane, octane, and decane
plotted against trans to perpendicular isomerization rate. The peak
positions and the isomerization rates were measured at temperatures
shown in the figure. The result of least-squares analysis, assuming five
linear functions corresponding to five temperatures, is shown in a with
five solid lines. The result of least-squares analysis with five linear
functions with a common intercept is shown in b.

TABLE 1: Slopes and Intercept for the Observed Peak
Position of the Olefinic CdC Stretch Raman Band (Ω) and
Observed trans-perpendicular Isomerization Rate (kiso) of
S1 trans-stilbene for Five Temperatures, Obtained from a
Least Squares Analysisa

T/Κ
Ω/kiso/
cm-1 s

W1/
kiso

b 103P(T)c ln P(T)
∆E′ d/

kcal mol-1

283 -5.37× 10-10 480 2.1 -6.2 3.5
293 -4.90× 10-10 440 2.3 -6.1 3.5
298 -4.70× 10-10 420 2.4 -6.0 3.6
303 -4.60× 10-10 410 2.4 -6.0 3.6
313 -4.23× 10-10 380 2.6 -5.9 3.7

intercept/cm-1 1577.4

a Five linear functions with a common intercept were used as model
functions. For each temperature, values forW1, P(T), and ∆E′ are
calculated fromΩ/kiso. b For definition, see eq 1.c For definition, see
eq 9.d For definition, see eq 10.
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∆Ω and then to the forward hopping rateW1 with the use of eq
6. Note that a relation∆Ω ) -0.21W1 is obtained from eq 6
by numerically integrating the functionG(τ)τ/(1 + τ2) with τ1/2

) -0.35. The values ofW1 thus obtained are given in Table 2
for three solvents and five temperatures. Table 2 tells us three
important aspects of vibrational dephasing of the CdC stretch
mode of S1 trans-stilbene. First, the forward hopping rates have
values of the order of 1012 s-1. This fact means that the solvent
fluctuation causing vibrational dephasing takes place, on an
average, once in a few to ten hundred femtoseconds in the three
like alkane solvents and in the temperature range 268∼338 K.
Our recent theoretical simulation of the solvent-induced dynamic
polarization of acetone in acetonitrile51 is consistent with this
time scale. Second, at the same temperature,W1 increases with
decreasing the size of the solvent (hexane> octane> decane).
Because the mobility of the solvent is expected to decrease with
increasing the solvent size, the decrease ofW1 with increasing
the solvent size seems reasonable. The solvent dependent change
of W1 can also be correlated to the viscosity of the solvent which
is known to increase with increasing the solvent size. The
viscosity dependence ofkiso of S1 trans-stilbene has so far been
discussed in terms of the solvent dependent frequency (preex-
ponential) factor A of the Arrhenius formula.44,45 In the
framework of the dynamic polarization model, as shown in the
following, W1 is reasonably correlated toA. Third, in the same
solvent,W1 increases with increasing temperature as is expected.
The temperature dependence ofW1 in alkane solvents is likely
to have complicated origins because of the rotational isomerism
around the many C-C single bonds. This point is not discussed
in the present paper.

Using the relation∆Ω ) -0.21W1, we can convertΩ/kiso )
∆Ω/kiso to W1/kiso as given in the second column of Table 1.
The experimental linear relationship between the peak position
Ω and the isomerization ratekiso at a fixed temperature has thus
been converted to the linear relationship betweenW1 andkiso

with the help of eqs 6 and 8. We rewrite this relationship as

whereP(T) is a temperature-dependent coefficient whose values
are given in the third column of Table 1. We have already given
a rationale for eq 9 in which we assume that the dynamic
polarization mechanism is involved in the process of the
isomerization as well (the dynamic polarization model of
isomerization).20,46 Because the rotation around CdC double
bond occurs more easily if it is polarized, more frequent

polarization (a larger W1) is likely to lead to a higher
isomerization rate. IfP(T) ) 1, the rate of isomerization is equal
to W1 meaning that all of the dynamic polarizations contributing
vibrational dephasing are effective for the isomerization. In
reality, P(T) is much smaller than unity; only a small portion
of dynamic polarizations (that cause vibrational dephasing) is
effective for the isomerization. For example, at 293 K, only
one polarization in 440 (see the third column of Table 1) is
effective for the isomerization.

To consider further the physical meaning of eq 9, we compare
this formula with the Arrhenius formula

whereA is the frequency factor,∆E is the activation energy
for the isomerization, andR is the gas constant. When eqs 9
and 10 are compared, the correspondence betweenW1 andA is
obvious because both of these quantities have the dimension of
s-1. Note, however, thatA is often assumed to be independent
of temperature butW1 is temperature dependent. Then,P(T)
corresponds to the exponential factor exp(-∆E/RT). If we plot
ln(P(T)) against 1/T (Figure 8) and assume a relationP(T) )
exp(-∆E′/RT), we obtain∆E′ ) 3.6 kcal mol-1. Interestingly,
this ∆E′ value agrees excellently with the∆E value, 3.5 kcal
mol-1, which was obtained by an iso-viscosity Arrhenius plot
of the isomerization rates determined by time-resolved fluores-
cence spectroscopy.52 Such an agreement was already obtained
in a previous paper using the exchange model. However, in the
present paper, we use more generalized dynamic polarization
model and extend our studies to five different temperatures. We
are now more convinced that the agreement of∆E′ and∆E is
essential and not accidental. The relationP(T) ) exp(-∆E′/
RT) can be interpreted as in the following. If the frequencyf(E)
of the solvent fluctuation has a Boltzmann distribution such that
f(E) ) exp(-E/RT), whereE represents the energy needed to
cause the fluctuation,P(T) gives the probability that the system
has fluctuations with energy higher than∆E′. The meaning of
eq 9 becomes clear with this signification ofP(T). The
isomerization ratekiso is given as the product of the forward
hopping rateW1, which represents the rate of the dynamic
polarization that facilitates the rotation of the CdC bond, and
the probabilityP(T) that the solvent fluctuation is large enough
for the isomerization to be complete therein.

We note that the temperature dependence ofP(T) shows a
slight systematic deviation from the relationP(T) ) exp(-∆E′/

TABLE 2: Shift of the Peak Position (∆Ω) of the Olefinic
CdC Stretch Raman Band of S1 trans-Stilbene from the
Extrapolated Value at kiso ) 0 (1577.4 cm-1, See Table 1)a

solvent T/K ∆Ω/cm-1 10-12W1/s-1

hexane 283 -6.0 5.4
293 -7.1 6.4
298 -7.6 6.8
303 -8.1 7.3
313 -9.1 8.2

octane 283 -4.7 4.2
293 -5.5 4.9
298 -5.9 5.3
303 -6.3 5.7
313 -7.1 6.4

decane 283 -3.8 3.4
293 -4.7 4.2
298 -5.1 4.6
303 -5.5 4.9
313 -6.4 5.7

a Values forW1 are calculated from∆Ω.

kiso ) W1P(T) (9)

Figure 8. Values of ln P(T) plotted against 1/T. Five data points
represent five different temperatures. The result of least-squares analysis
is shown with a solid line. The intercept was fixed to 0 for the analysis.
An expanded view for the temperature range between 283 and 313 K
is shown in the inset at the upper right corner. The dotted line represents
the result of least-squares analysis in which the intercept was not fixed
to 0.

kiso ) A exp(-∆E/RT) (10)
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RT), which is seen in the inset of Figure 8. If we use another
relationP(T) ) A′ exp(-∆E′/RT), we can fit theP(T) values
much better (see the dotted line in the inset of Figure 8) with
A′ ) 0.024 and∆E′ ) 1.4 kcal mol-1. The physical meanings
of these quantities are of great interest and will be discussed in
the future with more extensive data obtained in a wider
temperature range.

The formulaic resemblance and the numerical agreement
between eqs 9 and 10 suggests that eq 9 possesses certain
generality. Though the Arrhenius formula (10) is well estab-
lished and is used extensively, it itself does not tell much about
the microscopic details of the chemical reaction process, as to
how a chemical reaction is triggered and in what time scale it
proceeds. In contrast, eq 9 tells explicitly that the isomerization
reaction of S1 trans-stilbene is triggered and facilitated by the
solvent induced dynamic polarization of the CdC bond and that
such a polarization occurs once in a few to ten hundred
femtoseconds on an average in alkane solvents at room
temperature, with one in about 400 of those polarizations
eventually leading to the isomerization. A new perceptive view
of thetrans-stilbene photoisomerization has thus been obtained.
The comprehensible nature of eq 9 makes us tempted to
substantiate and establish the dynamic polarization model so
that the time course of a chemical reaction can be described
more lively at the molecular level. Other molecular systems
suitable for testing the dynamic polarization model are now
being searched for.
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