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Solvent- and temperature-dependent band shape changes of the olefldist@tch Raman band of 8ans

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 ts€ Gtretch vibration and,
concomitantly, triggers and facilitates the rotation around t#®ond 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 ferGhsti€tch 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 photoisomerizatiortrahs stilbene has thus been obtained.

Introduction to shorter vibrational dephasing times. It is considered that some

. . . . xtra vibrational hasing mechanism exists which i ifi
Vibrational Raman band shapes carry useful information on extra vibrational dephasing mechanism exists which is specific

vibrational dynamics of molecules in liquids and solutions. o excited states and radical species.

. . . . Raman spectra of ;Stransstilbene have been studied
Numerous experimental and theoretical studies have been carried . - ' Co -
. ) extensively since the first observation in 19832 Marked time-,
out on Raman band shapes of molecules in their ground

electronic states.Separate measurements of the isotropic and temperature-, and solvent-dependent Raman band shape changes

. . : are known for the olefinic &C stretch band observed around
anisotropic components of polarized Raman spectra enable th 1 : . o7
: r . . 570 cntl. The central issue in these studies is how these
differentiation of the Raman bandwidth caused by rotational

e L . . spectral changes are elucidated to shed more light on the
diffusion and that caused by vibrational dephasing. Rotational mechanism of the trans to cis isomerization reaction, which has

diffusion times of a number of molecules in liquids and solutions . .
have thus been determined by Raman spectroscopy. On the othetr)een studied thoroughly as one of the simplest prototype of

hand. information extracted from vibrational dephasing imes chemical reaction&“51t is already established that the tBans:

g, | ! X 1 vibratl phasing t stilbene molecule first isomerizes to the°9visted perpen-
varies d.ependlng on the type of intermolecular interaction Fhat dicular form and then very quickly transforms to either of the
predominates the dephasing process. Development of tIme'ttrans and cis forms with nearly a 50:50 ratio. The rate of the
resol_ved Raman spectroscopy in the past _decade has m_ade Gverall trans to cis isomerization is determined by the rate of
possible to extend those band shape studies to electronically, . -

. ) . the trans to perpendicular conversion.
excited states and radical speci@Raman bandwidths of these From a comparison with the Stokes/anti-Stokes Raman
short-lived SPECIES are generally much larger than tho.se of theintensity ratio, it has been proved that the time-dependent change
corresponding ground-state molecules. Because rotational d'f'represents the cooling process of the hatt@nsstilbene
fusion _makes only a minor contrl_but|on to Raman bandwidths molecule that is generated with extra vibrational energy upon
of medium to large size polyatomic molecules and because they hotoexcitatior?®33 The time-dependent band sh h

= . p 8 pendent band shape changes
are expected to be similar for the ground and excited electronic

. have the same origin as the temperature-dependent changes.
states, the observed larger bandwidths are most probably du%icosecon d time-rgsolve d Ramanp spectroscc[))py can serveg as

. “. ) . “picosecond thermometry” that probes the temperature of the
T Part of the special issue “Mitsuo Tasumi Festschrift”. . . . . .
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a characteristic feature in common. The shift of the peak position w,

and the change in the bandwidth are linearly correlated with c=C — C-C

each othef%32 though there is no intrinsic reason why they Wa

should be correlated. If we plot the observed peak position

against the bandwidth for different temperatures and solvents, (a) Two Frequency Exchange Model

we obtain nice straight lines. This finding led the present authors C=C

to introduce the exchange moéfe(generalized later as the

dynamic polarization mod#) of vibrational dephasing, which

accounted very well for this linear relationship between the peak Cc-C

position and the bandwidth. A still more interesting and {b) Many Frequency Exchange Model c

somewhat surprising feature has been discovered for the solvent- l_' l -

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- c-C

dicular isomerizatio44® This correlation has also been ex- (c) Continuous Frequency Moldulation Model

plained well in terms of the exchange model. \/ W C=C
In the present paper, we examine in further details the solvent- V

and temperature-dependent Raman spectral changesrah$S

stilbene from a unified viewpoint of the dynamic polarization c-C

model, which is a generalized version of the exchange model. Figure 1 Three mo_dels for stoghastic_quulation of vibrational

Picosecond time-resolved Raman spectra were measured in threffeduencies assumed in the dynamic polarization model. Two-frequency

different alkane solvents, hexane, octane, and decane, at mor Eghfarlgge model (a), many-frequency exchange model (b), and continu-

A . -frequency modulation model (c).

than 10 different temperatures, and a total of 40 peak positions

and bandwidths have been determined for the olefinmeCC

stretch band. The correlation plot of the 40 peak positions and

bandwidths confirms beyqnd any doypt the linear relatipnship light power at the sampling point to 0.1 mW for avoiding

between thesg two quantities, rationalizing further a_na!y3|s baseddeformation of the shapes and positions of observed Raman

on the dyna_lmlc polarization model. Fluoregcenqe lifetimes were bands, caused by strong probe light field. Scattered light from

measured in the same three solvents at five different tempera- sample was collected by a pair of lenses, was focused into

tpreg, and 15 isomerization rates have beer'lldetermi.ned. The[he entrance slit of a single polychromator (Instruments SA,
T'Ve |sc_)-te_mperatur_e p_Iots of_the _peak ppsmon against the HR320), and was detected with a liquid-nitrogen-cooled CCD
isomerization rate give five straight lines having slopes gradually yaiacior (Princeton Instruments LN/CCD-1024 TKB)

changing with temperature and having a common intercept at Picosecond time-resolved fluorescence spectra were measured

Zero isomerization I|m|t.. These two correlatpns, the correlatllo'n with an apparatus that consisted of a mode-locked Ti:sapphire
between the peak position and the bandwidth of the olefinic laser system and a streak camir@utput from a cw mode-

C=C stretch mode and the correlation between the peak positionloCkeol Ti:sapphire laser (80 MHz, laboratory-made) pumped
and the isomerization rate, are difficult to explain quantitatively by an argon ion laser (Spectra P’hysics BeamLok 2060) was
with any existing theory of vibrational dephasing. For example, mplified with a Ti:sapphire regenerative amplifier (Clark
the temperature-dependent changes of the peak position an nstruments CPA-1). Third harmonic of the amplifier output
bandwidth may be explainable in terms of a hot band mechanism(266 nm, 1 kHz, 2 mW) was used for the sample excitation.
which assumes the excitation of some low-frequency vibrational The ﬂuor’escencé component with a S4pdlarization angle to

tmh_ode(szi alnharmotnlcally cctn;plet(:] to th|e=C trr(;ode. I(-jlow;evr?r, the excitation polarization was collected with lenses and then
IS model cannot account for the solvent-dependent ¢ ar_]gesanalyzed with an astigmatism corrected spectrograph (Chromex
of the peak position and the bandwidth and their correlation

. ) o ) . 5001S/SM) and was detected with a streak camera (Hamamatsu
with the Isomerization rate. These two corre!atlons are d'scus.sedCZQOQ, modified). Remaining fundamental output from the
quan_t|tat_|vely in the following on the basis of the dynamic regenerative amplifier was used for triggering the streak camera.
polarization model. Time resolution of the apparatus was determined by a timing
) ) jitter of the streak camera. Typical width (fwhm) of the
Experimental Section instrumental response function was 15 ps.

Picosecond time-resolved Raman spectra were measured wit
the pump-probe technique. The details of the experimental
setup have already been publisHé@utput pulses from a cw In a previous paper, we formulated the dynamic polarization
mode-locked Nd:YAG laser (Spectra Physics 3800S, 82 MHz) model of vibrational dephasing in three stépsrigure 1
were compressed with a glass fiber and a grating. The schematically shows how the stochastic modulation of the
compressed pulses (5 ps) were used for exciting a synchronouslyvibrational frequency of the €C stretch mode is treated in
pumped mode-locked dye laser (Spectra Physics 3520). The dyehe three models: the two-frequency exchange model, the
laser output was then amplified with a two-stage dye amplifier. distributed frequency exchange model, and the continuous
Output from a cw Nd:YAG regenerative amplifier (2 kHz) was dynamic polarization model. We started with the two-frequency
used for the dye amplification. The second harmonic of the exchange model (Figure 1a) in which the vibrational frequency
amplifier output (294 nm, 2 kHz,23 mW) was used as the  hops to and fro between the two limiting valuesandw, with
pump light source. The remaining visible light (588 nm, 2 kHz) the frequency differencéw = w, — w;. In the case of Strans
was used as the probe. The temporal width of the probe light stilbene,w; corresponds to the=€C double-bond frequency
pulse was 3.2 ps while its spectral width was 3.5 &nThe andw; to the fully polarized G-C (C*—C~ or C—C) single-
light pulse was close to the Fourier transform lifffilime delay bond frequency. For this simple case, a general formula of the

between the pump and probe pulses were regulated by a
stepping-motor driven optical delay line. We reduced the probe

rbynamic Polarization Model
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band shape was already kno##?°We placed a focus on the = mathematical approach used for the exchange models is not
asymmetric exchange limit, in which the frequency stays most applicable. However, considering the fact that each hop
of the time atw; and occasionally hops t0, (with the forward contributes to the band shape only through the phaseshgt
hopping raté\;) but comes back ta; very quickly (with the egs 4 and 5 indicate, we proposed the following two integral
backward hopping rate oi%), so thatWw; < W, ~ dw holds. formulas which are expected to hold for the continuous
Under these conditions, the band shape is given by a Lorentzianfrequency modulation case:

with a small shifftAQ of the peak position and a small increase

AT in the bandwidth from the original unperturbed Lorentzian Wlfo G()r/(1 + %) dr
band shape, Q= —= 5 (6)
J .G(r) dr
AQ =W,/(1+ 79 (1)
0 2 2
Al = WlTZ/(l + ‘CZ) (2) I Wlf_mG(f)T /(1 + T ) dr (7)

[* G() de

wheret = dw/W, 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
W, and the mean phase shift If we take the ratio ofAT" to

AQ, we obtain the following formula:

whereG(7) 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 functi{m)
varies, in general, with solvent and temperature. If, however,
AT/IAQ = 1 A3) G(7) can be regarded as the same for some like solvents and
for a certain range of temperature, eqs 6 and 7 indicate that
This equation indicates that, if the mean phase shifan be A2 and AI" are both proportional tdV; and that a linear
regarded as constant for different solvents and temperaturesfelationship holds between the peak positiéh and the
the band shape does change holding a linear correlation betweefandwidthr".

the peak positio®2 and the bandwidth. Thus, the experimental To obtain an expression corresponding to eq 3, we assumed
linear relationship betwee® andT is very well accounted for & Gaussian distribution of the phase st{r) = exp(-In 2%/
by the two-frequency exchange model. ‘L’l/zz), whererty, is the half width of the Gaussian. A numerical

We then considered the distributed-frequency exchange modelcalculation then showed that for smaj}, (71> < 0.5) we have
(Figure 1b) in which the vibrational frequency can takealues a simple approximate relation between thE and AQ:
including the limiting frequencie®: andwy. In the case of §
trans-stilbene,w, corresponds to the=€C frequency andv, ATIAQ =1, (8)
to the C-C frequency, withwy (1 < k < n) standing for any
intermediate frequencies. By assuming that a hop always start
from w1 and that each hop is independent, we obtain formulas
corresponding to eqs 1 and 2:

oI his equation has the same form as eq 3 except that the mean
phase shift in the two-frequency exchange model is replaced
by the half widthzy, of the phase shift distribution function
G(7). A linear relationship betweeAI' andAQ has thus been

n obtained also from the dynamic polarization model.
AQ = Wl (WL(/WI)TK/(:L + IKZ) (4)
= Results and Discussion
n Temperature-Dependent Band Shape Changes of the
AT =W, S (W, K/W1)TK2/(1 + TKZ) (5) C=C Stretch Band. Picosecond time-resolved Raman spectra

of the § state oftransstilbene were measured at various
temperatures in hexane, octane, and decane. For all of the
whereWy is the partial forward hopping rate from; to wy measurements, sample solutions were excited with the pump
(W1 = YWi) andz, is the mean phase shift for a hop dg. light of 294 nm. Resonance Raman spectra of generaied S
Equations 4 and 5 mean that the hops to different frequenciestrans-stilbene were recorded with the probe light of 588 nm.
make independent contributions to the vibrational band shapeTime delay between the pump and probe pulses was set to be
and that each contribution is described by the same formulas50 ps. Because the time dependent change of the peak position
as eqs 1 and 2. If we assume that all of the mean phase shiftsand the bandwidth is complete by 50 ps after the photoexcita-
7. are constant and are equalitoeqs 4 and 5 reduce to eqs 1  tion1"*8the observed Raman bands are not affected by these
and 2. This condition is equivalent to the relaty = dw/t, time-dependent changes. Typical examples of the obtained
where W is the backward hopping rate fromg to w, and spectra are presented in Figure 2, where spectra measured at
dwx = wyx — w1. It seems physically sound that the backward 274.2 K (a), 283.8 K (b), 293.3 K (c), 303.6 K (d), and 322.8
hopping ratéMi; is, to a first-order approximation, proportional K (e) in octane are shown. Although we observe several intense
to the frequency changéw, because the solvent fluctuation Raman bands from;Sransstilbene in the fingerprint region,
causing a larger frequency hop is likely to have a shorter only the spectral region between 1500 and 1650 cwhere
duration. Thus, relationships in eqs-3 hold approximately the olefinic G=C stretch band is observed, is shown in the
for the distributed frequency exchange model. figure. It is obvious that the peak position of the observed Raman
Although the exchange models provided simple formulas with bands moves to the lower wavenumber direction as the
clear physical meanings, they assumed instantaneous jumps ofemperature is increased with concomitant increase in the
frequencies which were not likely to happen in the real system. bandwidth.
We therefore proceeded to the dynamic polarization model Because the photon energy of the probe light at 294 nm is
(Figure 1c) in which the vibrational frequency is continuously larger than the 80 transition energy between thg 8nd $
modulated by the solvent fluctuation. For this model, the states oftransstilbene, vibrational excess energy of ap-

K=
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Figure 2. Temperature dependence of the observed olefimeCC Figure 4. Solvent dependence of the observed olefiriestretch

stretch Raman bands of 8ans-stilbene in octane. Each spectrum was Raman bands of ;Strans-stilbene. Each spectrum was measured in
measured at 274.2 (a), 283.8 (b), 293.3 (c), 303.6 (d), and 322.8 K (e).decane at 282.9 K (a), in octane at 283.8 K (b), and in hexane at 283.9
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Figure 3. Relationship between the bandwidth and the peak position Peak position / cm’

of the olefinic C=C stretch Raman band of 8ans-stilbene in octane.
Each data point represents one of 14 different temperatures betwee
268 and 322 K. The result of the least squares calculation (step82

+ 0.02) is shown with solid line.

Figure 5. Relationship between the bandwidth and the peak position
'bf the olefinic G=C stretch Raman band of &ans-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.

proximately 3000 cm! is deposited to Strans-stilbene upon temperature change depending on the solvent. Figure 4 shows
the photoexcitation. Our “picosecond Raman thermometry” the observed band shapes for decane (a), octane (b), and hexane
experiment, however, has revealed thatr@ns-stilbene cools (c) at 283+ 1 K. The peak position shifts to the lower
with a time constant of 1020 ps?®33Therefore, we can safely ~ wavenumber direction as the solvent is changed from decane
assume that the excess energy eft@nsstilbene has been  to hexane, and the bandwidth increases concomitantly. The peak
already dissipated to the bulk solvent at 50 ps when the positionQ2 and the bandwidtli' of each Raman band have been
measurements are performed. In our experimental conditions,obtained once again by the same analysis as used in the previous
S, transstilbene and the surrounding solvent molecules are in section. The results for 283 K are plotted in Figure 5. Although
equilibrium at given temperatures. there are only three points in the plot, these points form a good
The peak positions and bandwidths of the observed Ramanstraight line, which is also shown in the figure. The slope gives
bands were obtained by fitting Lorentzian functions to their AI'/AQ = —0.30+ 0.06.
symmetric portion. Note that the lower wavenumber side of the  Correlation between the Peak Position and the Bandwidth
olefinic C=C stretch band is affected by the nearby rirgg©C of the C=C Stretch Band. To examine the solvent- and
stretch band around 1530 cf Data from three different sets  temperature-dependent spectral changes from a unified view-
of experiments were averaged for determining the final band- point, we plot in Figue 6 a total of 40 pairs of the observed
width and the peak position values. In Figure 3, the bandwidths peak positions and bandwidths for different solvents and
Q thus obtained are plotted against the peak positiorier temperatures. The plot shows convincingly that a linear relation-
octane. The 14 data points represent 14 different temperatureship holds between the peak positihand the bandwidti
from 268 to 332 K. There is a clear linear relationship between in the three like solvents and in the temperature range of
Q andT. The best fitted line obtained from a least-squares 268~338 K. It is noticed that the data points at lower peak
analysis is also shown in Figure 3. The slope gives the relation positions/larger bandwidths scatter more compared with those
ATTAQ = —0.32+ 0.02. As already pointed out in previous at higher peak positions/smaller bandwidths. This tendency is
papers’®32there is no apparent reason why we should expect explained by the fact that those data points at lower peak
a linear relationship between the bandwidths and the peakpositions/larger bandwidths have been obtained from the lower
positions of observed Raman bands. A linear correlation similar S/N Raman spectra which were measured with smaller popula-
to the present observation has been reported for time-dependention of the S state. Note that the time-resolved Raman
spectral change of this Raman band in hex#ne. measurements were carried at the fixed delay time of 50 ps and
Solvent-Dependent Band Shape Change of the =€C that the $ lifetime was not much longer than 50 ps for hexane
Stretch Band. The peak position and the bandwidth of the and octane at high temperatures. By a least-squares fitting of
olefinic C=C stretch Raman band obtained at a particular all of the data points to a straight line (shown as a solid line in
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represents one of 40 different combinations of solvent and temperature.
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squares calculation for all the data points (slop@,35£0.01) is shown

with solid line.

T
0 15 20x10°

k. /s

|so/S

Figure 7. Peak positions of the olefinic<€€C stretch Raman band of

S, transstilbene 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.

Figure 6), we obtain from the slopel /AQ = —0.35+ 0.01.
This value corresponds well to the value for the temperature-
dependent changeAI/AQ = —0.32+ 0.02 and to that for
the solvent-dependent changa$/AQ = —0.30+ 0.06. It also
agrees with our previous results[/AQ = —0.31 for § trans

stilben@® and AT/AQ = —0.36 for § trans-stilbeneds.3? TABLE 1: Slopes and Intercept for the Observed Peak

The results shown in Figure 6 are fully consistent with eq 8, Position of the Olefinic C=C Stretch Raman Band (2) and
Observed trans—perpendicular Isomerization Rate (iso) Of

rationalizing further discussion on the basis of the dynamic g ‘ransstilbene for Five Temperatures, Obtained from a
polarization model. From eqs 6 and 7, we consider that |east Squares Analysis

vibrational dephasing of the=€C stretch mode in hexane,

] 1 d
octane, and decane in the temperature range o288 K is TIK anql—('ff’sl z\ié 10°P(T) In P(T) kc§|Emér1
characterized by one common Gaussian phase shift distribution
function having a half width ot., = —0.35. Then, the &C égg :i:ggi igiﬁ 228 gé :g:i gg
band shape is a function of the forward hopping Nteonly. 208 —470%x 10 420 24 —6.0 36
As is shown in the followingWV; increases with increasing the 303 —4.60x 1070 410 24 -6.0 3.6
solvent mobility (decanes octane< hexane), and in accordance 313 —4.23x1071° 380 26 59 37
with this trend, the observed peak position is higher, whereas intercepticm? 1577.4

) . . -
the bandwidth is smaller in the order of decaneoctane a Five linear functions with a common intercept were used as model

hexane._ With increasing temperatLMé_,, increases, giving ris€  fnctions. For each temperature, values W, P(T), and AE' are
to a shift of the peak position to a lower frequency and a calculated fromQ/kso. ® For definition, see eq ¥ For definition, see
concomitant increase in the bandwidth. Thus, we have explainedeq 9.9 For definition, see eq 10.

qualitatively the solvent- and temperature-dependent band shape
changes of the €C stretch mode of Stransstilbene from a Figure 7 shows five iso-temperature correlation plots of the peak
unified viewpoint on the basis of the dynamic polarization position Q of the G=C stretch band against the rate of
model. A more quantitative discussion 9 is given in the isomerizatiorkis, Of S; trans-stilbene. Each plot consists of three
following. points corresponding to hexane, octane, and decane. Though
In the framework of the two-frequency exchange model, eq the number of data points are small for each plot, we see a
3 indicates thatt = dw/W» —0.35. Then, the backward clear tendency that each set of data points is well fitted with a
hopping rate\; is also constant in the three like solvents and straight line and that the five straight lines tend to converge to
in the temperature range of 26838 K, because the frequency the same point at the limks, = O (Figure 7a). In fact, we can
differencedw is most probably independent of the solvent and successfully fit all of the data points by a least-sugares analysis
temperature. If we assumiy = 200 cnt? (3.8 x 10 rad to five straight lines with different slopes but having a common
s1), we haveW, = 1.1 x 10 s~ meaning that the average intercept akis, = O (Figure 7b). The obtained lines are shown
duration of the solvent fluctuation causing the=C frequency as full lines in Figure 7. This least-squares analysis gives five
hop is about 10 fs. IBw = 100 cn!, W, = 5.4 x 1018 571, slopes and one intercept as given in Table 1. The fact that the
and the average duration of the fluctuation becomes about 20five straight lines in Figure 7 have a common intercepkigat
fs. In the dynamic polarization model, we can discuss only = 0 strongly suggests that the peak positf®ms meaningfully
semiquantitatively that the average frequency change of a fewcorrelated with the rate of isomerizatiéq,. Note that theQ
hundred wavenumbers and the average duration of a few tensvalue at the common intercept in Figure 7b corresponds to the
of femtoseconds are consistent with the experimental results.C=C stretch frequency, which is free from the effect of the

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.

isomerization dynamics.
By using the value of the intercept, 1577.4 ©imwe can
convert the observed peak positiéh to the frequency shift
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TABLE 2: Shift of the Peak Position (AQ) of the Olefinic 0
C=C Stretch Raman Band of S trans-Stilbene from the
Extrapolated Value at ki, = 0 (1577.4 cnm?, See Table 1) -1
solvent TIK AQ/cmt 10712, /st -2
hexane 283 —6.0 5.4 £ -3 —
293 71 6.4 = 32333435
298 -7.6 6.8 = 49 10°T /K"
303 -8.1 7.3 5
313 -9.1 8.2
octane 283 4.7 4.2 -6
293 -55 49
298 -5.9 5.3 ' ' ' '
303 -6.3 5.7 0 o2, 3
313 -7.1 6.4 10T/K
decane 283 -3.8 3.4 Figure 8. Values of InP(T) plotted against Ti. Five data points
293 —4.7 4.2 represent five different temperatures. The result of least-squares analysis
298 =51 4.6 is shown with a solid line. The intercept was fixed to 0 for the analysis.
303 —-55 4.9 An expanded view for the temperature range between 283 and 313 K
313 —6.4 5.7 is shown in the inset at the upper right corner. The dotted line represents
aValues forW, are calculated fromAQ. ';georesult of least-squares analysis in which the intercept was not fixed

AQ and then to the forward hopping raté with the use of eq

6. Note that a relatioldQ = —0.21W, is obtained from eq 6

by numerically integrating the functid®@(z)7/(1 + 72) with 71,

= —0.35. The values d#V; thus obtained are given in Table 2
for three solvents and five temperatures. Table 2 tells us three
important aspects of vibrational dephasing of threstretch
mode of 3 trans-stilbene. First, the forward hopping rates have
values of the order of #8s™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 thre
like alkane solvents and in the temperature range~338 K.

Our recent theoretical simulation of the solvent-induced dynamic
polarization of acetone in acetonitfileis consistent with this
time scale. Second, at the same temperailiencreases with
decreasing the size of the solvent (hexanectane> decane).
Because the mobility of the solvent is expected to decrease withwhereA is the frequency factorAE is the activation energy
increasing the solvent size, the decreas@pfvith increasing ~ for the isomerization, an® is the gas constant. When eqgs 9
the solvent size seems reasonable. The solvent dependent changéd 10 are compared, the correspondence betWgemdA is

of W; can also be correlated to the viscosity of the solvent which obvious because both of these quantities have the dimension of
is known to increase with increasing the solvent size. The S ' Note, however, thaA is often assumed to be independent

viscosity dependence &, of S; trans-stilbene has so far been  of temperature butVy is temperature dependent. The?(T)
discussed in terms of the solvent dependent frequency (preex-corresponds to the exponential factor expE/RT). If we plot
ponential) factor A of the Arrhenius formufd5 In the In(P(T)) against 1T (Figure 8) and assume a relati&(T) =
framework of the dynamic polarization model, as shown in the €xp(—~AE'/RT), we obtainAE' = 3.6 kcal mof . Interestingly,
following, W is reasonably correlated #a Third, in the same  this AE' value agrees excellently with th®E value, 3.5 kcal
solvent\W; increases with increasing temperature as is expected.mol™%, which was obtained by an iso-viscosity Arrhenius plot
The temperature dependencei#f in alkane solvents is likely ~ Of the isomerization rates determined by time-resolved fluores-
to have complicated origins because of the rotational isomerismcence spectroscopy Such an agreement was already obtained

around the many €C single bonds. This point is not discussed in @ previous paper using the exchange model. However, in the
in the present paper. present paper, we use more generalized dynamic polarization
Using the relatiom\Q = —0.21W;, we can conver€/kis, = model and extend our studies to five different temperatures. We

AQ/kiso to Wi/kiso as given in the second column of Table 1. are now more convinced that the agreemenABf andAE is
The experimental linear relationship between the peak position €ssential and not accidental. The relati(T) = exp(~AE'/
Q and the isomerization ratg, at a fixed temperature has thus RT) can be interpreted as in the following. If the frequef(@)
been converted to the linear relationship betweénand kiso of the solvent fluctuation has a Boltzmann distribution such that
with the help of eqs 6 and 8. We rewrite this relationship as f(E) = exp(~E/RT), whereE represents the energy needed to
cause the fluctuatioR(T) gives the probability that the system
Kiso = W, P(T) 9) has fluctuations with energy higher thaie’. The meaning of
eq 9 becomes clear with this signification &(T). The
whereP(T) is a temperature-dependent coefficient whose values isomerization ratekis, is given as the product of the forward
are given in the third column of Table 1. We have already given hopping rateW;, which represents the rate of the dynamic
a rationale for eq 9 in which we assume that the dynamic polarization that facilitates the rotation of the=C bond, and
polarization mechanism is involved in the process of the the probabilityP(T) that the solvent fluctuation is large enough
isomerization as well (the dynamic polarization model of for the isomerization to be complete therein.
isomerization¥%46 Because the rotation around=C double We note that the temperature dependenc®(@) shows a
bond occurs more easily if it is polarized, more frequent slight systematic deviation from the relati®(iT) = exp(~AE'/

polarization (a larger W is likely to lead to a higher
isomerization rate. IP(T) = 1, the rate of isomerization is equal
to Wi 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
eeffective for the isomerization.

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

kiso = A exp(—AE/RT) (10)
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RT), which is seen in the inset of Figure 8. If we use another  (13) Hamaguchi, HChem. Phys. Lett1986 126, 185.

: — A A : (14) Kamalov, V. F.; Koroteev, N. I.; Shkurinov, A. P.; Toleutaev, B.
relationP(T) = A" exp(—AE'/RT), we can fit theP(T) values N. Chem. Phys. Lettl988 147, 335,

much better (see the dotted line in the inset Of Figure 8) with (15) Hamaguchi, HJ. Chem. Phys1988 89, 2587.
A = 0.024 andAE' = 1.4 kcal mofl. The physical meanings (16) Kamalov, V. F.; Koroteev, N. |.; Toleutaev, B. N.; Shkurinov, A.
of these quantities are of great interest and will be discussed inP-; Stamm, JJ. Phys. Cheml1989 93, 5645.

. . . . . (17) Iwata, K.; Hamaguchi, HChem. Phys. Lettl992 196, 462.
the future with more extensive data obtained in a wider (18) Weaver, W. L.; Huston, L. A.: lwata, K.; Gustafson, T.LPhys.

temperature range. Chem.1992 96, 8956.
The formulaic resemblance and the numerical agreement (19) Iwata, K.; Weaver, W. L.; Gustafson, T. Chem. Phys. Letl993

210, 50.
between eqs 9 and 10 suggests that eq 9 possesses certaﬁ’?(zo) Hamaguchi, H.: lwata, KChem. Phys. Letf1993 208, 465.

generality. Though the Arrhenius formula (10) is well estab- (21) Iwata, K.; Toleutaev, B.; Hamaguchi, Bhem. Lett1993 9, 1603.
lished and is used extensively, it itself does not tell much about  (22) Hester, R. E.; Matousek, P.; Moore, J. N.; Parker, A. W.; Toner,
the microscopic details of the chemical reaction process, as toW- T.; Towire, M. Chem. Phys. Let1993 20§ 471.

how a chemical reaction is triggered and in what time scale it 19%3%,7?%%;5;““"2’ S. L Bradburn, G. R.; Jean, JJMRhys. Chem
proceeds. In contrast, eq 9 tells explicitly that the isomerization  (24) Shkurinov, A. P.; Koroteev, N. I.; Jonusauskas, G.; Rulliere, C.
reaction of $ trans-stilbene is triggered and facilitated by the Chem. Phys. Lettl994 223 573.

; ; i At (25) Qian, J.; Schultz, S. L.; Bradburn, G. R.; Jean, J.JMLumin
solvent induced dynamic polarization of the=<C bond and that 1994 60761, 737,

such a polarization occurs once in a few to ten hundred (26) Okamoto, H.: Nakabayashi, T.; Tasumi, ¥.Raman Spectrosc
femtoseconds on an average in alkane solvents at room1994 25, 631.

temperature, with one in about 400 of those polarizations _ (27) Qian, J.; Schultz, S. L.; Jean, J. Mhem. Phys. Letl995 223
eventually Ieadlng to the isomerization. A new perceptive view ™ (28) Matousek, P.: Parker, A. W.; Toner, W. T.; Towire, M. de Faria,
of thetransstilbene photoisomerization has thus been obtained. p. L. A.: Hester, R. E. Moore, J. NChem. Phys. Lettl995 237, 373.
The comprehensible nature of eq 9 makes us tempted to (29) Iwata, K.; Hamaguchi, H. Mol. Lig. 1995 65/66 417.

; i ; At (30) Towire, M.; Matousek, P.; Parker, A. W.; Toner, W. T.; Hester, R.
substantiate and establish the dynamic polarization model SO Spectrochim. Acta A995 51, 2491,

that the time course of a chemical reaction can be described (31) Oberle, J.: Abraham, E.; lvanov, A.; Jonusauskas, G.: Rulliere, C.
more lively at the molecular level. Other molecular systems J. Phys. Chem1996 100, 10179.

suitable for testing the dynamic polarization model are now _ (32) Deckert, V.. lwata, K.; Hamaguchi, H. Photochem. Photobiol.
being searched for A 1996 102 35, :
g : (33) Iwata, K.; Hamaguchi, HJ. Phys. Chem. A997 101, 632.
(34) Schultz, S. L.; Qian, J.; Jean, J. M.Phys. Chem. A997 101,
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