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The vibrational relaxation process thinsstilbene in the lowest electronically excited singlet state after
photoexcitation has been studied by picosecond time-resolved anti-Stokes Raman spectroscopy using several
pump and probe wavelengths. Measurements of pump wavelength dependency have shown that, when the
molecules are excited by pump photons with a high excess vibrational eneE@0Q cm?), part of the

excess vibrational energy remains localized in the olefime3Cstretching ¢7) and the C-Ph stretchingis)

modes for a period within the time resolution of the present measuremehtpy) after photoexcitation.
Analysis of the probe wavelength dependency has indicated that the vibrationally excited transients observed
in the picosecond anti-Stokes Raman spectra are for the most part in the lowest excited vibrational levels (

= 1), as far as the; andvis modes are concerned. From these results it is suggested that the intramolecular
vibrational relaxation process proceeds in roughly two steps. The optically pumped molecules on highly
excited vibrational levels of the olefinic stretching modes first relax very rapidly (probably in the femto to
subpicosecond time range) to the lowest vibrationally excited state. Then, slower relaxation occurs in several
picoseconds to achieve an intramolecular (quasi) thermal equilibrium.

1. Introduction on Franck-Condon active vibrational modes. The localized

. excess energy is first distributed to other vibrational modes
Swithin the solute molecule [intramolecular vibrational redistribu-
Ytion (IVR)]. The IVR process is completed with very rapid
randomization of the excess energy and creates a quasiequilib-
rium among all the intramolecular vibrational modes of the

at characterizing reaction coordinates and interactions amon
reactants and solvents, for the ultimate purpose of finding, if
possible, ways to control the chemical reactions. Vibrational

population relaxation process (simply called in this paper solute moleculé, resulting in a single, mode-independent

\iféiggr}?;r;e;a\)%ggc))ﬁa\?llhIgzc:fegigteedtoaz :Egrr:ggs:::rgi- vibrational temperature. At this stage, the temperature is higher
P y y than that of the surrounding molecules. The vibrationally hot

f:gztigivsoraﬂe ﬁ:)i:)e’hpls?(}:lg :ﬁé’ ror:g?o::rl]qelrjm:[irsifraStvfl:rzrtTi](;%il molecule then dissipates its excess energy to the surrounding
: P phy P Y, solvent molecules through intermolecular interactions [vibra-

relaxation is regarded as one of the earliest molecular processes, cooling (VC)]
immediately after photoexcitation. Vibrational relaxation pro- ) o .
cesses compete with ultrafast geometric changes (reactions) such The kinetics of vibrational relaxation depends strongly on
as photoisomerization, photodissociation, etc. and have signifi- the molecule under study For medium-sized to large molecules
cant effects on the rates, pathways, and efficiencies of theselN solution, an empirical rule that the typical time scale of IVR
processes. Detailed knowledge of vibrational relaxation is IS in the subpicosecond range and that of VC in tens of
therefore essential for elucidating the mechanisms of ultrafast Picoséconds has been proposed from a number of data on
reactions. A number of experimental and theoretical studies Vibrational relaxatior. Until recently, it has been believed that
have been devoted to understanding the mechanisms of vibra{his rule is widely applicable to systems in the liquid phase.
tional relaxation and have been reviewed from various However, several recent experimental results suggest that the
perspectived:’ IVR process occurs in the time range of several picoseconds,

. . . . . . i 19n23
In solution, vibrational relaxation is considered to proceed €ven for large molecules in solutidn* Whether or not the
in several steps. Immediately after photoexcitation andfor ~EXCess vibrational energy is statistically distributed very rapidly
nonradiative electronic transition, excess vibrational energy 2MOng intramolecular vibrational modes is an important question
[difference between energies of the pump photon and the originthat is closely related to reaction dynamics. There is funda-

of the absorption spectrum (i.e.-0 transition)] is localized mental importance, therefore, in investigating the IVR process
in more detail to understand the mechanisms of photochemical

aho@ Processes and to obtain guidelines for the control of reactions
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of changes in populations on vibrational levels. Among various was used to excite two synchronously pumped dye lasers
methods, time-resolved anti-Stokes Raman spectroscopy is ongSpectra-Physics/Quantronix 3500). Light pulses witB ps
of the powerful tools for studying vibrational relaxation dynam- duration and~1 nJ pulse energy were obtained. Pulses from
ics in solution. This method is based on the pump and probe the dye lasers passed through dye amplifiers (Leonix), and
sequence, where a (strong) pump pulse creates a nonequilibriunamplified pulses with pulse energies of 50 uJ were obtained
population distribution on vibrational levels and the anti-Stokes at a repetition rate of 1 kHz. The dye amplifiers were excited
resonance Raman spectrum arising from the vibrationally excitedby the second harmonic of the output from a CW Nd:YLF
species is monitored by a (weak) probe pulse coming after theregenerative amplifier (Quantronix 4417RG, 527 nm, 1 kHz,
pump pulse. It probes only those molecules that are populated1.2 W, 60 ps) seeded by the CW mode-locked Nd:YLF laser.
in excited vibrational states and hence provides state-specific  Since ultraviolet radiation is needed to excite the<S S
dynamic information that is essential for a detailed understanding transition of trans-stilbene, the output from one of the dye
of vibrational relaxation. Several groups have recently reported amplifiers was frequency-doubled to obtain the pump beam.
transient anti-Stokes Raman spectra of vibrationally hot mol- The output from the other amplified dye laser was used as the
ecules to obtain information on the IVR and VC processes in probe beam for resonance Raman observation. The probe
solution4~33 We have recently demonstrated that anti-Stokes wavelength was tuned in the region between 550 and 670 nm.
resonance Raman excitation profiles (REPSs), that is, plots of To reduce disturbance caused by unamplified dye laser pulses
the probe wavelength dependencies of anti-Stokes resonancat 82 MHz in the Raman spectra, an acousto-optic modulator
Raman intensities, are useful for determining the energy levels (HOYA A-140—633) was placed before the dye amplifier.
of vibrationally excited molecules observed in time-resolved  After passing through fixed (for the pump beam) and variable
anti-Stokes Raman spec#&®?33 (for the probe beam) optical delay lines, the pump and probe
In the present paper, we report picosecond anti-Stokes Ramarbeams, which were polarized in the same direction, were
studies on the vibrational relaxation dynamicsrahs-stilbene superimposed by a dichroic mirror and focused onto the sample
in the lowest excited singlet (Bstate in solution, paying special  solution with anf = 70 mm lens. The focused area wag x
attention to the pump and probe wavelength dependencies. A10-3 cm? The sample solution flowed through a squeezed
preliminary account of this study has been publiste®etails stainless steel nozzle to form a thin@.3 mm) liquid jet. For
of the experimental results and more advanced analyses areRaman measurements in the low-wavenumber regioB0Q
described in the present paper. Time-resolved Stokes Ramarcm™1), a narrow band-pass filter (CVI, full-width at half-
spectroscopy has made a noticeable contribution in revealingmaximum= 10 nm) was used to eliminate the background
the character ofransstilbene in the $state in solutior§43° emission from the dye amplifier, which seriously interfered with
Assignments of the Raman bandstadnsstilbene in the $ Raman observation in the low-wavenumber region. Because
state have been examined to such an extent that they can bef the timing jitter between the pump and probe pulses, the
used to gain some insight into the structural changes occurringtemporal resolution of the system-3 ps) was lower than the
on photoexcitation from observed specitd> Several groups  pulse duration of a few picosecon#s.

have recently reported the anti-Stokes Raman spectrams- For measurements of delay time dependencies and those of
stilbene in the $state in the wavenumber region of 166200 incident laser power dependencies, an experimental configura-
cm 1182023 From an analysis of temporal behavior of the anti- tion with only one amplified dye laser was also adopted. In
Stokes Raman intensities, Jean and co-wotkéfhave sug-  this configuration, the second harmonic output of the dye

gested that a nonstatistical distribution of excess energy amongamplifier was used as the pump beam and the visible radiation,
intramolecular vibrational modes persists for several picosecondswhich remained unconverted, was used as the probe beam. Time
after photoexcitation. This means that it takes at least severalresolution in this case was determined by the autocorrelation
picoseconds to complete the IVR process. This result is width of the pulses from the dye laser+3 ps).
regarded as an example of the relatively slow IVR mentioned  The 90-scattered Raman signal was collected and dispersed
earlier, and further experimental studies are essential to under-y a triple polychromator and detected by a CCD detector. The
stand vibrational relaxation in more detail. spectral slit width was~10 cntl. The typical exposure time
The contents discussed in this paper are as follows. We firstwas 10 min for the Stokes Raman measurements and 60 min
examine the pump and probe laser power dependencies of thefor the anti-Stokes Raman measurementisans-Stilbene of
anti-Stokes Raman spectra wans-stilbene in the Sstate to special reagent grade was purchased from Tokyo Kasei Co. and
confirm the absence of nonlinear responses, which make used without further purification. 1-Butanol (solvent) of liquid
subsequent analyses difficult. Next, we analyze the pump chromatography grade from Wako Pure Chemicals Co. was used
wavelength dependency of the anti-Stokes Raman spectra taas received. The concentration of the sample solution was
obtain information on the distribution of excess vibrational (1-5) x 1073 mol dm3. All experiments were carried out at
energy among intramolecular modes. Third, we simulate the room temperature.
observed probe wavelength dependency of the anti-Stokes
spectra to determine the energy levels on which the observed3. Results

vibrationally excited transients are populated. Finally, the . L . .
vibrational relaxation process tfans-stilbene in the $state The discussion in this paper is based upon t?;as&gnments
in solution is discussed on the basis of the results obtained. ©f the Raman bands afansstilbene in the gstaté*>’and the

vibrational-mode numbering given by Urano et3al.The
vibrational bands ofrans-stilbene in the §state observed in
the transient Raman spectra (Figures 1, 2, ané)4dmay be
The spectrometer used for the time-resolved Raman measureroughly classified into two groups, one consisting of bands due
ments was basically the same as that described previgusly. to the olefinic vibrations and the other including bands due to
Briefly, a beam from a frequency-doubled CW mode-locked the phenyl ring vibrations. The three most prominent Raman
Nd:YLF laser (Quantronix 4216D; wavelength, 527 nm; repeti- bands are ascribed to the olefinic vibrations. The relatively
tion rate, 82 MHz; average power, 2 W; pulse duration, 60 ps) broad Raman band at1570 cnt! (v7) is assigned to the olefinic

2. Experimental Section
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Figure 1. Pump laser power dependency of the anti-Stokes Raman
spectra ofransstilbene in the Sstate at 0 ps delay time. The intensity
of each spectrum is normalized by the pump laser power. The average
pump laser power and the approximate value of peak power density of
the pump pulse (in parentheses) are given on the right side of each
spectrum Pump, 277 nm; probe, 610 nm.

C=C stretch, and the band at1240 cm? (v13) is attributed to
the olefinic C-H in-plane bend. Another band at1180 cnt?
(v15) is due to a mode with a major contribution from the-Bh
stretch3437 On the other hand, the two peaks-a1530 ()
and~1147 cm? (v46) are assigned to the phenyi=C stretch
and the phenyl €H bend, respectively.

3.1. Incident Laser Power Dependencies of Anti-Stokes
Raman Spectra. In ultrafast time-resolved Raman spectros-
copy, very strong radiation of the incident laser pulses often

Nakabayashi et al.
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Figure 2. Probe laser power dependency of the anti-Stokes Raman
spectra ofransstilbene in the Sstate at 0 ps (A) and 20 ps (B) delay

induces unfavorable nonlinear effects, which make analysestimes. The intensity of each spectrum is normalized by the probe laser

difficult.
positions and bandwidths of the transient Stokes Raman band
change when the peak powers of incident laser pulses are ver
high38 We first examine the pump and probe laser power
dependencies of the anti-Stokes Raman spectraws-stilbene

in the S state.

The anti-Stokes Raman spectratodnsstilbene in the
state at O ps delay time observed with two different magnitudes
of the pump laser power are shown in Figure 1, where the
observed three bands are attributed to thet&e. The intensity
of each spectrum is normalized by the pump laser power. When
the pump photon density is very high, thespecies (generated
by the § — S optical transition) may absorb another pump
photon to generate a higher electronically excited) &ate. If
a very rapid internal conversion fromp$0 S; occurs, vibra-
tionally excited transients in the, State may be generated and

Iwata and Hamaguchi have reported that peak Power. The average probe laser power and the approximate value of

Jeak power density of the pump pulse (in parentheses) are given on
the right side of each spectrum. Pump, 303 nm; probe, 606 nm (the
ypump beam was the second harmonic of the probe beam).

Raman scattering. In this case, the anti-Stokes Raman spectral
pattern should not be strongly dependent on the delay time
between the pump and probe pulses in the range shorter than
~20 ps, in view of the slow S— & internal conversion~+60

ps). In addition, the anti-Stokes intensities should exhibit a
guadratic dependency on the probe laser power. Panels A and
B in Figure 2 show the probe laser power dependencies of the
anti-Stokes Raman spectratadnsstilbene in the $state at 0

and 20 ps delay times, respectively. The intensity of each
spectrum is normalized by the probe laser power. If we compare
the spectra shown in Figure 2A and Figure 2B, clear differences
in the delay time dependency are observed among bands

observed in the anti-Stokes Raman spectra. In this case, anti-attributed to the §species. When the probe laser power is
Stokes Raman intensities should show a quadratic dependencyow (less than~1 mW in Figure 2A and less than1.5 mW in

on the pump laser power. From comparison of the normalized Figure 2B), the anti-Stokes Raman intensities are approximately
intensities of corresponding bands in Figure 1, it is found that proportional to the probe laser power. As the probe laser power
the normalized anti-Stokes intensities are independent of theis increased beyond these values, the Raman intensities seem
pump laser power. This means that the anti-Stokes intensitiesto saturate. The signals begin to show sublinear dependencies
are linearly proportional, within the experimental accuracy, to on the probe laser power. The sublinear dependency on the
the pump laser power at least up to 1 mW. The band shapesprobe laser power may be partly due to the depletion of the S
and peak positions of the anti-Stokes Raman bands and theirspecies by the 5— S; photoexcitation. Even in this power
relative intensities are independent of the pump-laser power.range, the relative intensities among the Raman bands are
This result indicates that the two- (or multi-) photon process of independent of the probe laser power. In any power range, a
the ultraviolet pump radiation has only negligible effects, if any, quadratic (or higher-order) dependency of the anti-Stokes Raman
on the anti-Stokes Raman spectrati@nsstilbene in the § intensities on the probe laser power is not observed. This result
state. indicates that higher order nonlinear effects of the probe photons
The probe laser power dependency should also be examinedare negligible in the anti-Stokes Raman spectrigasfs-stilbene
When the probe photon density is very high, thesfecies may in the § state.
be further excited to a higher electronically excited)(State From the results described above, it is concluded that the
by absorbing the visible probe photon. Thg-SS; internal observed anti-Stokes Raman bands arise from vibrationally
conversion process may populate vibrationally excited statesexcited transients in the, State generated from the State by
of the S species, which would give rise to the anti-Stokes absorbingone pump photon.
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Figure 3. Electronic absorption spectrum dfansstilbene in a
1-butanol solution at room temperature; sample concentratidnx
10~* mol dnr3.
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3.2. Pump Wavelength Dependency of Anti-Stokes Ra-
man Spectra.Figure 3 shows the;S— Sy absorption spectrum —T T T T
of transstilbene in a 1-butanol solution. The second derivative 1600 1500 1400 1300 1200 1100
of the absorption spectrum shows that theOOtransition of Raman Shift /cm
the § — S absorption is located at30 880 cnT? (323.8 nm). Figure 4. Pump wavelength dependency of the anti-Stokes Raman

Itis known that the vibronic structure of the S S, absorption spectra ofransstilbene in the Bstate. The intensity of each spectrum
spectrum arises mainly from the olefinic stretching modes (C  is roughly normalized by reference to the intensity of theband at
C and C-Ph stretches)3240 Two different pump wavelengths 1180 cnl. Pump wavelength, 277 nm (SWP) for the upper two spectra
used in the transient Raman measurements are 277 nm (hereafté?'ﬂqd ?rﬁg r&rglé;\gﬁ)efg é?veelr?\gﬁ rﬁg%gﬁfgﬁé g;oebaec\f']vi\éﬂft?gm 610
called the short-wavelength pump or briefly SWP) and 320 nm '
(the long-wavelength pump or LWP). The SWP light corre-
sponds to an energy5200 cnt! above the 8-0 transition of
the § — Sy absorption. Such an amount of excess vibrational
energy may produce substantial populations on highly excited
vibrational levels of the FranekCondon active olefinic vibra-
tional modes immediately after photoexcitation. On the other
hand, the LWP light corresponds to an energy eafy00 cn?t
above the 60 transition. With the LWP, high-wavenumber
modes cannot be excited on the S S photoexcitation. If
high-wavenumber anti-Stokes Raman bands are observed, it
should be attributed to thermally populated molecules at room
temperature.

In Figure 4, the anti-Stokes Raman spectrérahs-stilbene

550 nm

560 nm

580 nm

Raman Intensity

in the S state at 0 and 20 ps delay times are shown. Each 590 nm
spectrum is normalized to the intensity of thg band. The
upper two traces are the SWP spectra (excess vibrational energy 600 NM

~ 5200 cnml). The absolute band intensities are found to decay
with a time constant of+10 ps (depending to some extent on _,\_/\__/W\..-/\/\

the observed bands). Generally speaking, anti-Stokes Raman 610 nm
intensities are weak in the high-wavenumber region because of
smaller vibrationally excited populations. This general rule does — — T T
not hold, however, in the SWP spectrum at 0 ps delay time. 1600 1500 1400 1300 1200 1100
The anti-Stokes Raman intensity of theband (1570 cm?) is Raman Shift /cm™
comparable to those of the;s and v1s bands (around 1200  Figure 5. Probe wavelength dependency of the Stokes Raman spectra
cm™1). The intensities of the bands in the SWP spectra show of transstilbene in the Sstate at 30 ps delay time. Pump, 277 nm;

different delay time dependencies. For example, the intensity probe, given on the right side of each spectrum. The intensity of each

of the v7 band decreases much faster than those ofthand spectrum is roughly normalized by reference to the intensities of Raman
v15 bands. bands of 1-butanol (indicated with arrows; the Raman band of 1-butanol

at 1450 cm? is overlapped with that afans-stilbene in the Sstate).

The lower two traces are the LWP spectra (excess vibrational
energy~ 400 cnT?). In contrast to the SWP spectra, the relative the S state is considered to occur in tens of picosecéhds,
intensities of the bands are independent of the delay time. Themolecules giving rise to the Stokes Raman scattering at 30 ps
absolute band intensities are also found to remain almostdelay time would be mostly on the ground vibrationak 0)
unchanged up to 20 ps. The features of the LWP spectra arelevel.
very similar to those of the SWP spectrum at 20 ps delay time.  In Figure 5, the three strong Raman bands {13, andvis)

3.3. Probe Wavelength Dependency of Stokes and Anti-  gain their intensities when the probe wavelength approaches
Stokes Raman Spectra. Figure 5 shows the Stokes Raman the S, < S; absorption maximum around 585 rfftn.This means
spectra oftransstilbene in the §state at 30 ps delay time that these bands are resonantly enhanced in resonance with the
observed with several probe wavelengths in resonance with theS, < S, electronic transition. Each Raman band shows a
S, — S; absorption. Since the VC processtians-stilbene in characteristic probe wavelength dependency. For example, the
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titative meaning. Instead, in the following analyses, we use
the relative resonance Raman intensities of two bands, both of
which are attributed to the ;Sspecies. Since the relative
Vi3 intensities of two Raman bands due to the same species are not
affected by changes in the pump and probe laser power, their
probe wavelength dependencies can be quantitatively analyzed.

Vis

V7

% 580 nm 4. Discussion
§ 4.1. Pump Wavelength Dependency of Anti-Stokes Ra-
5 man Spectra. In the SWP spectra in Figure 4, the intensity of
= 610 nm the v7 band is comparable to those of thg andv;s bands at
= 620 nm 0 ps delay time. In contrast, the relative intensity of the
&5 band is much weaker in the 20 ps spectrum. This temporal
630 nm behavior may be explained in terms of mode-dependent
'/\\Jw\’J\‘/\_\\" 640 nm vibrational relaxation toward a thermal equilibrium. At O ps
after photoexcitation under the SWP condition, the molecules
650 nm in the S state must have a large excess vibrational energy; the
660 nm vibrationally excited populations must be greatly different from
those under the thermal equilibrium at room temperature. The
670 nm SWP spectrum at 0 ps delay time may be attributed to such
. — ' — molecules. It is considered that, at 20 ps delay time, most of
1600 1500 1400 1300 1200 1100 the excess vibrational energy has dissipated to the solvent
Raman Shift / cm™ molecules and the vibrationally excited populations have reached

Figure 6. Probe wavelength dependency of the anti-Stokes Raman the thermal equilibrium at room temperature. Accordingly, the
spectra oftransstilbene in the Sstate at 0 ps delay time. Pump, 277  20-ps spectrum may be due to the molecules thermally populated
nm; probe, given on the right side of each spectrum. The intensity of on vibrationally excited levels. Then, the LWP spectra should
each spectrum is roughly normalized by reference to the intensity of give the spectral intensity pattern similar to that of the SWP
the»7 band at 1570 crt. spectrum at 20 ps and should show no delay time dependency,

. . . because the excess vibrational energy from the pumping photon
intensity of thev;s band relative to that of the; band becomes is very small. The experimental results shown in the LWP

higher if the probe wavelength is tuned around the maximum gpecira in Figure 4 agree well with this expectation. It can be

of the S, — S, absorption (585 nm). hence concluded that the SWP spectrum at 0 ps arises from the
The probe wavelength dependency of the anti-Stokes Ramarnvibrationally excited transients generated by the sufficient excess
spectra otransstilbene in the Sstate at O ps is shown in Figure  vibrational energy from the pumping photon.
6, where eight probe |IghtS with wavelengths between 580 and The other two Raman bands indicated;@andyle in Figure
670 nm in resonance or preresonance with the<S S 4 should also be noted. At 0 ps delay time, the intensity of the
absorption are used. The three strong featurgs/(s, andvis) 15 band relative to that of theys band in the SWP spectrum
are observed in all the spectra shown in the figure. It has not js about twice as large as that in the LWP spectrum. A similar
been successful to obtain a good quality anti-Stokes Ramanrelation is found for the’; andvg bands. That is, thess (or
spectrum with the 580-nm probe light. Fluorescence arising y;) band, which is located-30 cnt® higher than the1 (or vg)
from the § — S transition seriously interferes with the Raman  band, is stronger in the SWP spectrum at 0 ps delay time than
measurements in observing the wavelength region shorter thann the LWP spectrum. Then, we should first examine the
545 nm. In addition, the anti-Stokes Raman intensities them- possibility that this pump wavelength dependency is explained
selves are weak when the probe wavelength is set at 580 nmin terms of a difference in intramolecular vibrational temperature
These factors make it more difficult to observe the anti-Stokes between the two spectra.
spectrum with the 580-nm probe light. The intensity of the For that purpose, we need the transient intramolecular
band relative to that of the; band shows a maximum at a 610 vyibrational temperature immediately after the absorption of the
nm probe wavelength and decreases markedly with increasingpump photon. We estimate this temperature assuming a
probe wavelength. The relative intensity changes with the probe statistical distribution of the excess vibrational energy among
wavelength are much more prominent than those in the Stokesall the intramolecular vibrational modes. Since it is hard to
side. know precisely all the vibrational wavenumberdrains-stilbene
Such a feature reflects the character of the observed vibra-in the S state in solution, we introduce an approximation that
tionally excited states. In the following discussion, the probe the vibrational modes dfansstilbene (72 in total) lie at equal
wavelength dependencies are quantitatively analyzed with aintervals between 0 and 1600 cin except for the €&H
theoretical model to obtain information on vibrational relaxation stretches (12 modes), which are assumed to have a single
dynamics. Inthe Raman intensity analyses, the best method iswavenumber of 3000 cnd. The temperature of the SWP-
to evaluate the relative resonance Raman intensities by using excited species (excess energy5200 cnr?) thus calculated
solvent Raman band as an internal intensity reference and tois ~550 K. This value should be regarded as a maximum value
compare them with the simulated excitation profiles. However, because the VC process is neglected. Since we have introduced
this method is difficult in the present study for the following a crude approximation for the vibrational wavenumbers, the
reasons. First, the solvent Raman bands are far weaker tharcalculated temperature may have an error of ahb80 K,
the solute bands in the anti-Stokes spectra. Second, theestimated from several trials on different vibrational wavenum-
concentration of the photoexcited transient is affected by ber sets. As for the LWP-excited species, the intramolecular
fluctuation of the pump-pulse energy. In such a case, the Ramanvibrational temperature can be assumed te-860 K because
intensity relative to that of a solvent band has only a semiquan- of the very low excess energy.
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Now we can calculate the populations on the lowest excited tion of anti-Stokes REPs must be determined first by analyzing
vibrational levels § = 1) of thevis andvi modes on the basis  the Stokes REPs and thg S S; absorption spectrum. The
of the Boltzmann distribution. The population on the= 1 theoretical model used for the calculation of the Stokes REPs
level of thevis mode at 550 K is estimated to be about 13 times and the §<— S; absorption is the same as that adopted for the
as large as that at 300 K, while that for thg mode at 550 K case of a carotenofd. It is based on thé term of Albrecht’s
is about 12 times as large as that at 300 K. Consequently, theformula (Franck-Condon mechanism). Only tlzzcomponent
relative intensity of the two bands;§/v16) in the SWP spectrum  of the Raman tensory) is taken into account, because the
should be only~1.1 (=13/12) times larger than that in the LWP  other components of the Raman tensor are considered to have
spectrum. Obviously, this estimate does not agree with the negligible contributions to the intensities of the strong Raman
corresponding observed valueZ). To explain the observed bands otrans-stilbene in the Sstate under a rigorous resonance
pump wavelength dependency on the basis of the Boltzmanncondition®? The vibronic band shape of the absorption spectrum
distribution, the intramolecular vibrational temperature must be is assumed to be expressed by a simple convolution of the
assumed to have an unrealistic value (much higher than 1000homogeneous (Lorentzian) and inhomogeneous (Gaussian)
K), which is clearly outside the uncertainty range of the broadening functions.
calculated temperature. This is quite reasonable, because the The zz component of homogeneously broadened Raman
energy difference between these two modes is o689 cnm . tensor,a,{vo), for the f<— i transition from the initial (i) state
It is therefore concluded that the pump wavelength dependenciedio the final (f) state with the excitation frequeneyis expressed
of thev1s andv1g Raman band intensities cannot be explained as
on the assumption of the statistical distribution of the excess .
vibrational energy among all the intramolecular vibrational [Bvmw|io
modes. The excess energy i idered i a{vo) O Z ; @)

. gy is considered to be localized on the E —E.—hv.+il

v1s mode rather than on thgs mode in the photoexcited species e a 0 H
observed in the SWP spectrum at 0 ps. A similar discussion yhere v represents a virtual stak, andEy; are the eigenen-
can also be applied to the andvs vibrational bands; the excess  ergjes of the virtual and initial states, respectively, dhdis
vibrational energy is localized on the mode rather than on  the homogeneous bandwidth. The Raman intensity in photon
the vg mode in the SWP excited species at 0 ps delay time. pymbers (not in radiation energy)ii(vo), including the

As mentioned earlier, the; andvis modes are attributed to  inhomogeneous broadening, is then given as
the modes involving the olefinic stretching and are Franck

Condon active in the S— S optical transition, while thess i (vo) O vIG(')* |a,{vy)® 2)
and v1¢ modes are attributed to the phenyl ring vibrations.

Consequently, the present results indicate that the SWP spectrum G = exp{—ln 2 ( v )2 3)
at 0 ps delay time arises from the vibrationally excited transients V4

with the excess energy localized on the olefinic vibrational

modes. Since the temporal resolution of the present experimentwhere G(v') is the inhomogeneous broadening function, the
is 5=7 ps, it is concluded that it takes at least several symbol * represents the convolution of two functiongy
picoseconds fortransstilbene in the § state to reach an  denotes the inhomogeneous bandwidth, &sid the frequency
intramolecular thermal equilibrium. In other words, the IVR of the scattered light.

process irtrans-stilbene in the $state is not complete within Similarly, the $ < S; absorption spectrum is simulated by
a few picoseconds. the following formulas:

4.2. Probe Wavelength Dependency of Stokes Raman .
Spectra. As mentioned e%rlier, pphotoexci¥ationtmnsstiIbene Alv) U G(V')*[X(Eev h Egi)w“mzl-v(”o) (4)
by pumping photons with a high excess energy may populate v
highly excited vibrational levels of the FranelCondon active 1
olefinic modes. In subsection 4.1, it has been shown that the L(vg = (5)

2 2
SWP anti-Stokes Raman spectrum at 0 ps arises from molecules (Eev — By — o)™+ Ty
before they reach an intramolecular thermal equilibrium. Then,
the anti-Stokes Raman bands in the SWP spectrum at 0 ps ma
be due to molecules of either one of the following two cases:
transients vibrationally highly excited (vibrational quantum
numbern > 1) in the olefinic vibrational modes or those not
highly excited @ ~ 1) but with part of the excess energy still
localized on the olefinic modes. It is important to clarify the
vibrational levels on which such excited transients are populated
for studying the mechanisms of vibrational relaxation dynamics.
In the previous studie®;3233the present authors have demon-
strated that anti-Stokes REP is useful for determining the energy
levels on which vibrationally excited transients are populated.
A preliminary report on the application of this methoditans
stilbene in the $state has been already publisi#édin this
paper, details of the analysis including a more advanced .
treatment on the contribution of a low-frequency vibrational )it Elf Yin(Em) W om(Em = Ar) dEy (6)

mode are described.

To analyze the probe wavelength dependency of anti-StokeswhereW;, represents the harmonic oscillator eigenfunction for
Raman intensities, several parameters necessary for the calculathe mth normal mode with the quantum numberé, is the

his is based upon the Franelondon principle, and the
electronic transition is assumed to be broadened by both the
homogeneous [Lorentziah,(vo)] and inhomogeneous [Gauss-
ian, G(v')] mechanisms.

In the simulation, only the three strongly Raman active
olefinic modes,v7, v13, andvis, are first taken into account.
Later, we will also try four-mode calculations, which include
another mode in the low-wavenumber region. For the sake of
simplicity, it is assumed that the molecular vibrations under
consideration are harmonic and the Duschinsky rotations as well
as the frequency changes on going from thedSS, state are
absent. Then, the FranelCondon factor in eqs 1 and 4 can
be given by the following form:
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The bands assigned to the phenyl vibratiogsandvie show
probe wavelength dependencies different from those of the
strong olefinic bands. In Figure 5, the intensity of thgband
is ~1/2 of that of thevis band in the 550 nm probe spectrum,
while thevyg band intensity is very weak in the 610 nm probe
spectrum. The olefinic bands4 v13, and vis) show clear
intensity maxima around the absorption maximurb80 nm),
whereas the intensity maximum is not clear for the band.
Instead, thevi;s band intensity seems to increase almost
monotonically as the probe wavelength becomes shorter. The
vg band shows a similar probe-wavelength dependency. Such
characteristics cannot be explained by the model presently
adopted, where only one resonant electronic transitign—<S
500 550 600 650 700 S)) is considered. A possible interpretation is that other
Probe Wavelength /nm electronic transitions located in the shorter wavelength (probably
in the ultraviolet) region make significant contributions to the
intensities of the phenyl ring bands. To discuss this point more
guantitatively, measurements of the probe wavelength depen-
dency of the Stokes and anti-Stokes Raman spectra in a much
wider wavelength range are essential.

4.3. Probe Wavelength Dependency of Anti-Stokes Ra-
man Spectra. An analysis of the anti-Stokes REPs is performed
on the relative Raman intensity of two bands @nd v1s)
attributed to the §transient, for the same reason as that

1.6

Absorbance

L T T T T
450 500 550 600 650 mentioned in subsection 4.2 for the Stokes REPs. The anti-
Wavelength /nm Stokes intensity depends on the population in the initial

Figure 7. (A) Probe Wave|ength dependency of the Stokes Raman (V|brat|0na”y eXC|ted) State. Slnce the |n|t|a| pOpu|atI0n iS not
intensity ratioR{(1): solid curves, simulated; filled circles, observed known a priori, an independent intensity scale must be used
at 30 ps delay time. (B) Transient absorption spectrutnanfs stilbene for the simulation of each Raman band intensity in order to
in the § state: solid curve, observed (from ref 41, pump wavelength compare the experimental and simulated values. The ratio of
is 306 nm and delay time is 58 ps); dotted curve, simulated. the observed anti-Stokes intensity of thg band to that of the

dimensionless coordinate for tmath normal mode, and\/'s v7 band atA, Ra{4), is given by

are the dimensionless displacements between the equilibrium

positions of the $and § states along the normal coordinates. l15(A)  Pislis(A)

The parametera's, I'y, v, andEy (0—0 energy separation RdA) = () = W (7)
7 7

for the §, — S transition) are adjusted to obtain good fits

between the observed and simulated probe wavelength depend- , , .
encies of the Stokes Raman intensities. wherel7/ (1) and ;5 (1) are the calculated anti-Stokes Raman

Molecules giving rise to the Stokes Raman scattering at 30 intensities andp; andPss represent the populations on the initial
ps delay time in Figure 5 are mostly on the= 0 level for vibrationally excited Ie_vels. The observé(k’(/l)ll7(/1) value
high-wavenumber modes (i.e., the observed transition corre- cannot be comparegl with the calculatgdl(l)/h(l.), unless the
sponds to ¥ 0). Thus, we simulate the Stokes REPs and the P15/P; value is ava||ab.|e. However,. it is pOS.S'ble to remove
S, <— S absorption spectrum, assuming= O for the vibrational the P.5/P; factor by takl_ng the following quan_tny,(/l), Wh'Ch .
modes under consideration. As mentioned in subsection 3_3,may be called the anti-Stokes Raman relative intensity ratio.

solvent Raman bands are not adequate as the intensity reference . )

for determining the REPs of the photoexcited transient. Hence, () = Rod4) — 15(A)17(4o) - his ()17 (%) (8)

the fitting procedure is performed on the relative Raman Rdly) 1My 1A ()

intensity of two bands, both of which are due to thesBecies.

Figure 7A shows the simulated and experimental probe wave- wherelq is an arbitrary wavelength chosen for a reference. Then,
length dependency of the Stokes Raman intensity ratio. Thea direct comparison between the calculated and obsewgd
ordinate indicates the;s or v13 band intensity divided by the  values is possible.

v7 band intensity Rs(A) = 115(A)/17(4) or l13(A)/17(1), where In Figure 8,r(4)’s with 1o = 660 nm simulated for several
li(1) denotes the Raman intensity ef at Raman excitation initial levels are shown. In the cases treated in this figure, the
(probe) wavelengtit ]. All the observed points have been energies of the initial levels are below the energy of the pump
corrected for thes® factor in eq 2. The parameters used for photon, i.e., 5200 cri above the 680 band of the §— &

the simulation are\; = 0.42,A;3 = 0.35,A15 = 0.52,Ty = transition. The parameters used for the simulation are the same
380 cntl, vy = 420 cml, and Ep = 17 185 cm!. The as those for Figure 7. The observed) at 0 ps delay time is
agreement between the observed and simulated curves isalso shown in this figure (filled circles). Dependency of the
satisfactory. Figure 7B shows the S S; absorption spectrum  detection sensitivity on the wavelength is found to be negligible
simulated with the same parameter set. The transient S; in this wavelength region. The linearity of the Raman intensities
absorption spectrum reported by Hochstrasser &t ial.also against the pump power (see subsection 3.1) indicates that the
shown in this figure. The observed spectrum is satisfactorily effects of reabsorption of the scattered light by the transient
reproduced by the simulation. These results for the Stokes REPsspecies are also negligible. In the present study, we assume
and the transient absorption give a solid basis to the analysis ofthat the v; and v15 anti-Stokes Raman bands arise from a
anti-Stokes REPs to be discussed in the following subsection.common excited level [(1,1), (1,2), (1,3), or (2,1), whajand
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1 Figure 9. Stokes Raman spectrum wans-stilbene in the Sstate in
0.0+——F—— T v the region 1706200 cntt at 40 ps delay time. The Raman bands of
560 580 600 620 640 660 680 700 1-butanol (solvent) are subtracted. Pump, 295 nm; probe, 590 nm.
Probe Wavelength /nm
Figure 8. Probe wavelength dependency of the anti-Stokes Raman C@n Now estimate th&4 value to reproduce the observed band
relative intensity ratiar(1) for 1, = 660 nm: filled circles, observed  intensities in Figure 9 and then to examine semiquantitatively
points at 0 ps delay time; curves, calculated by using the three-modethe effects of the'o, mode on the REPs of the other three modes.
model with initial statesrt, ns), wheren; andms of (7, nys) represent Calculation of the Raman intensities and the absorption spectrum
the |n|t|_al vibrational quantum numbers of the and v15 modes, has been performed on a four-mode model includingthe
Egslp)e_cfn(/g Ig) (aon’é) '((11'0%&C(glgl;szgsggggzgrzgigéﬁsggs duetothe .5 andvzsmodes. The observed intensity of tha band

' ' ' ' ' ' relative to that of ther;s band is reproduced when the, value
nys of (N7, Nys) represent the initial vibrational quantum numbers is set equal to 0.80.9. Since this\,4 value is quite large, the
of thev; andvys modes, respectively] or from the lowest excited other parameters for the simulation need to be changed slightly.
levels [(1,0) for thev; band and (0,1) for the;s band]. If the The best fits between the calculated and observed results are
vibrational excitation is extremely localized in themode, for obtained for the Stokes intensity profiles at 30 ps (Figure 7A),
example, this assumption is not correct. In this case, such athe electronic absorption (Figure 7B), and thgband intensity
contribution that the’; band arises from the initial state (2,0) at 590 nm (Figure 9), with the following parameter set; =
while thevis band from (2,1) should also be considered. As 0.42,A13= 0.35,A15 = 0.52,Az = 0.85,E; = 17 085 cnm?,
shown in subsection 4.1, however, the pump wavelength I'y = 340 cn1?, andv;y = 380 cntt. The excited vibrational
dependency of the picosecond time-resolved anti-Stokes Ramarievels of thev,, mode may be significantly populated at room
spectra indicates that both theandvs modes are substantially ~ temperature. In the simulation, contributions from such ther-
excited at 0 ps delay time, when the pump photons with a mally populated vibrationally excited states have been taken
sufficiently high excess energy are used. The assumptioninto consideration by assuming the Boltzmann distribution at
mentioned above would therefore be valid. room temperature.

Every simulated curve in Figure 8 shows a maximury@10 With the parameters obtained, the anti-Stokes relative inten-
nm in agreement with the experimental observation. However, sity ratios,r(4)’s, are calculated, and the results are shown in
each curve has a different shape (wavelength dependency) andrigure 10 together with the observed points at 0 ps. The curves
a different maximunr(1) value. Such features can be utilized in Figure 10A are calculated for the initial vibrational levels
for the determination of the initial state involved. The observed with nys = 0 (i.e., the initial and final vibrational states for the
points are reproduced most properly in the (0,1):(1,0) curve, Raman transitions involve the ground state for thgemode),
which is calculated on the assumption that bothithandv;s while those in Figure 10B are calculated fof; = 1. The
bands arise from the lowest excited vibrational levels. This calculated curves fony,s = O (Figure 10A) are essentially the
result suggests that the vibrationally excited transients at 0 pssame as those in Figure 8. In contrast, in the calculated curves
delay time are mostly on the lowest excited vibrational levels for n,s = 1 (Figure 10B), the maximum values ofd) are
of the S state, as far as the; andvi;s modes are concerned. seriously smaller than those in Figures 8 and 10A. This result

trans-Stilbene in the & state gives another strong low- suggests that if the vibrationally excited populations onrthe
wavenumber Raman band at 285 @mwhich is assigned to = 1 levels are significantly large, the curves calculated for the
the G—C—C bend {4, C, represents the ethylenic carbdf). initial vibrational levels other than the lowest ones [the (1,1)
It was difficult to obtain reliable probe wavelength dependency curve, for example] may be the best fit to the observed points.
data for this band with our present spectrograph because of However, itis unlikely that the,4 > 1 populations in the S
interference by emission from the dye amplifier. To obtain state are very large under the present condition as discussed in
information on the FranckCondon factors relating to the, the following. To populate they, = 1 levels, thevy, mode
mode, we need the Stokes intensity data for this band, at leastshould be highly excited on the; S- S photoexcitation. In
for one probe wavelength. Then we tried to measure the Ramanother words, the displacement between the equilibrium geom-
spectrum in the low-wavenumber region by the use of a narrow etries of the $and S states along this mode should be large.
band-pass filter for the probe laser beam to reject the emissionHowever, the displacement along thg, mode is considered
from the dye amplifier. to be small because no strong band attributable tethenode

The Stokes Raman spectrum in the low-wavenumber regionis observed in the Raman spectrumti@ns-stilbene (in the &
has been obtained with a satisfactory signal-to-noise ratio with state) in resonance with thg S S, transition?® This means
a probe wavelength of 590 nm, which is shown in Figure 9. that the v, mode is not highly excited on the;S— S
The intensity of the,, band is close to that of thes band in photoexcitation and that the populationsmn > 1 in the §
Figure 9, in good agreement with the previous sttidywe state are primarily due to the distribution at a thermal equilib-
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V13, V15, andvy, are considered to be small, and these vibrational

] \ - modes may have only minor effects ofi).
3.0 £ To summarize, the probe wavelength dependency of the anti-
20 ] Stokes Raman spectrum suggests that the vibrationally excited
’ 7/ transients observed in the SWP spectrum at O ps delay time are
1.04° O,D:(1,00 ™S . mostly on the lowest excited vibrational levels of theand
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v1s modes. This result suggests that highly excited vibrational
levels of thev; andvis modes, which are generated immediately

after the photoexcitation, relax very rapidly (probably in the
femto to subpicosecond time range) to the lowest excited
Figure 10. Probe wavelength dependency of the anti-Stokes Raman Vibrational levels of these modes.
relf';\tive intensity raticr_(/l) for 2o = 660 nm: filled Cir?les, observed As discussed in subsection 4.1, it has been concluded from
Enocl)gtasl i?\tclz C?i?lgdtel’llglitm%;ecv?l{t\;letsﬁeciiligg:astt:c:e?/( L:li??s;lec?putiréw()de the pump wavelength dependency of the anti-Stokes Raman
for Figure 8). The vibrational quantum number of’wzamode (oq) is S_peCt_ra that the_ SWP SPec”Um at 0 ps delay_t'me arises from
shown on the each panel. vibrationally excited transients with the excess vibrational energy
not thermally distributed in the molecule. This point is

rium. In a thermal equilibrium, the ratio of the population of discussed here again in terms of the probe wavelength depen-
thenps = 1 level to that of the, = O level is estimated to be ~ dency of the anti-Stokes spectra. To examine this point, we
~0.25 at room temperature and0.47 at 550 K (calculated  calculate thR.d4) assuming that the excess energy is thermally
maximum temperature for the excess energy distributed statisti-distributed and compare the result with the observed value at 0
cally among all the intramolecular vibrational modes). There- ps delay time. In a thermal equilibrium, tRes/P; factor in eq
fore, it can be considered that the populations onrthe> 1 7 corresponds to the ratio of the Boltzmann factors forthke
levels are not large in the present case; in other words, aboutl levels of thevis andv; modes. The simulateRa44) at 550
70-80% of the molecules in the;State at 0 ps delay time K is shown in Figure 11, together with the obsenRgd4) at 0
exist on then,, = 0 level. ps delay time. The»s mode is included in this simulatiorgs
Although the major contribution to the anti-Stokes Raman = 0.85). In Figure 11, the simulate®q4) values are
intensity may be from the,, = 0 levels, it should still be noted ~ substantially larger than the observed points. The calculated
that the populations on thex, > 1 levels are not negligible  Rad4) at a temperature of 1000 K is also shown in this figure.
even at room temperature. If we take the weighted average of The discrepancy between the calculated and observed results
ther(1)’s for variousny4 values, using the weights calculated is still large. Hence, to explain the experimental results on the
on the Boltzmann distribution at room temperature, the (0,1): basis of the Boltzmann distribution, the temperature of the
(1,0) curve gives the best fit to the experimental points. If the €Xxcited species must be assumed to be much higher than 1000
vibrational temperature for the, mode exceeds 550 K, on the K, which is clearly unrealistic. Therefore, it is concluded that
other hand, the weighted average of tti’s based on the (1,1)  the anti-Stokes scattering obtained at 0 ps delay time arises from
curve becomes the best fit. The vibrational temperaturefpr ~ molecules in which the excess energy (part of the initial excess
is not clear at present, but it is hard to consider that the energy) is more localized in the; mode than in the;s mode.
temperature exceeds 550 K. Consequently, the observed initial 4.4. Vibrational Relaxation Dynamics of trans-Stilbene
state is most probably the lowest excited vibrational states for in the S; State. From the present study based on the analysis
thev; andvis modes. The curves for (1,2), (1,3), and (2,1) do of the pump and probe wavelength dependencies of the anti-
not fit the experimental data within the realistic temperature Stokes Raman spectra, it is suggested that the intramolecular
range. Thus, it is highly unlikely that the vibrational quantum vibrational relaxation process tfansstilbene in the $state
numbers for thev; and v15 modes are two or higher for the proceeds in roughly two steps. In the molecule in thetSte
observed vibrationally excited transients. From the weak Ramanimmediately after SWP photoexcitation, the olefinic stretching

Probe Wavelength /nm
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