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The picosecond anti-Stokes Raman spectrérarisstilbene in the $state have been observed by using
several probe wavelengths (58670 nm) and a fixed pump wavelength giving a sufficient excess vibrational
energy £5200 cmY). The probe-wavelength dependency of the ratio of the anti-Stokes Raman-band intensity
at 1180 cm? due to the C-Ph stretching;s) to that at 1570 cmt due to the olefinic &C stretching ¥¢7)

is analyzed by assuming a model based on the Fra@ckdon mechanism. It has been shown from the
anti-Stokes intensity analysis that vibrationally excited transients at 0 ps delay time are mostly on the lowest
excited vibrational levels of the;State as far as thes andv; modes are concerned, and the excess energy

is not statistically distributed to other modes. A possible mechanism that accounts for this observation is
discussed.

Introduction Among various means of time-resolved spectroscopies, time-
Vibrational relaxation in polyatomic molecules in solution resolved anti-Stokes Raman spectroscopy allows direct monitor-
is an important elementary process in photochemical reactionsing of vibrational relaxation dynamics, since it probes only the
following photoexcitation. In solution, vibrational relaxation Vibrationally excited molecules. Several groups have recently
is considered to proceed in several stepsnmediately after reported transient anti-Stokes Raman spectra of vibrationally
photoexcitation, excess vibrational energy is considered to hot molecules to obtain information on the IVR and VC
localize in Franck-Condon (FC) active modes. The localized processes in soluticitt
excess energy is first distributed within the molecule to other  photophysics ofransstilbene is of considerable interest from
vibrational modes (intramolecular vibrational redistribution, various viewpoints, for example, in studying the mechanism of
IVR). Very rapid redistribution of the excess energy creates a the cis—trans photoisomerization. The dynamics @fans
quasi-equilibrium among all intramolecular vibrational modes, gtjlhene in the optically allowed lowest excited singlef)(@ate
re;ultlng in a;mgle,_mod_e-lndependent wbratpnal temperature. 45 peen studied extensively by various spectroscopic tech-
This ranplomlzed_ V|bra_t|ona_1l energy_then dissipates to the niques, including time-resolved (or transient) Raman spectros-
surrounding medium (vibrational cooling, VC). copy12-14 Recently, two groups have reported the anti-Stokes
*To whom correspondence should be addressed. E-mail: aho@ Raman spectra of ;Strans-stilbene in the high-wavenumber

muTSiTCHan]ﬁi\li'vneergﬁ of Tokvo region (up to~1600 cn?).56 Qian et al. have suggested from
# Saitama Univ)érsity. ye: the analysis of temporal behavior of the anti-Stokes Raman

€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  intensities that a nonstatistical distribution of excess energy
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persists for several picosecorfddn other words, it takes at
least several picoseconds to complete the IVR process. This
result is different from the generally accepted view that the time
scale of IVR is in the subpicosecond range for large molecules
in solutiort and needs further experimental verification.

To obtain a deeper insight into the IVR process, it is important
to know the energy states of the vibrationally excited transients.
We have shown that anti-Stokes resonance Raman excitation
profiles (REPs) are useful for elucidating the vibrational V7 Vi3
relaxation process, especially for determining the energy levels
on which vibrationally excited transients are populafet.in
the present study, we apply this method tot@ns-stilbene.

We observe the picosecond anti-Stokes Raman spectra of the

Vis

excitedtrans-stilbene, with a pump wavelength chosen to give ‘?; 580 nm
the excess vibrational energy greater than 5000'cnsuch a g
large amount of excess energy produces a substantial population &
on highly excited vibrational levels of FC active high-wave- E 610 nm
number modes. With the pump wavelength fixed, probe- g
wavelength dependencies of picosecond anti-Stokes Raman & 620 nm
intensities are observed and compared with simulated anti-Stokes R 630 nm

REPs, to examine the vibrational energy levels of the transients.
Whether the excess energy is statistically distributed or not is 640 nm
also analyzed.

650 nm
Experimental Section 660 nm
The spectrometer for time-resolved Raman measurements was
already described elsewhéfe.A beam from a frequency- 670 nm
doubled cw mode-locked Nd:YLF laser was used to excite two - ——
synchronously-pumped dye lasers, whose outputs were amplified 1600 1500 1400 1300 1200 1100
by dye amplifiers. The dye amplifiers were excited by the Raman shift / Cm”l

second harmonic of a cw Nd:YLF regenerative amplifier. The Figure 1. (top) Stokes Raman spectrum bansstilbene in the §

ampll_fl_ed pulses with~3 ps duration were obtained at a state at 30 ps after photoexcitation in a 1-butanol solution. The Raman
repetition rate of 1 kHz. bands of the solvent are subtracted; pump, 277 nm; probe, 590 nm.

The output from one of the dye amplifiers (554 nm) was (bottom) Anti-Stokes Raman spectratns-stilbene in the Sstate at
frequency-doubled to produce an ultraviolet (277 nm) pump Ops after photoexcitation in a 1-butanol solution. Pump, 277 nm; probe,
beam. The wavelength of the other amplified dye laser was 9iven on the right of each spectrum. Each spectrum is normalized by
tuned in the 556670 nm region and used as a probe beam. usgg the intensity of the olefinic €C stretching ¢;) band at 1570

. cm! as a reference.

The pump and probe beams were collinearly focused on the
sample solution£0.3 mm thickness liquid jet). The average
power of the probe laser was0.2 mW for the Stokes Raman
measurement artl mW for the anti-Stokes Raman measure-
ment. The average power of the pump laser wdsmW for
both cases. The spot area wag x 1073 cn?. The transient
signal intensities were found to be proportional to both the pump W
and probe powers under these conditi&hshis gives a basis
to the intensity analysis described later. Because of the timing
jitter between the pump and probe pulses, the cross-correlatio
time was found to be 57 ps!® which corresponds to the
temporal resolution of this measurement system. The Raman
signal was analyzed by a triple polychromator and a CCD
detector. The concentration of the sample solution (solvent
1-butanol) was £5 x 1072 mol dnr2,

~1570 cn1! is assigned tas;, the olefinic G=C stretch, and
the band at~1240 cn1? to vy3, the olefinic C-H in-plane bend.
Another band at1180 cnTlis due tovis, a mode with a major
contribution from the G-Ph stretcH817
Generally speaking, anti-Stokes Raman intensities for high-
avenumber modes are weak, because of small populations on
their vibrationally excited states. In Figure 1, on the contrary,
the anti-Stokes Raman intensity of theband is comparable
nto, or even stronger than, those of thg andv;s bands. The
intensity of thevis band relative to that of the; band shows a
maximum at 610 nm probe and decreases markedly as the probe
wavelength becomes longer. Two different factors should be
' considered to explain this observation. One is concerned with
vibrationally excited populations. Since the excess vibrational
energy is~5200 cnT! immediately after photoexcitation, it is
likely that a FC active high-wavenumber mode likes highly
The probe-wavelength dependency of picosecond anti-Stokesexcited. The other factor is related to REPs of the anti-Stokes

Raman spectra ofi;Srans-stilbene at 0 ps delay time is shown scattering. In general, the anti-Stokes intensity of a higher-
in Figure 1. We have used eight probe wavelengths, all of wavenumber mode shows a maximum in the REP in the
which are resonant or pre-resonant with the-SS; electronic excitation-wavelength region longer than that of a lower-
absorption around 585 n#. The Stokes Raman spectrum ata wavenumber mod¥. A quantitative analysis of the anti-Stokes
delay time of 30 ps is also shown in this figure (probe REPs is important for determining the energy levels of vibra-
wavelength, 590 nm). The pump wavelength 277 nm corre- tionally excited transients. Thus, anti-Stokes REPs are calcu-
sponds to an energy5200 cnt! above the origin of the S— lated for various vibrationally excited (initial) levels and
S, absorption (the 80 band) at~30 890 cnt!. In Figure 1, compared with the observed results.
three strong features are observed, all of which are attributed The method of simulation was the same as that adopted in
to S transstilbene'®1? The relatively broad Raman band at the case of a carotenol!! It was based on the A-term of

Results and Discussion
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Figure 2. Probe-wavelength dependency of the Stokes Raman intensity Probe wavelength /nm
ratio Ry(1). Solid curve, simulated; filled circles, observed at 30 ps delay _. . .
time. Figure 3. Probe-wavelength dependency of the normalized anti-Stokes

Raman intensity ratio(1) for 1o = 660 nm. Filled circles, observed

, . . points at 0 ps delay time; curves;(ms), simulated for the initial states
Albrecht’s formula (FC mechanism). The S-S, absorption with quantum numbens; andnys for thev; andw;s vibrational modes,

spectrum was also simulated on the basis of the FC mecha-respectively; curve (0,1)/(1,0), simulated for theg andv; bands due
nism18 In the simulation, only three strongly Raman active to the (0,1)— (0,0) and (1,0)~ (0,0) transitions, respectively.
vibrational modesy-, v13, andvis, were considered. In the ) ] ) )

harmonic approximation and in the absence of the Duschinsky Of anti-Stokes profiles. The analysis of the anti-Stokes REPs
rotation and changes in vibrational frequencies on going from are performed on the relative Raman intensity of two bands for
the S to S, state, the FC factor in the Raman tensor can be theé same reason as described for the Stokes REPs. The ratio
given as an analytical function of potential displacements) of the observed anti-Stokes intensity of thg band to that of
between the Sand $ states, along the (dimensionless) normal thevz band atd, Red4), is given by

coordinates of;’'s. We adjusted\;’s, I'y (homogeneous half- ,

width), vy (inhomogeneous half-width), arteh (0—0 energy R{) = l15(4) _ Pisl15(4) @
separation for the,S— S, transition) to obtain good fits between () P

the observed and simulated results.

Molecules giving rise to Stokes Raman scattering at 30 ps wherel;'(1) and l15'(1) are the simulated anti-Stokes Raman
delay time are mostly on the= 0 level for high-wavenumber intensities andP; andPs represent the populations on the initial
modes (i.e., the observed transition corresponds-toQ). Thus, (vibrationally excited) levels, which are not considered in
we first simulated the 3~ 0 Stokes REPs to check the validity ~simulating the Stokes REPs. It is clear from this equation that
of the theoretical model. For determining the Raman intensities the observedis(4)/17(1) cannot be directly compared with the
of the photoexcited transient, solvent Raman bands are notsimulated ;s (1)/17' (1), unlessP15/P; is known. However, it is
adequate as the intensity reference, because the concentratiopossible to remov®;s5/P; by taking the following ratios(4),
of the transient may be seriously affected by fluctuation of the which will be called the normalized intensity ratio

pump-pulse energy. Hence, the fitting procedure was performed
~ RdA) 1) 1) 115 (4) 17 ()

on the relative Raman intensity of two bands attributed to the

S, species. Figure 2 shows the simulated probe-wavelength r@) = Rdlo) 1) g 1A 1,d(Ay) @
dependency of the ratio of the Stokes intensity ofthband
to that of thev7 band Ry(4) = 115(1)/17(4), whereli5(4) and wherelo is an arbitrary wavelength chosen for a reference. Then,

I7(4) denote, respectively, theys andv; Raman intensities at 5 girect comparison between the simulated and obsenidd
excitation (probe) wavelengthl, together with the observed  yajues may be made.

data. The parameters used for the simulation were= 0.43, In Figure 3,r(A)'s for 2o = 660 nm simulated for several
Ay3 = 0.35,A15 = 0.51,I'y = 380 cm™*, vy = 420 cnr* and initial levels are shown. In the cases treated in this figure, the
Eo = 17 185 cn’. The agreement between the observed and gnergies of the initial levels are below the energy of the pump
simulated curves is satisfactory. A similar intensity ratio for pulse, i.e., 5200 cni above the 80 band of the $— S
the v13 Stokes bandlj4)/17(2)] and the §— S, absorption  {ransition. The parameters used for the simulation are the same
spectrum were also well reproduced by the same paramefér set. ¢ those for Figure 2. The observed) at O ps delay time is
Actually, the observeR{1) was reproduced even more also shown in this figure. All the observed points are corrected
satisfactorily by calculation using only a homogeneous broaden-for the v# factor. Dependence of detection sensitivity against
ing function 'y = 600 cnT?) and slightly changea values  wavelength was found to be negligibly small in this wavelength
(A7 =0.43— 0.42,A13= 0.35,A;5 = 0.51— 0.52), without region. The linearities of the Raman intensities against the pump
using an inhomogeneous broadening function. Thus, it seemspower indicate that effects of reabsorption of the scattered light
to be infeasible to determine reliable values for the broadening by the transient species would be insignificant. We assume that
parameters from the observed results, but it is clear that thethe v; andv;5 anti-Stokes Raman bands arise from a common
mathematical model of the vibronic band shape has little effect excited level [(1,1), (1,2), (1,3), or (2,1), whene and n;s of
on the following discussion. (n7, n15) represent the vibrational quantum numbers of ithe
The results mentioned above for the Stokes profiles and theandv;s modes, respectively] or from the lowest excited levels
transient absorption give a solid basis to the following analysis [(1,0) for the v; band and (0,1) for thes;s band]. If the
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vibrational excitation is extremely localized on the mode,

for example, this assumption is not correct. In the present case,
the pump-wavelength dependency of the picosecond anti-Stokes
Raman spectra indicates that both and vis modes are 4.0-
substantially excited at 0 ps delay time, when pump photons
with a sufficiently high excess energy are udedHence, the
above consideration may be rationalized.

All the simulated curves in Figure 3 show maximared10
nm, in agreement with the experimental observation. However, 2.04
each curve has a shape and a maximum valuépfdifferent ]
from others. Such features can be utilized for the determination *

. . . 1.04 ® b
of the initial state involved. Clearly, the observed points are ® .
best reproduced by the (0,1)/(1,0) curve, which is calculated °
on the assumption that both theandv;s bands arise from the 0.04+—————————
lowest excited vibrational levels. This result leads us to a 560 580 600 620 640 660 680 700 720
conclusion that the vibrationally excited transients at 0 ps delay Probe wavelength /nm

time are mostly on the lowest excited vibrational levels of the £ 4 Prob lenath d g ‘i i-Stokes R
igure 4. robe-waveleng epenaency o € ant-Stokes Raman

S state, as far E-lS they a.nd vis modes are concerned. intensity ratioR.d4). Solid curve, simulated for a thermal equilibrium

The § transstilbene gives another strong low-wavenumber gt 550 K; filled circles, observed at 0 ps delay time.

Raman band at 285 cth which is assigned to the, £C—C

bend {24, G, represents the ethylenic carbon). With our present stretches (12 modes), which are assumed to have a single

spectrograph,_ however, we cannot obtain reliable experimentalyavenumber of 3000 cmd. The intramolecular vibrational

results for this band to estimate i, value, because of  emperature thus calculatedi®50 K. This value of calculated

mt_eFlferﬁnce by em|sf:;,|on from thhe dye ar_npl|f|er.f_|Th|s mode temperature changes when a different set of intramolecular

might have some effects on the excitation profiles, ?”d an yibrational wavenumbers is adopted. Uncertainty of the cal-

examination of those effects under various conditions is now culated temperature is estimated to4é50 K from several

s - . :

:}Jnd(ra}:\(/)vgg Ioif!gméﬂgryéziﬁjrihsgsgzt ';?5)|ncll_l:§\|,\(l)£\l(;frthe trials with different vibrational wavenumber sets. The simulated

24 . s S

changes inr(Z) are no more tharv10% unless vibrational Eai{j)s:1%:/\/?1t&eLTilrgqfIItlgrIgme?tvatio':ﬁéeotg?eﬁeratg)rea?gsso

populations on tha > 1 levels of this mode are exceptionally 0s delay time glln Fig’ureg4 the simulat@id1) churve has

large, even ifA,4 is as large as 0.51 (the same valueAgs). . .
To populate the > 1 levels of thev,, mode, the displacement substantially larger values than the observed ones. To explain

between the equilibrium geometries of thee®d S states along the observe®.d4) based on the statistical distribution, the solute
this mode must be large. Since no strong band assignable td€Mperature must be assumed to be much higher than 1000 K,
the v,, mode seems to be observed in the Raman spectrum ofwhich is clearly outside the uncertainty range for the calculated

5.0

S transstilbene in resonance with the S S transition® temperature. The large discrepancy between the calculated and
the displacement along the, mode must be small. Itis then observed results clearly shows that the anti-Stokes scattering
unlikely that this mode is highly excited on the S S obtained at 0 ps delay time arises from molecules in which

photoexcitation. This means that the- 1 populations for this excess energy is not statistically distributed. In view of the
mode are not large. Hence, the calculated (0,1)/(1,0) curve intemporal resolution of the present experiment, it may be
Figure 3 would not change greatly even if the contribution of concluded that it takes several picoseconds or longer to reach
the vo4 mode is considered. Thé values for the other  an intramolecular thermal equilibrium iny &ansstilbene.

vibrational modes are smaller than the values\gf A3, and Our conclusion seems to be consistent with the work of Qian
A1s used in the present simulation, and they have only minor et al., which suggests that the IVR time of Bans-stilbene in
effects onr(4). . . solution is>3-5 ps, from the temporal behavior of the anti-
What should be discussed next, on the basis of the abovestokes intensities. In addition, we have further obtained an
conclusion, is whether the molecules giving rise to the transient jmportant result on the IVR dynamics that the anti-Stokes bands
anti-Stokes scattering are in intramolecular thermal equilibria (at 0 ps delay time) due to the olefinic modes, namely, the
or not. The question may be rephrased as foII_ows: Is the IVR G\efinic c=C stretching and €Ph stretching modes, arise
pr?l’(]:ess completed Wltthlllnl ourl_ten:jporal ;esolutl?jﬁ'(l'pst)ﬁ or mostly from their lowest excited vibrational levels of the S
Lismeer:r):cgs’f ?I'r:)eg(};;ilneot?]?slzeoin(:nv?ees\iNmrSI(;tee:?g:;,l) sfsamestate, although a pump light with a large amount of excess
ge point, vibrational energy #5200 cn1?) is used.

a case where the excess energy is thermally distributed and : )
compare it with the observed value at 0 ps delay time. The above conclusion suggests that the intramolecular

In a thermal equilibrium, the factdts/P; in eq 1 corresponds vibrational relaxation process oflﬁansstilbenle procegds in
to the ratio of Boltzmann factors for the initial levels. To oughly two steps. The molecule may be highly excited for
estimate the Boltzmann factors, we need to know the intra- th€ FC active high-wavenumber modes immediately after
molecular vibrational temperature after the absorption of the Photoexcitation, and it relaxes very rapidly (probably in the
pump energy. This can be found by assuming that the whole femto- to subpicosecond time range) to the lowest vibrationally
excess energy;(5200 le) is distributed among all intramo- excited levels of the ;&tate. Then, slower relaxation (|n several
lecular vibrational modes according to the Boltzmann distribu- Picoseconds) occurs to achieve an intramolecular thermal
tion. Since the vibrational wavenumbers of thesBecies are  equilibrium. The VC process may follow after that. This means
known only for a few modes, we introduce an approximation that, even in a large molecule suchteens-stilbene, there is a
that the vibrational modes of; $ransstilbene (72 in total) lie bottleneck state in the intramolecular vibrational relaxation in
at equal intervals between 0 and 1600 ¢énexcept for the GH solution?0
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