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We carried out wavelength-dispersed time-resolved absorption measuremergstdbene to investigate

the mechanism of the appearance of th220 cm? oscillation, which has been assigned to the nuclear
wavepacket motion of the, State. The observed oscillatory pattern showed almost same amplitude and phase
across the absorption peak at 645 nm, which indicates that the modulation of the transition intensity gives
rise to the quantum beat. We also carried out a semiquantitative numerical simulation of the time-resolved
absorption spectra based on the effective linear response theory, in which we newly incorporated the-Herzberg
Teller coupling model by introducing a coordinate-dependence of the transition moment. The results of these
experiments and simulation clearly showed that the intensity of the quantum beat arises from a significant

coordinate dependence of thg-S5; transition moment, i.e., non-Condon effect. It was concluded that the
vibronic coupling of the $state with other electronic states is so large that the Herzblestier coupling
predominantly contributes to the intensity of the quantum beat of the totally symmet®ie cn* vibration.

The present work suggests a general importance of the non-Condon effect in spectroscopy involving highly
excited electronic states.

1. Introduction observed a clear oscillation that manifested220 cnt! nuclear
wavepacket motion of the;State. The damping time of the
wavepacket motion was much shorter200 fs) than the
ordinary vibrational dephasing time in solution- (a few
picoseconds), which indicated a highly anharmonic nature of
the reactive $potential energy surface ofs-stilbene. Because

the oscillation was damped much faster than the isomerization
reaction, it was concluded that the observed nuclear wavepacket

Tunable ultrashort light pulses on the order of 10 fs are now
available thanks to the advance of laser technologies, which
makes time-domain vibrational spectroscopy feasible to poly-
atomic molecules in solution. Time-domain vibrational spec-
troscopy is often referred as “observation of nuclear wavepacket
motion”, because an ultrashort pulse having duration shorter

than a vibrational period can trace a real-time motion of nuclei ; X . . o
motion was not directly correlated with the isomerization

of the molecule through the time-evolution of vibrationally coordinate. The observed vibration was considered “perpen-
coherent states. Real-time observation of nuclear wavepacket : Perp

motion (or vibrational coherence) is a common issue of dicular” to the reaction coordinate’ )
spectroscopy using ultrashort optical pulses, and the nuclear, '€ frequency of the nuclear wavepacket motion observed
wavepacket motion has been observed in a variety of femto- N the ultrafast transient absorption measurement agreed very
second time-resolved spectroscopies. Although the information Well With the frequency of the most prominent band (229 &m

obtained from time-domain vibrational measurements are equiva—in the resonance Raman spectra ofct-stilbene reported by
lent to the frequency domain data in principle, the ultrafast time-

Matousek et a¥:l0 This vibration was assigned to a totally
domain measurement is advantageous for the study of short-Symmetric vibration that consists of=€& torsltsrn,l C-phenyl
lived transient speciéd as well as for observation of low-  torsion and C-phenyl in-plane bending motidhs: A corre-
frequency vibrations in the terahertz regiof Especially, ime-  SPonding oscillation was also observed in a femtosecon? time-
domain vibrational measurements are important to investigate €30/ved photoionization study in the gas phase by Fuss'ét al.
nuclear wavepacket motion of excited states that undergo Thlﬂf’ among all vibrational modes of ds-stilbene, this~220
ultrafast chemical reactions, because they enable us to examin€™ * mode appeared with the highest intensity in all the reported
the relation between the initial nuclear motion and reaction SPECLroscopic experiments. Therefore, it is desirable to clarify
coordinate of the moleculé€68 This kind of approach can the situation that makes the220 cnT! mode carry significant
shed new light on our understanding about realistic reaction

intensity in these spectroscopic experiments. Especially, it is
coordinates of polyatomic molecul@s.

Previously, we investigated ultrafast photoisomerization o

important to have a unified view for the results of transient
¢ absorption and resonance Raman experiments, because the
the S state oftis-stilbene, which is one of the most prototypical
ultrafast photochemical reactions in solution, using time-resolved

mechanism of a nuclear wavepacket motion to gain the intensity
absorption spectroscopy with 40 fs time resolutiolVe

in transient absorption is closely related to the mechanism for
the same motion to appear in resonance Rathdihe correct
measured a rapid decay of thg-SS; transient absorption and

understanding on the optical process and mechanism of the
signal appearance is indispensable to adequately derive informa-
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To consider this problem, the wavelength-dispersion mea- 500is/sm, 150 gr/mm grating) equipped with a CCD camera
surement of the time-resolved absorption is informative. Gener- (Princeton instruments TEA/CCD-1024-EM/1 UV). The probe
ally speaking, the intensity of oscillation observed in time- spectrum before the sample was also measured in the same way,
resolved absorption signals reflects a temporal modulation of and it was used as the reference spectrum. The output of the
the property of the relevant electronic transition that is associated Ti:sapphire regenerative amplifier was chopped by a synchro-
with the nuclear wavepacket motion. The temporal spectral nous chopper (New Focus 3501) at 100 Hz, and 5 shots were
change of the transient absorption provides crucial information accumulated in each single exposure of the CCD camera. The
about the mechanism of the modulation induced by the nuclear pump pulse was additionally modulated by another synchronous
wavepacket motion. Thanks to the intrinsic broad bandwidth chopper at 50 Hz, and the probe spectrum with and without
of ultrashort light pulses, we can observe the essential part of pump was collected alternately to minimize the effect of slow
the spectral change just by dispersing the probe pulse in thefluctuation of the laser pulses. Obtained probe spectra were
case of measurements using ultrashort pulse in the order of 10divided by reference spectra to compensate small spectral
fs. In addition, to understand the relevant optical process (semi-fluctuation of the probe pulse, and the pump-induced absorption
)quantitatively, theoretical consideration on the spectrally change was calculated from two corrected probe spectra
dispersed time-resolved absorption data is important. Kumar etmeasured with and without the pump pulse. The cross-
al. recently reported a numerical methbtP based on the correlation between the pump and probe pulses was measured
effective linear response thedfy?® to simulate a spectral by difference frequency generation (DFG) with use of a thin
change induced by a nuclear wavepacket motion. Their approachBBO crystal (5Q«m) and a photodiode, and the time resolution
greatly simplified the calculation of optical response (pump  of the measurements was evaluated to be3fs (fwhm of
probe signal) and provided a practical way to simulate the the cross correlation). In all measurements, the polarization angle
pump—probe signals observed for real molecular systems. This between the pump and probe pulses was set at the magic
method was applied to a heme protein, and the amplitude andangle.
phase profiles of coherent oscillations were successfully repro-  cis-Stilbene was purchased from Aldrich, and it was used as
duced for both of electric-field-driven and reaction-driven received. Because a noticeable amou+Q.8%) oftransisomer
coherence$! This approach has been used also for other systemswas contained in the purchased sample, we had to subtract its
to obtain a physical insight from the observed purppobe contribution from the observed data. We separately measured
signals?22 Although the optical process of femtosecond time- time-resolved spectra of tHeansisomer and subtracted them
resolved absorption spectroscopy can be treated more generalljrom cis-stilbene data by matching the transient absorption
in the framework of the third-order nonlinear optical process intensity at 10 ps wherecis-isomer does not contribute.
using density matrix formalisr# the approach based on the Spectroscopic grade cyclohexane was obtained from Wako Pure
linear response theory provides a more intuitive picture. Chemical and was used without further purification.

In this paper, we report wavelength-dispersed time-resolved 2.2. Theoretical Analysis. For theoretical analysis, we
transient absorption measurements af &s-stilbene in a extended the effective linear response approach of Kumar et
nonpolar solvent as well as numerical simulation based on theal. to include the non-Condon effect. In the following, we
linear response theory. We extend the original formalism of describe the framework of the effective linear response approach
Kumar et al. to include the non-Condon effect (coordinate as well as our extension.
dependence of the transition moment) to reproduce the wave- The optical process of ultrafast pumprobe spectroscopy
length-dispersed time-resolved absorption dataisstilbene. is generally represented as a third-order nonlinear optical
Based on the results of the experiment and simulation, we process. Thus, the simulation of the wavelength-dispersed
discuss the mechanism for the\Bavepacket motion to appear ~pump-probe signal requires an evaluation of the relevant third-

in the ultrafast transient absorption. order nonlinear susceptibility®(w; wpump@pump®probd that
simultaneously incorporates both pump and probe procé%ses.
2. Methods In the effective linear response approach, however, the pump

) ] . and probe processes are treated separately, which can provide

2.1. Experimental Procedure. Time-resolved absorption 3 more intuitive picture. The probe process is treated as a quasi-
measurements were performed by an apparatus based on tW@tationary linear response of the vibrationally coherent electronic
laboratory-made noncollinear optical parametric amplifiers excited state (Scis-stilbene in this work) that is prepared by
(NOPAs)2" The output of a Ti:sapphire regenerative amplifier - the pump process. Therefore, the quantum beat of the pump
(Clark-MXR CPA-1000, 1 kHz, 1 m};-100 fs) was splitinto  probe signal is considered through a temporal modulation on
two (1:5) and used for pumping two NOPA units: one was a the quasi-stationary linear response of thestate (Figure 1a).
single-path NOPA to generate the probe pulse@45 or~660 This treatment is relevant only when the pump and probe pulses
nm, and the other was a double-path NOPA that creates gre practically separated in time (the well-separated pulse limit),
ultrashort pulses at630 nm. The output of the second NOPA  pyt it is actually the time region of interest in most of studies.
was frequency-doubled by a BBO crystal (60) to generate In the effective linear response theory, the coherent state
an ultraviolet pulse{315 nm) that was used as the pump pulse. generated by the pump pulse is represented by a nonstationary
The pump and probe pulses were focused onto the same spohyclear wavepacket on the photoexcited electronic state. The

at the sample solution that formed a thin film-like jet wi50  motion of this nuclear wavepacket is modeled, in the first-order
um thickness. In the wavelength-integrated measurements whichapproximation, by the motion of the thermally equilibrated
we have already reportédhe probe pulsex660 nm) transmit-  pyclear wavepacket along the relevant coordinate, with keeping

ted through the sample solution was detected by a photodiodeits original shape (i.e., the change in the second and higher order
(Hamamatsu S2281), and the absorption change induced bymoments is neglected}.This modeling is theoretically formu-

pump irradiation was measured. lated using the following displacement operaff(@),
In the wavelength-dispersed measurement, the probe pulse
(~645 nm) that passed through the sample was collected by a 0p = D(/I) f’TDT(/I) 1)

fiber bundle and then introduced into a spectrograph (Chromex
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Figure 1. Two types of potential energy surfaces considered in the
numerical simulation. (a) Schematic illustration for the effective linear
response approach. Relations between thenfl S potentials relevant

to the probe process for (b) the FrancBondon model and (c) the
Herzberg-Teller model.

wherepr is the density matrix of the excited-state in the thermal
equilibrium anddp is that of the vibrationally coherent stafe.
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Here, we assume that only two electronic states are involved in
the probe process, which are theghd S states in the present
case. Then, using the transition momggtand the transition
frequency wo between these two states, we can calculate
1&f(t,to) as

T T i A
2t = g & Tr[ép () exp(— v Juds v(s))+

o] + ec. ()

where V(s) denotes the time-dependent part of the energy
difference between the two electronic states, and c.c. denotes
the complex conjugate. The plus sign of the exponential function
indicates that it is the time-ordered exponential funcéon.

To derive the formula that will be used for actual numerical
simulations, we consider two types of the electromiclear
coupling, i.e., FranckCondon coupling and HerzberJeller
coupling, as described below.

2.2.1. Franck—=Condon Coupling. In the original work of
Kumar et al., they employed the Condon approximation and
neglected nuclear-coordinate dependence of the transition dipole,
i.e., fio(t) = uo. In addition, they assumed a pair of harmonic
potentials with displacemenA and a common harmonic
frequencyw; for the § and § states that are involved in the
probe process (Figure 1b). Within this approximation, the band
shape of the electronic transition is solely determined by the
Franck-Condon factor, so that we call this type of electron
nuclear coupling “FranckCondon coupling”, hereafter. In this
case, the representation gff(t,to) is simplified as

represents displacements of the first moment in the coordinate, = ) = ig|ﬂo|2 g iool(tto) Tr[é,a exp(— % ft ds ?/(s)) ] +cc (8)
to +

(Qo) and momentumHKp) space,

+iP
/'{:QO 0

V2

In order to simulate actual pumyprobe signals, we consider
a time-resolved pumpprobe experiment with a probe pulse
having a center frequeney.; and the pump-probe delay set at
7. The pump-probe signalS(z) is expressed by using the
envelope of the probe fielH(t) and that of the polarization of
material P(t,7):

)

)= — % m (" E - PE) = [ Yo do  (3)

HereLS(w,r) is a wavelength-dispersed signal at frequeacy
This Sw,r) can be represented as follows, within the rotating
wave approximation:

Yoo =— 2> Im{e " TE (@ — o) Pl — w0} (@)

where E(w) and P(w,r) denote the Fourier transform &it)
andP(t,7), respectively. The polarizatid®(t,7) is derived from
the effective linear respongé&fi(t,to):

Pitr)= [ dsé* " tt—9Et—s—1) (5

The effective linear respong&fi(t,to) is, in turn, related ta@p
and the electric dipole moment operafit) as

Then, because the energy difference between the two electronic
states is a linear function of the coordinates —hw;AQ), we
obtain

i iwo(t— R
XEﬁ(t'to) = E|M0|2 gl Trlpr x
. t A A A
exp(imA ft ) ds DT(A) Q) D), ] +c.c. (9
Here, the displacement operafdfl) has the following property:

D'(2) Q(s) D) = Q(s) + Q(9) (10)
Q(s) = V2 Rd 1 e} (11)

Using this relation (10), we can factor out from eq 9 a
correlation functionK(t—to) that represents the absorption
spectrum of the Sstate in thermal equilibrium. By describing
the coherent nuclear motion of the &ate agQ(s) = Qo cos
wss (which neglects damping and sets the initial momentum at
Po = 0), we obtain

2ty = %|/40|2K(t — ) exp(iQuA sinat) x
exp—i QA sinwity) + c.c. (12)

Combining eq 12 with egs 4 and 5 within the rotating wave
approximation and collecting the first-order terms, we obtain
the following formula that gives the oscillation in the wavelength-
dispersed pumpprobe signal* (We omit the tilde in the
notation hereafter.)



2222 J. Phys. Chem. A, Vol. 112, No. 11, 2008

ol .
— T 0 (0 H(QuA) I(QA)(C, coswrt -

A7h
Cr sinayt) (13)
C =Ewy+ o) ?(w + v — ®(0)} +
E(wyg — o){ P|(w) — O|(w — wy)}
Cr = Ewy + o){ Pr(w + ;) — Pr(w)} —
E(wg — o{ Pr(w) — Pglw — oy}

Sw.) =

wherewg = o — we. IJn(X) is anmth order Bessel function, and
dr,(w) are the real and imaginary parts of the complex line
shape function(w) =i [ ds €5 K(s).

2.2.2. Herzberg-Teller Coupling. In this work, we extended
the theoretical treatment of Kumar et al. to incorporate the non-

Condon effect. So far, there have already been a few reports

on the simulation of pumpprobe absorption signals which takes

the non-Condon effect into account based on the third-order

nonlinear polarizatio”*2>However, there is no established way
to carry out a semiquantitative simulation focusing on a three-
state system, which is applicable to our two-color ptpmpbe

Ishii et al.

luol?

Sw,1) = — %chOE*(wd)(c, coswT + Cq sinwgr) (15)

C =Ewq + o){ P () + O |(w + v} +
Elwg — o){ ®(0) + ®|(0 — oy}

Cr = E(wy + o{ Pr(w) + Pr(w + wy)} —
E(wyg — o { Pr(w) + Pg(w — wy)}

3. Results

3.1. Wavelength-Integrated MeasurementsThe results of
wavelength-integrated measurements were already reported in
the previous papérThus, we only give a brief description of
principal conclusions. A time-resolved absorption signal ob-
tained fromcis-stilbene in cyclohexane (5% 1072 mol dnr3)
is shown in Figure 2a. The,§S; transient absorption decays
within a few picoseconds, corresponding to the isomerization
in the S state. The signal clearly shows an oscillatory feature
in the femtosecond region, which was assigned to the nuclear
wavepacket motion (the vibrational coherence) in thet&tet
By subtracting population decay that was fitted by two
exponential functions, an oscillating component is extracted in
Figure 2b. The central frequency of the Fourier-transform of

absorption experiment. We introduced the non-Condon effect this oscillation is around 220 cmh. This frequency is in good
to the effective linear response approach by assuming aagreement with the frequency of a spontaneous Raman band of
coordinate-dependent transition moment in eq 7. This extensionS; cis-stilbene observed in the frequency domai229 cnr?).10

allows us to simulate a pumiprobe absorption signal also in
the non-Condon case, without losing the simplicity and physical
clarity of the original method. Hereafter, in analogy with the
Herzberg-Teller expansion to describe non-Condon effects in
electronic transitions, we refer to this type of nucleatectron
coupling due to the non-Condon effect as “Herzbergller
coupling”.

Assuming non-displaced harmonic potential&s) = 0) with

This vibrational mode was assigned to a totally symmetric
vibration that consists of €C torsion, C-phenyl torsion and
C-phenyl in-plane bending motions by a vibrational analysis
based on a CIS calculatigf1?

3.2. Wavelength-Dispersed Measurementn the measure-
ment described abovethe pump-probe absorption signal was
measured by only monitoring the total intensity change of the
probe pulse transmitted through the sample. In this study, we
dispersed the probe pulse before detection and examined the

an exponential coordinate dependence of the transition momentdelay-time dependent spectral change. This experiment provided

(f1o(t) = o explcQ(t)],24 ¢ < 1, Figure 1c), the effective linear
response given in eq 7 becomes

1ty = 'Ee"“""t’t") TH[0p e €2 iy €919 + c.c.

P R R . .

= Ee iwo(t—to) Tr[D(A) pTDT(/'L) o e ﬂ?) eCQ*(to)] +
C.C.

- }%e—iwo(t—to) TH[p it €0 PADD DO 4
C.C.

QO +Q)

_ ’% o oot Tr{prttg ec(Q(t)+Q(t)) #3

C.C.

= LuplPK(t — to) €0 e 4 ¢ c.
hlbto 0

~ ;71|pto|2K(t — t){1 + cQy(coswit + cosmty)} +
c.c. (14)

Using this form of the effective nonlinear response, we obtain
the following first-order oscillatory term of the wavelength-

information not only about the change of the transient absorption
intensity but also about the spectral change accompanying the
oscillation due to the 220 cm wavepacket motion.

The spectrum of the probe pulse (before the sample) is shown
in Figure 3. Since it covers a wavelength range around the
intensity maximum of the $—S; absorption oftis-stilbene, it
can sensitively detect the most crucial part of the spectral change
of the transient absorption. We note that the time resolution of
the measurement was not deteriorated by the wavelength
dispersion, because the probe pulse preserved its ultrashort
pulse-width at the sample point, and the dispersion was carried
out afterward. In other words, we can trace time-dependent
spectral changes, maintaining the highest time resolution that
can be obtained from the probe pulse.

Figure 4a shows a time-wavelength two-dimensional plot of
the transient absorption signal ofs-stilbene in cyclohexane
(5 x 102 mol dm3). The time profiles at the blue-side, peak,
and red-side around the,SS; absorption maximum are
separately shown in Figure 4b. We recognized a very slight
temporal shift of the time origin, depending on the wavelength.
This shift is due to a residual chirp of the probe pulse, which
was not fully compensated by a prism pair inserted in the probe
beam path. The main feature of the time profile at each
wavelength is almost identical to the wavelength-integrated data,
i.e., a clear oscillation that dephases with a time constant of
~200 fs on the population decay {1 ps). The most notable

dispersed time-resolved absorption signal for the case of thefeature in the wavelength-dispersed data is the invariance over

Herzberg-Teller coupling:

the whole wavelength range observed. There is no phase flip
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Figure 2. (a) Time-resolved absorption signal ofs-stilbene in =)
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extracted by subtraction of the population component. 5
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correspond to the blue side, peak, and red side of theSsabsorption
band, respectively. The slight wavelength-dependent shift of the time
origin is due to a residual chirp of the probe pulse.

Figure 3. Time-resolved absorption spectrum ofs-stilbene in
cyclohexane (5< 1072 mol dnT3) measured at 0.5 ps after 267 nm
excitation with subpicosecond time resolution (solid lin@he intensity
spectrum of the probe pulse used in the wavelength-dispersed measur:

o . . .
; - coherent motion appears in the fluorescence signal through both
ment is also shown (dotted line). PP g 9

of the transition frequency modulation and the transition
of the oscillation around the absorption peak, and the relative intensity modulation. Kano et al. observed a nuclear wavepacket
amplitudes of the oscillation are very similar at all wavelengths. motion in porphyrin J-aggregates using sub-5 fs ptimmbe
This is in clear contrast to the ordinary spectral change induced absorption spectroscopy.They analyzed the phase and am-
by the nuclear wavepacket motion. In usual cases, the spectrunplitude of the oscillations observed in the wavelength-dispersed
itself moves back and forth along the wavelength axis, keeping absorption spectra, and concluded that the oscillation arose from
its integrated intensity. The oscillations show thphase shift the transition intensity modulation that was induced by a
across the absorption maximum, and hence the oscillation“dynamic intensity borrowing” (which is actually vibronic
disappears at the peak wavelentthThis type of usual coupling). In these studies, however, the transition intensity
oscillation has been reported for several typical syst&f4n modulation was observed for the transition between the ground
the present case of;&is-stilbene, however, the transient state and Sstate. In this work, we observed the transition
absorption shows an oscillation that exhibits the same phase aintensity modulation for the transition between thesgte and
every wavelength. In other words, the integrated intensity of the highly excited upper state {|S
the $+—S; absorption is modulated with the delay time, implying 3.3. Numerical Simulation. To compare the experimental
that the §—S, transition intensity itself changes with time. It data with theoretical simulation, we carried out a numerical
is clear that the origin of the observed oscillation is not a simple simulation based on the formalism described in section 2.2. In
transition energy modulation. Actually, the origin is a transition this simulation, we used the transient absorption spectrum of
intensity modulation. thermally equilibrated § cis-stilbene and the probe pulse
We note that signal oscillation arising from the transition spectrum to determiné(w) and E(w), respectively, in eq 13
intensity modulation has already been reported for a few and eq 15. Briefly, we fitted the transient absorption spectrum
systems. Rubtsov and Yoshihara observed the wavepackemeasured at 0.5 ps (Figure 3) with a sum of two Gaussian
motion of charge-transfer complexes in the excited state by functions, and divided it by to obtain the imaginary part of
femtosecond fluorescence upconversiihey found that the the line shape function|(w). Then, the real partbr(w), was
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calculated by the Hilbert transformation (Krameisronig
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of S; cis-stilbene that was in resonance with the same-§
absorption, the same vibration exhibited a prominent Raman
band. Moreover, thisSvibration exhibited very strong progres-
sions up to the second overtone, while no other fundamental
vibrations showed noticeable bands in the Raman spectra. The
appearance of the overtones in the resonance Raman spectra is
an unambiguous evidence that the potential minimum of the S
state is significantly displaced from thg 8inimum along the
corresponding coordinate. Because a significant potential dis-
placement is a typical situation that makes strong resonance
Raman signals appear by the Frar€ondon coupling, Kwok

et al. argued that the FranekCondon coupling (Albrecht’'s A
term) is the mechanism for this vibration to gain a high
resonance Raman intensiyTheir conclusion for resonance
Raman data looks out of harmony with our conclusion for the
pump—probe data, because a significant displacement between
the two potentials and a significant vibronic coupling are not
usually claimed simultaneously as the mechanism for a particular
vibration to appear in spectroscopic data that are related to the

relations) from®,(w). E(w) was simply obtained as the square Same electronic transition. Actually, this apparent inconsistency

root of the intensity spectrum of the probe pulse. The obtained Seems to indicate a unique (but presumably more or less general)

spectra of®(w), Pr(w) andE(w) are shown in Figure 5. We  feature of the $—S, transition, as discussed below.

neglected the phase structure (chirp) of the probe pulse in the In traditional molecular spectroscopy, the signal intensity and

simulation because it is not significant in the present experiment. relevant mechanism are usually discussed on the basis of the
Figure 6 shows the results of the simulations for the two types following expansion of the transition moment:

of the electror-nuclear coupling, i.e., the FraneiCondon
coupling and HerzbergTeller coupling. In both cases, we
assumed a single intramolecular vibrational modesat 220
cm~L. The parameters that determine the amplitude of oscillation
(QoA andcQy) were set at arbitrary values so that the simulation
well reproduced the experimental data. Note that we did not

take account of the dephasing process of nuclear wavepacket

motion in this simulation. Consequently, deviations from the

experimental data are seen in the long delay time region, owing

to damping of the oscillatory signal in the experimental data.
However, it is not the point of our discussion and hence does
not affect our following arguments. The simulation for the
Franck-Condon coupling (Figure 6a) gives an oscillatory

pattern with a phase flip at the absorption peak around 645 nm,

and the oscillation completely diminishes at the peak. In contrast,
the simulation for the Herzbergleller coupling (Figure 6b)

shows an absorption signal that oscillates in phase at every

wavelength, and the relative amplitude of the oscillation is
virtually wavelength independent. Clearly, the experimental data
(Figure 6c) agree well with the case of the Herzbergller
coupling. It confirms that the origin of the observed oscillation
of transient absorption is the modulation of the-%; transition
intensity induced by the ;Shuclear wavepacket motion having

a frequency of~220 cntl.

4, Discussion

Hgq = [B| |1 0y 0y -

e

3Q/q=0
— (@il | Qv [H ... (16
AE |]i [ Qlo, (16)

e=f of
In this expansion, the first term represents the Frar@@&ndon
coupling and the second denotes the Herzbdigler coupling.

The first term is considered much larger than the second term
when the i electronic transition is optically allowed. Thus,
for totally symmetric vibrations, the first term is responsible
for the vibrational transition that occurs along with theif
electronic transition. It means that when there is a vibrational
coordinate along which the potential minima of the i and f
electronic states are displaced, the corresponding vibration
exhibits a progression in the—fi absorption as well as—+i
fluorescence, and also shows a strong vibrational bands in
Raman spectra resonant with the-if electronic transition.
However, this first term does not contribute to the vibronic
transition of non-totally symmetric vibrations, because the two
potentials cannot be displaced along non-totally symmetric
coordinates under harmonic approximation. Thus, the second
term becomes the leading term for the vibronic transition of
non-totally symmetric vibrations, and ondyy = £1 transition
appears in the spectra. Consequently, in the framework of

On the basis of the wavelength-dispersed time-resolved traditional spectroscopy, the potential displacement and vibronic
absorption data and the results of theoretical simulations, we coupling are not considered simultaneously as the mechanism
can safely conclude that the oscillation of the-$5; absorption for a particular vibration to appear in the electronic spectra and
signal ofcis-stilbene arises from the transition intensity modula- resonance Raman spectra. Actually, this common sense is the

tion that is induced by the 220 cthwavepacket motion in the
S, state. In other words, the Herzbergeller coupling due to
the 220 cm?! vibration induces a significant change in the
Si—S; transition intensity, which makes the relevant wavepacket
motion give rise to an oscillatory feature in the pungyobe
signal.

Interestingly, this mechanism is different from the mechanism
that has been claimed for the samgwbration to appear in
resonance Raman speciréd.In the picosecond Raman spectra

reason of uneasiness that we feel from the apparent inconsistency
between the mechanisms of the appearance of the oscillation
in the pump-probe signal and the intense vibrational band in
resonance Raman.

Here, we note that the above-described common sense is
based on the assumption that the first term of the expansion in
eq 16 is much larger than the second term for totally symmetric
vibrations. This assumption is valid when we consider the
transition from the gstate to the Sstate (or that from theS
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Figure 6. Results of numerical simulations based on the effective nonlinear response theory. (a) The-Exarddn model and (b) the Herzberg

Teller model. The experimentally observed signal is shown in (c) for comparison. Panels at right are temporal profiles at 625, 645, and 665 nm of
each two-dimensional plot.

state to a low-lying sstate). However, for the transition from  the first term. Therefore, the Herzbergeller coupling can be

the S state to highly excited Sstates, we think that it is not ~ more responsible as the mechanism for totally symmetric
necessarily valid. In fact, the common sense in traditional vibrations to gain signal intensity in spectroscopy that is relevant
spectroscopy has been formed mainly on the basis of the studiedo the $—S; transition.

on the electronic transition from the State to very low-lying We consider this is the key to solve the apparent inconsistency
excited states, so that even the final excited state of the transitionbetween the mechanisms for th&20 cn1? vibration to give

is well isolated in energy from other optically active excited rise to the significant oscillation in the wavelength-dispersed
states (i.e.AEein eq 16 is fairly large). In contrast, the transient pump—probe absorption and to exhibit prominent overtones in
absorption measurement monitors the electronic transition from resonance Raman spectra. In these two experiments, we observe
the S state to a highly excited,State, and it is expected that the vibrational signal through the transition involving the highly
a number of excited states are closely located around the S excited S state. The present study clearly demonstrates that
state in the high energy region. This situation of theste the 220 cm! vibration appears in the pumprobe data through
results in much smalleAEg, which can make the magnitude the HerzbergTeller coupling mechanism. Therefore, it is
of the second term of eq 16 comparable to, or even larger than,natural to consider that the very large non-Condon effect (the
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vibronic coupling through a vibration) also gives the significant investigation of the nuclear wavepacket motion during ultrafast
intensity to the 220 cmt vibration in resonance Raman spectra. isomerization process is now in progress in our laboratory.
In other words, we consider that the Herzbefigller coupling

should predominantly contribute also to the Raman intensity 5. Conclusion

of the 220 cm! mode of S cis-stilbene, and the contribution
from the Franck-Condon mechanism to the resonance Raman S, state ofcis-stilbene, which is the precursor of ultrafasti(

intensity is relatively small ps)cis—transisomerization in the excited state, by using pump
For the overtones in the resonance Raman spectra, it iSprobe absorption spectroscopy with-480 fs time resolution.
important to note that the appearance of the overtones only The obtained wavelength-dispersed time-resolved absorption
indicates the existence of a significant displacement betweengata showed a clear220 cnt? oscillation that arises from a
the S and $ potentials, but it does not directly imply that the  coherent nuclear motion in the; State. The phase and the
Raman intensity arises from the FrargBondon mechanism.  amplitude of the oscillation did not change across the absorption
Actually, Albrecht and co-workers reported a general theory of peak at 645 nm, which indicated that the oscillation appeared
Raman intensities for a situation where both the potential as the intensity modulation of the,SS; absorption. To
displacement and the non-Condon effect are signifié&ifihey theoretically elucidate the mechanism of the observed charac-
showed that the overtones appear also through a term thateristics of the oscillation, we performed a numerical simulation
corresponds to the second term of eq 16 under such abased on the effective linear response theory. We introduced
condition®® This conclusion is readily understood in the the non-Condon effect to the effective linear response approach,
framework of eq 16, by considering that the matrix element and simulated the temporal spectral change of the transient
[¢|Q|viCcan have a nonzero value fAw > 1 transitions when absorption for the cases of the Frarckondon coupling and
the potential minima of the i and f electronic states are displaced.the Herzberg Teller coupling. The results of the experiment
With a significant potential displacement, the second term of and simulation clearly indicated that the non-Condon effect is

We have investigated the visible transient absorption of the

eq 16 (the HerzbergTeller coupling) can also give rise to the
overtone in the spectra.

Obviously, the highly excitedsstate plays an essential role
in the Herzberg Teller coupling through an efficient vibronic
coupling with other closely located electronig State(s). The
contribution of the vibronic coupling in the State is considered
to be small because thg State ofcis-stilbene is energetically
well separated from other excited states that have large optica
activities. In fact, to the best of our knowledge, there have been
no reports of noticeable vibronic coupling in the Sate of
stilbene. It is also noteworthy that the resonance Raman spectr
of S cis-stilbene, which is very sensitive to the nuclear
electronic coupling in the Sstate, was analyzed thoroughly
within the Condon approximation that neglects the vibronic
coupling in the $state3! Therefore, we conclude that the 220
cm 1 vibration gains its signal intensity in ultrafast purprobe
as well as in resonance Raman, by the Herzb&wdler coupling
due to significant vibronic coupling in the highly excited S
state.

Last, we mention the general implication of our conclusion.
In the present study, we have shown that the totally symmetric
220 cnt! vibration of § cis-stilbene gives rise to the intense
oscillation in the pumpprobe experiment as well as the
prominent band in resonance Raman, through the Herzberg
Teller coupling. Probably, the situation is not specific to the
S,—S; transition ofcis-stilbene but may be often realized also
for the §—S; transition of other systems, because high density
of electronic excited states is expected in the higher energy
region, in general. Therefore, we consider that the Herzberg
Teller coupling becomes often important when we treat the
transition from the $state to the highly excited,State. In
this sense, we should be careful to apply the Condon ap-

proximation when we discuss spectroscopy of excited states such

as transient absorption spectroscopy.

The significant HerzbergTeller coupling in highly excited
S, state is not directly related to the ultrafast photoisomerization
reaction ofcis-stilbene, since the reaction takes place in the S

significant in the $—S; transition and that the HerzberJeller
coupling is essential for the 220 cimotion to give rise to an
oscillation in the time-resolved absorption signal. To consistently
rationalize the results of the present wavelength-dispersed
transient absorption experiments and the reported resonance
Raman spectra ofi®is-stilbene, we concluded that the vibronic
coupling of S state is so large that the HerzbefGeller
|coupling predominantly contributes to the spectroscopic intensity
of the totally symmetric 220 cm vibration, along which the

S; and $ potential minima are significantly displaced. The

Jresent work suggests the non-Condon effect can be much more

often important for the electronic transition from thestate to
highly excited § states.
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