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Chirped molecular vibration in a stilbene derivative in solution
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Abstract

The wave packet dynamics of 4-methoxy-4 0-nitrostilbene in solution was studied by femtosecond pump–probe spectroscopy. Tran-
sient changes in absorbance exhibit oscillations, which reflect vibrational motions on the ground-state potential surface. Modification
of this oscillatory feature in three different solvents (benzene, methanol, and acetonitrile) can be explained in term of the strength of
hydrogen bonding and the stabilization of charge-transfer state, confirmed by steady-state absorption and fluorescence spectra.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Advance in femtochemistry opens a way to study ultra-
fast dynamics in chemical reactions with high time resolu-
tion. Photoisomerization is one of the most important
reactions and is highly related to important photobiologi-
cal processes such as vision. However, the description of
the process is complicated because of high degree of free-
dom due to many vibration modes [1–3]. Stilbene and its
derivative have been extensively studied as a standard ref-
erence system for cis-trans photoisomerization ([4–7]). In
cis-stilbene, the photoisomerization process finishes rapidly
in 1 ps [8,9]. The photoisomerization also occurs in trans-
stilbene but it takes almost 100 ps because there is a poten-
tial barrier on the way to transform into an intermediate
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state twisted at about 90� around its ethylene bond [10].
Various experimental and theoretical studies have been
carried out to propose models explaining the relaxation
process [11,12]. Stilbene derivatives appear to be useful to
probe the electronic nature and to discriminate between
singlet versus triplet mechanism, since the ratio of their
contributions are highly dependent on the substituents [13].

Even though the photoisomerization of stilbene involves
72 modes, the relaxation process in the molecule has been
understood to be described in a simplified way in a two-
dimensional view, involving h (double bond torsional
angle) and / (phenyl ring rotation angle) torsional angle
[14–17]. Reaction toward twisting can be monitored by
ultrafast spectroscopy, and nuclear motions on the poten-
tial energy surface are followed with high temporal resolu-
tion [18].

In the present letter, we report the wave packet motion
in 4-methoxy-4 0-nitrostilbene in three solvents (methanol,
acetonitrile, and benzene) with different polarities and pro-
ticity. This molecule contains both electron donor and
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acceptor groups, enhancing the presence of a charge-trans-
fer excited state [19,20]. Results are consistent with the for-
mation of this state stabilized by the solvent polarity.

To study nuclear motions, we monitor wave packet
motions on the potential energy surface, with ultrafast time
resolution. Oscillatory signal observed was dependent on
solvent dielectric constant and proticity. Molecular vibra-
tion frequency was found to be time dependent, and it is
called as chirped molecular vibration in the present letter.
The terminology ‘‘chirped’’ means a frequency of an oscil-
lating phenomenon is time dependent, and the chirping can
be generally found in many oscillating systems, as studied
by sonogram [21] in acoustics and spectrogram in ultra-
short pulse optics [22]. The solvent dependence of the chirp
rate of the molecular vibration was discussed in terms of
the strength of hydrogen bonding and the electronic energy
stabilization of the charge-transfer state. We present results
of a pump–probe experiment where probing occurs at a
single frequency. A time-dependent frequency of the wave
packets was analyzed by assuming that oscillatory contri-
butions are caused solely by vibrational wave packet
motions in the electronic ground state.

2. Experimental

Reagent grade trans-4-methoxy-4 0-nitrostilbene (MONS)
(Tokyo Kasei: guaranteed) was dissolved in spectro-grade
solvents with different polarities (benzene, acetonitrile, and
methanol) without further purification. The electronic
absorption spectra agreed well with those reported. All sam-
ples had an optical density of about 1.0 at 395 nm in a 1-mm
cell (6210-27501; GL Science) used for femtosecond experi-
ment (concentrations in the range from 10�5 to 10�4 M).
The solutions were carefully prepared monitoring their
absorption spectra by an ultraviolet–visible–near-infrared
(UV–VIS–NIR) scanning spectrophotometer (UV-
3101PC; Shimadzu). It was confirmed that the sample con-
sists 98% of trans-MONS by NMR.

A Ti:sapphire laser system (FemtoSource (sPRO);
FemtoLasers) with an 8-path bow-tie amplifier (Femto-
Power; FemtoLasers) was used for pump–probe experi-
ment [23]. The width, energy, spectral range, and
Table 1
Fluorescence maxima (kF), Stokes shifts (SS), fluorescence quantum yields (/
non-radiative (knr) rate constants and fitting parameters (c�1, r, a/b, and To)
MONS in several solvents with different dielectric constants (e)

Solvent e kabs (nm) kF (nm)

Acetonitrile 37.5 374 596
Methanol 32.6 372 590
Benzene 2.3 360 535

kr (108 s�1) knr (109s�1) c�1 (fs)

Acetonitrile 1.5 2.4 334
Methanol 1.7 17.1 620
Benzene 2.5 63.8 265

All values were obtained at room temperature (294 K ± 1).
repetition rate of the pulses were 20 fs, 30 lJ, 750–
870 nm, and 1-kHz, respectively. The output fundamental
pulse was frequency doubled to generate a 395 nm pulse
having a width of 40 fs at the 1-kHz repetition rate. The
output pulse was split into two parts (pump and probe
pulses) and focused by a parabolic mirror into a standard
fluorimeter cells (6210-27501; GL Science). Time delay of
the probe pulse with respect to the pump pulses was chan-
ged by an electrically driven stepper with a 10-fs step.

Fluorescence emission and excitation spectra were mea-
sured with a fluorescence spectrophotometer (F-4500; Hit-
achi). Changes in the quantum yield and shift in the
fluorescence-emission spectra were observed in the three
solvents. Fluorescence emission spectrum for each sample
was obtained for different excitation wavelengths between
500 nm and 700 nm and between 320 nm and 470 nm. All
measurements were performed at room temperature
(294 K ± 1).

3. Results and discussion

3.1. Steady-state absorption and fluorescence spectra

Experimental results summarized in Table 1 show that
absorption peak wavelength, fluorescence quantum yield,
and wavelength of emission maximum depend on solvent
polarity, because in the emission process a gigantic dipole
moment is involved in the lowest excited singlet state.

Fig. 1 shows the fluorescence and absorption spectra of
MONS in three different solvents (acetonitrile, benzene,
methanol). In fluorescence and absorption peak photon
energies, there are differences between the benzene (dielec-
tric constant e = 2.3) solution sample and acetonitrile
(e = 37.5) solution sample. The difference (1913 cm�1) of
fluorescence peaks is about two times larger than that
(1040 cm�1) of absorption peaks. It is due to larger dipole
moment induced be increased amount of charge-transfer
due to extended electron density in the excited state than
in the ground state in all of the solvents. The calculated
dipole moment for MONs in vacuum in the excited state
was 9.1 debye with CIS/6-31G* and in the ground state
was 7.5 debye with MP2/6-31G*. Even layer difference
F), radiative lifetimes (s0), solvent refractive indices (n), radiative (kr) and
to M(t) defined by Eq. (4) describing the dumped molecular vibration of

SS (cm�1) /F so (ns) N

9959 0.06 6.6 1.342
9933 0.01 5.8 1.329
9086 0.004 3.9 1.501

a/b 1/cTo (cm�1) r Viscosity (mPa/s)

3.7 175 0.45 0.35
5.2 238 0.43 0.61
2.0 137 0.48 0.649



Fig. 1. Absorption (left) and emission (right) spectra of MONS in three different solvents.
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can be expected in solution especially in polar solvent.
Compared among the cases of all of the solvents, the
Stokes shifts were even more enhanced in more polar sol-
vents [24].

Red shift in fluorescence emission maximum on going
from benzene to acetonitrile is attributed to an increased
reduction in the energy level of the excited state with sol-
vent polarity achievable by intramolecular charge transfer
relaxation out of the locally excited (LE) state [25]. Fluo-
rescence quantum yield is the ratio of photons emitted to
photons absorbed and can be expressed as follows:

/F ¼ kr=ðkr þ knrÞ: ð1Þ
Here kr and knr are the rate constants of the radiative and
non-radiative relaxation, respectively. In the present case,
relaxation modes are considered to be dominated by inter-
nal conversion and isomerization from the previous study
[4]. The viscosity dependence of the isomerization rate
was previously studied using time-resolved absorption
[26,27], and the result shows that the isomerization rate de-
creases as the viscosity increases. It causes the increase of
fluorescence quantum yield as a function of solvent viscos-
ity. This is in contraction to the observation, but the
change in the viscosity is very small. Hence the other effects
such as solvent polarity may change the radiative rate
resulting in the change in the efficiency.

The excited-state population is expected to decay into
other states by radiative or non-radiative processes with a
lifetime

s ¼ 1=ðkr þ knrÞ: ð2Þ
The radiative rate constant was calculated using the
Strickler and Berg formula [28]

kr ¼ 1=s0 ¼ 2:880� 10�9n2 m�3
f

� ��1

AV

gl

gu

Z
ed ln ma: ð3Þ

Here gl and gu are the degeneracies of the lower and upper
electronic state, respectively (both equal to unity in this
case), n is the refractive index of the medium (we are using
the refractive index of the solvent since MONS concentra-
tion is very small), e is the molar extinction coefficient. mf

and ma are the frequencies of the fluorescence emission spec-
trum and absorption spectrum, respectively, expressed in
wavenumber. Integration is performed over the electronic
absorption band.

3.2. Femtosecond dynamics

Fig. 2 shows the time dependent absorbance change
(DA) induced by excitation of MONS with femtosecond
pulses. There was almost no change in the absorption spec-
trum of the sample solution before and after femtosecond
experiments. All of the sample have positive sign signal just
after the zero-delay position, however the lifetime of the
signal is shortest in the case of benzene. Therefore the posi-
tive sign signal cannot be observed in the left figure of the
benzene data in Fig. 1 because of the low time resolution.

In the same way as for cis-stilbene, our pump probe data
on MONS shows both exponential decay and oscillatory
pattern (Fig. 2). From Fig. 2 it is easily seen that the elec-
tronic dynamics can be expressed by a two-component
exponential function. For the analysis of molecular vibra-
tion, shorter delay time range than 1 ps was used. In this
range the longer decay time (>10 ps) behavior does not
affect the analysis. The fine structures in the curves are
partly due to noise in the data and partly due to molecular
vibration that is dominant in the delay time ranges from
just after excitation to about 500 fs. To clearly observe
the fine structures, sub-ps time dependence related to elec-
tronic dynamics was subtracted from the real-time trace
observed for MONS in benzene (Fig. 2 topmost figure).
The obtained fine structures are shown as thin curves in
Fig. 3 exhibiting non-sinusoidal dependence on probe
delay time. The observed fine structures are discussed in
the following.

The observed fine structure shows that the vibrational
frequency of the signal becomes lower in larger delay time.
When multiple modes are active, the data can be explained
without resorting to chirp. However, as was studied in [29],
there is only one intensive mode around the vibrational fre-
quency observed in the present work. Therefore we ana-
lyzed the data by taking the change of the vibrational
frequency as a chirp of the frequency. The observed chirp
rates were dependent on the solvent. The possible reason



Fig. 2. Femtosecond transient absorbance change (DA) against probe delay time up to 100 ps (left column) and 1 ps (right column) of MONS in three
different solvents. Smooth line is the best fitting. From top to bottom: benzene, methanol, and acetonitrile.
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of the phenomena is given in the end of the following
discussions.

Many years ago, a simplified model of potential energy
surface (PES) was used to analyze cis-stilbene [9]. Now it is
available to calculate PES numerically even for trans-
MONS, which has more, complicated lateral chain com-
pared with the cis/trans-stilbene. Therefore we performed
a quantum mechanical calculation to obtain the PES, the
result of which is shown in Fig. 4. In the calculation of
the PES, we have assumed phenyl ring rotation angle
< C1–C2–C3–C4 (/1) = < C2–C1–C5–C6 (/2) for the sim-
plicity of the calculation.

In the present work, the simulated curves calculated
from the PES were represented well with the following
response function of signal intensity against the probe
delay time with a chirped vibrational frequency

MðtÞ ¼ expð�ctÞ � aþ b � cos
2p

T o þ rt
� t

� �� �
: ð4Þ

Here, c is the decay time of the molecular vibration in the
ground state and a and b are proportionality constants of
the pure electronic contribution and the vibrational contri-
bution. To is the oscillation period of the molecular vibra-
tion. This response function was also used to fit measured
data for cis-stilbene [9]. In Fig. 3 the simulated curves ob-
tained from the calculated PES (thick curves) fit well with
the measured fine structures (thin curves). We used
Eq. (4) to fit the observed fine structures in the time region



Fig. 3. (Top) Thin curve: Probe delay time dependence of DA (real-time
trace) observed for MONS in benzene (Fig. 2 topmost figure) after
removal of slowly varying time dependence. Thick curve: Numerically
simulated curve obtained from the calculated potential energy surface
(PES). (Bottom) Filled squares: Probe delay time dependence of DA

observed for MONS in acetonitrile (Fig. 2 middle row figure) after
removal of slowly varying time dependence. Thin lines: Fitted curves using
the parameters shown in Table 1 scanning the value of r.

1 Gaussian 03, Revision D.02; Gaussian, Inc., Wallingford CT, 2004.
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from �200 to 1000 fs as shown in Fig. 3. Immediately after
photoexcitation, the vibration cycle with respect to h at /
= �26, which is most stable in the ground state, is 244 fs
from the experiment result. The chirp rate r = 0.56 of the
h vibration was determined by the calculated PES. This
rate is close to the observed ones listed in Table 1.

Of course, it is desirable to obtain analytical expression
for the time dependence of the dynamic absorbance
change. However, it is extremely difficult not only to derive
an analytical expression but also to obtain numerical result
including numerous solvent molecules with high polariz-
abilities and thermal molecular vibrations. Therefore we
took the same phenomenological expression as was suc-
cessfully applied to the gas phase stilbene. Even though
Eq. (4) is a phenomenological equation, it can be supported
by the following discussion.

The coupling between the relevant mode and many
other modes introduced by the impulsive excitation can
be given by the bilinear coupling in the lowest order
approximation. Then the oscillation frequency can be mod-
ified linearly with the most strongly coupled mode in case
the latter is much slower than the relevant mode frequency.

Eq. (4) represents the chirped molecular vibration whose
oscillation period changes linearly with delay time with rate
of r. The vibrational dephasing and population decays are
assumed to be much longer than 1/r and 1/To. It shows
phenomenological energy dissipation, which takes place
both via intramolecular and intermolecular interactions.
The former is due to mode coupling among the molecular
vibration modes in each molecule. The latter is due to inter-
molecular interaction especially van der Waals interaction
between the vibronic transition with the same transition
energies between the neighboring molecules. For the sake
of simplicity, we assumed that the energy loss rate through
the channel is constant in such short probing time as <4 ps
and the averaged instantaneous frequencies of low-fre-
quency modes decreases linearly with elapsing time. For
the analysis this function was convoluted with the laser
response function. Referring the measurement results
shown in [4] of trans-stilbene, we found two candidates
of the origins of the observed molecular vibration. One
of the origins is the deformation of C1@C2–C3 in the center
of this molecule. It was observed as a vibration whose oscil-
lation frequency is 200 cm�1 in the measurement of trans-
stilbene [4,29]. However, the oscillation frequency is not
chirped unlike the case observed in the present work.
Therefore the observed chirped molecular vibration was
attributed to another origin of the chirped molecular vibra-
tion, namely torsional mode h [30] as is shown in the fol-
lowing paragraphs. This is supported to the theoretical
result as follow. The optimized structures of h in the
ground state and excited state were different. And so, it is
thought that h is Franck–Condon revitalization. Table 1
summarizes these parameters for MONS in three different
solvents.

The mechanism of the negative chirp of molecular vibra-
tion is discussed in terms of the wave packet motion in the
ground state. After photoexcitation, both wave packets in
the excited state and the ground state can be formed. In
the present case the pump laser spectrum covers only the
edge of the absorption spectrum of MONS and the gener-
ation of the excited state wave packet is expected to be
much less effective than that of the ground state [31].

To clarify the dynamics of wave packet generated in
MONS by the femtosecond pulses we performed a quan-
tum mechanical calculation. The most stable structures of
MONS were calculated in the ground and the lowest
excited states (Fig. 5). The calculation1 was performed
using MP2/6-31G* and CIS/6-31G* level. It shows that
MONS has a twisted angle / of �25.9� in the ground state.
However, in the lowest excited state, the angle of /
becomes 0� and the geometrical structure is almost planer



Fig. 4. (Bottom) Contour map of the potential energy surface (PES) of MONS in the ground state calculated using MP2/6-31G* and CIS/6-31G* level
(Gaussian 03, Revision D.02; Gaussian, Inc., Wallingford CT, 2004.). The four horizontal thick lines are corresponding to the phenyl ring rotation angles
/(/1 = /2) shown on the top of the figure. (Top) shows cross-sections of the potential energy surface.
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linear. The structure of the potential energy surface (PES)
of MONS was also calculated for the ground state
(Fig. 4). This result is going to be used to compare with
the experimental results measured with MONS solved in
benzene. The dielectric constant of benzene is so small that
effect of solvent is not effective. Therefore the calculation of
Fig. 4 was done in vacuum condition neglecting the effect
of solvent. When the population of MONS molecules in
the ground state is shifted to the Franck–Condon region
in the excited state, it starts to increase the angle of /
bound for the most stable structure of the excited state.
As a counter action of the motion of excited state wave
packet, the wave packet in the ground state MONS starts
to move decreasing /. From the fact that the phase of
the vibration the real-time signal is considered mainly
due to the wave-packet motion in the ground state.
Fig. 4 shows when / decreases in the ground state the cur-
vature of the PES also decreases, which causes the chirp in
the molecular vibration frequency as seen in Fig. 3.
As seen in the bottom figure of Fig. 3, the chirping
parameter of MONS solved in acetonitrile is 0.45, which
is intermediated value between that of MONS solved in
benzene (r = 0.48) and that of MONS solved in methanol
(r = 0.43). Because of the low signal to noise ratio, the
obtained chirping parameters also include noise, but, at
least, we could show that the chirping parameters are
dependent on solvents as above. Here the difference in
the chirping parameters is to be discussed. Since the time
scales and impact of the rearrangement of the solvent shells
(solvation dynamics) is strongly dependent on the solvent
used, it has major influences on the pump–probe response,
as is also observed in chirped wave packet dynamics of
HgBr in [32]. In the cases of benzene and acetonitrile, dif-
ferences can be accounted for large difference in their
dielectric constant. Since acetonitrile and methanol have
similar dielectric constants, the following is thought to be
a possible explanation of the difference in the parameter.
The presence of –OH group in methanol is expected to



Fig. 5. (a) Constitutional formula of MONS. The most stable structures of the MONS were calculated for (b) ground and (c) excited states.
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form hydrogen bonding via the p-electron system by a par-
tial charge-transfer (CT) mechanism. Therefore, the shorter
To in methanol is explained in terms of the increase in the
force constant of the C@C bond stretching being fixed by
the locking of the structure by the hydrogen bonding.

In conclusion, we could observe the chirped molecular
vibration on the ground-state potential surfaces in a con-
densed phase for the first time. The dependency of the chirp
rates on solvents is well explained in terms of the differ-
ences in the dielectric constant and/or proticity of the sol-
vent. We are now in the process of extending this work to
many solvents with different parameters of polarity and
refractive index, targeting systematical study by introduc-
ing theoretical investigation [1,20,33].
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[9] S. Pedersen, L. Banãres, A.H. Zewail, J. Chem. Phys. 97 (1992)

8801.
[10] G. Rothenberger, D.K. Negus, R.M. Hochstrasser, J. Chem. Phys. 79

(1983) 5360.
[11] E. Wei-Guang Diau, J. Phys. Chem. 108 (2004) 950.
[12] R. Lapouyade, A. Kuhn, J.F. Letard, W. Rettig, Chem. Phys. Lett.

208 (1993) 48.
[13] D.V. Bent, D. Schulte-Frohlinde, J. Phys. Chem. 78 (1974) 446.
[14] J.C. Polanyi, A.H. Zewail, Acc. Chem. Res. 28 (1995) 119.
[15] M. Terauchi, T. Kobayashi, Chem. Phys. Lett. 137 (1987) 319.
[16] A.Z. Szarka, N. Pugliano, D.K. Palit, R.M. Hochstrasser, Chem.

Phys. Lett. 240 (1995) 25.
[17] A.B. Myers, R.A. Mathies, J. Chem. Phys. 81 (1984) 1552.
[18] A.H. Zewail, M. Dantus, R.M. Bowman, A. Mokhtari, J. Photo-

chem. Photobiol. 62 (1992) 301.



A. Colonna et al. / Chemical Physics 341 (2007) 336–343 343
[19] J. Oberl’e, E. Abraham, G. Jonusauskas, C. Rulli‘ere, J. Raman
Spectrosc. 31 (2000) 311.

[20] U. Jentschura, E. Lippert, Akademische Verlagsgesellschaft, Frank-
furt am Main (1971).

[21] L. Cohen, Time-Frequency Analysis, Prentice-Hall PTR, Englewood
Cliffs, New Jersey, 1994.

[22] J.C. Diels, Ultrashort Laser Pulse Phenomena, Academic Press
(1996).

[23] T. Taneichi, T. Fuji, Y. Yuasa, T. Kobayashi, Chem. Phys. Lett. 394
(2004) 377.

[24] M.N. Pisanias, D. Schulte-Frohlinde, Ber. Bunsenges. Phys. Chem. 79
(1975) 662.
[25] S.A. Kovalenko, N.P. Ernsting, J. Ruthmann, Chem. Phys. Lett. 258
(1996) 445.

[26] S. Abrash, S. Repinec, R.M. Hochstrasser, J. Chem. Phys. 93 (1990) 1041.
[27] L. Nikowa, D. Schwarzer, J. Troe, J. Schroeder, J. Chem. Phys. 97

(1992) 4827.
[28] S.J. Strickler, R.A. Berg, J. Chem. Phys. 37 (1962) 814.
[29] S. Takeuchi, T. Tahara, Chem. Phys. Lett. 326 (2000) 430.
[30] T. Kobayashi, S. Saito, H. Ohtani, Nature 414 (2001) 531.
[31] C.J. Bardeen, Q. Wang, C.V. Shank, Phys. Rev. Lett. 75 (1995) 3410.
[32] M. Lim, M.F. Wolford, P. Hamm, R.M. Hochstrasser, Chem. Phys.

Lett. 290 (1998) 355.
[33] C. Reichardt, Angew. Chem. Int. ed. Engl. 18 (1979) 98.


	Chirped molecular vibration in a stilbene derivative in solution
	Introduction
	Experimental
	Results and discussion
	Steady-state absorption and fluorescence spectra
	Femtosecond dynamics

	Acknowledgements
	References


