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This account summarizes our recent work on measurements of the correlation function of the transition frequency
fluctuations by a three-pulse photon echo method. The correlation function of the transition frequency fluctuations is a
sensitive measure for the magnitudes and time scales of dynamical interactions between solute and solvent. We describe
the results of the solvation dynamics of small ions in protic solvents such as methanol and water obtained by an infrared
photon echo method.

As is well known, the interactions between solute and sol-
vent play an important role in chemical reaction dynamics
and in many relaxation processes in the condensed phase.1–3

In liquids, the positions and the directions of the solvent mole-
cules are fluctuating in time due to the thermal motions. Sol-
vent fluctuation is a characteristic feature of a liquid that is
not seen in the gas and solid phase. Solute–solvent interactions
induce energy exchange between the solute and the solvent,
and the competition between the intramolecular and intermo-
lecular energy relaxation affects the chemical reaction dynam-
ics.1–3 Therefore, it is important to know not only the time
scales of solvent fluctuation but also the magnitudes of the sol-
ute–solvent interactions to characterize the dynamical interac-
tion between solute and solvent.4,5

One of the traditional ways to obtain information on dynam-
ical fluctuations of the solvent molecules and on the magni-
tudes of the solute–solvent interaction is to analyze the line-
shapes of the absorption spectrum of the solute molecule.6 In
contrast to the gas phase, the linewidth of the absorption spec-
trum in solution is always broadened and featureless. Due to
the modulation of the energy difference between the ground
and excited states by the solute–solvent interaction, the elec-
tronic or vibrational transition frequency of the solute mole-
cule fluctuates in time to induce a broadening of the spectrum.
Therefore, lineshapes contain rich information on the dynam-
ical interaction with the environment.7 Generally, the spectral
broadening has been classified into two limiting cases; i.e., ho-
mogeneous and inhomogeneous broadening. In the homogene-
ous broadening limit, the fluctuation of the transition frequen-
cy is very fast compared to the observation time window.8 In
the inhomogeneous broadening limit, each solute molecule
possesses a different transition frequency due to the hetero-
geneity of the local structure in solution. In this case, the fluc-

tuation of the transition frequency is very slow compared to
the observation time window.8 However, we always have a
certain ambiguity in separating the two contributions to the
lineshape. In particular, the electronic absorption or fluores-
cence spectrum is complicated due to the presence of the vi-
bronic structures. It is always difficult to obtain valuable infor-
mation on dynamical interaction with the surrounding solvents
just based on the lineshape of the electronic absorption and/or
fluorescence spectra since the congestion of many vibronic
transitions obscures the underlying solvent dynamics.

Over more than twenty years, ultrafast spectroscopy has be-
come a powerful and popular tool to investigate various dy-
namical processes in real time.1–3,9 These techniques have
been applied to study the chemical reaction dynamics and
many relaxation processes of the solute and solvent molecules
in solution. Various methods including dynamic fluorescence
Stokes shift measurement and photon echo spectroscopy have
been developed to study the dynamical interaction between
solute and solvents, i.e., solvation dynamics.10–17 In parallel,
significant progress in many theoretical methods has been
made in an attempt to gain a more detailed molecular mecha-
nism of the solute–solvent interactions.18 Among various ex-
perimental methods, a dynamic fluorescence Stokes shift mea-
surement is one of the most popular ones to investigate the sol-
vation dynamics in the electronically excited state.10 In this
experiment, one can monitor the response of the solvent mole-
cules after a sudden change of the charge redistribution of the
solute molecule due to photoexcitation. Dynamic fluorescence
Stokes shift is a sensitive probe for the solvation process where
the configuration of the solvent molecules relaxes to a more
energetically favorable situation. In a certain limit, the time
dependence of the dynamic Stokes shift function is identical
to the correlation function of the transition frequency fluctua-
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tions which we will discuss in detail later.4 Therefore, the ob-
served dynamics in the dynamic fluorescence Stokes shift mea-
surement is connected very closely with the dynamical fluctu-
ations of the solvent molecules.4 However, fluorescence dy-
namic Stokes shift measurement can only be applied to a sys-
tem that has a relatively large reorganization energy for the
solvation process.10 Most of the studies using this method so
far focused on the polar solvation dynamics in the electronical-
ly excited state.

Recently, photon echo techniques in the electronic transi-
tions have been shown to be a very powerful technique to char-
acterize the magnitudes and the time scales of the dynamical
interactions between solute and solvent in room-temperature
liquids.11–16 Traditional two-pulse photon echo measurements
have been used to remove the contribution of inhomogeneous
broadening from the absorption spectrum; thus, the decay of
the signal provides information on the electronic dephasing
time (homogeneous broadening).19 This measurement is very
useful when a clear separation for the two line-broadening
mechanisms exists in the system. However, the solvation dy-
namics in room-temperature solution cannot be simply de-
scribed by the two limiting mechanisms.12 It has been shown
that a three-pulse photon echo experiment, in particular, a pho-
ton echo peak shift measurement, is a useful technique to
probe such a spectral diffusion process with multiple time
scales.15–17 A peak shift of the photon echo signals was first in-
vestigated by Weiner et al.11 Joo and Albrecht demonstrated
the current form of three-pulse photon echo peak shift (3PEPS)
measurements.13 Wiersma and co-workers have performed
various types of three-pulse photon echo measurements includ-
ing the 3PEPS, time-gated photon echo, and heterodyned
detected photon echo measurements to study the solvation
dynamics of dye molecules in a couple of solvents.17 Fleming
and co-workers performed a series of studies on the solvation
dynamics in liquids, glasses, and proteins by using the 3PEPS
measurements.15,16 Furthermore, they have studied the influ-
ence of the intramolecular vibration modes in the temporal
profiles of the 3PEPS profiles and how the intramolecular
vibrational contribution can be separated from the solvation
dynamics.20,21 3PEPS measurements were also performed for
nondipolar solutes in nondipolar solvents to extract the magni-
tudes and time scales of the solvation dynamics of the nondi-
polar solute in nondipolar and polar solvents.22

In contrast to electronic spectroscopy, vibrational spectros-
copy is a very powerful method to study both static and dy-
namical properties of the molecular structures. Vibrational fre-
quency is very sensitive to the local environments in solution.
Extension of the photon echo measurements to the vibrational
transitions gives us detailed insights into the solute–solvent in-
teraction and the dynamics of surrounding environments.23–30

Fayer and co-workers first performed two-pulse vibrational
photon echo measurements in the condensed phase by using
a free electron laser as an excitation source.23 They investigat-
ed the vibrational dephasing dynamics in low temperature
glasses and solutions. Thanks to a rapid development of
Ti:Sapphire laser-based technology, ultrafast infrared pulses
are routinely produced by tabletop laser systems and are used
for the vibrational echo measurements.24–26 Hamm et al. first
used such pulses to perform three-pulse infrared photon echo

measurements for the anti-symmetric stretching mode of azide
ion in water.24 Infrared photon echo measurements were also
applied for various systems.25–27 For example, Stenger et al.
studied the vibrational dynamics of the OH stretching mode
of HOD in D2O with two-pulse and three-pulse photon echo
measurements to investigate the dynamics of the hydrogen-
bond network of water.27 Furthermore, two-dimensional non-
linear infrared spectroscopies, a vibrational analogue of 2D
NMR, have become powerful techniques to study the structure
and dynamics of the molecular systems and proteins.28,29 In the
2D photon echo spectra, the existence of cross peaks reflects
the couplings and orientations between different vibrational
modes; such study is very useful to characterize the conforma-
tional dynamics of the molecules on a picosecond time scale.
Hochstrasser and co-workers have used heterodyned 2D pho-
ton echo measurements to investigate the structures and dy-
namics of small peptides in solution.28 Tokmakoff and co-
workers have investigated the vibrational correlation of two
carbonyl stretching modes of [Rh(CO)2C5H7O2] by two-di-
mensional IR spectroscopy.29 Very recently, Fayer and co-
workers have applied this method to investigate the dynamics
of hydrogen bonds in methanol oligomers and water (HOD in
H2O).

30

Recently, we have performed infrared photon echo and tran-
sient grating measurements to study the solvation dynamics
and vibrational population relaxation processes of small ions,
and polyatomic molecules in solutions.31–36 We have also ex-
tended the investigation of the solvation dynamics of azide ion
in confined systems such as the reverse micelles.34a In this pa-
per, we review our recent works on the dynamical interaction
between solute and solvent by nonlinear infrared spectroscopy.
We will mainly discuss the results for small ions such as
OCN�, SCN�, and [Fe(CN)6]

4� in solution.31–33 The paper
is organized as follows. The principles of the three-pulse pho-
ton echo method and the theoretical background of nonlinear
infrared spectroscopy are described in section 1. In section
2.1, we present some studies on solvation dynamics of the vi-
brational states for triatomic ions such as OCN� and SCN� in
methanol.31 In sections 2.2 and 2.3, we describe the vibrational
population relaxation and solvation dynamics of [Fe(CN)6]

4�

in D2O and H2O.
32,33

1. Principles

1.1 Characterization of the Dynamical Interaction be-
tween Solute and Solvent. The key observable quantity to
characterize the solvent fluctuations in the photon echo mea-
surement is the correlation function of the transition frequency
fluctuation, MðtÞ.37

MðtÞ ¼ h�!ðtÞ�!ð0Þi; ð1Þ

where �!ðtÞ is the deviation of the transition frequency at time
t from the average value and the brackets indicate the ensem-
ble averaging. The correlation function is related to the loss of
the memory of the initial transition frequency, which gives us
an idea of the magnitudes and time scales of the dynamical in-
teractions between solute and solvent, as schematically shown
in Fig. 1. When we assume very fast modulation of the transi-
tion frequency, the form of the correlation function becomes
close to a delta function, which means the instantaneous loss
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of the correlation. This case is the so-called motional narrow-
ing limit and the lineshape of the spectrum is determined by
the homogeneous broadening.8 On the other hand, in the slow
modulation limit or when there is static distribution of the fre-
quency due to the inhomogeneity of the system, the correlation
function gives a constant value and its lineshape is determined
by the inhomogeneous broadening.8 The real situations in the
room-temperature liquids are located in the middle between
the two extreme cases. Any solvent fluctuation induces the loss
of the memory of the initial solvation environment, which
leads to the decay of the correlation functions of the transition
frequency fluctuations on various time scales. Therefore, the
form of the correlation function provides a measure of the
solvation dynamics.

Various third-order nonlinear optical spectroscopies, such
as the transient absorption, transient grating, and photon
echo techniques, have been used to extract information on
the correlation function of the transition frequency fluctua-
tions.12–17,24–27 The temporal profiles of the peak shifts or the
first moments in the three-pulse photon echo signals provide
detailed information on the correlation function of the transi-
tion frequency fluctuations.4,15,17,24–26 Cho et al. and de Boeij
et al. derived an analytical formula for the temporal profiles
of the peak shift in the three-pulse photon echo signals for
the impulsive limit.38 They found that the temporal profiles
of the peak shift mirror the correlation function of the transi-
tion frequency fluctuations except at the short times.38 Gener-

ally, by including the finite pulse width of the laser pulses, the
parameters for the correlation functions can be obtained with a
numerical simulation of the photon echo signals.15–17 On the
other hand, transient grating measurements give us compli-
mentary information on the dynamics of the system such as
the population relaxation.39 In the next section, we briefly re-
view the theoretical background for the three-pulse photon
echo and transient grating methods.

1.2 Experimental Configuration. The three-pulse photon
echo and transient grating methods belong to the family of the
four-wave mixing spectroscopies that are based on the third-
order optical nonlinear phenomena.37 An experimental setup
for these measurements is shown in Fig. 2. The output of a
Ti:Sapphire regenerative amplifier is used to pump an optical
parametric amplifier. A tunable femtosecond IR pulse was
generated by difference frequency mixing between the signal
and the idler of the optical parametric amplifier in a AgGaS2
crystal.40 For the experiments, the laser beam is split into three
and these beams are focused at the sample with an off-axis par-
abolic reflector in a boxcar geometry. The nonlinear optical
signals are measured in the phase-matched directions �k1 þ
k2 þ k3, where k1, k2, and k3 are the wavevectors of the first,
second, and third pulses, respectively. The signal was detected
by a liquid nitrogen-cooled indium antimonide (InSb) detector
and processed by a boxcar-gated integrator and a lock-in am-
plifier. We used a He–Ne laser for the alignment of the IR
pulses. The polarization of the laser pulses was controlled with
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Fig. 1. Schematic representation for transition frequency
fluctuations and the correlation function of the transition
frequency fluctuations. Transition frequency defines as
an energy difference between the ground and excited
states. Transition frequency at time t is given by h!i þ
�!ðtÞ where h!i is the average value and �!ðtÞ is the
deviation from the average value. The value of �!ðtÞ
changes as a function of time due to the solvent fluctua-
tion. The correlation function of the transition frequency
fluctuations, h�!ðtÞ�!ð0Þi, provides information on the
magnitudes and time scales of the dynamical interaction
between solute and solvent. Ti:Sapphire
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Fig. 2. (a) Schematic diagram of the experimental setup for
infrared photon echo and transient grating measurements.
Abbreviations are follows: OPA, Optical parametric am-
plifier; DFG, Difference frequency generator; BS, Beam
splitter; WGP, Wire grid polarizer. (b) Experimental con-
figuration for three-pulse photon echo method. Open cir-
cles represent the position of the photon echo signals at
�k1 þ k2 þ k3.
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wire-grid polarizers. Time delays between two beams are con-
trolled independently by motorized delay lines. Here, � is de-
fined as time delay between k1 and k2 beams, while T is de-
fined as the time delay between k2 and k3 beams for � > 0

or between k1 and k3 beams for � < 0.15 For the three-pulse
photon echo measurements, the signal is recorded by scanning
the time delay � for a fixed time delay T . For the transient grat-
ing measurements, � is set to zero and the signal is measured
by scanning the time delay T .

1.3 Theoretical Background. The details of the theory
for nonlinear optical spectroscopy including the photon echo
and transient grating measurements have been described earli-
er.26,37 Here, we briefly review the essential points of the theo-
ry. Experimentally observed nonlinear optical signals can be
expressed by a time-integrated intensity of the third-order
optical polarization, which is given by

Ið�;TÞ /
Z 1

0

jPðt; T ; �Þj2dt; ð2Þ

where Pðt; T ; �Þ is the third-order nonlinear polarization at
time t. The third-order polarization is expressed by a convolu-
tion of the response function with the electric fields of the laser
pulses. The detailed description of the response functions was
given elsewhere.26,37 The response function can be calculated
from the line broadening function gðtÞ. The relation between
gðtÞ and MðtÞ is given below.

1.3.1 Three-Pulse Photon Echo Method: For under-
standing the principle of the traditional photon echo measure-
ments, a vector model of the optical Bloch equations or an
analogy of the foot race is often used.23,41 Furthermore,
Fleming gives an intuitive picture for explaining the principles
of the three-pulse photon echo measurements by an analogy
to ray optics.42 Here, we only give a part of theory necessary
to understand the essentials of the infrared photon echo
measurements. For the intuitive understanding of the photon
echo measurements, we just refer to the book and the
papers.23,41,42

For infrared photon echo measurements, we consider the
three vibrational levels for the nonlinear optical signals, since
the transition between � ¼ 1 and � ¼ 2 states for our system is
located within the bandwidth of the infrared pulses. It is as-
sumed that these vibrational states of the solute are linearly
coupled with a solvent bath. The solvent bath is generally ap-
proximated by a quasicontinuous set of harmonic oscillators,
which is referred to as the spin-boson model or the multimode
Brownian oscillator model.4,15,37 Various contributions for the
third-order nonlinear optical polarization are expressed by
double-sided Feynman diagrams.37 Each Feynman diagram
represents the time evolution of the density operator under
the interactions with the laser light. The response function is
a sum of contributions from all the Feynman paths. We briefly
describe the eight relevant Feynman diagrams for the photon
echo signals in the vibrational transitions (Fig. 3).24,26 When
� is positive, the first three diagrams (R1, R2, and R3) contribute
to the photon echo signals. For the diagram R1, the first laser
pulse produces a coherence between the � ¼ 0 and � ¼ 1 lev-
els. This coherence is destroyed by the dephasing process, i.e.,
the fluctuation of the surrounding solvent molecules. After
time �, the second laser pulse transfers the system into the pop-

ulation state. The population state proceeds in the � ¼ 1 level.
The third pulse produces the coherence state again; this is the
complex conjugate of the first coherence state. Since the sys-
tem propagates towards the initial coherence, this contribution
gives the rephasing of the macroscopic polarization and hence
gives an echo signal. The diagram R2 is also a rephasing dia-
gram where the system evolves in the � ¼ 0 level during the
time delay T . The diagram R3 involves the coherence of the
� ¼ 1{2 transition during the time period t. The signal from
this contribution is emitted from � ¼ 1 level. The diagrams
R4, R5, and R6 contribute to the signal when � is negative.
These are so-called non-rephasing diagrams which give free
induction decays because the second coherence state has the
same phase factor (not complex conjugate) as the first one that
is also destroyed by the dephasing process. R7 and R8 contrib-
ute to the signal only when T is close to zero.26

When the system has an inhomogeneous distribution of the
transition frequencies, contributions of the rephasing pathways
become greater than those of non-rephasing ones. Therefore,
the peak of the photon echo signal is located at the positive
side of � when the delay time � is scanned with a fixed T .
As the delay time T increases, dynamical fluctuations of the
surrounding solvents destroy the inhomogeneity of the distri-
bution of the transition frequencies. When the imhomogeneity
is washed out completely due to the spectral diffusion, rephas-
ing and non-rephasing diagrams contribute equally to the sig-
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Fig. 3. Double-side Feynman diagrams that contribute to
the photon echo signals. ‘‘0’’, ‘‘1’’, and ‘‘2’’ denote the
� ¼ 0, � ¼ 1, and � ¼ 2 levels. Time evolution of the den-
sity matrix is given by two vertical lines. Left (right) line
corresponds to the ket (bra) side of the density matrix.
Time proceeds from bottom to top. The interaction of
the laser pulse is described by an arrow. The arrow going
from left to right is a positive wavevector, while that from
right to left is a negative wavevector.
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nals. In this case, the photon echo signal becomes symmetric
with respect to � ¼ 0 fs and the peak of the photon echo signal
is located at zero. Therefore, the peak shift or the first moment
of the photon echo signals is a sensitive measure for the degree
of the ‘‘transient’’ inhomogeneity in the distribution of the tran-
sition frequencies.4,11–17,24–27 Finite peak shifts at long times
correspond to the presence of inhomogeneity.

For our system, the temporal profile of the photon echo sig-
nal is highly asymmetric with respect to � at small delay time
T , as shown later.24,31–33 Therefore, we use the first moment of
the photon echo signals rather than the peak shift in order to
characterize the degree of ‘‘transient’’ inhomogeneity. The first
moment is defined as follows:

FMðTÞ ¼

Z 1

�1
�Ið�; TÞd�

Z 1

�1
Ið�; TÞd�

; ð3Þ

where Ið�;TÞ is the experimental photon echo signal at the de-
lay times � and T .

The response function can be calculated in terms of the
line broadening function. The line broadening function gðtÞ
is given by

gðtÞ ¼
Z t

0

dt1

Z t1

0

dt2Mðt2Þ: ð4Þ

It should be noted that the Stokes shift is considered to be
small for the vibrational transitions.24 Therefore, the imaginary
part of gðtÞ can be neglected. Here, we assume that the anhar-
monicity fluctuation is small, so that the vibrational frequency
fluctuation of � ¼ 1{2 transition is the same as that of � ¼ 0{1

transition. Since the vibrational population relaxation takes
place on similar time scales to the vibrational dephasing proc-
esses, we included the population kinetics in the response
functions. We assume that the population relaxation time from
the � ¼ 2 state is a half of that from the � ¼ 1 state because
the population relaxation time is inversely proportional to
the vibrational quantum number in the harmonic approxima-
tion.43

1.3.2 Transient Grating Method: In parallel with the
photon echo measurements, the transient grating or transient
absorption measurements should be performed in order to ob-
tain complimentary information on the dynamical processes in
solution.32,33 For transient grating measurements, the first two
pulses overlap temporally (� ¼ 0). These first two pulses cre-
ate the population state either in the ground state or in the ex-
cited state. By scanning the time delay T , one can monitor var-
ious dynamical processes, such as the population relaxation,
the spectral diffusion (solvation dynamics), and the spatial dif-
fusion (thermal and mass diffusion).15,39,44 Intuitively, one can
easily understand the origin of the signals by considering a for-
mation and destruction of the grating. By the interference of
the first two pulses, a sinusoidal modulation of the light inten-
sity is created in the sample. According to this modulation, the
grating is formed due to the changes of the refractive index and
absorbance of the sample. This grating is monitored by the dif-
fraction of the third pulses. From the decay of the transient
grating signals, one can obtain information on the population
relaxation, thermal diffusion, and mass diffusion processes.39

2. Nonlinear Infrared Spectroscopic Studies
for Vibrational Transitions

2.1 Solvation Dynamics of Vibrational Transitions of
OCN� and SCN� in Methanol. In recent years, an extensive
effort has been devoted to investigate the vibrational dynamics
of small ions in the condensed phase. Studies on simple diat-
omic and triatomic ions provide detailed physical base for sol-
ute–solvent interactions and serve as a good test for theoretical
modeling.45–49 Based on the results of the steady-state vibra-
tional spectra, the frequencies and the linewidths of the vibra-
tional transitions on these small ions are well characterized
both in gas phase and in solutions.45,50 Furthermore, the dy-
namical properties, such as the vibrational population relaxa-
tion times and the reorientational times, have also been studied
by time-resolved vibrational spectroscopy.46,51 We have used
three-pulse IR photon echo method to determine the correla-
tion functions of the vibrational frequency fluctuations of the
anti-symmetric stretching modes for OCN� and SCN�.31

The correlation function reflects the magnitudes and time
scales of the fluctuations of the solute–solvent interaction,
which is monitored by the solvent-induced vibrational frequen-
cy perturbations.

Figure 4 shows the three-pulse photon echo signals of
OCN� in methanol at three different delay times T . At T ¼
300 fs, the peak of the photon echo signals is located at around
300–350 fs. An asymmetric profile of the photon echo signal
against the delay time � was observed. As can be clearly seen
in Fig. 4, a finite peak shift of the photon echo signal at T ¼
300 fs indicates the presence of an inhomogeneous distribution
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Fig. 4. Three-pulse photon echo signals of OCN� in meth-
anol at three different delay times T . (a) 300 fs, (b) 3 ps,
(c) 5 ps. A mid-IR pulse used for the measurement has a
140–160 fs pulse width and a 120–130 cm�1 bandwidth.
The center frequency of the laser pulse is 2150 cm�1.

K. Ohta et al. Bull. Chem. Soc. Jpn., 78, No. 9 (2005) 1585



of the vibrational transition frequency. As T increases, the
peak of the signal shifts towards zero. Figure 5a displays the
three-pulse photon echo signals of OCN� in methanol plotted
as functions of delay times � and T . The first moments of the
echo signals at different delay time T were calculated accord-
ing to Eq. 3; the results are shown in Fig. 5b. The first moment
starts at around 400 fs and decays to 100 fs on a 4 ps time
scale. The total intensity of the photon echo signals decreases
on a few ps time scale because the vibrational relaxation proc-
ess for the anti-symmetric stretching mode of OCN� in meth-
anol takes place on a 3 ps time scale.

The photon echo signals of SCN� in methanol are plotted in
Fig. 6 as a function of the delay times � and T along with the
temporal profile of the first moment of the photon echo signals.
Decay of the photon echo signal for SCN� is faster than that
for OCN� so that the temporal width is narrower for SCN�,
which means that the vibrational dephasing time for SCN�

is faster than that for OCN�. A faster decay of the photon echo
signal for SCN� reflects a stronger system-bath interaction for
SCN� compared to that for OCN�. This is consistent with the
difference of the width of the absorption spectra observed be-
tween OCN� and SCN�. For SCN�, the first moment of the
photon echo signal decays to zero on a 4 ps time scale and
is close to zero at T ¼ 14 ps. This indicates a very small static
inhomogeneity at a longer delay time T .

By simulating the temporal profiles of the photon echo sig-
nals and comparing them with the experimental results, the pa-
rameters for the correlation function of the vibrational frequen-
cy fluctuations were determined. The correlation function is
expressed by a sum of two exponential functions with a con-
stant term, as follows:

MðtÞ ¼ h�!01ðtÞ�!01ð0Þi ¼
X2
i¼1

�i
2 expð�t=�iÞ þ�0

2: ð5Þ

Here, �i and �i correspond to the coupling strength to solvent
and the time scale of the frequency fluctuation, respectively.
The parameters used in the simulation are shown in Table 1.
MðtÞ has two decaying time constants: 90–120 fs and 4.1–4.5
ps. The constant term in MðtÞ represents a decay component
whose time scale is longer than our measurement (�8 ps). A
fast decaying component cannot be clearly seen in the tempo-
ral profile of the first moment. However, it is necessary to in-
clude this component in order to simulate both the absorption
spectra and the temporal profile of the photon echo signals
with a single set of the parameters. The parameters for the fast
decaying component are not well determined. This is because
this component falls into the fast modulation limit and only the
values of �1

2�1 are important to characterize the vibrational
dephasing process. It was found that the time constants of
the frequency fluctuations for two components are quite simi-
lar for SCN� and OCN�, while the amplitudes of the fluctua-
tions for SCN� are about twice as large as those for OCN�.
We also simulated the absorption spectra of the anti-symmetric
stretching mode of OCN� and SCN�. Good agreement be-
tween the experimental results and the simulation is ob-
tained.31

In the previous three-pulse IR photon echo studies of N3
� in

D2O, it was found that the correlation function decays with
time constants of 80 fs and 1.3 ps.24 The time constants of
the slowly decaying component for OCN� and SCN� in meth-
anol are clearly different from those of N3

� in D2O. The am-
plitude of the vibrational frequency fluctuation for the slowly
decaying component in methanol is larger than that in D2O.
Studies on the molecular dynamics simulations for CN� in wa-
ter and methanol suggested that the time scale of the making
and breaking of the hydrogen bonds in methanol is about three
times (for CN�) slower than that in water.47 Furthermore,
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molecular dynamics simulations for N3
� in methanol showed

that the ‘‘hydrogen bond’’ lifetime in methanol is 2.1 ps.47

Our results demonstrated that the coupling strength to the
solvent is larger for SCN� than for OCN�. This observation
seems inconsistent with the trends for the vibrational popula-
tion relaxation and reorientation relaxation processes for both
ions. Hochstrasser and co-workers investigated the vibrational
population relaxation processes of the anti-symmetric stretch-
ing mode for N3

�, OCN�, and SCN� in several protic and
aprotic solvents.46 They suggested that longer vibrational re-
laxation time and shorter reorientation time for SCN� are
due to weak interactions with solvent compared to those for
N3

� and OCN�. To address the origin of such a difference,
we first consider the pathway for the vibrational population re-
laxation process. Vibrational population relaxation takes place
either as a direct relaxation to the ground state or as an intra-
molecular vibrational energy redistribution (IVR) to the other
modes. Theoretical studies of N3

� in water by Morita et al.
showed that the direct relaxation to the ground state and the
IVR to the symmetric stretching mode contribute equally to
the overall vibrational population relaxation.49 They also
showed that the charge fluctuation effect of the ion greatly en-
hances the relaxation rates of both the processes.49 We can
consider that a contribution of IVR process to the overall rate
could be different between OCN� and SCN�. This would
cause different vibrational population relaxation times for the
two different ions. Regarding the different behaviors for the
vibrational population relaxation and the solvation dynamics,
we consider that the IVR process may play an important role
in the population relaxation.

As discussed previously, both the vibrational relaxation
times and the correlation function of the vibrational frequency
fluctuations are related to the correlation function of the linear
force which is exerted by the solvent.7 If the Fourier transform
of the correlation functions of the linear force has similar fre-
quency dependence for both ions and if the direct relaxation to
the ground state dominates in the overall relaxation, the vibra-
tional population relaxation should be correlated with the vi-
brational dephasing times. The force acting on a vibrational
coordinate depends on the charge distribution and on the form
of the normal coordinates of the ions, causing different contri-
butions to the vibrational population relaxation and vibrational
dephasing process. Furthermore, the correlation function of a
higher order force may contribute to the correlation function
of the vibrational frequency fluctuations.52

We also would like to address the influence of the solvent-
induced frequency shifts, charge distributions and form of the
normal coordinates for OCN� and SCN�. The frequencies of
the anti-symmetric stretching modes for OCN� and SCN� in
the gas phase are 2124.3 cm�1 and 2065.9 cm�1, respective-

ly.46 The peak frequency is blue-shifted by about 37 cm�1

for OCN� in methanol compared to that in the gas phase,
while there is a small shift in SCN�.46 These trends correlate
with the vibrational relaxation times for these ions, but not
with the linewidths of the absorption spectra. The solute–sol-
vent interactions can be classified into repulsive and attractive
parts. The frequency shift due to the repulsive part has a differ-
ent sign from that due to the attractive part.53 The higher fre-
quency in solution for OCN� suggests a relatively greater im-
portance of the repulsive part compared to that of the attractive
part. Therefore, it is plausible that the total shift becomes
smaller for SCN� because of the cancellation of two contribu-
tions with the similar magnitudes even though the magnitude
of the shift for each contribution is greater for SCN� than that
for OCN�. It is quite an interesting problem to investigate the
relation between the observed dynamics and the nature of the
solvent–solute interaction, namely how the repulsive and at-
tractive parts of the interaction are related with the fast and
slow components.

2.2 Vibrational Population Relaxation and Solvation
Dynamics of [Fe(CN)6]

4� in D2O. Since [Fe(CN)6]
4� has

Oh symmetry, the IR-active CN stretching modes are triply de-
generate.54 The directions of the anti-symmetric motions of the
triply degenerate CN stretching mode (T1u mode) are orthogo-
nal to each other. An anti-symmetric CN stretching motion
originates from the opposite in-line CN pairs. For such a sys-
tem, it is crucial to obtain information on the time evolution of
the population distribution process among the three states of
the T1u mode, because the population distribution process
could affect the vibrational dephasing process. Dynamical in-
teraction between solute and solvent induces symmetry break-
ing of the triply degenerate mode. This might cause some
unique dephasing mechanism which does not exist for the non-
degenerate system. In this study, we have used the transient
grating measurements to investigate the vibrational population
relaxation processes, while the three-pulse photon echo mea-
surements have been used to determine the form of the corre-
lation function of the vibrational frequency fluctuations.32

Figure 7 shows the linear IR absorption and Raman spectra
of [Fe(CN)6]

4� in D2O. From FT-IR measurements, the center
frequency of the T1u mode was found to be located at 2036
cm�1.32 In the polarized Raman spectrum, two bands were ob-
served at 2000–2100 cm�1 region, while only one of them was
observed in the depolarized Raman spectrum. The peaks of the
two Raman bands are located at 2057 and 2094 cm�1.32 Based
on the polarization dependence of the Raman spectra, a band at
2057 cm�1 is assigned to the Eg mode and a band at 2094
cm�1 is assigned to the A1g mode.54

Figure 8 displays the results of the transient grating signals
of [Fe(CN)6]

4� in D2O at the parallel, perpendicular, and mag-

Table 1. Parameters of the Correlation Function of the Vibrational Frequency Fluctuations, the Vibrational Population
Relaxation Times, Rotational Diffusion Constants, and Anharmonicities for OCN� and SCN� in Methanol

Solutes �1/ps
�1 �1/ps �2/ps

�1 �2/ps �0/ps
�1 T1/ps

a) Rotational diffusion
constants/ps�1 a) Anharmonicity/cm�1 a)

OCN� 1.3 0.12 1.6 4.5 0.55 2.9 0.025 28
SCN� 2.6 0.09 3.6 4.1 0.1 11.0 0.019 23

a) Taken from Ref. 46.
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ic angle polarization conditions of the pump and probe pulses.
Due to the homodyne nature of the transient grating signals,
we first calculated the square root of the transient grating sig-
nals, and then fitted them with a sum of the exponential func-
tions.39 For the parallel polarization, the transient grating sig-
nals decay on two different time scales. On the other hand, for
the perpendicular polarization, a slow rising component was
observed on a picosecond time scale. On the time scale later
than 10 ps, the signals at two different polarization conditions
overlap each other. This decays to zero on a 20 ps time scale.
For the magic angle conditions, the amplitude of the fast de-
caying component becomes smaller than that for the parallel
polarization condition. The decay time constants of the square
root of the magic angle transient grating signals are 0.7 ps and
23.0 ps. The anisotropy of the transient grating signals was cal-
culated from the following equations:55

rðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IparallelðTÞ

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IperpendicularðTÞ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IparallelðTÞ

p
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IperpendicularðTÞ

p ; ð6Þ

where IparallelðTÞ and IperpendicularðTÞ are the intensity of the tran-
sient grating signals on the parallel and perpendicular polariza-
tion conditions at the delay time T . The result of the anisotropy
decay is shown in Fig. 9. The anisotropy starts at near 0.4 and
decays with a time constant of 2.6 ps.

From the decay of the transient grating signals, we can ob-

tain information on the vibrational population relaxation proc-
esses. Figure 10 summarizes the population relaxation process
of the CN stretching mode of [Fe(CN)6]

4�. It is shown that the
decay of the transient grating signal within a 5 ps time scale is
very sensitive to the polarization of the pump and probe pulses.
Anisotropy decay of the transient grating or transient absorp-
tion signals is usually assigned to the orientational relaxation
of the solute molecule.2 However, compared with the reorien-
tational times of the other small ions in water, the 2.6 ps
decay time is too short for the reorientational dynamics of
[Fe(CN)6]

4�.
We considered that the anisotropy decay reflects population

transfer and/or dephasing among the three states of the T1u

mode.56 The asymmetric stretching modes of the three states
are directed along the three axes of the orthogonal coordinate
system: x, y, and z. Excitation with the polarized pulse gener-
ates superposition states among the three different levels. Fluc-
tuations of the surrounding solvents and/or the coupling with
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the other intramolecular modes induce the transition from the
one state of the T1u mode to the others. Therefore, the direction
of the transition dipole moment rotates due to this population
distribution among the three different levels. Similar depolari-
zation dynamics were observed in triply degenerate asymmet-
ric CO stretching mode of W(CO)6 in several solvents, which
has the same Oh symmetry.56 Furthermore, Owrutsky and co-
workers have very recently investigated both the vibrational
population relaxation and the reorientational dynamics of the
CN stretching mode for [Fe(CN)6]

4� and [Fe(CN)6]
3� in water

and several other solvents by ultrafast infrared pump-probe
methods.57 It was found that the time scales of the anisotropy
decay do not depend on the solvent so much, which agree with
our results. They also measured the anisotropy decay of both
CN and NO stretching modes of pentacyanonitrosylferrate(III)
ion [Fe(CN)5NO]

2�. For pentacyanonitrosylferrate(III) ion
[Fe(CN)5NO]

2�, the NO stretching mode is nondegenerate.
The anisotropy decay for NO stretching mode was found to
be correlated with the solvent viscosity, which can be attribut-
ed to the overall molecular rotation.57 This observation sup-
ports our interpretation that the dipole reorientational dynam-
ics are caused by the population distribution among the three
vibrational levels.

As shown in Fig. 8, the transient grating signal at the magic
angle condition decays with the time constants of 0.7 ps and 23
ps. The fast decaying component of the transient grating signal
is due to the population equilibration between the T1u mode
and the Raman active Eg and A1g mode.58 Frequency differ-
ences between the T1u mode and the Eg and A1g modes are
21 cm�1 and 58 cm�1, respectively. It can be considered that
the population transfer to a higher energy level is possible due
to the assistance of the low-frequency motions of the solvent.
The slow decay component of the magic-angle transient grat-
ing signal represents the vibrational population relaxation from
the � ¼ 1 state which takes place on a 23 ps time scale. The
obtained time constant for the vibrational population relaxa-
tion agrees with the value reported very recently.57 Owrutsky
et al. reported that the vibrational population relaxation times
in ethylene glycol and formamide are 27 ps and 43 ps, respec-
tively.57 The pathway of the population relaxation is a combi-
nation of the lower frequency intramolecular modes of the sol-
ute molecule and the solvent phonon vibrational modes.

Figure 11 shows the three-pulse photon echo signals of
[Fe(CN)6]

4� in D2O at the parallel polarization condition. At
T ¼ 0 fs, the peak of the photon echo signal is located at
150–200 fs. The temporal profile of the photon echo signal

is asymmetric with respect to �. The peak of the echo signals
shifts towards zero at larger T . The first moments of the photon
echo signals were calculated at each delay time T , as shown in
Fig. 11b. The first moment decays on a 1.5 ps time scale and is
close to zero at T ¼ 10 ps. For comparison, we also measured
the three-pulse photon echo signals for the anti-symmetric
stretching mode of SCN� in D2O.

32 Like that of [Fe(CN)6]
4�,

the first moment of SCN� decays on a 1.5 ps time scale and is
close to zero at T ¼ 10 ps. Temporal width of the photon echo
signal for SCN� is narrower than that for [Fe(CN)6]

4�, which
indicates a stronger system-bath interaction for SCN�. From
comparison of the simulations with the experimentally ob-
served signals for [Fe(CN)6]

4� and SCN�, the parameters
for vibrational frequency fluctuations were determined; these
are shown in Table 2. For [Fe(CN)6]

4�, MðtÞ decay with time
constants of 80 fs and 1.5 ps. There is no static inhomogeneity
in the system. For SCN� in D2O, MðtÞ decays with time con-
stants of 80 fs and 1.3 ps, which is similar to that for
[Fe(CN)6]

4� in D2O, even though the amplitudes of the corre-
lation function are different.

Along with the results of the triatomic ions in methanol,
Tables 1 and 2 show the parameters for characterizing the vi-
brational frequency fluctuations of ions in solution.31,32 From
this table, we can see that the time scales of the decay of the
correlation function do not depend on the solute, while the am-
plitudes of the decaying components depend on both the solute
and the solvent. Since the hydrogen bond dynamics is a short-
range electrostatic interaction between the ion and solvent, we
would expect that a small change in the charge of the solute
would affect the time scale of making and breaking of the hy-
drogen bond. Our results suggested that the hydrogen bonding
dynamics between the solute and solvent are not sensitive to
the charge distribution of the solute ions. Similar time scales
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of the decay of the correlation function were observed in the
amide I band of trialanine and N-methylacetamide in D2O,
even though the nature of the solute molecule and the character
of the vibrational mode are different from those for our sys-
tem.59 Very recently, the dynamics of hydrogen-networks in
water have been investigated by ultrafast infrared spectros-
copy.27,30,60 In these experiments, the fluctuation of the OH
stretching frequency is monitored for diluted solution of
HOD in D2O. Stenger et al. have applied two-pulse and
three-pulse IR photon echo methods to study the vibrational
dephasing and spectral diffusion processes for this system.27

Fecko et al. used the same 3PEPS measurement with improved
time resolution.60 The correlation function decays with the
time constants of 75 fs and 1.2 ps and exhibits a damped oscil-
lation that peaks at 150 fs. The time scale of the slow decaying
component is similar to that for our system. Using molecular
dynamics simulations, the researchers can relate the OH fre-
quency fluctuations to microscopic dynamics of the hydro-
gen-bond network.60 The results suggested that the fluctuation
of the OH stretching frequency results from changes in the mo-
lecular electric field that acts on the proton. The slower decay-
ing component of the correlation function is due to the collec-
tive structural reorganizations including the collective rear-
rangement of the hydrogen-bond network. Based on these ob-
servations, a longer range interaction such as the electrostatic
interaction between solute and solvent may be important for
the vibrational frequency fluctuation in the present case, partic-
ularly for the slow decaying component of the correlation
function of the frequency fluctuation. It is very interesting to
know how the hydrogen-bond dynamics between the solute
and solvent are correlated with the longer-range interaction
to reveal the origin of independence of the vibrational frequen-
cy fluctuations on the solute mode.

We would also like to comment on the similarity of the de-
generate and non-degenerate systems in terms of the decay of
the correlation functions. The decay time constants of the cor-
relation function for [Fe(CN)6]

4� in D2O are similar to those
for N3

� and SCN� in D2O. For the triply degenerate system,
the vibrational dephasing could be caused by both the energy
gap fluctuation between the � ¼ 0 and � ¼ 1 states for the T1u

mode and the fluctuation of the energy splitting among the tri-

ply degenerate T1u modes. Our result suggested that the time
scale of the spectral diffusion process for [Fe(CN)6]

4� is con-
trolled by the same mechanism as that for SCN�, not by the
time-dependent anisotropic solute–solvent interaction.

2.3 Vibrational Dynamics of [Fe(CN)6]
4� in H2O: Deu-

terium Isotope Effect of Solvents. We have also investigated
the vibrational dynamics of the asymmetric CN stretching
mode of [Fe(CN)6]

4� in H2O to study the deuterium isotope
effect of the solvent on the solvation dynamics.33 A detailed
investigation of isotope effect of solvents will provide infor-
mation on the microscopic origin of the vibrational population
relaxation and solvation dynamics. Before describing the vi-
brational dynamics of [Fe(CN)6]

4� in H2O, we briefly mention
the FT-IR spectrum of [Fe(CN)6]

4� in H2O. The peak of the
absorption spectrum for the asymmetric CN stretching mode
is located at 2037 cm�1 in H2O, which is almost same as that
in D2O. The linewidth of the absorption spectrum is also the
same as that in D2O (�16 cm�1).33

Figure 12 shows the transient grating signals at the parallel,
perpendicular, and magic angle polarization conditions. From
the transient grating measurements, we found that the time
constant (3.7 ps) of the slow decaying component of the tran-
sient grating signal in H2O is about six times smaller than that
in D2O (23 ps), while the time scale of the anisotropy decay is
similar in the two cases.32,33 Similar values were also reported
very recently by Sando et al.57 This result shows that the vibra-
tional population relaxation in H2O takes place significantly
faster than that in D2O. A similar acceleration of the vibration-
al population relaxation was observed for the other solute
molecules. Hamm et al. investigated the vibrational relaxation
process of CN� in water.61 The vibrational relaxation takes
place with the time constants of 71 ps in D2O and 28 ps in
H2O, respectively. They found a correlation between the vibra-
tional relaxation times of the solute and the IR absorption cross
section of the solvent, which would suggest the importance of
the coupling to internal solvent modes. For the polyatomic
cases, it was reported that the vibrational relaxation times of
N3

� are 2.4 ps in D2O and 0.81 ps in H2O.
46,51 A combination

band of the bending and the librational mode of the solvent is
located at 2125 cm�1 in H2O. Energy flow occurs very effi-
ciently from the solute vibrational mode to this combination

Table 2. Parameters of the Correlation Function of the Vibrational Frequency Fluctuations,
the Vibrational Population Relaxation Times, Rotational Diffusion Constants, and Anharmo-
nicities for [Fe(CN)6]

4�, SCN�, and N3
� in D2O

Solutes �1/ps
�1 �1/ps �2/ps

�1 �2/ps �0/ps
�1

[Fe(CN)6]
4� a) 2.8 0.08 1.15 1.5 0.0

SCN� a) 4.3 0.08 2.7 1.3 0.0
N3

� b) 2.6 0.08 1.4 1.3 0.3

Solutes T1/ps
Rotational diffusion

constants/ps�1

Anharmonicity
/cm�1

[Fe(CN)6]
4� a) 0.70 (17%) 0.064d) 15

23.0 (83%)
SCN� c) 18.3 0.035 23

a) Taken from Ref. 32. b) Taken from Ref. 24. c) Taken from Ref. 46. d) Rotational dif-
fusion constant for [Fe(CN)6]

4� is calculated from D ¼ 1=6�aniso where �aniso is the time
constant of the anisotropy decay of the transient grating signals.
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band. However, the frequency of the combination band is shift-
ed lower to 1550 cm�1 in D2O so that the energy transfer from
the solute to the solvent becomes less efficient in D2O. We
have observed a larger isotope effect on the vibrational popu-
lation times compared to the other systems. This observation
suggests that the intramolecular vibrational energy redistribu-
tion is affected by the isotope substitution as well as by the in-
termolecular energy relaxation.

Figure 13a shows the three-pulse photon echo signals of
[Fe(CN)6]

4� in H2O at the parallel polarization condition.
The peak of the photon echo signal is initially located at
around 100 fs and shifts towards zero at a longer population
time. Figure 13b shows the temporal profiles of the first mo-
ments of the photon echo signals in H2O together with those
in D2O. We found that the time scale of the decay of the first
moment is similar for the two cases, even though the magni-
tude of the first moment in H2O is slightly smaller than that
in D2O. We simulated the temporal profiles of the photon echo
signals based on the correlation function of the vibrational fre-
quency fluctuations. The time scale of the decay of the corre-
lation function in H2O is very similar to that in D2O. Very re-
cently, we have also found that the time scale of the decay of
the correlation function of the anti-symmetric stretching mode
of N3

� in H2O is very similar to that in D2O.
34,35

For the studies of the solvation dynamics in the electronic
transitions, there are some reports on the solvation dynamics
in H2O and D2O.

62–65 It was shown that the solvation dynam-
ics in D2O were about 30% slower than in H2O. These obser-
vations were consistent with the results of the theoretical stud-
ies based on the molecular hydrodynamic model.65 On the oth-
er hand, we have not observed a noticeable isotope effect for
the vibrational solvation dynamics. This indicates that the
water molecules respond to a change of the vibrational state

in a different manner from the way they respond to the charge
redistribution upon the electronic excitation.

3. Conclusion

In this review, we present the results of our recent nonlinear
optical spectroscopic studies to investigate the dynamical in-
teraction between solute and solvent in the condensed phase.
By monitoring the transition frequency fluctuations in the vi-
brational states, we can characterize the solute–solvent interac-
tions and solvent dynamics on a wide time scale, from femto-
seconds to picoseconds. In particular, the three-pulse photon
echo method is very useful technique to extract the form of
the correlation function of the transition frequency fluctua-
tions. For vibrational transitions, we have studied the vibra-
tional dynamics of small ions, such as OCN�, SCN�, and
[Fe(CN)6]

4� in solution by using infrared three-pulse photon
echo and transient grating methods. Transient grating measure-
ments were used to determine the time scales of the vibrational
population relaxation process. From our results of the three-
pulse photon echo measurements, the time scales of the solva-
tion dynamics are mostly determined by the solvent, not by
the nature of the vibrational modes of the solute, even though
the coupling strength to the solvent depends on the systems we
investigated.

Studies on the dynamical interaction between solute and
solvent for the vibrational transitions have important implica-
tions for understanding the microscopic picture of the solvent
fluctuations. Fluctuations of transition frequency include the
contribution from both the dynamics of short-range and
long-range interactions between the solute and the surrounding
solvents. From the studies for the electronic and vibrational
transitions, solvation dynamics exhibit bimodal behavior
whose time constants range from a �100 fs to a few picosec-
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Fig. 12. (a) Transient grating signals of [Fe(CN)6]
4� in

H2O at the parallel (solid line) and perpendicular (dashed
line) polarizations. (b) Transient grating signal of
[Fe(CN)6]

4� in H2O at the magic angle condition.

300

200

100

0

F
irs

t M
om

en
t /

 fs

6000400020000
Delay Time T / fs

(b)

6000

4000

2000

0

D
el

ay
 T

im
e 

T
 / 

fs

200010000−1000−2000
Delay Time τ / fs

(a)

Fig. 13. (a) Three-pulse photon echo signals plotted against
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4� in H2O. (b) The
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onds. Similar time scales of the solvation dynamics observed
in electronic and vibrational transitions may indicate a correla-
tion of the solvent dynamics between different transitions,
even though magnitudes of the transition frequency fluctua-
tions in the electronic and vibrational transitions are very dif-
ferent from each other. In order to answer this question, further
studies are necessary, such as probing the electronic and vibra-
tional frequency fluctuations for the same solute molecules.
Combination of the studies of theoretical calculations with
the experimental ones will give us more detailed information
on the nature of the solute–solvent interactions.
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