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A time-domain method for simulating vibrational band profiles that simultaneously takes into account both
the diagonal and off-diagonal effects is developed and applied to the CdO stretching bands of neat liquid
acetone and the acetone/dimethyl sulfoxide (DMSO) binary liquid mixtures. By using this method, it is possible
to examine the influence of liquid dynamics on the noncoincidence effect (NCE), which arises from the
off-diagonal vibrational interactions, as well as the frequency shifts and band broadening, which are related
to both the diagonal and off-diagonal effects. It is shown that the simulations for the CdO stretching bands
of acetone in acetone/DMSO binary liquid mixtures on the basis of this method can reproduce the
experimentally observed concave curvature of the concentration dependence of the NCE and the unusually
large frequency shift of the anisotropic Raman band. The widths of the infrared, isotropic Raman, and
anisotropic Raman bands calculated for neat liquid acetone are also in good agreement with those observed.
Based on these calculations, the extent of delocalization of the CdO stretching vibrational motions is examined
by referring to two quantitative measures of this property, one calculated in the frequency domain and the
other in the time domain. It is shown that the extent of delocalization gets larger as the mole fraction of
acetone increases, the CdO stretching vibrations being delocalized over a few tens of molecules in neat
liquid acetone. It is also shown that the extent of delocalization is related to the quantity called NCE
detectability, which is the ratio between the magnitude of NCE and the bandwidth. It is therefore suggested
that the extent of delocalization of vibrational motions may be estimated from observable features of Raman
band profiles.

1. Introduction

Molecular vibrations in the liquid phase are affected by
intermolecular interactions in various ways. The vibrational band
profiles of the modes with large dipole derivatives are expected
to show large effects from the intermolecular interactions related
to those dipole derivatives,1 such as the transition dipole
coupling (TDC) between the vibrations of different molecules2-4

and the frequency shifts due to the electric field-induced
structural displacements.5-10 The CdO stretching mode of
acetone is a well-known example of such modes. It has been
well recognized that this mode exhibits the noncoincidence
effect (NCE),11-15 i.e., the phenomenon that the frequency
positions of the infrared (IR), isotropic Raman, and anisotropic
Raman components of a vibrational band do not coincide. The
magnitude of the NCE of this mode isν̃NCE (≡ν̃aniso - ν̃iso) =
5.2 cm-1 (ref 14), which is sufficiently large as compared with
the bandwidth and is easily recognizable by measuring the

polarized Raman spectrum. The NCE of this mode arises from
the TDC between different molecules in the liquid,2-4 which is
classified as the “off-diagonal” effect in the vibrational exciton
picture.16 The fact that the NCE of this mode arises from the
off-diagonal effect is experimentally proved by the isotopic and
chemical dilution measurements,14,17-19 in which the magnitude
of the NCE is reduced as the concentration of acetone decreases
and becomes vanishingly small for very dilute solutions. In the
isotopic dilution measurements, in which the environment
around molecules does not change in a chemical sense, it is
theoretically predicted that almost all the changes in the
magnitude of the NCE arise from the frequency shift of the
isotropic Raman component.20 This is supported by the mea-
surements for the mixtures of the12CdO and13CdO species
of liquid acetone done at 280 K,19 in which the isotropic
component of the12CdO stretching Raman band shifts from
1709 to 1715 cm-1 as the mole fraction of acetone-12C decreases
from 1.0 to∼0.04, while the anisotropic component stays at
1715 cm-1 over the whole concentration range.
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In our recent experimental study21 on the acetone/dimethyl
sulfoxide (DMSO) binary liquid mixtures done at 293 K,
however, it has been observed that the anisotropic component
of the CdO stretching Raman band shows a shift from 1715
cm-1 in the neat liquid to 1710 cm-1 at the mole fraction of
acetone-12C of 0.1, while the isotropic component remains at
almost the same frequency position at around 1710 cm-1. It
has been suggested that this result is reasonably explained by
taking into account both the diagonal (environmentally induced)
and off-diagonal (intermolecular vibrational coupling) effects.21

According to this scheme, the isotropic component remains at
almost the same frequency position because of the cancellation
between the upshifting off-diagonal effect and the downshifting
diagonal effect upon dilution in DMSO. We can observe a low-
frequency shift for the anisotropic component, because there is
essentially no frequency shift due to the off-diagonal effect for
this component.

The downshifting diagonal effect described above arises from
the difference between the acetone-acetone and acetone-
DMSO intermolecular interactions. Since the chemical environ-
ment around acetone molecules changes as time evolves in a
liquid mixture, the diagonal effect also induces band broadening
as well as frequency shifts. In this case, because the motional
narrowing effect22 is expected, it is necessary to use a time-
domain simulation method to do realistic simulations of the
changes in the band profiles. Simulations with both the diagonal
and off-diagonal effects simultaneously taken into account are
interesting in that these two effects compete with each other in
determining the extent of delocalization of vibrational modes.23

This is also related to the efficiency of the vibrational excitation
transfer that one can experimentally observe24,25 in a time-
domain measurement.

In the present study, for the purpose described above, the
time-domain method for simulating the NCE previously devel-
oped26 is extended to include the diagonal effect. By using this
method, simulations on the CdO stretching mode in neat liquid
acetone and the acetone/DMSO binary liquid mixtures are
carried out. To specify the mechanism of the diagonal frequency
shift arising from the difference between the acetone-acetone
and acetone-DMSO intermolecular interactions, ab initio
molecular orbital (MO) calculations are also carried out for some
cluster species. From these calculations, the extent of delocal-
ization of vibrational modes and its manifestation in the Raman
spectral profiles of neat liquid acetone and the acetone/DMSO
binary liquid mixtures are discussed.

2. Theoretical Formulation and Computational Procedure

A. Extended MD/TDC/WFP Method. In a previous study,26

a time-domain method for simulating the influence of liquid
dynamics on the NCE, called the MD/TDC/WFP method, has
been developed by one of the present authors (HT). The
formulation is briefly described as follows. For the Raman
spectrum related to thepqelement of the polarizability operator
Rpq (wherep, q ) 1, 2, 3 corresponds to thex, y, andz axes of
the liquid system), an important quantity is the wave function
of the Raman excitation at timet, expressed as

where

is the wave function formed by the Raman excitation at timet
) 0, expressed by the wave function of the ground state|0〉,
the polarizability operatorRpq, and the eigenstate|ê0〉 (numbered
by ê) of the liquid system at timet ) 0. Here,N is the number
of molecules participating in the vibrational band in question
(the number of acetone molecules in the present study).H(τ) is
the vibrational Hamiltonian, which is time-dependent because
of the influence of the liquid dynamics. Due to this time
dependence, a time-ordered exponential (denoted as exp+)27 is
involved in eq 1. By using the wave function|ψpq

(R)(t)> and
assumingpω . kT, the Raman spectrumIpq

(R)(ω) is expressed
as

where the large bracket stands for statistical average. The
isotropic and anisotropic components of the Raman spectrum
are obtained from appropriate combinations ofIpq

(R)(ω) with p,
q ) 1, 2, 3.

To calculate the time evolution of the vibrational wave
function shown in eq 1, it is necessary to treat it as the product
of short-time evolutions assuming that the Hamiltonian is
essentially invariant during a very short time period, which is
taken as equal to the time step of the molecular dynamics (MD)
simulations. We obtain

whereωê(τ) is the vibrational frequency for the eigenstate|êτ〉
at timeτ, and|êτ′〉 is the wave function with the same amplitudes
of molecular vibrations as|êτ〉 but with the molecular orienta-
tions evaluated at timeτ + ∆τ. We constructH(τ) every time
step, diagonalize this Hamiltonian to getωê(τ) and |êτ〉, and
calculate the time evolution of vibrational excitations according
to eq 4.

IR spectra are calculated in a similar way. An important
quantity is the wave function of the IR excitation at timet,
expressed as

where

is the wave function formed by the IR excitation at timet ) 0,
andµp is thepth element of the dipole operator (p ) 1, 2, 3).
The time evolution of|ψp

(IR)(t)〉 is also calculated by treating it
as the product of short-time evolutions in the same way as in
eq 4. By using this wave function, the IR spectrumIp

(IR)(ω) is
expressed as

In the MD/TDC/WFP method, the off-diagonal elements of
the vibrational HamiltonianH(τ) are determined by the TDC
mechanism. Since the TDC constants depend on the locations
and orientations of molecules and are therefore affected by the
liquid dynamics,H(τ) is treated as time dependent. In the present

|ψpq
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study, this method is extended to include the variation in the
diagonal elements ofH(τ) arising from the inhomogeneity of
the microscopic environment of molecules and its changes due
to the liquid dynamics. From the results of the ab initio MO
calculations for molecular clusters described below in sections
2B and 3A, it is reasonable to treat the diagonal elements of
H(τ) as controlled by the electric field from the surrounding
molecules. This mechanism is expressed for the shift∆ki in the
quadratic force constant as7,8,28

where ki and fi are the diagonal quadratic and cubic force
constants for the vibration of theith molecule (denoted asqi),
andEi is the electric field operating on theith molecule from
the surrounding molecules. The first and second terms represent
the effects of the mechanical and electrical anharmonicities on
∆ki.

In the present study, we assumedki (unperturbed value) to
be 6.2637× 10-5 Eh a0

-2 me
-1 ()1.7777 mdyn Å-1 amu-1),29

which corresponds to the vibrational frequency of 1737 cm-1

of the CdO stretching mode of acetone in the gas phase,30 and
the ratiofi/ki ) -2.7380× 10-2 a0

-1 me
-1/2 was taken from

the result of the ab initio MO calculation for an isolated acetone
molecule at the MP3/6-31+G(2df,p) level. The magnitude of
the dipole derivative was assumed to be|∂µi/∂qi| ) 1.0143×
10-2 e me

-1/2 ()2.08 D Å-1 amu-1/2) as in the previous study,4

which is close to the calculated value of 1.0015× 10-2 e me
-1/2

at the MP3/6-31+G(2df,p) level. The magnitude of the dipole
second derivative,|∂2µi/∂qi

2| ) 8.5574× 10-5 ea0
-1 me

-1, was
taken from the calculation at the MP3/6-31+G(2df,p) level. The
two derivatives are directed in the opposite direction along the
CdO bond, so that the first and second terms of eq 8 partially
cancel each other. They were assumed to be of fixed magnitudes
as indicated above (i.e., neglecting the modulations of these
magnitudes by the liquid dynamics), located at the center of
the CdO bond, and the interactions with the electric field
originating from the surrounding molecules were calculated. The
dipole derivative was also used for calculating the off-diagonal
force constants according to the TDC mechanism, and for
evaluating the brackets that involve the dipole operator in eqs
6 and 7. The polarizability operator in eqs 2 and 3 was assumed
to be axially symmetric with respect to the CdO bond of each
molecule.

To calculate the electric field operating between molecules,
the partial charges of atomic sites were determined by fitting
to the electrostatic potentials around isolated molecules. From
the calculations at the MP3/6-31+G(2df,p) level, they were
determined asq(C) ) 0.46328 e,q(O) ) -0.50524 e,q(CH3)
) 0.02098 e for acetone, andq(S) ) 0.05996 e,q(O) )
-0.42210 e,q(CH3) ) 0.18107 e for DMSO. The methyl groups
were treated as united atoms, and the charges were assumed to
be located at the carbon atoms of these groups.

The MD simulations were performed by combining the above
atomic charges with the Lennard-Jones parameters taken from
previous studies.31,32 Four-dimensional vectors (quaternions)
were used to represent molecular orientations in solving the
equations of motion, in combination with the leapfrog integration
method.33,34 The liquid systems consisted of 128 molecules in
total, and the mole fraction of acetone was set asxacetone) 1.0,
0.8, 0.6, 0.4, and 0.2. The volume of the cubic simulation cell
was fixed so that the molecular volumes are equal toVacetone)
122.04 Å3 (ref 35) andVDMSO ) 117.84 Å3 (ref 36). The

temperature was kept at 293 K by adjusting the total kinetic
energy every 200 fs. The time step was set to 2 fs. At each
concentration, the system was equilibrated for about 2 ns, after
which the production runs were carried out.

To obtain a frequency resolution of about 0.5 cm-1 for the
spectra calculated as Fourier transforms in eqs 3 and 7, the wave
functions of vibrational excitation were calculated for about 65.5
ps (32 768 time steps). To get a good statistical average, the
calculations were carried out for about 1300 samples at each
concentration (about 2700 samples forxacetone) 0.2), with the
“time t ) 0” of each sample being separated from that of another
by more than 30 ps.

As a reference to the above calculations, the IR and Raman
spectra in the static case were also calculated. Those spectra
were obtained by freezing all the liquid dynamics in the
calculations of the IR and Raman spectra, i.e., by using the MD/
TDC method developed previously4,16 but with the diagonal
effect taken into account according to eq 8.

The simulations based on eqs 1-8 described above as well
as the supplementary analyses described below in section 3C
were carried out on a Hewlett-Packard zx6000 workstation with
our original programs.

B. MO Calculations for Molecular Clusters. To specify
the mechanism of the diagonal frequency shift arising from the
difference between the acetone-acetone and acetone-DMSO
intermolecular interactions, ab initio MO calculations were
carried out for the acetone trimer and the acetone-(DMSO)2
cluster in the antiparallel configuration shown in Figure 1
(sideview), as well as an isolated acetone molecule as a
reference, at the HF/6-31+G(2df,p) level. For all these species,
the vibrational frequencies (and the force constants) were
calculated after the structure was fully optimized. For the
acetone-(DMSO)2 cluster, the diagonal force constant (in the
vibrational exciton picture) was directly obtained from the
frequency of the CdO stretching normal mode. However, this
is not the case for the acetone trimer, since the CdO stretching
normal modes of this cluster are delocalized due to the off-
diagonal vibrational coupling. To extract the diagonal force
constant for the central acetone molecule in this cluster, the

Figure 1. Structures (sideviews) of (a) the acetone trimer and (b) the
acetone-(DMSO)2 cluster in the antiparallel configuration calculated
at the HF/6-31+G(2df,p) level.

∆ki ) (fi
ki

∂µi

∂qi
-

∂
2µi

∂qi
2)Ei (8)
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average partial vector (APV) method10 was employed. A detailed
explanation of this method has been given in a previous study10

dealing with the case of the clusters ofN-methylacetamide as
an example.

To see how the shift in the diagonal force constant is related
to the electric field from the surrounding molecules, the latter
quantity was also evaluated by the ab initio MO method. For
this purpose, the target molecule was removed, the positions of
all the other molecules being fixed to those of the optimized
structure of the original cluster, and the electric field was
calculated at the specified position where the target molecule
was located. In the present study, the electric field at the center
of the CdO bond of the central acetone molecule was calculated
for the acetone trimer and the acetone-(DMSO)2 cluster.

The ab initio MO calculations described above (including
those at the MP3/6-31+G(2df,p) level described in section 2A)
were performed by using the Gaussian 98 program37 on a Fujitsu
VPP5000 supercomputer at the Research Center for Computa-
tional Science of the National Institutes of Natural Sciences at
Okazaki. The vibrational analyses based on the APV method
were carried out on a Compaq XP1000 workstation with our
original programs.

3. Results and Discussion

A. Relation between the Diagonal Frequency Shift and
the Electric Field in Molecular Clusters. The (unscaled)
vibrational frequencies of the CdO stretching mode calculated
for isolated acetone, the acetone trimer, and the acetone-
(DMSO)2 cluster are shown in the second column in Table 1.
For the acetone trimer, the frequency corresponding to the
diagonal force constant of the central molecule is extracted by
using the APV method. It is clearly seen that the acetone-
DMSO interaction gives rise to a larger frequency shift than
the acetone-acetone interaction, in agreement with the result
obtained from the experiment on the liquid mixtures.21 The
larger frequency shift for the acetone-DMSO interaction cannot
be sufficiently well reproduced by using the dielectric continuum
model with the self-consistent reaction field (SCRF) method.38

As shown in our previous paper,21 the CdO stretching frequency
of acetone is calculated as 1961.87 and 1960.74 cm-1 in a
dielectric medium ofε ) 20.7 (acetone) and 46.7 (DMSO),
respectively. This result suggests that the molecular aspect of
the solvent effect is important for reproducing the frequency
shift of the CdO stretching mode of acetone. As compared with
the observed frequency difference of 5.6 cm-1, the calculated
frequency difference of 14.3 cm-1 between the two clusters
shown in Table 1 may seem to be too large. In fact, this is due
to the fact that the ab initio MO calculations are done only for
the clusters at their potential energy minima. By taking into
account the thermal distributions, we can obtain a value in better
agreement with the experimental result, as shown below in
section 3B.

As shown in the fourth column in Table 1, the electric field
at the center of the CdO bond of the central acetone molecule

is calculated as 0.9465× 10-2 and 1.4822× 10-2 Eh e-1a0
-1,

respectively, for the acetone trimer and the acetone-(DMSO)2
cluster. By using eq 8 with the quadratic and cubic force
constants (k ) 8.1746× 10-5 Eh a0

-2 me
-1, f ) -2.1706×

10-6 Eh a0
-3 me

-3/2) and the dipole first and second derivatives
(∂µ/∂q ) 1.2342× 10-2 e me

-1/2, ∂2µ/∂q2 ) -5.7508× 10-5

e a0
-1 me

-1) calculated at the HF/6-31+G(2df,p) level, it is
possible to estimate the shift in the force constant∆k from the
magnitude of the electric field. The result is shown in the fifth
column in Table 1. It is clearly seen that the values of∆k thus
estimated are in good agreement with those in the third column,
which correspond to the frequency shifts in the second column.
This result suggests that the diagonal frequency shifts of the
CdO stretching mode of acetone arising from the interactions
with the surrounding acetone and DMSO molecules are
controlled by the electric field from those surrounding mol-
ecules. With the values of the quadratic and cubic force constants
and the dipole first and second derivatives shown above, the
contribution of the first term in eq 8 is 5 or 6 times larger than
that of the second term. Therefore, it may be said that, in
agreement with ref 39, the large modulation of the diagonal
force constant of the CdO stretching mode of acetone by the
electric field from the surrounding molecules is mainly due to
the large dipole (first) derivative of this mode, and the
mechanical anharmonicity is more effective than the electrical
anharmonicity.

B. Noncoincidence Effect and Band Profiles.The IR,
isotropic Raman, and anisotropic Raman spectra in the CdO
stretching region calculated for neat liquid acetone and the
acetone/DMSO binary liquid mixtures ofxacetone) 1.0, 0.8, 0.6,
0.4, and 0.2 by using the extended MD/TDC/WFP method are
shown in Figure 2. The spectra calculated for different mole
fractions are normalized with respect to the integrated intensities.
At xacetone) 1.0, the profiles of the three spectra are significantly
different from each other because of the off-diagonal vibrational
coupling, but they become similar to each other upon dilution
in DMSO. The first moments of these spectra are plotted as
functions of mole fraction in Figure 3a. It is clearly seen that
the anisotropic Raman band shows a low-frequency shift upon
dilution in DMSO, while the isotropic Raman band remains at
almost the same frequency position, in agreement with the
experimental result.21 For all the bands, the calculated absolute
frequency positions are higher than those observed by about 6
cm-1. This may be due to the neglect of the electronic
polarization effect in the treatment of the diagonal frequency
shift in the present study, and/or due to the remaining errors in
the parameters (dipole second derivatives, etc.) taken from the
calculations at the MP3/6-31+G(2df,p) level. We suppose that
the electronic polarization effect induces a low-frequency shift
rather uniformly over the whole concentration range.

The gradient of the calculated frequency shift in Figure 3a is
6.0 cm-1 for the IR and 4.9 cm-1 for the anisotropic Raman
band, in agreement with the observed frequency shift21 of 5.6
cm-1 for the anisotropic Raman band. As discussed in section

TABLE 1: Calculated Vibrational Frequencies and the Resulting Shift ∆k of the Force Constant of the CdO Stretching Mode
of Acetone Molecules in Different Environments and the Magnitude of the Electric FieldE on the Center of the CdO Bonda

species and location freq/cm-1 ∆k/mdyn Å-1 amu-1 E/10-2 Eh e-1 a0
-1

∆k(estimated fromE)c/
mdyn Å-1 amu-1

isolated 1984.30
acetone trimer, centerb 1951.96 -0.0751 0.9465 -0.0726
acetone-(DMSO)2 cluster 1937.64 -0.1079 1.4822 -0.1137

a Calculated at the HF/6-31+G(2df,p) level.b The vibrational frequency and the vibrational force constant for the molecule in the center are
extracted by the average partial vector method.c By using eq 8. See text.
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3A, these values are smaller than the frequency difference (14.3
cm-1) between the acetone trimer and the acetone-(DMSO)2
cluster shown in Table 1.40 This is considered to be due to the
fact that the ab initio MO calculations are done only for the
clusters at their potential energy minima, while the thermal
distributions of the molecular configurations are explicitly
treated in the MD simulations of the liquid structures. At this
point, it is also considered to be worth noting that, for the same
reason, the vibrational frequency shift from the gas phase is
calculated to be about 20 cm-1 for a dilute solution of acetone
in DMSO (∼1717 cm-1 vs 1737 cm-1), while the frequency
difference between the isolated acetone molecule and the
acetone-(DMSO)2 cluster is as large as 46.7 cm-1 (Table 1).
In other words, taking into account the mechanism given in eq
8, the electric field operating in the acetone-(DMSO)2 cluster
is larger than (but on the same order of magnitude as) that
operating in a dilute solution of acetone in DMSO.

The calculated magnitudes of the NCE defined asν̃NCE ≡
ν̃aniso- ν̃iso are plotted in Figure 3b. The observed values taken
from ref 21 are also shown for comparison. The NCE calculated
for neat liquid acetone (6.2 cm-1) is in reasonable agreement
with the observed value (5.5 cm-1). The concave curvature of
the plot is also in agreement with the experimental result. As
discussed in our previous study,21 the sign of the curvature for
acetone in DMSO is opposite to that for acetone in CCl4,14,17,41

because of the difference in the polarity between the two
solvents (DMSO and CCl4) as compared with that of acetone.42

The bandwidths of the observed and calculated spectra are
plotted in Figure 4. The bandwidths calculated for neat liquid
acetone are 13.5, 5.5, and 20.8 cm-1 for the IR, isotropic Raman,
and anisotropic Raman bands, respectively, in agreement with
the observed values (∼14, 8.5, and 20.3 cm-1, respectively).14,15

Upon dilution in DMSO, the calculated width decreases for the
anisotropic Raman band and increases for the isotropic Raman

band. These changes are also in agreement with the experimental
results. Note that we are not using any convoluting function in
the simulations of the spectra in the present study. It may be
said, therefore, that the main factors that determine the
bandwidths are included in the present simulations.

To examine the factors that determine the band profiles in
more detail, the spectra in the static case (without the effect of
liquid dynamics) are also calculated in a way as described in
the last part of section 2A. The result is shown in Figure 5.

Figure 2. (a) IR, (b) isotropic Raman, and (c) anisotropic Raman
spectra of neat liquid acetone and the acetone/DMSO binary liquid
mixtures in the CdO stretching region calculated by the extended MD/
TDC/WFP method. Red:xacetone) 1.0 (neat liquid acetone). Orange:
xacetone) 0.8. Green:xacetone) 0.6. Blue: xacetone) 0.4. Purple:xacetone

) 0.2.

Figure 3. Concentration dependence of (a) the frequency positions of
the IR, isotropic Raman, and anisotropic Raman bands (first moments
of the band profiles) and (b) the magnitude of the NCE of the CdO
stretching mode of acetone, calculated for neat liquid acetone and the
acetone/DMSO binary liquid mixtures by the extended MD/TDC/WFP
method (filled circles connected by solid lines). In part b, the observed
values (averaged) taken from ref 21 (represented by “+”) are also shown
for comparison. Note that the observed value atxacetone) 0.2 overlaps
with the calculated value, so that the symbol for the former is not visible
at this mole fraction.

Figure 4. Concentration dependence of the full width at half-maximum
of the IR, isotropic Raman, and anisotropic Raman bands of the CdO
stretching mode of acetone, calculated for neat liquid acetone and the
acetone/DMSO binary liquid mixtures by the extended MD/TDC/WFP
method (filled circles connected by solid lines) and observed experi-
mentally (+ and×). Note that the observed values for the anisotropic
Raman band atxacetone) 1.0 and 0.8 overlap with the calculated values.
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Compared with the spectra in Figure 2, it is clearly seen that
the effect of liquid dynamics is most significant on the profile
of the isotropic Raman band of neat liquid acetone. There is a
small bump at∼1735 cm-1 on this band in the static case as
shown in Figure 5b, but it disappears by the effect of liquid
dynamics as shown in Figure 2b. Accordingly, the asymmetry
of the band profile, defined asA ) 2(Γblue - Γred)/Γfull , where

Γblue and Γred are the blue and red side half widths at
half-maximum andΓfull ) Γblue + Γred is the full width at half-
maximum, is reduced from 0.67 in the static case [Figure 5b]
to 0.29 in the dynamic case [Figure 2b]. The latter value is close
to the observed value of∼0.2 obtained in our previous study.43

As expected from the motional narrowing effect of liquid
dynamics, the bandwidth is also reduced from 8.2 cm-1 in the
static case to 5.5 cm-1 in the dynamic case. At the lower mole
fractions also, there is a similar (but less significant) effect of
the liquid dynamics on the isotropic Raman band profile.

By examining the time correlation function of the diagonal
terms ofH(τ) (not shown), the time scale of the modulation of
the diagonal terms is obtained asτf ) 0.13 ps, while the
magnitude of the modulation is∆f ) 5.28 cm-1 (corresponding
to Γfull ) 12.4 cm-1 obtained in the no-coupling limit shown in
Figure 5d discussed below). Since the product 2πcτf∆f ) 0.128
is significantly smaller than unity, it is considered that the
modulation of the diagonal terms ofH(τ) is in the fast
modulation regime.22 This is consistent with the result that a
significant change is seen in the isotropic Raman band profile
as a result of liquid dynamics.

As discussed in a previous study,4 we can see a significant
difference in the bandwidth between the isotropic and aniso-
tropic Raman bands of neat liquid acetone even in the static
case (8.2 vs 20.7 cm-1) as shown in Figure 5, panels b and c.
This difference arises from the off-diagonal vibrational coupling.
Therefore, it may be said that the major part of the difference
in the bandwidth between these two bands in the dynamic case
(5.5 vs 20.8 cm-1) shown in Figure 2b,c also arises from the
off-diagonal vibrational coupling. The broadening of the aniso-
tropic Raman band due to the off-diagonal vibrational coupling
is also seen by comparing it with the spectrum in the no-coupling
limit [Figure 5d, Γfull ) 12.4 cm-1], which is calculated by
switching off all the off-diagonal vibrational coupling. In
contrast, at the mole fraction ofxacetone) 0.2, the isotropic and
anisotropic Raman bands have almost the same width in the
static case (16.4 vs 16.0 cm-1). The difference in their
bandwidths in the dynamic case (8.9 vs 12.0 cm-1) is there-
fore considered to arise from the liquid dynamics, probably
from the rotational motions of acetone molecules, as ex-
pected from the theory of vibrational band shapes of dilute
solutions.44-46

C. Extent of Delocalization of Vibrational Motions. As
discussed in a previous study,23 the diagonal and off-diagonal
effects compete with each other in determining the extent of
delocalization of vibrational modes. Since we have obtained a
good agreement between the observed and calculated spectral
features, it is considered to be meaningful to examine the extent
of delocalization of vibrational motions that give rise to those
spectral features. One way to estimate the extent of delocal-
ization is to calculate the frequency-dependent participation ratio,
defined as

Figure 5. (a) IR, (b) isotropic Raman, and (c) anisotropic Raman
spectra and (d) the spectra in the no-coupling limit of neat liquid acetone
and the acetone/DMSO binary liquid mixtures in the CdO stretching
region, calculated in the static case. (e) The frequency-dependent
participation ratioη(ω), as defined in eq 9. The arrows indicate the
direction of the changes upon dilution in DMSO fromxacetone) 1.0 to
xacetone) 0.2.

TABLE 2: Extent of Delocalization of the CdO Stretching Mode of Acetone in Acetone/DMSO Binary Liquid Mixtures

extent of delocalization

xacetone ν̃NCE/cm-1 Γiso/cm-1 Diso Γaniso/cm-1 Daniso from Diso from Daniso max{η(ω)} d(t) at t ) 6 ps

1.0 6.22 5.49 2.67 20.78 0.70 >130 45 25.6 43.3
0.8 4.57 6.35 1.70 18.48 0.58 110 30 16.8 25.1
0.6 3.20 7.68 0.98 16.42 0.46 60 18 10.1 13.7
0.4 1.96 8.85 0.52 14.28 0.32 22 9 5.3 6.3
0.2 0.93 8.86 0.25 11.99 0.18 6 3 2.5 2.9

7802 J. Phys. Chem. A, Vol. 109, No. 34, 2005 Torii et al.



where cjê is the normalized vibrational amplitude of thejth
molecule in theêth mode,ωê is the vibrational frequency of
theêth mode, andN is the number of molecules in the system
(which is equal to the number of modes). This quantity
represents the average extent of delocalization of the modes at
the specified frequency, and is equal to 1 if the modes at the
specified frequency are completely localized, and equal ton if
they are uniformly delocalized overn molecules.47-50 The result
is shown in Figure 5e. The value ofη(ω) is large around the
band center and small on the wing in the same way as the model
liquid system treated in ref 23, and the peak height becomes
lower upon dilution in DMSO. This peak height, denoted as
max{η(ω)}, is summarized in the ninth column in Table 2.

It has been discussed23 that the peak height ofη(ω) is related
to the quantity called NCE detectability, which is defined as
the ratio between the magnitude of NCE and the bandwidth. In
the fourth and sixth columns of Table 2, the values of NCE
detectability, calculated asDiso ) z ν̃NCE/Γiso andDaniso) z ν̃NCE/
Γaniso with z ) 2x2ln2, are shown. By employing the relation
shown in Figure 4 of ref 23, the extent of delocalization has
been estimated from these values as shown in the seventh and
eighth columns of Table 2. It is seen that the extent of
delocalization estimated fromDanisois in reasonable agreement
with max{η(ω)} directly obtained from the present simulations.
This result means that, although the relation between max{η(ω)}
andDanisoshown in Figure 4 of ref 23 is obtained for a model
liquid system, it is also applicable to a real liquid system. In
other words, the present result supports the idea23 that the extent
of delocalization of vibrational motions is related to observable
features of the Raman band profiles. In contrast, the extent of
delocalization estimated fromDiso is too large as compared with
the true values of max{η(ω)}, especially at large mole fractions
of acetone. This is considered to be due to the motional
narrowing effect on the isotropic Raman band profiles, which
is not taken into account in the calculations for the model liquid
system treated in ref 23. In fact, sinceη(ω) is based on the
instantaneous normal modes as seen in eq 9, it does not include
any effect of the time dependence of the vibrational Hamiltonian
by definition.

Another way to estimate the extent of delocalization is to
examine the time evolution of locally excited vibrations. From
the quantity defined as

where|xj〉 is the normalized vibrational wave function locally
excited on thejth molecule, the extent of delocalization after
time t is calculated as

In the same way asη(ω) defined in eq 9,d(t) is equal to 1 if
the vibrational wave functions remain totally localized, and equal
to n if they are uniformly delocalized overn molecules. In
contrast toη(ω), d(t) includes all the effects of the time
dependence of the vibrational HamiltonianH(t), especially the

time-dependent modulation of the diagonal force constants that
give rise to broadening and narrowing of band profiles. The
result is shown in Figure 6. It is seen that the initially localized
vibrational excitations become delocalized as time evolves, and
the speed of delocalization is faster at higher mole fractions of
acetone. Taking into account that the vibrational population
lifetime of the CdO stretching mode of acetone is about 6 ps,51

we show the values ofd(t) at t ) 6 ps in the last column in
Table 2. It is easily recognized that the changes in the values
of d(t) at t ) 6 ps as a function of mole fraction are parallel to
those of max{η(ω)}.

The above results demonstrate that, in the acetone/DMSO
binary liquid mixture ofxacetone) 0.2, the vibrational wave
functions of the CdO stretching mode are delocalized over only
2 or 3 molecules, but in neat liquid acetone they are delocalized
over a few tens of molecules. Considering that the extent of
delocalization is related to the NCE detectability, it may be said
that the vibrational band profiles of neat liquid acetone are
controlled by the structure and dynamics over a length scale a
few times longer than the molecular scale. In other systems also,
vibrational bands with a similar value of NCE detectability (such
as the amide I band of liquid formamide52) are expected to
contain information on the structure and dynamics over such a
long length scale. We suggest that this aspect of the relation
between the vibrational motions and vibrational spectroscopic
features is important for the correct understanding of intermo-
lecular vibrational interactions and intermolecular vibrational
excitation transfer in the liquid phase.

4. Summary

In the present study, the MD/TDC/WFP method26 has been
extended to include the variation of the diagonal terms of the
time-dependent vibrational Hamiltonian by the electric field
from the surrounding molecules according to eq 8. This method
is then applied to the CdO stretching band of neat liquid acetone
and the acetone/DMSO binary liquid mixtures, and the con-
centration dependence of the NCE, the diagonal frequency shifts,
and the extent of delocalization has been studied. To specify
the mechanism of the diagonal frequency shifts, ab initio MO
calculations have also been carried out for the acetone trimer
and the acetone-(DMSO)2 cluster.

Figure 6. The time evolution of the extent of delocalization of the
initially localized vibrational excitations, as defined in eq 11. The arrow
indicates the direction of the change upon dilution in DMSO fromxacetone

) 1.0 to 0.2.

η(ω) )
〈∑

ê)1

N

(∑
j)1

N

cjê
4)-1δ(ω - ωê)〉

〈∑
ê)1

N

δ(ω - ωê)〉
(9)

zkj(t) ) 〈xk|exp+[- i
p
∫0

t
dτ H(τ)]|xj〉 (10)

d(t) ) 〈1

N
∑
j)1

N

(∑
k)1

N

|zkj(t)|4)-1〉 (11)

Analysis of the CdO Stretching Mode of Acetone/DMSO J. Phys. Chem. A, Vol. 109, No. 34, 20057803



The main conclusions obtained from the calculations may
be summarized as follows. (1) The diagonal frequency shifts
of the CdO stretching mode calculated for the acetone trimer
and the acetone-(DMSO)2 cluster by the ab initio MO method
are reasonably well explained by using eq 8. This result suggests
that the diagonal frequency shifts of the CdO stretching mode
of acetone arising from the interactions with the surrounding
acetone and DMSO molecules are controlled by the electric field
from those surrounding molecules. From the comparison with
the calculations by the SCRF method, it has also been suggested
that the molecular aspect of the solvent effect is important for
those frequency shifts. (2) In the spectra calculated by the
extended MD/TDC/WFP method, the anisotropic Raman band
shows a large low-frequency shift while the isotropic Raman
band shows only a small frequency shift upon dilution in
DMSO, in agreement with the experimental result.21 The
experimentally observed downward curvature of the concentra-
tion dependence of the NCE21 is also well reproduced by the
simulations. (3) The widths of the IR, isotropic Raman, and
anisotropic Raman bands of neat liquid acetone are calculated
as 13.5, 5.5, and 20.8 cm-1, respectively, in good agreement
with the observed values (∼14, 8.5, and 20.3 cm-1, respec-
tively).14,15 Upon dilution in DMSO, the calculated width
decreases for the anisotropic Raman band and increases for the
isotropic Raman band, also in agreement with the experimental
result. A detailed examination of the factors that determine these
bandwidths indicates that the band broadening due to the
diagonal and off-diagonal effects and the motional narrowing
due to the liquid dynamics are both important. (4) The extent
of delocalization of the CdO stretching mode is strongly
dependent on the mole fraction of the liquid mixtures, and is
related to the quantity called NCE detectability. In the case of
neat liquid acetone, the CdO stretching vibrations are delocal-
ized over a few tens of molecules, indicating that the vibrational
band profiles of neat liquid acetone are controlled by the
structure and dynamics over a length scale a few times longer
than the molecular scale.

The calculations in the present study demonstrate that, by
using the extended MD/TDC/WFP method, it is possible to
examine the vibrational spectroscopic features arising from the
diagonal and off-diagonal effects and the influence of liquid
dynamics for vibrational modes with large dipole derivatives.
It therefore helps to elucidate the relation between the features
of vibrational band profiles and the behavior of the vibrational
excitation transfer in the liquid phase.
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