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By using molecular dynamics simulation, temperature and density dependences of the power spectra of the
velocity autocorrelation functions of acetonitrile have been investigated. Strong temperature dependence was
observed only in the low frequencies ofe30 cm-1, where the contribution of the diffusive motion was
predominant, while the density effect was observed in the whole spectral region of the low-frequency phonon
modes. Not only the velocity autocorrelation functions but also the velocity and the angular velocity cross
correlation functions were calculated to elucidate the liquid dynamics. The amount of the angular velocity
cross correlation was smaller than that of the velocity cross correlation. Oscillations were observed for angular
velocity cross correlation functions, which clearly indicate that a nonnegligible portion of the initial angular
momentum of the central molecule transferred to the surrounding molecules was given back to the central
molecule for some time before the eventual spread over the system. We found that the angular velocity cross
correlation function between the central molecule and the molecules in the outer half of the first coordination
shell is negative in the short times, which suggests that the molecules move like a pair of coupled gears. Such
molecular motion may be important for the diffusion process in the liquid.

1. Introduction

A detailed knowledge of the molecular dynamics of liquids
is quite important for understanding of the microscopic mech-
anisms of the chemical reactions in solution phase. Time
correlation functions of the atoms and molecules, which provide
a great deal of information on the liquid dynamics, have been
investigated by many researchers.1,2 Analysis of the velocity
autocorrelation functions (ACFs) and the power spectra obtained
by the Fourier transformation of the velocity ACFs is a powerful
tool for the elucidation of microscopic molecular motions and
can give a connection among the experimental, theoretical, and
simulation works of the liquid dynamics.

By using simulation techniques, we can easily obtain not only
the ACFs but also various cross correlation functions (CCFs)
between the initial movement of a central molecule and the
motions of the surrounding molecules, from which a knowledge
of the collective dynamic properties of the molecular system
can be obtained.3-7 Although CCFs cannot be directly accessible
from experiments, they must be important to draw a detailed
picture of the liquid dynamics such as relative movements of
the molecules and the chemical reaction dynamics in solution.
Generally the cross correlations are small but sometimes the
weak correlation is due to the cancellation of different contribu-
tions, therefore the analysis of CCFs can be quite helpful to
shed light on the microscopic molecular motions. Due to the
recent development of ultrafast laser spectroscopy techniques,
the optical Kerr effect of liquids was extensively investigated
and the frequency response functions of the optical Kerr signal
were analyzed in various manners.8-10 It was well-known that
many liquids have low-frequency phonon modes in a similar
frequency region.9 It was reported that the frequency response
functions of cumene showed drastic temperature dependence

in the frequency region below∼80 cm-1.8 Not only the
temperature variation expressed by a change in the width of
the Lorentzian component centered at 0-frequency but also the
extra temperature-varying component around 30-80 cm-1 was
observed. Similar temperature dependence was observed for
other liquids such as CS2.8,10

It was claimed that the observed frequency response functions
of cumene at various temperatures were well reproduced by
using the model of anharmonic coupling of oscillators, of which
the frequency distribution was assumed to be temperature
independent and was obtained from the spectrum of the low-
temperature glass.8 Because the stiffness of the solvent cage is
considered to increase with increasing liquid density, the
assumption of the temperature-independent distribution of the
low-frequency phonon modes seems to be curious. Therefore
by using simulation techniques, we have investigated the
molecular dynamics of liquids and tried to distinguish the
temperature and density effects of the power spectra.

In the previous paper we reported preliminary results of the
liquid dynamics ofn-pentane.11 Because of a flexible molecular
structure ofn-pentane, the power spectra obtained from the
simulation were complicated and it was not easy to treat the
rotational freedom. In this paper, to see the details of the liquid
dynamics, acetonitrile was chosen as a model compound.
Acetonitrile is a solvent widely used for various purposes and
there are a great deal of activities concerned with the molecular
dynamics of the liquid in the literature.12-14 A simulation study
should be helpful in drawing a microscopic picture of the
molecular motions, such as the libration and the translational
and rotational diffusions in the liquid state.

2. Method

The dynamics of acetonitrile was simulated in a cubic cell
of 256 molecules. All simulations were carried out by using† Part of the special issue “Noboru Mataga Festschrift”.
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GROMACS simulation package15 and the equation of motion
was integrated with the leapfrog algorithm with a time step of
about 0.5 fs.16 The usual periodic boundary conditions with
minimum image convention were applied. The size of the
simulation cell was varied with the density of the liquid. The
system was thermostated by using a weak coupling to an
external heat bath with a time constant of 0.1 ps.17 To keep the
density of the liquid constant, we did not adopt the pressure
coupling to the external bath. During the simulation, the pressure
significantly fluctuated and the standard deviation of the pressure
was larger than the average pressure. Randomization of the
system was carried out at the temperature of 500 K for more
than 50 ps and then the system was gradually cooled to the
desired temperature during a few tens of picoseconds. After the
thermalization the coordinates and the velocities of atoms were
stored every 5 fs for 200 ps.

The molecule was assumed to be a rigid linear object with
three interaction sites.18 The united atom model was used for
the methyl group. Although it is known that the liquid properties,
both static and dynamic, are well reproduced by using the six-
sites model of acetonitrile,19 the three-sites model can give
reasonable agreements with experiments.18 Moreover the rigid
linear structure of the three-sites model makes the characteriza-
tion of the rotational dynamics simple, which is consistent with
our purpose.

The bond lengths and the linear structure of acetonitrile were
kept by using LINCS algorithm.20 Each site interacts with all
sites of different molecules with Lennard-Jones and Coulomb
interactions. The parameters,ε andσ of the Lennard-Jones 6-12
potentials and the charges on the atoms are listed in Table 1.
Several force fields of the 3-sites model of acetonitrile were
proposed and their comparison was found in the literature.21

For the Lennard-Jones interaction the GROMACS force field,
which is slightly different from the one widely used for
simulation studies of acetonitrile, was used in our simulation.
The bond lengths ofbMe-C ) 0.146 nm andbC-N ) 0.117 nm
were used.18 The cut-off distance of the Lennard-Jones inter-
action was taken to be 10 Å. The particle-mesh Ewald
summation was used for the long-range Coulomb interaction.22,23

Translational diffusion coefficients estimated from the mean
square displacement of the molecular center-of-mass were (5.1
( 0.3), (4.4( 0.2), (3.5( 0.3), and (2.5( 0.3) × 10-5 cm2

s-1 at 313, 298, 283, and 253 K, respectively, which showed
good agreement with the experimental values of 5.0, 4.3, 3.5,
and 2.3× 10-5 cm2 s-1.24 Similar values were obtained by
integrating the center-of-mass velocity ACF.

3. Results and Discussion

3.1. Temperature and Density Dependences of Liquid
Dynamics.Nuclear dynamics of the molecular system can be
discussed by using the power spectrum of the velocity ACF.
The atomic and center-of-mass velocity ACFs (AV(t)) of
acetonitrile are displayed in Figure 1. In these simulations, to
evaluate the temperature and density effects independently, we
kept the density of the liquids at a constant of 0.79 kg dm-3,
which is the value for the real liquid acetonitrile at 298 K under
atmospheric pressure.

AlthoughAV(0), which is the mean square velocity of atoms
or molecules, increased with increasing temperature, the time
profile of ACFs did not show strong temperature dependence
except for the long-time tailing part. On the other hand, a large
density effect of the time profile was observed. The decay of
AV(t) became fast and the negative correlation became signifi-
cant with increasing liquid density, which indicate the increasing
solvent cage effect in the high densities. To elucidate the details
of the velocity ACF, power spectrum (AV(ω)) of the velocity
ACF was calculated as a Fourier-cos transformation.

The power spectrum of the atomic velocity ACF is different
from either the frequency response function of the optical Kerr
signal or the Raman spectrum, but it gives the frequency
distribution of the molecular system and can be a reasonable
representation of the density of states if the liquid is an ensemble
of harmonic oscillators.25

Figure 2 shows the temperature dependence of the atomic
power spectra as well as the molecular power spectra, which

TABLE 1: Potential Parameters of Acetonitrile (Energies
are given in K, lengths are in nm, and charges are in units
of the charge of the proton.)

ε/kB σ q

CH3 90.6 0.38 0.269
C 105 0.30 0.129
N 48.8 0.34 -0.398

Figure 1. Temperature and density dependences of the atomic and
molecular velocity ACFs of acetonitrile. Temperatures and densities
are indicated in the figure.

Figure 2. Temperature dependence of the power spectra of atomic
(solid lines) and molecular velocity (broken lines) ACFs at 0.79 kg
dm-3. Temperatures are indicated in the figure.

AV(ω) ) ∫0

∞
AV(t) cosωt dt
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were calculated from the center-of-mass velocity ACFs. For the
normalization, the spectral intensities were divided by the
temperatures. Since acetonitrile was assumed to be the rigid
molecule and no intramolecular freedom was taken into account,
only the translational and rotational motions were allowed and
no significant power spectrum band was observed in the
frequency region ofg200 cm-1.

The atomic velocity power spectrum showed a peak around
30 cm-1, while the peak of the molecular velocity power
spectrum was observed at∼25 cm-1. The intensity of the power
spectrum at 0-frequency, which shows the contribution of the
translational diffusion, decreased with decreasing temperature.
Except for the 0-frequency region temperature dependence of
the spectral shape was quite weak, which suggests that the
contribution of the diffusion is important for the temperature
dependence of the power spectrum.

Figure 3 shows the density dependence of the atomic (solid
lines) and molecular (broken lines) power spectra at the densities
of 0.74, 0.79, and 0.89 kg dm-3. Although the density of 0.74
kg dm-3 is realized at 350 K under atmospheric pressure and
the density of 0.89 kg dm-3 is estimated to be slightly higher
than that at the freezing point of acetonitrile, all the simulations
were performed at 298 K. The intensity of the atomic power
spectrum below∼70 cm-1 decreased with increasing density,
while the intensity increased in the frequency region of>70
cm-1. The band maximum moved from∼20 cm-1 (0.74 kg
dm-3) to ∼50 cm-1 (0.89 kg dm-3). Strong density dependence
was observed near the 0-frequency and the contribution of the
nondiffusive oscillatory motions became important with increas-
ing density.

A strong density dependence of the molecular power spectrum
was observed in the frequency region ofe50 cm-1 and the peak
moved from∼15 cm-1 (0.74 kg dm-3) to ∼30 cm-1 (0.89 kg
dm-3). To discuss the details of the nuclear dynamics, the power
spectrum of the angular velocity ACF and the difference
spectrum between the atomic and molecular power spectra were
compared as shown in Figure 4. These spectra are quite similar
to each other except for the low-frequency region ofe30 cm-1.
A free rotation has a constant angular momentum and appears
at 0-frequency in the angular velocity power spectrum, while a
velocity of the molecules oscillates at a rotational frequency,
which gives a power spectrum of linear velocity at finite
frequency. In the frequency region where a large difference of
the angular velocity power spectrum and the difference spectrum
was observed, we can expect a significant contribution of the
rotational diffusion.

The results of the temperature and density dependences of
the power spectra were similar to the results of our preliminary
simulation study of liquidn-pentane,11 where Coulomb inter-
action was not operative but a flexible structure brought various
complication to the spectra. Obtaining similar results for the
molecules with different characters, we may conclude that the

effect is quite general for various molecular systems which do
not have specific intermolecular interactions such as hydrogen
bonding.

The experimentally observed temperature effects of the optical
Kerr effect of CS2 and cumene appeared in a much wider
frequency range than our simulation.8,10 Although in these
experimental works the temperature and density effects cannot
be distinguished from each other because the temperature and
density change simultaneously, the simulation studies can give
more detailed insight for these effects. Our simulation clearly
shows that the power spectrum observed in the low-frequency
region of e30 cm-1, where diffusive motions are important,
strongly depends on both the temperature and density. On the
contrary, only the density effect is significant in the frequencies
of g30 cm-1, where libration is expected to play an important
role. The experimentally observed temperature effect in the
frequencies ofg40 cm-1 should be mainly due to the density
effect.

3.2. Velocity Cross Correlation Function of Liquids. To
elucidate the momentum and angular momentum transfer
between the molecules, we calculated the velocity and angular
velocity cross correlation functions (CCFs). The velocity CCF
between the central molecule (i) and the surrounding molecules
(j) initially lying between the specified radii ofan and bn is
given as

where〈‚‚‚〉n represents a restricted statistical average. As shown
in the insert of Figure 5, we calculatedCVn(t) for three regions:
Inner and outer halves of the first coordination shell aren ) 1
(a1 ) 0.25, b1 ) 0.45 nm) and 2 (a2 ) 0.45, b2 ) 0.6 nm),
respectively, and an inner half of the second coordination shell
is n ) 3 (a3 ) 0.6,b3 ) 0.8 nm). The correlation between the
atoms in the same molecule was ignored.

Figure 5a shows the atomic velocity CCFs of liquid aceto-
nitrile at 298 K. Because of the conservation of the total
momentum and the number of the particles, the velocity CCF
between the central atom and all other atoms in the simulation
cell should be-AV(t)/(N - 1), whereN is the number of atoms
in the simulation cell. A small negative value of the velocity
CCF aroundt ) 0 should be due to the momentum conservation
during the simulation. Similar to the reported results for both
the hard- and soft-sphere single-atom molecules,3-7 almost no
correlation was observed att ) 0 and the cross correlation
rapidly built up as the central atom loses its initial momentum.
The peak ofCV1(t) appeared slightly after the delay time where
the first zero ofAV(t) appeared. Oscillations which were reported
for the velocity CCF of the mono-atomic molecules3-7 were
not observed in our simulation. The decay of theCV1(t) should

Figure 3. Density dependence of the power spectra of atomic (solid
lines) and molecular (broken lines) velocity ACFs at 298 K. Densities
are indicated in the figure.

Figure 4. Density effects of the power spectra of the angular velocity
ACFs (solid lines) and the difference of the atomic and molecular power
spectra (broken lines) at several densities at 298 K. The intensities of
the angular velocity power spectrum and the difference spectrum are
normalized at the peak. Densities are indicated in the figure.

CVn(t) ) 〈Vi(0)‚Vj(t)〉n
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be due to the further momentum transfer to the atoms in the
outer shell. The peak of the velocity CCF for the atoms with a
larger initial separation from the central atom appeared at larger
delay times. The peak ofCV1(t) appeared around 150 fs, while
the peaks ofCV2(t) andCV3(t) were observed around 240 and
280 fs, respectively.

CVn(t) became markedly small asn increased. The amount
of the momentum transfer from the central atom to the atoms
in the given initial separations can be represented byCVn(t)Nn,
whereNn is the mean number of atoms in the regionn and is
given by

whereF is the number density of the liquid.
Figure 5b showsCVn(t)Nn for n ) 1-3. The peak ofCV1(t)-

N1 + CV2(t)N2, which is the measure of the momentum deposited
in the first coordination shell, appeared at 160 fs and the peak
height was slightly larger thanAV(0). Thus, the results indicate
that the initial momentum of the central atom was completely
transferred to the atoms in the surrounding shell by this time
and the diffusion of the momentum to the outer shell became
significant in the longer delay times.CV3(t), which represents
the momentum transfer to the second coordination shell, showed
a much slower decay and a smaller peak compared with those
of CV1(t) andCV2(t).

Cross correlation functions of the center-of-mass velocity of
acetonitrile are shown in Figure 6. The peaks ofCV1(t), CV2(t),
andCV3(t) appeared at 130, 170, and 300 fs, respectively. The
peak height of the molecular velocity CCF was much smaller
than those of the atomic velocity CCF, and the peak of
CV1(t)N1 + CV2(t)N2 was less than 70% ofAV(0). Since the
momentum transfer from the central atom to the atoms in the
first coordination shell was almost unity, the initial momentum
of the central molecule was converted to the freedom of other
than the translational motion. In our case, the intramolecular
freedom is frozen but a transfer to the rotational motion is
possible. A conversion from the rotation to the translation is
also possible, but in such momentum transfer no correlation
measured as the molecular velocity CCF can be expected.

3.3. Angular Velocity Cross Correlation Function of
Liquids. To see the details of the rotational dynamics, we
calculated cross correlation functions of the angular velocities,

whereωj(t) stands for the angular velocity of the moleculej
around its center-of-mass at the timet.

Figure 7 showsCAVn(t)Nn for n ) 1-3 andAAV(t) at several
densities. Similar to the linear velocity CCF, almost no
correlation of the angular velocity was found att ) 0 and the
rise and decay of the correlation was observed with increasing
delay time. The peak intensities of the angular velocity CCFs
were found to be more than 1 order of magnitude smaller than
those of the linear velocity CCFs. The decays of the angular
momentum CCFs were faster than those of of the velocity CCFs.
The delay between the peaks of molecularCV1(t) and CV2(t)
was about 90 fs at 0.79 kg dm-3 (298 K), while the peaks of
CAV1(t) andCAV2(t) appeared simultaneously. The delay between
the peaks ofCAV1(t) and CAV2(t) slightly increased with
decreasing density of the liquid.

A characteristic feature of the angular velocity CCFs is the
negative values ofCAV2(t) and the difference in signs forn )
1 and 2 in short delay times. If we calculate the angular velocity
CCF for the whole region of the first coordination shell, CCF
becomes small because of the cancellation. The results indicate
that the correlationCAV2(t) appeared through the direct inter-
action with the central molecule. The magnitude of cross
correlation increased with increasing density of the liquid and
the peak intensity ofCAV2(t) reached at the almost constant value
in the densities above 0.79 kg dm-3. The negative values show
that molecules ofn ) 2 rotate to the opposite direction to the
initial direction of the central molecule. These results suggest

Figure 5. (a) Atomic velocity CCFs at 298 K (0.79 kg dm-3) and (b)
the number density weighted atomic velocity CCFs. Thin line shows
the normalized velocity ACF, of which the intensity in (a) is 10 times
reduced. Insert is the radial distribution function at 0.79 kg dm-3.
Broken line showsCV1(t)N1 + CV2(t)N2.

Nn ) 4πF∫an

bnr2g(r) dr

Figure 6. Molecular velocity CCFs ofn ) 1, 2, and 3 at the density
0.79 kg dm-3 at 300 K. Normalized ACF is also shown in the figure.
Broken line showsCV1(t)N1 + CV2(t)N2.

Figure 7. Density dependence of the angular velocity CCFs at 298
K. Densities are indicated in the figure. Broken, solid, and dotted lines
shown ) 1, 2, and 3, respectively. Normalized ACFs, of which the
intensity is 10 times reduced, is also shown in the figure.

CAVn(t) ) 〈ωi(0)‚wj(t)〉n
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that the motions of the central molecule and the molecules inn
) 2 are similar to those of a pair of gears coupled with each
other.

The peak intensity ofCAV3(t) was much smaller than those
of CAV1(t) andCAV2(t). Because of the large initial separation,
direct interaction between the central molecule and the mol-
ecules ofn ) 3 seems to be negligible. The angular momentum
transfer must be stepwise andCAV3(t) through the molecules of
n ) 1 and 2 may be canceled each other, which results in the
small peak intensity ofCAV3(t).

Oscillations were observed in the angular velocity CCFs,
which suggest that nonnegligible portion of the initially
transferred angular momentum to the surrounding molecules is
given back to the central molecule for some time before the
eventual spread over the system. The phase relation among the
CCFs was not so clear as those reported for the velocity CCFs
of mono-atomic molecules.4 The results indicate that several
paths for the angular momentum transfer with different phase
relations exist, which is consistent with the small peak intensities
of the angular velocity CCFs. Since the peak intensity of
CAV2(t) was rather large compared with those ofCAV1(t)and
CAV3(t) and the oscillation ofCAV2(t) was clear, molecular
motions similar to the coupled gear seems to be important for
the diffusion process in the liquid.

4. Conclusions

Molecular dynamics simulation of acetonitrile performed in
this report showed that the power spectra of velocity ACFs
observed in the frequencies below 30 cm-1, where the trans-
lational diffusion as well as the diffusive rotation is important,
strongly depend on both the temperature and density. The
contribution of the diffusive motion seems to be important for
the temperature effect of the power spectra, while the density
has a significant effect on both the diffusive motion and the
libration.

It has been observed that the initial momentum of the central
atom was completely transferred to the atoms in the surrounding
shell within∼160 fs and the diffusion of the momentum to the
outer shell became significant in the longer delay times. The
amount of the momentum transferred from the central molecule
to the surrounding molecules in a correlated manner was found
to be less than 70% and the rest of the initial momentum of the
central molecule was converted to the rotational motion.

The peak intensities of the angular velocity CCFs in the first
coordination shell are more than 1 order of magnitude smaller

than those of the linear velocity CCFs, which suggests that the
angular velocity transfer occurs through various paths. The most
significant founding is the negative values of the angular velocity
CCFs, which can be due to the molecular motions similar to a
pair of coupled gears. Because of the clear oscillation of
CAV2(t) which is the indication of the repeated angular velocity
transfers between the central and the surrounding molecules.
The molecular motions such as a pair of the coupled gears can
be important for the diffusion process in the liquid.
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