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A classical potential consisting of both intramolecular and intermolecular (Buckingham and Coulombic) terms
that was developed for the simulation of crystalline nitromethane has been used to investigate the dynamics
of liquid nitromethane at various temperatures and pressures. The validation of the proposed potential model
was done for a large number of static and dynamic properties including the heat of vaporization, the variation
of density with temperature and pressure, the thermal expansion coefficient, the self-diffusion coefficients,
the viscosity coefficient, the dielectric constant, the bulk modulus, and the variation of vibrational frequencies
with pressure. The analyses performed using constant pressure and temperature and constant volume and
temperature molecular dynamics simulations show that the potential accurately reproduces the structural
properties of liquid nitromethane at ambient pressure in the temperature range 260-374 K as well as the
compression effects up to 14.2 GPa.

I. Introduction

In a series of previous papers,1-7 we have described the
development and validation of a set of interaction potentials
that can be used in atomic-level simulations to study the
dynamics of a wide variety of energetic materials. In the initial
study of this series, we developed a model to study nonreactive
processes in the nitramine explosive RDX (1,3,5-hexahydro-
1,3,5,-s-triazine).1 That potential consists of atom-atom (6-exp)
Buckingham potential terms plus electrostatic interactions. The
Coulombic interactions were determined by fitting atom-cen-
tered partial charges to a quantum-mechanically determined
electrostatic potential for a single RDX molecule for the
structure corresponding to that in the crystal at ambient con-
ditions. The remaining Buckingham parameters were adjusted
to reproduce the experimental crystal structure of RDX at
ambient conditions. This interaction potential was then used in
molecular packing (MP) and isothermal-isobaric molecule
dynamics (NPT-MD) simulations of the polymorphic phases
of two other nitramine crystals: the polycyclic nitramine
2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (HNIW or CL-20)2

and the monocyclic nitramine octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetraazacyclooctane (HMX).3 Additionally, we have
shown that this interaction potential is transferable and can
successfully reproduce the crystallographic structures and the
lattice energies for a set of 30 mono- and polycyclic nitramine
crystals4 and 51 crystals containing nonnitramine molecules with
functional groups common to energetic materials.5

A subsequent, more stringent assessment of the potential was
accomplished through NPT-MD simulations of the energetic
crystals RDX, HMX, HNIW, and PETN under hydrostatic
compression conditions.6

Throughout this series of papers1-6 the rigid-molecule ap-
proximation was assumed. As we have demonstrated, this model

accurately describes the equilibrium structures of a variety of
organic molecular crystals under ambient conditions and with
moderate increases in pressure and temperature. However, the
physical and chemical processes of energetic materials that are
of most interest occur at high pressures and temperatures, where
conformational molecular changes become important. Conse-
quently, it is important that we extend the model to allow
intramolecular motions, molecular deformation, and energy flow
in the crystal. In a recent study, we undertook such a step and
developed an intramolecular force field for prototypical explo-
sive nitromethane, to be used in conjunction with the previously
described transferable intermolecular potential model.7 Ni-
tromethane was selected for this first attempt at developing a
fully flexible model of an energetic molecular crystal because
numerous experimental investigations of its properties for a wide
range of conditions have been reported, providing significant
data for assessing the validity of the model potential. The
analyses performed using NPT-MD and MP calculations showed
that the proposed potential model is able to accurately reproduce
the changes of the structural crystallographic parameters for the
ranges of temperature (4.2-250 K) and pressure (0.3-7.0 GPa)
studied. In addition, the calculated bulk modulus of nitromethane
as well as the activation energy for internal rotation of the methyl
group are in excellent agreement with the experimental results.
Moreover, this potential correctly predicts the experimentally
observed 45° change in the methyl group orientation in the high-
pressure regime relative to the low-temperature configuration.

The validity of the intra- and intermolecular potentials de-
pends on how well they predict the physical properties of other
phases. Thus, in the present work, we investigate the transfer-
ability of the potential developed for crystalline nitromethane
to the liquid phase of nitromethane by computing various
physical properties of the liquid as functions of temperature and
pressure. As in our study of solid nitromethane,7 a motivation
for the choice of liquid nitromethane for the present study is
the existence of a number of experimental and theoretical studies
in the literature8-23 that provide a large amount of data for
various physical properties of the liquid phase over wide ranges
of temperature and pressure for comparisons.
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Among the properties we consider in this study are the heat
of vaporization, the variation of density with temperature and
pressure, the thermal expansion coefficient, the self-diffusion
coefficients, the viscosity coefficient, the dielectric constant, the
variation of some vibrational frequencies with pressure, the
isothermal compressibility, and the bulk modulus.

In section II, we provide a brief description of the potential
model, and a description of the computational details is given
in section III. Section IV contains the results of the NPT-MD
simulations and comparisons of the computed properties with
the experimental data and other theoretical results available
in the literature. The conclusions of the study are given in
section V.

II. Potential Energy Functions

The intra- and intermolecular potentials used for simulation
of liquid nitromethane are identical to those we used in MD
studies of crystalline nitromethane.7 Consequently, here we will
present only the major characteristics of this potential. The
intermolecular potential consists of the superposition of pairwise
Buckingham and Coulombic potential terms of the form

wherer is the interatomic distance between atomsR andâ, qR
and qâ are the electrostatic charges on the atoms, andε0 is the
dielectric permittivity constant of free space. The parameters
ARâ, BRâ, andCRâ for various types of atomic pairs have been
previously published1 and have been used in the present study
without change.

The intramolecular interactions are represented as a superposi-
tion of bond stretching, angle bending, and torsional potentials:

The nine bending potentials correspond to the HCH, HCN,
CNO, and ONO angles. The cosine-type torsional potentials
describe the relative positions of the C-NO2 atoms and the
orientations of the H atoms relative to the C-N-O planes. Six
of the torsional angles are defined by the HCNO dihedrals, and
the seventh is defined by the N-O-O-C dihedral. The bond
dissociation energies in eq 2 are taken from a previous study
of nitromethane in the gas phase,24 whereas the remaining set
of values of the geometrical equilibrium parameters and force
constants were parametrized using a quantum mechanical
Cartesian force constant matrix to reproduce the gas-phase
vibrational frequencies and the experimental barrier for the
methyl group rotation. Details of the procedure used to evaluate
the intramolecular terms as well as the complete list of the values
of the potential parameters in eqs 1 and 2 are given in ref 7.

III. Computational Details

The dynamics of liquid nitromethane as functions of tem-
perature and pressure have been investigated by using the
potential described in eqs 1 and 2 in NPT-MD simulations. The

Berendsen thermostat-barostat algorithm25 as implemented in
the program DL•POLY•2.026 was used to simulate the liquid
at various temperatures and pressures. The equations of motion
for the molecules and the simulation cell were integrated by
using the Verlet leapfrog scheme.27

Most of the MD simulations have been done using cubic
boxes containing 216 nitromethane molecules. The total energy
of the system was calculated subject to the use of minimum-
image periodic boundary conditions in all dimensions.27 At
ambient pressure, the interactions were determined between the
sites (atoms) in the simulation box and the nearest-image sites
within the cutoff distance of 12 Å, but in the simulations at
higher pressures, the cutoff distance was decreased when
necessary to ensure that it was always slightly smaller than half
of the simulation box length. In all of these calculations, the
Coulombic long-range interactions were handled using Ewald’s
method.27

In the production runs, the system was first equilibrated for
a period of 50 ps (1 integration time step) 0.5 fs). The
properties were then calculated by averaging over the next 100
ps. We have used longer trajectories (up to 600 ps) for the
calculations of the dielectric properties because of the slower
rate of convergence.

Several quantities that describe structural, energetic, spec-
troscopic, and transport properties of nitromethane have been
obtained from these simulations. Specific details are provided
in the next sections.

IV. Results and Discussions

1. Static Properties.We first calculated the static properties
of liquid nitromethane as functions of temperature at ambient
pressure as averages over 100 ps trajectories. The computed
values of the density, the heat of vaporization (∆Hv), diffusion
coefficient (D), and shear viscosity (η) are given in Table 1;
the available experimental values are also listed in the table for
comparison.

The computed values of the density are given in column 2
of Table 1. The calculated density values (triangles) are
compared to the available experimental data (squares) in Figure
1. At 290 K, the predicted density is 1.103 g/cm3, which is about

VRâ
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6 +
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TABLE 1: Density, Heat of Vaporization, Diffusion
Coefficient, and Shear Viscosity for Liquid Nitromethane as
Functions of Temperature at Ambient Pressure

T (K)
density
(g/cm3)

∆Hv

(kJ/mol)
D × 10-9

(m2/s)
η

(mPa s)

Experiments
293.0 1.137a

298.15 38.271b 2.39c

374.4 33.992d

MD Calculationse

255.0 1.149 42.845 0.648
260.0 1.143 42.367 0.824 1.22
270.0 1.132 41.840 0.896
290.0 1.103 40.419 1.238
298.0 1.093 39.935 1.528 0.67
320.0 1.061 38.494 2.363 0.52
340.0 1.035 37.358 2.834 0.41
360.0 1.009 36.492 3.284 0.33
374.0 0.983 35.201 3.835
400.0 0.959 34.192

Calculated, Alper et al.f

300.0 1.107 39.748 1.52
400.0 34.309

a Reference 8.b Reference 9.c Reference 20.d Reference 10.e Pre-
sent work.f Theoretical results reported in ref 11.
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2.9% smaller than the experimental value.8 The overall den-
sity dependence is linear over the temperature interval studied,
255-374 K. A linear least-squares fit of the computed values
gives Fcalc(T) ) 1.486 65- 0.001 323T; see the straight line
through triangles in Figure 1. A similar analysis was performed
for the experimental data from ref 8 givingFexp(T) ) 1.542 32
- 0.001 379T (see Figure 1). As shown by these equations and
the results in Figure 1, the present potential predicts a similar
variation of the liquid density with temperature for the entire
range where experimental data are available.

The theoretical values obtained by Alper et al.11 based on
NPT-MD simulations with a classical force field developed
specifically for liquid nitromethane are given in the last two
rows of Table 1. The values of the parameters in that force field
were adjusted iteratively until satisfactory agreement for the
density, pair correlation function, heat of vaporization, and
various vibrational frequencies were obtained at room temper-
ature and ambient pressure.11 At 300 K, their calculated density
of 1.107 g/cm3 is very close to the value predicted by our force
field (1.093 g/cm3 at 298 K). The difference is only 1.2%. This
agreement is notable considering that our force field has not
been fitted using any explicit information for the liquid phase.
Rather the intermolecular portion (except for the partial atomic
charges) was parametrized using information for a single
nitramine crystal (i.e., RDX),1 and the intramolecular portion
was parametrized using only gas-phase information for ni-
tromethane.7

The thermal expansion coefficientR ) 1/V (∂V/∂T)P can be
readily obtained from the variation of the simulation box volume
with temperature. A linear least-squares fit of the computed
values of the volume leads to a temperature dependence of the
form V(T) ) 12 518.9116+ 25.380 29T Å3 from which an
expansion coefficient of 1.26× 10-3 K-1 at 298 K is
determined. This value is slightly larger than the experimental
average expansion coefficient of 1.205× 10-3 K-1 given by
Rabinovich8 for the temperature range 293-363 K.

The heat of vaporization (∆Hv) determined at various temper-
atures is given in column three of Table 1. These values have
been evaluated from MD simulations according to the equation

whereUint is the total average intermolecular potential energy
of the liquid. By using eq 3, we have assumed that the quantum
correction terms related to the difference in intramolecular

vibrational energy between the liquid state and the gas phase
as well as the quantum correction that depends on the inter-
molecular vibrational modes of the liquid can be neglected.

The predicted values of∆Hv are compared to the available
experimental data in Figure 2. This figure includes the data
collected between 318.3 and 374.4 K by McCullough et al.10

(denoted as Exp1 in Figure 2), and the individual points at 298
K were determined by Jones and Giauque9 and at 374.4 K were
obtained by Pitzer et al.12 (both are denoted as Exp2 in Figure
2). The computed value of∆Hv at 298 K is in reasonable
agreement (within 4.3%) with the experimental value.9 The
classical potential developed by Alper et al.11 predicts a value
for ∆Hv in excess of about 3.9% from the experimental value
at this temperature. Alper et al.11 calculated the heat of
vaporization by considering only the negative of the calculated
intermolecular potential energy. It is not clear if any thermal
corrections were considered in their calculations. If these were
not included, the error will be greater.

Following the method described by Majer et al.,13 we fit the
temperature dependence of the computed values of∆Hv with
the equationA exp(-âTr)(1 - Tr)â whereTr ) T/Tc with Tc )
588 K, the critical temperature of nitromethane. When the fit
is performed to data generated for the temperature interval 320-
374 K used in experimental investigations, the best-fit param-
eters areAcalc ) 55.764 kJ/mol andâcalc ) 0.2780. The values
of the parameters obtained by fitting the experimental values
are Aexp ) 53.33 kJ/mol andâcalc ) 0.2732 over the same
temperature range.13 The linear fit for the Exp1 set of data in
Figure 2 is shown as a solid line through the points (circles).
We have also performed a least-squares fit over the entire
temperature interval, i.e., 255-374 K, (see the solid line and
triangles in Figure 2) for the MD calculated values. The overall
dependence is∆Hv ) 57.714 exp(-0.3011Tr)(1 - Tr)0.3011. As
can be seen from the results in Figure 2, the predicted
temperature dependence of∆Hv is in excellent agreement with
that determined from the experimental data. Despite the slight
differences in the magnitudes of the computed and measured
values, the overall temperature dependences are in accord.

2. Structural Properties. The structural properties of liquid
nitromethane have been investigated in terms of various site-
site pair radial distribution functions (RDFs). These functions
have been evaluated for correlation distances up to 12 Å (as
limited by our choice of the cutoff distance for the intermo-
lecular interactions) with a resolution of 0.05 Å. The computed

Figure 1. Comparison of the calculated density of liquid nitromethane
with experimental data from ref 8. The solid lines represent linear least-
squares fits to the points.

∆Hvap(T) ≈ -Uint(T) + RT (3)

Figure 2. Variation of the predicted heat of vaporization for liquid
nitromethane with temperature. The experimental data from ref 10
(denoted Exp1) as well as the data points (denoted Exp 2) at 298 (ref
9) and 374.4 K (ref 12) are shown for comparison.
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distributions are shown in Figure 3. The RDF for the C-C pair
(Figure 3a) shows that the first shell of a given nitromethane
molecule is between 4 and 6 Å, whereas a second shell is
positioned between 8 and 10 Å. This distribution remains almost
unchanged with temperature in the range 255-360 K as
illustrated in Figure 3a excepting a slight broadening of the
bands and a small shift to larger distances of the positions of
the peaks with increasing temperature. The integral up to the
first minimum of the C-C RDF gives a coordination number
of 12.8. This indicates that in the first coordination shell there
are 12 nitromethane molecules. At 298 K, the first peaks for
the C-C, C-N, and N-N RDFs are located at 5.2, 4.2, and
5.1 Å, respectively. For the C-C and C-N distributions, the
first peak is well defined, but for the N-N case, the distribution
is broader with almost a double-peak feature. The structure of
the RDFs have been previously analyzed theoretically in two
studies by Politzer and co-workers.11,14 Their initial investiga-
tion,14 based on a combined density functional MD method,
predict that the first peaks in the RDFs for the C-C, C-N,
and N-N pairs are located at approximately 5.2, 4.2, and 4.6
Å, respectively. Similar results for C-C and C-N pairs were
computed in the second study11 based on molecular simulations
with a classical force field. The major difference observed in
the second study is the presence of a broader distribution
centered at about 4.8 Å for the N-N pair correlation function
with a double-peak feature. These sets of results are similar to
our RDFs (see Figure 3a,b). Also, the RDFs of the N-O and
O-O atomic pairs presented in Figure 4c closely resemble the
results reported by Alper et al.11 Both the double-peak shape
for the O-O RDF as well as the single peak structure for N-O
distribution are similar to the results reported in ref 11. Finally,
for the RDF of the O-H pair represented in Figure 3d, we
observe a double peak structure at 2.8 and 4.3 Å. Alper et al.11

have obtained two peaks in the region 2-3 Å and an additional
one at about 4.5 Å for this bond pair.

A limitation in the information provided by RDFs between
different atomic pairs is due to the fact that the orientational
characteristics are averaged. To have a better understanding of
the orientational structure of the nitromethane molecules, we
have calculated the angle distribution of the total dipole of the
molecules. This quantity can be obtained as

Figure 3. Radial distribution functions for the (a) C‚‚‚C, (b) C‚‚‚N and N‚‚‚N, (c) N‚‚‚O and O‚‚‚O, and (d) O‚‚‚H pairs at ambient pressure and
T ) 298 K (andT ) 255 and 360 K for the C‚‚‚C and O‚‚‚H pairs).

Figure 4. Average relative orientations of the molecular dipoles as a
function of the distance between the molecular centers of mass (see eq
4). As expected, the dipoles align in opposite directions at short
distances.

〈cos(θ(r))〉 ) 〈µbiµbj

µ2 〉 (4)
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whereθ(r) is the angle between the dipole momentsµb of two
molecules with molecular centers separated by the distancer.
A typical distribution of the function〈cos(θ(r))〉 averaged over
the entire 100 ps trajectory at 298 K is shown in Figure 4. This
plot shows that at short separation distances the most favorable
configuration between two nitromethane molecules is antiparallel
alignment of the dipoles.

3. Vibrational Properties. An additional property we have
extracted from the analysis of MD simulations is the vibrational
spectrum of liquid nitromethane. This has been obtained by
computing the Fourier transform of the velocity autocorrelation
function and is shown in Figure 5a. The individual peaks in
the spectrum in Figure 5a can be identified approximately by
using the power spectra of the velocity autocorrelation functions
of the individual types of atoms, i.e., C, N, H, and O, which
are given in Figure 5b-e. The calculated frequencies compare
relatively well to those reported in ref 7, but in many instances,
there are red shifts of 5-10% relative to gas-phase nitromethane.
Exceptions are the high C-H stretching frequencies at 3095
and 2970 cm-1 which are almost unchanged from the gas-phase
values of 3093 and 2961 cm-1 reported in ref 7. It is interesting
to note that the spectrum of H atoms resembles the main
qualitative features of the entire spectrum, except for the peak
at 1547 cm-1, which corresponds to the antisymmetric stretching
mode of NO2. Similarly, the spectrum of the O atoms given in
Figure 5e also presents the main features of the entire spectrum
except for the high-frequency C-H stretching modes. These
characteristics have also been observed by Tuckerman and
Klein15 in an ab initio MD study of solid nitromethane. This
indicates that the spectral features are not very sensitive to the
phase. Additionally, in the same study,15 it was suggested that
a one-dimensional model of the methyl rotation would not
accurately describe this motion. The similarity of our vibrational
spectra to those obtained in ref 15 indicates that our choice for
the functional description of the methyl group rotation around
the CN axis based on the use of six HCNO torsional angles
provides a satisfactory depiction of this motion.

4. Dynamical Properties. To determine the dynamical
properties of liquid nitromethane, we have calculated the
appropriate time correlation functions of various variables of
the system.

An example is the autocorrelation function of the molecular
center of mass linear velocity (VACF). This function, which
provides information about translational motion of the molecules
in the fluid, has been determined for ensembles of 216 molecules
at various temperatures. The results are shown in Figure 6a. At
298 K, the correlation function rapidly goes to zero in about
0.2 ps, after which the function enters a negative region
corresponding to a “cage effect” that extends up to 1.5 ps. After
the negative peak the correlation function decays exponentially
to zero. The existence of this negative region in the correlation
function indicates the presence of a sequence of rebounding
collisions, with surrounding molecules in the first coordination
shell leading to a cage-like effect. The depth and position of
the negative region of the autocorrelation function varies as
function of temperature. For example, atT ) 255 K, the
minimum of -0.1135 is at 0.32 ps, whereas at 374 K, the
minimum of -0.0380 is at 0.485 ps. The decrease of the
negative minimum of the autocorrelation function with the
temperature increase indicates enhancement of the diffusive
character of the molecular motion.

The single exponential decay for the tail of the VACF is
illustrated in more detail in the inset of Figure 6b, where we
show a plot of the VACF and the corresponding fitted

exponential (solid line) for times larger than 0.5 ps. It is clear
that there are no systematic deviations between the two sets of
data; thus, the time dependence of the VACF can be described
as exponential with a time constant of 0.51 ps. For simple
liquids, particularly for hard-disk (d ) 2) and hard-sphere (d )
3) fluids, earlier MD simulations28 have indicated that VACFs
decay according to a power law,t-d/2. A similar t-3/2 dependence
at very long times was predicted by generalized hydrodynamics
theories.29 However, the results of the present work indicate a
different dependence for the tail of the VACF. A similar
exponential dependence was observed by Daivis and Evans30

for liquid butane.
Additional information about the dynamics of molecules in

the liquid phase has been obtained by analyzing the rotational
correlation times of specific vectors associated to the individual
molecules. In particular, we have considered two vectors with
their origins at the molecular centers of mass (CM); one is
oriented toward the C atom of the molecule, and the other is
perpendicular to the C-CM-O plane. Because the molecule
hasC2V symmetry, the CM position is practically along the C-N
bond. Additionally, the dipole moment of the molecules lies
along this principal axis. So, for the purpose of present
investigations, we consider one of the two versors (ûi) oriented
along the C-N bond direction, whereas the other one is
perpendicular to the C-N-O plane. From the time history of
these two versors, we have evaluated the rotational correlation
functions using the Legendre polynomial functionsPl[cos(θ)]
of rank l (l ) 1 and 2)31

The results of the Legendre autocorrelation functions of the
first and second orders for the parallel (û1) and perpendicular
(û2) versor are shown in Figure 7a,b, respectively. From these
dependencies, the single molecule reorientational correlation
times can be determined by numerical integration or by fitting
these correlations with exponential functions of the formA exp-
(-t/τ). The results in Figure 7 show that the variation of these
correlation functions is quite slow. For this reason, we have
used a combined method for evaluation of the correlation times.
In this method, numerical integration was performed for each
correlation function up to 10 ps at 298 K and 4 ps at 360 K,
respectively. The rest of the correlation functions were fitted to
an exponential function and the integrals were obtained analyti-
cally. The results are given in Table 2.

First we note that the calculated correlation times are larger
for the tumbling motion than for the spinning motion. This is
illustrated by plots of correlation functions for the tumbling
(Figure 7a) and spinning motion (Figure 7b) as functions of
time. Because of the large difference between the moments of
inertia for rotation about the axis perpendicular to the plane of
nitro group (Ix ) 85.59 amu Å2) and for rotation about an axis
aligned along the C-N bond (Iz ) 48.23 amu Å2),32 it is
expected that the spinning motion will be more rapid than the
tumbling motion leading to a smaller correlation time for the
former. Additionally, we observe that rotational correlation times
decrease with increasing temperature. This effect can be
understood as being due to an increase of the orientational
disorder with increasing temperature and consequently a less
effective dipolar interaction that tends to align the neighboring
pairs of molecules.

Finally, an indication about the type of reorientational motion
in liquid nitromethane can be obtained from the correlation times
τ1 and τ2, respectively. For a symmetric top molecule, the
orientational relaxation time ratio for the dipole axis should be

Ci
(l)(t) ) 〈Pl[cosθi(t)]〉 ) 〈Pl(ûi(0)‚ûi(t))〉, i ) 1 and 2 (5)
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equal to 3 on the basis of the different ranked tensorial prop-
erties.31 The values from Table 2 for the tumbling motion indi-
cate thatτ⊥

1/τ⊥
2 ) 2.98, so the above condition is closely repro-

duced. Consequently, our results indicate that the rotational
motion in liquid nitromethane is diffusional.

The calculated reorientational times are compared to the
available experimental data in Table 2. Wang et al.16 have
determined a tumbling reorientational rate of 1.03 ps at 296 K
using deuterium spin-lattice relaxation of nitromethane-d3.
Giorgini et al.17 have analyzed the orientational processes in

Figure 5. (a) Calculated composite power spectrum of liquid nitromethane at 298 K. The spectra for each type of atom are shown in other frames:
(b) C, (c) N, (d) H, and (e) O.
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liquid nitromethane based on depolarized light scattering and
the transient optical Kerr effect. They have concluded that at
longer times the orientational dynamics is diffusional, in agree-
ment with our finding. At 293 K, the reorientation times for
nitromethane were determined to be between 1.33 and 1.8 ps
based on steady state (Raman and Rayleigh) and time-resolved
(optical Kerr effect) spectroscopic experiments.17 As indicated
in Table 2, the experimental values for reorientational rates of
the tumbling motion probed by Giorgini et al. experiments17

are very close to our computed values.
A final analysis of the orientational properties of liquid

nitromethane has been done by evaluation of the reorientation
times of single molecule dipole moments (τD). In nitromethane,
the dipole moment axis coincides with the C-N bond, and
consequently the correlation times for individual molecules are
expected to be similar to those obtained for the parallel versor
û1introduced above. As can be seen from the results presented
in Table 2, both sets of values forτ1

D andτ1
⊥ are very close,

indicating the equivalence of the two descriptions.
5. Transport Properties.We have also investigated transport

properties of liquid nitromethane. First, we computed the self-
diffusion coefficient as a function of temperature. The self-
diffusion coefficientD was calculated from the mean-square
displacement of the molecular CM using the Einstein relation

whererb(t) represents the position vector of the center of mass
of a molecule at timet. The results are given in column 4 of
Table 1.

In Figure 8, we compare our calculated values ofD with the
experimental results from two independent studies.19,20Overall,
the calculated values are smaller than the experimental values,
but they closely reproduce the temperature dependence found
experimentally. The self-diffusion coefficients can all be
described by an Arrhenius function (D ) D0 exp(-Ediff /kT), as
shown by the straight line in Figure 8 obtained by a linear least-
squares fit. The calculated values of the activation energyEdiff

for the experimental sets of data Exp119 and Exp220 are 9.85
and 10.17 kJ/mol, respectively. The value 11.74 kJ/mol obtained
by fitting our calculated values of the diffusion coefficient is
only slightly higher. It is interesting to compare our values to
those obtained from the MD simulations by Alper et al.11 At

Figure 6. (a) Time correlation functions of the molecular center-of-
mass linear velocities at 255, 298, and 374 K. (b) Detail of the velocity
autocorrelation function at 298 K and of its tail (inset). In the inset
figure, the solid line represents an exponential fit to the autocorrelation
function for times larger than 0.5 ps.

D ) lim
tf∞

〈( rb(t) - rb(0))2〉
6t

(6)

Figure 7. Time correlation functions of the first-order, C(1), and second-
order, C(2), Legendre polynomials corresponding to (a) the parallel (C(l)

1,
l ) 1 and 2) and (b) perpendicular (C(l)

2, l ) 1 and 2) versors at 298
and 360 K, respectively, as described in the text (see eq 5).

TABLE 2: Calculated Correlation Times (τ) of Liquid
Nitromethane at 298 K for the Spinning (τ|) and Tumbling
(τ⊥) Motions Together with the Correlation Times for Single
Molecule Dipole (τD) and for the Collective Dipole Moments
(τΦ) (Available Experimental Data Are Also Given)

τ1
|
a τ2

| τ1
⊥ τ2

⊥ τ1
D τ1

Φ

calc. (298 K) 2.86 1.08 4.15 1.39 4.22 5.32
calc. (360 K) 1.63 0.64 2.44 0.86 2.42 2.69

Exp 1 (NMR, 296 K)b 1.03
Exp 2 (Raman, 293 K) 1.33
Exp 3 (Rayleigh, 293 K) 1.40
Exp 4 (OKE, 293 K) 1.80
Exp 5 (Dielectric, 293 K) 4.1
(Dielectric, 333 K) 2.9
Exp 6 4.4

a The units for correlation times are ps. The indices 1 and 2 refer to
the first- and second-order Legendre polynomials.b The experimental
values are from NMR studies, ref 16 (Exp 1); Raman studies, ref 17
(Exp 2); Rayleigh scattering, ref 17 (Exp 3); transient optical Kerr effect
(OKE) studies, ref 17 (Exp 4); dielectric relaxation experiments, ref
18 (Exp 5); additional data referenced in ref 17 (Exp.6).
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300 K, they have foundD ) 1.52 × 10-9 m2/s which is
practically identical to our value of 1.528× 10-9 m2/s at
298 K.

We also computed the shear viscosity of liquid nitromethane.
This quantity has been evaluated using a formalism similar to
that described by Tironi and van Gunsteren.33 Basically, the
viscosityη is calculated from the displacement of the pressure
tensor via the Einstein relation

where

HerePRâ are the off-diagonal elements (R,â ) x, y, z) of the
pressure tensor

wherepR
i is theR component of the momentum for particlei

andFR
i,j is theR component of the force exerted on particlei by

particle j.
The off-diagonal elements of the pressure tensor, eq 9, were

saved at every step during trajectory simulations. Further
improvement in the statistics was obtained by averaging over
all three off-diagonal components of the pressure tensor. The
calculated values of the viscosity coefficient are plotted as a
function of temperature in Figure 9. At 298 K, the predicted
value of the viscosity coefficient is 0.67 mPa s. This value is
very close to the experimental values of 0.63 (ref 21) and 0.673
mPa s (ref 8). The results in Figure 9 illustrate that the viscosity
coefficient obeys the Arrhenius equation:η ) η0 exp(Evis/kT).
A linear least-squares fit of the calculated values given in Figure
9 gives ln(η) ) -4.4704+ 1215.8/T mPa s (shown by the solid
line in Figure 9) over the temperature range 260-360 K, which
is in accord with the experimental22 result ln(η) ) -3.989+
1042/T mPa s (shown by the dashed line in Figure 9) for the
temperature range 273-360 K. Both the magnitudes and
temperature dependence of the computed results are in very
close agreement with those of the experiment.

Eyring34 pointed out that for dense fluids the viscosity
activation energy∆Evis is proportional to the energy of
vaporization,∆Evap) n∆Evis, where 2e n e 5. Using the values
for ∆Evap given in Table 1 and the value of∆Evis determined
above, we obtainn ) 3.95.

With regard to the calculated viscosity coefficient, several
types of correlations with the other dynamic properties such as
the diffusion coefficients or relaxation rates are possible. For
example, on the basis of depolarized light scattering and op-
tical Kerr effect (OKE) measurements of the reorientational
times in nitromethane, Giorgini et al.17 have confirmed the
existence of a linear dependence for the reorientation time on
η/T ratio, τ ) Cη/T + τ0, with the slope factorC ) 0.39 (K
ps/cP). Using the values of theτ2

⊥ rates for the tumbling motion
together with the calculated viscosity coefficients at 298 and
360 K, we obtain a slope factorC ) 0.398 (K ps/cP) and a
positive interceptτ0. Despite the limited results used in the
analysis the slope of predicted and experimental curves are
practically identical.

A second type of correlation we have analyzed is related to
the relationship between the shear viscosity and the diffusion
constant. Such a correlation can be represented as

whereK is a proportionality constant. If we take as a reference
the value of viscosityη0 at a given temperatureT0 where the
diffusion coefficient isD0, it follows that

We have evaluated the viscosity coefficient as a function of
temperature, using the results calculated at 340 K as a reference.
The calculated results based on eq 11 are shown as solid
triangles in Figure 10, and the original values determined from
the MD simulations are shown as open triangles. Clearly, the
two sets of values are very close, indicating the validity of eq
10. The major advantage of using eq 10 is that it allows the
evaluation of a collective property of the system such as the
shear viscosity, using a single-molecule property such as the
diffusion coefficient. The latter quantity converges at a higher
rate than the former.28

Figure 8. Comparison of the calculated diffusion coefficientD as a
function of temperature with results from two independent studies (refs
19 and 20). The solid lines represent linear least-squares fits of the
points.

η ) 1
2

V
kBT

lim
tf∞

d
dt

〈∆PRâ
2 (t)〉 (7)

∆PRâ(t) ) ∫0

t
PRâ(t′) dt′ (8)

PRâ(t) )
1

V{∑
i

pR
i (t)pâ

i (t)

mi

+ ∑
i<j

FR
i,j(t)[râ

i (t) - râ
j (t)]} (9)

Figure 9. Variation of the viscosity coefficient with temperature. The
solid line represents a linear least-squares fit of the calculated
points. The dashed line is based on the experimental results given in
ref 22.

η ) K
FT
D

(10)

η ) η0
F
F0

T
T0

D0

D
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6. Dielectric Properties. For a molecular fluid, the static
relative dielectric constantεr can be evaluated using theGk

factor35 based on the relation

whereε0 is the dielectric constant of the vacuum,µb is the dipole
moment of the molecule, andN is the number of molecules in
volumeV. The angular bracket〈〉 denotes an ensemble average,
and the factorGk is defined as

where MB ) ∑i)1
N µbi is the total dipole moment of theN

molecules in the simulation box. Equation 13 indicates that the
Gk factor is proportional to the ratio of the mean-squared total
dipole to the mean-squared molecular dipole moment.

We have evaluated theGk factor in an NVT simulation at
298 K and atmospheric pressure for a trajectory of 600 ps. As
can be seen in Figure 11, it is necessary to use such a long
trajectory because of the slow rate of convergence of theGk

factor. Indeed, for about 275 ps, there are some large fluctuations
in the values of theGk factor, but after which, the cumulative

average starts to decrease and theGk factor begins to converge.
The dielectric constant obtained by using eqs 12 and 13 is 25.9,
which is extremely close to the value of 26.44 obtained
theoretically by Alper et al.11 However, both values are only in
fair agreement with the experimental constant of 37.27.36 A
major reason for this difference is probably due to the neglect
of electronic polarizability in the potential models.

Additional insight in the dynamics of the dielectric medium
has been obtained by investigation of the relaxation of the
collective orientational ordering. This can be obtained from the
autocorrelation functionΦ(t) of the total dipole momentMB of
the simulation box fitted to an exponential dependence:

The knowledge of the functionΦ(t) provides information about
the frequency-dependent dielectric constant.35 A normalized
autocorrelation function of the total dipole moment of the system
obtained at 298 K is presented in Figure 12. Table 2 contains
the relaxation times obtained from the slopes of the logarithmic
dependencies of the functionΦ(t) at 298 and 360 K. The
experimental relaxation timesτΦ are also given in the last
column of Table 2 for comparison. The agreement between the
predicted and measured values is good. Moreover, our results
also predict the correct decrease of the relaxation rates with
temperature. At 360 K,τΦ decreases to 2.9 from the value of
5.4 at 298 K. A similar decrease, 4.1 at 298 K to 2.9 at 333 K,
is observed experimentally.18

7. Pressure Effects.Finally, we have investigated the
influence of hydrostatic compression on some of the physical
and spectroscopic properties of nitromethane. These properties
have been obtained from NPT simulations at 298 K and for
pressures up to 14.2 GPa. The calculated values of the density
and diffusion coefficient at various pressures are given in Table
3, whereas the variation of the specific volume (V) with pressure
is given in Figure 13.

For the low-pressure regime below 0.5 GPa, the variation of
the specific volume with pressure is linear, but above this
pressure, the rate of volume change decreases rapidly with the
increase of pressure. This variation can be explained by the rapid
increase in the repulsion between the molecules. The region of
linear variation of volume with pressure gives an isothermal
compressibilitykT ) -(1/V) (∂V/∂p)T of 6.2 × 10-10 Pa-1 at
298 K.

Figure 10. Shear viscosity as a function of temperature. The MD
results (open triangles) are compared with the values computed by using
eq 11 with the MD value at 340 K taken as the reference.

Figure 11. Time dependence of the cumulative time average factor
Gk, eq 13.

εr ) 1 + 1
3ε0

N
V

Gk〈µb
2〉

kBT
(12)

Gk )
〈MB2〉
N〈µb2〉

(13)

Figure 12. Time variation of the normalized autocorrelation function
of the total dipole moment of the system. The inset indicates a
semilogarithmic plot of the correlation function over the first 10 ps.

Φ(t) )
〈MB (t)‚MB (0)〉

〈M2(0)〉
) e- t/τΦ (14)
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The strong intermolecular interactions experienced by the
molecules upon compression cause large changes in the diffusion
coefficient. As indicated by the results in Table 3, there is a
sharp decrease in the diffusion coefficient for pressures above
0.5 GPa. This indicates that at these pressures that nitromethane
is crystalline. Previous experimental studies37,38have indicated
that the equilibrium crystallization pressure for liquid ni-
tromethane at 298 K is about 0.4 GPa. In the crystalline phase
and for pressures below 0.6 GPa, the methyl group is freely
rotating. At intermediate pressures between 0.6 and 3.5 GPa,
the rotation of methyl group is hindered, whereas for pressures
above 3.5 GPa, the orientation of the methyl group becomes
fixed. That the molecular motion is essentially frozen above
3.5 GPa is clearly apparent from our calculated values of the
diffusion coefficient.

From the calculatedP-V data presented in Figure 13, the
isothermal bulk modulusB0 at zero pressure can be obtained
using the Murnaghan equation39

In eq 15,V is the volume at pressureP, V0 is the volume atP
) 0, B0 is the bulk modulus atP ) 0, andB′0 ) dB0/dP. A
least-squares fit of our calculated values for pressures up to 1
GPa leads to a value ofB0 ) 1.40 GPa andB′0 ) 8.272. In
Figure 13, we also compare our calculatedP-V isotherm with
the available data in the literature.23 Particularly, we present in
this plot the recent results obtained by Winey et al.23 for the
isothermal compression of nitromethane up to 1.0 GPa. Over

this pressure range, they obtainedB0
(exp) ) 1.32 GPa and B′0(exp)

) 7.144.23 These values are very close to our calculated values,
indicating that our potential predicts a compression dependency
similar to that observed experimentally, at least in the region
of low pressures.

The strong intermolecular interactions existent at high
compressions are expected to influence the vibrational properties
of nitromethane. To investigate this point, we have computed
the composite power spectrum of nitromethane compressed at
14.2 GPa, which is shown in the upper frame of Figure 14. For
comparison, the spectrum at ambient pressure is shown in the
lower frame of Figure 14. Several effects are apparent from
these plots. There are large shifts in the vibrational frequencies
with the increased in pressure because of the effects of the
strong intermolecular forces upon compression. These shifts
correspond to mode hardening for all vibrational frequencies.
The shifts are strongly dependent on the type of mode. For
example, the shifts in the C-N stretching mode and NO2 stretch/
CH3 bend modes are 49 and 62 cm-1, respectively, whereas
shifts in the C-H stretching modes are as large as 124 cm-1.
These effects indicate selective enhancement of the intermo-
lecular interactions with modifications of the internal bonds.
The effect is largest for the C-H modes as these modes harden
the most.

In addition to the frequency shifts, there is significant
broadening of the spectral lines. The broadening is particularly
large for the case of the CH3 stretching modes. Several factors
can be responsible for this. First, there might be a distribution
of bond strengths because of different local environments of
the molecules. Also, the vibrational lifetimes can decrease
because of increased coupling of the vibrational modes. It is
important to note that the type of effects, i.e., frequency shifting
and line broadening, observed in these simulations have also
been found in the experimental studies.40 Using time-re-
solved Raman spectroscopy, Pangilinan and Gupta40 have
analyzed the spectral properties of nitromethane shocked to 140
kbar. They observed a large shift of about 90 cm-1 for C-H
stretching modes, whereas the C-N stretching vibration un-
dergoes a shift of only about 50 cm-1, and these shifts take
place with large broadenings and intensity changes of the bands.
This is qualitatively similar to what we observe in our computed
results.

Figure 13. Comparison of the calculatedP-V isotherm with the data
derived from ref 23.

TABLE 3: Calculated Density and Diffusion Coefficients for
Liquid Nitromethane as Function of Pressure at 298 K

P (GPa) F (g/cm3) D × 10-9 m2/s

0.025 1.1036 1.2817
0.050 1.1261 1.1143
0.075 1.1439 0.9310
0.100 1.1533 1.0548
0.200 1.2137 0.5650
0.500 1.2865 0.3760
0.750 1.3376 0.1856
1.000 1.3817 0.1305
2.000 1.5014 0.0379
3.500 1.6193 0.0036
5.000 1.7025 0.0012

10.000 1.8962 0.0004
14.200 2.0107 0.0000

P(V) )
B0

B′0[(
V0

V)B′0
- 1] (15)

Figure 14. Comparison of the composite power spectrum at ambient
pressure (lower frame) and at 14.2 GPa (upper frame).
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V. Conclusions

We have investigated the physical properties of liquid
nitromethane by using MD simulations with a previously
developed classical potential that includes intra- and intermo-
lecular motions.7 The results obtained with this potential in NPT-
MD simulations over the temperature range 255-374 K at
ambient pressure show that the model gives good agreement
with experimental data for a large number of physical properties.
For a more comprehensive test of the potential, we have
considered both static and dynamic properties of liquid ni-
tromethane, spectral properties, transport, and dielectric proper-
ties. Also, the investigations included calculations of the density,
self-diffusion coefficient, and spectral properties of nitromethane
under hydrostatic compression for pressures up to 14.2 GPa.
Agreement with experimental data is generally quite good;
however, the model gives less accurate predictions of the
dielectric permittivity of liquid nitromethane. This is probably
due to the lack of polarization effects in the intermolecular
interactions. Our results were similar to those computed by Alper
et al.11 using a force field developed specifically to describe
the properties of the liquid phase of nitromethane. Our potential
was not specifically designed or parametrized to fit results for
the liquid; however, as this and our previous study7 show, it is
generally accurate for both the solid and liquid phases.
Furthermore, the intermolecular potential used here has been
shown to describe a wide range of molecular solids.1-6

The success of the present potential model to describe the
prototypical explosive, nitromethane, in both the solid7 and
liquid phases as well as it reliability in predictions for a large
number of important energetic materials1-6 provides incentive
to extend it to applications such as solid-liquid-phase transi-
tions, energy transfer, and reactions in condensed phases.
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