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We present molecular dynamics simulations of the diffusion coefficients and structure of
water-nitric oxide mixtures at ambient (298 K) and in vivo (310 K) conditions. A two-site rigid-body
molecular model with partial charges and a Lennard-Jones potential on both sites is proposed for
nitric oxide and used in conjunction with the extended simple point-charge model for liquid water
in our simulations. The diffusion coefficients obtained from the simulations are in good agreement
with experimental data. The results from intermolecular partial pair functions show that under these
thermodynamic conditions, the existence of nitric oxide in liquid water has little impact on the
structure of water and the tendency to form H bonds between water molecules. We also find that it
is unlikely that H bonds form between the hydrogen atoms in water and either the nitrogen or the
oxygen atom on the nitric oxide at the temperatures and densities examined in this study. This study
suggests that in low concentrations nitric oxide molecules exist as free molecules in liquid water
rather than forming complexes with water molecules. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.1992482]

I. INTRODUCTION

Nitric oxide (NO) is one of the most important signal
molecules in a living cell. As a typical free radical it had
been mainly considered as an atmospheric pollutant and bac-
terial metabolite until the middle of the 1980s." The discov-
ery of NO’s role in physiological processes in the middle
1980s has expanded the interest in nitric oxide into biology,
making it the target of many studies. It appears that a simple
molecule such as NO can play a key bioregulatory function
in a number of physiological responses,” for example, NO is
regarded as a signal molecule playing an important role in
intracellular and intercellular communications.® The biologi-
cal role of NO as an intracellular messenger molecule will be
greatly dependent on the diffusion of NO, which determines
its effective concentration in the active sites. Despite its well-
documented importance, the mechanism for nitric oxide
transport in vivo is still unclear. The transport of NO from the
producing cell to the target cell is not well understood. It has
been proposed that NO is transported from endothelial cells
through diffusion and that cell membranes are readily perme-
able to NO.*

The neutrally charged NO molecule is hydrophobic with
respect to aqueous solutions, which facilitates its free diffus-
ibility. A number of experimental studies of the diffusion
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coefficient of NO in water have been attempted. Using fluo-
rescence quenching techniques, Denicola et al’ experimen-
tally measured the diffusion coefficient of NO in buffer so-
lution to be 4.5X10° m?/s at 20 °C. Malinski er al*
employed a porphyrinic microsensor to measure the diffu-
sion coefficient of NO at 37 °C and obtained a value of 3.3
X 107 m2/s. Wise and Houghton® reported diffusion coeffi-
cients of 2.07 X107 and 5.1 X 107 m?/s in water for tem-
peratures of 20 and 40 °C, respectively. In addition, there are
some modeling studies on NO diffusion in vivo and in vitro,
essentially based on Fickian diffusion and reaction diffusion
models.”” However, to the best of our knowledge, there has
been no molecular dynamics (MD) study on the diffusion of
NO in water. In this paper we report the results of a molecu-
lar dynamics study, mainly concentrating on the diffusion
and structure of NO in water and on the establishment of the
NO-H,O0 potential interactions for future work. Under the
conditions described here, the chemical reaction between NO
and water can be safely neglected.

Water is very well known and has been studied exten-
sively by computer simulations. We chose the extended
simple point-charge (SPC/E) model of Berendsen et al.'® to
mimic water due to its simplicity and good prediction of
liquid water properties, particularly the diffusion
coefficient.'’ There are only few NO potential models pro-
posed or used in previous studies.'*" Elert et al.'* used a
two-site model for NO in a MD study of the detonation of
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nitric oxide. In this model the Morse potential was used for
the bonding potential of the NO bond and a potential similar
to the Buckingham potential, with the signs of the exponen-
tial and 7% terms being reversed, was used for computing
nonbonded interactions. Another proposed model consists of
two atomic sites with a Lennard-Jones 9-6 potential and
point charges.13 As the most effective water potential models
use a Lennard-Jones 12-6 potential for nonbonded interac-
tions, these two functional forms make it difficult to apply
the potentials to the mixed system with water. In this study,
we will propose a rigid two-site model with the Lennard-
Jones 12-6 potential and partial charges. We will also param-
eterize the model for the mixed system of NO-H,O.

In binary liquids the mutual diffusion, also called chemi-
cal diffusion, describing the transport of mass driven by gra-
dients in chemical potential is of more significance than self-
diffusion in describing and analyzing the diffusion process of
binary systems, particularly in evaluating Fick’s law. Mutual
and self-diffusivities are related to the velocity correlation
functions of collective motions of the system and of single-
particle motions, respectively.14 The mutual diffusion coeffi-
cient can be expressed as a combination of self- and distinct
diffusion coefficients. Self-diffusion is a measure of mobility
of each component in the mixture, while distinct diffusion
represents the sum effect of all dynamic cross correlations,
which arise from momentum exchange between particles of
unlike species.15 Due to the low solubility of NO in water, in
this study we will only examine the diffusivities for systems
of low NO concentrations, which is similar to tracer diffu-
sion of individual molecules in equilibrium mixtures. For the
low solute concentrations studied in this work, the contribu-
tion to the mutual diffusivities due to cross correlations
should be either very small or negligible. Therefore, we
mainly examined self-diffusivities and assumed the mutual
diffusion coefficient to be equal or close to the self-diffusion
coefficient of the solute in the mixture. To validate this point,
we will also provide comparison results between the self-
diffusion and mutual diffusion coefficients for mixtures of
the highest solute concentration studied.

Il. THEORETICAL FORMALISM FOR DIFFUSION
COEFFICIENTS

In a binary mixture of species 1 and 2, the self-diffusion
and mutual diffusion coefficients'® can be written in terms of
either the mean-square displacement (MSD) or Green-Kubo
(GK) relations through the velocity autocorrelation function
(VACF). For self-diffusion coefficients in the mixture these
relationships are

D= lim (i, 0) - r,0F) (=1 0r2) 1)
D= %Jw (vif(0) - vi(1))dt  (i=1 or2), (2)
0

respectively. Here v;; is the velocity and r;; is the position of
the center of mass of particle j of species i. The angular
brackets denote an ensemble average. Mutual diffusivities
are related to the collective motions of the system. In a bi-

J. Chem. Phys. 123, 054505 (2005)

nary mixture there is only one independent mutual diffusion
coefficient!’ (which follows due to the relations between the
component forces and fluxes), which we shall denote D,.
The mutual diffusion coefficient can be determined from the
mean-square displacement of the center of mass of particles
of species 1 or the solute,'®

2
m
D12 = Q (—lxl + .)C2>
ONxX X5 \ 1y

Ny N 2
[E r(0) - > rk(t)] : (3)
k=1

k=1

od
Xlim—

t—®

or from the Green-Kubo expressions for the velocity corre-
lation function of the center of mass of particles of species 1,

0 (m 5 o | N Ny
Dy, —(—1x1+x2>f 2 vi(1)- 2 vi(0) )dr.

 6Nx X, \my 0 \i=l i=1
(4)

By changing the reference velocity to one defined with re-
spect to the center of mass of the entire system (barycentric
velocity or barycentric frame), it can easily be shown that
Eq. (4) may be rewritten as

D)= %ﬂz fo 312(0) - Tyal)bdr, (5)
where
N, N,
Ji(0) =x22 v, (1) _XIE vi(1) (6)
k=1 I=1

and N is the total number of particles, x;=N,;/N and x,
=N,/N are the mole fractions of species 1 and 2, where N,
and N, are the number of particles of type 1 and 2, respec-
tively. m; and m, are the masses of the two different types of
particles, r(r) is the position and v,(r) is the velocity of
particle k of species 1 at time ¢ while v,(¢) is the velocity of
particle [ of species 2. Q is a thermodynamic factor which is
defined by

O=[1+xxp(Ty; + Ty =2 )] (7)

with
Fl] = 47TJ rz[g,](r) - 1]dr (8)
0

In the above equations p is the number density and g;; is the
radial distribution function for the pair of species ij. For
thermodynamically ideal binary mixtures (i.e., an ideal solu-
tion) it follows that Q=1 and from Eq. (7) that I';;+I'5,
—2I'1,=0. When Q=1 the mutual diffusion coefficient is
equivalent to the Maxwell-Stefan diffusion coefficient.

Reorganizing Eq. (5), the mutual diffusion coefficient
can be written as a linear combination of the self-diffusion
coefficients Dy; and D,, of the mixture and the distinct dif-
fusion coefficient'® DY,
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D12= Q(X2D11 +x1D22+x1x2D0112). (9)

The distinct diffusion coefficient DY, corresponds to the dy-
namical cross velocity correlation function C{,(f) and is
given by

Df,= f ch(nat, (10)
0

where C‘ll2(t) can be written as the sum of three correlation
functions:

E E V(1) - v, (0)

k=1 "%

c(t
12(t) = le

Ny N,

E 2 vi(1) - v (0)

=1

1
+
3Nx%

Ny N,

> 2 i) v 0) ). (11)

k=1 I=1

3N.xl.X2

In the above equation, the first two terms are the cross-
correlation functions of the velocities of particles of species
1 and 2, respectively, while the third term is the cross-
correlation function of the velocities between the two differ-
ent types of particles. The deviation of distinct diffusion
from zero implies that correlations between the distinct par-
ticles of the system depend on microscopic details. For a
thermodynamically (where Q=1) and dynamically (where
Df2=0) ideal mixture Eq. (9) reduces to

Dy =x,D11 + x1 Dy, (12)

which suggests that all velocity cross correlations do not
contribute to the mutual diffusion coefficient. This model is
the so-called Darken model and has found applications in
nonelectrolyte solutions.” Tt is worth noting that the self-
diffusion coefficients in above equations are those of the
mixture and are composition dependent. As suggested by Eq.
(7), for dilute solutions studied in this paper, the thermody-
namic factor will differ very little from unity.

lll. INTERMOLECULAR POTENTIALS AND
SIMULATION DETAILS

A. Intermolecular potentials

The SPC/E model of Berendsen et al.'® has been used to
represent water. In this model the water molecule is assumed
to be rigid. The model consists of partial charges on all the
three atom sites and a Lennard-Jones potential on the oxygen
site. The potential parameters and geometry parameters are
given in Tables I and II, respectively.

Nitric oxide is modeled as a two-site rigid body with
partial charges and a Lennard-Jones potential on both sites.
The experimental dipole moment (u), together with the equi-
librium bond length, was used to determine the atomic par-
tial charges for nitric oxide (NO). The Lennard-Jones param-
eters were optimized based on molecular dynamics
simulations of the liquid. The equilibrium density (p) and the
heat of Vaporization13 were used to determine the parameters
and N-V-T simulations were carried out during the param-
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TABLE I. Potential parameters used for the water/NO interactions.

€y gy
Site (kJ/mol) (A) gle)
H(H,0) e e 0.4238
O(H,0) 0.6502 3.166 -0.8476
N (NO) 0.661 3.014 0.0288
0 (NO) 0.806 2.875 -0.0288

eterization stage to optimize the Lennard-Jones (LJ) param-
eters so that the heat of vaporization obtained from the simu-
lation agrees with the experimental value. To compute the LJ
potential between nitrogen and oxygen atoms, Lorentz-
Berthelot (LB) combining rules are used, i.e., g;;= \Tsﬁ and
0,j=(0;;+0;;)/2. The density and heat of vaporlzatlon of NO
liquid at the boiling point (7,) are 1.269 g/cm?® and
13.85 kJ/mol, respectively. For nitric oxide, four parameters
for two atom types need to be parameterized. We used the
method adapted by Yang et al.,” where two scaling factors
(for &y and oy, respectively) were used to optimize the pa-
rameters for each of the atom types. The initially estimated
Lennard-Jones parameters of NO used for parameterization
were also taken from Yang et al.” The finally obtained pa-
rameters for NO are listed in Table I. With these parameters
we obtained a value of 13.71 kJ/mol for the heat of vapor-
ization from our simulations. We also obtained a value of
(1.46+0.03) X 107 m?/s for the self-diffusion coefficient of
liquid NO. However, we could not find corresponding ex-
perimental data for comparison purposes.

B. Simulation details

The MD simulations have been conducted in the
N-V-T ensemble with a total of 500 molecules. For binary
mixtures the number of NO molecules varies from 2 to 12.
We ran the simulations at two temperatures, 25 and 37 °C.
These temperatures correspond to ambient and in vivo con-
ditions, respectively. Six different concentrations were exam-
ined at each temperature. This allowed us to extrapolate the
results to the infinite dilute solution. The densities of mix-
tures are calculated from the water and liquid NO densities
for each concentration. The water densities are 0.9973 and
0.9942 g/ml, respectively, for temperatures 25 and 37 °C
and the density of liquid NO is 1.269 g/ml. As the NO con-
centration changes, the dimension of the unit cell changes
from 24.683 to 24.809 A. The equations of motion were in-
tegrated by the leap-frog method with a 2 fs time step. The
molecular temperature was controlled with velocity rescaling
and was conducted every 20 fs. The SHAKE (Refs. 20,21)
constraint algorithm was used to keep both the water and
nitric oxide molecules rigid. Independent simulations using a
Gear predictor-corrector integrator, combined with a

TABLE II. Geometry parameters for water and NO molecules.

b(())H 9HOH bONO

(A) ( ) (A)

1.0 109.47 1.15
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Gaussian thermostat, were conducted on binary mixtures of
12 NO and 488 water molecules. These simulations pro-
duced the same results within statistical uncertainties as that
obtained by using the simulation methods described above.
Long-range electrostatic interactions were evaluated using an
Ewald sum method with the convergence parameter «
=5.0/L (Ref. 22) and summation over 5 X5 X5 reciprocal-
lattice vectors, where L is the side length of the simulation
box. A cutoff of 0.5L was used for the evaluation of the
Lennard-Jones and real-space electrostatic terms. Periodic
boundary conditions were used to construct an infinite lattice
that replicates the cubic simulation box through space.

Molecules of each mixture were first placed at face-
centered-cubic (fcc) lattice sites and then a simulation was
run for 100 000 steps to melt the lattice and generate initial
configurations for further MD runs. All the MD runs were
performed for 100 ps simulation times for equilibrium con-
figurations before statistical averages were taken. For the cal-
culation of the water diffusion coefficient we obtained repro-
ducible results for 200-ps production runs (with variation
smaller than 1.4%), averaging over molecules in the unit cell
and all time origins. The interval between two time origins
was 0.04 ps. To calculate the mean-squared displacements, in
addition to the atom positions to which standard periodic
boundary conditions are applied, another copy of true atom
positions (i.e., without applied periodic boundary conditions)
was also maintained in our program. For the calculation of
the nitric oxide diffusion coefficient in water, production
runs of up to 1 ns were performed. We typically conducted
six to ten runs at each individual concentration for improved
statistics. For the multiple runs at each individual concentra-
tion, the simulations were started from the same initial coor-
dinates. The initial velocities for different runs were ran-
domly generated with different seeds so that all initial
velocity distributions follow a Maxwell-Boltzmann distribu-
tion. We found that different seeds had little impact on the
simulation results of the majority of water molecules but do
have an impact on the NO molecules in the mixtures. Mul-
tiple runs are necessary for better statistics for the mixtures
examined in this paper.

IV. RESULTS AND DISCUSSIONS

A. Comparison between self- and mutual diffusion
coefficients

As indicated by Eq. (9), the deviation between the self-
diffusion and mutual diffusion coefficients happens in the
case of increased solute concentration and non-negligible
distinct diffusion coefficient. To begin, we computed the ve-
locity auto- and cross-correlation functions for the NO-water
mixture of 12 nitric oxide and 488 water molecules, which is
the highest solute concentration examined in this study. A
typical set of VACF and relative velocity correlation function
(RVCF) data are shown in Fig. 1. It is seen that the VACF
data of the self-diffusion quickly decay to zero within 2 ps.
There are very slight oscillations for NO molecules (dotted
line) due to the small sampling space for statistics. However,
RVCF data show greater amplitude and long-time fluctua-
tions. RVCFs are collective quantities and therefore show
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FIG. 1. (a) Velocity autocorrelation function for water and NO at 310 K. (b)
Relative velocity correlation function for the binary mixture.

larger fluctuations in comparison to the VACFs, which are
averaged over all particles of each species. The accuracy of
the mutual and distinct diffusion coefficients, which can be
obtained from the RVCE, is therefore lower. To obtain more
accurate estimates eight runs were performed, and the mutual
diffusion coefficient D, calculated from the integration of
RVCF data of individual runs (doted lines) and D, averaged
over eight runs (solid lines) are shown in Fig. 2. It can be
seen that there are significant variations in the mutual diffu-
sion coefficient D, with time for each individual run. Even
after averaging over eight runs there are still slight variations
in the mean of D{,. Comparing to the mutual diffusion coef-
ficient, the self-diffusion coefficients obtained from integra-
tion of VACF data are much better.

To assess the error associated with the computed values

-9 2
D (10" m/s)

-4 1 i 1 I

0 20 40 60 80 100
Time (ps)
FIG. 2. Mutual diffusion D}, from individual runs (dotted lines) and D,

(solid line) averaged over eight simulation runs at 310 K for a mixture of 12
NO and 488 water molecules.
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TABLE III. The self-diffusion, mutual diffusion, and distinct diffusion coefficients (in units of 10~ m?/s) and
their variations for a mixture of 12 nitric oxide and 488 water molecules at 310 K.

D]l D22 D12

Dy* Dy' Dy’

3.40(0.14) 2.98(0.04) 3.46(0.51)

2.8(21.6)

3.45(0.21) 2.95(0.03) 3.58(0.40)

“Diffusion coefficient computed using the MSD method; others computed using the Green-Kubo relations.

of diffusion coefficients, we computed their means and the
standard deviation of the means. The mean values of diffu-
sivities for each of the eight runs were computed by averag-
ing over all time steps in either the Green-Kubo or MSD
methods, and then the mean value of D, is obtained by
averaging over the eight runs. Table III lists the mean diffu-
sion coefficients averaged from eight runs together with the
standard errors of the means as included in the brackets. The
values include the results computed from both Green-Kubo
relations and the mean-square displacement method with
Egs. (1)—=(5) and (10), respectively. D, and D,, are the self-
diffusivities of nitric oxide and water in the mixture, respec-
tively, D, the mutual diffusion coefficient, and D‘fz the dis-
tinct diffusion coefficient. As shown in Table III, the self-
diffusion coefficients, as calculated from the Green-Kubo
relations, agree well with those obtained from the mean-
square displacement. The value of sz given in Table III
indicates that the distinct diffusion coefficient is of the same
magnitude as the self-diffusion coefficients of water and ni-
tric oxide. However, the error in the distinct diffusion coef-
ficient is very large. The distinct diffusion is an important
indicator of the associative tendency of a mixture. A positive
value suggests that the mixture is demixing or dissociative in
nature thereby enhancing the mutual diffusivity. As the sol-
ute concentration is low in our study, the contribution from
both the distinct diffusivity and the self-diffusivity of the
solvent to the mutual diffusivity of our mixture system is
actually low and the mutual diffusion coefficient is very
close to the self-diffusion coefficient of the solute in the mix-
ture. As the solute concentration further decreases, the con-
tribution of the distinct diffusivity and the self-diffusivity of
the solvent to the mutual diffusivity should diminish to be-
come negligible. However, as indicated in Table III, the
variations of distinct and mutual diffusivities are quite large.
The large error in the distinct diffusion coefficient means that
the results on the mutual diffusion coefficients are less accu-
rate for mixtures of low solute concentration. Therefore, in
what follows, we mainly focus on the self-diffusion results of
mixtures.

B. NO diffusion in water at different solute
concentrations

The self-diffusion coefficients of NO and water in mix-
tures of various solute concentrations were measured by the
mean-square displacement method at two different tempera-
tures. With a mixture of eight NO in 492 water molecules,
typical mean-square displacements for each individual nitric
oxide molecule, calculated from a 1000-ps run, are plotted in
Fig. 3 as dashed lines while the mean-square displacement of
all eight NO molecules is shown as the solid line in the same
figure. We observed a significant scatter in the individual

mean-square displacements, although the average mean-
square displacements over the eight NO molecules show a
good linearity. To improve the statistical accuracy of our re-
sults, typically six to ten long runs were performed at each
individual concentration. The diffusion coefficients were first
obtained by averaging all the individual mean-square dis-
placements and then averaging all the runs. Figure 4 shows
the self-diffusion coefficients for NO and water molecules in
mixtures as functions of solute concentration. It can be seen
that both solute and solvent diffusion coefficients approach a
constant value, within statistical errors, when the solute con-
centration is below 0.015, suggesting that the infinite dilution
limit diffusion coefficient is reached below this concentra-
tion. For pure water we obtained a value of (2.54+0.03)
X 107 and (3.08+0.04) X 10~ m?/s for temperatures of 298
and 310 K, respectively. These results agree well with the
results from other simulation studies on SPC/E water, such
as a value of 2.7X 107 m?/s at a temperature of 301 K."
For nitric oxide our results agree satisfactorily with the ob-
served experimental diffusion coefficients of NO in water. At
298 K, we obtained a value of (3.07+0.47) X 10~ m?/s
compared to the experimental value™® in the range of
(2.07-4.5)x10° m?*/s at 293 K, and a value of
(3.59+0.32) X 107 m?/s compared to the experimental
value*® in the range of (3.3—5.1) X 10~ m?/s for a tempera-
ture of 310 K. The nearly neutrally charged NO molecule is
hydrophobic with respect to aqueous solutions, which facili-
tates its mobility in the mixture system, and hence gives a
higher diffusion coefficient than water in the mixtures.

C. Structure

For liquid water at 298 K the intermolecular partial pair-
correlation functions or the radial distribution functions,20
goo(r), gou(r), and gyy(r), have been extensively deter-

MSD (nm?)

0 100 200 300 400 500
Time (ps)
FIG. 3. Mean-squared displacements of nitric oxide molecules in water at

310 K. The dashed lines are for each of the eight individual NO molecules
and the solid line represents the average over all eight NO molecules.
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Mole fraction of NO

FIG. 4. Self-diffusion coefficients of NO and water at various solute mole
fractions. (a) 310 K, (b) 298 K.

mined by simulations and experiments, such as from
neutron-diffraction data and x-ray diffraction methods. How-
ever, to the best of our knowledge, there is neither experi-
mental data nor simulation results for the structural proper-
ties of binary mixtures of water and nitric oxide.

The radial distribution functions for pure water and wa-
ter mixture systems are shown in Fig. 5. Water has the strong
tendency to form linear H bonds. gop(r) shows the first peak
at around 0.179 nm, which corresponds to the average length
of the hydrogen bonds between water molecules. The experi-
mental H bond>® between two water molecules is 0.185 nm,
which is considerably less than the intermolecular distance
expected from the van der Waals radii for O and H, while
greater than the O—H bond length of 0.1 nm. It can be seen
from Fig. 5 that the resulting partial pair-correlation func-
tions, gou(r), goo(r), and guy(r), are barely distinguishable
from the pure water system to the two water and nitric oxide
mixtures of different concentrations. This suggests that the
structures obtained from pure water and mixtures are almost
equivalent. Thus, the existence of low-concentration nitric
oxide in water has little impact on the structure and the ten-
dency to form H bonds between water molecules.

Figure 6 shows the radial distribution functions between
the solute and solvent molecules, including goo:(7), gou(r),
gnu(r), and gon(r), where O and O’ denote the oxygen on
water and nitric oxide molecules, respectively. These inter-
molecular partial pair-correlation functions may be used to
gain some insight into the interaction and possible complex
structure between water and nitric oxide molecules. Compar-
ing to the water gop(r), as shown in Fig. 5, the first peaks of
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FIG. 5. Plot of the radial distribution functions for water with and without
nitric oxide. Solid line: pure water; dashed line: mixture of five NO and 495
water molecules; dotted line: mixture of 12 NO and 488 water molecules.

gou(r) and gny(r) are broad and flat and are observed at
0.38 and 0.35 nm with peak heights of 1.23 and 1.26, respec-
tively. There are no peaks at the position around 0.18 nm.
These results indicate that there is no tendency to form H
bonds between the water hydrogen and either the nitrogen or
the oxygen atom of the nitric oxide molecule at the tempera-
tures and densities studied here. The first peaks of the radial
distribution functions [goq(r) and gon(r)] between the water
oxygen with the nitrogen and the oxygen atom on the nitric

20

1.5¢

Yoolr)

1.0}
0.5}

0.0
20

15

aou(r)

10
05}

X}
20

1.5¢

1.0t

9oulr)

05

0.0
20

15
1.0

Glr)

05

%30 0.2 C.4 06 08 10
r{nm)

FIG. 6. Plot of the radial distribution functions between the solute and
solvent. Solid line: mixture of five NO and 495 water molecules; dashed
line: mixture of 12 NO and 488 water molecules.
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oxide molecule are observed at 0.34 nm, slightly larger than
the intermolecular distance expected from the van der Waals
radii between them. The heights of these two peaks are about
1.52 and 1.56, respectively, which are much lower than the
value of 2.85 for the peak height of goo(r) between water
oxygen atoms. This result suggests that the interaction be-
tween the water molecules is stronger than that between two
different kinds of molecules. An ab initio study24 had exam-
ined four possible interactions and complexes between indi-
vidual NO and water molecules. The four complexes are
possibly formed through O’-H, N-H, O-0O’, and O-N
bonds. The calculated bond distance for the two H-bonded
complexes is about 0.266 nm, 0.274 nm for the O-N bond,
and 0.309 nm for the O—O’ bond. However, the ab initio
calculation indicates that all four complexes are higher in
energy with respect to the isolated molecules at 298 K.
Therefore, at 298 K the free molecules are more stable than
the four possible complexes. Our results support this point of
view.

V. CONCLUSIONS

We have proposed a model for the interaction of molecu-
lar nitric oxide with water and conducted the first molecular
dynamics simulations of water-nitric oxide mixtures at vari-
ous NO concentrations and temperatures to investigate the
diffusion coefficients and the structure of the mixtures. Using
our potential model, the self-diffusion coefficients deter-
mined from molecular dynamics simulations are in good
agreement with experimental data. We also calculated the
mutual and distinct diffusion coefficients for a mixture of 12
NO and 488 water molecules. The computed mutual diffu-
sion coefficient is very close to the self-diffusion coefficient
of the solute for the dilute solution. A positive value of the
distinct diffusion coefficient determined from the dynamic
cross velocity correlation functions would indicate a demix-
ing behavior of the mixture. However, significant variations
in the mutual and distinct diffusion coefficients are observed
with respect to the self-diffusion coefficients. This limited
accuracy restricts a detailed and reliable check of the collec-
tive dynamical properties for dilute binary solutions.

It was found that the radial distribution functions of the
solvent were insensitive to the presence of nitric oxide in the
binary systems for our low-concentration systems. This sug-
gests that at low concentrations the existence of nitric oxide
in water has little impact on the water structure and the ten-
dency to form H bonds between water molecules. The first
peaks of the radial distribution functions between the solute
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and solvent are broad and flat and positioned at longer dis-
tances than the bond distances of those possible NO-H,O
complexes. This suggests that there is little tendency to form
H bonds between the water hydrogen and either the nitrogen
or the oxygen atom on the nitric oxide in our liquid mixtures.
At the given temperatures and concentrations, nitric oxide
molecules are free molecules in the mixtures and do not form
complexes with water molecules.
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