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Particle motion and correlations in fluids within confined domains promise to provide challenges and
opportunities for experimental and theoretical studies. We report molecular dynamics simulations of a Lennard-
Jones gas mimicking argon under partial confinement for a wide range of densities at a temperature of 300 K.
The isotropic behavior of velocity autocorrelation function (VACF) and mean squared displacement (MSD),
seen in the bulk, breaks down due to partial confinement. A distinct trend emerges in the VACF, and MSD |,
corresponding to the confined direction, while the trends in VACF; and MSD), corresponding to the other
two unconfined directions are seen to be unaffected by the confinement. VACF, displays a minimum, at short
timescales, that correlates with the separation between the reflective walls. The effect of partial confinement on
MSD, is seen to manifest as a transition from diffusive to subdiffusive motion with the transition time correlating
with the minimum in the VACF, . When compared to the trends shown by MSD and VACF in the bulk, the MSD ;.
exhibits subdiffusive behavior, and the VACF features rapid decay, suggesting that confinement suppresses the
role of thermal fluctuations significantly. Repetitive wall-mediated collisions are identified to give rise to the
minima in VACF, and in turn a characteristic frequency in its frequency spectrum. The strong linear relation
between the minima in VACF, and wall-spacing suggests the existence of collective motion propagating at the
speed of sound. These numerical experiments can offer interesting possibilities in the study of confined motion

with observable consequences.

DOI: 10.1103/PhysRevE.98.052115

I. INTRODUCTION

It is quite well known that fluids behave in an unusual
manner under confinement, in contrast to its bulk counterpart
[1,2]. Not only fluids, Brownian particles also show extremely
different diffusive behavior under confinement with respect to
the bulk environment [3]. Theoretical, simulation, and exper-
imental studies further confirm qualitative and quantitatively
different transport and structural properties of fluids, mostly
liquids, in confined spaces unlike its bulk behavior [4—15].
Confined gases, however, though less explored, offer a variety
of unusual consequences that are distinct from both bulk
gas and liquids. Effect of characteristic length and system
boundaries on the mean free path of confined gases have been
studied by Sree Hari et al. [16,17] using molecular dynamics
(MD) simulation. At low density gases, under confinement,
significant effect of characteristic length on the mean free
path of the gas molecules has been found. The variation of
gas molecular mean free path in nanopores with different gas-
wall interaction strength has also been studied via MD [18].
MD simulations are also employed to study the anisotropic
stress variation for dilute and dense confined gases [19].
Markvoort et al. [20] carried out studies of the influence of
wall-gas interactions on heat flow in microchannel. Effect of
pore diameter on the phase behavior of confined gases of
hydrocarbon mixture under confined graphitic slits has been
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understood recently [21]. Kazemi et al. [22] very recently
undertook a molecular simulation study on adsorption and
transport of gases in carbon based organic nanocapillaries.
Also some investigations have been reported on gas flow in
confined spaces using both MD as well as continuum model
[23-25].

Svensson et al. [26] reported an experimental work of high
resolution spectroscopy and assess pore size by studying wall
collision broadening of absorption lines of gases in confine-
ment. Granular gases under confinement have also gathered
attention in the domain of confined gas studies. Florence
et al. [27] have done the experimental measurement of the
spectrum of velocity fluctuations in a confined granular gas.
Recently theoretical investigation on linear hydrodynamic
stability analysis of confined granular gas has been performed
[28].

Though many studies have been performed for confined
gases using experimental, theoretical, and MD methods, there
is a lack of detailed and systematic findings related to the
short-time dynamics, correlations and other features of atom-
istic origin through velocity autocorrelation function (VACF)
and mean squared displacement (MSD) analyses of confined
gases. As the transient caging phenomena, observed in liquids
[29,30], is not expected in dilute gaslike fluids due to its high
diffusivity compared to the liquids, it is intriguing to ask if
confinement influences the particle dynamics and if so, would
it manifest in the VACF and MSD.

We present a study of molecular dynamics of gaslike
fluid in partial confinement using LJ potential to address this
question. The simulation domain is taken to be a cuboid with

©2018 American Physical Society
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a pair of parallel sides to simulate partial confinement. The
walls have been simulated as a smooth surface with reflective
boundary condition, which generate force on the particles
only in the normal direction. The separation between these
reflective walls is varied from a few atomic diameters to large
values. The VACF and the MSD are studied as a function
of the separation between the parallel reflective walls. We
address the anisotropic features of VACF and MSD under con-
finement, observe correlations that occurred between them,
and establish the fact of spontaneous formation of soundlike
waves by computing sound speed using VACF and MSD
normal to the walls. The details of the MD simulation method
is described in Sec. II. Section III contains the results and
discussions, followed by summary and conclusions in Sec. I'V.

II. COMPUTATIONAL DETAILS

We carry out molecular dynamics calculations on LJ fluid
using LAMMPS software package [31]. We model 20000
particles of LJ fluid fitted to argon properties (mass of argon =
6.69 x 1072 kg) in gas phase both in bulk and in partially
confined geometries. For bulk simulation, periodic boundary
conditions (PBC) are imposed along each of the three di-
mensions at 300 K. Constant pressure temperature ensemble
(NPT) is used to realize the dynamics of bulk argon gas for a
wide range of pressures (from P = 0.004 MPato P = 3 MPa)
at 300 K. We impose the repulsive part of LJ potential between
the gas particles by setting the cutoff distance equal to the
diameter (0 = 3.4 A) of LJ particles (argon).

After an energy minimization, standard velocity-verlet al-
gorithm with a time step (Az) of 0.0001 ps has been used
for each of these systems (both bulk and confined) to equi-
librate up to 10 ns (10% steps) followed by a 2-ns (2 x 107
steps) production run to calculate the properties of interests.
During equilibration, the fluctuations of temperature, potential
energy, and kinetic energy have been monitored to ensure con-
vergence. The temperature of the system has been controlled
via Nose-Hoover thermostat.

In bulk simulations, equilibrium velocity distribution for
each component (v,, vy, v,) follows the Maxwell distribution
corresponding to 300 K with the standard deviation of the
distribution matching very well with the simulated data (an-
alytical: 2.49 A/ps, simulated: 2.51 A/ps). For a test NPT
simulation (P = 0.09MPa, T = 300K) the VACF is found
to decay as exp(—t/t), where t is the relaxation time. We
obtain ¥ = 1/t from the fitted exponential as 0.0024 ps~!.
Using D, the diffusion coefficient, by fitting the long-time
average MSD, averaged over all the particles, to the Ein-
stein’s relation (Ar?) = 6Dt for a three-dimensional system,
obtained from simulation and estimate y from the analytical
expression as y = a/m = kzT/mD = 0.0024 ps~', prove
the self-consistency of our MD results. For confinement stud-
ies, partially confined systems of LJ gas are simulated in a
cuboid with 20000 argon particles with reflecting parallel
walls facing each other normal to the z axis at z = :I:%,
H being the separation between the walls. The walls are
smooth and generate force on the particles only in the normal
direction. The confinement studies have been carried out at
300K for pressures ranging from 0.004 to 3 MPa simulating
a wide range of densities using NPT ensemble. It may be

noted that above 5 MPa argon enters supercritical regime at
300 K. For each of these (P, T) state points, the separation
(H) between these reflective walls is varied from 20 to 300 A
(6c < H < 900) with a step of 20 A (=6 o) such that
the simulated density is same as that of the bulk for the
corresponding (P, T) state point. Indeed, our MD-simulated
densities have been found to match quite well (relative error
~1%) to the experimentally measured density from the NIST
database [32]. Periodic boundary conditions are applied along
x and y axes for all the partially confined systems.

III. RESULTS AND DISCUSSIONS
A. Effect of partial confinement on VACF

We chose a range of pressures (or densities) varying from
higher to a much lower value at 300 K temperature of gaseous
argon from NIST data [32]. Constant pressure-temperature
(NPT) ensembles have been used to realize the dynamics. The
normalized VACF [Z(¢)] is usually defined as

(3051 9,000
(Y0 5,00,0)

which contains the sum of the VACF along x, y, and z
directions, where v,;(0) and v;(¢) are velocity vectors of same
particles (index j) at some initial # = 0 and at some later
time (¢) respectively and (...) denotes the ensemble average.
We use the notation of VACF and VACF, to designate the
VACEF along parallel (x, y) and perpendicular (z) directions
with respect to the walls. The normalized versions of VACF)
[Z,y(t)] and VACF, [Z,(?)] are defined as

(300 0 ()8 (0)) + (X0, 8, (1)3,,(0)
(371 85 (0)5(O)) + (X2 1,7 (0)y(0)

Z(t) =

ey

ny ()=

and
(30 550)3,(0))
(30 5,5(0)3,0)

Here, U,;(0), Uy;(0), v;;(0) and v,;(1), v;(t), v;(t) denote
velocities of jth particle along x, y, and z directions at initial
and at some later time ¢, respectively, N is the total number
of particles and (...) denotes the ensemble average. For the
bulk case [Fig. 1(a)], no oscillatory behavior is observed, and
both VACF| and VACF; follow a monotonous decay trend. It
validates the well known fact that the VACF is a monotoni-
cally decreasing function in the bulk gaseous environment but
it shows oscillating nature in liquid and solid phases [7].

In Fig. 1(b) we observe that in partially confined gaseous
argon the VACF shows identical monotonous decay as that of
the bulk. As the system is “infinite” along x and y axes (due
to PBC) the monotonic decay of VACF; appears to be due to
particle-particle collisions as in the bulk. As may be expected,
the presence of the walls has no effect on VACF.

In sharp contrast to the trends shown by VACF;, VACF |
shows a prominent minimum at short timescale followed by
a flat plateau like regime [Fig. 1(b)]. The early onset of the
plateau like regime is due to the large number of collisions
with the walls. To ensure that the VACF-minima in our
confined cases normal to the wall direction are not influenced

Z.(t) = (€)
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FIG. 1. (a) VACF in Bulk argon gas: Normalized VACF| (along x and y directions) and Normalized VACF (z)(along z direction) follow
identical monotonic decay trend, simulated under constant pressure and temperature of 300 K and 0.09 MPa, respectively. (b) Difference
between Normalized VACF(along x and y) and Normalized VACF | (along z) under partial confinement: Simulations mimic argon gas with
P =0.09MPa, T = 300K and with wall spacing of 100 A (=30 ). When compared to the trends shown by VACF), the VACF, features
rapid decay suggesting that confinement suppresses the role of thermal fluctuations significantly.

by the artifacts coming from x and y directions through
periodic boundaries, we monitored the VACF, at different
time intervals starting from the beginning of our simulation
and found the minima of VACF, are occurring at precisely
the same time for a fixed wall separation.

B. Effect of partial confinement on MSD

The ensemble-averaged mean squared displacement is de-
fined as

1/ . .
MSD(1) = N<Z[Rj(r) - R,»(O)]2>, S

Jj=1

where R ;(0) and R j(t) are the position vectors of same
particles (index j) at some initial # = 0 and at some later time
(1), respectively, N is the total number of particles, and (...)
denotes the ensemble average. We study both MSD; (MSD
along x and y directions) and MSD; (MSD along z direction)
for bulk as well as for partially confined gas as a function of
time. MSD and MSD , are defined as

1 N
MSDH(Z‘) = N <Z[Xj(l‘) — xj(())]2>

J=1

N
+ <Z[y,(t> - y,»<0>]2> ©)
j=1
and
1 N
MSD, (1) = N<;[zf(” —~ z,-(0>]2>, (6)

where, x;(0), y;(0), z;(0) and x; (), y;(¢), z;(t) are positions
of same particles (index j) along x, y, and z at initial and
at some later time ¢, respectively, with (...) denoting the
ensemble average. In the bulk case [Fig. 2(a)], we observe

an identical trend for both MSD; (MSD along x and y)
and MSD,; (MSD along z) as a function of time, with an
initial short-time ballistic (MSD ~¢2), followed by a long-
time diffusive motion (MSD ~t). The isotropic nature of MSD
is evident. The diffusion coefficient can be extracted from
the long-time MSD using ((Ar)?) = 2nD At, where n stands
for dimensions involved in the system and D: the diffusion
coefficient.

In the partially confined case shown in Fig. 2(b), MSD
shows three distinct regimes: ballisticlike motion on short
timescales (MSD scales quadratically with time), diffusive
motion over intermediate timescales (MSD, scales linearly
with time), and anomalous diffusion over long timescales
(MSD, scales nonlinearly with time). Subdiffusive motion
refers to such anomalous diffusion where MSD | ~ %, where
0 < a < 1. The inset in Fig. 2(b) shows clearly the transition
from diffusive to subdiffusive motion.

Over long timescales the frequent collisions between the
walls and the other particles impose severe constraints on the
MSD, to give rise to a constant plateau. It can also be seen
from Fig. 2(b) that MSD is barely affected by the partial
confinement.

C. Effect of varying confined spacing (H) on MSD

We study the variation of the mean squared displacement
along z (MSD ) as a function of time for a range of wall spac-
ings. The trends in MSD, from Figs. 3(a) and 3(b) indicate
that the temporal windows in which ballistic, diffusive, and
subdiffusive motion prevail are strongly influenced by H, the
wall spacing. The smaller the H, the shorter the time windows
are.

For comparison, the bulk MSD, is also included in
Fig. 3(a). While in the bulk, ballistic motion, characterized
by a #? dependence in MSD, (MSD, ~ at?), can be seen
to exist up to 95 ps, it lasts only up to 0.7 ps for the smallest
confinement spacing (H = 20 A ~ 6 o) (Table I).
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FIG. 2. (a) Isotropic nature of MSD in Bulk argon-like gas: MSD;(MSD along x and y directions) and MSD, (MSD along z) follow
identical trend, simulated under constant pressure and temperature of 300 K and 0.09 MPa, respectively. (b) Comparison between MSD (x
and y) and MSD, (z) under partial confinement: MSD, deviates from MSD; exhibiting subdiffusive behavior before reaching a plateau:
Simulations mimic argon-like gas with P = 0.09 MPa, T = 300 K and with wall spacing of 100 A (=30 ¢). The inset shows different regimes
of MSD, (MSD) with different slopes as a function of time in a log-log scale. The gradual crossover of MSD from ballistic (~#2) to diffusive
(~1) to subdiffusive (~t*3) is shown for P = 0.09 MPa, T = 300K and with wall spacing of 100 A (30 0).

It is also observed from Table I that irrespective of the
spacing, the proportionality factor, a, remains almost constant
and close to that of the bulk. Likewise, the diffusion coeffi-
cients (D ), evaluated within the time window marked by the
onset of diffusive motion and by the transition from diffusive
to subdiffusive motion in MSD |, reduce systematically as H
is reduced as can be seen from Table II.

Further, the MSD, undergoes a transition from diffusive
to subdiffusive behavior which correlates well with the wall
spacing as can be seen qualitatively from Figs. 2(b) and 3(b),
and quantitatively, from Table III. Columns 2, 4, 6, and 8 of
Table III present the average root mean-squared displacement
of the particles during the diffusive-subdiffusive transition,
VMSD| (diff), for four different pressures. Except for the

1 4 0 | ’ ’ i “' f“’ ]
(a)
Ballistic\' ‘;‘,‘.

120 |

100 f

80

MSD, (A%

60

40 |

20 f

Diffusive to Sub—diffusive

0 1 2 3 4 5
time (ps)

highest pressure considered, this transition can be seen to oc-
cur when particles traverse an average distance ~H /3, where
H is the wall spacing. At the highest pressure, the average
distance traversed is consistently smaller (~H /3.9). Columns
3,5,7, and 9 of Table III present the asymptotic average root
mean squared displacement of the particles, /MSD, (sat),
for the four different pressures. We see that for all the P, T
state points and for all the spacings considered, the values for
+MSD| (sat) are nearly constant (~H /2.45), indicating that
the particles traverse this distance and are constrained to be no
closer than this distance on the average.

It is clear from the observed trends in MSD, that con-
finement alters the purely thermal interparticle collisional
characteristics over two timescales in different ways. We note

12000 f

10000 |

8000 f

6000 f

MSD,, (A%

4000 F

2000 F

FIG. 3. (a) Short-time MSD; (MSD7) with different confined spacings for argon gas at P = 0.09 MPa and T = 300 K. At¢ = 4 ps (shown
by a vertical line) the confined system (H = 20 A ~ 6 o) shows diffusive to subdiffusive transition while the bulk MSD, still shows
ballisticlike motion. (b) Long-time MSD,; (MSDy) with different confined spacings (H) for argon gas at P = 0.09 MPa and 7T = 300K.
The arrow indicates the direction of increasing H. When compared to the trends shown by MSD, the MSD, features subdiffusive behavior,
suggesting that confinement suppresses the role of thermal fluctuations significantly.
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TABLE 1. Variation of time-duration and proportionality con-
stant g in the ballistic regime of argon with P = 0.09 MPa and
T = 300K for different confined spacings. For reference the bulk
value is also included.

H (spacing) Time duration a(A2 /ps?)  kgT/M (Az /ps?)
of ballistic from Analytical
motion (ps) MD value

20 A (=6 0) 0.7 5.788

60 A (~18 o) 1.92 5.933

100 A (=30 o) 3.7 5.723 6.191

200 A (~59 o) 5 5.908

260 A (~76 o) 6 5.867

Bulk 95 5.870

that the confinement results in two new processes: A particle
undergoes collisions with other particles that bounce off from
the walls and termed as wall-mediated collisions hereinafter,
and a particle undergoes direct collisions with the walls.
Wall-mediated collisions occur over short and intermediate
timescales and the direct particle-wall collisions occur over
intermediate and long timescales. Both of these collisions are
nonthermal in nature and modify the thermal collisions to
varying degrees depending on the wall spacing.

In the ballistic regime, nonthermal interparticle collisions
are ineffective as the value of a is close to that in the bulk.
In the diffusive regime of MSD |, the nonthermal collisions
reduce the diffusion coefficient (D) significantly from that
in the bulk. The diffusive to subdiffusive transition, and the
constraint on MSD, not to exceed a characteristic length
(~H /2.45) in the subdiffusive regime, are drastic manifesta-
tions of the nonthermal collisions resulting from the confine-
ment.

D. The time window between ballistic to diffusive transition

Analyzing MSD, in greater detail, through Fig. 2(b) in
logarithmic scale, we observe that the particles undergo a

TABLE II. Variation of diffusion coefficients (D ) evaluated
from the diffusive regime in MSD, as a function of H for highest
(3 MPa) and lowest pressure (0.004 MPa) studied. For reference the
corresponding bulk values are also included.

P (MPa) H (spacing) D, (Az /ps) from MSD
0.004 20 A (=6 0) 7.73
60 A (~18 o) 22.99
100 A (=30 o) 37.89
200 A (759 o) 78.17
300 A (=90 o) 118.03
Bulk 565.69 x 103
3 20 A (6 o) 7.15
60 A (~18 o) 18.27
100 A (30 o) 27.49
200 A (=59 o) 41.03
300 A (*90 o) 48.82
Bulk 77.29

gradual transition from ballistic to diffusive motion indicated
by the slope changing gradually from 2 to 1. Figure 4 shows
that the gradual transition occurring within a time window
between the end of ballistic motion (#,) and the starting of
diffusive motion (#;) is found to be a function of wall spacing
and pressure. The time window is found to be increasing with
spacing for the whole range of pressures under study. Confine-
ment enhances wall mediated collisional events much like the
effect of increasing pressure except that the latter affects all
the three degrees of freedom equally. In Fig. 4, three distinct
regimes are observed. At very small wall spacings, values are
independent of the pressure as the effect of confinement is
strong.

At larger spacings, the pressure dependence prevails and
is expected to be retained thereafter for greater spacings and
asymptotically approach the corresponding bulk phase values.
It is worth noting that, in the bulk gas, the time window is
largest (1450 ps) for the lowest fluid density (at the lowest
pressure of 0.004 MPa) considered and smallest (229.67 ps)
for a relatively higher fluid density (at the highest pressure of
3 MPa).

Over intermediate wall spacings, however, the crossover-
like feature seen between wall spacings H = 100 A (~30 o)
and H = 200 A (~59 o) in the figure suggests that there is a
competition between the effects of confinement and the effects
of pressure on the particle motion.

It may be noted that less than a decade ago the full transi-
tion from ballistic to diffusive motion of a brownian particle
in a liquid was observed experimentally [33]. More specifi-
cally, by experimentally measured instantaneous velocity of
Brownian particles in air, using optical tweezer, Tongcang Li
et al. [34] showed the presence of a time window between
ballistic to diffusive motion of Brownian particles, although it
must be noted that the timescales of Brownian motion are very
different than that of self-diffusion in the dilute gas discussed
in this work.

E. Effect of varying confined spacing (H) on VACF, and
correlation between VACF ; -minima and MSD

Figure 5 presents the trends in the VACF, as a function
of wall spacing at the same P, T state point considered when
discussing the results for MSD, shown in Fig. 3(b). As
expected, VACF| (not shown) is unaffected by confinement.

While the ballistic regime is barely visible on the
timescales shown in Fig. 5, the decay in the diffusive regime,
the occurrence of minima in the diffusive to subdiffusive
transition zone, and the approach to zero in the subdiffusive
regimes can be seen clearly. The initial decay in VACF , more
rapid than what would result from purely thermal collisions,
arises due to the wall-mediated collisions which are nonther-
mal in nature. As the spacing is reduced, the decay is faster,
indicating that wall-mediated collisions grow in importance at
smaller spacings.

For any given wall spacing, as the particle approaches
the walls over long timescales, the encounters with other
particles bouncing-off the walls would increase and compete
with direct particle-wall collisions. The resulting subdiffusive
motion manifests as a slow evolution in MSD, and a nearly
vanishing VACF, .
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TABLE III. Variation of H//MSD, (diff) and H//MSD, (sat) of argon gas as a function of confined spacing (H) for four different

pressures at 7 = 300 K.

P = 0.004 MPa P =0.03MPa P =0.3MPa P =3MPa
H H/ H/ H/ H/ H/ H/ HI H/

VMSD, (diff) /MSD, (sat) /MSD, (diff) /MSD,(sat) /MSD, (diff) /MSD, (sat) /MSD,(diff) /MSD, (sat)
20 A (%6 o) 3.04 2.45 2.97 2.45 3.04 2.46 3.11 2.44
40 A (~12 0) 3.07 2.45 3.05 2.46 3.09 245 3.19 2.44
60 A (~18 o) 3.05 2.45 3.08 2.44 3.10 245 3.48 2.45
80 A (24 o) 3.08 245 3.05 247 3.15 2.44 3.39 2.45
100 A (~30 0) 3.02 2.45 3.04 2.46 3.16 2.45 3.69 2.44
120 A (~36 0) 3.07 2.46 3.09 2.46 3.17 245 3.75 2.45
140 A (42 5) 3.06 247 3.05 2.46 3.06 245 3.88 2.45
160 A (~47 &) 3.16 2.46 3.15 247 3.19 2.46 3.86 2.45
180 A (53 0) 3.13 2.45 2.98 2.46 3.25 2.45 3.99 2.45
200 A (259 o) 3.09 2.46 3.06 2.48 3.28 2.45 422 2.45
220 A (65 o) 3.08 2.44 3.06 2.45 3.19 2.46 420 2.45
240 A (*71 o) 3.04 2.44 3.08 2.46 3.26 245 437 2.44
260 A (*76 o) 3.04 2.45 3.09 2.45 3.17 2.45 4.40 2.45
280 A (~82 o) 3.14 2.45 3.09 2.45 3.23 2.45 421 2.45
300 A (290 o) 3.12 2.46 3.07 2.45 3.23 2.44 427 2.45

On intermediate timescales, the VACF exhibits minima
much like what is found in liquids.

The minima in VACF, can be seen to progressively shift to
larger values in time as the wall-spacing is increased. It may
also be noted that the depth of the minima is nearly the same
for all the wall-spacings considered. However, these minima
broaden gradually as wall-spacing increases. We observe a
strong correlation between the diffusive to subdiffusive tran-
sition in MSD and the negative correlation minimum in the
VACF, for all partial confinements studied. Figure 6 shows
that the transition time (#,) from diffusive to subdiffusive
regimes in MSD , obtained graphically, is close to the time
at which the minimum in VACF occurs. For gaseous regime
of argon with 7 = 300K and P = 0.09 MPa, it is observed
that #, = 19 ps, whereas f;, is 21.9 ps for a spacing of 100 A
(=30 0).

40

P=3MPa —e—
35| P=03MPa —®—
P=0.004MPa —&—
30 }
—~ 25t
a,
N
TA’D 20 }
S5t
10}
5 L
0 . . . . . .
0 50 100 150 200 250 300
Confined spacing H (A)

FIG. 4. Variation of time window between ballistic to diffu-
sive motion (#,—t,) as a function of confined spacing for different
pressures.

F. Wall-mediated collisions and VACF | -minima

The minima in VACF |, over intermediate timescales, arise
due to the negative correlations produced by the velocity
reversals from wall-mediated collisions. Whether a particle
has a positive or a negative initial velocity in the z direction,
purely thermal collisions in the gas phase tend to decelerate
(through frequent “soft” collisions) rather than produce direc-
tion reversals (through infrequent “hard” collisions). Under
confinement, however, particles bouncing off the walls are
always moving away from the walls in the opposite direction
inducing velocity reversals. These velocity reversals lead to
negative correlations in the VACF, seen over intermediate
timescales. As the wall spacing is reduced, nonthermal col-
lisions dominate and the velocity reversals occur over shorter
timescales leading to the early onset of the minimum in the

Normalized VACF(Z)

100
time (ps)

150 200

FIG. 5. Variation of VACF, with time for different confined
spacings for argon gas at P = 0.09 MPa and T = 300 K. The arrow
indicates the direction of increasing H.
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FIG. 6. The transition time for MSD,; (MSD;) to change from diffusive to subdiffusive scaling corresponds to the minima occurring in
VACF,, shown for argon with 7 = 300K and P = 0.09 MPa. Figure 6(a) shows #, = 19ps in MSD,, whereas Fig. 6(b) shows #yinima =

21.9ps in VACF, for 100 A (30 o) spacing.

VACEF, . For the larger spacings, the shift of minima to later
times and the broadening of minima, observed in Fig. 5,
indicate that thermal collisions mitigate the effects of non-
thermal collisions only to a limited extent.

To understand the relative roles of thermal and nonthermal
collisions, the VACF | is examined keeping the spacing fixed
at H=20 A (~6 o) and diluting the gas density from
4.81 kg/m? (corresponding to P = 0.3 MPa of argon gas at
T = 300K) to a gas density of 0.012 kg/m?>.

From the results shown in Fig. 7, we can observe four
features as we dilute the gas keeping the same confined
spacing: a slower initial decay, a distinct broadening of the
first minimum [Fig. 7(a)] as well as a systematic shift of the
minimum to later times [Fig. 7(a)] on intermediate timescales,
and the emergence of oscillatory behavior with increasing
dilution [N = 50, Fig. 7(b)] on long timescales. At lower
dilutions (N = 5000 and N = 20000), the minima are not
changing with N, where N is total number of particles. In the
very dilute limit, the particles are expected to bounce between
the confining walls (“hard” collisions) resulting in periodic
velocity reversals. The VACF would feature oscillations with
very little decay as there are very few thermal (random)
collisions. As the density increases, the periodicity in the
velocity reversals would be disrupted progressively due to
increasing thermal (random) collisions on long timescales.
Hence, the particle-wall collisions cannot be expected to be
strictly periodic due to spread in particle-wall collision events
caused by (a) the spread in initial positions of the particles,
and (b) spread in initial velocities of the particles. Further,
as the density increases, wall-mediated collisions would also
increase on intermediate and short timescales. Each particle
is thus influenced by a velocity field that is an admixture of
thermal collisions and wall-mediated collisions. If the wall-
mediated collisions were as random as thermal collisions, the
VACF would have decayed rapidly without any other feature.

A positive correlation emerges at intermediate timescales
after a rapid decay at shorter timescales. These positive cor-
relations are interpreted as due to the coherent component of
the wall-mediated collisions on intermediate timescales. The

decay is caused by the incoherent (random) component of the
wall-mediated collisions along with purely thermal collisions.

G. Signature of nondiffusive modes

While the nondiffusive character of the particle dynam-
ics can be noted from the intermediate and long-time scale
features of the MSD, and VACF |, the Fourier transform of
VACF, provides an alternate picture in the frequency domain.

The fourier transform [Z(w)] of normalized VACF [Z(t)]
is defined as

Z(w) = % / Z(t)exp(—iwt)dt. 7)

The Fourier transform of the VACF, denoted by Z(w),
where o is the frequency, is known to yield the density of
states (DoS) [35]. For a gas phase, Z(w =0) > 0 and
decays monotonically. The nonvanishing of DoS for v = 0
corresponds to diffusive modes. For liquids, along with diffu-
sive modes on long timescales Z(w = 0) > 0, there exists
nondiffusive modes from caging effects on shorter timescales
giving rise to a structure in Z(w) for® > 0: a local minimum
followed by a maximum and decaying thereafter at higher
frequencies.

Figure 8 shows the Fourier transform of normalized
VACF, [Z.(w)] and normalized VACF [Z,,(w)] for one of
the confined systems studied. The DoS for normalized VACF
exhibits features of a gaslike system with purely diffusive
modes [Z(w = 0) > 0]. However, the DoS for normalized
VACEF, indicates that Z(w = 0) = 0, shows a broad maxi-
mum for @ > 0 and decays thereafter. The absence of dif-
fusive modes and the presence of the broad maximum, char-
acteristic of nondiffusive modes, indicate that under partial
confinement, a gas can exhibit unusual features resembling
dense systems in the confining direction. In particular, the
broad maximum in the DoS suggests that the nondiffusive
modes could be part of the vibrational modes, except that
these vibrational modes seem to be damped in the confined
system and not sustained as in a solid phase.
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FIG. 7. (a) Normalized VACF, for different number densities of argon gas under same confined spacing (H =20 A ~ 6 ¢) at 300K.
Distinct broadening of the first minimum and a systematic shift of the VACF-minima to later times are shown (see inset). (b) The oscillatory
feature of VACEF is seen at later times for very dilute argon gas (N = 50) for H = 20 A (76 o). The minimum for N = 50 occurs around
38 ps consistent with the trends in the minima for the cases shown in Fig. 7(a). The oscillations due to particle-wall collisions seem to occur
with different periods consistent with the fact that particles have a distribution of initial positions and speeds.

To investigate the role of confinement on the frequency
spectrum, the Fourier transform of VACF has been evaluated
for several spacings as well as for the bulk and the results
are shown in Fig. 9. The absence of any structure in the DoS
for the bulk and the systematic shift of the peak frequency
with spacing in the DoS for the partially confined system,
establishes that the confining walls contribute to nondiffusive
modes. Smaller (larger) confinements lead to the earlier (later)
onset of nondiffusive modes, leading to the higher (lower)
values for the peak frequencies.

H. Connection with speed of sound

Nondiffusive modes are interpreted as a manifestation
of the presence of collective motion. The collective modes
conjectured here is related to spontaneous density fluctua-
tions in fluids. In the bulk, these fluctuations are localized

1.2 r r r r r r
P=0.3 MPa
1 H=80A
0.8
Z,(w)

0.6 |

04

02 F

Normalized ny((o), Z (o)

0 L L i I
0 0.1 0.2 0.3 0.4 0.5 0.6

o(rad/ps)

FIG. 8. Frequency spectra of the normalized VACF, [Z,(w)] and
normalized VACF, [Z,,(w)] for H = 80 A (R24 ) at P = 0.3 MPa.

in space and time and are distributed statistically throughout
the volume. These local density fluctuations propagate very
short distances at sound speed, by collective motion, and
dissipate subsequently through diffusive motion of individual
particles. As there are no restoring forces in dilute fluids,
collective motion is not sustained on short lengthscales and
timescales. Under partial confinement, however, there is this
possibility of the collective motion being reversed by the walls
before it dissipates. The reversed collective motion acting on
an individual particle, referred to as wall-mediated collisions
earlier, is thought to be responsible for the minima in the
VACF | . We seek further correlations between H and fminima
extending the results shown in Fig. 5.

The VACF, has been computed as a function of confined
spacing for T = 300 K over pressures ranging from 3 MPa to
as low as 0.004 MPa. This pressure range sets the densities

—
S
N 08
N
3
N 06
=
<
E o4
]
Z

0.2

0 L N i I

0 01 02 03 04 05 06 07 08 09 1 11 12
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FIG. 9. Frequency spectra of the normalized VACF, [Z, (w)] of
argon gas for different confined spacings at P = 0.3 MPa. The arrow
indicates the direction of increasing H.
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TABLE IV. Comparison between average particle velocity along
Z ({v2) particte) @nd H / tinima @s @ function of pressures (P) at 300 K.

P (MPa) H/tminima (A/PS) (Uz>paniclc (A/ps)
0.004 4.57 249
0.030 4.61 2.48
0.3 4.44 2.49
3 4.51 2.48

ranging from 48.87 kg/m? to 0.064 kg/m? at 300 K of argon
gas. For P > 5MPa argon enters supercritical regime at
300 K. The results are shown in Fig. 10. In Figs. 10(a), 10(c)
and 10(e) it is seen that for every P, T state point in the
lower and intermediate pressure regimes, the minima in the
VACF, gradually broadens with increasing spacing without
much change in their depths. Figure 10(g) shows that at higher
pressures at 300K, in addition to broadening, the minima
are becoming shallower with increased wall spacing, whereas
at lower pressures at the same temperature the depth of the
minima are not affected with increased spacing.

However, in all cases, a systematic shift of the fninima
toward higher values can be seen as spacing is increased. More
specifically, a linear relation is observed between the wall
spacing and the tinima Of the VACF | as shown in Figs. 10(b),
10(d) 10(f), and 10(h) for the whole range of pressures(or
densities) at 300 K for argon gas.

The slopes from these plots for each pressure, having the
dimensions of inverse speed, are compared with the particle
speed averaged over all the spacings at each pressure in
Table IV. The average particle speed is obtained from ./a,
where « is the coefficient of the > behavior of the MSD in
the ballistic regime, for each spacing at a given pressure. The
average particle speeds are found to be distinctly lower than
reciprocal of the slopes from Fig. 10.

The interpretation that the DoS for VACF, indicates non-
diffusive modes, when combined with the observation that the
reciprocal of the slopes from Fig. 10, yield values that are
significantly higher than the average particle speeds, suggests
that collective motion may be responsible for the minima in
VACF, . Since particles in a state of ballistic motion cannot
be part of the collective motion and since particles in the
state of diffusion can only dissipate collective motion, we
consider the collective motion to form at %, defined as the
average distance traversed by a particle, with respect to the
midplane, located somewhere at the beginning of diffusive
regime. The sound-wave-like excitation thus formed moves at
a higher speed towards the wall, undergoes reversal at the wall
and traverse back to reach /; in time f#,;, to “back-scatter”
the individual particle. The “back-scatter” appears to critically
damp the oscillations of an individual particle as is borne out
from the features in MSD | and VACEF . The total distance
traversed by the sound-wave-like excitation in fp;, is given
by He = 2(% — hy). The “back-scatter” is considered to
take place at h;. The particle interaction with the reflected
excitation marks the end of diffusive regime, which is H/3.
Therefore, we consider the particles not to move appreciable
distances (> h; but < H/3) between the generation and
subsequent interaction with the excitation.

TABLE V. Comparison of isothermal compressibility (k7) and
the variation of the square of number density fluctuations (apzN) of
bulk and confined argon gas for P = 0.004 MPa and P = 3 MPa at
300K.

P(MPa) H A) o2 = {eoph) r(Pa")
PN
(x1079)

0.004 20 2.80 1.40 x 1074
40 2.89 1.44 x 1074
60 3.03 151 x 1074
80 291 1.46 x 1074
100 2.80 1.40 x 1074
120 291 1.46 x 107
140 2.88 1.45 x 1074
160 279 1.39 x 1074
180 2.67 1.34 x 1074
200 3.03 1.51 x 107
220 2.99 1.50 x 10~
240 278 1.39 x 1074
260 2.89 1.45 x 1074
280 2.96 1.48 x 1074
300 271 1.36 x 107

Bulk 4.97 2.49 x 10

3 20 3.55 2.48 x 1077
40 3.42 2.39 x 1077
60 3.6 2.52 x 1077
80 4.12 2.89 x 1077
100 3.54 2.48 x 1077
120 3.6 2.52 x 1077
140 347 243 x 1077
160 3.76 2.63 x 1077
180 3.54 2.48 x 1077
200 3.68 2.58 x 1077
220 3.6 2.52 x 1077
240 3.65 2.56 x 1077
260 325 2.28 x 1077
280 333 233 x 1077
300 3.07 2.15 x 1077

Bulk 4.61 323 x 1077

If the sound-wave-like excitations were to be responsible
for the minima in the VACF; a correlation between H.g and
fmin Would be expected. Indeed, Fig. 11 shows a very good
linear relation between H.g and t,,. Since the sound speed is
a function of P (and T'; in the present study T is fixed) the
calculations have been performed and presented as a function
of P. The role of confinement is examined for each P. The
linear relationship found from the study (Fig. 11) is consistent
with a unique sound speed associated with each pressure.

The speed of sound estimated from the slope is presented
in Table VI. Noting that the ensemble averaging done to
evaluate the VACF takes into account the fact that particles
could have had their origins spatially spread across the width
between the walls, the broadening of VACF, -minima with
increasing wall spacing may be explained as follows: sound
waves would, after reflections from the walls, interfere with
the particle dynamics at different times (corresponding to the
spatial spread seen in MSD | ) leading to a broadening in the
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FIG. 10. Shifting of finima at later times with increasing wall-spacing for different P, T state points shown in (a), (c), (e), and (g). The arrow
indicates the direction of increasing H. In (b), (d), (f), and (h) the linear relations between #,;im, and the confined separation (H) between the
walls have been shown for different P, T state points by linear fit. We observe that the slopes are nearly the same for the entire pressure (or
density) regime of study.

VACF | -minima. As the wall spacing is reduced, the spatial The behavior shown in Fig. 10(g), namely, minima be-
spread reduces and the temporal spread also reduces leading coming shallower and broader with increased wall-spacing
to a sharper minima in the VACF, . at P = 3 MPa, is caused due to the lesser compressibility of
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FIG. 11. Variation of H. as a function of ¢, of VACF, for different state point of argon at 300K: (a) P = 0.004 MPa, (b) P =
0.030 MPa, (c) P = 0.3 MPa, and (d) P = 3 MPa. Slopes are extracted from the best linear fit.

the argon gas at this pressure compared to its lower pressure
counterpart.

It is known that, at constant pressure and temperature (NPT
ensemble), the isothermal compressibility is related to the
volume fluctuations as [36]

(8V)npr = VkgTkr, 8)

i.e., the lesser compressibility (at higher pressure 3 MPa)
causes lesser volume fluctuations. This, we believe, affects the
generation and sustainability of spontaneous sound-wave-like
excitation at very high pressures under confinement. In other
words, the system becomes less compressible to generate
significant amplitude of density fluctuations to sustain spon-
taneous sound-wave-like motion at higher pressures. This is
consistent with the observations of shallow minima at higher
spacings in Fig. 10(g) and the scatter in the plot of Hg versus
min at higher spacings in Fig. 11(d).

We investigate the isothermal compressibility for higher
(3MPa) and lower pressure (0.004 MPa) state points as a
function of different confined spacings (H). We estimate the
number density fluctuations in the form of histograms for LJ
fluid (argon) in gaseous regime. We use the relation between
isothermal compressibility and density fluctuation [37,38] to

find k7:

NAAYYNE
(e

where «r is the isothermal compressibility, py is number
density (ony = %), kg is Boltzmann constant, and {...) is
the ensemble average. Table V contains the values of k7
for different confined spacings. For both higher and lower
pressure state points, we observe a lowering of the values of
k7 for all the confined spacings, compared to their bulk values.
The values of k7 for higher pressure (P = 3 MPa) under
confinement is closer to the bulk k7 value compared to the
lower pressure state point (P = 0.004 MPa). The distinctive
difference from the bulk «7 is found to arise from the density

2
fluctuation term % [see Eq. (9)].

While the density remains same for both bulk and confined
systems for a particular P, T state point, the density fluctuation
is significantly suppressed for the confined systems compared
to the density fluctuation present in bulk. Further, the trends in
Table V indicate that the density fluctuations are consistently
smaller (larger) for the higher (lower) pressure over the range
of confinement spacings studied, as expected. The system at
the maximum spacing is still far from the bulk as can be seen
from Table V. Even at the highest pressure and for the largest
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TABLE VI. Comparison of the variation of speed of sound(c,) of
argon in the gas regime at 300 K for different densities (p) calculated
and estimated from MD simulation and that of the NIST values.

Sound speed(c;) (m/s)

P(MPa) o(kg/m?) Estimated Computed NIST

from slope via bulk

(MD) kr (MD)
0.004 0.064 277.1 324.95 322.6
0.03 0.48 282.04 319.79 322.62
0.3 4.8 286.71 325.54 322.83
3 48.87 326.2 337.47 325.58

spacing, the results of the VACF, and MSD, exhibit strong
confinement effects.

We also note from Table V that the number density fluc-
tuations in bulk are not significantly different for higher and
lower pressure cases. The dominant contributions for k7 for
bulk gas come from the (kBLT) term, which is very different
for different pressures at fixed temperature (300 K).

For the highest pressure under study (3 MPa), even under
confinement, sound speed is found to be close to the NIST
[32] bulk phase value (Table VI). This suggests the dominant
nature of particle-particle collisions at higher pressures. As
we go from higher to lower pressure P, T points gradually, the
effect of confinement becomes stronger and the value of sound
speed starts to decrease with respect to NIST bulk sound speed
at the corresponding pressure at 300 K (Table VI).

To ensure that estimates made from MD simulations are
reasonable and reliable, we carry out MD simulations to cal-
culate ¢, for the bulk phase of argon gas at each of these four
P, T state points from the isothermal compressibility («k7) de-
fined in Eq. (9). We use the thermodynamic relation between
adiabatic and isothermal compressibility for monoatomic gas
as k7 = ykyg and calculate the speed of sound from the well
known relation [39] ¢, = JF+TS’ where c; is the speed of sound,
p is the mass density, y is heat capacity ratio, and kg is the
adiabatic compressibility. The values, tabulated in Table VI
can be seen to agree fairly well with that of the NIST bulk
phase data [32] for sound speed.

The sound speed estimates using the slopes in Fig. 11,
based on MSD |, are presented in Table VI over a wide range
of densities (about 4 orders of magnitude). These estimates
can be seen not to agree entirely with the NIST [32] bulk phase
data. Further, sound-speed estimates from standard expres-
sions ¢y = and k7 = y kg, and using x7 from the fourth

1
NS
column of Table V, leads to consistently higher values than the
NIST bulk phase data. These discrepancies may be indicative
of the need to reexamine the standard relation k7 = yx and

perhaps ¢; = «/,-+Ts under strong confinement.

IV. SUMMARY AND CONCLUSIONS

We have carried out MD simulations of a confined gas to
investigate the role of partial confinement, effected by two
plane parallel reflective walls, on the particle dynamics. The
study, done using LAMMPS, considered a system of 20 000

particles both in bulk and in partial confinement, interacting
via the Lennard-Jones potential, at 7 = 300K and pressures
ranging from 0.004 to 3MPa simulating a wide range of
densities. The confinement spacing ranged from 20 A (~ 60
to 300 A (= 90 o).

Confinement changes MSD; and VACF, strongly. It has
very little effect on MSDy and VACF).. At short timescales
(ballistic regime) MSD is barely influenced by confinement.
Over intermediate timescales (diffusive regime), the diffu-
sion coefficient (D) is significantly reduced, with respect
to the bulk, due to confinement. Over longer timescales,
confinement effects are the strongest leading to subdiffusive
motion. The transition from diffusive to subdiffusive behavior
correlates with the wall spacing (%% of wall spacing for P =

0.004 MPa, 0.03MPa, 0.3MPa and ~ for P =3MPa).
Irrespective of pressure, we observe for all P, T state points and
for all the spacings studied, the asymptotic values for ./ MSD |
turns out to be 7.

A well-defined time window is found that marks the end of
ballistic regime and the beginning of the diffusive regime in
the bulk as well as under confinement. For small wall spacing,
the time window is small. It is worth noting that experiments
in the bulk confirms the existence of this time window [33,34],
albeit for Brownian particles.

It may be noted that unlike the particle dynamics in the gas
phase studied in this article, particle dynamics parallel to the
walls have been found to be affected in the dense liquid phase
[15] and in the glass-forming phase [14].

VACF, shows a rapid decay corresponding to the diffusive
regime and exhibits a well-defined minimum over timescales
corresponding to the transition from diffusive to subdiffusive
regimes and nearly vanishes in the subdiffusive regime. The
Fourier transform of VACEF, related directly to the density of
states (DoS), indicates the presence of nondiffusive modes
in the spectrum of normalized VACF, and diffusive modes
in the spectrum of normalized VACF,. The frequencies at
which maxima in the DoS occur are found to move closer to
zero as the wall spacing is increased confirming the role of
confinement in sustaining the nondiffusive modes.

Reducing the contributions of the thermal collisions, by
diluting the gas further, reveals the presence of sustained
velocity reversals induced by wall-mediated collisions. The
results confirm the significant role played by nonthermal
collisions in controlling the dynamics of the particles under
confinement over intermediate and long timescales.

It is established from the strong linear relationship be-
tween the wall spacing and the time at which the VACF, -
minima occurs, that there exists a phenomenon involving
a higher speed than the average particle speed. It is con-
jectured that collective motion triggered at the early stages
of the diffusive regime propagates at the higher speed, gets
reversed at the wall and acts back on the particle leading to
the minima in the VACF, . Using the characteristic distance
associated with the starting of the diffusive motion, and the
tmin associated with VACF,, the speed of this collective
excitation regarded as sound speed, is estimated for several
pressures spread over the whole range considered in this
study.

These features, particularly the connection with speed of
sound, combined with the observation that the compressibility
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has been found to be higher in the low pressure regimes, when
compared with that in the high pressure regimes, suggest
that correlated motion resembling sound waves can be spon-
taneously generated and sustained at low pressure regimes
better than at the higher pressure regimes.

Although the possibility of sound-wave generation and
reflection from confining boundaries has been reported in
the literature for liquids [9,10], the present study has sys-
tematically investigated the effects of partial confinements
for a gaslike phase, established strong correlation between
MSD; and VACF, and shown the possibility of spontaneous
generation and propagation of sound-wave like disturbances
normal to the walls.

The density fluctuations seem to be considerably in-
fluenced by the confinement even though they are over
larger length scales than the length scales associated with

particle-particle and particle-wall interactions. Further, the
sound speed estimates made in the present study appear not
to agree entirely with the NIST bulk phase data. It would be
interesting to conduct experiments to validate these findings.
There appears alneed to reexamine the relation k7 = y «; and

perhaps ¢; = Toe for strongly confined systems.
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