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We present an NhEPT MD method developed for
systematic investigation of both the structural and
dynamical properties of confined fluids without resort-
ing to chemical potential or explicit reservoir. This
method allows confined fluids to expand or contract
transversely and the same number of fluid molecules to
be simulated throughout all surface separations. Its first
implementation using confined Lennard-Jones fluid
yields step-like changes in surface density, layered
configurations, in-plane ordering, and oscillatory per-
pendicular pressures and transverse diffusivities that are
consistent with previous studies. Additionally, a pseudo-
Poisson’s ratio and transverse isothermal compressibility
were calculated. Like other properties, they oscillate at
smaller surface separations and approach constant values
when the surface separation becomes sufficiently large.
The limiting value of the pseudo-Poisson’s ratio is
interestingly equivalent to that of incompressible
continua.

Keywords: Confined fluids; Molecular dynamics; NiPT method;
Pseudo-Poisson’s ratio; Isothermal compressibility

INTRODUCTION

The behavior of fluids confined to nanometer-scale
spaces has stimulated a great deal of interest and
effort in recent years. As modern technologies
continue to miniaturize devices down to scales
comparable to molecular dimensions, the role of
these nanoscopically confined fluids (nanoconfined
fluids or simply confined fluids) becomes increas-
ingly important and a molecular-level understand-
ing becomes increasingly imperative. Over the past
two decades, new experimental techniques, in
particular the Surface Force Apparatus (SFA) [1-9],
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have been able to probe nanoconfined fluids more
closely and have revealed many unique properties
that are unexpected previously and inexplicable with
conventional continuum fluid theories. These prop-
erties have been inferred to arise from ordering of
confined molecules into configurations not typically
found in bulk liquids. Specifically, fluid molecules,
induced by confinement, may pack into layers
parallel to the confining surfaces. Such layered
configurations then cause drastically different struc-
tural and dynamical properties from those of
corresponding bulk fluids, where molecules are at
random. Atomistic computer simulations employing
Monte Carlo (MC) [10-14] and molecular dynamics
(MD) [14-17] techniques have provided explicit
evidences to substantiate the layering behavior of
confined fluids. Other theoretical approaches such as
density functional theory [18,19] and integral
equation theory [20,21] have also been extended to
analyze nanoconfined fluids and confirmed the
formation of fluid layers under confinement.
Despite our recent success, there are still unsolved
discrepancies between experiments and theoretical
studies, and unattended issues concerning nano-
confined fluids. Theoretical analyses of structural
properties by such methods as density functional
and integral equation theories [18-21], and of
dynamical properties by such methods as Enskog
[22,23] and functional perturbation theories [24-26]
have advanced our understanding of nanoconfined
fluids. However, their current applications are still
limited to simple, idealized systems. Molecular
stimulation, on the other hand, can study complex
systems and realistic conditions that are more
comparable to actual experiments and practical
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applications. It has become, to date, the most
preferred theoretical means for the investigation of
nanoconfined fluids. Owing to the equilibrium
between a confined liquid and its bulk reservoir,
their chemical potentials become equal and grand-
canonical MC (GCMC) [10-14] has thus been the
traditional simulation technique for confined fluids.
However, for dense, complex confined systems,
GCMC inevitably loses efficiency. Besides, it is a
stochastic method not suitable for studying dynami-
cal and transport properties. MD is inherently
capable of studying both structural and dynamical
properties. Evaluation of chemical potential in MD
stimulations has also been achieved recently using
virtual test particle methods [27]. It is possible but
still rather awkward to directly control chemical
potential to a prespecified constant value in MD
simulations of confined fluids, especially those of
large, complex molecules. Consequently several
alternatives have been attempted.

MD simulations have been carried out to study
confined liquids by matching the bulk density at the
center [28-30] or by fixing the normal load, i.e.
normal stress or perpendicular pressure [15,31-34].
However, the former becomes inadequate for very
thin confined films and the latter has a limited
ability in exploring the full range of properties as a
function of surface separation. A more adequate,
versatile alternative is to stimulate an isothermal—
isobaric liquid droplet [35] or reservoir [17,36]
explicitly to which a confined fluid is connected.
The tradeoff of this alternative is that it is
computationally demanding and likely to suffer
slow relaxation between the confined fluid and
reservoir and edge effects caused by molecularly
finite dimensions of the simulation boxes. These
difficulties would become even more pronounced
for simulations of large molecules. Winkler ef al. [37]
have attempted to subject confined liquids to
constant temperature and constant external pressure
to lift the need for chemical potential or fluid
reservoir. While conceptually similar to an explicit
isothermal-isobaric reservoir, this approach
improves computational efficiency and avoids
possible shortcomings of slow relaxation and edge
effects. Its value is much lessened, however, by such
a major drawback that no distinction between the
parallel and perpendicular pressures was con-
sidered. In fact, fluid molecules adopting anisotropic
configurations under confinement result in aniso-
tropic pressures in the parallel and perpendicular
directions, which is the origin of solvation force
measured by SFA. This pressure anisotropy was
embraced in a NAPT ensemble method proposed
very recently by Wang et al. [38,39]. The produced
results are consistent with those from GCMC studies
and serve to legitimize the NAPT method for the
study of nanoconfined fluids.

The essence of the NAPT ensemble method is to
constrain the temperature T and the pressure (or
stress) parallel to the confining surfaces P to fixed
values to define the thermodynamic state of or
provide a virtual equilibrium reservoir for a confined
fluid (cf. Fig. 1a). This is an accurate representation
when the confining surfaces are planar [40,41] and an
excellent approximation when the confining surfaces
curve extremely slowly as in a SFA from a molecular
perspective [40]. According to the virial theorem [42],
the instantaneous pressure of a simple confined fluid
along the parallel (x and y) directions can be
calculated as

1
Py :mz > (phpl)/mi

A=xy| i

D WIS 3 3 AN

i

where m; and p; are the mass and momentum of a
fluid atom, rjj=r; —1j, r;s=1; — 15, and f;;, f; are the
interaction forces between a pair of atoms separated
by 1; and 1. Superscript A denotes the projection of
vectors onto the x—y plane and subscript s represents
the two confining substrates, both having the same
surface A and separated by a distance of & in the z
direction. P = (P +Py,)/2 has been used in Eq. (1)
on the account that the system is isotropic in the two
parallel directions. Practically, P can be constrained
by adjusting either & and z coordinates accordingly
or A and xy coordinates accordingly, rendering two
routes to control the parallel pressure. For MD
simulations employing atomically structured sub-
strates, the h route appears more straightforward
and was therefore adopted in the NAPT method.
As a result, i fluctuates constantly during the course
of an NAPT MD simulation, but its time average
converges to a specific value consequent on the
pressure constraint. For this NAPT method and other
simulation techniques employing the same set of
confining substrates throughout all separations, the
number of confined molecules N naturally decreases
with decreasing i and could become rather small at
small separations. This may raise a concern of
inconsistency or finite-size effects in the simulation
results and can make the methods inadequate for
simulating large molecules such as polymers and
biomolecules. In this work, we developed a new MD
simulation method for confined fluids, which over-
comes the difficulty of controlling P via adjusting A
differentially and eliminates the concerns associated
with the NAPT and other methods. As will be
described below, this method can be reasonably
termed as an NhPT MD method. We introduce this
method here and present the results from its first
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implementation using Lennard—Jones (L]) fluids. It
is believed that the NhPT method is a more adequate,
better-equipped simulation method for studying
confined fluids, in particular those containing large,
complex molecules.

MODELS AND METHOD

Figure 1 displays a simple depiction of a confined
fluid between two solid substrates and a schematic of
the model system considered in this work. We
modeled the fluid atoms and substrate atoms as
identical L] particles, with the latter fixed to their
equilibrium bulk positions. The L] 12-6 potential,
truncated and corrected at r, = 3.50, was used to
describe the interatomic interactions. Each confining
substrate was represented by five layers of atoms
arranged in a face-centered cubic (fcc) lattice having
a lattice constant I of 1.5985¢. The confining surfaces
are fcc(100) planes placed in registry (cf. Fig. 1b).
Periodic boundary conditions are applied in the x
and y directions to make the confined systems
infinite transversely. Their implementation, how-
ever, calls for a special treatment because P
was intended to be controlled by instantaneous,
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differential adjustment of the transverse dimensions
and coordinates. Adding or eliminating one row of
substrate atoms causes a finite, not a differential,
dimension change. Varying the interrow spacing
between substrate atoms can yield differential
changes, but also undesirably alter the crystalline
structure of the substrates. To resolve this difficulty,
we applied periodic boundary conditions only to the
fluid and used a special scheme to construct infinite
substrates. Since crystalline substrates possess
periodic structures and consist of repetitive unit
cells, each fluid atom can be associated with a
substrate unit cell characterized by (na,, ma,), where
a;, ap are known vectors defining the shape and
lateral dimensions of a unit cell and n, m are integers
or zero. From a simulation point of view, a fluid atom
interacts in effect with infinite substrates as long as it
“sees” all the substrate atoms within its potential
cutoff. We took advantage of these facts and gave
each fluid atom infinite substrates by providing
blocks of substrate unit cells centered around its
characteristic (na;, ma). Neighbor lists of substrate
atoms became no longer needed and handling of
fluid transverse expansion became straightforward.
It worked perfectly for our simulations where
the system sizes not only changed constantly at

bulk v

reservoir

FIGURE1 (a) Depiction of a confined fluid between two planner substrates immersed in a reservoir under the consideration of NAPT and
NhPT methods. Dashed square signifies a simulation box. (b) Schematic of the model confined system with in-registry substrates and the

coordinate system. & is the surface separation.
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a fixed h but also underwent sudden, significant
expansion due to pressure constraint.

Since the parallel pressure constraint is engaged in
the x and y directions, the equations of motion in the
two directions take on the NPT form [38,39,42],

i = p}/m; + x(x,p)x}, @)
pl = — x (@, p)p} — &, ppl, 3)
S)\ = X(r7 P)S)w (4)

where A=x or y and S, signifies the transverse
dimensions of a simulation box. x(r,p) is a dilation
coefficient used to adjust S,, i.e. A, to achieve
constant parallel pressure. In order not to involve
further complexity, we set S, = S, and use a common
x to retain the square shape of the simulation boxes.
In the perpendicular z direction, the equations of
motion assume the NVT form,

= p;/mj, ®)
p; =f — &.(r,p)p;. (6)

gi(r,p) and &, (r,p) are friction coefficients for
temperature control, evaluated using Gaussian
least-constraint method [42].

Understandably, proper evaluation of y deter-
mines the success of the intended pressure control
and thus the success of the NiPT method. Previous
NAPT MD study [39] has shown that the loose
coupling method of Berendsen et al. [42,43] provides
a robust, reliable way to constrain P) for confined
fluids. The change of parallel pressure with time is
made by this method to obey P = (Pt — P)/tp.
where t, is a coupling time constant. On the other
hand, P can also be adjusted instantaneously
through the rescaling of transverse dimensions and
coordinates. Specifically,

BP” ds, BP” dSy
= e 7
I =55, dt " as, dr @

With P = (P + Py,)/2 and Eq. (4), we can arrive
at

. X (0P Py, Py,
P = —
” 2<asx5 a55+ 25, * T, ) @

or

where we have used the following notations,
= —(1/5)@Si/3Pj)s, nr (10)

K| = —(1/A)(8A/6P||)hj. (11

The dilation coefficient for parallel-pressure con-
trol can then be evaluated as
K (P set — Py)

= - ’ . 12

X 2t (12)

k) and k;; are instantaneous isothermal compressi-

bilities of a confined fluid at a fixed surface

separation under different specifications. We have
derived a microscopic expression for ; as

=P |

X(rij) 2du
»3 ] ()\ A)

V) dr

A LA
(si})

1]

+Zz[x(r,s) () riili_lrl] R )

where V=5,5,h is the volume of the simulation box
and r*r*=r"r*+r"r*. Detailed derivation and
expressions for k; and X(r) are provided in
Appendix L

In the NhPT method, the instantaneous perpendi-
cular pressure P, along the z direction is left to be
measured as in SFA experiments. In contrast to P,
there are more than one formulation available for P ,
due to the molecularly finite dimensions in this
direction. From a mechanical perspective,

1
PL:ﬂZZ]ﬁsL 14

where f7, is the scalar force in the z direction between
a fluid atom and a substrate and 2A results from two
confining substrates. From a hydrodynamic perspec-
tive, the so-called Method of Plan [44] can be derived
to calculate the local perpendicular pressure P (z) in
a confined film. We integrated this P, (z) over the
entire confined film to get a tensorial form similar to
P” in Eq (1),

S piphm LSS 6

i jF

(15)
+Z§s:fﬁ(rf + g) ,

where — 1/2 is for the top confining substrate located
at z="h/2 and +h/2 is for the bottom one at z =
—h/2. p;, £, ¥; i fi,, and i are projections of the
original Vectors in the z direction. It is worth noting
that both formulations were used and produced the
same (P ) within statistical errors for every confined
film simulated in this project. < ... > represents an
ensemble average over a phase-space trajectory.
In the NhPT method, the equilibrium between a

confined fluid and its reservoir is represented by
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such constraints as (P|) = P, and (T) = T}, where P,
and T, are reservoir pressure and temperature.
The solvation force per unit area f,, a counteracting
force to hold the substrates at a fixed separation,
can then be calculated as the pressure imbalance,
ie. (fs)=(P, —Pp)=(P.)—(P). In the limit of
large surface separations where the confinement
effects become insignificant, confined fluids will
restore the pressure isotropy of normal fluids, i.e.
(P.)=(P)) = Py, and the solvation force will vanish
as required.

The state variables for each of the NIPT
simulations individually are N, h, P, and T. To
investigate a confined fluid connected to the same
reservoir at different h, a single set of Py and T
constraints should be used throughout. We set T, =
1.0(e/kp) and Pj ., = 0.49(e/0”), equivalent to 120K
and 20.4 MPa if the L] particles represent Ar atoms,
for the purpose of comparing with existing results.
In the light of the construction scheme of infinite
substrates presented above, the same number of
fluid atoms, namely 450 LJ particles, were used
throughout the NPT MD simulations regardless of h.
This is a feature of important advantage over the
previous NAPT method, particularly for simulations
of large molecules and complex confined systems.
The equations of motion were integrated using the
fourth-order Gear predictor—corrector algorithm
along with a dimensionless time step &t of 0.00232,
corresponding to 5fs for Ar. We began our
simulations with the system having the widest h
and smallest A. For a new /1, a few hundred ps were
used to achieve it. To assure equilibration before each
production run, at least another 500 ps were spent
and the time-averaged P, P|, density profile, and
interaction energies were examined. Results
reported here are based on production runs over
200,000 time steps, i.e. 1 ns for Ar. We have also tested
a few cases by decreasing and increasing i and found
the results to be reproducible.

RESULTS AND DISCUSSION

The uniqueness and success of the N:PT MD method
lies mostly in the parallel-pressure control via
instantaneous, differential adjustment of the trans-
verse dimensions and coordinates. We therefore
investigated the effectiveness of the pressure control
first. For verification and demonstration, we show
the test results from using a typical confined system
in Fig. 2. It should be noted that, without the pressure
control, our MD simulations are simplified to usual
NVT simulations because both A and & will be fixed.
Provided that the simulation system is equilibrated
and the duration of simulation is sufficiently long, an
NVT MD simulation could produce a mean pressure
(cf. Fig. 2a). However, without such knowledge as an

(a)

5 ﬂ‘.'-x..*w?»“;. Syttt M ey figty "“.-ﬂrr*-‘-““a'm;- B

T T
0 100 200 300 400 500
t (ps)

FIGURE 2 Time evolution of (a) reduced parallel pressure and
(b) transverse dimension of the simulation box for the confined LJ
fluid at h = 4.60 and t, = 1008t’s (dashed curves), 5008¢'s (solid
curves), and 2500 5t’s (dotted curves). Each point is averaged over
2008t’s. The target pressure is 0.49. The horizontal dotted-dashed
curve in (a) is the case without pressure control.

equation of state, this mean pressure either cannot be
determined in advance or needs to be achieved by a
painstaking process of trial and error. As demon-
strated in Fig. 2a, the pressure control incorporated
in the NPT method can effectively bring the system
to and maintain it at the target pressure with no need
for an equation of state. In the meantime, the
transverse dimension of the simulation box S,, the
conjugate variable to the parallel pressure, changes
in accord with the pressure evolution and reaches a
steady, equilibrium value as expected (cf. Fig. 2b).
The speed of pressure and dimension evolution is
governed by the coupling time constant ¢, in the
pressure control. A smaller t, reaches the target
pressure faster, but also could cause pressure
overshoot (cf. Fig. 2b), which may be a disadvantage
under some circumstances. Much too small a ¢, may
even cause the simulation to be unstable. On the
other hand, as long as t, is relatively large, it should
cause only insignificant alterations to the structural
and dynamical properties of an equilibrated system.
We tested a few t, in the range of 100-10,000 &t’s,
corresponding to 0.5-50ps for Ar, which are all
greater than the one used by Berendsen ef al. [42,43]
in their simulations of water. Nearly identical P| and
P, distributions, density profiles, and mean-square
displacements were obtained. The pressure distri-
butions, shown in Fig. 3, are all fitted well with
Gaussian functions as would be expected of
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FIGURE 3 Probability distributions of (a) reduced parallel pressure and (b) reduced perpendicular pressure for the confined LJ film at
h=4.60 and t, =1008t's (squares), 5005t’s (circles), 25008¢’s (triangles), and 10,0008t’s (diamonds). Curves represent the best-fit

Gaussian functions.

unaltered systems. It is thus believed that a ¢, of 500
dt’s adopted in our simulations is an appropriate
value for the confined L] fluid.

The results presented below are ensemble
averages obtained in practice from time averages of
corresponding instantaneous values. We drop ()
from our discussions and figures for simplicity.
Figure 4 displays the equilibrium transverse dimen-
sion as a function of surface separation together with
the configuration snapshots at the largest and
smallest surface separations. The NhPT MD simu-
lation becomes unstable for confined films thinner
than 2.10 because fluid atoms form just one layer and
rescaling their coordinates tends to cause them to run
into substrate atoms. As h decreases, S, naturally
expands in order to comply with the pressure
constraint with the same amount of fluid atoms. For
comparison, the S, vs. h relationship of a continuum,
incompressible fluid is also attached as the dotted
curve. It is obtained based on the conservation of the
volume, V =S3(h—1/2) and | being the lattice
constant, at 1 = 8.50. We used (h — 1/2) instead of &
or (h — o) because it not only takes into account the
actual volume accessible to the confined fluid but
also recovers the molar volume/density of the fcc

substrate when fluid atoms are perfectly ordered as
substrate atoms. We found that, except when £ is
smaller than about 2.6, “negative” deviations of S,
from the incompressible, continuum behavior are
observed, implying that simple fluid atoms can be
packed more efficiently in confinement to occupy
less volume than in thicker films or bulk reservoir.
More importantly, step-like changes indicative of
sudden expansion/contraction of S, take place and
become more pronounced at smaller separations.
Apparently, the negative deviations are resulted
from the formation of fluid layers and the step-like
changes are caused by sudden decrease/increase in
the number of fluid layers. In general, confined films
between two consecutive “convex” corners, e.g. h =
4.10 and 3.00, have the same number of fluid layers.
A quasi-constant S, over a range of h suggests
marked density changes and hence structural
transitions between ordered and disordered states.
These fluid layers, density changes, and structural
transitions can be readily portrayed with density
profiles. For this purpose, we show representative
density profiles within the tri-layer regime in Fig. 5.
Clearly, upon increasing or decreasing h, average
density and degree of layering of the confined fluid
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FIGURE 4 Equilibrium transverse dimension of the simulation box as a function of surface separation. Dotted curve indicates the
behavior of a continuum, incompressible fluid. Also shown are the top-down (xy ) and side (xz) views of the confined L] films at h = 8.5¢
(left insets) and 2.10 (right insets), where solid circles represent the fluid atoms in the contact layer adjacent to the top confining surface and

open circles represent the rest of fluid atoms.

change in response, even though the number of fluid
layers remains the same. Confined films at convex
corners in Fig. 4 can be understood to have locally
minimum densities and minimum negative devia-
tions. Interestingly, these minimum densities are
very close to those of thicker films and very likely the
corresponding bulk density too. They also correlate
well with minimum degrees of layering as shown in
Fig. 5. Contrarily, as S, reaches “concave” corners,
e.g. h = 3.30, locally maximum densities, maximum
negative deviations, and maximum degrees of
layering occur. A slight decrease in / is then enough
to force the fluid atoms to undergo sudden

expansion in the transverse directions at the cost of
a one-layer reduction in the number of fluid layers.

Traditional simulation studies of confined fluids
have used simulation boxes of fixed surface areas.
One of the important results common to these
studies is the dependence of the number of confined
molecules N on surface separation h. For the NhPT
method to make connection and comparison,
simulation data were converted to surface density
(N/A) vs. h and are plotted in Fig. 6. The resultant
step-like relationship is in excellent agreement with
that from the NAPT study [38] and with others
reported previously [10,17,45]. Note that the concave

p ™)
i

2

z (o)

FIGURE 5 Equilibrium density profiles of representative confined films within the trilayer regime.
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FIGURE 6 Surface density (N/A) (open circles) and pseudo-Poisson’s ratio v (solid circles) of the confined L] fluid as a function of surface

separation. The dashed line indicates » = 0.5.

corners in S, vs. I (cf. Fig. 4) become the convex ones
in (N/A) vs. h (cf. Fig. 6) and vice versa. In other
words, maximum density and degree of layering
occur at the top of each step riser in (N/A) vs. h,
while minimum ones occur at the bottom. Also
indicated in Fig. 4 and in the literature [3,5-9,11-
13,32] is that confined fluids can have densities and
degrees of ordering not only significantly higher
than those of liquids but also close to solids.
Consequently, they have been quite often referred
to as solid-like matter. It would then be interesting to
extend the characterization methods of solids to
confined fluids. When a solid is in longitude strain, it
tends to change its dimensions in the directions
perpendicular to the applied stress. The dimension-
less ratio of the relative length changes along the
parallel and perpendicular directions is called the
Poisson ratio [46]. We have attempted the calculation
of a pseudo-Poisson’s ratio for confined simple fluid
using the following definition,

_ _(Asy/Sy)

o (16)

The results, shown in Fig. 6, are very unlike typical
solids whose values are usually fixed and between
0.3 and 0.5 [46]. The Poisson ratio, as high as 2.6 and
as low as 0.17, oscillates with surface separation and
coincides with step changes. Not surprisingly, it rises
to maxima during the sudden expansion/contrac-
tion of S, and drops to minima when S, is virtually
constant and films are disordered. Interestingly,
when the separation becomes sufficiently large, the
Poisson ratio appears to converge to the limiting
value of 0.5, which is for incompressible continua
and indicative of the conservation of volume V =
S2(h —1/2).

Perpendicular pressure P, or equivalently nega-
tive normal stress, is perhaps the most looked at
property of confined fluids because of its direct
connection to SFA experiments and its important
relevance to many technological fields. The average
perpendicular pressures from the NiPT MD simu-
lations are shown in Fig. 7. Consistent with previous
simulation studies [12,17,35,36,38,39,41,45], it oscil-
lates with surface separation, with maximum
occurring in the best-layered films and minima in
disordered films, and approaches the set parallel
(bulk) pressure when the surface separation becomes
sufficiently large. More importantly, it agrees
quantitatively well with the previous GCMC studies
[45,47] of confined simple fluids subject to the same
bulk temperature and pressure, except the height of
the secondary peak around h = 3.30. Given the
considerable differences in the employed ensembles
and simulations techniques, such an agreement is of
remarkable significance and strengthens the credi-
bility of the NAPT method for studying confined
fluids.

It has been known that confinement induces not
only layering in the perpendicular direction but also
ordering in the transverse directions [11,12,41]. Such
transverse in-plane ordering, as revealed by the
insets in Fig. 4, should resemble the atomic structure
of the confining surfaces. To quantify the degrees of
in-plane ordering for the many surface separations
considered in this work, we opted for a relatively
simple measure and adopted the following structure
factor [32],

2
Sk = ; 17)

N
l § eik"-rl)‘
N i=1

where r} is the transverse coordinate of atom i and k*
is a two-dimensional reciprocal lattice vector
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FIGURE7 Reduced perpendicular pressure as a function of surface separation. The dashed line denotes P} ., = 0.49 and the dotted curve

is scaled surface-density profile.

pertinent to the fcc(100) confining surfaces. To
characterize a single fcc(100) layer, one of the
shortest k* based on our coordinate system, ki =
(2m/I)(1,1) and I being the lattice constant, is suitable.
The limiting values of Sy, the structural factor
calculated using ki, are 1 for a layer of fluid atoms in
perfect fcc(100) lattice and O for bulk liquids.
However, for a fcc(100) slab with repeating
...abab... layers, where b is structurally identical to
a but displaced by 0.5/ in the x or y direction,
contributions to Sy; from successive ab layers cancel
each other out. For this reason, S;; becomes
insensitive to in-plane ordering transitions
in confined films having three fluid layers or more

(cf. Fig. 8). To clarify them, we used a larger
reciprocal lattice vector ko = (47/I)(1,1) to calculate
Sko. For a perfect fcc(100) layer and normal liquids,
Sk2 has the same limiting values as Sy;. However, as
can be seen in Fig. 8, Sy, is more sensitive for
confined films with more than two layers. It is
particularly so for the films forming three well-
ordered fluid layers (cf. h = 3.30 in Figs. 5 and 8),
which tend to be of the commensurate aba structure
between the in-registry confining surfaces. On the
other hand, the bi-layer thinner films are
incommensurate with the employed confining
surfaces, so that their transverse structures are
distorted with plenty of structural irregularities

0.35
0.30
0.25
0.20+
0.15+

Sk1s Sk2

0.10 1
0.05

0.00 -

FIGURE 8 Structural factors as a function of surface separation. Solid and open circles represent Si; and Sy, respectively (see text).

The dotted curve is scaled surface-density profile.
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FIGURE 9 Transverse isothermal compressibility as a function of surface separation. The dotted curve is scaled surface-density profile

and the dashed curve is scaled perpendicular-pressure profile.

and voids. This leads to their lower Sy,. When
compared, Si, correlates very well with the
perpendicular pressure, both rising to maximum
values when confined films are best layered and
drop to minimum values when films become
disordered. In other words, the transverse in-plane
ordering in the confined simple fluid synchronizes
with layering in the perpendicular direction. Fluid
atoms must order themselves to the highest degree
in the transverse directions in order to achieve a
maximum degree of layering.

The parallel-pressure control that we derived for
the NhPT MD simulations of confined simple fluids
contains a transverse isothermal compressibility «,
whose microscopic expression is given in Egs. (13)
and (A.16) in Appendix I. Instantaneous k; was
calculated during our simulations and the averaged
values are shown in Fig. 9. Like other properties of
confined fluids, | oscillates at small separations and
stabilizes at large separations to a specific value,
0.0330°/¢ under the specified T and Py in this
work. This limiting value as well as those oscillatory
k| are found to be fittingly between and of the same
order of magnitude as 0.0170>/¢ for an amorphous
LJ solid [48] and 0.110>/& for a L] liquid [49] under
a similar condition. Previous MC studies [41,50]
have also estimated k) for confined simple
fluids in the bi- and tri-layer regimes through a
Gibbs—Duhem relation and fluctuations in the
number of fluid atoms. Thermodynamic condition
and model detail were found to have a significant
impact on the magnitude of kj [41,50] which, in
conjunction with calculation approach, may explain
the difference between the results presented here
and in the previous studies. One important finding
in common though is that k|, as illustrated in Fig. 9,

does not correlate exactly with the perpendicular
pressure. Instead, its peak values shift towards the
concave corners in the surface-density profiles where
the confined films are least dense, least ordered, and
consequently most compressible. The bi-layer films
are exceptionally compressible, which can be
attributed to their incommensurateness, that causes
structural voids and positive S, deviations.

As mentioned earlier, the NAPT MD method
possesses a desirable advantage over other methods
for its ability to systematically probe the dynamical
properties of confined fluids. The dynamical proper-
ties can be expected to depend on the surface
separation, like the structural properties discussed
above, and furthermore differ along the perpendicu-
lar and transverse directions due to the confined
environment and anisotropic configurations. In this
respect, we investigate here the diffusivity parallel to
the confining substrates through the following
Einstein relation [42],

_ 2
Dy = limM’

1
lim i (18)

where ([r(t) — r|(0)]*) is the ensemble-averaged
mean-square displacement in the transverse direc-
tions. The results are displayed in Fig. 10, where the
attached inset shows the mean-square displacement
corresponding to the smallest D) obtained in this
work. The linearity of the displacement curve clearly
indicates that the time scale used, corresponding to
512 ps if the L] particles are Ar atoms, is long enough
for every confined film to enter the diffusive regime.
Although not calculated, the diffusivities in the
perpendicular direction are practically zero over
the same time scale since the displacement of fluid
atoms is impeded by the layered configurations and
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FIGURE 10 Transverse diffusivity as a function of surface separation. The dotted curve is scaled surface-density profile. The inset is the
ensemble-averaged mean-square displacement in the transverse directions at 1 = 3.30.

restricted by the confining substrates [16].
In Fig. 10, Dy can be seen clearly to exhibit
oscillations of the same periodicities as those
properties discussed above. Based on the connec-
tions between the surface separation, density, and
degree of ordering, we can conclude that confined
films having ordered configurations and high
densities give rise to minimum diffusivities, while
those films having disordered configurations and
low densities result in maximum diffusivities.
Similar correlations have also been reported in
previous MD simulations [14,16,17,23,38]. Here we
want to note that even the best ordered film at i1 =
3.30 is not very solid-like because its transverse
diffusivity, very detectable despite being the lowest,
suggests that fluid atoms still remain quite mobile. In
additional, by examining the incompressible curve in
Fig. 4 and the Dy in Fig. 10, it is revealed that density
alone is not sufficient to explain all the features of the
diffusivity. We need to factor in the fraction of fluid
atoms in the contact layers, whose diffusivities are
more reduced that those in the middle [14] portion of
the confined space. As surface separation widens,
this fraction decreases, and D) generally increases
and approaches the bulk diffusivity.

SUMMARY

We have successfully developed an NhPT MD
method for the purpose of systematically investi-
gating the structural and dynamical properties of
confined fluids. In this method, temperature and
parallel-pressure constraints are employed as virtual
reservoir to subject confined fluids to the same
equilibrium condition regardless of surface separ-

ation. The parallel pressure is intended to be
controlled by instantaneous, differential scaling of
the transverse dimensions of simulations box and the
transverse coordinates of fluid molecules accord-
ingly. However, such scaling and periodic boundary
conditions are applied only to the confined fluids in
order not to alter the crystalline structure of the
confining substrates. To achieve pressure control
computationally for the NiPT method, Berendsen’s
loose coupling method was found to be adequate
and hence adopted. In addition, a microscopic
expression of transverse isothermal compressibility
is obtained as a by-product of the derivation. As the
separation varies between confining substrates, the
NhPT MD method allows the simulation system to
expand or contract transversely so that the same
number of confined molecules can be simulated. This
is an important, desirable advantage over other
methods, especially for confined large, complex
molecules such as polymers and biomolecules.

We first implemented the NiPT MD method using
a confined LJ fluid. As reported previously,
confinement induces fluid atoms to form not only
layers stacking in the perpendicular direction but
also transversely ordered configurations reflecting
the atomic structure of the substrates. As the surface
separation varies, step-like changes occur in the
transverse dimension of the simulation box, of which
a quasi-constant value indicates no change in the
number of fluid layers but marked changes in the
pore density and structural orderings, and a sharp
expansion/contraction signals a sudden change in
the number of fluid layers. With this relationship,
a pseudo-Poisson’s ratio was calculated for the
confined fluid and found to oscillate with surface
separation. It rises to a maximum during a sudden
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expansion/contraction of the transverse dimension
and drops to a minimum when the transverse
dimension is virtually constant. More interestingly, it
approaches a limiting value corresponding to the
Poisson ratio for incompressible continua when the
surface separation is sufficiently large. Analyses of
density profiles and structural factors revealed that
maxima in the degree of layering are accompanied
by maxima in the pore density and degree of
in-plane ordering. Consistent with previous studies,
such maxima also give rise to maximum perpendi-
cular pressures and minimum transverse diffusivi-
ties. When confined films become disordered and
possess bulk-like densities, minimum perpendicular
pressures and maximum diffusivities take place.
Transverse isothermal compressibility, like other
properties, also oscillates at small separations and
stabilizes at large separations to a specific value.
However, it does not correlate exactly with the pore
density or perpendicular pressure. Instead its peak
values occur towards where the confined films are
least dense, least ordered, and consequently most
compressible.
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APPENDIX I

Dilation Coefficient y for the NhPT MD Method

The xx component of the pressure tensor for a simple
confined fluid can be expressed as,

Py S:Syh = Z prpl)/mi + ZZZfX r}

i jFE

+ szs r. (A1)

Its partial differentiation with respect to S, under a
constant temperature yields

xx xalx
s —==5:Syh + P Syh = 222( rf + £ a5]>

i

© 0T
FY (fem e,
(A2)

To adjust P,, instantaneously, we scale the
transverse dimensions of simulation box based on
(85,/8t) = xS), and the transverse coordinates of
fluid atoms based on (8r};/3t) = xrj. This is a uniform
scaling scheme in accord w1th the equation of

motion, Eq. (4). In consequence,

ord 8r§> r}

7 gl
= = — A..
S, 85, S’ (A3)
aryj _ 1] ']
. A4
aS,\ 1",] S)\ ( )

With the chain rule and Egs. (A.3) and (A.4), we
can get for the fluid—-fluid interactions,

ofy 9 ( durj
aS, N aS, dr Tij

eu . du du
1] 2 3
~ s, K i@ Ty >(rv ) =1 dr]

1

(A.5)
and
afj;.r? )E'a,.j
0S, 7 Y 98,
1 , d? du adu
- | (AR ) 35
(A.6)

For the fluid—substrate interactions, we scale via
(81} /dt) = xr} because substrate atoms should be
stationary to keep the atomic structure of the
substrates intact. Consequently,

afx + fx iJsC
BS 595,
1 ,d2U AU, . .. dU
= résx {( is dr 1.2 +7is dr)(rts rlS) —2r T d?’ :
(A7)

Now Eq. (A.2) can be rearranged to give

1 0Py N
Ke | 8S% Sx = Prx
1 )1 X(ry) /. 2 du
i e -2

X(r) = —r27+ rg (A.9)
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The partial differentiation of Eq. (A.1) with respect
to S, yields

9Py, 1 of;
—_— P = — . x
3, SxSyh + PsxSih 22}; 25,

+ ZZ (g;{i ~r;;) . (A.10)

Again, for the fluid—fluid and fluid-substrate
interactions, we can drive the following expressions,

o _ o (-duy
39S, S, \ drry
r ,d2U  du
—__U Y.y
_r;}sy[( = )(r r])], (A11)
of _ 9 (_dUr}
39S, S, \  drrs

45

As a result,

1 aP
R
1 X(ri)
TS5 22; = (x57) | (x55)

35 [P () | et

(A.13)

Similarly, using the yy component of the pressure
tensor yields

1 P

Ky asyys Puy

“sala S e () - G| ()
DI R = GO R
e e
_sx;yh 22; X(jl])(lf 1) | (147)
+ZZ {Xﬁ) (v )] (ré) (A.15)

Combining Egs. (A.8), (A.13), (A.14) and (A.15)
leads to

1 (Pxx + Pyy)
K|| 2

= 1EID)

Xi;l])(lf 1]) _rzij(iilrl (1? A)

X(r,s) 2 dUu
+ ZZ[ 1s 15) - r_LsE] (r;\srz)\) ) (A.16)

where, for convenience, we have used the notation:
et = r¥r* 4 r¥rt
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