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Mechanism of Diffusion Slowdown in Confined Liquids
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With the aid of molecular dynamics simulation, we consider why the diffusivity of liquid becomes
slower as the liquid is confined to a narrower space. The diffusion coefficient of octamethylcyclotetra-
siloxane liquid confined between two mica surfaces was calculated for a range of surface separations
from 64 to 23 A. The resulting separation dependence of the diffusion coefficient can be explained by
considering that the molecular diffusion is an activated process. In particular, we find that the increase in
the activation energy is closely correlated with the decrease of the potential energy per molecule, from
which we propose a molecular-level mechanism of this confined-induced diffusion slowdown.
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In recent decades, different experimental techniques,
particularly using the surface forces apparatus, have been
developed so as to measure the change in the transport
properties (i.e., viscosity and diffusion coefficient) of
liquids from the macroscopic (bulk) regime down to states
confined between two flat surfaces characterized by thick-
nesses of a few molecular diameters. These experiments
have revealed that for most liquids, the viscosity increases
(e.g., octamethylcyclotetrasiloxane [OMCTS] [1-5], liquid
crystal [3], water [6], polymers [7], and ionic liquid [8])
or, equivalently, the diffusion coefficient decreases [9]
by several orders of magnitude with respect to the corre-
sponding bulk values. Molecular simulations also support
this trend for the Lennard-Jones (LJ) molecules [10],
water [11-13], and hydrocarbons [14,15]. Our aim in this
Letter is to understand the microscopic mechanism of this
confinement-induced slowdown, which is an important
step towards the theoretical prediction and design of the
liquid properties at nanosized spaces.

Microscopic insights into the properties on confined
liquids have been brought by molecular simulation.
OMCTS, a globular and nonpolar molecule, has played a
central role as a typical liquid that forms a molecular layer
structure parallel to the confining surface [16,17]. Several
simulation studies where a simple model of the OMCTS
molecule represented by a sphere in conjunction with the
LJ potential were carried out to investigate the microscopic
orders in the confined liquid as well as its correlation
with the solvation force and the liquid properties [10,18].
These studies showed that the fine structural details of
the confining surfaces and the liquid molecule sensitively
affect the ordering, and therefore, the liquid properties, of
the confined liquid. Therefore, it is necessary for a realistic
model to properly take into account these atomic level
details. Recently, we developed such a model for OMCTS
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liquid confined between two cleaved mica surfaces
[19,20]. In our previous study, this model was employed
to clarify the microscopic details of the confined OMCTS
liquid by the molecular dynamics (MD) simulation where
our attention was devoted to a single surface separation
(H=157A) corresponding to a 7 molecular layers state [20].

Here, we extend the range of separations, H, to 23 =
H = 64 A, which correspond to 3—7 molecular layers
states, in order to investigate how confinement slows
down the liquid dynamics in terms of the diffusion coeffi-
cient. In particular, a correlation between the diffusion
coefficient and potential energy is sought from the point
of view of the activated diffusion (AD), from which we
propose a molecular-level mechanism of the confinement-
induced diffusion slowdown.

The AD is a common model for the diffusion of lattice
defects [21], which is also applied to other condensed
phases or molecular systems as long as a molecule spends
a relatively long time being trapped inside a potential
energy well formed by the neighboring molecules [22,23].
The effective depth, E, (= 0), of the potential well is
called the activation (free) energy. The molecule some-
times surmounts E, by thermal fluctuations, and migrates
to a nearby potential well. Thus, the diffusion process
is composed of successive migrations, and the diffusion
coefficient, D, is proportional to the rate of migration as
D = Ce PE«, where B = 1/(kgT), kg is Boltzmann’s
constant, and T is the absolute temperature. Here C is a
constant; therefore, any possible effect of confinement is
included in E,. In the following, we apply the AD to
our confined liquid. As is explicitly indicated by the den-
sity distribution which has a layered structure [20], the
confined liquid considered here displays a spacial nonun-
iformity which is originated by the contact with the solid
surfaces, thereby the activation energy can be a function
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of the position, r. Correspondingly, we introduce the local
activation energy, E°°(r), defined as the activation energy
necessary to be surmounted for a molecule to migrate from
r to a nearby potential well.

From the microscopic description of the AD, it is likely
that E1°°(r) is correlated with the local potential energy that
a molecule feels at r, &'°°(r). Following this line, we
partition E'°(r) as E!°°(r) = —&!°°(r) + a'*°(r), where
a'°°(r) describes the remaining effects other than that of
the potential energy. Most of them are expected to be
thermal effects, such as the configurational change that
occurs during the migration, of molecules composing the
potential well around r. The activation energy of the total
system is given by a spacial average over the system
volume, O: E, =& [ EX*(r)dr = —& + a, where & =
& Jo e(r)dr and o = § [ a'(r)dr. Although at this
stage, the partition of E, into & and « represents an
assumption of our model, later on we will show that here
the separation dependence of « is weak in comparison with
that of & and the following simple approximation

E,(H) ~ —e(H) + const,, (1)

reasonably describes the separation dependence of the
diffusion coefficient.

MD simulation is used to investigate the correlation
between E, and e. The diffusion coefficient and & were
calculated by changing the surface separation in the range
23 = H = 64 by 1 A step. The computational details of
and procedures adopted in the present MD simulation are
same as those in the previous study except for the range of
H, and a detailed description can be found in Ref. [20]. An
overview of our MD system is shown in Fig. 1. DL_POLY 2
(version 2.20) software package [24] was used. The
system configuration is based on the liquid-vapor coexis-
tence method proposed by Leng [25]. Thousand hundreds
OMCTS molecules are confined by the mica surface
with a surface area of 81.8 X 81.2 A. A repulsive wall
expressed by harmonic potentials was added at the edge
of mica surfaces. These were put in a fixed orthorhombic
simulation box of 400 X 81.2 X 110 A with the 3D peri-
odic boundary conditions, and the system temperature was
set to 300 K by using a Nose-Hoover thermostat [26]
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FIG. 1. View of our MD system. Molecules within a fixed slit
volume () are included in the statistics.

(NVT ensemble). Any motion of the mica surface was
kept frozen while each OMCTS molecule was approxi-
mated by a rigid body whose equation of motion was
numerically integrated by Fincham’s implicit quaternion
algorithm [27] with a time step of 2 fs. Liquid-liquid and
liquid-surface interactions are modeled by the LJ type
interaction sites located on each position of the C atom
of OMCTS, and O and K* atoms of mica. For all these LJ
potentials, a cutoff radius of 10 A was used. At each surface
separation, the system was equilibrated for more than 1 ns,
followed by a production run of 4 ns with a data storage
interval of 1 ps. In the calculation of physical properties,
only the molecules inside {2, which is defined by |x| < 20,
were included in the statistics. This strategy avoids any
possible effect of the edges along the x direction.

The diffusion coefficient was calculated from the root
mean square deviation (RMSD) of the molecular center
of mass position R: Drysp = lim,—o & ([R() — R(0)*),
where (...) means the ensemble average.

The potential energy per molecule was calculated based
on a spacial mesh division. We assigned &; = 1/23 ;. ;u;;
to molecule /, where u;; is the pair interaction energy
between molecule I and J. The slit volume () was divided
into small 3D meshes of size dx X dy X dz = 1.0 X 1.0 X
0.1 A. The local potential energy per molecule at mesh i
was calculated as €/ = (g;c;), which was then averaged
over O: & = - ¥V £!°°, where N,, is the total number of

m

meshes (If a mesh was not visited by any molecule during
the simulation, the mesh was excluded from the average).

The separation dependence of the diffusion coefficient
calculated by the MD simulation, Dgysp, 1s shown as a
solid curve in Fig. 2(a) (left axis). Drysp decreases
by 2 orders of magnitude, from 0.193 X 107° m?/s at
H = 64 A, which is comparable to the bulk value of
0.256 X 1072 m?/s [19], to 0.0007 X 107° m?/s at
H =23 A. This result is not far from the experimental
observations of Mukhopadhyay et al. by the fluorescence
correlation spectroscopy [9] that the diffusion coefficient at
H = 30 A is about 2 orders less than the bulk value. The
force curve calculated from the MD simulation is shown
in Fig. 2(b). The period of oscillation is ~8 A, which is
consistent with the experimental results [2,17]. Checking
the density profile in z direction, we confirmed that this
range of H corresponds to states made of from approxi-
mately 3 to 7 molecular layers as is noted in Fig. 2(b). While
the diffusion curve shows no significant discontinuity so
as to imply a first-order phase transition, an oscillatory
behavior, which is inversely correlated with that of the force
curve, can be seen for the separations less than H = 35 A
corresponding to the transition from 5 to 4 molecular layers.
Our MD result here is among others consistent with the
atomic force microscopy results of Maali et al. [28] where
the viscosity increased with an oscillation whose period
was 7.8 A.
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FIG. 2. The separation dependence of physical properties.
(a) The diffusion coefficient calculated from the RMSD is
compared with the prediction from the activated diffusion (AD)
model (left axis), as well as the corresponding activation energy
change from the value at Hy = 64 A (right axis). The dashed line
shows the bulk value; (b) z component of force acting on mica
surface (an average of upper and lower surface); (c) number of
molecules in the slit volume (). The solid line corresponds to a
linear fitting.

Now we investigate the relation between the diffusion
coefficient and the potential energy per molecule. If
Eq. (1) holds, the AD predicts the diffusion coefficient as
Dap(H) = Dypysp(Ho)ePA*H), where Ae(H) = e(H)—
e(H,), using Dpysp(Hy) and e(Hy) at an arbitrary refer-
ence surface separation H,. As shown in Fig. 2(a), left axis,
D p thus predicted (with the choice Hy = 64 A) shows a
good correlation with Dgygp, Which indicates that the
potential energy makes the dominant contribution to the
activation energy. We notice that the peak at 29 Ain Dgryvsp

is not reproduced in D,p. Also, the agreement is good
for H larger than ~55 A where the liquid has a diffusivity
which is comparable to the bulk value. This fact implies
that the view of the migration dynamics is kept valid by
the short-lived potential well made by the neighbors which
are quickly moving around. The right axis of Fig. 2(a)
shows the diffusion slowdown in terms of the activation
energy difference {—AE,(H) = —[E,(H) — E,(H,)] for
Drusp While Ae(H) for Dap}. € at Hy = 64 A was calcu-
lated as —8.5 kcal/mol. One order drop in the diffusion
coefficient corresponds to ~1.4 kcal/mol drop in the acti-
vation energy, and the depth of potential well becomes
3—4 kcal/mol deeper associated with the separation
change from H = 64 to 23 A. The diffusion coefficient
parallel to the surface, D,,, is often of interest [10-14].
We found that the dependence of D,, on H is similar to
that of Dgysp (see the Supplemental Material [29]).
Therefore, at least in our system, the D,p also gives a
good approximation to D,,.

Why does the confinement decrease the potential en-
ergy? We begin by investigating the liquid density, whose
increase makes the diffusion slower. Unfortunately, H has
an uncertainty of several angstroms due to the unclear
boundary between the confining solid and the confined
liquid. It is thereby difficult to know the true value of
the average density in the slit, p, which is proportional to
N/H, where N is the average number of molecules inside
the slit. Instead, we observe that N decreases almost line-
arly with H as shown in Fig. 2(c) except for the small
oscillation about the line. The linear decrease in N can be
similarly seen in other molecular liquids (LJ, hexadecane,
tetracosane, and squalane) [30] although, there, the oscil-
lation may be larger than in our case. The linear fit leads to
N = 5.88H — 8.37. If necessary, we can replace H by
H' = H + 8.37/5.88 within the uncertainty of H to make
N/H constant. From these considerations, we conclude
that the average density here is in effect invariant with
respect to the change of H.

While the average density is kept constant, the local
density does change; i.e., the entropy changes depending
on H. Actually, on the basis of thermodynamic consider-
ations it can be qualitatively shown that the decrease of the
potential energy is closely related to the entropy reduction.
Consider an isothermal shrink process of the separation
from H + AH (state 0) and H (state 1) as shown in Fig. 3.
The slit volume () is divided into two constant volume
regions, A and B, by hypothetical planes parallel to the
surface through which a molecule can freely pass. Volume
B is exactly squeezed out by the shrink process, i.e., the
height of B is AH. Below, internal energy, number of
molecules, entropy are denoted as U, N, S, respectively;
subscript distinguishes region A or B; superscript distin-
guishes state 0 or 1 if the variable takes different values
depending on state O or 1; A means the variation associated
with the shrink process. Being based on the MD result,
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FIG. 3. Hypothetical division of the slit volume ().

we assume N o« H, from which AN, = 0 results. The
change of the potential energy per molecule in () is Ag =
Uy/Njy — (U + U3)/(Ny + Ng) = AU, /Ny — 45N/
(N4 + Np), where €45 = UY/Ng — US/N, is the differ-
ence in the potential energy per molecule between A and B
at state O (The difference per molecule of internal energy is
equivalent to that of potential energy due to the isothermal
condition). The thermodynamic relationship regarding
region A leads to AU, = AW, + TAS, + pAN, =
TAS,, where u is the chemical potential and AW, is the
work done on volume A by the shrink process. AW, = 0
because both the surface and the volume of A do not
change. From these relations, finally we find that

Ae = TAS /Ny — €43Np/(N4y + Np). (2)

The first term indicates the entropy decrease resulting from
the prohibition of some statistical configurations by the
geometrical constraint. On the other hand, the second term
arises by the squeezing out of molecules having higher
potential energy, because a molecule in region A has
lower potential energy by the stronger attractive interaction
with the solid surface than that in region B; i.e., 45 = 0
typically holds. The decrease of the potential energy per
molecule thus induced by the confinement leads to an
increase of the activation barrier for diffusion through
Eq. (1), and the diffusion coefficient decreases. This is a
possible scenario suggested for the confinement-induced
diffusion slowdown. It should be noted that the effect of
confinement is well isolated in this system because the
temperature and the average density, which also cause a
diffusion slowdown, are constant.

In this Letter, based on a realistic molecular simulation,
we showed that the confined-induced diffusion slowdown
can be well understood if one considers the molecular
diffusion to be a thermally activated process. The picture
that emerges from this activated diffusion seems to be valid
not only for the solidlike or glasslike states but also for
liquidlike states. The simple expression of the activation
energy seen here [Eq. (1)], possibly thanks to the near-ideal
molecular properties of OMCTS, is a good starting point
when considering more general cases. For example, in
the confined dodecane films, the formation of crystalline
bridges drastically decreases the diffusion coefficients
[14]. Testing if the activated diffusion can explain such a

complicated behavior will lead to finding more general
expressions of the activation energy which would provide
a comprehensive picture of the liquid confinement physics.
Also, this study would be helpful in shedding light on
the controversial problem of the confined-induced solidi-
fication in OMCTS liquid: discontinuous changes in the
slowdown are observed in some experiments [2,3] whereas
in other experiments [4,5,31] these changes are more
gradual.
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