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ABSTRACT
It is known that, in the proximity of a neutral wall, liquids experience diffusion enhancement relative to their bulk diffusion, but the origin of
this phenomenon is still unknown. We report a molecular dynamics simulation investigating the dynamics of a simple liquid in the proximity
to a non-interacting smooth confining wall, which exhibits a strong diffusion enhancement within the liquid layers adjacent to the wall. We
present an analysis of these results, demonstrating that the observed diffusion enhancement can be accounted for, with numerical accuracy,
using the universal scaling law that relates the liquid diffusion rate to the excess entropy. These results show that the scaling law, which has so
far only been used for the description of the bulk liquid diffusion, can be successfully used to describe the diffusion in liquids under nano-scale
confinement.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0224016

Diffusion is a fundamental and the most ubiquitous property
of the liquid state, but its many aspects still elude a comprehensive
understanding on the microscopic level. The statistical theory is still
unable to predict the rate of diffusion in a liquid based on the infor-
mation on the inter-particle interaction forces. One of the intriguing
phenomena posing a problem for the liquid theory is the enhance-
ment of the diffusion in the proximity of a non-interactive confining
surface that was observed in many liquids of widely different nature,
from water to liquid noble gases.1–5

Structural and dynamical properties of liquids confined in
nanometer-sized channels or pores are known to be different from
those of the respective bulk liquids.6–8 In recent years, consider-
able research efforts have been focused on investigating the changes
of the properties of water upon nanoscale confinement.9–11 Under-
standing these changes is of significant interest for a wide range
of applications, e.g., biological systems,12–14 flow of organic com-
pounds into inorganic media,15 the diffusion properties of materials,
such as zeolites16 and clay,17 water diffusion in nanotubes,18,19 and
photovoltaic materials as perovskites.20,21 In all these cases is key to
address the liquid properties’ changes with respect to the properties

of the confining materials. A fundamental question is whether the
dynamical properties of confined water can be regarded as indepen-
dent of confining surfaces or if confinement always has a dominant
influence on the nanoscale liquid. It is established both in real exper-
iments and in atomistic simulations that the hydrophilic confining
surfaces significantly slow down the dynamics of confined water
within several adjacent layers.7,10,11,22–26 On the other hand, it was
found that the proximity of a hydrophobic confining surface results
in an observable enhancement of the diffusion and other dynamical
properties of water.1–3,7,11,17,18,26–29

Similar effects of enhanced dynamics under nanoscopic-scale
confinement were also observed in a wide range of other liquids,
from polymers30 to simple atomic systems,4,7,31 which indicates the
universal nature of this phenomenon. So far, no comprehensive uni-
fying explanation of these puzzling observations has been proposed.
In the case of water, it was suggested3,32 that the enhanced molec-
ular mobility can be a result of the reduction of the number of
the hydrogen bonds due to the presence of a neutral hydropho-
bic surface. This conjecture, however, cannot explain the fact that
a similar enhancement effect was observed in liquids composed of
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particles with spherically symmetric interactions near the smooth
neutral or repulsive surface.4,11,26 Hence, a more general mechanism
is needed to explain the universality of the observed enhancement.
The most general mechanism that can be conceived is based on
purely geometric considerations.

In this paper, we suggest such a mechanism. In order to resem-
ble the condition of an hydrophobic wall,2 discarding the influence
of attracting forces and surface roughness,4 we consider the ideal
case of a molecular dynamics simulation of a simple liquid under
confinement by a smooth neutral wall. We observe a significant
enhancement of the lateral diffusion in the layers adjacent to the
wall. Evidence is presented that the observed diffusion enhance-
ment near the neutral smooth repulsive wall is of purely entropic
origin. We demonstrate that the enhancement effect can be quan-
titatively accounted by using an earlier reported scaling law for
liquid diffusion33,34 that relates the diffusion rate to the local excess
entropy. The results of this study also show that this law that has
earlier only been tested for its description of diffusion in bulk liq-
uids can be successfully applied to the description of the diffusion in
liquids under nanoscale confinement.

We start with recalling the fundamental connection between
the dynamical properties of dense liquids and their liquid structure.
The structural relaxation and transport properties of dense liquids
are dominated by a mechanism called “cage diffusion.” This term
was coined by Cohen35 who recognized the corresponding mecha-
nism in connection with a specific feature of the neutron scattering
spectra of simple dense liquids, the so-called de Gennes narrow-
ing,36 which refers to the reduction of the half-width of the spectra
around the wave vector Q0 corresponding to the position of the
main peak of the structure factor S(Q).37 This wavelength mani-
fests the dominant periodicity of the local order in dense liquids
with a period corresponding to the average nearest-neighbor dis-
tance in the liquid. This structure can be viewed as a local order
generated by the cage of nearest neighbors in which each particle
remains confined for a measurable time. The elementary diffusive
motion of a particle can only be possible as a result of rearrange-
ments of its cage. In this way, the diffusion dynamics in dense
liquids is fundamentally coupled with the local structural relaxation
dynamics. On the other hand, the effect of de Gennes narrowing
demonstrates that the relaxation dynamics is controlled by the liquid
structure manifested by the main peak of structure factor S(Q), the
latter being the Fourier-transform of the density radial distribution
function g(r).37

The proximity of a confining surface significantly reduces the
number of neighbors involved in the local structural environment of
a liquid particle. As concluded above it, this is also expected to affect
the liquid structural relaxation and, thereby, the diffusion rate. Now,
we have the following problem. The liquid structure is expressed by
either the structure factor or the radial distribution function. On the
other hand, the diffusion coefficient is a number. In order to con-
struct a theoretical model connecting the self-diffusion coefficient in
a liquid to its structure, we have to quantify the latter with a single
quantity. In general, the structure of a liquid is a full set of correlation
functions describing the mutual arrangement of its particles. We
therefore need to use a functional of these correlation functions that
would be possible to relate to the diffusion coefficient. This func-
tional is the excess entropy Sex = S − Spg , where S is the system’s total
entropy and Spg is the entropy of the perfect gas.38–41

The process of structural relaxation in a liquid can be viewed
as a random walk in the 3N-dimensional space of its configurations
where N is the number of particles. It is assumed that an elemen-
tary step in this process is a local particle rearrangement moving
the system to a new configuration point. It only happens if the
destination configuration is open, the probability of which can be
expressed through the excess entropy as eSex . Therefore, the diffusion
coefficient might be considered to scale universally as33,34

D = D0esex , (1)

where lower case s refers to the entropy per particle. The excess
entropy can be expanded in terms of the contributions from n-body
correlation functions as

sex = s − spg = ∑
n=2

sn. (2)

We note that the kinetic theories of liquid state are essentially
two-body theories, usually based on the hard-sphere model approx-
imation.35 Therefore, we assume that, for the present application,
the excess entropy in Eq. (2) can be restricted to the two-body
approximation. For an isotropic liquid environment, the two-body
correlation function can be reduced to the spherically symmetric
radial distribution function g(r),37 and the respective two-body
excess entropy approximation can be expressed as38–41

s2 = −2πρ∫
∞

0
{g(r) ln [g(r)] − [g(r) − 1]}r2dr. (3)

With this form of the excess entropy using the time scale in
terms of the hard-sphere collision frequency and the length scale
in terms of the hard-sphere diameter, both obtained from g(r),
Eq. (1) can universally relate the liquid diffusion coefficient to the
liquid structure.33,34 This universal scaling law was found to be
successful in describing diffusion in a wide variety of liquids,42–44

as well as in the solid ionic conductor AgI.33 Using the same
approach, a universal relation between thermodynamic entropy and
Kolmogorov–Sinai entropy was found.45 We note that for more
complex molecular liquids, such as water, a more accurate estimate
of sex might be needed. Here, we will use Eq. (1) to analyze the
phenomenon of the dynamics enhancement in simple liquid near
a confining surface.

First, we have to estimate how the local excess entropy s2 is
modified by the proximity of the non-interactive confining surface.
For that purpose, we have to modify Eq. (3) in order to take into
account the loss of correlations truncated by the wall. The area of the
segment of a sphere of radius r truncated by a plane at the distance
d from its center is

A = 2πr(r + d). (4)

Accordingly, the part of s2 that represents the correlations of
the central particle with the particles that happened to be within the
segment of the sphere cut by the wall can be estimated as

s2(d) = − πρ∫
∞

d
{g(r) ln [g(r)] − [g(r) − 1]}r(r + d)dr

− 2πρ∫
d

0
{g(r) ln [g(r)] − [g(r) − 1]}r2dr, (5)
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where g(r) is the radial distribution function calculated for the liq-
uid bulk. A schematic illustration of this formulation is present in
the supplementary material. The entropy gain can then be evaluated
as

Δs2(d) = s2(d) − s2. (6)

According to the scaling law (1), this gain of entropy due to the
loss of correlation beyond the confining wall is expected to result in
an enhancement of the diffusion rate for the particles near the wall,
which can be estimated as

D(d)/Dbulk = eΔs2(d), (7)

where D and Dbulk are the diffusion rates at the distance d from the
wall and in the bulk liquid, respectively.

In order to test this conjecture, we performed molecular-
dynamics (MD) simulations of a dense liquid consisting of 17 820
particles interacting via the Lennard-Jones (LJ) pair potential. The
simulations were carried out at density ρ = 0.93 and two different
temperatures T1 = 0.91 and T2 = 0.66 (close to the LJ triple point),
for which Eq. (1) was demonstrated to hold.33 All the quantities we
report are expressed in the LJ reduced units. The system was con-
fined to a cubic box where the boundary conditions were assumed
to be periodic in two dimensions (X and Y) and confined between
two walls perpendicular to the Z axis. The interaction between the
constituent particles and the wall at the distance d was described
by the potential energy function U(r) = k(r − d0)b, where d0 = 0.5
is the position of the wall, k = 109 is the force constant, and b = 4
relates to the stiffness of the wall. The GROMACS46 software was
used for the MD simulations in combination with PLUMED44 for
the wall constraints.

In Fig. 1, we show the variation of the liquid density along the
direction perpendicular to the wall. The density profile was calcu-
lated for the two temperatures that we explored in this simulation.
One can see that the proximity of the wall induces a layered struc-
ture, which persists up to seven particle unit from the wall, as usual
for liquid close to rigid interfaces.6,48 As can be expected, the results
also show that the effect of the wall on the structure is stronger at

FIG. 1. The density profiles along the direction perpendicular to the wall for the
confined LJ liquid at the two simulated temperatures.

higher temperature. We note that the first peak in the density pro-
file corresponds to the average position of the particles closest to the
wall.

The observed effect of the fluctuations of the liquid density
in the proximity of the wall implies that corrections need to be
introduced to Eq. (5). Moreover, the density change might induce
rearrangements of the liquid local structure, which implies at least a
dependence of g(r) on the distance from the wall. As a first approx-
imation, we will still consider g(r) isotropic, discarding its angular
coordination. In order to take into account the effect of liquid struc-
ture fluctuations induced by the proximity of the wall upon the
excess entropy, we modify Eq. (5) as follows:

scorr
2 (d) = − πρ(d)∫

∞

d
{g(r, d) ln [g(r, d)]

− [g(r, d) − 1]}r(r + d)dr

− 2πρ(d)∫
d

0
{g(r, d) ln [g(r, d)]

− [g(r, d) − 1]}r2dr. (8)

Here, ρ(d) and g(r, d) are calculated as functions of d by consider-
ing a layer of one particle diameter thickness, which is sequentially
shifted by 0.143 unit length along the z direction. The d values are
taken as the layer center. When r < d, g(r, d) is calculated as usually
as n(r,d)

4πr2ρΔr , where ρ is the density of the system and n(r, d) are the
mean number of particles in a shell of width Δr at distance r. Here,
the distance r is taken only between the particles within the consid-
ered layer (centered in d) and the rest of the system. When r > d,
g(r, d) is calculated as n(r,d)

AρΔr , where A is the area of the cross section
defined by Eq. (4). We note that the position of the truncation plane
is assumed to be defined by the average particle position next to the
wall rather than that of the wall.

Accordingly, we use this corrected expression for the pair
excess entropy near the truncating wall to modify Eq. (6) to produce
a corrected expression for the entropy gain,

Δscorr
2 (d) = scorr

2 (d) − s2. (9)

Accordingly, Eq. (7) becomes

D(d)/Dbulk = eΔscorr
2 (d). (10)

In order to investigate the effect of the entropy variation, induced by
the confining wall, on the liquid diffusion, we computed the lateral
diffusion in planes perpendicular to the wall. When an anisotropic
external potential is acting on the system, like a rigid wall, the trans-
lational diffusion constant is determined from the Smoluchowski
equation.24,49 The components of the diffusion coefficient parallel
to the wall are evaluated from the mean-square displacement (MSD)
corrected by the probability for a particle to stay within the layer
during the time interval t,

Dxy(d) =
1
4

lim
t→∞

MSDxy(d, t)
tP(d, t) , (11)

where the MSD is defined in a layer at the distance d from the wall.
P(d, t) is the probability that a particle stays in the layer within time
interval t.25 In all layers, the latter time was found to be sufficient for
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FIG. 2. Diffusion rate enhancement at the distance d from the confining wall (rela-
tive to the bulk value) calculated for the two indicated temperatures. Dots, diffusion
coefficient values in the layers of simulated liquid calculated in molecular dynam-
ics (MD) at the indicated distance from the confining wall according to Eq. (11).
The dots positions are defined as the center of the respective layer thickness (0.3
or 0.6 LJ units). The curves indicate the diffusion coefficient as a function of the
distance from the wall calculated according to the entropy scaling law, Eqs. (7) and
(10), using either Eq. (5) or Eq. (8), respectively.

the particles to exhibit a long enough linear regime of MSD needed
for the reliable calculation of the diffusion coefficient.

In Fig. 2, we present the results of the described calculations
of the in-layer lateral diffusion rate as a function of the layer’s
distance from the wall. The results demonstrate a pronounced dif-
fusion enhancement apparently induced by the proximity of the
confining wall. Notably, the enhancement effect increases from fac-
tor 2 to 4 in the first layer as the liquid temperature decreases
from T = 0.91 to T = 0.66. This is in good agreement with the sim-
ilar results obtained in simulations and experiments of water close
to hydrophobic surfaces. An enhancement factor up to three was
observed for water–graphene interfaces,1 a factor up to two was
calculated for water–ceria interfaces,2 and a factor up to 20% was
reported for water confined in some clay structures.17 The observed
enhancement effect is confined to the distance of several layers from
the wall.

The measured diffusion data presented in Fig. 2 are compared
with the expected diffusion enhancement as predicted by the model
we presented above based on the entropy scaling law for liquid diffu-
sion, Eqs. (4)–(10). The agreement is very good, particularly for the
case of entropy calculation, which took into account the local density
fluctuations at the wall (reflecting the respective behavior of the den-
sity profile, Fig. 1). The increase of the enhancement effect at a lower

temperature is consistent with the respective increase of the entropy
gain Δs2 (as visible in Fig. S1 in the supplementary material) appar-
ently caused by stronger structural correlations. In addition, we
note better agreement between the diffusion measured with Eqs. (7)
and (11) at low temperature, where the density oscillation is much
smoother. This confirms that the structural modulations imposed
by the wall play a minor role in assessing the enhancement of the
diffusion.

The error in the theoretical prediction of the diffusion enhance-
ment according to the entropy scaling relation arises from the
reduction of the full excess entropy sex to its two-body approxima-
tion s2. Using the results reported in Ref. 38, the estimated share of
contributions to the excess entropy beyond the two-body approx-
imation in the LJ liquid around its triple point is about 7%. We
mention an alternative relation between liquid diffusion and excess
entropy50 where the diffusion rate scales as eαsex , α being a fitting
parameter. It is clear that if α ≠ 1, this scaling law will not reproduce
the diffusion enhancement results shown in Fig. 2.51

Finally, we note that the simple model described in Eq. (6),
which assumes only the knowledge of g(r), provides a quite accurate
approximation of the diffusion enhancement (red line in Fig. 2). This
implies that the change of g(r) when approaching the wall is rather
small and that g(r, d) is a sufficient approximation for describ-
ing the entropy variation. This is also important as Eq. (6) can be
readily used, in combination with experimental radial distribution
functions, for the study of liquid in constrained geometries.

Some concluding remarks are in order.
1. The theoretical model interpreting the diffusion enhance-

ment in liquids near confining walls in terms of the excess
entropy scaling law can be easily extended to explain similar
diffusion anomalies in liquids near other kinds of surfaces,
including the surface separation of coexisting liquid and gas
phases. The success of this scaling law in describing diffusion
in bulk super-ionic conductors that we mentioned above indi-
cates that it can be possibly used to analyze similar dynamic
anomalies of these systems under confinement.

2. It is quite clear from the geometrical arguments that were pre-
sented above that the diffusion enhancement effect in liquids
induced by the proximity of a confining surface is expected to
be stronger if the surface shape is convex with the curvature
radius of nanometer scale. This conjecture is of significance
for the applications such as water dynamics in nanoporous
materials.19

3. The presence of surface roughness or weak adhesive surface
forces will affect the liquid structure at the interface. The
influence of these effects on the liquid interfacial entropy
must be carefully checked. This extends to molecular liquids
where the estimate of the excess entropy from the two-body
approximation might not result sufficient.

4. The results presented here can be regarded as another success-
ful test of the scaling law relating liquid diffusion to the excess
entropy. The results demonstrate that the application scope of
this law can be extended to include the description of the liq-
uid diffusion in confined geometries. The results of this study
thus confirm the universal nature of this law relating the liquid
dynamics to the structure. We also note that the result of this
study might be of relevance for the behavior of a thin layer of
lubricating liquid between solid surfaces.52
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In summary, we performed a molecular dynamics simula-
tion investigating the effect of confinement on the diffusion in the
Lennard-Jones liquid. It is found that the proximity of the confining
wall induces a significant diffusion enhancement. We demonstrate
that this effect can be successfully accounted for on a quantitative
level using the earlier published universal entropy scaling law for the
liquid diffusion. The observed diffusion enhancement is shown to
be a result of the reduction of (the absolute value of) the local excess
entropy, which is caused by the reduction of the structural corre-
lations of a diffusing particle by the confinement. A conceptually
significant conclusion of these results is that the application scope
of the scaling law we tested here can be extended to the description
of the liquid diffusion in constrained geometries.

The supplementary material contains the plot of the excess
entropy as a function of the distance from the confining wall cal-
culated using Eqs. (6) and (9) for the two indicated temperatures; a
schematic illustration of the excess entropy calculation using Eq. (5).
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