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Freezing of mixtures confined in silica nanopores is investigated by means of experiment and
molecular simulation. The experiments consist of differential scanning calorimetry and dielectric
relaxation spectroscopy measurements for CCl4 /C6H5Br mixtures confined in Vycor having pores
with a mean diameter of about D=4.2 nm. Molecular simulations consist of grand canonical Monte
Carlo simulations combined with the parallel tempering technique for Lennard-Jones Ar/Kr
mixtures confined in a silica cylindrical nanopore with a diameter of D=3.2 nm. The experimental
and molecular simulation data provide a consistent picture of freezing of mixtures in cylindrical
silica nanopores having a size smaller than ten times the size of the confined molecules. No sharp
change in the properties of the confined mixture occurs upon melting, which suggests that the
confined system does not crystallize. In the case of the molecular simulations, this result is
confirmed by the fact that except for the contact layer, the percentage of crystal-like atoms is less
than 6% �whatever the temperature�. The molecular simulations also show that the composition of
the mixture is shifted, upon confinement, toward the component having the strongest wall/fluid
attraction. © 2010 American Institute of Physics. �doi:10.1063/1.3464279�

I. INTRODUCTION

Freezing and melting of fluids or mixtures confined at
the nanoscale is relevant to practical applications involving
lubrication, adhesion, nanotribology, and fabrication of nano-
materials. For instance, the use of nanoporous solids as tem-
plates to obtain nanomaterials such as composites, nano-
wires, or nanotubes is receiving increasing attention.1–9

Freezing in porous media has also been widely employed in
the characterization of porous materials using the method of
thermoporometry.10 In this method the change in the freezing
temperature is related to the pore size through the Gibbs–
Thomson equation. From a fundamental point of view, freez-
ing of systems confined in nanopores can be used to estimate
the effect of confinement, surface forces, and reduced dimen-
sionality on the thermodynamics and dynamics of
fluids.8,10,11 Upon reducing the width of the confined space to
approach the range of the intermolecular forces, significant
shifts in the freezing temperature are observed and, in some
cases, new surface- or confinement-induced phases
occur.8,10–13 Previous experimental, molecular simulation,
and theoretical studies have shown that for simple fluids and
pore geometries, the freezing temperature can be described
as a function of the reduced pore size H�=H /� �where H is
the pore width and � is the diameter of the adsorbate mol-
ecule� and the ratio of the wall/fluid �wf� to the fluid/fluid

�f f� interactions, ��C�w�wf /� f f, where �w and � are the
density of wall atoms and the potential well depth, respec-
tively, and C is a constant that depends on the pore geometry.
The freezing temperature Tf is decreased compared to the
bulk Tf

0 for ��1, while it is increased for ��1. The mag-
nitude of the shift in the transition temperature depends on
H, while the appearance of surface- or confinement-induced
phases usually depends on a combination of effects from H
and � �for a recent review on the effects of confinement and
surface forces on freezing, see Ref. 8�.

For sufficiently large pores, the shift in the freezing tem-
perature �Tf can be related to the pore width H� using the
Gibbs–Thomson equation that is obtained either by equating
the free energies of the confined liquid and solid phases14 or
by determining the temperature at which the chemical poten-
tial of the confined solid equals that of the bulk reservoir.15

In agreement with the Gibbs–Thomson equation, early ex-
periments, which were performed for pores larger than 6–7
nm, showed a linear relation between the in-pore freezing
temperature and the inverse pore width. However, the equa-
tion fails to predict the freezing temperature for smaller
pores due to the breakdown of Gibbs’ surface thermodynam-
ics. Differential scanning calorimetry and dielectric relax-
ation spectrometry for CCl4 confined in controlled porous
glasses showed that the Gibbs–Thomson equation fails to
describe the shift in freezing temperature for pores smaller
than �15� �i.e., �7.5 nm�.16 Similarly, the equation fails
for CCl4 in activated carbon fibers �pore width of 1.1–1.7
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nm�.17 This breakdown is due to the use in the derivation of
the Gibbs–Thomson equation of macroscopic concepts, such
as surface tensions �implying an interface separating two
bulklike phases�, and the failure to account for the strong
inhomogeneity of the confined phase. Even when the Gibbs–
Thomson equation is expected to apply, its use is usually
limited by the unavailability of the surface tensions involved.

A qualitative understanding of the effects of confinement
on freezing temperature can be obtained from the following
reasoning, which does not rest on macroscopic arguments
concerning surface tension. If we assume that the fluid mol-
ecules can be treated as Lennard-Jones particles, the bulk
fluid will freeze at a temperature that is proportional to the
parameter � f f. Similarly, we can expect that the freezing tem-
perature for the confined phase will be proportional to �eff,
which is an effective energy parameter that accounts for both
the fluid-fluid and fluid-wall interactions in some average
way. For strongly attractive walls, an increase in the freezing
temperature with respect to the bulk is expected as �eff is
larger than � f f. In contrast, a decrease in the freezing tem-
perature is expected for weakly attractive pores as �eff is
smaller than � f f. When �eff�� f f, the in-pore freezing tem-
perature should be similar to the bulk. These predictions are
supported by previous molecular simulations and experi-
ments on freezing and melting of simple fluids confined in
various nanoporous materials �carbon pores, silica pores,
mica plates in surface force apparatus, etc.�.12,13,16–23 Since
carbon and mica surfaces are strongly attractive, we expect
that a rise in freezing temperature is likely for many adsor-
bates that do not have strongly attractive �e.g., H-bonding�
fluid-fluid interactions. Such systems exhibit large � values,
i.e., the ratio of the wall-fluid to the fluid-fluid interactions is
larger than 1. On the other hand, we would not expect such
an increase in Tf for water in these materials since � is
smaller than 1.12,13 Recent surface force apparatus �SFA� ex-
periments have confirmed this prediction by showing that
water24,25 and some alcohols �octanol and undecanol�26 re-
main fluidlike even for confined film thicknesses below 1
nm.

In contrast to the large amount of work devoted to un-
derstanding freezing of pure fluids confined in nanopores, the
case of binary mixtures has received considerably less
attention.27–32 In previous works,30–32 we studied the confine-
ment effect on freezing/melting of mixtures confined in
graphite slit nanopores by means of Monte Carlo molecular
simulations and experiments. We found that the phase dia-
gram for the confined mixture was of the same type as that
for the bulk, but the solid/liquid coexistence lines were lo-
cated at higher temperatures. This result was expected since
the � parameter for the systems investigated is larger than 1.
In this paper, we report experiments and molecular simula-
tions for binary mixtures confined in silica nanopores. The
experimental measurements consist of differential scanning
calorimetry and dielectric relaxation spectroscopy for
CCl4 /C6H5Br confined in Vycor having pores with a diam-
eter of D=4.2 nm. The latter pore size corresponds to a
reduced pore size D�=D /��8.2 �where � is the size of the
adsorbate, �CCl4

=0.514 nm and �C6H5Br�0.5 nm �Ref.
13��. The molecular simulations were performed for

Lennard-Jones Ar/Kr mixtures confined within a cylindrical
nanopore having a pore diameter of D=3.2 nm, which cor-
responds to a reduced size of D��9.4�Ar, in the same range
as that considered in the experiments. Following previous
works on the freezing of pure substances, we study the struc-
ture of the confined phase using local bond order parameters
and positional pair correlation functions. This paper is orga-
nized as follows. In Sec. II, we present details of the experi-
mental and molecular simulation techniques. In Sec. III, we
first discuss our experimental results for melting of
CCl4 /C6H5Br mixtures confined in Vycor. We then present
data obtained from molecular simulations of freezing of
Ar/Kr confined in a cylindrical silica nanopore. In Sec. IV,
we summarize our results and suggest future works.

II. METHODS

A. Experiment

Vycor having a mean pore diameter of 4.2 nm was used
in this work to study the melting upon confinement of
C6H5Br /CCl4 mixtures. Pores in this material, which are ap-
proximately of a cylindrical geometry, are expected to ac-
commodate about approximately eight layers of CCl4 or
C6H5Br since the reduced pore width is D��8.2 �using ei-
ther the size of CCl4 or C6H5Br�. CCl4 and C6H5Br were
distilled twice prior to their use in experiments. Samples
were outgassed during 5 days at a temperature of 150 °C
and under a vacuum of 10−4 Torr, prior to introduction of
the mixture. Dielectric relaxation spectroscopy �DRS� of the
confined mixture was performed using a parallel plate ca-
pacitor of empty capacitance C0=69.1 pF. The capacitance
C and the tangent loss tan�
� �where 
 is the angle by which
current leads the voltage� of the filled sample were measured
at different temperatures using a Solartron 1260 impedance/
gain phase analyzer in the frequency range of 10 Hz–10
MHz. The real and imaginary parts of the complex dielectric
permittivity ��=����� are related to the capacitance and tan-
gent loss of the system, ��=C /C0 and ��=tan�
� /��.33,34

Melting of a solid phase can be monitored in the DRS ex-
periment by a large increase of the permittivity. The sample
was introduced between the capacitor plates as a suspension
of Vycor filled with the mixture in the bulk mixture. There-
fore, the measurements yield an effective permittivity that
has contributions from the bulk and the confined mixtures.
During the experiments, the temperature of the sample was
controlled with an accuracy of 0.1 K using a cryostat MK-
70. The mass of the samples used in the dielectric experi-
ments was about 250–300 mg.

A PerkinElmer DSC7 was used to determine the melting
temperatures by measuring the heat release in the melting of
confined C6H5Br /CCl4 mixtures. The temperature scale of
the differential scanning calorimeter �DSC� was calibrated to
the melting temperatures of pure CCl4 and C6H5Br, respec-
tively. Temperature scanning rates of 2–5 K/min were used
in the experiments. The weight of the sample, which consists
of a suspension of mixture-filled Vycor in the pure mixture,
was about 0.5–0.7 mg. The melting temperatures were deter-
mined from the positions of the peaks of the heat flow signal.
The melting temperatures were reproducible to within 0.5 K.
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B. Molecular simulation

The atomistic silica nanopore used in this work was gen-
erated according to the method proposed by Pellenq and
Levitz to prepare numerical Vycor samples.35 It has been
shown that this technique can be used to prepare pores of
various morphologies and/or topologies, such as cylindrical,
hexagonal, ellipsoidal, and constricted pores.36–39 The cylin-
drical nanopore used in this work was carved out of an ato-
mistic block of cristobalite �crystalline silica�. In order to
mimic the pore surface in a realistic way, we removed in a
second step the Si atoms that are in an incomplete tetrahedral
environment. We then removed all oxygen atoms that are
nonbonded. This procedure ensures that the remaining sili-
con atoms have no dangling bonds and the remaining oxygen
atoms have at least one saturated bond with a Si atom. Then,
the electroneutrality of the simulation box was ensured by
saturating all oxygen dangling bonds with hydrogen atoms.
The latter is placed in the pore void, perpendicular to the
pore surface, at a distance of 1 Å from the closest unsatur-
ated oxygen atom. Then, we displace slightly and randomly
all the O, Si, and H atoms in order to mimic an amorphous
silica surface �the maximum displacement in each direction
x, y, and z is 0.7 Å�. We studied the freezing of Ar/Kr mix-
tures confined in a silica nanopore with a diameter of D
=3.2 nm �9.4�Ar�. Periodic boundary conditions were ap-
plied in the z direction parallel to the pore axis. The pore
diameter D corresponds to the diameter used to initially
carve out the nanopore: Si and O atoms beyond this value are
kept. Given that hydrogens are then added at the pore surface
to saturate the O dangling bonds, an estimate of the pore

diameter D̃ accessible to the confined mixture is given by the
initial pore diameter D diminished by two times the size of
the OH bond �0.1 nm� and the excluded radius of the inter-
action between Ar ��Ar/H�0.30 nm� or Kr ��Kr/H

�0.32 nm� and the hydrogen atoms, i.e., D̃=D−2dOH−�.

Adopting this definition, we find D̃=2.7 nm for argon and
2.6 nm for krypton.

The behavior of an Ar/Kr mixture confined in the silica
cylindrical pore was determined using the grand canonical
Monte Carlo �GCMC� technique. This stochastic method
simulates a system having a constant volume V �the pore
with the adsorbed phase�, in equilibrium with an infinite fic-
titious reservoir of particles that imposes its chemical poten-
tial for each species, � and �B, and its temperature, T.40–42

The chemical potentials �Ar and �Kr were calculated so that
the confined mixture is, for all pressures and temperatures, in
equilibrium with a bulk ideal gas mixture with xAr=0.999 �as
will be discussed below, due to the relative affinities of Ar
and Kr for silica, the composition of the confined mixture
will be closer to that of an equimolar mixture�. Particle dis-
placement, insertion, and deletion were attempted randomly
in the course of the simulations. The sampling of the phase
space was improved by adding a fourth move that consists of
exchanging the identity of an existing particle. In order to
circumvent the difficulty of particle deletion and insertion in
dense phases such as liquids and solids, we combined the
GCMC simulations with the parallel tempering
technique.43,44 This method consists of considering several

replicas of the system at different temperatures and chemical
potentials. In addition to conventional Monte Carlo moves
that are performed for each replica, trial swap moves be-
tween configurations in different replicas are attempted. The
parallel tempering technique prevents the system from being
“trapped” in local metastable states.30–32,45–48 Full details of
the GCMC and parallel tempering techniques used in this
work have been described elsewhere.30,32 The number of par-
ticles in our simulations varies from 1000 to 6000, depend-
ing on the mole fraction of the confined mixture. The number
of replicas used in this work is 16 and the temperature dif-
ference between two successive replicas is �T=2 or 3 K. We
started with well equilibrated liquid configurations of the
confined mixture and performed, at least, 105 Monte Carlo
steps per particle to equilibrate the system using the parallel
tempering technique. After equilibration of the system, den-
sity profiles, bond order parameters, and pair correlation
functions were averaged in the course of a second simulation
run.

The Ar/Ar and Kr/Kr interactions were calculated
using Lennard-Jones potentials with the following param-
eters: �Ar/Ar=0.3405 nm, �Ar/Ar /k=120.0 K and �Kr/Kr

=0.369 nm, �Kr/Kr /k=170.0 K. The cross-species Ar/Kr pa-
rameters were calculated using the Lorentz–Berthelot com-
bining rules.49 The Lennard-Jones potentials were truncated
at a distance of half the size of the simulation box. Interac-
tions between the argon or krypton atoms and the atoms of
the silica substrate were calculated using the PN-TraZ poten-
tial as reported for rare gas adsorption in zeolite50 or in po-
rous silica glass.35 The intermolecular energy is written as
the sum of the dispersion interaction with a repulsive short-
range contribution and an induction term due to the interac-
tion of the adsorbed atom with the local field created by the
partial charges of the atoms in the substrate. Values of the
interaction parameters as well as details of the intermolecular
potential functions can be found in the previous work by
Pellenq and Levitz.35 We calculated the adsorbate/substrate
interaction using an energy grid;51 the potential energy is
calculated at each corner of each elementary cube �about
1 Å3�. An accurate estimate of the energy is then obtained
by a linear interpolation of the grid values. Such a procedure
enables simulation of adsorption in mesoporous media of
complex morphology and/or topology without a direct sum-
mation over matrix species in the course of GCMC runs.

Strong layering was observed due to the interaction with
the attractive pore walls. Following the previous works on
freezing of pure fluids in nanopores,47,48,13,52,53 the structure
of the confined mixture was investigated by calculating for
each layer i the density and the positional pair correlation
functions, gi�r�.

III. RESULTS AND DISCUSSION

A. Experiment

Melting of C6H5Br /CCl4 for bulk mixtures and confined
in Vycor was determined by monitoring changes in the di-
electric permittivity �. Freezing of dipolar liquids such as
bromobenzene is accompanied by a rapid decrease in �� �the
real part of the dielectric permittivity�. Below the freezing
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point, the rotational phase ceases to exist and �� is almost
equal to n2 �n is the refractive index� as it is only related to
deformation polarization. On the other hand, the maximum
value ��m of the permittivity is obtained for the liquid phase.
As a result, ��m and ��s �the real part of the permittivity in
the solid phase� can be determined by measuring the func-
tions ���T� or C�T� �C is the electric capacity of the system�
in the vicinity of the melting point of a dipolar liquid. In
turn, the determination of the temperature at which changes
are observed in ��T� or C�T� allows us to estimate transition
temperatures of the system. Figure 1 shows the phase dia-
gram of the bulk C6H5Br /CCl4 mixture at P=1 atm. Such a
phase diagram is a characteristic of a simple eutectic mix-
ture. The lines AEB were obtained from the temperature T1

at which the entire system is in the liquid state. The lines AE
and BE correspond to the temperatures at which the liquid
mixture is in equilibrium with a solid phase. The line CD
was obtained from the temperature T2 at which the system
starts melting. The eutectic E indicates the point where the
solid constituent rich in C6H5Br and that rich in CCl4 are in
equilibrium with the liquid phase having a composition x2

E

�0.41. In the case of C6H5Br /CCl4 mixtures, the melting
points of the two components are rather close �bromoben-
zene at 242.3 K and carbon tetrachloride at 252.4 K� so that
the eutectic concentration x2

E is close to 0.5, which suggests
that the properties of the system are close to those of the
model of ideal miscibility.

Figure 2 shows the capacity curve C�T� as a function of
temperature for C6H5Br /CCl4 mixtures confined in Vycor.
Data for confined mixtures in equilibrium with a bulk mix-

ture with xC6H5Br
0�0.80 and xC6H5Br

0�0.60 are shown. For a
given composition, two changes are observed in the slope of
the C�T� curve; the latter is a characteristic of bulk mixtures
as it corresponds to the solidus T1 and liquidus T2 of the
system. Besides these two phase transitions for the bulk mix-
ture, C�T� is a monotonous increasing function of tempera-
ture that does not exhibit any sharp change. This result sug-
gests that the confined mixture does not undergo any first
order phase transition such as crystallization. The same con-
clusion was reached for all concentrations.

In order to confirm the absence of crystallization sug-
gested by DRS, we also performed DSC for C6H5Br /CCl4
mixtures confined in Vycor having pores with an average
diameter of D=4.2 nm. DSC scans upon heating of
C6H5Br /CCl4 mixtures in Vycor are shown in Fig. 3. The
confined mixture is in equilibrium with bulk mixtures having
a composition of xC6H5Br

0�0.60 or xC6H5Br
0�0.55. For both

compositions, the DSC scan exhibits two endothermic peaks
located at temperatures T1 and T2. The latter temperatures
reveal melting of the bulk C6H5Br /CCl4 mixture as they
correspond for a given concentration to the solidus and liqui-
dus transitions, respectively. T1 and T2, which correspond to
the solidus and liquidus transition temperatures, are related
to crystallization of CCl4 and bromobenzene, respectively.
Upon melting, the DSC peak observed at T2 is sharp as it
arises from the large contribution of the permanent dipole of
bromobenzene to the orientational polarization of the liquid
state. On the other hand, the DSC peak is less marked at T1

as, for nonpolar liquids such as CCl4, it only corresponds to
the energy change when the density of the system varies with
temperature. Besides the two peaks at T1 and T2, no addi-
tional peak is observed in the DSC scans, which suggests
that crystallization of the mixtures confined in Vycor is sup-
pressed.
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B. Molecular simulation

We now discuss the molecular simulation results ob-
tained for an Ar/Kr mixture confined in a cylindrical nano-
pore with reduced diameter of D=9.4�Ar �3.2 nm�. Such a
pore diameter is close to the average pore size for Vycor
samples, D=4.2 nm. The radial density profiles ��r�� of the
confined Ar/Kr mixture are shown in Figs. 4 and 5 for T�

=0.46 and T�=0.83, respectively. r� is the distance from the
center of the cylindrical pore in reduced units with respect to
the Lennard-Jones parameter �Ar. The density profiles ex-
hibit five oscillations corresponding to different layers of the
confined mixture. In what follows, the three outer layers will
be referred to as contact, second, and third layers, respec-
tively, and the fourth and innermost layers will be considered
together as we expect them to behave similarly upon freez-
ing. Integrating the density profiles shown in Figs. 4 and 5
show that the confined mixture has a larger Kr mole fraction
than the bulk mixture, xKr=0.001, for all temperatures. This
result is due to the fact that Kr has larger average interaction
energy with silica �17.5 kJ/mol� than Ar �13 kJ/mol�. This
result is in agreement with the previous simulation and the-
oretical works, showing that the molar composition of the
component having the strongest interaction with the pore
wall is increased compared to the bulk.

Figure 6 shows the average particle density for the Ar/Kr
mixture confined in the silica cylindrical nanopore with D
=9.4�Ar as a function of temperature. As mentioned above,
the pore diameter D corresponds to the diameter used to
initially carve out the nanopore. Taking into account the ex-
cluded radius of the interaction between Ar or Kr ��Kr/H

�0.32 nm� and the pore surface, the pore diameter D̃ acces-
sible to the confined mixture is 2.7 nm for argon and 2.6 nm
for krypton. We also show in Fig. 7 the Ar mole fraction xAr

of the confined mixture as a function of temperature. The
particle density is nearly insensitive to the temperature in the
range of T�=0.4–0.65 and then decreases with increasing
temperature in the range of T�=0.65–0.85. Such a tempera-
ture dependence can be explained on the basis of the change
in the composition of the confined mixture as T� increases.
For T�=0.65–0.85, xAr varies slowly with temperature
�nearly constant� so that �� decreases with increasing T� as
expected for liquids. In contrast, for T�=0.4–0.65, xAr in-
creases more rapidly with T� so that �� is nearly constant as
the density decrease with increasing T� is counterbalanced by
the particle density increase when changing the molar com-
position of the mixture �due to the size difference between Ar
and Kr, Kr atoms in the pore volume are replaced by a larger
number of Ar atoms�. We note that such a temperature de-
pendence of xAr and �� is not driven by confinement or sur-
face effects as the same behavior is observed for the bulk
mixture �see the change in the curvature of the liquid coex-
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FIG. 6. Average density for an Ar/Kr mixture confined in a silica cylindrical
nanopore with D=9.4�Ar as a function of temperature. For all temperatures,
the confined mixture is in equilibrium with a bulk mixture with xAr

0

�0.999. Temperatures and densities are in reduced units with respect to �Ar

and �Ar.

0.50

0.60

0.70

0.80

0.90

1.00

0.40 0.50 0.60 0.70 0.80 0.90

x A
r

T*

FIG. 7. Ar mole fraction for an Ar/Kr mixture confined in a silica cylindrical
nanopore with D=9.4�Ar as a function of temperature. For all temperatures,
the confined mixture is in equilibrium with a bulk mixture with xAr
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istence line of the bulk Ar/Kr phase diagram in Fig. 1 of Ref.
30�. In particular, the absence of sharp changes in the mix-
ture composition or overall density suggests that no crystal-
lization occurs upon cooling of the confined system. This
result contrasts with our previous works30–32 for mixtures in
regular slit nanopores in which crystallization was found for
the different layers of the confined system. On the other
hand, the absence of crystallization for mixtures confined in
the cylindrical nanopore with D=9.4�Ar is consistent with
the previous work by Sliwinska-Bartkowiak et al.34 These
authors showed that even partial crystallization does not oc-
cur for cylindrical nanopores smaller than D=15�. Such a
“frustrating” or “hindering” effect of the cylindrical geom-
etry compared to the slit geometry has been discussed in the
previous simulation works by Maddox and Gubbins,23 Hung
et al.,53 and Kuchta et al.54

In order to investigate in deeper detail the behavior of
the confined system upon cooling, we show in Fig. 8 the
average density for each layer of the Ar/Kr mixture in the
silica cylindrical nanopore with D=9.4�Ar as a function of
temperature. Very similar trends are observed for the differ-
ent layers and the innermost region of the confined mixture
as the temperature decreases. This result indicates that the
different regions of the confined mixture behave similarly
upon cooling. In particular, the absence of a sharp change in
the density of the layers when the temperature decreases con-
firms that no crystallization of the confined layers occur for
such a small cylindrical pore �D=9.4�Ar�. In-plane two-
dimensional �2D� positional g�r� pair correlation functions
for the different confined layers at two temperatures are pre-
sented in Figs. 9 and 10, respectively. Correlations within
each layer were determined up to a distance of half the size
of the simulation box. The positional pair-correlation func-
tion gi�r� is given for a confined layer i by the radial distri-
bution function measured only for atoms belonging to the
layer. At T�=0.83, the confined layers exhibit a liquidlike
behavior as revealed by the g�r� function, which is a charac-
teristic of a phase having short-range positional order. At
T�=0.46, the confined layers also exhibit short-range order,
although some features of a crystal phase are reminiscent of
the bulk crystallization. For instance, the second peak corre-

sponding to the second nearest neighbor is asymmetrical. We
note that this feature is more pronounced for the mixture in
the second, third, and innermost layers than for the contact
layer, which indicates that the presence of the silica surface
induces some disorder in the structure of the atoms located in
the contact layer. Similar results have been observed in the
case of benzene in the vicinity of a silica surface or
nanopore;55,56 benzene tends to disorganize its structure to
favor its interaction with the substrate. Despite the vanishing/
reminiscent short-range crystalline features observed for the
confined layers, our results suggest that no crystallization
occurs for the mixture confined in the cylindrical nanopore
with D=9.4�Ar. This result is also in agreement with the
previous work by Sliwinska-Bartkowiak et al.,34 showing
that no crystallization occurs for the contact layer of systems
confined in cylindrical nanopores with diameters smaller
than 15�. The absence of crystallization is confirmed by di-
rect visualization in Fig. 11 of typical molecular configura-
tions of the Ar/Kr confined mixture. We note that due to the
use of an initial crystalline block to prepare the porous ma-
terial, the “cylindrical” pore corresponds to a pore with an
octagonal section rather than with a regular circular section.
This octagonal section arises from the cutting procedure as it
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FIG. 8. Average density for each layer of an Ar/Kr mixture confined in a
silica cylindrical nanopore with D=9.4�Ar as a function of temperature:
�circles� inner part of the pore corresponding to the fourth and fifth layers,
�diamonds� third layer, �triangles� second layer, and �squares� contact layer.
For all temperatures, the confined mixture is in equilibrium with a bulk
mixture with xAr

0�0.999. Temperatures and densities are in reduced units
with respect to �Ar and �Ar.
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FIG. 9. 2D pair correlation functions g�r� for the layers of an Ar/Kr mixture
confined in a silica cylindrical nanopore with D=9.4�Ar at T�=0.83: �from
top to bottom� contact, second, third, fourth, and fifth layers. For all tem-
peratures, the confined mixture is in equilibrium with a bulk mixture with
xAr

0�0.999. Distances and densities are in reduced units with respect to �Ar

and �Ar. For the sake of clarity, the g�r� functions for the second, third,
fourth, and fifth layers have been shifted by +1, +2, +3, and +4,
respectively.
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FIG. 10. 2D pair correlation functions g�r� for the layers of an Ar/Kr mix-
ture confined in a silica cylindrical nanopore with D=9.4�Ar at T�=0.46:
�from top to bottom� contact, second, third, fourth, and fifth layers. For all
temperatures, the confined mixture is in equilibrium with a bulk mixture
with xAr

0�0.999. Distances and densities are in reduced units with respect
to �Ar and �Ar. For the sake of clarity, the g�r� functions for the second,
third, fourth, and fifth layers have been shifted by +1, +2, +3, and +4,
respectively.
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corresponds to the mathematical intersection between the
regular circular interface and the crystalline planes of cristo-
balite.

We also confirmed the absence of crystallization by cal-
culating the local order parameter proposed by ten Wolde et
al.57 to distinguish particles that are liquidlike or crystal-like.
For each atom i of the confined phase, we calculated the 13
normalized parameters q̃6m�i� that are defined as

q̃6m�i� =
A

Nb�i� �
j=1

Nb�i�

Y6m�rij� with m � �− 6,6� , �1�

where rij are the vectors joining atom i and each of its Nb�i�
neighbors j. A= ��m=−6

6 �q6m�i��2�−1/2 is the normalization con-
stant. In contrast to global order parameters that are usually
used to study freezing of bulk compounds, q̃6m�i� is a local
quantity that depends only on atom i and its neighbors j. For
each pair of nearest neighbors, we define the following scalar
product:57

q6�i� · q6�j� = �
m=−6

6

q̃6m�i�q̃6m�j��. �2�

Atoms i and j can be considered “connected” in a coherent
manner if the product q6�i� ·q6�j� is larger than or equal to
0.5. ten Wolde et al. showed that an atom i in a three-
dimensional environment is crystal-like if it is connected in a
coherent manner to at least seven of its nearest neighbors;
this definition ensures that liquid and bcc or fcc crystal struc-
tures are unambiguously distinguished.57 It has been shown
recently that this local order parameter can be used to de-
scribe freezing of fluids confined in disordered porous
structures.58,59 Figure 12 shows the fraction of crystal-like
atoms as a function of the temperature T� for the layers of the
Ar/Kr mixture confined in a silica cylindrical nanopore with
D=9.4�Ar. For all layers, the percentage of crystal-like at-
oms is always less than 5%, which confirms the absence of
crystallization for the confined mixture. Interestingly, the
fraction of crystal-like atoms for the contact layer is, for all
temperatures, about half the value for the other layers. This
result is consistent with the fact that even at low temperature,
the reminiscent features of a crystal phase for this layer are
less marked than for the other layers �Fig. 10�. As mentioned
above, this is due to the presence of the silica surface that
induces some disorder in the structure of the atoms located in

the contact layer. In particular, although the contact layer has
the larger density, atoms in this layer are less ordered than in
the second layer. In fact, despite its large density arising from
the strong interaction with the silica wall, the contact layer
tends to be disordered due to the surface roughness of the
substrate. In contrast, despite its smaller density, the second
layer is more ordered as it also benefits from the strong in-
teraction with the silica wall without being affected by the
surface roughness of the silica wall.

IV. CONCLUSION AND FUTURE WORK

Our findings can be summarized as follows. Simulations
and experiments, which are for pore diameters in the range
of D�7�–10� ��=diameter of adsorbate molecule�, are in
qualitative agreement. Both series of results suggest that
crystallization of mixtures is suppressed upon confinement in
pores of a reduced size lower than 10�. No sharp change in
the composition, density, or dielectric properties of the dif-
ferent confined mixtures occurs upon cooling, which sug-
gests that the confined system does not crystallize. Molecular
simulation further supports this conclusion as, for all layers
of confined mixtures, the percentage of crystal-like atoms in
the molecular simulation is always less than 5% �whatever
the temperature�. GCMC simulations also show that the
composition of the mixture is shifted, upon confinement, to-
ward the component having the largest wall/fluid interaction.
It was not possible to verify such a trend in the case of the
experiments because of the lack of knowledge of the molar
composition within the pore �only the global mole fraction
bulk/confined mixture is known�.

The above results are consistent with the previous works
reported in literature on the freezing of pure fluids confined
in cylindrical nanopores. For instance, Maddox and
Gubbins23 found that crystallization of Lennard-Jones fluids
confined in smooth cylindrical nanopores is frustrated due to
strong geometrical constraints. Later, Sliwinska-Bartkowiak
and co-workers34 showed that a fluid confined in a cylindri-
cal nanopore freezes into a single crystalline structure for
average pore diameters larger than 20�. In contrast, fluids34

or mixtures60 in pores with a diameter between 15� and 20�
crystallize into a frustrated crystal structure with the rest
forming an amorphous region. Finally, for pore sizes smaller
than 15�, even partial crystallization does not occur. A dif-

FIG. 11. Typical molecular configuration for an Ar/Kr mixture confined in a
silica cylindrical nanopore with D=9.4�Ar at T�=0.46 �left� and T�=0.83
�right�. The white and green spheres are the argon and krypton atoms, re-
spectively. The gray spheres are the hydrogen atoms that delimitate the pore
surface.
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FIG. 12. Fraction of crystal-like atoms as a function of the temperature T�

for the layers of an Ar/Kr mixture confined in a silica cylindrical nanopore
with D=9.4�Ar: �squares� contact layer, �triangles� second layer, �diamonds�
third layer, �circles� fourth layer, and �crosses� fifth layer.
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ference between our findings and the results reported in these
previous works concerns solidification of the confined layer.
In the present work, no crystallization of the contact layer is
observed due to the use of an atomistically rough substrate,
which imposes some disorder in the local organization of the
atoms located in the contact layer. Even for large pores with
D�20� �results not shown�, freezing of the contact layer is
not observed as its structure remains liquidlike. In contrast,
the authors in Refs. 23 and 34 used silica walls described as
an assembly of smooth Lennard-Jones spheres which favor
the layering and ordering of the adsorbed phase. The differ-
ence in the pressures used in these different works may also
affect the crystallinity and freezing behavior of the confined
system. This idea is supported by recent works,61–66 in which
it has been shown that in-pore freezing strongly depends on
pressure due to the capillary effect �i.e., the in-pore pressure
varies strongly with the bulk external pressure�.

In future work, we plan to determine the behavior of
different types of mixtures �such as azeotropic or eutectic
mixtures� confined in silica nanopores. We will also estimate
the effect of surface disorder by considering pores with mor-
phological defects such as a constriction or a distorted sec-
tion. In this regard, realistic models of such cylindrical silica
nanopores, which are available in literature, are of particular
interest.39,67 Such models permit an estimate of the effect of
surface chemistry to be made by considering different silica
substrates �fully or partially hydroxylated surfaces, presence
of siloxane groups, etc.�.38
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