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We report a molecular simulation study on the freezing of argon within two models of activated porous
carbons. Model A is a regular slit-shaped nanopore, which represents an ordered graphitic porous carbon with
a single pore width. Model B is a realistic sample of a disordered porous carbon obtained from reverse Monte
Carlo. The morphological �pore shape� and topological �pore connectivity� disorders of model B represent in a
realistic way the complex porous structure of materials obtained after carbonization and activation of pure
saccharose. This study is aimed at estimating how the effect of disorder of the porous material affects freezing
and melting of simple adsorbates. Freezing of argon in the slit pore model conforms to the classical behavior
for an adsorbate confined in a strongly attractive pore; the in-pore freezing temperature is higher than that of
the bulk fluid, and the shift in freezing temperature increases with decreasing pore size. It is found that the
two-dimensional crystal layers of argon within the slit pores have a hexagonal structure �i.e., triangular sym-
metry�. Freezing of argon within model B strongly departs from that observed for model A. No crystallization
is observed for argon in the complex porosity of model B. Nevertheless the confined phase undergoes structural
changes at a temperature T=115 K; this temperature is close to the freezing temperature found for the slit pore
with width H=1.1 nm, which corresponds to the mean pore size in model B. For temperatures larger than T
=115 K, the confined phase in model B exhibits a liquid-like behavior as revealed from pair correlation
functions and bond-order parameters. On the other hand, the confined phase for T�115 K has more short-
range order than the liquid phase but its overall behavior remains liquid-like. Our results indicate that the
changes observed at T�115 K are due �1� to the appearance in the confined phase of a small amount of crystal
atoms and �2� to the fact that the fraction of liquid-like atoms having at least seven nearest neighbors reaches
a plateau value of 80%. The results provide a basis for the interpretation of experiments such as NMR and
scattering experiments on freezing in disordered porous materials.
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I. INTRODUCTION

Activated porous carbons are microporous solids with
pores having a width of several angstroms. These materials
attract a great deal of attention because of their use in indus-
try as adsorbents for gas separation or storage, air purifica-
tion, solvent recovery, or as electrodes for electrochemical
batteries.1–4 Activated porous carbons are obtained using a
two-stage process of carbonization and activation. Carbon-
ization consists of pyrolizing some organic precursor �poly-
mer, coconut shell, saccharose, wood, pitch, etc.� in an inert
atmosphere.1,2 Samples obtained after this first stage are usu-
ally poor adsorbents as most of their porosity consists of
closed pores or open pores having a small width. The adsorp-
tion properties of these materials are then enhanced using
physical �high temperature treatment in the presence of
H2O/CO2 vapors� or chemical �reactions with acid com-
pounds� activation, which increases the internal surface, wid-
ens the already existing pores, and forms new pores. The
morphological �pore shape� and topological �the way pores
connect in space� properties of these materials strongly de-
pend on the initial precursor and on the activation
conditions.1,4 Precursors such as polymers or pitch fibers,
which are easily graphitized under heat treatment, lead after
activation to ordered porous materials made up of graphene
microcrystals.5–8 The porosity in these materials consists of

well-ordered though defective slit domains that are located
between the graphene sheets. On the other hand, nongraphi-
tizing precursors such as wood, coconut, or saccharose lead
to highly disordered porous structures with connected pores
of a complex geometry.1,4,9

From a fundamental point of view, activated porous car-
bons are used to investigate the effect of confinement, re-
duced dimension, and surface forces on the thermodynamic
properties of fluids. As a result, many experimental, molecu-
lar simulation, and theoretical works have been reported on
the phase behavior of fluids confined in these materials �for
recent reviews, see Refs. 10 and 11�. In most simulation and
theoretical studies, activated porous carbons are modeled as
an assembly of structureless slit pores �i.e., without atomic
surface corrugation� of a particular pore width. On the other
hand, recent molecular simulation studies have investigated
the behavior of fluids confined within atomistic models of
defective12 or disordered9,13–16 porous carbon. In the case of
gas adsorption,13 we recently showed that the behavior of
argon within a saccharose-based disordered porous carbon
strongly departs from that observed for smooth slit
pores.13,17,18 As a result, it was found that the complex po-
rous network of the disordered sample cannot be modeled
as an assembly of unconnected pores of a simple geometry
having the same pore size distribution. A similar difference
between gas adsorption in ordered and disordered porous
structures was also demonstrated in the case of silica
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mesopores.13,19–25 The effect of pore shape and pore connec-
tivity on freezing and melting of confined fluids was also
recently addressed in several papers.14,26,27 Biggs et al.14

used a model of disordered material that was initially devel-
oped by Oberlin et al.28,29 to investigate the freezing of fluids
confined in activated porous carbons. However, as noted by
the authors in Ref. 14, it is not clear whether this model is an
accurate representation of real materials. On the other hand,
recent advances in modeling of porous carbons have been
achieved through the use of constrained reverse Monte Carlo
�RMC� algorithms30 and realistic models of these materials
are available.9,15,31,32 For the case of saccharose based porous
carbon, Gubbins and co-workers have shown that the
structural models obtained using constrained RMC are in
good agreement with experimental data in terms of trans-
mission electronic microscopy, gas adsorption, and
microcalorimetry.9,16

This paper reports a molecular simulation study of the
freezing of argon within ordered �model A� and disordered
�model B� porous carbons. The motivation for this work, a
brief report of which was first given in Ref. 33, is to disen-
tangle the effect of confinement and the effect of disorder of
the porous structure on freezing and melting of simple ad-
sorbates confined in activated porous carbons. Model A is a
regular slit nanopore, which represents ordered graphitic po-
rous carbons as obtained from carbonization and activation
of polymers or pitch fibers. Model B is a realistic sample of
disordered porous carbons obtained from constrained
RMC.15 The morphological �pore shape� and topological
�pore connectivity� disorders of model B are representative
of materials obtained after activation of saccharose-based po-
rous carbons.15 For the case of model A, three different pore
sizes, H=0.7, 1.1, and 1.4 nm, were considered as they cor-
respond to the smallest, mean, and largest pore size in model
B, respectively. Freezing of the confined fluid was deter-
mined in both pore models using grand canonical Monte
Carlo �GCMC� simulations combined with a parallel temper-
ing technique. The structure of the confined fluid was ana-
lyzed using crystalline order parameters and positional or
bond orientational pair correlation functions. The remainder
of the paper is organized as follows. In Sec. II, we present
the two models of porous carbon used in this work. We also
briefly discuss the details of the simulation techniques. Sec-
tion III presents results for freezing of argon in the ordered
and disordered porous carbon. Section IV contains conclud-
ing remarks and suggestions for future work.

II. COMPUTATIONAL DETAILS

A. Models of microporous carbons

Two different pore models were considered in this work.
Model A consists of unconnected slit pores having a regular
pore width and structureless walls. Model B is a realistic
sample that possesses the morphological and topological
properties of disordered materials obtained after activation of
saccharose-based porous carbons.

1. Ordered porous carbon (model A)

Ordered porous carbons were modeled as unconnected slit
pores having a regular width. Three different pore widths

were considered, H=0.7, 1.1, and 1.4 nm. The size of the
square section was 6.81�6.81 nm2, which corresponds to
20��20� �� is the size of the argon atom�. The parallel
walls of the slit graphite pore were described as structureless,
i.e., without atomic surface corrugation. We expect this ap-
proximation to be reasonable for argon as the size of this
adsorbate, ��0.34 nm, is much larger than the spacing be-
tween carbon atoms in graphite, D�0.14 nm. The interac-
tion between the fluid and the pore walls was calculated us-
ing the Steele “10-4-3” potential:34,35

Uwf�z� = 2��w�wf�wf
2 ��2

5
��wf

z
�10

− ��wf

z
�4

− � �wf
4

3��z + 0.61��3�� , �1�

where z is the distance between the adsorbed molecule and
the graphite surface, � is the separation between graphite
layers, 0.335 nm, and �w the number density of carbon atoms
within the graphitic layers, 114 nm−3. The first and second
terms in Eq. �1� are, respectively, the repulsive and attractive
parts of the interaction between the adsorbed molecule and
the graphite surface while the third term represents the sum-
mation over the other graphite layers.34 The wall-fluid
Lennard-Jones parameters �wf and �wf were determined by
combining the wall-wall35 �i.e., carbon-carbon� and
fluid-fluid36 �i.e., argon-argon� parameters using the Lorentz-
Berthelot rules37 �see Table I�. In the case of a slit pore
having a width H, the fluid interacts with both graphite sur-
faces and the total fluid-wall interaction is given by

Vwf�z� = Uwf�z� + Uwf�H − z� , �2�

where Uwf�z� and Uwf�H−z� are calculated using Eq. �1�.
Radhakrishnan et al.38,39 have shown that the parameter 	
=�w�wf�wf

2 � /� f f, i.e., the ratio of the wall-fluid to the fluid-
fluid attractive interactions, can be used to predict the change
in freezing temperature of a confined system having simple
spherical molecules and simple pore geometry. An increase
�decrease� in the freezing temperature compared to the bulk
is expected for 	
1 �	�1�. For argon confined in graphite
pores 	=2.14, so that we expect the in-pore freezing tem-
perature to be larger than for the bulk.

2. Disordered porous carbon (model B)

The disordered porous structure considered in this work is
a structural model of activated porous carbon obtained by
Jain et al. using a constrained RMC method.15 This method
consists of generating atomic configurations that match the
structural properties of the real system.30 The quantity that
must be minimized in the course of the simulation is the

TABLE I. Lennard-Jones parameters used to calculate the wall-
fluid and fluid-fluid interactions.

Ar-Ar �=0.3405 nm � /k=120.0 K

C-C �=0.336 nm � /k=28.0 K

Ar-C �=0.338 nm � /k=58.0 K
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difference between the simulated and experimental pair cor-
relation functions:

�2 = �
i=1

n

	gsim�ri� − gexp�ri�
2. �3�

The uniqueness theorem in statistical mechanics40,41 states
that structures determined by RMC in which only pair cor-
relation functions are considered are not unique if many
body forces exist in the system �as in the case of carbon
structures for which chemical bonding is involved�. In other
words, many body forces must be somehow included in the
simulation in order to specify the system in a complete man-
ner. Following the previous work by Pikunic et al.,16 appro-
priate constraints were used to build the realistic model of
activated porous carbon used in this work. The first con-
straint is that the fraction of atoms having sp2 hybridization
�i.e., coordination number of 3� must be equal to that deter-
mined from the experimental composition 	Eq. �4�
. The sec-
ond constraint is that the average C-C-C bond angle must be
equal to 2� /3, as expected for sp2 hybridization 	Eq. �5�
:

�2 = ��N3

N
�

sim
− �N3

N
�

exp
�2

, �4�

2 =
1

n
�
�i=1

n� �cos��i� − cos�2�

3
��2

, �5�

where N3 is the number of C atoms being three-coordinated
while N is the total number of atoms. �i and n� are the value
of a given C-C-C bond angle and the total number of C-C-C
angles in the system, respectively.

In the constrained RMC simulation, the difference �2 be-
tween the experimental and simulated pair correlation func-
tions are simultaneously minimized with the two constraints
�2 and 2. Changes in the atomic configurations are ac-
cepted or rejected according to the Metropolis acceptance
probability:

Pacc = min�1,exp�−
1

T�

��new
2 − �old

2 � −
1

T�

��new
2 − �old

2 �

−
1

T

�new
2 − old

2 ��� , �6�

where T�, T�, and T are weighting parameters. In order to
improve the quality of the sampling in the constrained RMC
simulation, the method was combined with a simulated an-
nealing technique. The latter is a minimization technique that
consists of first melting the structure to be optimized at high
temperature and then slowly lowering the temperature. Start-
ing with a random initial structure at high temperature, the
system runs at this temperature for a large number of moves
until it reaches equilibrium; each move consists of randomly
selecting and displacing a C atom to a new position. Then the
temperature is decreased and the system is again allowed to
come to equilibrium at this new temperature. The simulation
is complete when no further change is observed upon de-
crease of the temperature. Full details of the simulation tech-
niques can be found in Refs. 9 and 15.

The disordered porous carbon used in this work, named
CS1000A, corresponds to the porous structure obtained after
activation of a coke sample that was produced by pyrolizing
pure saccharose at 1000°C under nitrogen flow. The activa-
tion process corresponds to a heat treatment in a CO2 atmo-
sphere for 20 h. The density of carbon atoms in the
CS1000A structure is 0.722 mg/ml. A snapshot of the con-
figuration of CS1000A is shown in Fig. 1. The size of the
box used to generate this numerical sample of disordered
porous carbon is 5�5�5 nm3. Following the previous work
by Gelb and Gubbins,42 the pore size distribution of the
sample was calculated as follows. p�H�dH is the fraction of
pore volume that is occupied by pores in the range H and
H+dH. The pore size distribution has a mean value of about
1.1 nm with a broad dispersion of ±0.5 nm �Fig. 1�.

B. Grand canonical Monte Carlo simulation

Freezing of argon within the different models of activated
porous carbons was simulated using the GCMC algorithm.
The GCMC technique is a stochastic method that simulates a
system having a constant volume V �the pore with the ad-
sorbed phase�, in equilibrium with an infinite fictitious reser-
voir of particles imposing its chemical potential � and its
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0.20

0.4 0.8 1.2 1.6

H (nm)
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H
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FIG. 1. �Top� Snapshot of the structural model of activated po-
rous carbon CS1000A obtained using a constrained reverse Monte
Carlo method 	from Jain et al. �Ref. 15�
. The box size is 5 nm. The
gray sticks represent the C-C bonds. �Bottom� Pore size distribution
of the activated porous carbon shown on the left.
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temperature T.43–45 The density of the confined phase is ob-
tained from the ensemble average of the number of adsorbed
atoms. Periodic boundary conditions were used in the three
directions �x ,y ,z� in order to avoid finite-size effect for the
disordered porous system CS1000A �model B�. On the other
hand, periodic boundary conditions were applied only in the
directions �x ,y� parallel to the pore walls for the slit pore
model �model A�. As mentioned in Sec. II A, interactions
between Ar and the slit pore walls for model A were calcu-
lated using the 10-4-3 Steele potential given by Eq. �1�. The
interaction of argon atoms with the carbon atoms of the dis-
ordered porous material were modeled using a Lennard-
Jones potential; the fluid-fluid and fluid-wall parameters
were the same as those used for the slit pore model �Table I�.
In order to accelerate the simulations in the case of CS1000A
�model B�, the adsorbate-substrate interaction was calculated
by using an energy grid;46 the potential energy is calculated
at each corner of each elementary cube �about 0.025
�0.025�0.025 nm3�. An accurate estimation of the energy
is then obtained by a linear interpolation of the grid values.
This procedure enables simulation of adsorption in nano-
porous media of complex morphology and/or topology with-
out a direct summation over matrix species in the course of
GCMC runs.22,23,25,47–49 The Ar-Ar interactions were calcu-
lated using Lennard-Jones potentials with the parameters re-
ported in Table �1�.36

Simulations of argon confined in the porous materials
were performed at constant fugacity f , which corresponds to
that of an ideal gas phase at a pressure P=1 atm. This choice
of thermodynamic condition avoids the problem of having to
determine the chemical potential in the bulk phase at and
near the freezing point. However, the pressure of the reser-
voir will vary with temperature as the bulk phase departs
from the ideal gas state when the temperature is changed; we
do not expect the pressure variation to have a large effect on
the freezing behavior, as evidenced by results for bulk sys-
tems. In order to circumvent the difficulty of particle deletion
and insertion in dense phases such as liquids and solids, the
GCMC simulations were combined with the parallel temper-
ing technique.45,50,51 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
between configurations in different replicas are attempted.
The parallel tempering technique prevents the system from
being “trapped” in local metastable states.27,52–56 Full details
of the GCMC and parallel tempering techniques used in this
work have been described elsewhere.52 Twelve replicas were
used in this work for both the ordered and disordered porous
structures. The temperature difference between two succes-
sive replicas is �T=4 K for the slit pore model. As no sig-
nificant crystallization was observed for argon in the
CS1000A structure �see below�, we used a larger temperature
difference for this system, �T=6 K. We started with well-
equilibrated liquid configurations of the confined fluid and
performed, at least, 105 Monte Carlo steps per particle to
equilibrate the system using the parallel tempering tech-
nique. After equilibration of the system, density profiles,
bond order parameters, and pair correlation functions were
averaged in the course of a second simulation run.

Strong layering of Ar was observed for the slit pore
model, due to the interaction with the attractive pore walls.
Following previous works on freezing in slit
nanopores,27,39,56–58 the structure of the confined fluid was
investigated by calculating for each adsorbate layer i the 2D
bond-order parameters �6,i. We determined �6,i as the aver-
age value of the local order parameter 6,i�r�, which mea-
sures the hexagonal bond order at a position r of a particle
located in the layer i:59,60

�6,i =

� 6,i�r�dr
� dr

with 6,i�r� =
1

Nb
�
k=1

Nb

exp�i6�k� ,

�7�

where �k are the bond angles between the particle and each
of its Nb nearest neighbors. �6,i is close to 1 for a crystal
layer having a hexagonal structure �i.e., triangular symmetry�
and close to 0 for a liquid layer. We also monitored for each
adsorbate layer the two-dimensional �2D� in-plane positional
and bond-orientational pair correlation functions, gi�r� and
G6,i�r�.38,39,52,58,61 The latter measures for each layer i the
correlations between the local bond order parameter 6,j�r�
at two positions separated by a distance r:

G6.i�r� = �6,i
* �0�6,i�r�� . �8�

Properties of Ar confined in the slit pore are identical along
the x and y directions, due to the 2D geometry for this
model. In contrast, the porosity of CS1000A is isotropic �i.e.,
x, y, and z directions are equivalent�, so that the structure of
the confined fluid was analyzed using 3D pair correlation
functions g�r� and 3D bond-orientational order parameters
Q4 and Q6:62

Ql = � 4�

2l + 1 �
m=−l

l

�Q̄lm�2�1/2

�9�

with

Q̄lm =
1

Nb
�
i=1

Nb

Ylm��i,�i� , �10�

where Nb is the total number of nearest-neighbor bonds in
the system. �i and �i are the polar and azimuthal angles
giving the orientation of a given nearest-neighbor bond and
Ylm are spherical harmonics.63 The order parameters Q6 and
Q4 can be used to determine any crystalline structure as they
are sensitive to any orientational order by measuring the co-
herence of the local bond order of the atoms.64,65 The com-

ponents Q̄lm in Eq. �10� add up in a coherent manner for a
crystal as the angular part of the spherical harmonics are in
phase; consequently, the resulting Ql has a nonzero value that
is characteristic of the crystal structure �on the other hand, Ql

is equal to 0 for a liquid phase as the components Q̄lm add up
in an incoherent manner�.66 As a result, we found that these
order parameters are not suitable to study freezing of argon
in CS1000A �model B� as the large degree of disorder in this
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porous sample prevents the orientational order of the con-
fined phase from being coherent. Thus, instead of calculating
the global order parameters Q4 and Q6, we followed the
work by ten Wolde et al.66 who proposed to use local order
parameters to distinguish particles that are liquid-like or
crystal-like. For each atom i of the confined phase, we cal-
culated 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
 , �11�

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

6 �q6m�i��2
−1/2 is the normaliza-

tion constant. In contrast to Q̄lm in Eq. �10�, 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:66

q6�i� · q6�j� = �
m=−6

6

q̃6m�i�q̃6m�j�*. �12�

Atoms i and j can be considered “connected” in a coherent
manner if the product q6�i� ·q6�j� is larger or equal to 0.5. ten
Wolde et al. have shown that an atom i in a 3D 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 structures are unambigu-
ously distinguished.66

III. RESULTS AND DISCUSSION

A. Ordered porous carbon

1. Effect of confinement on freezing

Freezing of argon in graphite slit pores �model A� was
studied for three different pore sizes, H=0.7, 1.1, and
1.4 nm. These pore widths were selected as they correspond
to the smallest, the mean, and the largest pore size of the
disordered porous carbon CS1000A �see Fig. 1�. Density
profiles of argon confined in the three slit pores is shown in
Fig. 2 for T=110 K. Z* and �* are the distance from the
center of the pore and the density in reduced units with re-
spect to �. Strong layering of argon is observed for each pore
size; 2D layers are clearly separated by a minimum value of
the density, �*=0. The slit pores H=0.7 and 1.1 nm accom-
modate, respectively, one and two layers, while the slit pore
H=1.4 nm accommodates two contact and one inner layer. It
is found that the peak amplitude for the inner layer is lower
than that for the contact layers. This result shows that the
contact layers are more ordered than the inner layer, due to
its stronger interaction with the pore wall.

A detailed analysis of the freezing of argon in the slit pore
H=1.4 nm is reported in what follows. Results for the other
slit pores will be summarized at the end of this section. The
2D bond-order parameter �6 for the contact and inner layers
of argon in the H=1.4 nm slit pore is reported as a function
of the temperature T in Fig. 3. �6 for the contact and inner
layers sharply increases at T�112 K upon freezing, which

reveals that both layers undergo a liquid to crystal phase
transition at this temperature. �6 varies from �0.1 in the
liquid region up to �0.8 in the crystal region; the latter value
shows that the layers have a hexagonal crystal structure �tri-
angular symmetry� with, however, some defects. The con-
fined layers freeze at the same temperature, indicating that
there is no significant difference in the freezing behavior of
the contact and inner layers for this pore size. This result is
in agreement with previous molecular simulation studies,
which have shown that all the adsorbate freezes at the same
temperature for slit pores accommodating three layers or
less.39,52,53,67 The global density of argon in the H=1.4 nm
slit pore is shown in Fig. 3 as a function of the temperature
T. The density decreases from �*�1.1 down to �*=1.0 at
T=112 K. This result corroborates our previous finding that
structural modifications occur in the confined layers at T
�112 K. The observation of a sudden increase in the density
and the bond-order parameter �6 suggest that crystallization
of the confined layers is a first-order transition. However,
further study including free energy calculation is required to
establish in a rigorous way the order of the crystal-to-liquid
phase transition.27,39,57 Thanks to the use of the parallel tem-
pering technique in which both the liquid and crystal phases
are simulated in the same run, we did not perform calcula-
tions for the melting process. In our previous works,52,68 it
was shown that simulations of melting and freezing phenom-
ena give similar results, provided that the parallel tempering
method is used and a significant fraction of the swap trial
moves are accepted.50,51 Moreover, Hung et al.58 have shown
for fluids confined in carbon nanotubes that this technique

0.0

4.0

8.0

-2.0 0.0 2.0

Z*

ρ∗

0.0

4.0

8.0

-2.0 0.0 2.0

Z*

ρ∗

0.0

4.0

8.0

-2.0 0.0 2.0

Z*

ρ∗

FIG. 2. Density profiles of Ar confined at T=110 K in a graphite
slit pore of width: H=0.7 nm �top�, H=1.1 nm �middle�, and H
=1.4 nm �bottom�. Z* is the distance from the center of the pore in
reduced units with respect to �. �*=��3 is the reduced density with
respect to �.
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gives the same results as those obtained from free energy
calculations.

2. Structure of confined fluid

In-plane 2D positional g�r� and orientational G6�r� pair
correlation functions for the confined layers at T=94 and
122 K are presented in Figs. 4 and 5, respectively. Correla-
tions within each layer were determined up to a distance of
half the size of the simulation box. At T=122 K, the con-
fined layers exhibit a liquid-like behavior as revealed by the
g�r� function, which is characteristic of a phase having short-
range positional order. This result is confirmed by the expo-
nential decay observed in the G6�r� function; such a decay is
typical of 2D liquid phases, which have short-range orienta-
tional order. At T=94 K, the confined layers appear as 2D
hexagonal crystals with long-range positional order as can be
seen from the features of the g�r� function for this tempera-
ture �Fig. 4�: �i� the amplitude between the first and the sec-
ond peak is close to 0; �ii� the second peak is split into two
secondary peaks; and �iii� the third peak presents a shoulder
on its right side. Moreover, the G6�r� function at this tem-
perature has a constant average value as expected for a hex-
agonal crystal layer with long-range orientational order.
Analysis of the in-plane 2D pair correlation functions g�r�
and G6�r� corroborate the results shown in Fig. 3 for the 2D
bond-order parameter �6 and the density �*; the transition
temperature between the crystal and liquid phases is about

T=112±2 K. It seems that freezing of the confined layers
involves a direct phase transition between a 2D crystal and a
2D liquid. This result departs from previous molecular simu-
lation and experimental works in which the existence of a
hexatic phase between the crystal and liquid phases was
reported.69,70 Such an intermediate phase is expected accord-
ing to the theory by Kosterlitz-Thouless-Halperin-Nelson-
Young for the melting of 2D systems.59,60,71,72 The stability
of the hexatic phase depends on the size of the system, so
that the existence of such an intermediate phase cannot be
ruled out or confirmed in the present work unless a scaling
size analysis is performed.69

3. Effect of pore size

The freezing temperature T=112 K of argon in the H
=1.4 nm slit pore is much larger than that of bulk argon, T
=83 K. This increase in the freezing temperature was ex-
pected as we know from previous experimental and theoret-
ical works that fluids confined in strongly attractive pores
may crystallize at higher temperature than the bulk.11,38,39

Table II summarizes the freezing temperature for argon con-
fined in the different slit pores H=0.7, 1.1, and 1.4 nm. An
increase in the freezing temperature compared to the bulk is
observed for all pore sizes. The shift in freezing temperature
increases as the pore size decreases, as expected.11,73,74 For
all pore sizes, the confined layers of argon undergo at the
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FIG. 3. �Top� Average value of the 2D bond-order parameter �6

as a function of the temperature T for Ar confined in a slit graphite
pore H=1.4 nm. Open and closed symbols are for the contact and
inner layers, respectively. �Bottom� Reduced density �*=��3 as a
function of the temperature T for Ar confined in a slit graphite pore
H=1.4 nm.
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FIG. 4. In-plane 2D positional pair correlation function g�r*� for

the contact �gray line� and inner �black line� layers of Ar confined in
a slit graphite pore H=1.4 nm at T=94 K �top� and at T=122 K
�bottom�. The g�r*� functions for the inner layer have been shifted
by +2.0 for the sake of clarity. r* is the reduced distance with
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freezing temperature a phase transition between a 2D liquid-
like structure and a 2D crystal layer having a hexagonal
structure.

B. Disordered porous carbon

1. Effect of disorder on freezing

In order to study the effect of disorder of the porous ma-
terial on the freezing of confined fluids, we simulated the
behavior of argon at different temperatures in CS1000A. The
density of argon in this porous structure is shown in Fig. 6 as
a function of the temperature T. A change in the evolution of
the density with temperature is observed for T�115 K; �* is
almost constant about 0.4 to 0.5 for T�115 K, while �*

decreases more rapidly with increasing temperature for T

115 K. As shown in Fig. 6, this change in the variation of
the density at T�115 K is accompanied by a decrease from
11.1 to 9.6 kJ/mol of the isosteric heat of adsorption of ar-
gon in the porous material. The latter quantity was calculated
in the GCMC simulations from the fluctuations over the en-
ergy and number of particles according to the following
formula:43

qst = kBT −
��U�
��N�

� kBT −
�UN� − �U��N�

�N2� − �N�2 . �13�

Both the change in the density and isosteric heat of adsorp-
tion indicate that argon confined within CS1000A undergoes
structural modifications at T�115 K. Interestingly, this tem-
perature is very close to the freezing temperature for the slit
pore H=1.1 nm �see Table II�, which corresponds to the
mean pore size of the disordered porous structure. This result
suggests that the freezing behavior of argon confined in
CS1000A is driven by the mean pore size of the sample.
However, further calculations for other disordered porous
carbon are needed to confirm this finding.

2. Structure of confined fluid

In order to gain some insights on the nature of the change
observed at T�115 K, pair correlation functions g�r� of con-
fined argon were calculated for each temperature �Fig. 7�.
Both the g�r� function at T=70 and 136 K are characteristic
of liquid-like structures as only short-range positional order
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FIG. 5. In-plane 2D orientational pair correlation function
G6�r*� for the contact �gray line� and inner �black line� layers of Ar
confined in a slit graphite pore H=1.4 nm at T=94 K �top� and at
T=122 K �bottom�. The G6�r*� functions for the inner layer have
been shifted by +0.5 for the sake of clarity. r* is the reduced dis-
tance with respect to �.

TABLE II. Freezing temperature of argon confined in slit pores
of width H=0.7, 1.1, and 1.4 nm. The freezing temperature of bulk
argon is 83 K. �Tf is the shift in freezing temperature between
confined and bulk argon.

H
�nm�

Tf,confined

�K�
�Tf

�K�

0.7 140 57

1.1 116 33

1.4 112 29
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FIG. 6. �Top� Reduced density �*��3 of Ar confined in the

activated porous carbon CS1000A as a function of the temperature
T. �Bottom� Isosteric heat of adsorption Qst of Ar confined in the
activated porous carbon CS1000A as a function of the temperature
T.
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is observed. The maximum value of the g�r� function, which
corresponds to the amplitude of the nearest-neighbor peak, is
reported in Fig. 7 as a function of the temperature. The maxi-
mum value is constant at about gmax=3 for T
115 K; this
value is close to that expected for a bulk fluid. On the other
hand, gmax increases linearly with decreasing temperature for
T�115 K. Such an analysis based on the positional pair cor-
relation functions indicates that short-range structural modi-
fications of argon in CS1000A occur at T�115 K. However,
it must be emphasized that the g�r� function is characteristic
of a liquid-like structure for all temperatures. On the other
hand, the augmentation in gmax with decreasing temperature
indicates that the confined phase presents more short-range
order for T�115 K, although it remains liquid-like overall.

In order to further characterize the structure of argon con-
fined in CS1000A, the percentage of atoms having more than
six nearest neighbors was calculated as a function of the
temperature T �Fig. 8�. The choice of this limit comes from
the fact Nb
6 for the fcc and bcc crystals while Nb�6 for
the liquid phase, so that this criterion can be used to distin-
guish particles that are crystal-like and particles that are
liquid-like. The percentage of atoms with Nb
6 reaches a
plateau value of 80% for T�115 K. This result is consistent
with the changes observed at this temperature in the pair
correlation function, density of the confined phase, and isos-
teric heat of adsorption.

We also report in Fig. 8 the percentage of atoms that are
crystal-like as a function of the temperature T. This quantity

was determined using the order parameter q6�i� ·q6�j� from
the number of Ar atoms that are connected in a crystalline
manner to its nearest neighbors �see Sec. II B for full de-
tails�. We note that these crystal-like atoms are a subgroup of
the particles with Nb
6. The fraction of crystal-like atoms is
very small in the confined phase ��1% �. However, the tem-
perature at which the number of crystal-like atoms drops to
zero �T�115 K� is consistent with the changes observed at
this temperature in the pair correlation function, density of
the confined phase, and isosteric heat of adsorption. This
result indicates that the confined phase for T�115 K is a
mixture of a small amount of crystalline atoms and amor-
phous �liquid or solid� regions. Such an observation is sup-
ported by previous molecular simulations and experiments
on molecular fluids confined in cylindrical silica or carbon
pores.58,75,76 These authors have found that the confined fluid
does not crystallize but forms an inhomogeneous phase com-
posed of nanometric crystallites and amorphous regions.

IV. CONCLUSION

Freezing of argon in the slit pore model �model A� shows
that the in-pore freezing temperature is higher than that of
the bulk. It is also found that the shift in freezing temperature
increases with decreasing the pore size, in agreement with
previous molecular simulations and experiments on adsor-
bate confined in strongly attractive pores. Upon freezing the
confined layers undergo a phase transition from a 2D liquid
state to a hexagonal crystal state �i.e., triangular symmetry�.
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Freezing of argon within the disordered porous structure
�model B� strongly departs from that observed for the simple
slit pore model. Our results indicate that argon in the com-
plex porosity of this porous model does not crystallize. Nev-
ertheless, the confined phase undergoes structural changes at
T�115 K. Interestingly, this temperature is very close to the
freezing temperature observed for the slit pore of width H
=1.1 nm, which corresponds to the mean pore size of the
disordered porous structure. This result suggests that the
freezing behavior of argon confined in this material is driven
by the mean pore size of the sample. For T
115 K, the
confined phase in model B presents a liquid-like behavior, as
revealed by pair correlation functions and bond-order param-
eters. On the other hand, the confined phase for T�115 K
has more short-range order than the liquid phase but its over-
all behavior remains liquid-like. We further analyzed the
structure of the confined phase by determining the percent-
age of atoms having more than six nearest neighbors and the
percentage of atoms that are crystal-like. A small amount of
crystal atoms appears at T�115 K. It is also found that the
percentage of atoms with Nb
6 reaches a plateau value of
80% below this temperature. This result shows that the con-
fined phase in model B for T�115 K corresponds to an in-
homogeneous phase made up of a small amount of crystal-
line atoms and amorphous �liquid or solid� atoms.

Further molecular simulations are needed to corroborate
and complete the present study. Starting from well-
equilibrated configurations of confined argon in the disor-
dered porous material, we will investigate the dynamics of
the confined phase using molecular dynamics simulations.
This will provide useful information regarding the nature of
the confined phase, such as its diffusion coefficient and re-
laxation time. From an experimental point of view, 1H-NMR
and scattering experiments can be used to corroborate our
findings.
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