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Freezing of a simple fluid in a disordered nanoporous carbon is studied using molecular simulations.
Only partial crystallization occurs, and the confined phase is composed of crystalline and amorphous
nanodomains. This freezing behavior departs strongly from that for nanopores of simple geometry. We
present a method for analyzing the freezing in such disordered materials in terms of a transition in the
average size and number of crystalline clusters. The results provide a basis for the interpretation of
experiments on freezing in such materials, particularly 1H-NMR and scattering experiments.
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Freezing and melting in nanoporous materials is of
fundamental interest in understanding the effect of con-
finement, reduced dimension, and surface forces on the
thermodynamics of fluids [1–5]. Shifts in the freezing
temperature and, in some cases, new surface- or
confinement-induced phases, are observed on reducing
the width of the confined space to approach the range of
the intermolecular forces [6,7]. Experimental, molecular
simulation, and theoretical studies have shown that, for
simple fluids and pore geometries, the freezing tempera-
ture can be described as a function of the reduced pore size
H� � H=� (H is the pore width and � the diameter of
adsorbate molecule) and the ratio of the wall-fluid (wf) to
the fluid-fluid (ff) interactions, �� C�w"wf="ff [7],
where �w and " are the density of wall atoms and the
potential well depth, respectively, and C is a constant that
depends on the wall geometry. The freezing temperature is
decreased compared to the bulk for �< 1, while it is
increased for �> 1 [8]. The magnitude of the shift in the
transition temperature depends on H�, while the appear-
ance of surface or confinement driven phases usually de-
pends on a combination of effects from � and H� [9].

Experimental studies of freezing in nanoporous materi-
als have been severely hampered by difficulty in the inter-
pretation of the results. A change in some measured
property (e.g., calorimetry, NMR, dielectric properties) is
observed, but the presence of any phase transition, and the
nature of the phases observed, is often the subject of
controversy. Most simulation and theoretical studies have
treated porous carbons as an assembly of independent,
unconnected pores of simple slit geometry. In such studies,
the nature of the phase transition and of the phases in-
volved can be determined reliably, provided care is taken
over finite size effects and free energy calculations. How-
ever, the question remains as to what relation such calcu-
lations bear, if any, to the experimental results, which are
for materials with connected pores of varying geometry
and size, rough surfaces, etc. It has been shown that
capillary condensation (gas-liquid) in disordered porous

structures differs significantly from that of simple systems
[10–13]. In contrast, the effect of pore shape and connec-
tivity on freezing of confined fluids has received very little
attention [7,14]. The objective of the work reported here is
to clarify the nature of freezing in one particular class of
disordered nanoporous materials, namely, carbons, to sug-
gest a new way to interpret experimental results, and to
determine what, if any, relation such phenomena have to
freezing in ideal slit pores.

Advances in modeling of disordered porous carbons
have been achieved through the use of reverse
Monte Carlo (RMC) methods [15]. Gubbins and co-
workers [16,17] have shown that the structural models
obtained using RMC simulations with appropriate three-
body constraints are in good agreement with experimental
data from transmission electronic microscopy, gas adsorp-
tion, and calorimetry [16]. In this Letter, we report a
simulation study of freezing of Ar in such a realistic model
of disordered porous carbons. We also consider freezing in
an ordered model of porous carbons (slit pores) and com-
pare this with the freezing in the disordered material.

The disordered porous carbon used in this work is shown
in Fig. 1. The pore size distribution of the material shows a
mean value of �11 �A with a dispersion of �4 �A. This
structural model of saccharose-based carbon was obtained
using a constrained RMC technique [17], which consists of
generating atomic configurations that match the pair cor-
relation function of the real system. Two other constraints
were simultaneously minimized in the simulation to ac-
count for three-body forces: (i) The fraction of 3-
coordinated C atoms must be equal to that determined
from experiment, and (ii) the average C-C-C bond angle
must be distributed about 2�=3 (sp2 hybridization). The
sampling in the RMC simulations was improved by com-
bining the method with a simulated annealing technique
[16]. Freezing of Ar was also studied for the slit pore
model. Three pore sizesH � 7, 11, and 14 Å were selected
as they correspond to the smallest, mean, and largest pore
sizes of the disordered carbon, respectively.
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Freezing of the confined fluid was simulated in both the
slit pores and the disordered carbon using Monte Carlo
simulations in the grand canonical ensemble (�, V, T)
[18]. Simulations were performed for several temperatures
at a chemical potential corresponding to that of an ideal gas
at a pressure of 1 atm. Periodic boundary conditions were
applied to avoid surface effects. The interaction of Ar with
the C atoms of the disordered material was modeled using
a Lennard-Jones (LJ) potential. The interaction between Ar
and each slit pore wall was calculated using the 10-4-3
Steele potential [7]; this potential corresponds to the inte-
gration of the Ar=C LJ potential over each C atom of an
infinite graphite plane, followed by summation over an
infinite number of planes. The use of the Steele potential,
which neglects the effect of surface corrugation, is ex-
pected to be a reasonable approximation as the size for
Ar (�3:4 �A) is much larger than the C-C bond length in
graphite (�1:4 �A). The fluid-fluid (� � 3:405 �A, " �
120 K) and fluid-wall (� � 3:38 �A, " � 58 K) parameters
were the same for both pore models. To circumvent the
difficulty of particle deletion and insertion in dense phases,
the simulations were combined with the parallel tempering
technique, which prevents the system from being
‘‘trapped’’ in local metastable states.

Strong layering of Ar in the slit pores was observed due
to the interaction with the pore walls; 2D layers are sepa-
rated by a minimum value of the density �� � 0. The slit
poresH � 7, 11, and 14 Å accommodate 1, 2, and 3 layers,
respectively. Freezing of Ar in these slit pores was studied
by analyzing for each layer in-plane 2D positional and
bond-orientational pair correlation functions and bond-
order parameters [18]. For a given pore size, all the con-
fined layers freeze at the same temperature. In the frozen
phase, these layers have a hexagonal crystal structure
(triangular symmetry) with, however, some defects. The
freezing temperature of Ar in the slit pores (T � 140, 116,
and 112 K for H � 7, 11, and 14 Å, respectively) was
found to be much larger than that of bulk Ar (T � 83 K).
This increase in the freezing temperature was expected, as

we know from previous experimental and theoretical
works that fluids in strongly attractive pores crystallize at
higher temperature than the bulk [7,8]. It is also found that
the shift in the freezing temperature becomes larger as the
pore size decreases, as expected.

The density of Ar in the disordered carbon is shown in
Fig. 2 as a function of the temperature T. A change in the
evolution of the density with T is observed for T � 115 K;
�� is almost constant at about 0.4–0.5 for T < 115 K,
while �� decreases more rapidly with increasing T for T >
115 K. As shown in Fig. 2, 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
Qst. The changes in �� and Qst indicate that Ar confined
within the disordered porous carbon undergoes modifica-
tions at T � 115 K. Interestingly, this temperature is very
close to the freezing temperature for the slit pore withH �
11 �A, which corresponds to the mean pore size of the
disordered porous structure. This result suggests that the
freezing behavior of Ar in the complex carbon is driven by
the mean pore size.

The pair correlation function g�r� of Ar in the disordered
carbon was calculated for each temperature (Fig. 3). For
the disordered carbon at all temperatures, the g�r� function
is characteristic of liquidlike structures, with only short-
range positional order observed. The maximum value of
the g�r� function, which corresponds to the amplitude of
the nearest neighbor peak, is reported in Fig. 4 as a function
of T. The maximum 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 T for T < 115 K. Such an analysis indicates
that short-range structural changes of Ar in the disordered
carbon occur at T � 115 K. The augmentation in gmax with
decreasing T indicates that the confined phase presents
more short-range order for T < 115 K, although it remains
liquidlike overall. A criterion to demonstrate the existence
of a solid phase has been proposed by Hansen and Verlet
[19]. The amplitude of the first peak S�k0� of the structure
factor can be as high as 2.85 for an isotropic phase and 5.0
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FIG. 2. Density �� (�, left axis) and isosteric heat Qst (�,
right axis) for Ar in the disordered carbon as a function of T.

FIG. 1. Structural model of a disordered porous carbon ob-
tained using a constrained reverse Monte Carlo method. The box
size is 5 nm. The gray sticks represent the C-C bonds.
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for a 2D phase [7]; higher values indicate a solid phase. We
checked that S�k0� for Ar in the disordered carbon is
always lower than 2.85, which confirms that the fluid
remains liquidlike even at the lowest temperature.

The structure of Ar in the disordered carbon was further
characterized by determining the degree of crystalline
order as a function of T. Global order parameters are not
suitable to study freezing in the complex carbon as the
large degree of disorder of the sample prevents a coherent
positional and orientational order of the confined phase.
Instead of global parameters, we used a local order pa-
rameter proposed by Ten Wolde et al. [20] to calculate the
percentage of atoms in a crystal-like state. For each atom i
of the confined phase, we calculated the 13 normalized
parameters ~q6m�i� that are defined as:

 ~q 6m�i� �
A

Nb�i�

XNb�i�

j�1

Y6m�rij� with m 2 	�6; 6
; (1)

where rij are the vectors joining the atom i and each of its
Nb�i� neighbors j. Y6m are spherical harmonics and A is the
normalization constant. ~q6m�i� is a local quantity that
depends only on i and its neighbors j. For each pair of
nearest neighbors, we define the scalar product [20]:

 q 6�i� � q6�j� �
Xm��6

m�6

~q6m�i�~q6m�j�
�: (2)

Atoms i and j can be considered ‘‘connected’’ in a coherent
manner if q6�i� � q6�j� � 0:5. Ten Wolde et al. have shown
that i is crystal-like if it is connected in a coherent manner
to at least 7 of its nearest neighbors; this definition ensures
that liquid and crystal structures are unambiguously dis-
tinguished. As shown in Fig. 4, the fraction of crystal-like
atoms increases in a continuous way from 0% for T >
115 K up to 60% for T � 70 K. By contrast, for the slit
pore there is an abrupt change on melting in the number of
crystal-like atoms, as indicated by the order parameter
analysis. The results in Fig. 4 show that the phase in the
disordered carbon for T < 115 K is a mixture of crystalline
clusters and amorphous (liquid or solid) regions. Such an
observation is supported by experiments on fluids in silica
pores, which have shown that the confined fluid does not
crystallize but forms an inhomogeneous phase composed
of nanoscopic crystallites and amorphous regions [21,22].

The structure of Ar in the disordered carbon was char-
acterized in a more complete way by performing a cluster
analysis as a function of T. The distribution of the number
of connections per Ar atom was calculated for each tem-
perature from the number of nearest neighbor bonds for
which q6�i� � q6�j� � 0:5. For all temperatures, the con-
fined phase is composed of both crystal (number of con-
nections >7) and liquid (number of connections <7)
adsorbed atoms. The average number of connections per
atom decreases on increasing T from 6.9 at T � 70 K
down to 1.7 at T � 136 K. Even at low temperature, the
average number of connections per atom is much lower
than the values expected for fcc and bcc bulk crystals
(number of connections �12 and 13, respectively [20]).
This result is due to the confinement and the disorder of the
porous material, which prevent the formation of any bulk-
like regular crystal. This finding strongly departs from
what is observed for the slit geometry, where the pore
accommodates layers of an adsorbate having a well-
defined crystalline structure. The size distribution of crys-
talline clusters in the disordered carbon was also calculated
for each temperature. The size distributions for T < 106 K
have two peaks, with the confined phase being made up of
large clusters of a few hundreds atoms and small clusters of
less than 50 atoms. The fraction of small clusters increases
with increasing T. On the other hand, the size distribution
of crystalline clusters for T � 106 K has only one peak,
which corresponds to small clusters of less than 200 atoms.
The existence of the two different regimes, i.e., two peak
vs. one peak distribution, can be seen as a percolation
effect. For T � 106 K, crystal-like particles, which corre-
spond to less than 20% of the atoms, form small clusters
that are not connected; the average size of the crystalline
clusters increases with decreasing T, due to the increase in
the number of crystal-like atoms. For T < 106 K, some of
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FIG. 4. Maximum value (first peak) of the function g�r� (�,
left axis) and percentage of crystal-like atoms (�, right axis) as a
function of the temperature for Ar in the disordered carbon.
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FIG. 3. Pair correlation function g�r� for Ar in the disordered
carbon at T � 70 K (solid line) and T � 136 K (dashed line).
The g�r� function for T � 136 K has been shifted by 2:0.
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the small clusters merge and form larger clusters (several
hundred atoms). This analysis was confirmed by visual-
ization of the configurations of Ar in the porous carbon.

The average size and number of Ar crystalline clusters in
the disordered carbon is shown in Fig. 5 as a function of T.
The average cluster size decreases with increasing T from
�350 at T � 70 K down to 0–10 atoms for T � 106 K. In
connection with the analysis of the average cluster size, we
note that for T < 106 K the size distribution has two peaks.
On the other hand, the average number of crystalline
clusters as a function of T has a nonmonotonic behavior
(Fig. 5), which provides insights into the structure of Ar in
the disordered carbon. For T � 112 K, the number of
clusters increases with increasing T; large clusters separate
into small unconnected clusters as the number of crystal-
like atoms decreases as T increases. For T � 112 K, there
is a direct correlation between the average cluster size and
number; the number of crystalline clusters increases as
they become smaller. In contrast, the number of crystalline
clusters for T > 112 K decreases with increasing T; less
and less crystalline clusters can form when the T increases
due to the decrease in the number of Ar crystal-like parti-
cles (as shown in Fig. 4, the percentage of crystal-like
atoms decreases from �10% at T � 112 K down to 0%
at T � 136 K). These last results indicate that the evolu-
tion with T of the average number and size of Ar crystalline
clusters is modified at T � 112 K. This change in the
behavior of the adsorbate in the disordered carbon explains
the variation of density, isosteric heat, and correlation
functions observed in Figs. 2 and 3. The results above
show that the number of crystalline clusters is a key
parameter in describing the solidification in a disordered
material.

The present study shows that freezing of a simple fluid in
a disordered porous structure strongly departs from that for

unconnected slit pores of a simple geometry, with the low
temperature phase being composed of crystalline and
amorphous nanodomains in disordered materials. The
present work shows that the properties of the confined
phase can be understood by analyzing the distribution of
crystal-like cluster size and number. These results provide
a basis for the interpretation of experiments on freezing in
disordered materials. 1H-NMR and neutron scattering ex-
periments could be used to estimate the proportion of
liquid or solid particles and to check the existence of
crystal clusters in the confined phase.
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FIG. 5. Average size (�, left axis) and number (�, right axis)
of crystalline clusters versus T for Ar in the disordered carbon.
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