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Abstract Phase properties of gases adsorbed in small
nanopores are mainly determined by the pore size and shape
as well as the structural heterogeneity of the adsorbate. Here
we analyze the evolution of the melting mechanism that oc-
curs in pores <3 nm in size. Melting in slit-shaped graphene
pores is compared with melting in SURMOF channel pores
with square cross-sections. We show how the melting trans-
formation is related to the adsorption mechanism. We use a
graphical representation of the evolution of molecular density
as a function of temperature in the nanopores.

Keywords Nanopores . Methane .Melting . Structural
heterogeneity

Introduction

Melting and freezing in confined systems are important in
many natural processes (e.g., frost heaving and the distribu-

tion of liquids in soils and rocks) as well as in lubrication,
adhesion, and nanotribology. It is well known that the struc-
tures and phase behaviors of confined fluids are quite distinct
from those of their bulk counterparts. This is related to the
high surface-to-volume ratios that are typical of nanosystems:
as the surface atoms are weakly bonded, nanoscale systems
usually transform at lower temperatures than their bulk ana-
logs. Experimental methods of determining changes at freez-
ing point in confined systems typically make use of the
Gibbs–Thomson equation, which includes the enthalpy of fu-
sion, the pore size, and the corresponding surface tension.
However, this approach fails for nanosized pores, whereas
numerical simulation remains an effective tool that allows us
to circumvent the limitations of bulk models.

A deep understanding of the fundamental mechanisms of
phase changes at the nanoscale is crucial to exploring the new
field of nanothermodynamics, which considers finite-size ef-
fects, nanodimensionality, and extended surface forces. The
reduced size of the confined space weakens the intermolecular
forces present, so we can expect significant shifts in the tran-
sition temperatures. In some cases, we may even observe new
surface- or confinement-induced phases. The consequences of
this redefinition of properties for nanoscale systems are of
theoretical as well as practical interest.

The structural changes that occur in confined geometries
have been studied ever since computer modeling became pos-
sible [1–3]. Melting in the simplest geometry, slit pores, was
analyzed in a paper byMiyahara and Gubbins [1]. There have
also been a few reports of solid–solid (hexagonal–tetragonal)
transformations in this geometry [4, 5]. In all cases, the goal of
the study was to understand the relation between the mecha-
nism of transformation and (i) the pore size and shape as well
as (ii) the strength of the adsorbate–adsorbent interaction
[6–8]. However, due to the nanoscale of the systems consid-
ered, they are heterogeneous, and the distribution of the
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interactions makes analyzing the mechanism of phase changes
under nanoconfinement difficult [9].

Here, we analyze the melting mechanism from the point of
view of system heterogeneity as well as its influence on the
melting temperature. We use locally defined structural order
parameters to follow the space distribution of structural chang-
es in the fluid system as a function of temperature. We base
our conclusions on an analysis of a graphical representation of
the evolution of fluid density and structure during the melting
transformation. We emphasize that qualitatively new informa-
tion can be obtained from such a representation. This study is
an extension of previously published results [9].

Numerical methodology

The computational approach used was based on GCMC sim-
ulations implemented in a homemade software package that
was extensively tested and validated previously [10–13]. The
carbon slit-shaped framework and the SURMOF structure
were considered to be rigid during simulations. All interatom-
ic interactions were modeled using the Lennard-Jones (6–12)
potential. The CH4 molecules were considered superatoms
(united atom model). The CH4–CH4 Lennard-Jones parame-
ters were σCH4 = 3.730 Å and εCH4 = 148.0 K. For methane–
wall interactions in the slit pores, the Steele 10-4-3 potentials
were employed [14, 15]. Parameters describing fluid–solid
interactions were obtained using the Lorentz–Berthelot
mixing rules. In the SURMOF structure, all interatomic inter-
actions were modeled using the Lennard-Jones (6–12) poten-
tial. The force field model employed here was used and tested
in a previous paper [9]. The interactions were cut off at 15 Å
and periodic boundary conditions were used. Isotherm points
were calculated by averaging the number of adsorbed mole-
cules per unit cell of the material for a given chemical potential
μ(P) and temperature T. The methane was modeled as an ideal
gas, so, technically, the pressure parameter P is actually a
fugacity.

The following order parameter plays the most important
role in the analysis presented here:

Φn jk ¼ l
Nb

X

k¼1

Nb

einθk

* +�����

����� ð1Þ

This parameter is defined and calculated for each layer
separately. The indices j and k indicate the local character of
the order parameter calculation (atom k in layer j). Φn tracks
the local structural symmetry of the center-of-mass lattice po-
sitions by measuring the average bond order within a plane
layer. The centers of mass of each nearest-neighbor pair are
connected by a vector (Bbond^) that has a particular azimuthal
orientation θk. The index k runs over the total number of
nearest-neighbor bonds Nb in the adsorbed layer. The order
parameter is equal to 1 if the local structure has hexagonal

(n = 6) or tetragonal (n = 4) solid order, and it is equal to 0 if
the structure is a disordered liquid.

The pore structures are shown in Fig. 1. The slit pores of
carbon are defined as parallel graphene sheets (Fig. 1, left).
We explore adsorption in pores with widths H = 1, 2, 3, and
4 nm (H is defined as the distance in z direction between the
centers of the carbon atoms in the graphene walls). In the xy
plane, the pores are infinitely large (modeled using periodic
boundary conditions). The SURMOF structure (Fig. 1, right)
studied here is one of the largest MOF structures reported so
far. It exhibits P4 symmetry, and, for the longest organic linker
(pentaphenyldicarboxylic acid, PPDC) [16]), its channel size
is 2.8 × 2.8 nm2. In the calculations, the channels were
modeled as infinitely long pores using periodic boundary
conditions.

Results

Adsorption mechanism and layering transition

At 80 K, the adsorption of methane layers in slit pores is very
regular. This is a consequence of our choice of an adsorbent
model where the slit walls have the same structure as regular
graphene. Corrugation of the graphene surface is negligible
compared to the mean graphene–methane interaction. The ad-
sorption isotherm is stepped (Fig. 2a); each subsequent
adsorbed layer is very stable and well ordered. However,
when the current layer attains its maximal capacity, the in-
creasing pressure destabilizes the adsorbed system before the
new stable layer is formed [9]. The density distribution
(Fig. 2d) shows well-defined and separated peaks, indicating
that the adsorbedmethane is highly localized in the layers, just
as in a solid structure. The solid character of the adsorbed
structure was confirmed by calculating the order parameter
Φ6 (≅ 1).

Increasing the temperature destabilizes the layered struc-
ture. Both the isotherms and the mass distributions change
continuously between 80 K and 180 K (the critical tempera-
ture of methane). The whole system evolves from a solid
below 80 K to a liquid above 180 K. However, the melting
does not occur uniformly across the whole pore volume.

Fig. 1 Slit pore (left, graphene walls) and SURMOF (right) structures
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Calculations of the order parameters in each layer show that
the layers melt at different temperatures [9]. It is important to
emphasize that as the temperature is increased in the above
range, the layering transitions also become more and more
continuous (Fig. 2a–c). The system starts to melt from the
middle part of the pore; the contact layers remain solid up to
much higher temperatures, as can be seen from the density
distributions (Fig. 2d–f); even above 140 K, the contact layer
is well defined and well separated from the internal filling of
the pore (Fig. 2e,f). This proves that, even in the melted state,
the system remains very heterogeneous and the molecules in
the contact layer are more localized (in the z direction) than
those that are closer to the pore center.

The melting mechanism in the slit pores depends on the
strength of attraction between the adsorbed molecules and the
walls, as has already been reported [6, 7]. However, we em-
phasize here that there is a strong gradient in the strength of
attractive forces between the adsorbed molecules and the
walls. This means that the adsorbed system is heterogeneous,
so the melting process is a continuous function of temperature.
Figure 3a shows the evolution of the average filling density of
the pore. Only a very small jump in filling density at ∼90 K is
observed for the slit pore. This discontinuity has a tendency to
disappear when the modeled system is larger in the xy direc-
tion. This result is observed for a specific thermodynamic path
that is chosen for the phase transformation. In the adsorbed

Fig. 2 Methane adsorption in slit
pores at 80 K (a, d), 140 K (b, e),
and 180 K (c, f). a, b, c
Adsorption isotherms in pores
(H = 1 nm, 2 nm, 3 nm, and
4 nm). d, e, fDensity distributions
in H = 3 nm pore. There is a
correlation between isotherm
evolution and the melting of the
methane inside the pore
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system, there are many possible choices of path that are de-
fined by the pressure of the external gas. Any path between the
bulk coexistence curve and the capillary condensation curve
could be studied [1]. In this work, we adopted the path in the
middle between those two limits. As the density of the system
varies depending on the path, this choice may affect the ob-
served mechanism of melt ing and make i t more
discontinuous.

Melting mechanism in SURMOF pores

The adsorptionmechanism is stronglymodifiedwhen the pore
geometry changes from slit-like to channel-like with a square
cross-section. Although the lateral dimensions of the square
channels of the SURMOF studied here are comparable to the
size of a 3-nm graphene-based slit pore, the energy landscape
is totally different. The average energy of adsorption increases
due to the cumulative contributions from all channel walls.
This leads to rapid pore filling at pressures lower than in the
slit pore. At 80 K and the pressure at which only the first and
second layers are adsorbed in the slit pore, the SURMOF pore
is totally filled. The influences of the pore geometry and stron-
ger interactions with the walls are clearly observed in the
density curve (Fig. 3b): the singularity at melting is much
more pronounced, and a small hysteresis between melting
and freezing is observed. The detailed evolution of the density
has been discussed in a previous paper [9].

Below 100 K, the methane adsorbed in SURMOF pores
presents a solid structure. The order in the xy plane is defined
by the P4 tetragonal symmetry of the SURMOF (Fig. 4). At
the same time, in the xz and yz planes, the adsorbed molecules
show pseudohexagonal order; that is, the arrangement of mol-
ecules is not perfect due to the nanometric size of the xy planes
and noncommensurability between the adsorbent framework
and the methane–methane equilibrium distance. This leads to
minor deformations of the adsorbed structure that can be clear-
ly seen in the density distribution shown in Fig. 4. Below the
melting temperature (estimated to be Tm = 102 ± 2 K), the av-
erage density distribution is nearly constant. This is a conse-
quence of the ordered structure, which does not change until
the methane is melted.

The melting transition is gradual: after the initial abrupt
10% decrease at ∼102 K, the density of the adsorbed methane
decreases continuously from 17 molecules/nm3 to 13 mole-
cules/nm3 at 180 K. This gradual melting arises from the
nanosize of the pores in the xy plane: the resulting strong
interaction with the SURMOF framework defines the melting
mechanism. The contact layers of methane remain localized
by the framework’s corrugation up to the highest simulated
temperature (T = 180 K). At the same time, the fluctuations of
the molecules close to the channel’s center increase with tem-
perature (Fig. 5) because the density of adsorbed methane is
lower at higher temperatures. Consequently, the melted struc-
ture is strongly heterogeneous: when the center of the channel
is already liquid, the molecules in the contact layers stay in a
solid-like state stabilized by interactions with the pore walls.
This observation is confirmed by the results of a calculation of
the distribution of the order parameter (Fig. 5a, b, f, g).

Calculating the distribution of the order parameter (calcu-
lated locally in the pore) reveals more intricate behavior.
Figure 5 shows the structural details of the phase evolution
of methane adsorbed in SURMOF between 90 K and 180 K.
We compare the distributions of Φ4 and Φ6, both of which
were calculated locally, within the adsorbed layer. Φ4 repre-
sents the molecular order calculated in layers parallel to the xy
plane, whereas Φ6 is defined in layers parallel to the xz and yz
planes. These parameters show similar evolutions with the
melting process, presenting transition temperatures of be-
tween 100 K and 105 K. The behavior of the parameters

Fig. 3 Melting in pores. Density
as a function of temperature in the
3-nm slit pore (a) and in
SURMOF (b). The lines are only
included for visual guidance

Fig. 4 Density distribution of methane molecules in a SURMOF pore
before melting at 105 K (a) and at 180 K (b)
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Fig. 5 Melting in a SURMOF
pore. Order parameter
distributions (a, b, c, d, e: Φ4; f, g,
h, i, j: Φ6) in a pore above the
melting temperature (a, f: 90 K; b,
g: 100 K; c, h: 105 K; d, i: 110 K;
e, j: 180 K). The color scale
changes from 1 (red) to 0 (black);
green indicates values of 0.45–
0.55
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shows that (i) the contact layers are deformed at low temper-
ature and (ii) the contact layers stay less dynamic than the
interior of the channel at temperatures above the melting
point. The hexagonal order detected in the xz and yz planes
ismuch less perfect than the tetragonal order, although it exists
across a much wider range of temperatures. At the highest
temperatures, the tetragonal order totally disappears except
in the contact layer, whereas the hexagonal order is still de-
tectable in two contact layers.

Conclusions

The melting mechanism for fluids confined in nanospaces
depends on the size and shape of the space and the properties
of the confining environment. In nanopores <3 nm in size,
local characterization of the density and structure is necessary
to explain unusual characteristics of the melting mechanism
[17]. The important result of the present study is the observa-
tion that the contact layer behaves very differently from the
interior of the pore. This is not surprising, because the contact
layer is influenced the most by the interaction with the pore
wall. However, when the pore size is <5 nm, the contact layer
propeties affect the phase behavior throughout the pore. For
larger pores, the influence of the contact layer is not as pro-
nounced and for macroscopic pores totally negligible.

Our modeling results are coherent with existing experimen-
tal measurements. Direct observations of layer structure are
possible using X-ray diffraction. The characteristic behavior
of the contact layers was deduced experimentally from a μ–T
(chemical potential vs. temperature) phase diagram for argon
condensed in a porous glass matrix [18]. Electron microscopy
has the appropriate spatial resolution to observe geometric
features of liquids in nanopores, but it is an ultrahigh-
vacuum technique, so applying the technique in this context
is difficult (but not impossible [19]) due to the high vapor
pressure of adsorbed liquids. The different dynamic properties
of the contact layers with respect to those of the interior of the
pore can be studied using incoherent quasi-elastic neutron
scattering measurements [20].

Studies of the structural phase transformations in
nanopores are computationally more demanding than
those of their bulk analogs. This is mostly because these
structures, which are composed of just a few molecular
layers, are very heterogeneous. Figure 6 shows how het-
erogeneous the 3-nm slit pore is at 80 K. Therefore, the
equilibrium includes the solid-state contact layer and
liquid-state second layer. This equilibrium is easily dis-
turbed by small fluctuations in the density of the adsorbed
system. In addition, as the melting mechanism depends on
the layer position and on the particular thermodynamic
melting path chosen, the stabilization of the system under
given thermodynamic conditions is a long process. In
nanopores <5 nm in size, there is another factor that in-
fluences the mechanism of transformation. The adsorbed
phase structure can easily be incommensurate with the
size of the pore. This introduces additional deformations
of the contact layers that may locally destabilize the
adsorbed phase. We observed this effect in the
SURMOF pores. This effect leads to peculiar local defor-
mations of the distribution of the order parameter (see
Fig. 5), which still preserve the fourfold symmetry of
the SURMOF unit cell.

It is important to emphasize that the melting transition is
closely correlated with the adsorption mechanism: the evolu-
tion of the stepped adsorption isotherm into a more continuous
one as the temperature is increased is an indication that the
adsorbed system becomes more liquid.

The examples studied above clearly show that the melting
transition exhibits intricate behavior when it occurs in
nanopores. Contrary to the 3D bulk case, it is highly nonho-
mogeneous and may shift between discontinuous and contin-
uous types. A full understanding of this phenomenon requires
further fundamental studies.
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Fig. 6 Distribution of the wall–methane interaction energy (top) and its
correlation with the z positions of the molecules in the pore (bottom) at
80 K
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