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We report molecular simulation and experimental results for the freezing/melting behavior of
Lennard-Jones fluids adsorbed in pores of cylindrical geometry, using simple models for
multiwalled carbon nanotubessMWNTsd of inner diameter 5 nm. For cylindrical pores, our results
for a D=9.7s f f MWNT show no formation of regular three-dimensional crystalline structures. They
also suggest that the outer layers experience an increase in the freezing temperature, while the inner
layers provoke a depression in the freezing temperature with respect to the bulk freezing point.
Dielectric relaxation spectroscopy shows a solid-fluid transition at 234 K for CCl4 in these MWNTs
that is in qualitative agreement with that determined in our simulations for the inner adsorbed
layers. ©2005 American Institute of Physics. fDOI: 10.1063/1.1862786g

Recent studies for pores of simple geometry have shown
a rich phase behavior associated with freezing in confined
systems.1–13 The freezing temperature may be lowered or
raised relative to the bulk freezing temperature, depending
on the nature of the adsorbate and the porous material. In
addition, new surface-driven phases may intervene between
the liquid and solid phases in the pores. “Contact layer”
phases of various kinds often occur, in which the layer of
adsorbed molecules adjacent to the pore wall has a different
structure from that of the adsorbate molecules in the interior
of the pore. These contact layer phases have been predicted
theoretically, and confirmed experimentally for several
systems.4,9 In addition, for some systems in which strong
layering of the adsorbate occursse.g., activated carbon fi-
bersd, hexatic phases can occur; such phases have quasi-
long-ranged orientational order, but positional disorder, and
for quasi-two-dimensional systems occur over a temperature
range between those for the crystal and liquid phases. These
are clearly seen in molecular simulations, and recent experi-
ments provide convincing evidence for these phases.14 It has
been shown that this apparently complex phase behavior re-
sults from a competition between the fluid-wall and fluid-
fluid intermolecular interactions. For a given pore geometry
and width, the phase diagrams for a wide range of adsorbates
and porous solids can be classified in terms of a parametera
which is the ratio of the fluid-wall to fluid-fluid attractive
interaction.1,9,13 In this letter we report molecular simulation
studies of freezing in multiwalled carbon nanotubes
sMWNTsd. Simulations make use of the Landau–Ginzburg
formalism for the free energy13 and parallel tempering.15 Ex-
perimental results from dielectric relaxation spectroscopy are
reported for CCl4 in these materials.

In our experiments, we used high purity MWNTs pre-
pared by catalytic decomposition of acetylene on a Co/MgO

solid solution catalyst, according to the process described in
Ref. 16. The MWNTs were opened according to the proce-
dure described in Ref. 17, using an excess of boiling concen-
trated nitric acid during 30 min under continuous stirring at
140 °C. The resulting material is recovered by filtration and
washed several times with demineralized water until neutral
pH. Since it contains debris produced during the acid oxida-
tion of the tips, it is then treated by carbon dioxide at 525 °C
during 60 min, in order to oxidize selectively these disor-
dered carbon nanostructures, while keeping the MWNTs
intact.17

Transmission Electron MicroscopysTEM, Philips CM
20d of the MWNTs material after the two-step oxidation
treatment shows that all tips are efficiently opened. Higher
magnification reveals that the average outer diameter of the
nanotubes slightly decreased from 10 to 15 nm for the pris-
tine nanotubes to 8–12 nm, without destruction of the walls,
i.e., keeping perfectly continuous outer layers. The histogram
of the inner diameters shows a good calibration of the central
canal, with values mostly in the narrow range from 4 to
5 nm.

The nitrogen adsorption isotherms of the pristine
MWNTs and of MWNTs after the opening process are pre-
sented in Fig. 1. Both isotherms are of type IV, characteristic
of a mesoporous material. However, in the case of the
opened nanotubes, the total adsorbed volume close toP/P0
=1 is much higher than for the pristine nanotubes, confirm-
ing the contribution of the central canal to adsorption after
removal of the tips. The Brunauer–Emmett–Teller specific
surface area increases from 220 m2 for the pristine nanotubes
to 310 m2/g for the opened nanotubes, and the mesopore
volume from 0.99 cm3/g to 1.54 cm3/g.

We performed grand canonical Monte CarlosMCd simu-
lations of Lennard-JonessLJd fluids adsorbed in cylindrical
pores of diameterD using the potential due to Peterson, Wal-
ton, and Gubbins.18 Systems of up to 64 000 molecules were
considered. We calculated the Landau free energy as a func-
tion of an effective bond orientational order parameterF,
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which is sensitive to the degree of order in the system. The
Landau free energy approach used in earlier studies3,19 was
extended to incorporate spatial inhomogeneity in the order
parameter, and a generalized Landau–Ginzburg approach
was developed to determine the Landau free energy surface
of inhomogeneous fluids,13 with the latter given by

LfFsrdg = − kBT lnsPfFsrdgd + constant, s1d

where kB is the Boltzmann constant,T is the temperature,
andPfFsrdg is the probability of observing a system having
an order parameter value betweenF and F+dF at the po-
sition given by r. The probability distribution function
PfFsrdg was determined during the simulations using um-
brella sampling in pores of slit-like geometry,13 and parallel
tempering15 for pores of cylindrical geometry. We found sig-
nificant ordering into distinct molecular layers in the systems
considered; therefore it is possible to define the order param-
eter Fsrd using a two-dimensional bond orientational order
parameter, defined as13

Fsrd = o
j=1

n UE drC6,jsrdU
E dr

dsr − r̂ jd;

C6,jsrd =
1

Nb
o
k=1

Nb

expsi6ukd, s2d

where the first sum is over the adsorbed molecular layers and
r̂ j is the coordinate of the plane in which molecules in layer
j are most likely to lie on. We expectFsrd=1 for two-
dimensional hexagonal crystals andFsrd=0 for two-
dimensional liquids.C6,jsrd measures the hexagonal bond
order at positionr within each two-dimensional layerj . Nb is
the number of nearest neighbors of a molecule at positionr
anduk is the orientation of each nearest neighbor bond with
respect to an arbitrary axis.13 For cylindrical pores, a quasi-
two-dimensional configuration of each molecular layer can
be obtained by cutting each one of the concentric layers
along the axial direction and unrolling it flat. The grand free
energy of a particular phase is then related to the Landau free
energy by13

exps− bVd =E dF exps− bLfFsrdgd. s3d

The probability distribution functionPfFsrdg was deter-
mined during the simulations using parallel tempering15 for

pores of cylindrical geometry. The method of parallel tem-
pering is a Monte Carlo scheme that has been derived to
achieve good sampling of systems that have a free energy
landscape with many local minima.20 Yann and de Pablo15

implemented this scheme in the grand canonical ensemble,
performing a MC simulation inn systems which differ in
both temperature and chemical potential. In addition to the
standard MC trial moves, they proposed configuration swaps
in this method. A swap attempt between configurationsi and
j is accepted with probability given by

paccsxi ↔ xjd = minf1,expsDbDU − DsbmdDNdg, s4d

whereDb=1/kBTi −1/kBTj, andDU and DN are the differ-
ence in potential energies and number of particles, respec-
tively, between configurationsi and j . We have used as many
as 50 different configurations in our calculations with the
parallel tempering Monte Carlo scheme, to cover all the
phase space of interest and to guarantee frequent swaps be-
tween replicas. We have checked the evolution of the parallel
tempering simulation as a function of Monte Carlo steps and,
after the equilibration, we verified that each configuration
visited many sets ofsT,md along a single simulation run. The
nature of the phases in each molecular layer was determined
by measuring the two-dimensional bond orientational order
parameter and by monitoring the two-dimensional, in-plane
positional and orientational pair correlation functions within
each layer. The positional pair correlation function in layerj
is given by the familiar radial distribution functiongjsrd,
measured within the two-dimensional plane formed by each
layer j . The orientational pair correlation function is given by
G6,jsrd=kC j

*s0dC jsrdl.
The method described above has been used to study the

freezing behavior of LJ CCl4 adsorbed in model MWNTs of
internal diameterD=5 nm sD* =9.7d. The formation of five
concentric layers of adsorbate was observed when the con-
fined fluid solidified. In Fig. 2sad we show the average values
of the two-dimensional, bond orientational order parameter
in the individual layers, as a function of temperature. We
observe a discontinuity in the average order parameters of
the contact and second layers around 260 K, suggesting a

FIG. 1. Comparative nitrogen adsorption isotherms at 77 K on pristine and
opened MWNTs.

FIG. 2. sad Two-dimensional, bond orientational order parameter average
values in the molecular fluid layers of LJ CCl4 confined in a MWNT of
diameterD=9.7s f f s5 nmd. Triangles, squares, diamonds, and circles repre-
sent the order parameter values for the contact, second, third, and fourth
layers, respectively. The dotted line represents the bulk solid-fluid transition
temperature.sbd Positional and orientational pair correlation functions in the
unwrapped contact layer of LJ CCl4 confined in a MWNT of diameterD
=9.7s f f s5 nmd showing liquid phase atT=262 K and crystal phase atT
=252 K.
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phase transition in these two layers. The change in the order
parameter for the third layer is less abrupt than in the first
two layers and starts around 255 K. In the fourth layer, the
order parameter value increases continuously until it jumps
around 215 K, reaching a maximum value ofF,0.7 at
lower temperatures. Our results suggest that for this specific
pore diameter, the contact and first inner layers freeze at
temperatures higher than the bulk freezing point, whereas the
inner layers experience a depression in the freezing tempera-
ture when compared to that of the bulk. These observations
are corroborated by our results for the positional and orien-
tational pair correlation functions in the unwrapped layers.
Some of our results for the contact layer are shown in Fig.
2sbd. At T=262 K, the isotropic positional pair correlation
function and the exponential decay in the orientational pair
correlation function are signatures of an isotropic liquid. At
T=252 K, the features observed in both pair correlation
functions are characteristic of a two-dimensional hexagonal
crystal. Similar features were found for the other layers.

Our results for theD=9.7s f f MWNTs did not show any
sign of ordering of the confined LJ CCl4 into regular, three-
dimensionals3Dd crystal structures. This finding is in agree-
ment with previous simulation10 and experimental10,21 stud-
ies, where it was shown that for pore diameters below 20s f f
only partial crystallization occurs. The same studies found
that for silica materials, the lower limit below which there
are no 3D crystal domains in the system was aroundD
=12s f f.

10,20Our simulations for carbon nanotubes of smaller
diameters show that the freezing temperatures increase as the
pore diameter decreases.

The freezing of CCl4 confined in MWNTs has been in-
vestigated by dielectric relaxation spectroscopy as described
elsewhere.10–13,22The experimental setup consisted of a par-
allel plate capacitor of empty capacitanceC0. The capaci-
tanceC and the tangent loss, tansdd, of the capacitor filled
with the sample were measured at different temperatures and
frequency range from 10 Hz–1 MHz, using Solartron 1260
Impedance Analyzer. A suspension of opened MWNTs in the
pure adsorbatesCCl4d was introduced between the capacitor
plates. A similar measurement was performed for the sample
of closed MWNTs, where CCl4 was not adsorbed inside the
nanotubes. The relative permittivity is related to the mea-
sured quantities bykr =C/C0, ki =tansdd /kr, whered is the
angle by which current leads the voltage.

Figure 3 shows the capacityC as a function of tempera-
ture for CCl4 confined in the opened MWNTs with average
internal canal diameter of 5 nm. Since the sample studied is
a suspension of CCl4-filled carbon nanotubes in pure CCl4,
the signal contains both contributions of bulk and confined
CCl4. The feature observed atT=250 K in the capacityC vs
temperature plot was found at the same temperature for CCl4
adsorbed on the pristine MWNTs. Since the latter are essen-
tially closed, this discontinuity is associated with the melting
point of bulk CCl4. By contrast, the sharp increase atT
=234 K in Fig. 3 is attributed to melting in the pores. The
features found atT=205 K andT=175 K may be associated
with a solid-solid transition, since such a transitionsfrom
monoclinic to rhombohedric crystald occurs in bulk CCl4.

The melting temperature measured in this experiment for
confined CCl4 is in qualitative agreement with the value
found in our simulations for the inner layers. Hence, we can
conclude that for this specific cylindrical pore diameter
s5 nmd, the inner layers experience a depression in the freez-
ing temperature when compared to that of the bulk.
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FIG. 3. Dependence of capacityC with temperature for CCl4 in open
MWNTs with average pore diameter of 5 nmsaverage external diameter:
10 nmd, from dielectric relaxation spectroscopy. The results were obtained at
30 kHzscirclesd; 100 kHzssquaresd; 600 kHzstrianglesd. The signals are for
both bulk and confined CCl4.
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