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a b s t r a c t

We capture the effects of the structured surface on a phase transition of hard-sphere fluids. The confining
environment follows single-walled carbon nanotube (SWCNT) configuration. For careful discrimination
of the surface-chirality effect, hard-core potentials are applied to carbon atoms, and further their positions
are fixed. In this way, equation of states and microstructures of the confined particles are intrinsically
obtained based on the SWCNT chirality as well as the diameter. We observed three branches indicating
vailable online 17 January 2012
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fluid-like and solid-like phases with onsets of freezing and melting. We found that freezing and melting
of fluid particles are very sensitive to the surface chirality in small-diameter SWCNT, which especially
holds a single layer of fluid particles. In those SWCNTs, spreading pressures are found to be lower than
those of smooth-surface cylindrical pores. The surface chirality has less impact on the phase change of
confined fluids for large-diameter SWCNT, of which diameter is a dominant factor.
olecular dynamics

. Introduction

Single-walled carbon nanotubes (SWCNTs) have become one
f the most potential materials in many applications such as gas
torages [1–3], semi-conductors, and fabrication of nanodevices
4–7] since their discovery [8], due to their promising electrical,

echanical, and structural properties. SWCNTs are graphite sheets
olled up into cylindrical shape containing a hollow interior that
an be served as a vessel for encapsulating molecules. Such char-
cteristic has received increasing attention in recent years [9–23],
ut behaviors and properties of inserted particles in such a small
tructured-pore have not been put into a good scientific treatment.

e aim to obtain them from fundamental basis by resorting to
tomistic scale approach using molecular dynamics (MD) method.

Fluids confined in pores having several atom sizes exhibit
ignificantly different properties compared to bulk under same
hermodynamic conditions. Recent studies have shown that behav-
ors of confined fluids depend not only on interactions between
he particles and the confining wall [24–29], but also on confining
eometry [30–34]. In systems with soft potentials, thermodynamic
roperties are often the results from energetic competition of

hese two factors, which are not readily distinguishable except for
he system with a small size pore. The tight geometrical confine-

ent exerts a dominant effect due to suppression of interaction
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potentials. In this regards, hard-sphere fluids confined in hard walls
have been extensively studied with respect to the pore size, which
brings complex cross-over phenomena of equations of states into
the phase diagram.

In this study, we carry the study of the pore size a step fur-
ther by adopting forged surface composed of hard-sphere particles,
of which positions follow the SWCNT configuration. Many studies
have been conducted to investigate the absorption of gas molecules
in CNTs both in experiments [35–37] and simulations [3,35,36] con-
sidering interaction strengths (i.e. carbon– carbon, carbon–fluid
particles, fluid particles–fluid particles), radius, and chirality. How-
ever, phase behavior of freezing and melting is little explored. In
particular, the question of how the surface structure affects the
onset of freezing and melting, if any, is not convincingly addressed.
We answer this essential question by considering the pore size
and the surface chirality of SWCNT and obtaining their effects on
confined hard-sphere fluids.

2. Simulation approach

The fluid particles are first arranged with cylindrically layered
structures. The number of layers and the initial structure of each
layer are determined with respect to the diameter of SWCNT. We
used the packing method of fluid particles [34,38] by rolling-up a

hexagonal plane into a cylindrical shape. The full hexagonal plane
of fluid particles is made by positioning particles to centers of
each hexagon of the 2D honeycomb lattice of the chosen SWCNT,
and then the hexagonal plane is rolled up along with a specific

dx.doi.org/10.1016/j.fluid.2011.12.028
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
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ig. 1. Simulation screenshots of the SWCNT with chiral index (20, 3) (left); the SW
o color in this figure legend, the reader is referred to the web version of the article

hiral vector. The detailed procedure is as follows; (1) calculating
he diameter dt of the interested SWCNT with chiral index (n, m)
nd its lattice parameter a, (2) calculating the chiral index (n′, m′)
or the hexagonal plane formed by the fluid particles. It can have
he maximum diameter dmax less than dt − (�c + �f) where �c and
f are diameters of carbon atom and fluid particle, respectively, and

he first layer of fluid particles is rolled up into a cylindrical shape
ith the chiral index (n′, m′). The lattice parameter is chosen small

nough so that fluid particles are accommodated in a high den-
ity without overlaps of fluid particles, (3) Repeating step (2) with
he diameter of the cylindrical layer calculated by dmax − �f, where
max is the diameter of the outer layer, and finally (4) the particles
ill be packed into axial layers of triangle or square, or linear zigzag

tructure, depending on the diameter of that layer, if the inner most
ayer cannot hold a rolled-up hexagonal plane (see Fig. 1). Periodic
oundary condition is applied to the axial (i.e. z-axis) direction. The
ffective volume of SWCNT is defined as,

= �R2L (1)

here R = rt − 0.5�c is the effective radius of SWCNT (i.e. distance
rom core axis to inner surface of SWCNT), rt is the radius of SWCNT
i.e. distance from core axis to the center of carbon atom), and L
he length of SWCNT. We use Eq. (1) to obtain the reduced den-
ity (i.e. �∗ = Nf�

3
f /V) even though the actual accessible volume

f SWCNT is slightly larger. Note that this discrepancy affects little
o determine freezing and melting points of larger fluid particles.

We use collision-based MD method [39] to obtain the equation
f states as well as axial and radial distribution functions. MD allows
s to have the pressure tensor, which is calculated by the virial
heorem, for the fluids confined in SWCNT. To realize the accurate
nset of freezing, a sensitive method was required to monitor a
ubtle change in the phase of confined fluids. To do so, we apply
he 2D hexagonal order parameter ˚6 for each layer of the fluid
articles and it is defined as,

6 =
∣∣∣∣∣

1
M

M∑
i=1

1
Ni

∑Ni

j=1
exp(i6�ij)

∣∣∣∣∣ (2)

here M is the number of particles in a cylindrical layer, Ni is the
umber of nearest neighbors of particles i. We define the nearest

eighbors with particles j within a distance 1.3�f from particle i, and
ij is the angle between two neighboring particles i and j. The value
f ˚6 equals to 1.0 for a perfect hexagonal plane, but decreases from
.0 for disordered phases. To calculate ˚6, the cylindrical layers of
filled with fluid particles (red spheres) (right). (For interpretation of the references

fluid particles are unrolled into flat planes. Note that the distance of
a cylindrical layer to the central axis of pore is r0 and the cylindrical
coordinate of a particle on the layer is (r, ϕ, z). The coordinates of all
particles at the cylindrical layer are first projected to the cylinder of
radius r0, the arc length r0ϕ of the projection becomes the x coordi-
nate and the z coordinate becomes the y coordinate on the 2D flat
plane after unrolling. Periodic boundary conditions are applied to
both x and y directions when the 2D hexagonal order parameter is
calculated.

The fluid–fluid interaction is represented by the hard-core
potential that has pure repulsive interaction,

uf–f =
{

∞, rij < �f
0, rij ≥ �f

(3)

where rij is the distance between a pair of fluid particles. The
interaction between the fluid particle and carbon atom is also rep-
resented as the hard-core potential,

uf–w =
{

∞, rij < 1/2(�f + �c)
0, rij ≥ 1/2(�f + �c)

(4)

The carbon atoms are kept stationary at their lattice sites thus the
momentum at collision between fluid particle and carbon atom is
fully transferred back to the fluid particle. For the system under
our consideration, we pay careful attention to choose it with larger
size of fluid particle because the surface-chirality effect would be
harder to catch. It seems contradictory, yet this particular system
has shown subtle difference in the surface-chirality effect and this
would be a reference indication for easier study for the system of
carbon atom in larger size. In this regards, diameters of carbon atom
and fluid particle are chosen to be 0.5�f and 1.0�f, respectively, and
the lattice parameter a is set to 0.875�f for SWCNT to ensure that
the fluid particles do not transversely pass through SWCNT. The MD
simulations are performed with the canonical ensemble (i.e. NVT –
constant volume). The number of fluid particles is determined by
the target density and the number of unit cells, with the equation
N = �V = 1/2n��R2|T|, where n is the number of unit cells, |T| is the
length of a unit cell and T is the transitional vector of a 2D unit cell.
All length scales are in unit of the diameter of fluid particle �f, which
is taken as unity. All units are in their reduced forms if not specified.
The reduced time step �t* = �t/[�f (m/kT)0.5] is fixed at 0.05,where

m is the mass of fluid particles, k is the Boltzmann factor and T is
the temperature. The reduced pressure P* is defined as P* = ˇP�f
3, where ˇ = 1/kT is the inversed temperature. The momenta of all
fluid particles are rescaled to satisfy the target temperature at the
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Table 1
Structure parameters for the small SWCNTs.a

Chiral Index Diameter (2 × rt) Number of Carbon
atoms in unit cell

Length of
unit cell

Number of
unit cell

Length of
SWCNT

Number of
carbon atoms

(6, 5) 2.6569 364 14.4573 3 43.3719 1092
(7, 4) 2.6859 124 4.87179 10 48.7197 1240
(9, 1) 2.6569 364 14.4573 3 43.3719 1091
(8, 4) 2.9475 112 4.0097 12 48.1164 1344
(9, 3) 3.0126 156 5.4643 8 43.7144 1248
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(10, 1) 2.9344 148

a All length units are reduced by the diameter of hard-sphere fluid particle, �f .

nd of each time step under NVT ensemble MD simulation. The
quilibration time step is set to 105, and then the system is switched
o the microcanonical ensemble (i.e. NVE – constant energy) for
nother 2 × 105 steps for the production cycle. Three independent
uns were performed to present average data.

. Results and discussion

.1. Small SWCNTs

First, we discuss SWCNTs, which contain one cylindrical layer of
uid particles. The chiral indices are chosen to be (6, 5), (7, 4), and
9, 1), which can hold the triangular packing (i.e. from z-axis basis)
f fluid particles, and (8, 4), (9, 3), and (10, 1), which can hold the
quare packing (i.e. from z-axis basis) of fluid particles. The detailed
arameters for these SWCNTs are listed in Table 1. It is worthy of
otice that the indices are chosen to have similar diameters. The
quation of states of the hard-spheres confined in the SWCNTs of
ndices (6, 5), (7, 4) and (9, 1) are shown in Fig. 2. Three branches
f fluid-like, solid-like and coexistence are observed for all three
ases. The spreading pressures are close to each other at fluid-like
nd solid-like densities but show considerable deviations over the
ensity region of phase change. Interestingly, the freezing pres-
ures of (9, 1) are a little larger compared to those of (6, 5) even
hough they have same diameters. This is a clear indication of the

urface-chirality effect illustrating that the SWCNT (9, 1) confines
uid particles slightly more. When the cylindrical hard-wall with
he same diameter (i.e. 2.1569) as in the cases of (6, 5) and (9, 1)
ere investigated, the spreading pressures did not show the onset

ig. 2. The equation of states (i.e. reduced spreading pressure vs. reduced density)
f hard-spheres confined in SWCNTs of chiral indices of (6, 5), (7, 4) and (9, 1), which
re depicted by open symbols. The results of smooth cylindrical hard walls (HW) are
epicted with filled symbols and corresponding index of SWCNT, which has a same
iameter, is indicated. The line is for hard-sphere systems in bulk.
224 8 42.5792 1184

of the freezing (i.e. this result is consistent with earlier work [34]
as a threshold diameter to observe the onset of the freezing should
be larger than ∼2.16). It clearly exemplifies that the surface modi-
fication causes the phase transition. Further, dramatic suppression
of the spreading pressure happens for the case of (7, 4) when the
diameter is larger than 2.16 due to the surface modification. The
equation of states of the hard-spheres confined in the SWCNTs of
indices (8, 4), (9, 3), and (10, 1) are shown in Fig. 3, where larger
deviation on the freezing behavior is found between the SWCNTs
of different indices though these SWCNTs have little difference in
diameter. The gradual shifts of freezing pressure and densities are
observed in the order of (9, 3), (8, 4), and (10, 1). The freezing pres-
sure of (10, 1), which is around 16, is much larger than those of
other two indices. Large suppression of the spreading pressure was
also found in these indices due to presence of the surface parti-
cles, but the smallest suppression is observed when the diameter is
largest. In comparison of surface-chirality and diameter effects, the
latter has been more clearly shown over these particular indices.
Nevertheless, the results show that the structured wall of SWCNTs
induces early (i.e. lower density) onset of freezing at dramatically
lower pressure.

The normalized radial density profiles of the hard-spheres con-
fined in the SWCNT (6, 5) at different average densities are shown
in Fig. 4. All profiles show that the maximum local density appears
near the SWCNT inner surface at the distance r = rt − 0.5(�c + �f)
while the minimum value is found in the core axis of the SWCNT.

The local density then decreases since the regime r > rt − 0.5(�c + �f)
becomes less accessible for fluid particles. The maximum
normalized local density near the inner wall of SWCNTs increases

Fig. 3. The equation of states (i.e. reduced spreading pressure vs. reduced density)
of hard-spheres confined in SWCNTs of chiral indices of (8, 4), (9, 3) and (10, 1),
which are depicted by open symbols. The results of smooth cylindrical hard walls
(HW) are depicted with filled symbols and corresponding index of SWCNT, which
has a same diameter, is indicated. The line is for hard-sphere systems in bulk.
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Fig. 5. Axial distribution function g(z) of hard-spheres confined in SWCNT of chiral
index (6, 5) at different densities from low (i.e. fluid-like) to high (i.e. solid-like).
ig. 4. Plot of normalized radial density with respect to average density of the sys-
em vs. reduced radius for hard-spheres confined in SWCNT of chiral index (6, 5) at
ifferent average densities.

ith the average density, however the normalized local density
ear the core axis significantly decreases with the increase of the
verage density. For �* = 0.1514, the normalized local density at
* = 0 has the value of 2.40(3), which decreases to 0.0044(5) for
* = 0.6184. The normalized local densities are zero at the pore axis

or the average density larger than 0.6625. This behavior is similar
o that of hard spheres confined in smooth cylindrical hard wall of
he same diameter, where triangular packing (i.e. from z-axis basis)
s clearly observable.

The axial distribution functions g*(z) for the hard-spheres con-
ned in the SWCNT (6, 5) is shown in Fig. 5. At low densities 0.3028,
.4543 and 0.6184 we observe similar axial distribution with the
ard cylindrical pores of the same diameter. The g*(z)’s have the
eak value at z = 1.0 and decay to 1.0 at the axial distance z > 3.0. The
uids at these average densities are considered very short-ranged
rder. For large densities 0.6941, 0.7698, and 0.8140, two distinct
eaks are spread to be multiple with larger values of g*(z)’s, which
orrespond to the possible short-ranged order at the axial distance
< 5.0, although the system is still in the fluid-like phase. In this
ase, the fluid particles form tetrahedral clusters in the SWCNT. For
arger densities of our interest (i.e. 0.8644, 0.8771, 0.8897, 0.9086,
nd 0.9212), strongly ordered-structure is observed. The g*(z)’s
how repeating peaks at regular interval and the peaks become
harper as the average density increases. Note that for average den-
ities 0.8644 and 0.8771 the value of g*(z) between the peaks are not
ero. The phenomenon implies a packed helical shape of fluid par-
icles and this may be treated as a characteristic structure to have
he coexistence of fluid-like and solid-like phases evident from that
he pressures at these two densities are almost same. For deter-

ining the onset density of freezing and melting, a further analysis
s done with the 2D hexagonal order parameter ˚6. The result is
hown in Fig. 6 for the same SWCNT where ˚6 increases slightly
ith respect to average density at the fluid branch indicating slight

ncrease of short-ranged order in the system. ˚6 increases sharply
t the onset of the freezing at �* ≈ 0.8329 until the melting density
t �* ≈ 0.8897 and remains same above the melting density.

.2. Large SWCNTs

In this section the SWCNTs that can hold multi-layers of fluid
articles are considered. The detailed parameters of the chosen

WCNTs are listed in Table 2. The equation of states for these SWC-
Ts is shown in Fig. 7. At the fluid-like branch we can observe that

he pressure is higher for those SWCNTs of smaller diameters at the
ame density. The SWCNT (24, 0) shows the highest pressure and

Fig. 6. Plot of the hexagonal order parameter ˚6 vs. reduced density for hard-
spheres confined in SWCNT of chiral index (6, 5). The sharp increase of ˚6 shows
the onset of freezing.
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Table 2
Structure parameters for the large SWCNTs.a

Chiral index Diameter (2 × rt) Number of carbon
atoms in unit cell

Length of
unit cell

Number of
unit cell

Length of
SWCNT

Number of
carbon atoms

(24, 0) 6.6845 96 1.5155 20 30.310888 1920
(14, 14) 6.7537 56 0.875 25 21.875 1400
(26, 2) 7.5355 488 6.8339 3 20.5019 1464
(16, 16) 7.7186 64 0.875 25 21.875 1600
(28, 0) 7.7985 112 1.5155 20 30.310888 2240

10.6088 2 21.2176 1568
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(20, 12) 7.7985 784

a All length units are reduced by the diameter of hard-sphere fluid particle, �f .

he lowest pressure is found in the SWCNTs (28, 0) and (20, 12),
hich have the same diameter of 7.7985. The equations of states

t the fluid-like branch almost overlap for those SWCNTs of close
iameters. The most spreading pressures of (28, 0) and (20, 12) are
verlapped, which indicates that the chiral difference of the SWC-
Ts of large diameters has less impact on the equation of states of

he confined hard-sphere fluids. Compared to the small SWCNTs of
hiral indices (6, 5) and (9, 1), which have identical diameters yet
he freezing pressure of (9, 1) is larger than that of (6, 5).

The 2D hexagonal order parameters for the first and second lay-
rs of fluid particles for these SWCNTs are shown in Fig. 8. Both
rst and second layers of fluid particles are transformed from dis-
rdered structure to ordered hexagonal planes in the same manner.
uch sharp change is considered associating with fluid-like to solid-
ike phase transition. From Fig. 8 it is interesting to observe that first
i.e. outer) and second (i.e. inner) layers show subtle differences for
he onset of the freezing. From investigating ˚6’s in the case of (24,
) and (14, 14), the outer layers start freezing first (i.e. smaller diam-
ters), but freezing of both layers are indistinguishable when the
iameters become larger. The freezing density of (14, 14) is found
o be smallest (i.e. early onset of freezing) of all SWCNTs of inter-
st, followed by the SWCNTs (24, 0) with slightly larger freezing
ensity. The freezing and melting densities of (16, 16), (28, 0) and
20, 12) are much larger than those SWCNTs of (24, 0), (14, 14), and
26, 2). In general, the SWCNTs with larger diameter show larger
reezing density of the confined fluids. Considering that the size of
uid particle is twice than that of carbon atom, different chirality
s better taken into account when the phase behavior of the con-
ned fluids is traced. This consideration must be done for the case
f small diameter SWCNTs.

ig. 7. The equation of states (i.e. reduced spreading pressure vs. reduced density)
f hard-spheres confined in SWCNTs of different chiral indices, depicted by open
ymbols. In chiral index (n, m), the armchair-shaped SWCNT has same n and m
alues, and the zigzag-shaped SWCNT has zero for m. The line is for hard-sphere
ystems in bulk.

Fig. 8. Plot of the hexagonal order parameter ˚6 for the first (i.e. contact layer with

the SWCNT) and the second layer vs. reduced density for hard-spheres confined
in SWCNTs of different chiral indices. In chiral index (n, m), the armchair-shaped
SWCNT has same n and m values, and the zigzag-shaped SWCNT has zero for m.

4. Conclusion

In this work, we consider the hard-spheres confined by the par-
ticles following the configurations of the SWCNTs with different
chiral indices. The fluid–fluid and fluid–carbon interactions are
simplified as perfect elastic potentials and the carbon atoms are
set to be stationary to capture intrinsic effects of the surface chiral-
ity on the confined particles. The fixation condition of carbon atoms
is reasonable to imitate an expanded SWCNT, which has larger size
of honeycombs than those in real SWCNT. In this way, the effect
of the surface chirality would be more visible if any observed. The
fluid particles can be self-assembled into layering structure driven
by the help of the entropic driving-force. The chiral indices of the
SWCNTs are chosen that the interior space of the SWCNTs can hold
single or multiple layers of fluid particles. The equation of states

of fluids confined in these SWCNTs are estimated and they show
similarly three branches of fluid-like, coexistence, and solid-like.
Clear junctions of the branches were able to be obtained via the 2D
hexagonal order parameter. We find that in the small SWCNTs, the
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tructured walls of the SWCNTs dramatically induces early freezing
t lower pressure and the difference of surface chirality has consid-
rable impact on the freezing pressure while in large SWCNTs the
mpact is less observable. This is because, beside the fact that the
ize of fluid particle is twice big, we speculate that if the confined
uids have other layers by the contact layer, which is under the
reatest effect from the surface chirality, the surface effect would
e transferred from the outmost contact layer to inner layers so
hat the effect is offset. For those SWCNTs that contain only one
ayer of fluid particles, such impact is essential to the properties of
he confined fluids.
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