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The structural phase transition and crystallization process of alkane molecules in carbon nanotube �CNT�
composites are studied through molecular dynamics simulations. An isotropic-to-nematic transition with mol-
ecules aligned with embedded nanotubes is found. Further smectic transition of the alkane molecules is found
with small radius armchaired CNT �5, 5� as a nucleation site, where molecules form lamellar layers along the
nanotube axis and have two-dimensional structure ordering in planes perpendicular to the tube axis, in analogy
to a crystalline polymer. While the translational diffusions are limited in the smectic phase, the molecules have
rotation freedom along its long axis with small energy barriers �1–2kBT �T=300 K� for decane molecules
studied here. The molecule crystallization is found to strongly dependent on CNT chirality, where a lack of
two-dimensional ordering of molecules around a similar radius zigzag CNT �10, 0� is due to diverse molecule
assembly domains with tilted wrapping angles at the interface, controlled by the interactions with the substrate
nanotube lattice. The influence of strength and nature of the interfacial interactions between molecules and
nanotubes is also studied. The results in this study would be useful and important for the understanding of
structural phases in hybrid polymer materials and for the designs of nanotube based high performance
composites.
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Carbon nanotubes �CNTs� have nanoscaled tubular struc-
tures, which sizes are comparable to polymer or biological
molecules. Their composites or hybrid materials have unique
structural, thermal, mechanical, and electronic properties,
due to CNTs’ high mechanical strength and thermal conduc-
tivity and strong structure and environment sensitive elec-
tronic properties.1 CNTs have been investigated extensively
as additive fibers in various multifunctional polymeric
nanocomposites2–7 and also as sensors for biopolymer mol-
ecules, such as DNAs.8–11 Previous experiments12–17 and the-
oretical studies18 have shown that a CNT can induce strong
structural or conformational changes in surrounding polymer
molecules, and such changes can be chirality and radius de-
pendent on the CNT lattice due to the interfacial interactions.
Ordered assemblies and enhanced crystallization of polymer
molecules around CNTs have also been shown in both ex-
periment and simulation studies.18–25 The molecule structure
ordering is expected to strongly affect the properties of CNT
based nanocomposites. For example, it is shown that high
structural ordering contributes to high enhancements in
modulus and strength of nanotube composites.26–28 The un-
derstanding of structural phases in polymer nanotube com-
posite not only has fundamental interests but also is impor-
tant for the applications of nanocomposites or hybrid
materials.

In this study, we investigate structural phase transitions of
alkane molecules in CNT composites and their dependence
on the atomic structure of nanotube lattice and the strength
and nature of interfacial interactions, with molecular dynam-
ics �MD� simulations.29 Model alkane molecule is chosen
due to its representative linear chained structure for polymer
molecules. Molecule motions are dramatically slowed down
with decreasing temperature in a polymeric material when
the system goes to viscous or glassy states. A dynamic pro-
cess involving structure changes in low temperature states is
expected to be slow, and longer the polymer slower the pro-
cess. To fasten simulations, we choose a short alkane mol-

ecule, decane �C10H22�, as model polymer molecules in this
study. The length effects will be discussed later.

AMBER force field30 was used for the C-C interactions
within a nanotube, which has been shown to give structural
and elastic properties in good agreement with experiments
and with more specific designed force fields,28 such as the
widely used Tersoff-Brenner potential.31 A united atom force
field was applied for alkane molecules, including bond
stretching, angle bending, and dihedral angle rotation inter-
actions. The interactions between polymer molecules and
nanotubes are described through a truncated 12-6 type
Lennard-Jones �LJ� potential. This kind of nonbonded van
der Waals �vdw� potential is general in polymer CNT com-
posites. The LJ potential is also used for intermolecule inter-
actions within polymer matrix and for any two monomers
separated beyond four bonds in each molecule. The details of
the force field can be found elsewhere.32 Composite systems
in this study usually consist of 800 decane molecules and a
continuous CNT about 210 Å long in a periodic simulation
cell with size around 40�40�210 Å3 �as illustrated in the
inset of Fig. 1�a��. Each polymer molecule was prepared with
a Monte Carlo simulation beforehand. The composite sys-
tems were prepared at a high temperature of 500 K, and
cooled down to low T’s �down to 100 K� at a rate of
100 ps/10 K. During the cooling process, the composites go
through a liquid to glassy state. The details for sample prepa-
ration can be found in a previous study.32 Berendsen NPT
ensemble was used in most of the simulations �P=1 bar�,
except in the initial equilibration runs, where Evans NVT
ensemble was used. The time step of 1 fs was used. The data
present in this study are usually a statistical average over a
100 ps MD simulation time interval unless otherwise stated.

A system of decane molecules with an armchaired CNT
�5, 5� is simulated for a temperature range from
500 to 100 K. The radial density function �RDF� g�r� of the
polymer molecules surrounding the nanotube is shown in
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Fig. 1�a�, as a function of the radial distance r from the CNT
wall.33 Adsorption peaks at 3.5 ��r*, the vdw equilibrium
distance between C atoms on molecules and CNTs�, 7.2, and
11.5 Å are shown. Similar oscillating features of g�r� have
been shown for molecules on nanotubes or on plat surfaces
in previous studies.18,34–36 With decreasing T, an enhance-
ment in the magnitude of the molecule adsorption peaks is
also seen in Fig. 1�a�, which is attributed to the increased
molecule packing at the interface. Different from the well
separated adsorption peaks at high T’s, a peak at r=8.4 Å
adjoined to the second peak at r=7.2 Å appears at low T’s
�200 K�, which is later shown due to the crystallization of
the decane molecules around the nanotube.

The enhanced molecule structural ordering around the
nanotube is further shown through an orientation ordering
parameter Sz�r�, which measures the correlation between the
orientation of a molecule backbone and CNT axis. Sz�r� is
defined as follows:34,37

Sz�r� =
1

2
�3 cos2 ��r� − 1� , �1�

where � is the angle between the vector of a subchain with
four segments on a same molecule and the nanotube axis
with the center mass of the subchain at a radial distance r
from the CNT wall, and � � represents the statistical average
over all the molecules in the simulation. Parameter Sz�r�
measures the alignment of polymer molecules along the
nanotube, with Sz=1, 0, and −0.5 for parallel, random, and
perpendicular orientations, respectively, to the CNT axis.
Shown in Fig. 1�b� is the function Sz�r� at various tempera-
tures. As it can be seen, the decane molecules begin to
strongly align with the tube axis with decreasing T to reduce

adsorption energies. At low T’s �such as 300 or 200 K�, the
alignment is extended beyond the first adsorption layer. Such
broad range alignment is due to a nematic phase transition in
the system. According to Landau–de Gennes theory on
isotropic-nematic transition,37,38 a correlation volume is di-
verged at a transition temperature Tc as follows:

1

V�

= �	 1

T
−

1

Tc

 , �2�

where � is a constant and the correlation volume is defined
as

V� = 4��
0

�

r2Sz�r�g�r�dr . �3�

Shown in Fig. 2 is the 1/V� as a function of 1/T, which is
calculated from g�r� and Sz�r� as in Fig. 1. The drop of 1/V�

with the decreasing of T indicates a nematic phase transition.
Fitting of 1 /V� at high T’s according to Eq. �2� gives a tran-
sition temperature Tc=325 K by exploration to 1/V�=0
�dashed line in Fig. 2�. For the decane CNT �5, 5� composite,
the glass transition temperature Tg is estimated as 185 K
from the density vs T function. The system is expected to be
in a nematic phase at room temperature T=300 K, and the
transition process should be fast enough in MD simulations
as Tg�300 K�Tc.

To investigate the phase transition process, an additional
simulation up to 7 ns was run for the system at T=300 K
right after the cooling process. A nematic transition and a
structural phase with two-dimensional ordering in planes
perpendicular to the tube axis are obtained directly from the
simulation. The transition process is shown in Fig. 3, which
includes a series of snapshots of the atomic configurations of
the molecules from the simulation. In the initial configura-
tion starting at T=500 K �Fig. 3�a��, the molecules are in a
liquid state with random orientations. During the cooling
process, the molecules begin to align with the tube axis �Fig.
3�b��. Further structural ordering is reached during the addi-
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FIG. 1. �Color online� �a� The radial distribution function �RDF�
for decane molecules in CNT �5, 5� composite. Inset: Schematic
plot of an embedded CNT in a simulation unit cell and the defini-
tion of coordinates. The black strap represents a molecule around
the CNT with a wrapping angle �. The orientation vector of a sub-
chain in a molecule is shown at symmetric angle ±� with the tube
axis. �b� The orientation order parameter Sz�r�. Solid, dotted,
dashed, and dot-dashed line are for T=200 K, 300 K, 400 K, and
500 K, respectively, in both �a� and �b�.
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FIG. 2. The inverse of the correlation volume 1/V� �Å−3� as a
function of 1/T �K−1�. The data calculated from g�r� and Sz�r� from
Fig. 1 are represented in circles and the dashed line is the theoret-
ical fitting according to Eq. �2� for T	300 K.
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tional 7 ns run at T=300 K, as shown in Fig. 3�c�. The or-
dered structures are formed in two ways: �1� strong molecule
orientation alignments with the nanotube and �2� lamellar
layer structures along Z, the tube axis direction. In Fig. 4, the
molecule density profile shows a total of 11 decane molecule
layers formed along the tube axis, with each layer about
10 Å in thickness �approximately the length of a straight
decane molecule� and separated by �5 Å. Individual decane
molecule is mostly in a straight configuration �or its dihedral
angles in trans state� for the system shown in Fig. 3�c�,
which will be discussed in more details later. Near the unit
cell boundary, there is no layer structures, as shown in Fig.
3�c�. This is attributed to the constraints posted by the mis-
match between the length of the simulation unit cell along
the nanotube and that of the lamellar layers. This limitation
is geometric in nature and a longer simulation up to 15 ns
did not remove such region. Within each lamellar layer, the
molecules are well aligned with the nanotube axis with a
two-dimensional structure ordering in planes perpendicular
to the tube axis �there is a few molecules trapped between
the layers and there is a defect region at the edge of one of
the layers, marked with arrows in Fig. 3�c��. As an example,
the snapshot of the atomic configuration of one of the layers
�98 Å�Z�121 Å� is shown in Fig. 5 in top view. Nine

repeating unit cells are included and other layers have similar
structures. The embedded CNT is shown in black bonds and
the decane molecules are shown in gray bonds �only carbon
atom shown�. It can be seen that the molecule orientation is
along the nanotube axis dominantly. More importantly, there
is a two-dimensional translation ordering in the structure
with the decane molecules in periodic arrays. In analogy to
the crystalline structure of polyethylene �PE� molecules, a

unit cell defined by two vectors a� and b� is marked in Fig. 5,
with two decane molecules within the cell. The lengths of �a�
and �b� are calculated as 4.67±0.02 Å and 8.02±0.03 Å, re-
spectively, from direct geometry analysis on the positions of
the center mass of all the molecules in the lamellar layers.

The angle between a� and b� is calculated as 89.5° ±7.5°. The

FIG. 3. Snapshots of atomic structures of decane CNT �5, 5�
composite. �a� The starting configuration at T=500 K. �b� The con-
figuration right after the cooling process at T=300 K. �c� The final
configuration at the end of an additional 7 ns equilibrium run at T
=300 K, after the cooling process. Decane molecules are colored in
gray and the CNT in black. A few molecules trapped between the
layers and a defect region in one of the layers are marked with
arrows. Top views are shown at the bottom.
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FIG. 4. The density profile �C atoms only� of decane molecules
as a function of their position along the CNT axis for the configu-
ration shown in Fig. 3�c�. The unit for the density is arbitrary.

FIG. 5. Snapshot of atomic configurations of decane molecules
in one of the lamellar layers shown in Fig. 3�c� �nine repeating unit

cells shown�. A unit cell with vectors a� and b� is shown. Some
molecule arrays are marked with solid lines. Decane molecules are
colored in gray and the CNT in black.
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geometry of this unit cell is similar as in crystalline PE,
where �a� and �b� are 4.94 and 7.41 Å, and the angle in be-
tween is 90°.39 While in the crystalline structure the orienta-
tion of the backbone plane of a PE molecule along its long
axis is restricted, such orientation has a broad distribution in
the ordered structure formed around the nanotube. This sug-
gests that the two-dimensional structure ordering is smectic
phase in nature. The origin of the less perfect crystalline
structure in the CNT composite is attributed to the fact that
the CNT acts as a nucleation site in the phase transition. The
decane molecules prefer planar configurations when ad-
sorbed on the CNT surface, which would influence the ori-
entations of the backbone planes of other molecules in fur-
ther adsorption layers during the molecule packing process.

Evolutions of the ordering parameter Sz�r� with time dur-
ing the phase transition are shown in Fig. 6�a�, obtained from
the extended 7 ns equilibrium run at T=300 K. It can be
seen that at t=0, the decane molecules in the first adsorption
layer are already strongly aligned with the nanotube axis,
and the strong alignments are extended to farther layers with
time. This point is more evident from the Sz�r� for the mol-
ecules in individual lamellar layer. An almost uniform Sz�r�
→1 is shown in Fig. 6�a� �dashed line� for a sample layer
�82 Å�Z�97 Å�. Similarly, the evolution of g�r� with time
is shown in Fig. 6�b�. At the initial time t=0, the oscillation
feature in g�r� with peaks at 3.5, 7.2, and 11.5 Å are similar,
as shown in Fig. 1�a�. With the evolvement of time, extra
peaks at 8.7 and 13.3 Å emerge, due to the formation of the
two-dimensional ordering for the molecules around the CNT
as discussed above.

The process of the smectic phase transition in the decane
CNT �5, 5� composite at molecular level is obtained directly
from the MD simulations. Shown in Fig. 7 �color online� is a
series of snapshots of the atomic configurations of decane
molecules around the nanotube at T=300 K �during the ex-
tended 7 ns run�. For illustration purpose only selected mol-
ecules are shown, and note that the molecule packing process

is local. At t=0, an adsorption layer �colored in red� at the
CNT surface is already formed from the cooling process,
while molecules at larger radial distance are in less ordered
structures regarding their orientations and translational sym-
metry �Fig. 7�a��. During the further simulation up to t
=0.2 ns, these less ordered molecules �colored in grey� dif-
fuse and reorient to form packed structures with the mol-
ecules already in the first adsorption layer �Fig. 7�b��. Similar
process is extended to the molecules �colored in green� at
even larger radial distance with longer simulations up to t
=0.3 ns �Fig. 7�c��. This packing process agrees with a disk-
shaped growth mechanism suggested in a recent experiment
study on PE molecule crystallization in the presence of
CNTs.25

In the structural phase shown in Figs. 3�c� and 5, the
decane molecules have limited translational diffusions within
the ordered lamellar layers, which is studied through mean
square displacement �MSD� of molecules. Shown in Fig. 8
�solid line� is the MSD in planes perpendicular to the tube
axis, for a chosen decane molecule, as a function of time
�averaged over different starting time origins�. The molecule
is in one of the lamellar layers and also at the surface of the
CNT. The limited values in the MSD suggest that the mol-
ecule is restricted to its local site �similar MSDs are obtained
for other molecules within lamellar layers�. In comparison,
the MSD averaged over all the decane molecules outside the
lamellar layer region40 is also plotted in Fig. 8 �excluding the
ones in the first adsorption layer, which have limited diffu-
sions�. The diffusion coefficient in the plane perpendicular to
the CNT axis is estimated as Dxy �1.2�10−5 cm2/s for mol-
ecules in the less ordered region, according to Einstein rela-
tion �fitted for t	200 ps�,

Dxy = lim
t→�

1

4t
��r�t + t0� − r�t0��2� . �4�

This diffusion coefficient is comparable to that of molecule
diffusions in a liquid state at room temperature. No molecule

0000 5555 10101010 15151515
0000

0.20.20.20.2

0.40.40.40.4

0.60.60.60.6

0.80.80.80.8

O
rd

er
pa

ra
m

et
er

Sz
O

rd
er

pa
ra

m
et

er
Sz

O
rd

er
pa

ra
m

et
er

Sz
O

rd
er

pa
ra

m
et

er
Sz

0000 5555 10101010 15151515
Radial distance from CNT wall (angstrom)Radial distance from CNT wall (angstrom)Radial distance from CNT wall (angstrom)Radial distance from CNT wall (angstrom)

0000

2222

4444

6666

8888

R
D

F
R

D
F

R
D

F
R

D
F

t = 0 t = 500pst = 0 t = 500pst = 0 t = 500pst = 0 t = 500ps

t= 7nst= 7nst= 7nst= 7ns

t = 7ns ( 82A < Z < 97A)t = 7ns ( 82A < Z < 97A)t = 7ns ( 82A < Z < 97A)t = 7ns ( 82A < Z < 97A)

t = 2nst = 2nst = 2nst = 2ns

(a)(a)(a)(a)

(b)(b)(b)(b)

FIG. 6. �Color online� �a� The order parameter Sz�r� at various
of times during a 7 ns additional equilibrium run for the decane
CNT �5, 5� composite at T=300 K. �b� g�r� at various of times. The
solid, dot-dashed, dotted, and dot-dash-dashed curves are for t=0,
500 ps, 2 ns, and 7 ns, respectively. The dashed curve is for the
molecules in one of the lamellar layers at t=7 ns.

FIG. 7. �Color online� Snapshots of atomic configurations of
CNT �5, 5� composite during the phase transition process at T
=300 K, obtained from the additional 7 ns run after the cooling
process. �a� t=0; �b� t=0.2 ns; �c� t=0.3 ns. Carbon atoms on CNT
are colored in blue, molecules in first adsorption layer are marked in
red, and molecules in further layers in gray and green �only selected
molecules and a portion of the CNT are shown for clarification�.
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diffusion across the lamellar layers is observed after the lay-
ers are formed.

Different from the limited translational mobility discussed
above, there are frequent molecule rotations along its own
long axis, due to small energy barriers. Shown in Fig. 9�a� is
the rotation angle 
 of the backbone plane of a decane mol-
ecule �which is at the CNT surface and in one of the lamellar
layers� around its long axis as a function of time. Free energy
profile f�
� can be obtained from the distribution function
P�
�, according to Boltzmann distribution,

P�
� = P0e−f�
�/kBT, �5�

where P0 is a constant. The corresponding f�
� for the mol-
ecule rotation shown in Fig. 9�a� is plotted in Fig. 9�b�. The
two 
’s at the minimum of f�
� is shown at 
1=35° and


2=215°, with a relation 
2−
1=180°. The origin of such
relation is due to the fact that the two configurations at 
1
and 
2 are energetically equivalent by flipping the backbone
plane of the molecule along its own long axis. The energy
barrier that separated the two configurations is estimated as
E��0.11 eV�4.3kBT �T=300 K�. Free energy obtained in
this way has less accuracy at the barrier heights than at the
bottoms due to less statistical data accumulated at the higher
energies. According to a diffusion model for polymer mol-
ecule rotation, the averaged flipping frequency can be ex-
pressed as follows:41

��� =
2kBT

�I
e−E�/kBT, �6�

where the molecular moment of inertia I=�mx2dx �=�imixi
2

in case here, where i is the label for atoms�. The prefactor
�0=
2kBT /�I depends on the geometry of the molecule.
Taking the geometric fact of a decane molecule with bond
length of 1.52 Å and bending angle of 112.8°, �0 is esti-
mated as 2.5�1012 s−1. Thus ��� is estimated as �3.4
�1010 s−1 at T=300 K, according to Eq. �6� with E�

�0.11 eV. The averaged flipping period is thus estimated as

T̄=2� / ����100 ps, which is in the same order of magni-
tude of the duration times around 
1 or 
2 shown in Fig.
9�a�. The value of E��0.11 eV is rather at the upper limit
for the rotation barriers. More detailed analysis shows an

averaged Ē��2.0kBT and �1.5kBT �T=300 K� for mol-
ecules in the first and second adsorption layers, respectively.
The barrier for molecules at farer radial distances from CNT

wall is even smaller with Ē��1.0kBT �T=300 K�. The

higher Ē� at the CNT surface can be attributed to the stronger
attractive interfacial interactions for the molecules with the

nanotube than with the polymer matrix medium and Ē� is
expected to increase linearly with the molecule length for a
longer molecule in a similar structure phase.

To investigate the influence of atomic structures of CNT
lattices on molecule structure phases, a composite consisting
of 800 decane molecules and a continuous 210 Å long zig-
zag CNT �10, 0� are prepared similarly with the procedure
described above. The RDF g�r� and order parameter Sz�r� are
plotted in Fig. 10 for various temperatures. The oscillation
features in g�r� and Sz�r� and the enhancement in the mag-
nitudes of adsorption peaks with decreasing T are similar as
in the composite consisting of an armchaired CNT �5, 5�.
There are two differences though. One is that there is no
peak around r=8.4 Å adjoined to the second adsorption peak
in the CNT �10, 0� composite. Appearance of such peak has
been related to the two-dimensional structure ordering in the
smectic phase observed in the CNT �5, 5� composite. The
other difference is that while there is significant molecule
alignment along the nanotube axis in the CNT �10, 0� com-
posite, such alignment is less in magnitude compared with
the one embedded with CNT �5, 5�, especially for distribu-
tions beyond the first adsorption layer, when comparing
Sz�r�’s �Fig. 1�b� and Fig. 10�b��.

A snapshot of the atomic configuration of the CNT �10, 0�
composite at T=300 K is shown in Fig. 11, which is ob-
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FIG. 9. �a� The rotation angle 
 of a decane molecule �in one of
the lamellar layers� along its own long axis as a function of time in
the CNT �5, 5� composite at T=300 K with the smectic phase �see
Fig. 3�c��. �b� Free energy f�
� for the molecule rotation motion in
�a� as a function of rotation angles, according to Eq. �5�.
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tained from an extended 6.4 ns equilibrium MD simulation
right after the system is cooled down from high tempera-
tures. No lamellar layers or two-dimensional translation or-
dering are observed, which is different from the uniform
molecule alignment around CNT �5, 5�. We attribute the ori-
gin of the differences to influences of nanotube chirality on
molecule conformations. As discussed above, a CNT acts as
a nucleation site in the decane molecule packing and crystal-
lization process and the atomic structure of the embedded
CNT is expected to affect such process. Previous MD studies
show that polymer molecule conformations at a nanotube
interface depends on the radius and chirality of the tube,18

due to the combined contributions to the adsorption energy
from the molecular coiling energy Ec around the tubular
CNT and the interfacial interaction energy El with the nano-
tube, which depends on the registry between a polymer mol-
ecule and the CNT lattice. While Ec=kc sin4 � /R2 �kc, �, and
R is bending constant, coiling or wrapping angle, and coiling
radius of a molecule, respectively�42 prefers small wrapping
angles for molecules around a nanotube, El favors conforma-
tions commensurate with the substrate nanotube lattice. The
commensurate configuration for a decane molecule would
require wrapping angle �=0° or 60° around an armchaired
CNT, while require �=30° or 90° on a zigzag tube. The total
potential energy of a molecule adsorbed on a nanotube can
be expressed as E=Ec+El=kc sin4 � /R2+�El���+E0, where

E0 is a constant for adsorption energy and the �El��� is a
correction term for E0 from the registry effect between the
molecule and the CNT lattice. Previous study has shown that
PE molecules prefer 0° wrapping angle dominantly on a
small radius armchaired CNT �5, 5� surface, which confor-
mation is energetic favorable from both the coiling energy
and interactions with the CNT lattice contributions. How-
ever, on a similar radius zigzag CNT �10, 0�, PE molecules
prefer rather different wrapping angles away from 0°, as El is
not favorable at such angle on the zigzag tube.18 Though the
decane molecules we study here is shorter than the PE mol-
ecule with 100 monomers in the previous study, it is ex-
pected that the molecule conformation behavior would be
similar.

Shown in Fig. 12 is the normalized probability function
P��� for a local wrapping angle � between the vector �pro-
jected to planes parallel to the nanotube surface� connecting
the two ends of a three-segment subchain on a decane mol-
ecule and the nanotube axis �see Fig. 1�a� inset for illustra-
tion�. As discussed above, a dominated peak at �=0° appears
around CNT �5, 5� when T is decreased from 500 to 300 K
during the cooling process, as seen in Fig. 12�a� �only con-
tribution from the molecules in the first adsorption layer in-
cluded�. The peak at 0° is further enhanced during the ex-
tended 7 ns run at T=300 K. In comparison, a broader
distribution is seen for molecules around CNT �10, 0�, as
shown in Fig. 12�b�. During the extended 6.4 ns equilibrium
simulation at T=300 K, two distinct peaks around ��12°,
�−13° ,−5° �, and a small peak at 25° can be seen for the
molecules in the first adsorption layer. The value of P��� for
the first layer is significantly decayed for ���	30°. Beyond
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FIG. 10. �Color online� �a� The radial distribution function
�RDF� for decane molecules in CNT �10, 0� composite. �b� The
orientation order parameter Sz�r�. Solid, dotted, dashed, and dot-
dashed lines are for T=200, 300, 400, and 500 K, respectively, in
both �a� and �b�.

FIG. 11. Snapshot of the atomic configuration of the decane
CNT �10, 0� composite at the end of an additional 6.4 ns equilib-
rium run at T=300 K �see text for details�. Decane molecules are
colored in gray and the CNT in black. Left, side view; right, top
view.
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FIG. 12. �Color online� Normalized probability function P��� of
decane molecules as a function of wrapping angles �see inset of Fig.
1�a� and text for detail�. �a� CNT �5, 5� composite: for molecules in
the first adsorption layer. The solid, dashed, and dot-dashed curves
are for T=300, 400, and 500 K during the cooling process, respec-
tively. The dotted curve is for T=300 K after an additional 7 ns
equilibrium run. �b� CNT �10, 0� composite: for molecules in the
first, second, and third adsorption layers at T=300 K. The dotted
curve is for molecules in first adsorption layer at t=0 right after the
cooling process. The solid, dashed, and dot-dashed curves are for
molecules in the first, second, and third adsorption layers after an
additional 6.4 ns equilibrium run, respectively.
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the angle of 30°, the molecule coiling energy Ec
=kc sin4 � /R2 would be larger than 0.3 meV per monomer,
considering kc=LpkBT with Lp�10 Å at T=300 K43, decane
molecule length L�10 Å, and R��3.5+3.9� Å for mol-
ecules in the first adsorption layer around the CNT �10, 0�.
The energy gains ��El� �the maximum of ��El����
�0.3 meV per monomer� for a decane molecule commensu-
rate with the nanotube lattice than incommensurate configu-
rations would be overwritten by the increased coiling ener-
gies for ���	30°. This consideration suggests that kc or �El
can serve as a tunable parameter for P���, and a stiff polymer
or a small ��El� would induce narrow wrapping angle distri-
butions.

The P��� for molecules in the second and third adsorption
layers in CNT �10, 0� composite is also shown in Fig. 12�b�.
The peaks in these further layers follow that from the first
adsorption layer. This is attributed to the fact that the packing
of the decane molecules is in layer by layer fashion, starting
from the nanotube nucleation site. There are emerging peaks
at large angles in P��� for the second and third adsorption
layers, as the energy cost of molecule coiling is decreased
with increasing of radius. The snapshot of the configurations
of the decane molecules in the first three adsorption layers is
shown in Fig. 13 �from the configuration at the end of the
6.4 ns equilibrium run at T=300 K�. It can be seen that the
molecules align with the tube with tilted wrapping angles in

domains in all the three layers. Such domain pattern is shown
to be entropy driven.18 While a uniform non-0° wrapping
angle would have the molecules in a twisted configuration
around the CNT �10, 0�, the diverse domains make the mol-
ecule structural phase more complicated. Also note that the
distributions of P��� in the CNT �10, 0� composite would
depend not only on potential energies but also on entropies
from domain distributions. The dynamics for the domains
regarding their distributions and interactions would need fur-
ther studies.

As we mentioned previously, an individual molecule un-
dergoes a conformation transition from a coiled configura-
tion to an extended one with its dihedral angle changing
from gauche states to trans state when T decreases. Such
transition is present in both the CNT �5, 5� and �10, 0� com-
posites. The percentage of trans state �Xt� for dihedral angle

 in decane molecules as a function of T is shown in Fig. 14
for both composites, where 
 is defined as in trans state if
−60° �
�60° or in gauche states if otherwise. From Fig.
14, it can be seen that �Xt� rises exponentially with decreas-
ing T until the transformation from gauche to trans state
begin to freeze at low Ts. The energy difference between
trans and gauche states, �E
 /kB=504 K is obtained through
the fitting of the distribution at high T’s according to Boltz-
mann distribution �Xt� / �Xg��e�E
/kBT, where the percentage
of gauche states is related to that of trans state as �Xg�=1
− �Xt�. In comparison, the stationary �E


0 /kB=530 K is cal-
culated according to the force field used here for the dihedral
angles, which is higher than the value obtained from the
simulation. This difference can be attributed to the exclude
volume effects included in the simulations, which would pre-
vent some sequence gauche-gauche conformations in the
molecules.44 The decane molecules in the CNT �5, 5� have
higher �Xt� at low T’s as compared to that in CNT �10, 0�,
which can be attributed to the stronger molecule alignment
with the embedded nanotubes in the former case.

One of the other factors that would influence the structure

FIG. 13. Snapshots of the atomic configurations of decane mol-
ecules in the adsorption layers around CNT �10, 0� at the end of the
6.4 ns additional run at T=300 K. �a� First adsorption layer; �b�
second adsorption layer; �c� third adsorption layer.
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FIG. 14. �Color online� The percentage of decane molecule di-
hedral angles in trans states as a function of temperature. Circle and
square symbols are for CNT �5, 5� and �10, 0� composites, respec-
tively. Solid curve is a theoretical fitting according to Boltzmann
distribution at high T’s.
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phase of polymer molecules is the strength and nature of the
interfacial interactions with the embedded nanotubes. Based
on an elastic model for a polymer molecule adsorbed on a
surface, which considers the balance between the molecule
adsorption energy and confinement entropy at the surface,
the thickness of the molecule can be expressed as follows:45

D =
2bkBT

�
, �7�

where b is one bond distance of the molecule from the sur-
face and � is the adsorption energy per monomer. To have a
molecule adsorbed on a surface in planar configurations with
D�b, the adsorption energy needs to satisfy �	2kBT
�50 meV �T=300 K� per monomer according to Eq. �7�.
This is the case for decane molecules studied here, where the
vdw attractive interactions provide a ��80 meV per mono-
mer between the molecules and a graphite and the adsorption
energy would be enhanced around a nanotube surface due to
a curvature effect. A recent continuum field theory also
shows an adsorption-desorption transition for a polymer mol-
ecule around a tubular surface with a critical �* for the inter-
facial adsorption strength, and a molecule would adsorb on
the surface with a planar configuration when �	�*.46

In a general sense, both polymer adsorption on and deple-
tion from CNTs can happen, depending on the nature of the
interfacial interactions, which are shown to be complicated
for polymers with complex structures and compositions.48–51

The influence of a repulsive surface is also studied through a
model interaction. A usual vdw interaction potential in the
truncated 12-6 LJ form is expressed as follows:

Vij�r� = 4��	�

r

12

− 	�

r

6� , �8�

where the first term is for a repulsion interaction at near
distances, and the second term is for an attractive interaction
at large distances. To model a repulsive surface, a potential
of Vij

n =4��� /r�12 is used for interactions between CNTs and
molecules.47 A composite consisting of 800 decane mol-
ecules and a continuous CNT �5, 5� with length of 210 Å
was prepared with the similar procedure described above.
The g�r� of the system is shown in Fig. 15�a� for T=300,
400, and 500 K. The function g�r� has flat distributions and
there is no molecule adsorption layer, due to the lack of
attractive interactions with the nanotube. Such density profile
feature is similar as the depletion layers on a repulsive poly-
mer solid surface.52 The configurations of the decane mol-
ecules at the repulsive surface are also very different from
the ones with the full LJ potential. Instead of wrapping
around the nanotubes, the molecules prefer tilted orientations
away from the nanotube surface as illustrated in the inset of
Fig. 15�b�. Shown in Fig. 15�b� is the normalized probability
function P��� as a function of the tilting angle � between the
vector �projected to planes perpendicular to the nanotube sur-
face� connecting the two ends of a three-segment subchain
on a decane molecule and the nanotube axis. It can be seen
that when T is lowered to 300 K, the molecules prefer large
�	50°. A snapshot of the equilibrium configuration of the
system at T=300 K is shown in Fig. 16, in which some

decane molecules can be seen with orientations in a nearly
perpendicular direction to the nanotube surface, in a brush-
like configuration. Further studies would be needed to gain
more understandings about the interfacial interaction effects
on the polymer structural phases and their transitions in a
nanotube composite.

The crystallization of PE molecules in CNT composites
has been studied in several recent experiments, where lamel-
lar layer structures of molecules in alignment with embedded
CNTs have been observed24 and a disk-shaped growth
mechanism in the molecule crystallization process has also
been suggested,25 similar as shown in the simulations.
Though nanotube composites with short decane molecules
are investigated in this study, similar phase transition process
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FIG. 15. �Color online� �a� The radial distribution function
�RDF� for a decane CNT �5, 5� composite with a model repulsive
interfacial interaction with the embedded nanotubes. �b� The nor-
malized probability function P��� as a function of molecule tilting
angle � from CNTs. Inset: illustration of molecules �black straps�
with tilting angle � away from a CNT surface. Solid, dotted, and
dashed curves are for T=300, 400, and 500 K, respectively, in both
�a� and �b�.

FIG. 16. Snapshot of the atomic configuration of a decane CNT
�5, 5� composite with a model repulsive interfacial interaction, at
T=300 K. Only portion of the system is shown. Left, side view;
right, top view.
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for longer chained polymer composites is expected, due to
the fact that the embedded CNTs act as nucleation sites. The
conformation of a short or long molecule at a nanotube sur-
face is affected similarly by the geometric coiling energy and
the CNT chirality dependent interfacial vdw interactions,
which plays a determined role in the molecule packing pro-
cess in further layers around the nanotube. However, for a
long polymer molecule, more complicated conformation ar-
rangements can exist such as the self-folding of chains as
observed in experiment.24 Highly ordered molecule struc-
tures and enhanced crystallization have also been observed
in other type of polymer CNT composites or hybrid systems,
such as with conjugated polymers12,13,16,19 or even DNA
molecules.8,17 Detailed molecule structures and interfacial in-
teractions are expected to affect structure phases and their
transitions.

In summary, the structural phase transition and related
properties of polymer molecules in various CNT composites
are studied through MD simulations. Decane molecules are
found to undergo a smectic transition around an armchaired
CNT �5, 5�, forming lamellar layers with two-dimensional

structure ordering in each layer. The molecule packing and
crystallization process is in layer by layer fashion with the
embedded CNT as a nucleation site. While the translational
diffusions of decane molecules in the lamellar layers are re-
stricted, the rotations of molecules along their own long axis
are rather free with small energy barriers Ē��1–2kBT �T
=300 K�. Neither lamellar layer structures nor two-
dimensional ordering of decane molecules are formed in a
similar radius but different chirality zigzag CNT �10, 0� com-
posite, due to the diverse conformation domains with non-0°
wrapping angles, which resulted from the molecule interfa-
cial interactions with the nanotube lattice. Studies also show
that the nature and the strength of the interfacial interactions
play crucial roles in structural phases of molecules in a nano-
tube composite. This study is expected to be important not
only for the fundamental understanding of structural phases
and their transitions in composite materials but also for the
applications of CNT based composites.
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