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Impact of polarized nanotube surface on ultrathin mesogen film properties:
Computer simulation study
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We studied properties of monolayer films of n-cyanobiphenyl (with n = 5, . . . , 8) series of mesogens anchored
on the surface of single walled boron nitride nanotube. In order to assess the impact of substrate polarization on
the ordering effects we compare translational and reorientational dynamics of the films with the characteristics of
analogous carbon and silicon carbide nanotube based systems. We observed significant increase of the ordering
degree accompanied by increased thermal stability. This ordering is less selective than those induced by the
silicon carbide nanotube, which were previously reported. The antiparallel orientation of the nearest neighboring
mesogens is predominant, while the system does not exhibit any long-range spatial correlations which indicates
that the size of the domains is constrained to this region. These features might be of potential importance in the
design of novel optoelectronic devices.
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I. INTRODUCTION

Molecular systems encapsulated in carbon nanotubes or
physisorbed on their surface have been studied for both fun-
damental scientific reasons as well as for potential practical
applications [1–3]. Many experimental efforts have also been
devoted to study the properties of liquid crystals with dis-
persed carbon nanotubes [4–9].

Properties of thin mesogen films anchored on a variety
of substrates have gained considerable attention due to their
extraordinary features which make them novel materials for
optoelectronics [10–12] as well as promising bases for bio-
chemical sensing devices [13]. Moreover, they have strong
influence on new approaches for theoretical description of
liquid crystals physics. Optical properties of thin molecular
layers (e.g., transparency) as well as the ability to switch
between orientational configurations easily and in a controlled
manner makes them good materials for display devices and
transoptors. Significant development in the field of compu-
tational techniques, stimulated by the progress in accessible
hardware, has enabled precise modeling of such systems
[14,15]. Computer simulations have been used to study the
wetting of a crystalline substrate by nematic nanodroplets
[11] and the anchoring of mesogens on the surface of organic
self-assembled monolayers [12]. In particular, it was shown
that the quality of these self-assembled substrates consider-
ably affects the ordering of the mesogen layer. It was also
demonstrated that the interface between the thin layer and
“vacuum” has also a significant impact on this ordering, what
may suggest strong impact of negative pressures and needs
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to be described using critical-like behavior. However, such an
approach will not be discussed in this paper.

The proper ordering and alignment of liquid crystals is
a key feature that determines the practical feasibility of a
mesogen based device. Increasing the ordering of the system
is one of the fundamental goals of liquid crystal research.
Understanding the origin of such a mechanism on the molec-
ular level is still insufficient. Liquid crystals are especially
sensitive to the processes taking place at interfaces [12].

Orientational ordering, electric, and dielectric properties of
liquid crystals can be strongly affected by anchoring them on
different substrates such as graphene [16] or carbon nanotubes
[17]. The ordering of n-cyanobiphenyl (nCB) mesogen films
adsorbed on the surface of carbon nanotubes has been shown
to exhibit odd-even effects, similar to the films adsorbed on
the surface of SiC nanotubes, while the latter system shows
a more selective diffusion pattern [15]. In this work, we
extend our previous studies on the effect of anchoring on
properties of ultrathin nCB layers and impact of nanotubes
surface polarization by studying the dynamics of nCB thin
films physisorbed on a boron nitride nanotube outer surface.

II. SIMULATION DETAILS

We have performed a series of MD simulations using
NAMD 2.11 [18] code. Visualizations were performed us-
ing VMD software [19]. Boron-nitride armchair nanotube
(BNNT) was treated as rigid body and its interactions with
environment was modeled as described by Won and Aluru
[20]. Polarization of BNNT surface was taken into account
and partial charges were set to be equal to 0.4e for B atoms
and −0.4 for N atoms, to reflect the polarization of the
nanotube in a nonpolar environment [20]. The BNNT chirality
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FIG. 1. 5CB mesogen film on the surface of boron nitride nano-
tube at T = 350 K—snapshot of the instantaneous configuration.

(10, 10) was chosen to have similar diameter (approximately
1.3 nm) as the carbon nanotube in our previous study [15].
The nCB mesogen molecules were described using a model
developed by Tiberio and co-workers [14]. Nonbonded inter-
actions were cut off at the distance of 2 nm. Long range elec-
trostatic interactions were modeled using the particle mesh
Evald summation method [21]. The equation of motions were
integrated using the Brunger-Brooks-Karplus algorithm [22]
implemented in NAMD. Simulation time step was set to 1 fs
for all simulations presented in this study.

The model of the hexagonal boron-nitride was utilized to
study transport of water in nanochannels [20], solvation of
hexagonal boron-nitride in polar and nonpolar solvents [23],
insertion of BNNTs into phospolipid bilayer [24], or extrac-
tion of phospholipids from bilayer [25]. The nCB mesogen
model, which was optimized to correctly predict the nematic-
isotropic phase transition in bulk samples, was successfully
adopted to study the complex interaction between the self-
assembled monolayer and nCB film [12].

Initial configurations of the simulated system were ob-
tained from NPT simulations of BNNT immersed in bulk
nCB matrix. Excess nCB molecules were removed from the
system until a one-molecule thick layer of nematic molecules
surrounding the nanotube remained. After each exclusion,
auxiliary NV T simulations were performed to test whether
the nCB molecules form a uniform, one-molecule thick layer.
Initial configurations were composed of BNNT, aligned along
Z axis, with 40 5CB or 38 6CB or 36 7CB or 34 8CB
molecules. Simulation cell was set to 10.0 × 10.0 × 6.01 nm.
Z dimension of simulation box was set to fully accommodate
the BNNT. The systems were simulated in five temperatures:
270, 290, 310, 330, and 350 K. Before production runs the
systems were equilibrated for 5 ns for each temperature. The
production runs were 20 ns long. For each nCB family mem-
ber and each temperature the production runs were repeated
45 times and the results were averaged over all trajectories.
Figure 1 shows a snapshot of the simulated system retrieved
from randomly chosen trajectory.

III. RESULTS AND DISCUSSION

In order to assess the uniformity of the layers, we calcu-
lated density profiles of thin films of different nCB series.
Figure 2 shows the mean values of density calculated for
different lengths of the mesogen. The insets show density
profiles calculated for Z and R axes of the cylindrical frame

FIG. 2. Mean value of the nCB mesogen layer density profile
along the z axis obtained for a single simulation run at T = 310 K.
The insets show the density profiles of the layer along the z axis
(left inset) and along the r axis of the cylindrical frame aligned with
nanotube (right inset; each curve has been shifted by 20 units to
improve clarity).

associated with the nanotube (calculated from a randomly
chosen trajectory). Density profiles were calculated using
Density Profile Tool for VMD [26]. All density profiles along
the Z axis (corresponding to the main axis of the nanotube)
exhibit no significant discontinuities. Only very limited local
density fluctuations occur. The profiles along the R axis are
almost identical for the films composed of different mesogens,
which indicates similar thickness and density of the layers.

Orientational order of the ensemble can be characterized
by the order parameter 〈P2〉, describing ordering of the liquid
crystal molecules with respect to director n. The values of
〈P2〉 and n can be calculated from the largest eigenvalue and
corresponding eigenvector of the ordering matrix Q defined as
[11]

Q =
〈∑N

i=1[3ûi(t ) ⊗ ûi(t ) − I]

2N

〉
, (1)

where û(t ) is a unit vector along the selected molecular
axis, I is the 3 × 3 identity matrix, N is the total number of
mesogen molecules, and the time averaging is performed over
all available time steps in the trajectory. The principal axis of
inertia has been selected for û(t ).

Figure 3 shows second rank order parameter vs temper-
ature, calculated for all mesogen films. The values of 〈P2〉
are considerably higher for BNNT nanotube than in the case
of CNT or SiCNT [15], as well as in the case of model
predictions for bulk samples [14]. Relatively high values
of 〈P2〉 over the entire studied temperature range indicates
nematic ordering of the films.

Our previous study shows the odd-even effect for the
system adsorbed on SiCNT as well as CNT, while in the
case of SiCNT it is considerably more pronounced than in the
case of the homogenous CNT [15]. nCB films adsorbed on
heterogenous BNNT exhibit an analogous odd-even pattern,
although its amplitude is much smaller than for the case of
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FIG. 3. Order parameter P2 of 5CB (�), 6CB (•), 7CB (�), and
8CB (�) molecules on the surface of boron nitride nanotube, plotted
versus temperature.

SiCNT and similar as in the case of the homogenous CNT
based system. Figure 4 shows the dependence of 〈P2〉 on the
length of the nCB hydrocarbon chain for BNNT based system
compared to its CNT and SiCNT analogs [15]. The BNNT
based films exhibit even higher degree of ordering than SiCNT

FIG. 4. Values of P2 order parameter for 5CB, 6Cb, 7CB, and
8CB films on the surface of carbon nanotube (open circles), silicon
carbide nanotube (open squares), and boron nitride nanotube (solid
circles), plotted versus the number of carbon atoms (n) in the
aliphatic tail of the nCB molecule, at the temperatures T = 270 K,
T = 310 K, and T = 350 K. Data for CNT and SiCNT based films
were taken from [15].

FIG. 5. Spatial correlations of 5CB thin film on the surface of
boron nitride nanotube vs temperature.

based films, while preserving similar selectivity as in the case
of CNT.

For nCB family members the molecule long axis and
dipole moment are strongly associated with the triple carbon-
nitrogen bond. This bond can be used to determine orientation
of the molecule. Local organization of the sample, which is
strongly reflected in the global ordering, can be measured in
terms of spatial correlation defined as

gμ(r) =
∑

i �= j ûi(r̂i ) · û j (r̂ j )δ(ri j − r)∑
i �= j δ(ri j − r)

, (2)

where ûi(r̂i ) is the unit vector along dipole moment μ of ith
nCB molecule located at position r̂i and ri j is the distance
between ith and jth molecule, and radial distribution function
defined as

g(r) = 1

4πr2dr N

∑
i �= j

δ(ri j − r), (3)

where N is the number of molecules in the system and dr is
radial pair distribution’s bin size.

Temperature dependency of the spatial correlation function
is shown in Fig. 5. The inset shows the corresponding radial
distribution functions. It can be seen that the nearest neighbors
retain antiparallel orientation. The increase of temperature
weakens the orientational anticorrelation. Only the first co-
ordination zone displays strong alignment of the molecules,
which suggests that the correlation radius is limited to not
more than 0.6 nm. The fluctuations in the long range regime
do not indicate any significant repeating orientational pattern.
This suggests lack of the domains larger that those composed
of the nearest neighbors. This feature is also present for other
nCB homologs. Figure 6 shows dependency of spatial corre-
lations on the number of carbon atoms in the aliphatic tail of
the mesogen. Position of the first minimum is shifted towards
shorter distances with increasing length of the molecule. This
process is reflected in radial distribution, where splitting in the
short distance regime occurs. The depth of the first minimum
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FIG. 6. Spatial correlations of nCB at the temperature T = 270 K.

practically does not change with the length of the mesogen,
which suggests the same type of local orientational order for
different members of the nCB series.

To gain deeper insight into local ordering of the systems
we have calculated histograms of distribution of cos2α, where
α is the angle between a single molecule dipole moment and
the director of the sample. The director of the sample is almost
perfectly parallel to the nanotube main axis, and the laboratory
frame z axis, over the entire trajectory—similar to the way
reported for CNT and SiCNT based nCB films [15]. Figure 7
shows the complete set of histograms for the mesogen films
based on BNNT, compared with the characteristics for the
CNT and SiCNT based systems recalculated from our previ-
ous results [15]. In all cases, the mesogens of nCB films based
on BNNT exhibit stronger orientational alignment compared
to CNT and SiCNT based films, which corresponds to larger
values of order parameter P2. On the other hand, the BNNT
based films possess a considerable amount of the molecules
with orientation which significantly differs from the parallel
one (between 10% and 15% of molecules with angles higher
than 45◦)—opposite to the CNT and SiCNT based films (for
angles higher than 45◦ histograms vanished almost to zero).
These two competitive trends are crucial to understanding the
dynamics of these systems.

Translational dynamics can be assessed in terms of mean
square displacement (MSD), defined as

〈�r2(t )〉 = 〈[r̂(t ) − r̂(0)]2〉 = 6Dt, (4)

FIG. 7. Histograms of the angle of the single molecule dipole moment and global director of the sample. Data for CNT and SiCNT based
films were recalculated from results published in [15].
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FIG. 8. Mean square displacement of nCB mesogens on the
surface of boron nitride nanotube at temperatures ranging between
T = 270 K and T = 350 K.

where 0 indicates the reference trajectory frame, 〈 〉 denotes
the average over all molecules and all available trajectory
frames, and D is the diffusion coefficient (Einstein relation).
The value of the diffusion coefficient can be influenced by
the introduction of periodic boundary conditions. This effect
can be mitigated by introduction of appropriate corrections
[27]. This correction however concerns the case of a single
molecule on the boundary between two media or in well
defined continuous media. In the case of a mesogen film
located on fixed substrate introduction of such correction is
not applicable, as the distortion in velocity field introduced by
an immobile nanotube is significant, relatively higher than the
artificial effect introduced by periodic boundary conditions,
and the viscosity in the interface between nematic film and
vapor cannot be correctly estimated. Figure 8 presents the
averaged MSD of all studied systems. In all cases, after the
initial ballistic region, a well defined, linear diffusion regime
can be observed. It is worth noting that the most disordered
6CB films exhibit the highest diffusion. Thermal characteristic
of the translational diffusion coefficient follows very well the
Arrhenius law. The values of diffusion activation energies Ea
are shown in Fig. 9. Activation energies for BNNT based
films are lower than in the case of their CNT and SiCNT
counterparts and follow an interesting pattern. For 5CB dif-
fusion activation energy is practically identical as in the case
of an analogous CNT based system. What is quite unexpected
is that the activation energy is the lowest in the case of the
6CB, and then increases for the next homologs, although the
values for 7CB and 8CB remain considerably lower than in
the case of CNT based films. Dynamical behavior is consistent
with the odd-even ordering pattern of the films (Fig. 4). This
can be rationalized taking into account the difference in the
distribution of mesogen molecules orientation (Fig. 7). The
broader spectrum of the available orientations allows more
sophisticated diffusion patterns than in the case of films on
SiCNT or CNT, where available orientations are much more
limited. Dipolar relaxation, which can be measured with

FIG. 9. Thermal activation characteristic of diffusion coefficient
of nCB molecules on the surface of carbon nanotube (open symbols)
[15], silicon carbide nanotube (open symbols) [15], and boron nitride
nanotube (solid symbols), plotted versus the number of carbon atoms
(n) in the aliphatic tail of the nCB molecule.

dielectric relaxation spectroscopy, is sensitive to intermolec-
ular interactions and is able to provide information on cooper-
ative processes, providing the link between techniques which
probe the properties of individual molecules and techniques
characterizing the bulk properties of the sample [2,28,29]. The
characteristic of the dipolar relaxation process of a confined
molecular system is an outcome of a counterbalance between
two competing processes—interaction between host and guest
systems and the change of the length scale of the cooperatively
rearranging regions imposed by the geometrical constraints.
The reorientational dynamics of the molecules is reflected in
the autocorrelation of the total dipole moment of the sample,

�(t ) = 〈M(0)M(t )〉
〈M(0)M(0)〉 , (5)

where M is the total dipole moment of the system, defined as a
sum of dipole moments μi of mesogens. Using the procedure
described in our previous papers [2,15] we recalculated the
dipole moment of each mesogen for each trajectory frame,
with respect to charge distribution and position of atoms
in the molecule, and then summed them to obtain the total
dipole moment of the mesogen film. Total dipole moment
autocorrelation was then plotted −ln(−ln[�(t )]) against ln(t )
and fitted with the Kohlrausch-Williams-Watts (KWW) decay
function

�(t ) = e−(t/τKWW )β , (6)

where τKWW is a measure of the characteristic relaxation time
and 0 < β < 1 is interpreted as a measure of distribution of
the relaxation time or cooperativity of the relaxation process.
The mean relaxation time τ has been calculated using the
following relation:

τ =
∫ ∞

0
�(t )dt = τKWW

β
	

(
1

β

)
, (7)

where 	 denotes the gamma Euler function. The calculated
values of the mean relaxation time were then plotted on the
activation plot ln(τ ) against 1/T . Figure 10 shows dipolar
relaxation thermal activation energies E ′

a determined from the
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FIG. 10. Thermal activation of dipolar relaxation plotted versus
the number of carbon atoms (n) in the aliphatic tail of the nCB
molecule. Open symbols represent data for nCB thin films on carbon
nanotube and silicon carbide nanotube [15]; solid symbols represent
data for boron-nitride nanotube.

activation plot for simulated mesogen films. Activation ener-
gies for BNNT based mesogen films for all nCB homologs
are lower than 46 kJ/mol, which is significantly lower than
in the case of either CNT or SiCNT based systems. The
activation energy of the 5CB film based on BNNT is relatively
high, which is connected with a lack of orientational disorder.
Again, the 6CB film exhibits the lowest activation energy
which can be attributed to the fact that the 6CB homolog
is the first one which exhibits considerable contribution of
orientational disorder. In the higher nCB homologs, 7CB and
8CB, the orientational disorder is mitigated by the odd-even
effect connected to increasing length of the molecule. In the
case of CNT as well as SiCNT based films, which do not
exhibit any considerable amount of mesogens which are not
aligned along the nanotube main axis, the odd-even effect is
predominant.

Figure 11 shows temperature dependence of the KWW
parameter β. As one would expect, the values of β increase
with temperature, which corresponds to the transition from
a more collective relaxation to a single molecule process.
For the temperatures higher than T = 310 K, this process is
affected by the length of the molecule—the shorter molecules
exhibit smaller deviation from an exponential (Debye) relax-
ation characteristic.

The nCB mesogen model developed by Tiberio et al. well
reproduces the value of the pseudocritical exponent of the
Haller equation [14] in accordance with experimental results
of [30]. Our model of interactions between nanotube and
mesogen correctly reproduces the theoretical prediction of
uniaxial ordering of mesogen on a nanotube surface [31],
as well as the Arrhenius characteristic of thermal activation
of the dielectric relaxation for 5CB molecules [32]. The
predominant antiparallel orientation of molecules on a polar-
ized nanotube surface is similar to the pretransitional effect
reported for 5OCB doped with ferrolectric nanoparticles [33].

The reported odd-even effect cannot be directly related
only to the decrease of the configurational entrophy as sug-
gested in [34]. If this was the case, we would observe the

FIG. 11. Temperature dependency of the KWW parameter β of
5CB (�), 6CB (•), 7CB (�), and 8CB (�) molecules on the surface
of carbon nanotube (open symbols), silicon carbide nanotube (solid
symbols), and boron nitride nanotube (half-open symbols).

monotonic behavior of the order parameter with the increase
of the alkyl chain length rather than an odd-even pattern.
In our case, the emergence of the odd-even effect is more
likely to arise from the dipole-dipole interactions related with
the change in the alkyl chain. The decrease of the odd-even
effect amplitude related with the introduction of the polarized
BNNT surface, comparing with the CNNT case, suggests
rather that this effect is the outcome of the counterbalance
between dipole-dipole interactions and the reduction of the
configurational entropy associated with longer hydrocarbon
chains. Additionally, spatial correlations presented in Fig. 6
show that the increase of the length of the nCB molecule is
accompanied by closer antiparallel pairing of the mesogen’s
dipoles, indicating that the odd-even effect is driven by the
dipole-dipole interactions and the hydrocarbon chain length
effect simultaneously.

IV. CONCLUSIONS

The obtained results suggest that the introduction of sub-
strate polarization, which is the case of BNNT, leads to
substantial changes in molecular organization and dynamics
of thin mesogen films. The angle distribution of molecules on
the surface of BNNT differs considerably from the systems
anchored on a nonpolar surface of CNT with practically iden-
tical surface morphology and diameter. Substrate polarization
enhances the global ordering of the film, but also introduces
some local distortions in the film structure. These distortions
lead to considerably altered dynamics, which interferes with
the odd-even patterns observed in this kind of system. Po-
larized surface of BNNT induces an increase of the order
parameter for all nCB homologs in comparison to thin films
on carbon or silicon-carbide nanotubes. The magnitude of
the odd-even effects is similar to that in the case of carbon
nanotube based films. Apart from the changes in degree of
ordering, significant decrease of the activation energies of
translational as well as rotational dynamics is observed.
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Replacing nonpolar CNT with its polar boron-nitride coun-
terpart results in a considerably increased degree of nematic
order accompanied with the decrease of dielectric strength
being the result of the predominant antiparallel orientation of
mesogens. The presented results suggest that the mesogens
doped with ferroelectric nanoparticles may be of particular
interest as regards potential applications in optoelectronics,
because of enforcing the mutual orientation of molecules,

increase in ordering, and reduction of reorientational activa-
tion energy.
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