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ABSTRACT: Liquid crystals (LCs) exhibit unique ordered
environments at interfaces, enabling functionalities in optical
devices and biosensors. Their ability to transmit molecular
interactions over macroscopic distances is well-known, yet the
atomic-scale behavior of LC interfaces with polar and nonpolar
solvents remains unclear. This study employs atomistic molecular
dynamics (MD) simulations to investigate the orientation and
structure of 4-cyano-4′-pentylbiphenyl (5CB) in vacuum, water,
ethanol, and methane. Polar solvents promote the smectic phase
but disrupt the molecular organization at interfaces through strong
interactions with the nitrile group. Tilting of the 5CB molecules
can be explained by density distributions and order parameters. In
contrast, nonpolar solvents such as methane preserve the native
ordering of 5CB, resulting in compact and parallel molecular arrangements with an increase in structural stability. These insights into
solvent-induced structural stability and molecular orientation are crucial for optimizing liquid-crystal-based technologies.

■ INTRODUCTION
Liquid crystals (LCs) are a distinct class of materials that exhibit
long-range orientational order and maintain molecular mobi-
lity.1 This combination of properties has enabled their
widespread applications in technologies such as liquid crystal
displays (LCDs),2−4 advanced optical devices,5,6 and bio-
sensors.7−9 A particularly significant feature of LCs is their
ability to respond to external stimuli, including electric10 and
magnetic field.11 The sensitivity of LCs to interfacial interactions
makes them valuable for technologies that rely on controlled
molecular alignment.12,13

Among thermotropic liquid crystals, 5CB has emerged as a
model system for fundamental studies and practical applications,
owing to its stable nematic phase at room temperature, and well-
defined dielectric and optical anisotropies.14 The molecular
structure of 5CB, featuring a polar nitrile group attached to a
biphenyl core (Figure 1), makes it especially sensitive to
environmental conditions and interfacial phenomena. Exper-
imental studies have shown that simple electrolytes and specific
anions induce ordering transitions in 5CB at aqueous interfaces
by modifying interfacial interactions.15−17 Electrolytes produce
an electrical double layer, causing an internal field to reorient the
molecules,15 whereas chaotropic anions interact with the nitrile
group, resulting in a rapid planar-to-homeotropic transition.16

Despite the above advances, the molecular mechanisms
underlying the LC orientation in solvents remain incompletely
understood. MD simulations allow for investigation of LC
behavior at the atomic scale enabling detailed characterization of
the phase behavior, molecular orientation, and conformational

dynamics.18−21 Recent MD simulations have provided key
insights into 5CB interfacial behavior, revealing molecular
ordering and predicting anchoring energies.12,22−27

Computational studies have shown that the alignment of LCs
at surfaces and interfaces may propagate through the bulk
material, fundamentally affecting macroscopic properties. This
bulk-interface relationship has been extensively studied,
showing that surfaces can induce either homeotropic
(perpendicular) or planar (parallel) alignment of the molecular
axes extending the structural alignment deeply into the bulk
region.24,28 Specifically, Hadi et al.26 have demonstrated that the
distinct alignment patterns of 5CB depend on the type of the
interface at which the hybrid alignment and planar alignment
occur at vacuum and aqueous interfaces, respectively. This
behavior has been attributed to the hydration of the polar nitrile
group, highlighting the significant role of solvent polarity in
determining LC orientation and anchoring strength. In addition,
surface morphology has also been shown to play a crucial role in
LC alignment. Chen et al.27 reported that 5CB molecules
confined between iron surfaces display different anchoring
behaviors depending on surface structure; random planar
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anchoring on flat surfaces versus unidirectional alignment on
grooved surfaces.
Here, we employ atomistic MD simulations of 5CB in various

solvent environments. By examining the behavior of 5CB in
polar solvents (water, ethanol), nonpolar solvents (methane),
and vacuum, we elucidate the fundamental mechanisms driving
solvent-induced LC reorientation. Our investigation focuses on
the key parameters including order parameters and density
distributions to provide a comprehensive understanding of
solvent-LC interactions at the molecular level. The insights
gained from this study have significant implications for the
development and optimization of LC-based technologies,
particularly in applications where solvent interactions play a

crucial role in device performance. Understanding how solvent
polarity modulates LC behavior is essential for advancing the
design of LC-based sensors, display technologies, and
responsive optical systems.

■ METHODOLOGY
Molecular Dynamic (MD) Simulations.We used a united-

atom molecular model to investigate the behavior of liquid
crystals in different solvents with varying polarities, the
molecules are shown in Figure 1a. The force field parameters
of 5CB are based on Zhang et al.,29 and the GROMOS 54a7
force field30 was employed for the solvent molecules, simple

Figure 1. (a) The united atom models of 4-pentyl-4’-cyanobiphenyl (5CB) and solvent molecules. The carbon atoms of 5CB are shown in magenta
and the nitrogen (N1) atoms in blue. The molecular axis of 5CB is the vector from C1 to N1. Oxygens are shown in red and hydrogens in white. In
ethanol gray is used for the carbon atoms.Methane is shown as a single gray sphere. (b) Initial configuration of the 5CBmolecules sandwiched between
the water solvent layers along the z-axis. Color-coding corresponds to the molecular orientation angles (θ) with respect to the z-axis: 0°−60°
(magenta), 60°−120° (yellow), and 120°−180° (cyan).

Figure 2. 2D density maps of the 5CB molecules in vacuum along the x−z plane at different simulation times: 0, 20, 50, and 200 ns. The density maps
are colored by high density (red) or low density (blue). The maps show the development of smectic layering over time.
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point-charge (SPC) water,31 ethanol and methane. The
simulated systems consisted of a slab of solvent molecules and
layers of 5CB liquid crystals, as illustrated in Figure 1b. The
initial configurations of the 5CB molecules were constructed as
bilayer-like structures, stacked into four layers, with each bilayer
comprising 512 molecules. In total, the systems had a fixed
volume of 7.3 × 5.0 × 27.0 nm3, and contained 2048, 4474,
3594, and 9856 of 5CB, water, ethanol, and methane,
respectively. The difference in the numbers of solvent molecules
is due to the solvent density. The molecular long axes of the
5CBs were aligned parallel to the z-direction. To eliminate
possible overlaps that may have occurred during the setup,
energy minimization was performed using the method of
steepest descents. The simulations employed the NVT
ensemble (constant number of atoms, volume and temper-
ature), and the GROMACS 5.1.2 package32 was used for all the
simulations. The temperature was kept at 300 K using the v-
rescale thermostat33 with a time constant of 0.1 ps. A cutoff of
1.2 nm was used for both the Lennard-Jones and the short-range
part of the electrostatic interactions. The long-range part of the
Coulomb interactions was calculated using the particle-mesh
Ewald (PME) method,34,35 with reciprocal-space interactions
evaluated on a 0.16 nm grid and cubic interpolation of order
four. All bond lengths were constrained using the P-LINCS
algorithm,36 and the simulations were carried out for 200 ns with
a time step of 2 fs. The last 50 ns of the trajectories were used for
analysis. Periodic boundary conditions were applied in all three
dimensions. The Visual Molecular Dynamics (VMD) software
was used for rendering molecules.37 The MDAnalysis,38,39

numpy,40 matplot41 and scipy42 libraries were employed for
computing 2D density maps, 2D angle distributions and local
order parameters.

■ RESULTS AND DISCUSSION
The Self-Organization of Liquid Crystal in the

Vacuum. In Figure 2, 2D density maps of the 5CB molecules
show the dynamic evolution of molecular organization in
vacuum. At 0 ns, the distribution is irregular, indicating isotropic
or disordered nematic phases. At 20 ns, layering begins to occur
particularly at the interface regions. At 50 ns, the layers become
more pronounced, and finally, at 200 ns, high-density smectic
layers are observed.
The 2D density map at the end of simulation (Figure 3a)

shows a well-defined layered structure of the 5CB molecules
along the x−z plane. The high-density regions correspond to
molecular layers of interdigitation between the aromatic rings.
To further analyze the molecular orientations, the angular
distributions of the 5CB molecules (Figure 3b relative to the z-
axis were analyzed. Two predominant angular ranges, 0° ≤ θ <
60° (purple) and 120° ≤ θ < 180° (cyan), indicate an
antiparallel molecular alignment. This arrangement is well in
agreement with the behavior of liquid crystals transitioning into
the smectic-A phase as reported by Hadi et al.12,26 The
molecular snapshots in Figure 3c also confirm the spontaneous
self-assembly of the 5CB molecules into antiparallel double
layers. These layers are uniform across both the interfacial and
the bulk regions, demonstrating the significant role of vacuum-
induced alignment, driving the formation of the smectic-A
phase. This finding highlights the importance of molecular
organization in vacuum and at the 5CB-solvent interface. In
addition, the structural distinction between the smectic A and
smectic C phases can be briefly summarized as follows: In the
smectic A phase, molecules are organized into well-defined

layers and oriented perpendicular to the layer plane, leading to
uniform parallel alignment to the normal plane-axis. In contrast,
while the smectic C phase also forms layered structure, the
molecular axes are tilted at a finite angle relative to the normal
plane-axis. This distinction provides a useful framework for
interpreting the solvent-induced changes in 5CB organization
observed in our simulations. In the following section, we explore
how the presence of solvents changes the phase and behavior of
5CB.
Effects of Solvents on the Orientation of 5CB. The

interface with vacuum plays a significant role in increasing the
orientational order of the 5CB molecules, inducing a
homeotropic alignment of the layers. To explore how the
presence of a solvent affects the molecular organization, we
investigated 5CB in three different solvents with varying
polarities, water, ethanol, and methane. Figure 4 shows
molecular snapshots (Figure 4a) and 2D density maps (Figure
4b).

In polar solvents, such as water and ethanol, the 5CB
molecules show well-defined layers in the bulk region, indicating
a smectic C-phase. These layers are characterized by
interdigitated bilayers with antiparallel molecular orientations
and a tilt relative to the layer normal. The density maps confirm
the presence of a periodic structure, further supporting the
formation of a smectic phase. Notably, in both water and
ethanol, the molecules retain an organized and tilted
configuration. In contrast, in methane, a nonpolar solvent, the
5CBmolecules adopt a single-layered configuration with parallel
molecular alignment instead of interdigitated bilayers. The
density map reveals a more compact molecular arrangement,
suggesting that nonpolar solvents promote a simpler and more
ordered structure. The absence of a pronounced tilt compared to
polar solvents highlights the role of solvent interactions in
modulating 5CB alignment. These findings suggest that solvent
polarity plays an important role in determining 5CB molecular
organization.

Figure 3. Visualizations of a 5CB liquid crystal system at 300 K in
vacuum along the x−z plane, with (a) 2D density map, (b) 2D angle
distribution of the 5CB molecules, and (c) a molecular snapshot in
vacuum after equilibration. The color-coding represents the variations
in molecular orientation angles (θ): 0° ≤ θ < 60° (purple), 60° ≤ θ <
120° (yellow) and 120° ≤ θ < 180° (cyan). Density and angle plots
were calculated after 150 ns of simulation.
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Polar solvents facilitate the formation of interdigitated
bilayers, while nonpolar solvents preserve simpler and nontilted
arrangements. Although experimental studies on 5CB behavior
in solvents are limited, the results align with the current
observations of planar alignment at water interfaces, further
reinforcing the impact of solvent interactions on liquid crystal
structuring.43 Specifically, we analyzed themolecular orientation
relative to an axis normal to the solvent, and calculated the local
order parameter by the Legendre polynomial P2(z) according to

P z( )
3
2

cos
1
22

2=
(1)

where ⟨···⟩ denotes the ensemble average, and θ is the angle
between the molecular axis of 5CB and the z-axis. In Figure 5,
the local order parameter of the 5CB molecules in vacuum
shows oscillatory behavior, with P2 values ranging between 0.2
and 0.8. This oscillation corresponds to the formation of a highly
ordered smectic phase along the z-direction. The regularity and
magnitude of these oscillations indicate a strong orientational
order in the absence of solvent, consistent with previous studies
on liquid crystals in vacuum environments.26 This highly
ordered structure highlights the intrinsic tendency of the 5CB
molecules to align along the z-axis in vacuum conditions.
In the water system, the P2(z) profile shows reduced

oscillations in the bulk region, and the order parameter
decreases to −0.4 near the water-5CB interface. This disruption

at the interface is attributed to the strong interactions between
the water molecules and the cyano (−CN) group of 5CB,
including hydrogen bonding and dipole−dipole interactions.
These interactions weaken the molecular alignment of 5CB,
resulting in a reduced orientational order. These findings align
with earlier observations by Ramezani-Dakhel et al.,12,24 who
reported a similar reduction in the 5CB order parameter at
aqueous interfaces. In the ethanol system, the P2 profile shows
moderate oscillations, although less pronounced compared to
the vacuum system. This indicates a partial retention of the
smectic structure in the presence of ethanol. While the solvation
effect of ethanol reduces the molecular order of 5CB to some
extent, the bulk region still maintains a degree of molecular
alignment. In the methane system, the P2(z) profile shows
relatively stable oscillations throughout the bulk region, with a
high degree of molecular ordering. Unlike polar solvents,
methane has minimal perturbing effects on the orientational
order of the 5CB molecules. This stability in the presence of
methane suggests that nonpolar interactions exert less influence
on the alignment of 5CB molecules compared to polar solvents.

Figure 6 presents contour maps of the probability distribution
function P(z, cosθ) for the 5CB molecules, illustrating their
angular distribution relative to the z-axis. Here, cosθ = −1 and
+1 correspond to the molecular orientations with the cyano
group pointing toward and away from the z-axis, respectively,
while cosθ = 0 indicates a parallel alignment. In vacuum, the
distribution shows sharp peaks at cosθ = ± 1, with a periodic
pattern suggesting an antiparallel molecular arrangement. This
indicates the formation of smectic layers throughout the 5CB
phase, extending from the bulk region to the vacuum interface.
The observed oscillatory behavior aligns with periodic variations
in the order parameter P2(z) in eq 1, confirming the presence of
a well-ordered smectic phase. In water, the molecular
orientation distribution retains peaks at cosθ = ± 1, though
less pronounced compared to vacuum. Additionally, a distinct
peak at cosθ = 0 near the water-5CB interface suggests
disordered molecular orientations at the boundary, reflecting
solvent-induced disruption. In ethanol, the contour maps

Figure 4. (a) Snapshots of molecular organization of 5CB in the water,
ethanol and methane, after equilibration. Molecules are color-coded
based on the angle relative to the z-axis. (b) 2D density maps of 5CB
along the x−z plane.

Figure 5. Local order parameter in different solvents along the z-
direction. The blue-shaded areas indicate the solvent regions, while the
unshaded regions correspond to the bulk 5CB liquid crystal.
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display peaks at cosθ = ± 1 throughout the entire 5CB film,
indicating retained smectic-like structure. However, these peaks
are more concentrated and periodic than in water. This suggests
that ethanol partially disrupts, but does not eliminate, smectic
order. In methane, the P(z, cosθ) profile is highly concentrated
and uniformly distributed. The absence of distinct disruptions or
irregularities indicates that the liquid crystalline structure
remains well-preserved. Nonpolar solvents, here methane,
maintain the 5CB molecular organization more effectively
than polar solvents.
Our analysis of molecular orientation is related to the

amphiphilic nature of 5CB and its specific interactions with
solvents of varying polarities. Solvent polarity emerges as a key

factor influencing the molecular alignment. Polar solvents
disrupt ordering by interacting with the polar nitrile group of
5CB, leading to tilting that minimizes interfacial energy.
Nonpolar solvents allow molecules to retain native ordering
due to weaker solvent interactions. These observations are
corroborated by the time evolution of the P2 order parameter eq
1 (Figure S1), highlighting consistently high order in methane
throughout the simulation.
Polar Solvents Induce a Disordered Phase. To

investigate the mechanism behind polarity-induced disorder,
we analyzed the angular distributions of both the 5CB and the
solvent molecules at the interface (Figure 7). The interface
region was defined as the spatial zone where the density profiles

Figure 6. Contour map of the probability distribution function P(z, cosθ) for 5CB in the different solvents. The angle θ is the angle between the 5CB
molecular axis and the z-direction.

Figure 7. (a) Angle distributions of the 5CB and solvent molecules at the interface region depicting the probability as a function of the angle (θ) with
respect to the z-axis for the 5CB and solvent molecules (water and ethanol). (b) Molecular snapshots and schematic illustrations of 5CB alignment at
the interface region in the presence of water, ethanol, and methane solvents.
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of the 5CB and solvent molecules overlap. With water as the
solvent (Figure 7a), the angle distribution of the water
molecules shows a sharp peak around θ ≈ 90°. For 5CB, three
prominent peaks are observed at approximately 30°, 90° and
150°. Notably, the 5CB peak at θ ≈ 90° corresponds to a
perpendicular orientation relative to the z-axis. This observation
suggests that some of the 5CB molecules align with the highly
polar water molecules. The strong polar interactions between
the water molecules and the 5CBs drive significant molecular
reorientation, disrupting the smectic layers and resulting in
disordered molecular alignment, as illustrated in the schematic
in Figure 7b. This disruption can be directly attributed to
maximizing favorable solvent-nitrile interactions. Previous
atomistic simulations by Ramezani-Dakhel et al.12 provide a
quantitative explanation for this phenomenon, their calculations
of the molecular orientation free energy show that the cyano
headgroup of 5CB is preferentially hydrated, and the hydro-
phobic tail favor to stay at the interface. They reported that the
most favorable orientation corresponds to a tilt of ∼ 80° relative
to the surface normal. Departures from this configuration to a tilt
angle of∼ 0° required a free energy penalty of about 4 kcal mol−1

(∼7kT). This energetic stabilization drives the interfacial 5CB
molecules to reorient in order to maximize favorable solvent−
nitrile interactions, thereby disrupting the uniform smectic
layering observed in the bulk. In our simulations, this
mechanism is manifested by the reduction in P2(z), broadening
of the angular distributions, and the emergence of molecules
oriented parallel to the interface (θ ≈ 90°). In the ethanol
system, the angular distribution of the ethanol molecules,
characterized by the O−H and O−C1 orientations, appears
slightly broader. The 5CB molecules at the interface region
display moderate ordering, with a relatively narrow peak and the
absence of a central peak at θ ≈ 90°, in contrast to the water
system. This indicates that the 5CB molecules at the ethanol
interface do not align perpendicularly to the z-axis as they do in
water. Instead, the lower polarity of ethanol leads to reduced
disruption of the smectic phase, allowing for a more stable
molecular arrangement. Interestingly, the 5CB molecules at the
ethanol interface adopt a tilted angular orientation. With

methane as the solvent, the 5CB angle distribution shows
sharp peaks around 16° and 160°, reflecting strong alignment
and a well-preserved liquid crystalline structure. This finding
highlights the minimal effect of nonpolar solvents such as
methane on the layer structure of 5CB molecules.

To ensure that the observed 5CB orientation in methane was
not an artifact of the initial configuration with the cyano group
directed toward the methane phase (the head setup, Figure 8a),
additional simulations were conducted with the alkyl chain
facing methane (the tail setup, Figure 8a). In both
configurations, the 5CB molecules showed a pronounced
layered arrangement, indicative of stable liquid crystalline
order. The structural organization in both setups, as shown in
Figure 8a, revealed negligible deviations, suggesting that the
interaction of 5CB with methane is independent of the
molecular orientation at the interface. Density profiles along
the z-axis (Figure 8b) further support the observed structural
stability. Both the head and tail setups display similar density
patterns, with peak values around 1400 kg/m3. Notably, the
head setup exhibited slightly higher 5CB density. This can be
attributed to stronger dipole−dipole interactions between the
polar cyano groups and the methane interface, resulting in more
compact molecular packing. In contrast, the nonpolar alkyl
chains have weak interactions with methane, resulting in a
slightly less packedmolecular configuration. The periodic nature
of the peaks reflects the characteristic lamellar organization of
liquid crystals. Methane density profiles showed uniform
distribution close to the 5CB layers, indicating minimal
penetration of methane into the liquid crystal phase. The
consistent ordering across both configurations implies that the
weak van der Waals interactions between methane and 5CB do
not significantly perturb the 5CB internal structure. This
behavior can be attributed to the nonpolar nature of methane,
which interacts similarly with both the cyano head and the alkyl
tail of 5CB, thus exerting negligible influence on the overall
molecular orientation. These findings demonstrate that 5CB’s
orientational order is stable in nonpolar system, regardless of the
initial molecular alignment.

Figure 8. (a) The final configurations of the 5CB molecules interacting with methane with two different setups: the head setup (cyano group to
methane) and the tail setup (alkyl chain to methane). (b) The density profiles of the 5CB and methane molecules in different setups along the z-axis.
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The experimental observation that at aqueous-facing nematic
interfaces the addition of the interfacial solvent with surfactants
and ions can drive the anchoring transitions and induce nematic
wetting layers16,17,43,44 aligns well with our simulation results.
These experimental evidence support our simulation findings
that polar headgroups and interfacial fields bias the orientation
of 5CB molecules. Direct measurements using X-ray reflectivity
and ellipsometry/optical techniques17,44,45 have quantitatively
characterized nematic ordering at LC/water interfaces, demon-
strating chemistry-controlled anchoring transitions (planar ↔
homeotropic) and nematic wetting phenomena near the
nematic−isotropic transition temperature (TNI). Furthermore,
experimental studies of solvent−LC systems show that dilution
with small molecules such as methanol46 and toluene47 can
effectively tune TNI and interfacial responses, reinforcing our
interpretation that specific solvation and interfacial polarity are
crucial factors in modulating orientational states.

■ CONCLUSIONS
This study highlights the critical role of solvent polarity on the
orientational order and dynamic behavior of 5CB liquid crystals.
Through atomic-level molecular dynamics simulations, we
found that water and ethanol induce a smectic-C phase layer.
The strong interactions of the polar solvents with the nitrile
groups of 5CB result in molecular tilting, and a decrease in
orientational order. In contrast, methane preserves the native
layered structure, and maintains the compact and parallel
molecular arrangements. Significant differences in layer
formation were observed in which the polar solvents promote
interdigitated and antiparallel bilayers but the nonpolar solvent
induces simpler and single-layer configurations. In addition, the
diffusion analysis showed high molecular mobility in polar
environments. On the other hand, significant confinement,
reflecting a transition to a more rigid, ordered state is observed
with the nonpolar solvent. These results help our understanding
of the effect of solvent on liquid crystal. The polar solvents
destabilize liquid crystalline order, whereas the nonpolar
solvents maintain structural integrity. While our study focused
on 5CB as a representative liquid crystal, the structural principles
identified here are broadly relevant to other cyanobiphenyl
homologues (nCB, n = 6−8) and amphiphilic mesogens. In
particular, the interplay between the polar functional groups and
solvent polarity can be exploited in molecular design to either
destabilize or stabilize liquid crystalline ordering at interfaces.
This insight bridges simulations with experimental observations,
and highlights design strategies for optimizing LC-based
sensors, optical devices, and composite materials across various
solvent environments.
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