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Molecular Dynamics Simulation of 4-N-Hexyl-4’-Cyanobiphenyl Adsorbed at the
Air-Water Interface
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The interfacial behavior of 4-n-hexyl-4’-cyanobiphenyl (6CB) molecules at the air-water interface is investigated
by full atomistic molecular dynamics simulations. To understand the morphology and the structure of adsorbed
6CB molecules in detail, the snapshots and mass density profiles of the simulation system are generated. The
average tilt angles between the interface normal and various vectors defined in the rigid and alkyl parts of 6CB
are in good agreement with the experimental data available. The interfacial thickness and monolayer width
are obtained from the mass density profiles of water and 6CB phase, respectively. The second and fourth rank
orientational order parameters of cyanobiphenyl core are found to be larger than those of an elastic alkyl chain.
Bond order parameters for 6CB are also calculated. The calculated oxygen-oxygen radial distribution function
and hydrogen bonding statistics for bulk water are compared with those for the interfacial region. The surface
tensions of the systems are calculated. All simulation results are compared with the available literature data.
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Most technological applications of liquid crystals
depend on controlling the molecular orientation at
an interface or a surface. This kind of control
is accomplished through chemistry, topography and
the adsorption of surfactants or monolayers.[1] Liquid
crystalline interfaces occur when liquid crystal (LC)
molecules are anchored to a solid surface, the isotropic
phase and the nematic phase coexist, or when LCs are
encircled by vapor. Interfacial properties of LCs are
of practical importance to design optical devices. It is
a necessity in many devices to control the molecular
tilt and the alignment of liquid crystal molecules is
strongly affected by their proximity to interfaces.[2]

LC molecules are able to form the Langmuir mono-
layers at the air-water (A/W) interfaces. A Lang-
muir monolayer is an ideal model system to study the
two-dimensional phase behaviors of amphiphilic sur-
factant and biopolymer molecules in many colloidal
and biological systems.[3] Daniel et al. showed that
𝑛-alkyl-cyanobiphenyl (𝑛CB) liquid crystals could be
spread as the Langmuir monolayers.[4] The 𝑛-alkyl-
cyanobiphenyls consist of a polar cyano group, a
biphenyl chromophore and an alkyl chain containing
𝑛 methylene/methyl groups. The 𝑛CB homologous
series with 𝑛 = 5–12 are the commonly studied liquid
crystals. Remarkable experimental studies on 𝑛CB
Langmuir monolayers have been published.[5−8] How-
ever, the detailed interfacial properties at the molec-
ular level are difficult to distinguish experimentally,
because the fraction of interfacial molecules is quite
small in comparison with that of the bulk medium.
Therefore, the simulation studies on monolayers at
the A/W interface are an active area for scientists. A
small number of simulation studies on the interfacial
properties of only two members of 𝑛CB series, namely
5CB and 8CB, have been reported.[9,10] In these stud-
ies, united atom models, in which the hydrogen atoms

are ignored, were used. Recently, utilizing the OPLS
all-atom (OPLS-AA) model, we performed molecular
dynamics simulations for quantifying some interfacial
properties of 8CB monolayers on water substrate and
we noticed that the simulated data are generally in
agreement with experiments.[11] In the present study,
we examine the interfacial properties (i.e., mass den-
sity profiles, interfacial thickness, monolayer width,
hydrogen-bonding, molecular ordering, tilt angle, sur-
face tension and radial distribution function) of 6CB
monolayers at the A/W interface, by performing full
atomistic molecular dynamics (MD) simulations. To
the best of our knowledge, adsorbed 6CB molecules
at the A/W interface have never been studied by full
atomistic MD simulations before.

Here 5543 water molecules in a cubic cell were
simulated for 40 ns at 297 K in an NpT ensem-
ble. The TIP4P/2005 model was employed for
water.[12] An aqueous phase containing equilibrated
water molecules was put in the center of the rect-
angular box (54.984Å (𝑥)× 54.984 Å (𝑦)× 300.000 Å
(𝑧)). The molecular geometry of 6CB was optimized
by a Gaussian 09 electronic structure package[13]
at the B3LYP/6-31G* level of theory. Consider-
ing the surface pressure-area (𝜋 − 𝐴m) isotherm of
6CB,[6,7] the surface area per molecule (𝐴m) was set
to 37 Å2/molecule. Here 82 mesogen molecules were
distributed at each side of the aqueous phase, with
the –CN groups facing the aqueous phase as shown
in Fig. 1(b). Hereinafter, we call this simulation sys-
tem ‘S82’. The MD simulation of S82 was carried
out for 101 ns in the NVT ensemble using the NAMD
software.[14] The last 1 ns trajectory was used for anal-
ysis. The 6CB interaction parameters were taken from
the OPLS-AA force field.[15] All of the H-containing
bonds are constrained with SHAKE. Periodic bound-
ary conditions were considered in 3D space. The par-
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ticle mesh Ewald summation technique[16] was used to
calculate the electrostatic interactions and long-range
interactions were modeled by the Lennard–Jones po-
tential, with a cutoff of 13 Å. Apart from the S82 sys-
tem, we run another 41 ns MD simulation in the NVT
ensemble at 297 K for the air-water-air (A/W/A) sys-
tem with 5543 water molecules in the middle of the
rectangular cell of size 54.984 × 54.984×300.000 Å3.
All codes used for the analysis of the simulation data
were written by us. Images and graphs were produced
using VMD[17] and XMGRACE,[18] respectively.
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Fig. 1. (a) Schematic structure of 6CB with key atoms
labeled. (b) A snapshot of the initial configuration of S82.
Carbon, nitrogen and hydrogen atoms of 6CB are drawn
in cyan, yellow and white, respectively. Water is rendered
in transparent red.
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Fig. 2. Final snapshots (side and top view) of the simu-
lated system. The color scheme for the snapshots is the
same as Fig. 1.

It is clear from Fig. 2 that a monolayer occurs at
the 𝐴m = 37Å2/molecule for S82. The cyano groups
of 6CB molecules tend to penetrate to the A/W inter-
face while the hydrophobic tails are mostly excluded
from the water surface. The alkyl chains aggregate to-
gether and orient in a certain direction because of the
interactions among them. The 6CB molecules exhibit
a rough distribution producing a rippled surface at the
A/W interface, contrasting to an almost flat interface
at the beginning of the simulation (Fig. 1(b)).

The occurrence of monolayers can be seen from
Fig. 3, depicting the mass density distributions of 6CB
and water molecules. The mass density profiles of two
monolayers are found symmetrically, indicating that
the system is well equilibrated during the simulation.
The presence of a ∼ 55Å thick water slab between
two monolayers implies that the monolayer peaks are
independent and have no influence on each other. The
6CB molecules are well adsorbed at the A/W interface

due to the strong interaction between the hydrophilic
cyano groups and water molecules. The density of
water in the bulk phase is 0.996 g/cm3 being in very
good agreement with the experimental density of pure
water, 0.997 g/cm3, which shows that the system un-
der study is large enough.[19] As seen from the snap-
shots and density profiles, the water molecules pene-
trate into the adsorption layer.
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Fig. 3. Mass density profiles of the 6CB and water along
the 𝑧 axis.

To determine the interfacial thickness 𝑑, we fit the
mass density profile of water to the usual hyperbolic
tangent function given as

𝜌(𝑧) =
1

2
(𝜌L + 𝜌V)−

1

2
(𝜌L − 𝜌V) tanh

[︁ (𝑧 − 𝛿)

𝑑

]︁
, (1)

where 𝜌L and 𝜌V are the liquid and vapor densities,
respectively, 𝑧 is the distance along the normal to the
interface, 𝛿 is the position of Gibbs’s dividing surface
and 𝑑 is related to the 10–90 thickness being the dis-
tance between the 𝑧 values at 0.9𝜌L and 0.1𝜌L by a
factor of 2.1972. Table 1 gives the average liquid den-
sity and interfacial thickness of S82. We also per-
formed the MD simulation of the interface between
neat water and its vapor at 300K and 1 atm, which
gave 𝑡 = 3.7Å and 𝜌L = 0.996 g/cm3. The reported
thicknesses from simulations based on empirical polar-
izable water models are 3.2–3.9Å.[20−22] The rough-
ness of the liquid-vapor interface for pure water ob-
tained by x-ray reflectivity measurements is 3.2Å.[23]
Comparing all these results with the thickness found
in the current calculation (3.50 Å) implies that adding
82 molecules does not have a noticeable effect on the
interface thickness.
Table 1. Fitted density profile parameters for water and 6CB
at the liquid-vapor interface.

𝜌L (g/cm3) 𝑑 (Å) 𝑡 (Å) 𝜎 (Å) 𝑧0 (Å)
0.996 1.59 3.50 10.7 32.8

We calculated 𝜃core and 𝜃tail tilt angles, which
quantify the orientations of the rigid cyanobiphenyl
core and hydrocarbon chain vectors, respectively, rel-
ative to the interface normal. The corresponding re-
sults are listed in Table 2. The head and tail vec-
tors are N1-C14 and C14-H41 vectors, respectively
(see Fig. 1(a) for atom labels). The adsorbed 6CB
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molecules prefer a tilted orientation relative to the in-
terface normal. The tilt angles calculated for the sim-
ulated system, namely 56.5∘ and 51.6∘, are in good
agreement with the experimental angles in the vicin-
ity of the collapse point.[6,7]

Table 2. Simulated tilt angles with respect to the normal in-
terface, along with the experimental data.

𝜃core (deg) 𝜃tail (deg) 𝜃 (deg)[6] 𝜃 (deg)[7]

56.5 51.6 54 49

Table 3. The second and fourth rank orientational order pa-
rameters for rigid and alkyl parts of 6CB.

⟨𝑃2⟩rigid ⟨𝑃4⟩rigid ⟨𝑃2⟩alkyl ⟨𝑃4⟩alkyl
0.85 0.60 0.65 0.24

The mass density distributions of 6CB in Fig. 3 can
be well-fitted with a Gaussian function

𝜌(𝑧) =
𝐴

𝜎
√︀
𝜋/2

𝑒−4(𝑧−𝑧0)
2/𝜎2

, (2)

where 𝐴 is a constant, 𝑧0 is the position of the peak
center and 𝜎 is the monolayer width. The param-
eters that yielded the best fit are listed in Table 1.
The monolayer width of 4’-𝑛-octyl-4-cyanobiphenyl
(8CB) in the liquid expanded phase was found to
be 14 Å by high-resolution x-ray reflectivity measure-
ments at room temperature.[24] Using the geometry
of 6CB optimized by the DFT/RB3LYP/6-31G(d, p)
approach, we computed the molecular length to be
20.3 Å, which gives an approximate monolayer width
of cos(56.5) * 20.3 = 11.2Å. These results are consis-
tent with the current monolayer width of 10.7 Å.

The second rank orientational order parameter
⟨𝑃2⟩ was computed via the ordering matrix, whose
elements are

𝑄𝛼𝛽 =
1

2𝑁m

𝑁m∑︁
𝑗=1

(3𝑢𝑗𝛼𝑢𝑗𝛽 − 𝛿𝛼𝛽), (3)

where 𝑢𝑗𝛼 are components of the long axis of molecule
𝑗, 𝛿𝛼𝛽 is the Kronecker 𝛿 symbol, and 𝛼, 𝛽 = 𝑥, 𝑦, 𝑧.
The long molecular axis was found by diagonalizing
the moment of inertia tensor. The largest eigenvalue
and corresponding eigenvector of the order tensor are
taken as ⟨𝑃2⟩ and the phase director, respectively. We
computed ⟨𝑃2⟩ and the fourth rank order parameter
(OP) given as

⟨𝑃4⟩ = ⟨(35 cos4 𝜃 − 30 cos2 𝜃 + 3)/8⟩, (4)

where 𝜃 is the angle between the molecular long axis
and director. For the rigid core, the simulated ⟨𝑃2⟩
and ⟨𝑃4⟩ values are 0.85 and 0.60, whereas the ex-
perimental ones for pure 6CB are ∼ 0.6 and ∼ 0.12,
respectively.[25] The orientational order for interfa-
cial systems increases considerably in comparison with
that for pure nematic 6CB. The simulated OPs for the
alkyl chain and rigid cyanobiphenyl core are listed in
Table 3. The rigid core possesses higher OPs than
those of the alkyl chain, as is expected.

The OPs for the CH alkyl segments were com-
puted,

𝑆CH = ⟨(3 cos2(𝛽CH)− 1)/2⟩, (5)

where 𝛽CH is the angle between the CH vector and the
monolayer normal. As seen in Fig. 4, close to the aro-
matic ring region, hydrocarbon chains of 6CB become
more ordered. The decrement of 𝑆CH as the carbon
atom number increases is due to the enhanced freedom
of the carbons with the distance from the aromatic
rigid part. Although the simulated and experimental
results are qualitatively similar, the simulated OP for
6CB monolayer is higher suggesting more alignment
than that indicated in the pure 6CB.[26]
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Fig. 4. Comparison of bond OPs for the hydrophobic tail
with experimentally determined OPs of pure 6CB.[26] The
number of methyl carbon atoms of the chain is 20.
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Fig. 5. The oxygen-oxygen RDFs for the bulk and inter-
facial water.

To study the local structure of water molecules in
the bulk and interfacial regions, the oxygen-oxygen
radial distribution functions (RDFs) were calculated.
The bulk water region was taken between 𝑧 = ±2Å
and the interfacial water slab was considered to be
the 10–90 thickness zone. Figure 5 shows the RDFs
between oxygen atoms for two different water slabs.
The previous TIP4P/2005 results and the correspond-
ing RDF derived from the neutron diffraction for pure
water are in agreement with those found in the cur-
rent calculation for bulk phase.[27,28] No change of the
peak positions for both phases implies the almost un-
changed local structure of water. The peak heights for
the interfacial region are lower than those for the bulk
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because of the decreasing number of water molecules
in the interfacial region. The RDF in the interfacial
region is converged to 0.5, as expected for a thin water
slab centered on the Gibbs dividing surface.

To gain insights into the molecular interactions
at the interfaces, we have calculated the distribu-
tion of hydrogen bonding between water molecules
at the interface compared with those in the bulk wa-
ter. In the following analyses, two water molecules
are taken to be hydrogen bonded to each other if the
distance of the water O atoms is less than 3.5Å and
simultaneously the angle of Oacceptor–Odonor–H is less
than 30∘. The average number of hydrogen bonds
per water molecule, 𝑛HB, is found to be 3.5 in the
bulk regions of S82 and A/W/A systems, compared
with the experimental estimate for pure water (PW),
𝑛HB(exp) = 3.4,[29] being compatible with the tetra-
hedral picture of liquid water. This provides further

evidence for the similarity of bulk and pure water char-
acteristics, as seen from the comparison of RDFs. Here
𝑛HB decreases to ∼ 2 for the interfacial regions be-
cause of the lower number density of water. In simu-
lations of a number of water-organic liquid interfaces,
this value varies from about 3.6 in the bulk about 2 at
the interface.[30]

The 𝑓𝑖 fraction of water molecules having 𝑖 hy-
drogen bonded neighbors in the interfacial and bulk
water regions of both systems simulated has been cal-
culated and is listed in Table 4. As is seen, the statis-
tics for bulk regions are very close to those reported
in Ref. [31] for pure water. The maximum of distri-
butions shifts to smaller 𝑖 values upon going from
the bulk to the interfacial region. The bulk water
molecules have three or four hydrogen bonded neigh-
bors, whereas 𝑓2 becomes the most populated fraction
in the interface region.

Table 4. Fraction of the water molecules having 𝑖 hydrogen bonded neighbors in the bulk and interfacial regions and in pure water,
𝑓𝑖 (%). Here 𝑛HB is the average number of hydrogen bonds per molecule.

S82 A/W/A
𝑖 bulka surfacea bulka surfacea PWa,c S82b

1 2 28 2 25 1 90
2 10 44 10 43 7 9
3 30 26 30 29 29 0
4 52 2 51 3 56 0
5 6 0 6 0 7 0

𝑛HB 3.5 2.0 3.5 2.1 3.6 1.1
aFor O. . .H-O hydrogen bonds, bFor N. . .H-O hydrogen bonds, cRef. [31].

It was reported that the main driving force of
the adsorption is the possibility of forming hydrogen
bonds between the adsorbed octyl cyanide and interfa-
cial water molecules.[32] Therefore, the calculated pop-
ulations to characterize the hydrogen bonds formed by
water and 6CB molecules are given in Table 4. We de-
fine 6CB and water molecules to be hydrogen bonded
if their nitrogen-oxygen distances are less than 3.35 Å
and simultaneously the nitrogen-hydrogen distance is
less than 2.45 Å.[32] The average number of hydrogen
bonds per 6CB molecule and 𝑓1 are found to be 1.1
and 91%, respectively, being in accordance with the
fact that the 𝑁 ≡ 𝐶 group can participate in only one
hydrogen bond, being the H-acceptor partner.

We calculated the surface tension (𝛾), which was
obtained from the pressure tensor,

𝛾 =
⟨𝐿𝑧

2

[︁
𝑃𝑧𝑧 −

𝑃𝑥𝑥 + 𝑃𝑦𝑦

2

]︁⟩
, (6)

where 𝑃𝑖𝑖 (𝑖 = 𝑥, 𝑦, 𝑧) is the diagonal component of
the pressure tensor, and 𝐿𝑧 is the length of the sim-
ulation cell in the direction perpendicular to the air-
water interface. The calculated surface tension of the
A/W/A system is 𝛾W = 67.8mN/m, which agrees
with the simulated and experimental results of 69.3
and 71.73 mN/m, respectively.[33] The simulated sur-
face tension of 90.1 mN/m for S82 is higher than that
for the A/W/A system. For the slab coated with a
monolayer, the surface tension of monolayer (𝛾m) is
computed as 𝛾 − 𝛾W. For the 6CB monolayer, 𝛾m is
found to be 22.3mN/m.

In conclusion, some morphological and structural
features of 6CB monolayer at the A/W interface have
been estimated for the first time by full atomistic MD
simulations. The simulated mass density profiles and
snapshots reveal the occurrence of stable monolayers.
The simulated tilt angles for biphenyl core and alkyl
parts, the interfacial thickness and monolayer width
are consistent with the results reported previously.
The second and fourth rank orientational OPs of 6CB,
along with CH bond OPs, are computed. The orienta-
tional OPs for the interfacial system are much higher
than those for pure nematic 6CB. It can be deduced
from the calculated RDFs between oxygen atoms in
bulk and interfacial water that adding 6CB molecules
to the air-water interface does not change the local
structure of water much. The surface tension calcula-
tions and hydrogen bond analysis are performed. The
results are in good agreement with the experimental
and simulation data.
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