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crystal at the air-water interface
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Molecularly thin films of the smectic liquid crystal 4′-octyl-4-biphenylcarbonitrile (8CB) at the air-water
interface phase separate into regions with different numbers of layers, in analogy with freestanding smectic
liquid crystalline films. This paper reports the line tension associated with the boundary of coexisting trilayer
and monolayer phases of in Langmuir films of 8CB at the air-water interface as a function of temperature and
humidity and infers information on the boundary profile between the coexisting phases. Two complementary
techniques are used to characterize the 8CB thin films: surface pressure–area isotherm and Brewster angle
microscopy (BAM). We determine the line tension by stretching isolated domains from their equilibrium circular
shape and analyzing the free relaxation with a hydrodynamic model. Then, we interpret the line tension vs
temperature data in terms of an excess line entropy for the domain boundary, which requires careful consideration
of the thermodynamics of inhomogeneous monolayer systems.
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I. INTRODUCTION

Analogous to the surface tension associated with the inter-
face of two bulk phases in a three-dimensional system, line
tension is defined as the line excess energy per unit boundary
length at the boundary between two phases within a quasi-
two-dimensional film. Line tension between coexisting phases
has been considered to play a potential role in governing dy-
namic functional domains within cell membranes, sometimes
called lipid rafts [1–9]. These nanodomains are thought to
have significant roles in cell signaling and membrane-protein
trafficking within biological membranes [10–14].

Line tension is one key parameter that governs and mod-
ulates the shape, size, and dynamics of the domains. The
competition between the line tension (short-range attraction)
at the boundary of the domain and dipolar repulsion between
molecular dipoles aligned by the interface determines the
equilibrium domain size and shape [15–21]. On the other
hand, the presence of long-range repulsion would complicate
the measurement and understanding of the bare line tension.
Further, this repulsion is thought to be much less important
for cell membranes because the bilayer structure reduces the
net dipole moment.

Here, we study the effect of temperature on the line tension
in a much simpler model system, consisting of coexisting
monolayer and trilayer domains in a Langmuir film (a layer,
one or a few molecules thick, of amphiphilic molecules
trapped at the gas-liquid interface) of the smectic liquid
crystal 4′-octyl-4-biphenylcarbonitrile (8CB) at the air-water
interface. In this case, dipolar repulsion is minimized due
to the symmetry of the bilayer on top of the monolayer.
This is confirmed by the small contrast in the electrostatic
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potential between the two phases [20,22]. Further, multi-
ple studies of the liquid crystal 8CB in freestanding films
[23,24] and in Langmuir films [21,22] have measured the
line tension at constant temperature as a function of the
thickness jump across the boundary. These studies suggest
that the shape of the boundary profile, and the energy be-
tween two fluid phases within the surface film, are determined
by minimizing the combined energies associated with the
core defect, layer distortion, and two independent surfaces
[23,24]. Furthermore, Zou and co-workers showed that the
line tension within 8CB multilayers at the air-water interface
is linearly dependent on the film thickness, which suggests
a smooth transition between two different discrete phases
over a boundary zone with a characteristic length scale. For
trilayer/monolayer coexistence, the length scale was estimated
to be ∼28 nm, equivalent to about 15 8CB molecules [22].
Note that this length scale is much larger than the width of
a typical liquid/fluid interface, which is of the order of 1
molecule.

We present line-tension data of two coexisting liquid
phases across a temperature range corresponding to different
bulk phases, from the crystalline to the nematic. We inves-
tigate the temperature dependence of the trilayer/monolayer
line tension to deduce more information about the configura-
tion of the domain boundary, which is difficult to find by direct
measurements. We expect an excess disorder associated with
the line, leading to a decrease in line tension with temperature.
Therefore, we interpret the line tension as a function of tem-
perature in terms of line entropy per unit length. Interpretation
requires carefully defining line excess quantities, in analogy to
surface excess quantities.

Various methods have been developed to measure line ten-
sion, including using domain boundary fluctuations [5], shape
distributions [4], and domain relaxation dynamics [20,22].
The domain edge fluctuation method is most appropriate for

2470-0045/2024/110(1)/014802(8) 014802-1 ©2024 American Physical Society

https://orcid.org/0000-0003-1594-8876
https://orcid.org/0000-0001-6743-600X
https://orcid.org/0000-0002-8687-5611
https://orcid.org/0000-0002-0020-5132
https://ror.org/02f81g417
https://ror.org/049pfb863
https://ror.org/051fd9666
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.110.014802&domain=pdf&date_stamp=2024-07-18
https://doi.org/10.1103/PhysRevE.110.014802


ALWUSAYDI, YARZEBINSKI, MANDAL, MANN, JR., AND MANN PHYSICAL REVIEW E 110, 014802 (2024)

FIG. 1. Defining the Gibbs dividing surface and line for trilayer/monolayer coexisting phases at the air-water interface. (a) Simplified
model of the film. (b) Three-dimensional model showing the Gibbs dividing surface and the Gibbs dividing line. (c) Cross section of the profile
of 8CB layer showing the Gibbs dividing surface and line.

small line tensions where the amplitude of the fluctuations
is relatively large, so that the fluctuations are clearly visible
with an optical microscope. This technique is not suitable for
our system with larger values of line tension [5]. The shape
distribution method is also not appropriate because the theory
behind this method requires an equilibrium distribution of
domain size to provide accurate line-tension values, and that
equilibrium may be hard to obtain [4].

Here, we use domain relaxation dynamics, through the
quantitative analysis of a deformed domain relaxing back to
its energy-minimizing circular shape, to determine the line
tension. The line tension is the driving force, opposed by the
subfluid viscosity, for the relaxation process. A manageable
mathematical model of relaxation phenomena, developed by
Bernoff and co-workers [25,26], which involves two coexist-
ing planar liquid phases on an incompressible subfluid, is used
to determine the line tension. The model reduces the differen-
tial formulation, with both bulk and surface Naviers-Stokes
equations as well as boundary conditions at both the surface
and the line, to a more tractable nondimensional boundary in-
tegral formulation [25–27]. More details are given in Material
and Method, Sec. II.

A. Surface and line thermodynamics

The thermodynamics of the line can be treated in the same
fashion as that of the interface in which the line is embedded.
The surface thermodynamics of thin films was first developed
by Gibbs [28]. We follow the treatment developed by Hansen
[29] and Turkevich and J.A. Mann [30].

As shown in Fig. 1(a), the system consists of a two-
dimensional fluid with two separate liquid phases of different
thicknesses at the air-water interface. The Gibbs convention,
which is a convenient method of defining both surface and
line excess quantities, is used. To do so, both the interfacial
surface between the two bulk phases (air and water) and the
line boundary between phase-separated domains in a pure
monolayer must be carefully defined [Fig. 1(b)]. We introduce
the Gibbs dividing surface that imposes zero surface excess
water. Note that the Gibbs dividing surface is drawn slightly
above the line defining the bottom edge of the monolayer
[Fig. 1(c)], as water is expected to penetrate into the film-
headgroup region.

Next, the Gibbs dividing line between trilayer and mono-
layer phases is defined, applying a similar convention of zero
line excess of 8CB, as shown in Fig. 1.

The defined boundary surface and line separate the bulk,
surface, and line quantities, which are separate in equilib-
rium. Thus, the Gibbs-Duhem relation for the system as a
whole [28]

0 = SdT − V dP + Nwater dμwater + N8CB dμ8CB

+ Ldλ + Adγ , (1)

can be written in terms of separate bulk, surface and line terms
as follows:

0 = (S(b) + S(s) + S(l ) )dT −V dP

+ (Nwater
(b) + Nwater

(s) + Nwater
(l ) )dμwater

+ (N8CB
(S) + N8CB

(l ) )dμ8CB

+ Ldλ + Adγ , (2)
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FIG. 2. Chemical structure of 4′-octyl-4-biphenylcarbonitrile
(8CB).

where S(b), S(s), and S(l ) are bulk, surface, and line entropies;
Nwater

(b), Nwater
(s), and Nwater

(l ) are the number bulk, surface,
and line water molecules; N8CB

(S) and N8CB
(l ) are the number

of surface and line 8CB molecules; and γ and λ are surface
and line tension, respectively. Here, the amount of 8CB in
bulk is not included because 8CB molecules are trapped at
the interface.

These equations must hold true separately for the bulk,
surface, and line. Thus, the surface Gibbs-Duhem equation
[Eq. (2)] at constant pressure can be written as

0 = S(s)dT + Nwater
(s)dμwater + N8CB

(S)dμ8CB + Adγ , (3)

and using the Gibbs convention, the excess surface entropy is
given by [28–30]

Ss ≡ S

A
= −dγ

dT
, (4)

where γ is the surface tension and T is the temperature of the
substrate.

Similarly, the line Gibbs-Duhem equation can be given as

0 = S(L)dT + Nwater
(L) dμwater + N8CB

(L)dμ8CB + λdL, (5)

and the excess line entropy can then be written as

SL ≡ S

L
= − dλ

dT
. (6)

II. MATERIAL AND METHOD

A. Materials

Line-tension experiments require high purity for all mate-
rials. If even trace contaminants are line active, they would
concentrate at the monolayer/trilayer boundary and change its
line tension. Two different sources of 8CB material and two
different troughs were used to test the purity of the system,
as any impurities were highly likely to be different in the four
cases. The 8CB samples, with chemical structure shown in
Fig. 2, were purchased from Sigma-Aldrich, 98% ALDRICH,
(sample 1) and BDH Ltd (samples 2 and 3). The 8CB was dis-
solved in hexane, OPTIMATM grade purchased from Fisher,
to obtain solution with concentrations between 0.20 and 0.30
mg/mL. Ultrapure water produced by a PURELAB R© Ultra
water system (Siemens, resistivity 18.2 M �/cm, TOC (Total
Organic Carbon)<2 ppb, passes the bubble test) was used as
substrate.

B. Experimental setup

The Langmuir technique was used (KSV Instruments) with
two different types of troughs in order to access the whole
range of the temperature (10−50 ◦C): one is a rectangular
(364 mm ×75 mm) KSV Langmuir minitrough which is made
of solid TeflonTM sitting on the top of an aluminum base; the
TeflonTM delaminates from the base at higher temperatures,

so that a different design is required in this limit. The other
is a circular trough (inner radius = 54 mm, outer radius =
68 mm, and depth = 68 mm), which is fabricated in aluminum
and coated with black TeflonTM by E.L. Stone Company, Inc.
(Norton, OH). The depth of this trough helps trap the laser
beam [31].

To facilitate the temperature control of the subphase, two
different sets of heating systems are used, depending on the
trough; A JulaboTM water bath circulates hot or cold water
through the base of the minitrough. Electric cartridge heaters,
connected to a temperature controller, fit into holes in the
sides of the aluminum trough [32]. A thermistor gives direct
readings of subphase temperature. Both systems control the
temperature with a precision of ±0.2 ◦C; the water bath can
both heat and cool the minitrough while the cartridge heater
system can only heat the aluminum one.

While the cylindrical trough allowed us to achieve temper-
atures to 50 ◦C and higher, it did not allow us to use barriers
for compression/decompression of the film. Therefore, for
consistency, the desired concentration was reached by succes-
sive addition in all of these experiments.

These troughs are carefully cleaned with a dilute, easily
rinsed soap solution (ExtranTM 300 Detergent), then rinsed
three or more times with deionized water, and finally with
ultrapure water. This cleaning is essential to remove any dust
or organic molecules and obtain data with high accuracy. The
ultrapure water is used as the subphase. Then, a spreading
solution of 8CB in the hexane with concentrations between
0.20 and 0.30 mg/mL, is carefully deposited using a Hamil-
ton syringe on the pure water in a well-cleaned trough. The
hexane evaporates, leaving 8CB molecules spread over the
subphase. The surface pressure is monitored by a Wilhelmy
plate with a precision of ±0.2 mN/m. To control the surface
concentration, we use the method of successive addition, wait-
ing a minimum of 10 min for the evaporation of hexane before
any measurements.

The surface is imaged using a homemade [33] Brewster
angle microscope [34]. For 8CB on water, there is no sign
of any in-plane anisotropy of the 8CB films, consistent with
earlier measurements [22,35,36]. Therefore, brighter domains
imply thicker ones.

C. Determining the line tension

In order to measure the line tension associated with
coexisting monolayer and trilayer domains, we use hydro-
dynamic shear to stretch an 8CB domain. The shear flow
is induced using a platinum wire (diameter = 1.3 mm) to
stir the substrate. Once the shear dies down, after ∼5 s,
the domain relaxes to the energy-minimizing circular shape,
driven by line tension. Typically, the domain is stretched
sufficiently that it is still deformed at that time. Stirring
too fast causes fluid flow sufficient to drive the relaxing
domain out the field of view, while stirring too slowly is
insufficient to significantly stretch the domains. Further, only
domains that are far apart from each other are analyzed, to
reduce the hydrodynamic effects from neighboring domains.
Neighboring domains significantly affect the relaxation pro-
cess of the domain of interest and are not accounted for in our
model.

014802-3



ALWUSAYDI, YARZEBINSKI, MANDAL, MANN, JR., AND MANN PHYSICAL REVIEW E 110, 014802 (2024)

FIG. 3. The real time vs simulated time and raw images of
domain relaxation of a trilayer domain (light-gray domain) on
top of the 8CB monolayer (background) through BAM. Scale bar
200 µm.

The relaxation event is recorded in AVI video files. A series
of images with their real (experimental) time are cut from
the video file using the PREMIERE PRO CC program. Then,
the images are fit to a hydrodynamic model for distorted
domains relaxing to circular ones, using software developed
by the Bernoff group [25,26]. This software simulates the
relaxation as it proceeds in nondimensional time, T, defined
by the following equation [25–27]:

T = t

T ∗ , T ∗ = η(T )A

λ
, (7)

where η(T ) is the viscosity of water, A is area of the domain
(A), and T ∗ is the characteristic time used to make the hydro-
dynamic equations nondimensional.

This software first traces the boundaries of the domain
in each image. It then uses the distorted shape of the
first image as an initial condition. The simulated time T
is then related linearly to the real time t as shown in
Fig. 3 through the characteristic time T ∗ (the slope of the
curve), which allows one to directly extract the line tension
from Eq. (7).

The characteristic relaxation time T ∗ increases with vis-
cosity, while it decreases with increasing line tension, the
driving force, and with decreasing area, corresponding to
higher radii of curvature and larger Laplace pressures [25,26].
The linear relationship between the simulated and experi-
mental times shown in Fig. 3 is an excellent test of the
underlying hydrodynamic model. With isolated domains, a
quiescent bulk during relaxation, and a clean surface, the
line tension obtained in this model has a much smaller
uncertainty, ∼1%, compared to earlier uncertainties, which
were ∼20% [15,21].

III. RESULTS

A. The surface excess entropy

Figure 4 shows the surface pressure vs mean molecular-
area isotherm of 8CB at the air-water interface. The isotherm
was consistent with the reported literature [35,37,38]. The
isotherm indicates different phases analogous to bulk phases.
For a few 8CB molecules at the surface, the coexisting gas-
and liquid-monolayer phases forms with almost zero surface
pressure as shown in Fig. 4(a). With more material added or
with more compression, the monolayer first covers the whole
surface as seen in Fig. 4(b) and then the surface pressure
steeply increases. As the monolayer is further compressed
beyond the mean molecular area A = 0.40 nm2, trilayer is-
lands appear and grow within the monolayer [Fig. 4(c)], at
a single surface-pressure value around ∼5 mN/m. At this
point, further addition or compression of 8CB results in a full
trilayer that covers the whole surface of the subphase. There-
after, the trilayer collapses to multilayers phases, consisting
of integer numbers of bilayers on top of the trilayer, shown
in Fig. 4(d). The contrasts between the two coexisting phases
are enhanced, especially in Figs. 4(a) and 4(c), to make the
domains and their edges more visible. The brightest areas in
Fig. 4(a) are close in intensity to the darkest areas of Fig. 4(c),
while the brightest areas in Fig. 4(c) are close in intensity to
the darkest areas in Fig. 4(d).

Both the surface tension of water γ0(T ) and the surface
tension of the 8CB-coated water decrease with temperature.
Figure 5 plots the surface pressure, defined as

π (T ) = γ0(T ) − γ (T ), (8)

as a function of temperature in the 8CB trilayer/monolayer
coexistence region at a mean molecular area of
0.30 nm2/molecule, near the center of the quasiplateau
in Fig. 4.

As shown in Fig. 5, the surface pressure decreases (in-
terfacial tension increases) with temperature, but only by
∼0.4 mN/m over the temperature range 20−50 ◦C. The slope
of d π/dT is approximately −0.017 mN/m per degree Cel-
sius, which implies a negative surface excess entropy.

A similar negative temperature coefficient of surface pres-
sure, implying a negative surface excess entropy, has been
found for the surface-active polymer poly(dimethylsiloxane)
(PDMS) at the air-water interface at different molecular ar-
eas [39]. For the region corresponding to trilayer/monolayer
coexistence, the slope (dπ/dt )N,A with respect to number
of molecules and molecular area was ∼ − 0.1 mN/m per
degree, whereas the slope was less negative, approximately
0.05 mN/m per degree Celsius in the monolayer regime. The
difference in the negative excess surface entropy for differ-
ent molecular areas also suggests that the surface entropy of
PDMS increases with decreasing surface area [39].

The measured negative surface excess entropy of 8CB
on water is small. However, it would be interesting to con-
nect this negative excess entropy to the microscopic structure
of the monolayer. According to Brewster angle microscopy
(BAM) images, the layer structures are nearly constant over
the whole temperature range, with no significant change in the
reflectivity for either the trilayer domains or the monolayer
background. The domain brightness is very stable, with a
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FIG. 4. Isotherm surface pressure coupled with BAM images as a function of molecular area of 8CB film at the air-water interface at
T = 20.0 ± 0.1 ◦C. Letters (a)–(d) indicate different regions at which the corresponding BAM images were recorded. Scale bar 200 µm. The
contrast between coexisting domains was maximized for clarity. The background intensity of (d) corresponds to the brightest domains in (c).

FIG. 5. Surface pressure at constant surface concentration
(0.30 nm2/molecule) plotted against temperature.

standard deviation of less than 3%, over a temperature range
in which bulk 8CB undergoes a phase transition from crystal
to smectic and to nematic phases.

B. The line excess entropy

Here, we report line-tension measurements for the bound-
ary between trilayer and monolayer phases in an 8CB
Langmuir film at the air-water interface over the temperature
range 10−45 ◦C. The line tension of a single isolated domain
is extracted from the characteristic relaxation time, the sub-
fluid (water) viscosity, and the domain area through Eq. (7).

Figure 6 shows the measured values of line tension as a
function of temperature of the subfluid, with associated error
estimations. The error bars arose from the uncertainties in
the measurements of the domain area, viscosity of water,
and characteristic time, dominated by the first of these. We
collected the data points under different experimental con-
ditions to test the reliability of the measurements. We used
two different troughs: a KSV Inc. solid TeflonTM minitrough,
which could be used for temperatures up to 30 ◦C (after
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FIG. 6. The line tension vs temperature under four different ex-
perimental conditions, with two troughs and two different samples.
Sample 1 is from Sigma-Aldrich, with concentration 0.204 mg/ml,
sample 2 from BDH Ltd with concentration 0.30 mg/ml, and sample
3 is also from this source with concentration 0.27 mg/ml. Green
diamond: sample 1 and solid minitrough; black squares: TeflonTM-
coated aluminum trough and sample 2; blue hexagons: sample 1 with
TeflonTM-coated aluminum trough; red circles: sample 3 with a cover
on the circular trough to increase humidity. Vertical lines indicate
phase-transition temperatures in bulk 8CB.

which the TeflonTM tends to delaminate from the aluminum
base) and a homemade TeflonTM-coated aluminum circular
trough with cover, which could be used in the temperature
range 20−50 ◦C. We also used two different sources for the
8CB. If even trace contaminants, from either the troughs or
the sample, are line active, they would concentrate at the
monolayer/trilayer boundary and change its line tension. Any
line-active agents are unlikely to be the same, in identity
and concentration, in the different sources of 8CB material
or leaching from the different troughs. The green diamond,
blue hexagon, and black square data points correspond to data
using the TeflonTM minitrough with sample 1 and the circular
trough with samples 1 and 2, respectively. The observation
that these two sources and two troughs all lead to the same
line tension suggests that any impurities, if present, are not
line active. Red circular data points with sample 3 correspond
to data with the circular trough covered, to test for any effect
of humidity [40]. With the cover on, the humidity approaches
100%, while room humidity was 40–70%. It is conceivable
that low humidity can drive evaporation which can disturb
the hydrodynamics of domain relaxation, which would yield
inaccurate values for the line tension. Within experimental ac-
curacy, the humidity does not appear to influence the apparent
line tension.

Within the scatter, the line tension vs temperature curve is
linear, without clear jumps or changes in slope as the 8CB
bulk phase transitions from crystalline to smectic to nematic.
However, as temperature increases, so does the scatter in the
line-tension values, as seen in Fig. 6. The root-mean-square

FIG. 7. Trilayer domains dewetting off the monolayer, above
40 ◦C.

deviation from the fit and the percentage deviation in two
regions: T � 25 ◦C and T � 30 ◦C, are ∼±0.73, 4%, and
±2.5, 11%, respectively. This scatter appears primarily for
two reasons. One is due to difficulty in producing sufficiently
isolated domains to avoid hydrodynamic effects from neigh-
boring domains, which can either slow or speed up relaxation
depending on domain relative position and orientation. Sec-
ond, convection causes more movement in the subfluid at
higher temperatures. Domains moving during the relaxation
process can add strain in either direction.

Where bulk 8CB would undergo a phase transition from the
nematic to the isotropic phase, at 40.5 ◦C, isotropic droplets
begin to appear, as shown in Fig. 7. As the temperature of
the subphase is increased above this transition temperature,
holes begin to form in the trilayer domain, with brighter
droplets at the edge. At higher temperatures, only large three-
dimensional droplets are observed. Thus, the trilayer begins to
dewet the monolayer-covered surface starting approximately
at the bulk isotropic phase-transition temperature.

We interpret the line tension vs temperature in terms of an
excess line entropy for the boundary through Eq. (6), with the
slope of the best fit through the line-tension data points repre-
senting the average entropy per unit length of the boundary:

Sl

L
= − dλ

dT
= −0.21 ± 0.01

pN
◦C

, (9)

Note that the entropy is constant within the uncertainties
over the temperature range 10 − 50 ◦C. However the positive
slope of the line tension with temperature indicates that the
specific excess entropy associated with line boundary is neg-
ative. A negative entropy is a priori unexpected. In principle
an excess entropy can have either sign, while retaining the
overall positive entropy for the system. However, it requires
careful consideration.

IV. DISCUSSION AND CONCLUSIONS

Here, we measured the line tension of the boundary of
two coexisting phases with uncertainty ∼1%. We observed
a low value for the surface-pressure temperature coefficient,
which suggested that the layers remained well defined. We
studied the influence of the temperature on the line-tension
measurements to deduce the excess line entropy associated
with trilayer/monolayer coexistence as

SL

L
= −0.21 ± 0.01

pN
◦C

.
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Entropies are expected to be positive. However, such nega-
tive values for boundary excess entropies, while unusual, have
also been found for surface tension [41–44]. The interfacial
tension of a conventional interface between two isotropic
liquids normally decreases with increasing the temperature,
implying a positive surface excess entropy. However, negative
surface entropies have been reported for the interface between
a gas and a liquid crystal, and between a liquid crystal and
an immiscible isotropic liquid. Gannon and Faber [41] found
that the surface tension of 5CB and 8CB in air, measured by
the Wilhelmy plate, is an increasing function of temperature
below and above the N-I transition, with a discontinuity at the
transition. Careful measurements by Tintaru et al. [42] using
a static pendant-drop method also found such a positive tem-
perature coefficient for the surface tension of 8CB in air. The
implied negative surface excess entropy of these liquid crys-
tals is thought to be caused by excess orientational-positional
order of the molecules near the surface compared to that in
bulk [42].

Further, Rai et al. [43] report, using a pendant-drop mea-
surement, that the surface tension between 5CB and PDMS
increases with temperature. Kim et al. [44], using similar
methods, also observed an increase in the interfacial ten-
sion between water and 5CB in the presence of an adsorbed
surfactant cetyltrimethylammonium bromide (CTAB) when
passing through the N-I transition. All these reports suggest
that for the region below the N-I transition, the homeotropic
ordering of liquid crystal at the interface causes a negative
surface excess entropy as the nematic-order parameter de-
creases. These measurements are also in agreement with a
Monte Carlo calculation [45] of interfacial tension between
a thermotropic liquid-crystalline polymer and a flexible poly-
mer. Above the N-I transition, these authors suggest an excess
nematic or smectic order at the interface beyond the bulk
transition [41–45].

In general, a negative excess surface entropy is associated
with increased order at the surface compared to the bulk
phase. Our results of a negative excess line entropy thus
suggest similar effects. It is difficult to imagine increased
positional order at the boundary line of the same kind induced
by a surface. However, the asymmetry between the inside
and the outside of the domain could induce an excess tilt in
one direction, analogous to a smectic C phase. A smectic C
phase is more ordered than a smectic A phase, which is the
only macroscopic smectic phase observed in 8CB films. The
negative line entropy, implied by the increase of line tension
with increasing temperature, thus suggests such a tilt.

More microscopic information would be required to
test this hypothesis. Experimental techniques such as cryo-
transmission electron microscopy, atomic force microscopy,
or (with sufficient resolution) x-ray-scattering microscopy
[46–48] are conceivable but difficult on these types of sys-
tems, where domain edges may be millimeters apart but on the
nanometer scale. It would be interesting to develop a molec-
ular dynamics simulation of such liquid-crystal films at the
air-water interface to explore such hypotheses for molecular
structure and organization at the boundary line. Such model-
ing would require a carefully defined Gibbs dividing surface
between the 8CB and water surface and Gibbs dividing line
between the two different phases within the surface.
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