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Abstract: Liquid crystal (LC) phases typically show anisotropic alignment-dependent properties,
such as viscosity and dielectric permittivity, so it stands to reason that LCs also have anisotropic
interfacial tensions. Measuring the interfacial tension γ of an LC with conventional methods, such
as pendant drops, can be challenging, however, especially when we need to know γ for different
LC aligning conditions, as is the case when we seek ∆γ, the interfacial tension anisotropy. Here, we
present measurements of ∆γ of the common synthetic nematic LC compound 5CB against water
using a microfluidic droplet aspiration technique. To ensure tangential and normal alignment,
respectively, we add poly(vinyl alcohol) (PVA) and sodium dodecylsulfate (SDS), respectively, as
a stabilizer and measure γ for different concentrations of stabilizer. By fitting the Szyszkowski
equation to the data, we can extrapolate to zero-stabilizer concentration, obtaining the γ of 5CB to
pure water for each alignment. For normal alignment, we find γ⊥ = 31.9± 0.8 mN·m−1, on the
order of 1 mN·m−1 greater than γ|| = 30.8± 5 mN·m−1 for tangential alignment. This resonates
with the empirical knowledge that 5CB aligns tangentially to an interface with pure water. The
main uncertainty arises from the use of polymeric PVA as tangential-promoting stabilizer. Future
improvements in accuracy may be expected if PVA can be replaced by a low molar mass stabilizer
that ensures tangential alignment.

Keywords: liquid crystal; interfacial tension; surface tension; alignment; anisotropy; PVA;
SDS; microfluidics

1. Introduction

The interfacial tension γ between immiscible fluids is a material property with impli-
cations on a variety of fields, ranging from fundamental biophysics (such as respiration and
locomotion) to applications in jetting dynamics. Many techniques exist to measure γ, rang-
ing from plate [1,2] and ring methods [3] to pendant drops [4–9] and further to droplet [10]
and bubble deformation techniques [11,12]. However, when it comes to long-range ordered
liquids, liquid crystals (LCs), many of these techniques show significant shortcomings.
Most of these issues are material-related, as the methods require data on other material
parameters for calculating γ: the room temperature densities of common LCs can be ex-
tremely close to that of water [1,4,9,13], and any uncertainties in these values will propagate
into uncertainty in the measurements [4]. Other techniques rely on other external proper-
ties, such as viscosity [10], which can show strong orientation dependence; others work
only for specific LC phases [11,12]; and yet others, in particular rings and plates, require
large amounts of material for baths and to ensure adequate contact with the apparatus,
which is not appropriate when working with small quantities of precious liquids.

An option for measuring interfacial tension is using LC droplets, which have shown
themselves to be robust and versatile for manipulation in a variety of settings [14–17].
Based on the principle of micropipette aspiration [18–20], originally used for measuring the
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cortical tensions of lipid membranes, we developed an interfacial tensiometry technique us-
ing glass capillary-based microfluidic devices, obtaining γ solely from direct experimental
observations of droplet deformation in a channel and measurement of the pressure differ-
ence (∆P) required to induce the deformation [21]. The remarkable part of this technique is
that no material parameter values are needed to establish γ: all that is needed is ∆P and an
initial and final radius of curvature of the droplet (r1 and r2, respectively). These values are
then related to γ through the following equation:

∆P = 2γ ·
[

1
r2
− 1

r1

]
(1)

A schematic of the operation of this technique is shown in Figure 1.

Figure 1. Aspiration of a droplet of 5CB in an aqueous surfactant solution (6.0 mM SDS). The difference in pressure values
obtained from (a) before and (b) after the aspiration (∆P), along with the corresponding radii of curvature before and during
aspiration (r1 and r2, respectively), are then inserted into Equation (1) to obtain the interfacial tension γ.

This technique was found to be robust and applicable to a wide range of fluids
with interfacial tensions on the order of as little as 0.1 mN·m−1 [21]. A stretch goal,
however, was to probe γ, and in particular its anisotropy ∆γ, of LCs, measurements which
have proven difficult to perform with classic techniques [4,8,9]. Being anisotropic liquids
with alignment-dependent properties [22–24], LCs should show an alignment-dependent
interfacial tension. To be clear, the meaning of the LC being aligned in a certain way with
respect to its boundary is that the director, indicating the preferred direction of molecular
orientation in the LC, aligns in this way at the interface, the two extreme cases being
tangential and normal alignments. Intermediate situations, referred to as tilted alignment,
are also possible. Initial work by Gannon et al. showed that there could be a difference
between γ⊥ of normal and γ|| of tangential alignment [1], but measuring this directly is not
straightforward. Indeed, most studies measuring γ of LCs have not looked at the effects of
different aligning conditions [4,8,9]. Field alignment through a Frederiks transition is a way
to achieve a uniform alignment [25,26], but this is not appropriate for use with droplets
and for large samples.

To achieve the desired alignment, however, we can instead make use of the sensitivity
of LC alignment to its surrounding environment. This is, of course, fundamentally an effect
of the non-zero ∆γ for each medium in contact with the LC. Pure water promotes tangential
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alignment, while the presence of a surfactant favors normal alignment; however, the
surfactant inherently decreases γ [8], reflecting the fact that an aqueous surfactant solution
is a quite different medium from pure water. In practice, experiments with pure water are
notoriously difficult due to wetting issues and poor droplet stability, hence stabilizers are
added regardless of which alignment is desired. To ensure a stable interface with water
with tangential alignment, the standard choice is to add a water-soluble polymer, such as
polyvinylalcohol (PVA) [27,28]. As with the case of surfactant addition, the introduction
of PVA changes the medium from pure water. While PVA is often not thought of as a
surfactant, solutions of polymers such as PVA have been shown to have some degree of
surface activity [2,29], hence we cannot simply assume that the value of γ of an LC in
contact with aqueous PVA solution is identical to that of an interface with pure water,
although the alignment is the same.

Since the use of a surfactant or polymer is necessary to stabilize a droplet for measure-
ment, and such a material can have considerable surface effects, we need to account for
this in the measurements. For aqueous surfactant solutions with concentration c below the
critical micelle concentration, the interfacial tension as a function of concentration, γ(c),
is described by the Szyszkowski equation (sometimes called the Langmuir-Szyszkowski
equation) [30–32]:

γ(c) = γ0 − RG · T · Γ∞ · ln(1 + KL · c) (2)

where γ0 is the interfacial tension without surfactant, RG = 8.314 J · K−1 · mol−1 the
ideal gas constant, T the temperature, Γ∞ the monolayer surface coverage capacity, and

KL = e
µ0

b−µ0
s

RG · T a rate constant determined by the chemical potentials of the solute (µ0
b in bulk

and µ0
s at the interface). For a given system of solute and medium at the other side of the

interface, at a constant temperature, we can assume T, Γ∞, and KL to be constant [30], thus
enabling us to fit Equation (2) to experimental data using c as the independent variable and
γ0, KL and Γ∞ as fitting parameters. The beauty of this approach is that we can obtain γ0 of
an LC in contact with any medium with which we can conduct experimental measurements
of γ(c), the medium with c > 0 determining the LC alignment. This means that, although
our experiments are done with stabilizers, we are effectively extrapolating the results to
obtain γ at an interface with pure water, yet with the alignment promoted by the stabilizer
used in each experiment.

In this work, we use this method to determine the interfacial tension to pure water of
the common synthetic liquid crystal 4-cyano-4′-pentylbiphenyl (5CB), for both tangential
and normal alignment, the latter impossible to achieve in a direct experiment. This allows
us to, for the first time, we believe, establish the interfacial tension anisotropy ∆γ for 5CB
in contact with pure water. We further compare the data to pendant drop measurements,
concluding that pendant drops are not suitable for measuring the interfacial tension of 5CB
due to the density uncertainty and lack of aspherical shape, underlining the advantage of
the pipette aspiration technique.

2. Materials and Methods
2.1. Materials

The liquid crystal 4-cyano-4′-pentylbiphenyl (5CB, 99+%) was sourced from Xinhua
Yantai Corporation. The surfactant SDS (sodium dodecyl sulfate, 95%+), the surface treat-
ment agent DMOAP (dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride,
42% in methanol), and PVA (Mw 13–23 Mg·mol−1, 87–89% hydrolyzed) were sourced from
Sigma Aldrich. All chemicals were used as supplied without further purification.

Microfluidic devices were prepared using 1.05 mm borosilicate glass square capillar-
ies sourced from the University of Pennsylvania; 1.0 mm outer diameter/0.7 mm inner
diameter borosilicate glass cylindrical capillaries obtained from WPI; 21-gauge cannulas
from Braun; Pattex two-component Super Mix Metal epoxy; and Norland NOA61 Optical
Adhesive. The borosilicate glass capillaries were cut to lengths suitable to contain the
constricted capillaries created from the cylindrical capillaries.
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2.2. Solution Preparation

Aqueous solutions of 0.010 mM, 0.10 mM, 1.0 mM, 2.0 mM, 3.0 mM, and 6.0 mM
SDS and of 1.0%, 2.5%, 5.0%, 7.5%, and 10.0% w/w PVA were prepared from ultrapure
deionized water (Sartorius Arium or Millipore, resistivity 18.2 MΩ·cm) and the mass of the
powder to achieve the desired concentrations. Solutions of PVA were prepared by adding
the PVA powder to hot water and left to stir at at least 75 ◦C overnight or longer until a
clear, homogeneous solution was obtained, while solutions of SDS could be prepared in a
volumetric flask before transferring to a vial for stirring at room temperature to obtain a
clear, optically homogeneous solution. All solutions were, once prepared, stored at room
temperature and used within a week of preparation.

2.3. Microfluidic Droplet Aspiration
2.3.1. Device Assembly and Experimental Set-Up

The assembly of microfluidic devices followed procedures previously detailed for the
assembly of tensiometry devices [21,33], in turn based on techniques used for droplet and
shell production [27,28]. In brief, cylindrical capillaries were pulled using a Sutter P-100
pipette puller to create a constriction of inner diameter 100–200 µm, using a heating setting
to soften the glass and gently pull it without breaking. Other cylindrical capillaries for
injection and production of droplets were pulled using normal settings and cut using a
Narishige microforge to have an orifice diameter of 50–80 µm. The constricted and cut
cylindrical capillaries and the square capillaries were then treated by soaking in a dilute
aqueous solution of DMOAP (1–2% v/v DMOAP) for at least 15 min, changing the solution
at least once, before rinsing in ultrapure water and curing in an oven under vacuum at
120 ◦C for at least 30 min. The silanized capillaries were then cooled to room temperature
before device assembly.

Using a length of square capillary sufficient to encase the constriction in the collection
capillary entirely within the square capillary, the injection and collection capillaries were
positioned within the square capillary to be coaxially nested before sealing with both
UV-reactive epoxy and normal epoxy to prevent leakage. Devices were allowed to dry
overnight before use to ensure the glues had fully solidified.

Once assembled, the devices were connected through thin, flexible polyethylene
tubing to vials equipped with septa. Pressures were applied and regulated with a Fluigent
MFCS system equipped with channels to supply 25 mbar pressure with 0.01 mbar steps
(for the aspiration stages) and 1034 mbar pressure with resolution of ±0.31 mbar steps (for
droplet production). A schematic of the fully assembled device both in droplet production
and measurement modes is presented in Figure 2.

2.3.2. Experimental Procedure

The device was flushed first with alternating rinses of ultrapure water and ethanol
to both clean the device and check for leaks. We then began flowing the outer bath phase
through the channel to prime the device. Once filled with the outer bath phase, the LC was
flowed through the inner channel to create droplets of various sizes, the target droplet size
being with a diameter on the order of 300–400 µm. Once a suitable droplet was obtained,
it would be stopped in the channel and pushed gently back towards the constriction,
adjusting both the supplied pressure from the pressure pump unit and the hydrostatic
pressure from the vials to push the droplet to the beginning of the constriction, causing
either no deformation or a minimal deformation to hold the droplet in place. This process
was continuously imaged using an IDT camera operated by MotionStudio 64 software,
with the entire set-up mounted on a Nikon Eclipse inverted microscope.
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Figure 2. A schematic representation of our set-up used to both (a) produce and (b) measure droplets. Liquids are flowed
from pressurized, sealed vessels using a microfluidic pressure controller. Once suitable droplets are generated in (a), the
pressures used to produce the droplets are cut and a gentle pressure applied from the waste vessel to deform the droplet in
the constriction. Adapted in part from Honaker et al. [21].

Still frames from the aspiration process, with one image taken before and the other
image taken after the application of an aspiration pressure (∆P), were analyzed in a
graphics software by measuring the radius of curvature of the leading edge of the droplet
(facing the constriction of the channel) at the center of the channel: measurement at the
center of the channel is essential to avoid distortions that result from the curvature of the
cylindrical capillary [34]. The radii of curvature from the before and after images (r1 and
r2, respectively), along with the aspiration pressure, are the quantities that are then used in
Equation (1) to obtain the interfacial tension.

Verification of the alignment of the LC droplets is best performed between crossed po-
larizers, but viewing droplets in this configuration makes measuring the radii of curvature
challenging since the edges of the droplet need to be clearly seen. As shown in Figure 3,
however, normal or tangential alignment of the LC droplet can still be verified without
crossed polarizers.
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Figure 3. Micrographs of a bulk sample of an aqueous solution containing 5CB droplets, using (a) and
(a’) PVA, to promote tangential alignment; and (b) and (b’) SDS, to induce normal alignment. Images
are viewed (a) and (b) with a single polarizer and (a’) and (b’) between crossed linear polarizers.
Even without crossed polarizers, a characteristic texture when droplets are normally aligned is clearly
visible in (b), which allows us to verify the droplet alignment. Scale bars 100 µm.

2.4. Pendant Drops

Measurements of γ using the pendant drop method were performed for 5CB both
in air and in aqueous phases, using a “SURFTENS universal” set-up from OEG Gmbh.
The set-up is equipped with a base plate, an x/y/z sample stage, a manual dosing system,
a USB camera with 6.5× zoom lens, and a white LED, and is controlled by the software
“SURFTENS PD”. A schematic of the experimental set-up is shown in Figure 4. After the
calibration, we need to provide the density of the LC and of the surrounding medium. To
measure the surface tension γair (air is the external medium) of 5CB, we filled 500 µL into a
glass syringe connected to a cannula (blunt end needle) with an inner diameter of 0.20 mm.
Because of the pressure generated in the syringe while filling the LC, it came out of the
cannula in a droplet shape. Once the droplet was stable without any oscillations, we began
to measure γair using the “measuring window” option in the software.

For measurements of interfacial tension γ (using an aqueous phase as the external
medium), we filled a glass cuvette with the appropriate surrounding liquid and inserted the
cannula into this cuvette. We pressed the syringe manually to create a drop and measured
γ using the same software options. In this case, however, we updated the density of the
surrounding medium from that of air to that of the liquid. All the surface and interfacial
measurements were performed at 20 ◦C, and the liquid and 5CB densities were measured
using an Anton Paar DMA 5000 M densitometer. The measured density values for 5CB
and 5% w/w PVA solution were 1.025796 g·cm−3 and 1.010091 g·cm−3, respectively. We
took around 20 measurements of the surface tension or interfacial tension.
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Figure 4. A schematic representation of the pendant drop experiment set-up, in the configuration for
measuring surface tension (against air).

The calculation of the surface/interfacial tension is given by

γ =
∆ρ · ag · R2

0
β

(3)

where γ is the surface/interfacial tension in mN·m−1, ag is the gravitational acceleration
(assumed to be 9.81 m·s−2), ∆ρ = ρLC − ρenvironment is the density difference in g·cm−3, R0
is the radius of curvature, and β is a dimensionless form factor that contains the diameter

ratio
D2

D1
, where D1 and D2 are the diameters defined in Figure 5.

Figure 5. Drops of 5CB in (a) air and (b) water. Scale bar represents 1 mm.

3. Results
3.1. Microfluidic Droplet Aspiration
3.1.1. Normal Anchoring with Surfactant

The interfacial tension of 5CB in the nematic phase was measured against aqueous
solutions of sodium dodecyl sulfate (SDS), a surfactant used to achieve normal alignment,
of varying concentrations. The data from these measurements are presented in Table 1. To
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determine the zero-surfactant interfacial tension in the normal case, because a surfactant is
needed for normal anchoring, we fitted the data from Table 1 by using Equation (2) down
to zero surfactant concentration, as shown in Figure 6.

Figure 6. Interfacial tension of 5CB against aqueous SDS solutions from Table 1 (in green) with a
fitted Szyszkowski equation (in orange).

Table 1. Interfacial tensions of 5CB against aqueous SDS solutions of various concentrations below
critical micelle concentration. Data adapted in part from Honaker et al. [21] and reproduced with
permission from the American Chemical Society.

Concentration SDS (aq), mM Interfacial Tension, mN·m−1

6.0 10.4 ± 0.8
5.0 11.4 ± 0.8
2.0 13.9 ± 0.9
1.0 17.0 ± 0.3

0.10 28.3 ± 0.7
0.010 30.5 ± 0.6

By fitting Equation (2) to the data, using a temperature of 20 ◦C, we obtained the nu-
merical values of the fitting parameters in Equation (1) as γ(c) = 31.9− (8.31)(293)(0.00183)
(1 + 24.5 · c). Taking the standard deviation obtained from fitting, we can thus give the
value of the interfacial tension of 5CB with normal alignment to water as
γ⊥ = γ0(SDS) = 31.9 ± 0.8 mN · m−1. The two other fitting parameters were found
to be Γ∞ = 1.83 · 10−3 ± 1.4 · 10−4 m−2 and KL = 24.5 ± 10.0.

3.1.2. Tangential Anchoring with and without Polymer Stabilizer

As previously described, pure water alone is sufficient to give tangential alignment
of 5CB, but the droplets of 5CB in pure water very readily wet the glass walls of the
tensiometry device, both with and without silanization treatment. This property makes
data collection challenging and sometimes impossible if a meniscus shape is unobtainable.
We previously were able to directly measure the interfacial tension of 5CB against water,
obtaining a value of γ|| = 30.8± 7.5 mN·m−1 [21], a value in good agreement with existing
data notwithstanding the issues in collecting the measurement [35].
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To overcome the issues of limited droplet stability, we further collected measurements
of 5CB against aqueous solutions of low-weight, low-hydrolysis PVA at concentrations
between 1.0% w/w and 10.0% w/w: while lower hydrolysis PVA can have a stronger
surface activity compared to PVA with higher hydrolysis content [2,29], the higher degree
of surface activity results in more stable droplets, which facilitates the measurement process.
Even if small droplets were not readily obtainable, the presence of PVA appeared to reduce
the effects of wetting, allowing us to obtain a meniscus that readily responded to pressure
and with which we could measure a change in the radii of curvature due to aspiration.
Since PVA is traditionally not considered a surfactant, we were interested in seeing to what
extent, if any, the interfacial tension became affected by the addition of PVA. The results
obtained are presented in Table 2.

Table 2. Interfacial tensions of 5CB against aqueous PVA solutions of various concentrations with the molar equivalents for
comparison to the results with SDS, based on molar masses of 13-23 kDa as reported by the manufacturer. The value for
5.0% w/w PVA was reported by Schanen [33] using the same technique.

Concentration PVA (aq), % w/w Concentration Molar Equivalent Interfacial Tension, mN·m−1

1.0 0.44–0.78 mM 30.3 ± 6.0
2.50 1.12–1.97 mM 30.2 ± 2.5
5.0 2.29–4.05 mM 29.7 ± 1.5
7.50 3.53–6.24 mM 28.6 ± 1.1
10.0 4.83–8.55 mM 28.4 ± 1.0

By fitting Equation (2) to these data, we obtain a fitted curve as shown in Figure 7.
The fitting produce gives us the interfacial tension for the tangential anchoring case as
γ|| = γ0(PVA) = 30.8 ± 4.8 mN·m−1. The other two fitting parameters came out as
Γ∞ = 0.0376 ± 12.4 m−2 and KL = 0.27 ± 91. The high uncertainties in the fitted parame-
ters suggest that the Szyszkowski equation may not be the appropriate fitting equation to
describe the activity of PVA at the interface, but the procedure nevertheless gives a value
of γ|| in concordance with our direct observation [21].

Figure 7. Interfacial tension of 5CB against aqueous PVA solutions from Table 2 (in green ) with a
fitted Szyszkowski equation (in pink).



Crystals 2021, 11, 687 10 of 13

3.2. Pendant Drop Measurements

At an interface to air, 5CB aligns normally, thus the surface tension obtained by
pendant drop experiments with 5CB in air was is γ⊥ = γair = 29.0 ± 1.6 mN·m−1 by
using a density value for 5CB of 1.021 g·cm−3. In comparison to literature values [36], this
number is close, though the discrepancy to the reported values can be strongly affected by
the reported density.

Measurements in water and in surfactant solutions, however, were inconclusive.
Pendant drop measurements are optimal in regimes of intermediate Eötvös/Bond number:

that is, log10 Eo ∈ [−1, 1], where Eo =
∆ρ ag L2

γ and L is a characteristic length (often the
radius of curvature of the droplet, R0), with best results when Eo is close to unity [7,8].
With the reported density of 5CB within the range of 1.008 to 1.03 g·cm−3, the relevance of
∆ρ then becomes problematic for determining the Eötvös number. For a typical pendant
drop volume of 100 µL, using our experimentally-determined values for the interfacial
tension of 5CB against water without surfactant (∼30 mN ·m−1):

Eo =
(1026− 998) kg ·m−3 · (9.81 m · s−2) · (3.48 · 10−3 m)2

3.0 · 10−2 kg · s−2

Eo =
3.33 · 10−3 kg · s−2

3.0 · 10−2 kg · s−2 = 0.111

This is barely within the target Eo range, but still far from the ideal value for pendant
drop measurements. Even assuming a density on the upper end of the reported densities
for 5CB [1,4,9,13], Eo = 0.15, which is still quite far from the ideal case of Eo ∼ 1.

4. Discussion

Measurement both with and without PVA present in the solution gave the same zero-
additive interfacial tensions of 5CB against water in the tangential configuration. In both
cases, the values of γ0 with uncertainty ranges fall within the values of interfacial tension
reported by Proust et al. [35] by using a plate method. The weak surface activity of PVA
does not drive down the interfacial tension appreciably: from 0% to 10% PVA, the interfacial
tension drops from 30.8 mN·m−1 to 28.4 mN·m−1. PVA does not have a known critical
micelle concentration, so it is unclear at what point the interfacial tension should plateau,
if at all; even at about 10% w/w concentration, however, measurements become extremely
difficult due to the high viscosity of concentrated PVA solution, which makes pinching
off droplets in the flow-focusing geometry challenging. Confirmatory measurements of
interfacial tension with pendant drops, however, simply were not achievable because the
pendant drop technique does not optimally work within the Eötvös number regime that
5CB/water can be found in. While there was found to be an anisotropy in the interfacial
tensions between the tangential and normal anchoring cases of 5CB, the anisotropy was
quite small (∆γ ∼1.0 mN·m−1).

During the fitting process, discounting the large uncertainties in the fitting parameters
for PVA solution, the values obtained for KL make sense. Physically, when KL > 1, this
means that µ0

b > µ0
s ; thus, SDS favors adsorption at the liquid crystal-water interface as

opposed to being present in the bulk, particularly in the case below the critical micelle
concentration (8.2 mM for SDS [37]). In contrast, when KL < 1, µ0

b < µ0
s , demonstrating

the general preference for the PVA to remain in the bulk solution as opposed to adsorbing
at the interface. While still stabilizing the liquid crystal droplets, this results instead in
a tangential configuration in the presence of a polymer, similar to the case of the use of
polyethylene glycol-based surfactants/stabilizers [38].

Moll et al. proposed that, for sufficiently non-hydrolyzed aqueous PVA solutions
at the interface with water and air, the PVA chains will adopt a configuration where the
hydroxyl groups will point away from the water and into air, in part due to electrostatic
repulsion from the unhydrolyzed acetate groups [2]. The arrangement of PVA at this
interface contributes to a decrease in surface tension from the case of pure water, but,
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above a threshold concentration of PVA, there is minimal variance. While Figure 7 and the
corresponding data in Table 2 do show that there is a decrease in interfacial tension with
an increase in PVA concentration, the effect is not pronounced. A likely arrangement of
how the arrangement of PVA differs from that of SDS is presented in Figure 8.

Previous work by Popov et al. suggests that there is a threshold concentration of SDS
above which the preferred orientation of the liquid crystal is normal [37,39]. This threshold
is pH-dependent and, for flat films contained within nickel grids with a hybrid aligning
condition, was generally on the magnitude of 0.1 mM. Without the use of polarizers to
observe the images, it is not fully clear if, for the very low concentrations of SDS, a fully
normal alignment is fully achieved. However, the case of a relatively freely-floating droplet
is quite distinct geometrically from the suspended film: the cases of suspended films are
subject to boundary conditions from the supporting substrate (nickel promotes normal
alignment, which is a tangential alignment with respect to the film), while no additional
boundary condition needs to be overcome in a droplet. That said, at very low surfactant or
additive concentration, the interfacial tension does not differ appreciably from the zero-
surfactant case, so any difference that would thus be due to a differing alignment of the
liquid crystal may not be appreciable.

Figure 8. Two-dimensional representation of the configurations of the arrangement of 5CB molecules
in a droplet under different anchoring conditions induced by additives. (a) The case of alignment
under pure water, where tangential alignment is observed. (b) The case of PVA solution, where the
PVA adsorbs weakly to the droplet interface, forming a sort of protective “shell” while leaving the
alignment undisturbed. (c) In the presence of SDS or a similar long-tailed surfactant, the tails embed
within the liquid crystal, changing the alignment to normal. Note that the “molecules” are not to
scale and that the degree of orientational order is greatly exaggerated for simplicity.

5. Conclusions

We have quantified the difference in interfacial tensions between the tangential and
normal alignment cases of 5CB in pure water. The difference is small, γ on the order of
1 mN/m greater for normal than for tangential alignment. This confirms the preference
for tangential liquid crystal orientation in the presence of pure water while additionally
suggesting that very low surfactant concentrations would be necessary to force a change of
alignment. Theoretically, pendant drops, owing to their physical limitations, are not ideal
techniques for measuring the interfacial tensions of liquid crystals, and this is confirmed
by our observations.

We additionally found that PVA does show some surface activity in addition to
stabilizing 5CB, with the zero-PVA interfacial tension of 5CB and water matching the
previously directly-measured value and additionally being in reasonable agreement with
previous literature values. The surface activity of PVA, however, is not of the same degree
as that of SDS. This may suggest that a different model than the Szyszkowski equation is
ideal to predict the interfacial behavior of PVA.
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