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Smectic membranes in aqueous environment
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We present a study of thermotropic smectic liquid crystal films in aqueous environment. Macroscopic freely

suspended films in water with a size up to 7.4 X 15 mm

2

were prepared with the help of a surfactant, which

ensures a strong homeotropic anchoring at liquid crystal/water interfaces. The films were studied by optical
microscopy and ellipsometry. Attention was paid to the stability and the thinning transitions which occurred at
temperatures above the bulk smectic-A-isotropic transition temperature. In addition, we investigated the for-
mation and rupture kinetics of thin smectic membranes separating water droplets in microfluidic devices.
Besides possible applications in discrete microfluidics, smectic films in aqueous environment may expand the
general range of possible studies of freely suspended smectic films.

DOI: 10.1103/PhysRevE.81.051709

I. INTRODUCTION

Thermotropic smectic liquid crystals (LCs) easily form
thin films which are freely suspended on a solid frame in air
[1-5]. These systems have been studied for various purposes:
clarifying the structure of smectic phases [6-9], investigating
phase transitions in two-dimensional systems [10-12], and
studying various physical properties of liquid crystals
[13-18]. These studies are based mainly on two useful fea-
tures of freely suspended smectic films: they show an almost
perfect defect-free order of the smectic layers, arranged par-
allel to the two surfaces of the film, and their thickness can
be tuned from a thick three-dimensional state (=100 wm) to
a two-dimensional one (down to only two smectic layers
~5 nm). Furthermore, various smectic subphases and phase
transitions between them are available and the films are
fairly stable.

The two parameters that differentiate a film from its bulk
are thickness and surface properties such as surface tension
and anchoring. The thickness determines the degree of two
dimensionality of the system and the surface properties be-
come more dominant over the behavior of the sample in a
thinner film. In a freely suspended LC film in air, however, it
is almost impossible to control or to modify the surface prop-
erties in a given system, since there are almost no surface-
active agents at nonpolar liquid/air interfaces. This imposes a
certain limitation to the studies of films suspended in air
(whereas controlling the thickness is not difficult).

In the present study, we report on the preparation of freely
suspended smectic films in water [Fig. 1(a)]. Most LC mol-
ecules tend to align planar at the interface to an immiscible
liquid such as water, thereby preventing the generation of
freely suspended films in their usual configuration in which
the smectic layers are parallel to the two film surfaces. How-
ever, a homeotropic anchoring at LC/water interfaces can be
attained by the use of suitable surfactants [19]. Moreover, by
controlling the amount of surfactant adsorbed at the inter-
face, it is also possible to tune the anchoring strength, i.e.,
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the strength of the ordering surface field [20-22]. Thus, the
preparation of freely suspended smectic films in an aqueous
environment may expand the range of possible studies of
these systems considerably. We show that macroscopic freely
suspended smectic films with an area of ~1 cm’ can be
prepared and we study their behavior in the temperature
range a few °C above the smectic-A-isotropic bulk transition;
in this temperature range, the presence of surface-induced
smectic order at single surfactant-laden LC/water interfaces
has been demonstrated [21]. The smectic surface order ap-
pears to provide a certain stability to thin (a few smectic
layers) freely suspended films above the smectic-A-isotropic
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FIG. 1. Schematics of a smectic film and setups. (a) The cross
section of a freely suspended smectic film in water. (For clarity, the
smectic layers are drawn as simple monolayers whereas nCB com-
pounds show in fact a partial double layer structure [25].) (b) A
Teflon frame with a mobile chariot in a flask filled with water. The
angle of the laser for ellipsometry (solid arrow) to the film is fixed
at 45°. The beam reflected by the film (dotted arrow) was also
observed. (c) The setup for electrocoalescence. The two tips of the
water phases meet at the center which was filled with the LC
sample. (d) A microfluidic device for producing a foamlike structure
composed of water droplets separated by LC films.
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bulk transition. Besides macroscopic freely suspended films,
we study smectic membranes separating water droplets in
microfluidic devices. Similar to the behavior of the macro-
scopic films, the stability of the microfluidic smectic mem-
branes changes significantly within a small temperature
range above the smectic-A-isotropic bulk transition. This be-
havior could lead to new applications in discrete microfluid-
ics [23].

II. EXPERIMENT
A. Sample

The LC compounds used were decylcyanobiphenyl
(10CB) and dodecylcyanobiphenyl (12CB) (Synthon Chemi-
cals), which possess a smectic-A-isotropic phase transition at
a temperature T;=50 °C (10CB) and 59 °C (12CB). The
LCs were doped with a small amount of a surfactant,
1-oleoylglycerol (mono-olein) (Fluka). The molar fraction of
the surfactant in the LC bulk phase, p,, was on the order of
0.05, ensuring a strong homeotropic anchoring potential at
the LC/water interface. Similar to observations at LC/air in-
terfaces [24], the homeotropic anchoring at surfactant-laden
LC/water interfaces leads to surface-induced order, i.e., in a
temperature range of a few °C above T, a smectic surface
phase, consisting of a few smectic layers, exists at the inter-
face between the isotropic liquid crystal and the aqueous
phase. The number of smectic layers increases as 7'z is ap-
proached [21]. Note that T5; for the LC/mono-olein mixtures
is 2—3 °C lower than for pure 10CB and 12CB. In the fol-
lowing, temperatures are occasionally given relative to 7Ty,
ie., by AT=T—-T\,;.

B. Setups

We used three setups for different experiments. The first
one is a Teflon frame for forming large freely suspended LC
films [Fig. 1(b)]. The frame has a mobile chariot that controls
the height & of the aperture while the aperture’s width was
fixed at w=7.4 mm. The motion of the chariot was driven
by a computer-controlled stepping motor or manual rotation
of a screw connected to the chariot. The closed frame was
loaded with the LC sample and then inserted into a spherical
glass flask filled with water. The wettability of nCB com-
pounds to Teflon is better than that of water. The flask was
put into a temperature-controlled copper box (accuracy
0.1 °C) possessing windows for optical microscopy and el-
lipsometry. The temperature of the sample was measured by
a thermistor placed on the Teflon frame near the aperture.
Experiments were done after the system reached a constant
temperature, or with a small temperature rate on the order of
0.05 °C/min.

The second setup was a microfluidic device enabling a
“side view” of a film while measuring its stability by elec-
trocoalescence [Fig. 1(c)] [26]. A dc voltage was applied
across the film that separated two Millipore water phases. If
the electric field reaches a certain strength, the film ruptures
and the water phases coalesce [26,27]. The two liquids (LC
and water) were in a microfluidic device with two straight
channels forming a rectangular junction at the center. The
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gold electrodes that contacted to the two water phases were
evaporated on the top plate of the device. The positions of
the LC/water interfaces were controlled precisely by syringe
pumps, and the water phases were replaced after each mea-
surement to avoid possible bias by ionic impurities. The LCs
completely wet the surface of the microfluidic device made
of poly(methyl methacrylate) (PMMA).

The third setup was a PMMA microfluidic device which
we used for the generation of a foamlike structure in which
water droplets are separated by thin liquid crystal mem-
branes [Fig. 1(d)] [28]. The channels which dimensions of
the order of 0.1-1 mm were micromachined. The flow rates
of water and LC were controlled by syringe pumps and water
droplets, separated by LC films, were produced at the
T-junction of the channels. The water droplets formed a
foamlike structure which was flowing into a larger channel
where the coarsening process was observed after both flows
(water and LC) were stopped. The microfluidic device was
located in a temperature-controlled copper box (accuracy of
=~0.1 °C).

C. Optical observation and ellipsometry

The microfluidic setups and the macroscopic films sus-
pended on the Teflon frame were observed by optical micros-
copy. In addition, ellipsometry measurements were con-
ducted on the macroscopic freely suspended films. A null
ellipsometer (Optrel Multiskop), equipped with a He-Ne la-
ser (A=632.8 nm), was used in transmission geometry
(angle of incidence 6,=45°). An ellipsometric measurement
consists of the determination of two parameters, A and W,
which describe the polarization of the transmitted light.
Here, A corresponds to the phase difference between the s-
and p-polarized light components, and tan W gives the ratio
of the amplitudes of the two components. The polarization of
the incident light is described by A=0 and tan ¥'=1.

A freely suspended smectic-A film corresponds to a thin
optically uniaxial film with its optical axis oriented perpen-
dicular to the film plane. For such an optical system, A and
¥ show a characteristic dependence on the film thickness d.
While W(d) oscillates with a purely sinusoidal shape, A(d) is
the superposition of a linearly decreasing part (the slope of
which being a measure of the birefringence of the smectic-A
phase) and an oscillating sinusoidal part. An example for
W(d) and A(d) for a freely suspended smectic-A film in air is
given in [29]. For a freely suspended film in water, the os-
cillatory part in A(d) is considerably decreased, and A(d)
becomes a monotonically decreasing function of d. To calcu-
late W(d) and A(d) for 10CB, we used the refractive index
values given in [30] (n,=1.645, n,=1.50) and the refractive
index of water was set to n,,=1.33. Equations for the calcu-
lation of W(d) and A(d) are given in [29,31].

III. RESULTS
A. Macroscopic freely suspended smectic films in water

We prepared macroscopic freely suspended films of 10CB
and 12CB. Both compounds showed essentially the same
behavior. In the following, we describe our observations for
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FIG. 2. (Color online) Reflection microscopy
images and ellipsometry data of freely suspended
10CB films. The images are blurred vertically be-
cause of small corrugations in the glass walls of
the flask. In the graphs, red thick solid lines cor-
respond to A and blue dashed lines correspond
to W, respectively. (a) A thick smectic film
being vertically expanded with v=5 um/s at
h=1.48 mm and AT=-1.0 °C. The arrow indi-
cates the position of the laser for ellipsometry.
The upper and lower edge of the Teflon frame
are in the image. (b) Thick smectic film at
AT=0.0 °C on heating at 0.05 °C/min and
h=1.76 mm. Near the meniscus, the phase tran-
sition from smectic-A to isotropic starts (the iso-
tropic phase is indicated by the arrows). (c) A
film at AT=0.6 °C and h=5.3 mm after the tran-
sition to the isotropic phase. The heterogeneity is
probably due to convective flows in the film
caused by its shrinkage at v=12.5 um/s. (d) El-
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10CB, which we studied in somewhat more detail than
12CB.

In order to prepare freely suspended smectic films on the
Teflon frame, a few mg of a 10CB/mono-olein mixture (sur-
factant mol fraction p;=0.062) were put on the closed aper-
ture of the frame. The frame was heated in air above T'5; and
the isotropic sample was allowed to wet the closed aperture.
Then, the frame was put into the flask, which was filled with
water with a temperature of ~5—10 °C above T;. The tem-
perature was lowered to the range of the bulk smectic-A
phase and the aperture was opened at a constant rate v (typi-
cally a few um/s), resulting in the formation of a freely
suspended smectic film [Fig. 2(a)]. When observed in white
light, the film showed a step-like pattern with different inten-
sities of the reflected light. The pattern, which was aniso-
tropic during the expansion of the film, coarsened with time.
These observations are also characteristic for freely sus-
pended smectic films in air [2]. The different reflection in-
tensities result from regions possessing different thicknesses,
i.e., consisting of different numbers of smectic layers.

During the expansion of the film, the thickness of the film
was decreasing. The ellipsometric parameter A increased
monotonically while W first decreased and then increased
again [Fig. 2(d)] as expected for the thinning of a uniaxial
film in water (cf. Sec. I C). From the data of Fig. 2(d), we
can calculate that the film thickness d decreased from =400
to 50 nm.

Thick (0.1-1 wm) freely suspended smectic films were
fairly stable. The film in Fig. 2(a) was stable for several
expansion and shrinking cycles between A=0 and 15 mm
at v=10-50 um/s. Large films with an area of 7.4
X 10 mm? and a thickness ~0.1-1 wm were stable for
more than 12 h. We should note that we did not make a
special effort to isolate our setup from disturbances due
to the environment. Compared to freely suspended films in
air, films in water are surrounded by a medium possessing a
three orders of magnitude larger density; therefore, a convec-
tion of the water or a small movement of the frame have a
much larger effect on the film stability. To destroy the film
intentionally, it was sufficient to give a small mechanical
flip to the frame. On the other hand, the reduced surface
tension due to the presence of the surfactant at the LC/water
interface might provide some stability to the film even when
the smectic layer structure is gone. This is supported by
the recent observation that it is possible to prepare thick
(=100 wm) freely suspended nematic films in water, pro-
vided a surfactant is present [32,33]. In air, freely suspended
nematic or isotropic films are not stable. Accordingly, freely
suspended smectic films are usually destroyed when heated
to the nematic or isotropic phase; a small number of com-
pounds possessing partially perfluorinated alkyl chains show
a regular layer-by-layer thinning process [34] but films of
nCB compounds just rupture when heated above the
smectic-A phase range. Thus, it seemed interesting to study
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the behavior of our macroscopic smectic films in water on
heating to the isotropic temperature range.

When we heated a smectic 10CB film at a rate Q
=0.05 °C/min, first indications of the isotropic phase ap-
peared at T=T,; at the meniscus of the film [Fig. 2(b)]. At
AT=0.3 °C, the complete film was transformed into the iso-
tropic phase: the sharp boundaries between regions of differ-
ent reflectivity (different thickness) had vanished and the re-
flectivity changed smoothly across the film [Fig. 2(c)]. The
isotropic nature of the film is also shown by ellipsometry
[Fig. 2(e)]: When the isotropic film was expanded, i.e., its
thickness decreased, A did not show a monotonic increase
but rather an oscillating behavior between the values of
—1.25° and —0.25° (the small noiselike fluctuations of A re-
flected the observed heterogeneity of the film thickness).
This oscillation qualitatively coincides with the calculated
A(d) curve for an isotropic, nonbirefringent film although the
calculated A(d) curve oscillates around 0° and with a some-
what larger amplitude. The shift to negative A values could
be due to smectic surface layers, which are present at the
isotropic LC/water interface even above Ta; [21]. As will be
explained below, a few smectic layers on both sides of a film
can shift A by =~-0.5°. The thick (0.1-1 wm) isotropic
films were less stable than the smectic films with a similar
thickness: often they ruptured within =10 min after the tem-
perature was raised above T;. In several cases, however, the
films remained stable and we could observe a specific thin-
ning behavior described below. The thick isotropic films
should have a structure similar to the membrane of a water-
surfactant-oil ternary system, though we did not study how
stable our isotropic membranes could be and how they were
stabilized.

If the isotropic films did not rupture after the temperature
was raised above T4y, the following thinning behavior was
observed on further heating: With increasing temperature,
first a sudden thinning process occurred. During this one-step
thinning process, most of the isotropic LC material left
the film and was absorbed to the meniscus [Fig. 3(a)], but
a thin film with very low reflectivity remained. An optical
inspection of this thin film shows again a steplike pattern
[Fig. 3(b)], similar to that observed for the thick films in
the bulk smectic-A temperature range. From the image and
formation process, this film is considered to be a thin smec-
tic film stabilized by surface ordering effects above the
smectic-A-isotropic transition point Ty [21]. A schematic of
this thin film formation process is shown in Fig. 3(c).

After the one-step thinning of the thick isotropic film, a
layer-by-layer thinning process occurred with increasing
temperature until the thin films ruptured (indicated by the
vanishing of the laser beam reflected from the film) =2 °C
above the bulk smectic-A-isotropic transition. The layer-by-
layer thinning is demonstrated by the ellipsometry data
shown in Fig. 4(a). With increasing temperature, A increases
in a steplike fashion while W shows a similar but decreasing
behavior. At AT=1.9 °C, the film ruptured and for A and ¥
the values of the incident light (0°, respectively, 45°) are
obtained. We numbered the plateaus of constant A and ¥
with values from O to 9, where O corresponds to the data
measured after the rupture of the film. We should note that
narrow plateaus are still distinguishable: The narrowest one,

PHYSICAL REVIEW E 81, 051709 (2010)

(C) - isotropic phase

ookt o%) 16
Oi ” oﬂ%%o iokdhodoy

L %0300%0%020

ultrathin smectlc film

/\ //

gy m

FIG. 3. Formation of a thin freely suspended film above T;. (a)
Removal of the isotropic phase (gray areas) from right to left at
AT=0.7 °C on heating at 0=0.05 °C/min. The upper edge of the
frame is almost at the top of the image. (b) Thin smectic film after
the one-step thinning process. AT=1.9 °C and Q=0.05 °C/min.
The contrast is largely enhanced. According to the value of
A=-0.31° at the arrowed point, the thickness amounts to =14 nm
(see text). Scale bars are 1.000 mm in (a) and (b). (c) Schematic
cross-section of the film during the thin film formation process. The
shadowed regions are the surface smectic layers, that is one layer in
this figure.

plateau 3, is composed of six data points, which is somewhat
larger than the typical wavelength of noisy fluctuation, one to
two points. This assignment of plateaus is also supported by
the coincidence of the values of plateaus with the theoretical
calculation in the next paragraph.

Figure 4(b) shows the averaged A and W values measured
for the plateaus 1 to 9 in Fig. 4(a) together with the theoreti-
cally calculated A and W curves as a function of film thick-
ness i in units of smectic layer numbers (thickness of a single
smectic layer=3.5 nm [30]). Here the averaging WV is simply
done in the range of the plateaus of A. The standard errors of
the averaging A and W are rather small since the numbers of
data points of the plateaus are enough compared with the
amplitude of the noise; the maximum error of A(i) is 0.006°
for i=1, which is roughly 10% of the change of the plateau
height, and that of W(i) is 0.003° for i=4, which is about a
half of the change of the plateau height around i=4.

Obviously, the averaged A and W values coincide well
with the calculated values for films consisting of one to nine
layers. This result strongly suggests that each step in the
measured A and W data corresponds to the thinning of the
film by a single smectic-A layer. For the small deviation
between the measurement and theory, it could be explained
by the small uncertainties of experimental conditions such as
the geometry of the setup and refractive index of the sample.

If the heating of the film was stopped just after the one-
step thinning process, the thin (thickness of =10 layers) film
with a size 7.4 X2 mm? could retain itself more than one
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FIG. 4. (Color online) (a) Ellipsometric parameters of a thin
10CB film on heating at 0.05 °C/min and #=2.0 mm. Black dots
are values of A and blue crosses are values of W, respectively. The
numbers indicate plateaus of constant A and ¥ values (counted
from the final plateau that was measured after the rupture of the
film). (b) Comparison between the measured parameters, A (black
circle) and W (blue triangle), and their calculated values (black
solid and blue dashed curve) for a smectic film in which i corre-
sponds to the number of smectic layers of the film.

hour once it was formed, though the layer-by-layer thinning
might proceed slowly compared to that at higher tempera-
ture. We note that a thickness of ten layers is larger than the
sum of the surface-ordered smectic layers measured at iso-
lated isotropic LC/water interfaces: at temperatures
0.5-1.0 °C above Ty, just one or two smectic layers were
observed [21]. The stability of films with =10 layers might
indicate the presence of a capillary condensation effect
caused by the small distance of the two LC/water interfaces
of the film; such an effect has already been observed near a
nematic-isotropic transition [35].

On the other hand, the stability of the thin (ten layers and
less) films above Ty was clearly inferior to that of the thick
(0.1-1 wm) smectic films below T,;. Often, a film ruptured
during the one-step thick to thin transition. We would need
more statistical data to make a statement about the quantita-
tive determination of the thinning temperatures and their re-
producibility. The thick to thin transition and the subsequent
single layer thinning transitions varied within a certain range
from experiment to experiment. For instance, the one-step
thinning process was observed 0.5*0.3 °C above T,; in
about 10 runs and the temperature tended to be higher for a
faster heating rate.

B. Formation and rupture Kinetics of smectic membranes
in microfluidic channels

For studying the formation and rupture process of smectic
films in more detail, we used a microfluidic device, the
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FIG. 5. (Color online) Rupture kinetics studied by electrocoa-
lescence in a microfluidic device. Micrographs (a) to (c) show the
rupture process of a LC film formed between two water tips (the
darker phases in the images) at AT=0.3 °C. The time elapsed after
applying voltage started was 9.4, 11.1, and 16.8 s, respectively, for
(a)-(c). The LC sample was 12CB with p,=0.05, the scale bar
corresponds to 200 um. (d) A schematic of a smectic film between
water tips. The light gray area corresponds to the surface smectic-
ordered layers. (e) Temperature dependence of the voltage V, (red
triangle) at which the angle 6,,, defined in (b), changed from =~180°
to =142°, and of the voltage V, (blue circle) at which the films
ruptured. When a film ruptured without a change of 6,, in the ob-
servation, only V., is plotted.

second setup described in Sec. II B. First, the channels
were filled with an isotropic 12CB/mono-olein mixture (p;
=0.05) at a temperature a few degrees above T,;. Then, us-
ing precise syringe pumps, we let two water phases with
almost hemispherical tips approach each other at the crossing
of the channels until they touched each other and a thin LC
film formed between them. The pumps were stopped to hold
the film area and position constant and then a linearly in-
creasing voltage at a rate of 0.1 V/s was applied across the
LC film until the film was destroyed. Figures 5(a)-5(c) illus-
trates our observations for a typical rupture process: After the
contact of the water tips, we observed first a state in which
the angle of the water phase to the film, 6,,, was =180°, i.e.,
the LC wetted the water completely [Fig. 5(a)]. Then, at a
certain voltage, 6,, suddenly jumped to =~142° [Fig. 5(b)].
Finally, on further increasing the voltage, the film ruptured
[Fig. 5(c)]. However, at temperatures higher than =1 °C
above T,j, the state with 6,,=~142° was sometimes not ob-
served, i.e., the films with 6,,~ 180° ruptured directly.
Figure 5(e) shows the temperature dependence of the volt-
age V,, at which the transition of 6,, from 180° to 142° oc-
curred, and the voltage V,, at which the films ruptured. To
understand these results, we first consider what occurs at V:
At this voltage, we observed that a circular patch nucleated
and grew, accompanied by a flow of material toward the
meniscus, resembling the observations on the macroscopic
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thick isotropic films [Fig. 3(a)]. The value 6,,=180° implies
that there is no difference between the interfacial tensions at
the water/LC film and water/isotropic LC bulk reservoir in-
terface. Thus, the change of 6,, should be due to the one-step
thinning process described in Sec. III A and the film which is
left after the change of 6,, to 142° should correspond to the
thin (ten layers or less) smectic film shown in Fig. 3(b).
In this model, the observed increase of V, toward T; (AT
=0 °C) would be a result of the increasing thickness of the
thin smectic film due to the increasing surface order near 7 ;.
The temperature range in which the increase of V, is ob-
served (AT<0.7 °C) corresponds approximately to the
range in which at least two smectic layers exist at the inter-
face between the isotropic LC and the aqueous phase [21].
The large scatter of the data is presumably due to the proba-
bilistic nature of the rupture.

At higher temperatures (AT>1 °C), the films ruptured
immediately after the change of the angle 6,,. In some cases,
it was not possible to decide if a film with 6, =180° ruptured
directly or if there was a preceding change of 6,, because the
stability time of the film with 6,,=142° was similar to the
used video frame rate (1/30 s). At single LC/water interfaces,
the 12CB sample with p,=0.05 shows one smectic surface
layer for 0.7<<AT<2.5 (and no surface order at higher tem-
peratures) [21]. The observations described above indicate
that this low surface order is not sufficient to stabilize thin
films and the films rupture almost at the instance at which the
films with 6,,=180° become unstable.

The observation that the voltage V, at which the angle 6,,
changes its value is independent from temperature could be
explained if we assume that the films with 6,,=180° are just
pm-thick isotropic LC films as suggested above. A tempera-
ture change of a few °C as well as the presence of a
nanometer-thick ordered surface layer hardly influence the
rheological and dielectric properties of thick isotropic LC
films, i.e., the electric potential destabilizing the film should
be almost constant.

The electrocoalescence measurements described above
show that the stability of the smectic membranes between the
water droplets increases as T— T;. This behavior is also
observed if we study the coarsening of foam-like structures
consisting of water droplets separated by thin LC films in a
microfluidic device as shown in Fig. 1(d). If the volume
fraction of water is sufficiently large compared to that of the
LC, the water droplets form a foamlike structure [28] which
can show, depending on the temperature, a coarsening with
time.

For the study of this coarsening process and its tempera-
ture dependence, we prepared a defined foamlike structure at
different temperatures and measured for each temperature
the time until a certain degree of coarsening, characterized
by a certain number of ruptured films in the observed sample
volumes, was reached [Fig. 6(a)-6(d)]. Due to the probabi-
listic nature of the rupture and judging it by our observation,
we estimate the error of the characteristic coarsening time to
+20%. At AT=13.2 °C (not shown in the Figure), the water
droplets coalesced within =1 s after contacting each other.
This fast coarsening coincides with the results of the previ-
ous section at high temperature, i.e., the water droplets are
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FIG. 6. (Color online) Temperature dependence of the coarsen-
ing near the transition temperature to the smectic-A phase, T
Images (a) to (c) show for each temperature (indicated beside each
image) pairs of micrographs recorded just after the production of
the foamlike structure (0 s) and at a similar degree of coarsening.
Image (d) demonstrates that no coarsening occurs in the bulk
smectic-A temperature range. The channel width is 626 wm and the
height is 231 um. The scale bar corresponds to 500 pm. (e) Tem-
perature dependence of the characteristic coarsening time resulting
from the images (a)—(c). In the shaded temperature range, corre-
sponding to the region where a noticeable difference between V,
and V, was observed [cf. Fig. 5(e)], the coarsening time increases
by two orders of magnitude. The LC sample was 12CB with

s=0.034.

separated by purely isotropic LC films without smectic sur-
face order. At AT=1.6 °C [Fig. 6(a)] the coarsening took
~12 s. The coarsening time was almost twice as long
at AT=1.0 °C [Fig. 6(b)], and finally it reached more than
10 min at AT=0.1 °C [Fig. 6(c)]. In Fig. 6(d), the foam
was prepared at AT=0.1 °C and then cooled down to AT
=-0.7 °C quickly before coalescence started. In the bulk
smectic temperature range, no coarsening was observed even
in more than 10 h.

Figure 6(¢) shows the temperature dependence of the
characteristic coarsening time determined as described
above. The coalescence time shows a divergencelike increase
as the transition temperature 7'; to the bulk smectic-A phase
is approached. This observation demonstrates again the rel-
evance of the smectic surface order for the stability of the LC
films in the temperature range just above Taj.
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IV. CONCLUSION

We have shown that stable macroscopic freely suspended
smectic films can be prepared in water with the help of a
surfactant that induces homeotropic anchoring of LC mol-
ecules at the film/water interfaces. Using optical microscopy
and ellipsometry, we have studied the behavior in the tem-
perature region just above the bulk smectic-A-isotropic tran-
sition. After the transition to the isotropic phase, thick
(0.1-1 wm) films undergo a one-step thinning process down
to a thickness of =30 nm or less. These thin films consist of
smectic layers resulting from surface ordering phenomena.
On further heating, an irregular layer-by-layer thinning pro-
cess is observed until the films rupture =2 °C above the
bulk transition. This behavior is different from freely sus-
pended smectic films in air: on heating to the isotropic phase,
films in ai.e.ther just rupture (this is observed for the vast
majority of LC compounds) or show a regular layer-by-layer
thinning behavior (if the compounds possess partially fluori-
nated alkyl chains).

PHYSICAL REVIEW E 81, 051709 (2010)

Furthermore, we have conducted experiments on smectic
membranes separating water droplets in microfluidic chan-
nels. Electrocoalescence measurements as well as the coars-
ening process of LC/water foamlike structures emphasize the
important role of the surface ordering at LC/water interfaces
for the stability of smectic films in aqueous environment.

Freely suspended smectic films in water can be prepared
with different types and different amounts of surfactants.
Thus, these systems offer a control over their surface prop-
erties that is not possible for freely suspended smectic films
in air. The possibility to tune the stability of smectic mem-
branes separating water droplets in microfluidic devices may
enable new applications in discrete microfluidics.
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