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Abstract. After implementing
a computer-enhanced imaging system in our newly estab-

lished apparatus, we
have achieved much higher resolution in measuring the surface tension of

free-standing films in the smectic-A
or smectic-Ad phase of seven different liquid-crystal

com-

pounds. The experimental results reveal two salient features: the relation of surface tension to

thickness and the difference in surface tension between the smectic-A and smectic-Ad phases

1. Introduction

One of the important classes of liquid-crystal mesophases is that of the smectic phases which

exist as layered structures with relatively weak interlayer interaction Ill. Much like a soap film

on a ring, free-standing smectic liquid-crystal films [2] can be prepared and suspended over a

hole cut into a film plate, provided that appropriate compounds are chosen (3]. In recent years,
free-standing liquid-crystal films have been the focus of an intensive experimental, as well as

theoretical research effort. These substrate-free films are extremely intriguing and may be

characterized as a stack of 2D layers separated by roughly the length of the highly anisotropic
liquid-crystal molecules (cs 25 1 long and cs 5 1 in diameter). In free-standing films, the layer
normals are parallel to the film normal. Because uniform free-standing films can be created

from two to several hundred layers in thickness, they are uniquely suited to study the evolution

from two-dimensional to three-dimensional behavior, effectively two-dimensional systems, the

properties and effect of free surfaces and reduced dimensionality, etc. Moreover, because there

are more than 15 different smectic phases, these free-standing films offer unique opportunities

to study a variety of phase transitions in single smectic domain samples using a number of

experimental probes. In an effort to more fully understand the films and their free surfaces,
Pieranski et al. [4] and Stoebe et al. [5] have established relatively straightforward methods

to determine the surface tension of free-standing films. Since the initial report of our effort
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[5], significant improvement in the experimental resolution (approximately 5-fold) has been

achieved. In this paper, we will present and discuss our measured surface tension data from

seven different liquid-crystal compounds exhibiting smectic-A (SmA) or smectic-Ad (SmAd)
phases. In the SmA phase, the layer spacing Id) is approximately equal to the length of the

molecule (I). In the SmAd Phase, the molecules form a bilayer structure and < d < 21. The

salient features found in these exper1nlental studies are the following:

(I) within our experimental resolution (+I%), the surface tension is independent of film

thickness [6]. If, however, the surface tension is assumed to be linearly dependent on the

film thickness, then the coefficient (o) of the linear term obtained from our free-standing
films is < 3 x

lo~~ dyn/cm-molecular layer [7], consistent with the previously reported
results of Pieranski et al. [4];

(it) despite the antiferroelectric bilayer ordering, the SmAd Phase exhibits a much larger
value of the surface tension than the SmA phase, most likely due to the large dipole

moment associated with the cyano group.

Because of the asymmetry in the binding at virtually all solid /vapor interfaces, the particles
in the vicinity of the interface tend to be less ordered. A similar situation is encountered in

ordinary liquid /vapor interfaces. In contrast, however, at the liquid-crystal/vapor interface

the smectic ordering is enhanced since the centers of mass are fixed and the molecules are

orientationally ordered. Thus the molecules at the "surface layer" tend to be more ordered than

those in the bulk. This surface-enhanced ordering is responsible for an unusual phenomenon
observed in liquid-crystal free-standing films. Upon heating, the melting of most ordinary
materials starts at free surfaces. However,

m
the case of liquid-crystal films, the melting

originates at the intertor layers [8]. The surface tension is clearly an important quantity

necessary to characterize this behavior, and many other physical phenomena related to the

liquid-crystal /vapor interface. For example: I) de Gennes [9] discussed the lenticular fracture

of a smectic liquid crystal in which knowledge of the surface tension is critical; it) Lejcek and

Oswald [lo] presented theoretical calculations to illustrate the influence of surface tension on

the stability of edge dislocations in SmA liquid crystals; iii) The surface tension constitutes

an important fitting parameter for the X-ray scattering profile from thin SmA free-standing
films Ill, 12]. Thus numerous methods have been utilized to directly [4, 5, 13, 14] or indirectly

[15, 16] measure the surface tension of liquid crystals

2. Measurement Technique

The experimental system consists of
a temperature-regulated overt, a specially-designed film

plate to support the liquid-crystal free-standing film, and a high-resolution imaging system. To

implement our new imaging system and achieve higher sample temperature stability, we have

constructed a new oven with two sets of windows (see Fig. I). The details of our experimental
principle have been reported in reference [5]. The basic idea of our measurement technique is

that a rectangular free-standing film in a vertical orientation is created between a film plate
and an extremely flexible string guided by a set of fine v-grooves cut into the film plate. The

top end of the string ((8-o, 40-~m-thick silk suture) is fastened to the film plate and a weight
(M) is attached to the lower end of the string (see Fig. 1b). Surface tension causes the film to

minimize its surface area. As a result, the string will be deformed into an arc with a radius of

curvature dependent on the surface tension of the film and the mass of the suspended weight.
A typical set of photos with and without a film present in the right half of the opening is shown

in Figure 2.
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Fig. 1. Schematic of the sample
oven side view (a) and film plate front view (b). For ease of

imaging the string, two sets of windows
are utilized in this

new oven design. When
a

film is present,
the string is deformed from its straight configuration (so) into the

arc
is), thereby elevating the

mass

(M).

In equilibrium, the film surface tension (q~) is directly related to the radius (R) of the

curvature of the string and the mass (m) of the weight,

2q~R=mg+ if. (I)

Here if accounts for any frictional force between the string and the lower v-groove. The factor
of 2 accounts for the two free surfaces of the film. At a given temperature and for four different

masses of the weight, we prepared four 4-layer films and measured the respective dependence
of R on m.

A linear relation between R and
m with a zero intercept (within

our resolution)
leads us to conclude that the friction if can be neglected [5]. The flexibility of the (8-o string
has also been checked by comparison with larger diameter sutures [5]. In this experimental
approach, the ability to measure the radius of curvature (R) with sufficiently high resolution is

the determining factor of the accuracy of the surface tension. Significant improvements in the
resolution (by about a factor of five) of measuring R have been achieved by designing a new

imaging and data analysis scheme. After spreading, the film and resulting string deflection are
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(a) (b)

Fig. 2. Silhouette of the film with (a) and without 16) a
film present. The film is approximately

1.76 cm
by 0 65 cm of a

II-layer 650BC film. Because of the strong interference effects, the film in

(a) is invisible.

photographed by a 35 mm camera. A macrc- and teleconverter-lens assembly magnifies the

image by a factor of five. Backlighting is used to produce a sharp silhouette image for ease

of image analysis. The processed black and white photos are then scanned into a computer.
Imaging software is then used to "skeletonize" the string to a width of one pixel by a consistent

algorithm. A series of points is then obtained from the shape of the string. Distances are

converted from pixels to real distance by comparing the known span of the film plate to the

same length in the scanned images. It is then straightforward to fit the points to an expression
for a circular arc, which yields a value for the radius of curvature of the string. Then Equation
(I) without the friction term iii) allows us to determine the film surface tension from the

measured values of R and
m.

This novel and simple experimental technique has an obvious inherent limitation. It requires

a free-standing film. Consequently, it is impossible to measure the surface tension of either the

isotropic or nematic phase of liquid crystals. The conventional methods, namely, the suspended
pendant drop, the Wilhelmy slide, light scattering from surface capillary waves, etc., have

been utilized to measure the surface tension in the isotropic, nematic and /or smectic phases

of various liquid-crystal compounds. Besides the highly consistent nature of our experimental
results, the excellent agreement between our surface tension data and those obtained from

these conventional methods gives us great confidence in our experimental approach.
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3. Experimental Results and Discussions

Employing this remarkable experimental technique, we have measured the surface tension of

the following three liquid-crystal compounds in their SmA or SmAd phase in the form of

free-standing films as a function of film thickness. The results are shown in Figures 3-5 for

CBOOA (p-cyanc-benzylidene p'-n-octyloxyaniline) at 76.5 °C (in the SmAd phase), 12CB

(4-cyanc-4'-n-dodecylbiphenyl) at 54.o °C (in the SmAd Phase), and 650BC (n-hexyl- 4'-n-

pentyloxy-biphenyl-4-carboxylate) at 75 °C (in the SmA phase), respectively. Over relatively
wide ranges of film thickness, these three sets of data clearly demonstrate that the surface

tension is independent of the film thickness down to two-layer films. Thus, within our resolu-

tion, the source of the surface tension is highly localized, and only the two outermost layers
contribute. Although a one-layer film has been reported and characterized in one liquid-crystal

compound [17], we have been unable to prepare any one-layer films for surface tension mea-

surements.

It is relatively difficult to prepare uniform, thick CBOOA free-standing films as these films

tend to spontaneously thicken. Nevertheless, we have successfully prepared uniform, thin

CBOOA films. The surface tension obtained from 2-, 3-, 4-, and 5-layer films (q~
=

26.8 +

o.3 dyne/cm) in the SmAd Phase is found to be independent of the film thickness and agrees

very well with those of Krishnaswamy and Shashidhar [13], who found q~ cs 26 dyn/cm at

the sample-vapor interface of a suspended pendant drop of CBOOA. Similarly, the surface

tension of12CB (Fig. 4) (q~ =
27.2 + o.3 dyne/cm) with 2 < N < 80 is in reasonably good

agreement with the value (q~ =
26 + o.8 dyn/cm) obtained from the SmAd Phase of thick

BCB films (N
cs 40) using light scattering techniques. Here N is the thickness of the film in

units of molecular layers. Finally, the surface tension (q~ =
20.8 + o.3 dyne/cm) from 650BC

films (Fig. 5) in the SmA phase with 3 < N < 25 is also found to be independent of the film

thickness and is significantly smaller than the previous two cases. i

These three sets of experimental data obtained in the SmA or SmAd Phase are found to be

independent of film thickness within our resolution of approximately +I%. Recently, Pieranski

et al. [4] have measured the total film tension in the SmAd Phase of 52 (a cyanc-biphenjl-
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Fig. 3. Surface tension
as a

function of film thickness for thin CBOOA free-standing films. The

data were
taken at 76.5 °C.
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Fig. 4 Surface tension versus
film thickness for 12CB free-standing films. The sample temperature

was at 54 °C.
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Fig. 5 Thickness variation of surface tension for 650BC free-standing films. The measurements

were
conducted at 75 °C.

mixture from BDH Chemicals Ltd). The following linear relation was found among the results

from one thin film and three very thick films (3300-, 4800-, and 6400-layer films).

'fs "'fso + aN.

with qm =
57.8 dyn/cm and linear coefficient a =

3.81 x
lo~~ dyn/cm. Thus in the limit of

thin films, the surface tension is 28.9 dyn/cm. Without a reliable method to determine the

thickness of extremely thick films (N > 200), we were unable to characterize the surface tension

in this regime. Otherwise, in order to determine the small value of the linear coefficient (a), it

requires a much better resolution (approximately one part in 10~) for an
experimental range

of only one hundred layers. Thus, we do not currently have sufficient resolution to determine

the value of the linear coefficient. On the other hand, the excellent agreement between our
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thin film results and the bulk measurements, namely, suspended pendant drop investigations
of CBOOA, strongly suggests that the coefficient o is practically zero.

In addition to the data presented in Figures 3-5, we have also measured the surface tension of

BOCB (4-cyanc-4',n-octyloxy-biphenyl) at 56.5 °C, 3( lo )OBC (n-hexyl-4'-n,pentyloxybiphenyl-
4-carboxylate) at 76.o °C, 70.7 (4-n-heptyloxybenzylidene-4-n-heptylartiline) at 72.5 °C, and

40.8 (4-n-butyloxybenzylidene-4-n-octylaniline) at 61.9 °C in their SmAd or SmA phase. On

the basis of our surface tension results, these seven different liquid-crystal compounds can be

grouped into two categories. The first one (3(lo)OBC, 650BC, 70.7, and 40.8) exhibits the

ordinary SmA phase. The surface tension of these compounds is about 21 dyn/cm. Our val-

ues of surface tension are slightly lower than the critical surface tensions (q~) of hjdrocarbon
surfaces containing a -CH3 group in either the crystal form (22 dyn /cm at 20 °C) or the mono-

layer (24 dyn /cm at 20 °C) [18]. In comparison, the hydrocarbon surface consisting of a -CH2-

group has a much higher value of q~ (cs 31 dyn/cm at 20 °C) [18]. The principle of indepen-
dent surface action, proposed by Langmuir [19], qualitatively states that one could suppose
each part of a molecule to possess a local surface free energy. Numerous other systems have

been employed to test this important principle and provided significant insight to its validity
[18]. However, because of their well-organized molecular layer structure, thermotropic smectic

liquid-crystal free-standing films offer a unique opportunity to perform a critical test of this

fundamental principle. In the ordinary SmA phase, to minimize the surface free energy, each

molecule prefers to have the molecular group with the lowest surface free energy exposed to

the outermost surface. Moreover, our measured surface tension is slightly lower than q~ of the

hydrocarbon surface containing -CH3 groups in the crystal form. This leads us to believe that

the "almost perfect" smectic layer structure in free-standing films allows the -CH3 terminal

groups to pack very tightly at the surface.

The molecules in the second group (CBOOA, BOCB, and 12CB) possess a large dipole

moment associated with the cyano group. As a result, the smectic phase exhibits a bi-layer
antiferroelectric phase (the SmAd Phase) wherein cyano groups form pairs and constitute the

center of the bi-layer structure. The alkyl-chains point outward. The surface tension of about

27 dyn/cm is approximately 25% higher than the first group. It has been argued that the

surface tension is directly related to the polarizability of the molecule [20]. Thus, a possible
explanation for the larger surface tension exhibited by the second group could involve the strong

dipole moment associated with the cyano group, which has a high polarizability even in the

antiferroelectric arrangement. Since the dipolar interaction is long-ranged, however, one would

expect the above mechanism to induce substantial thickness dependence of the surface tension.

Perhaps the antiferroelectric coupling between the molecular dipoles in the bi-layer structure

makes the interaction quadrupolar, thereby greatly decreasing the range of the interaction and

reducing the impact of the strong dipole moment associated with the cyano groups.

In conclusion, we have developed and further improved a very simple and straightforward
method to investigate the surface tension of free-standing films. Currently, the resolution

is about +I%. The system has been employed to measure the surface tension of seven dif-

ferent liquid-crystal compounds in their SmA or SmAd Phase. Our experimental results for

the thickness dependence of surface tension indicate that the mechanism responsible for the

surface tension is highly localized in the two outermost surface layers. Furthermore, a large en-

hancement m the surface tension of SmAd Phases has been observed. Additional experimental

investigation is necessary to address the relation between this enhancement and the electric

dipole moment associated with the cyano group which is responsible for the formation of the

SmAd Phase. Further measurements on other liquid-crystal compounds are in progress.
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