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Phase Transitions of Liquid-Crystal Films on an Air-Water Interface
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Surface-balance, ellipsometry, and optical second-harmonic-generation techniques are employed
to investigate the phase transitions of liquid-crystal 4'-n-octy1-4-cyanobiphenyl films on an air-water
interface. We have found, for the first time, a distinctive first-order phase transition between a stable
monolayer phase and a stable 3-layer phase of the liquid-crystal film.

PACS numbers: 64.70.Md, 68.35.Rh, 68.65.+g

A water surface can support many types of molecules
consisting of a nonpolar tail and a polar group. Stud-
ies on relatively flexible surfactants and polymers on
the air-water interface have considerably broadened our
understanding of the structures and properties of a 2-

dimensional gas, liquids, and various ordered monolayer
phases that exist in nature [1—6]. Experimentally, it has
been observed that only monolayers formed by these Hex-

ible molecules on the air-water interface are therrnody-
namically stable.

Most thermotropic liquid-crystal (LC) molecules are
small rodlike lipids that are insoluble in water. These
short rigid rods, whose interparticle interactions are con-
siderably simpler than that between surfactants and

polymers, may therefore form different phases on the air-
water interface and are ideal to study. A markedly dif-

ferent feature between bulk LCs, fIexible surfactants, and
polymers is that often bulk LCs have smectic phases. A

particularly interesting question is therefore the propaga-
tion of layer orderings of LCs on the air-water interface
beyond a stable monolayer film. Understanding the influ-

ence of a substrate on the structures and phase behavior
of LCs is by itself of fundamental importance from both
a purely scientific and a technological point of view [7, 8].

In this Letter, we report our studies on 4'-n-octyl-4-
cyanobiphenyl (8CB), situated on the air-water interface.
Our work is different from the other studies in that the
LCs we employed are chemically stable and we study
the detailed phase behavior of the Films [9, 10]. Using
surface-balance [5], ellipsometry [ll], and optical second-
harmonic-generation (SHG) techniques [4], we have rnea-

sured the surface pressure, density, molecular alignment,
and the polar ordering of the LC film as a function of area
per molecule. We have found, for the first time, that a
LC monolayer on an air-water interface undergoes a first-
order transition to a stable phase that is composed of a
monolayer plus an interdigitated bilayer (3-layer film).
Formation of the stable 3-layer film is due to a delicate
balance between molecular interactions in the system.

A monornolecular film can be in different states de-

pending on the density of the molecules on the surface.
The surface pressure II, the reduction of surface tension
of water due to the existence of molecules on the surface,

as a function of area per molecule, gives the equation
of state and can be measured directly using a surface
balance apparatus. A film of organic monolayer on the
air-water interface is, in general, birefringent with its op-
tic axis perpendicular to the interface [12, 13]. If the
thickness of the film d is very small compared to the
wavelength of the laser beam A, then the ellipsometry
signal is proportional to d, and is a complicated alge-
braic function of the refractive indices of air and water,
the ordinary and extraordinary refractive indices of the
film, and the angle of incidence of the laser beam [13].

The molecular alignment and the polarity of molecules
at an interface can be most directly probed using op-
tical SHG. The SHG signal is nonzero only when the
centrosymmetry is broken in the dipole approximation.
In this case, the interface breaks the symmetry and we

expect a nonzero SHG signal that is dipolar in nature
and that provides information about the molecular ar-
rangement in the immediate vicinity of the interface. For
LC molecules with a relatively rigid polar group and a
fIoppy tail, the molecules in the bulk form pairs with po-
lar groups pointing antiparallel to each other. In general,
the quadrupole moment of the pairs is not zero, and, in

an ordered phase, a contribution to the SHG signal from
these quadrupoles is expected.

A cyanobiphenyl LC molecule is composed of a hy-

drophilic polar (cyano) head group and a hydrophobic
alkyl tail group. In our experiments, 15 mg of LC are
dissolved in 10 ml of hexane and the solution is spread on
an air-water interface in a Langmuir trough using a mi-

crosyringe. The hexane quickly evaporates and the LCs
are left on the interface with their head group pointing
towards the water. Typically, 35 6 0.5 pl of the solu-
tion is spread on the interface. The area per molecule A

or the number density of LC molecules on the interface,
which is determined to within 5%, is subsequently mod-

ified by changing the total area occupied by the LC film.
The temperature of the Langmuir trough is controlled to
within 0.2 C.

V'e measure the pressure of the film by slowly com-

pressing and then expanding the film at the same rate. At
a sufFiciently slow speed of about 0.2 cm2/s, the compres-
sion and expansion process yields the same equilibrium
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pressure in the film. Figure 1 shows our typical results
of II as a function of A at room temperature where the
bulk material is in smectic-A (S~) phase. In contrast to
isotherms observed for a majority of insoluble polymers
or surfactants on the air-water interface [4—6], we find
that after a rapid increase in II at relatively large A, II
saturates at intermediate A (12 A. ( A ( 40 A ), in-

creases sharply as A is reduced, and then slowly increases
again as A is further reduced.

At very large A, the LC molecules on the interface
should be in gas phase [10]. As A is reduced, the film
goes through a first-order phase transition to a liquid
phase. In regions where A is slightly greater than 50
A.2 (region I), II is about 0.1 dyn/cm and constant (first
plateau region), indicating a coexistence of gas and liquid
phase. The LC film in the region 48 A2 ) A ) 41 Aa

(region II), where the first significant increase in II oc-
curs, is postulated to be a homogeneous monolayer liquid
phase [4—6], in analogy to the liquid expanded phase of
insoluble polymers and surfactants on the air-water in-
terface. Combined with the facts that in bulk the LC
is in the S~ phase [14] and the polar group is pointing
towards water, we further postulate that this phase is
a ferroelectric monolayer phase with molecules roughly
perpendicular to the interface. It is interesting to note
that the area per molecule in this phase is about twice
the value for molecules in the bulk phase [14], and is ap-
proximately the size of a benzene ring. This suggests
that the dominant contribution to the pressure in this
region is probably due to the steric interactions between
the "core" of the liquid crystals and therefore should be
fairly insensitive to temperature.

As A is reduced, the pressure first remains constant
(region III) and then rises sharply (region IV). This
isotherm indicates that there exists another stable phase
at the smaller A (region IV), and the transition between
this phase and the proposed homogeneous monolayer
phase is first order. We find that the transition to smaller

A phase occurs at 11.4 A.2, which is too small for all the
molecules to remain on the interface. Since the LC is
not soluble in water, molecules are forced to go into the
third dimension, i.e. , forming additional layers on top
of the first monolayer. By considering the packing of
the molecules, we find that the additional (second) layer
formed is unlikely a monolayer [15, 16]. However, if we
assume that the second layer is an interdigitated bilayer,
we then find that A for the molecules in the second layer
is 22.6 A.a, a value that is very close to that for the bulk
material [14]. We postulate from these isotherm mea-
surements that the 8CB film in the smaller A regime is
a 3-layer film, i.e., an interdigitated bilayer on top of a
ferroelectric monolayer adjacent to the interface.

Along with the isotherms, we simultaneously measured
the ellipsometry signal I, of the films. In Fig. 2 we plot
a typical result. In region I, we find that I, is Quctuating
between nearly zero and a constant, a signature of the
coexistence of the gas and liquid [4—6]. In region II, I,
is steady and increases slightly due to a slight increase
in density, consistent with the picture that the film is a
homogeneous monolayer film. In region III, we find that
I, is fiuctuating between the values for a monolayer and
that for the film in region IV, and therefore in accordance
with the isotherms for this region, a monolayer is in coex-
istence with a 3-layer phase, and further confirming that
the transition between the two phases is first order.

In region IV, we find again that I, is steady, indicating
that the film is homogeneous. We further find that the
phase shift in this region is 2.12 6 0.05 times the value for
the monolayer. This ratio is suprisingly small, because
if all molecules contribute to the phase shift in the same
way, we would expect the ratio to be at least 3. To try
to understand this, we first carefully measured the ellip-
sometry signal for cyanobiphenyl materials with difFerent
chain lengths and thus separated the contributions from
the tails and the head group [11]. We find that for the
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FIG. 1. Typical II-A diagram for 8CB film on the air-
water interface. LC molecular arrangements are also sketched
in corresponding regions, with solid lines representing the po-
lar group of the molecules.
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FIG. 2. Ellipsometry signal (phase shift) as a function of
area per molecules for 8CB on air-water interface at room
temperature. The figure is obtained by combining data from
two measurements, which are separated by a gap in the hori-
zontal axis.
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monolayer 8CB the head groups contribute nearly 70'%%uo to
the total phase shift to the film. This can be understood
as being due to the unpaired dipoles of the molecules, and
thus the monolayer is electively highly birefringent. The
molecules in the second layer, however, form interdigi-
tated bilayers, and the head groups form pairs and are
not so susceptible along their long axes; thus the bilayer
is less birefringent. To estimate the phase shift due to the
interdigitated bilayer, we assume that there is only the
bilayer present at the air-water interface with the optical
axis perpendicular to the interface. We further assume
that the refractive index for the bilayer is the same as the
value for the bulk material [17] and that the thickness of
the bilayer is 1.4 times the molecular length. Under our
experimental conditions, we calculate and find that the
phase shift due to such a hypothetical bilayer is 1.326'.
If we make the crude approximation that the phase shift
of the 3-layer film is the sum of that due to the bilayer
and the monolayer, we find that the phase shift ratio be-
tween the 3 layer and monolayer is 2.51, suggesting that
the model is at least qualitatively correct.

When A is reduced below 11.4 A. , we find that no sta-
ble 5 layers or other multilayer films exist (region V), as
indicated by a continuous increase in II, and an arbitrary
fluctuation in I, above the values for a 3-layer film. In
fact, very thick patches of the LC film, which are visible
to the naked eye, are observed in this regime.

We further studied the phase transition behavior of
the system using optical SHG. Figure 3 shows the op-
tical SHG obtained for 45'-input/s-output polarization
combination. In region I, the SHG data show similar fiuc-
tuating behavior to that of the ellipsometry data, as ex-
pected for the coexistence phase of gas and liquid. When
A is increased to the gas phase, the SHG signal is small
and constant. In region II, the SHG signal remains nearly
constant, further indicating that the film is in a homoge-
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FIG. 3. SHG intensity as a function of area per molecule
for 8CB at room temperature. The polarization combination
is chosen to be 45'-in/s-out for maximum signal-to-noise ra-
tio. The vertical bars indicate the range of the fluctuating
signal.

neous monolayer region.
Assuming the molecules are simply tilted with respect

to the interface normal and that they reside on a cone,
the hydrophilic polar group of the molecules makes an
angle [9 with the interface normal. The nonlinear sus-

ceptibility components of the film can then be calculated
and compared with the SHG data. From our measure-
ment, we find that 0 = 62' in the monolayer phase, i.e. ,

the polar group of 8CB is tilted 62' away from the in-

terface normal. If we assume that the two phenyl rings
are perpendicular to each other, and the molecules rest
on the interface purely due to steric interactions, we esti-
mate the angle between the polar group and the interface
layer normal to be 8 = 68.5' [14]. Thus the steric inter-
action may be dominant in determining the tilt angle of
the molecules near the interface.

In region III, where we postulated that the film is
in the coexistence state of a monolayer and a 3-layer
phase, in addition to the contribution from the dipoles
of the monolayer adjacent to the interface, we expect
a quadrupole contribution to the SHG signal from the
interdigitated bilayer on top of the monolayer. This
quadrupole contribution to the nonlinearity of the LC
has been shown to be significant [16]. The coexistence of
the two phases indicates that we should expect the SHG
signal to fiuctuate above (or below, in the case where
the dipolar and quadrupolar contributions cancel each
other) a constant. As we can see in Fig. 3, we indeed
find that the SHG intensity shows slight fluctuations in
this region. As we approach region IV, the fluctuation in
SHG intensity becomes less frequent and eventually in re-
gion IV, the SHG intensity is again nearly a constant, in
agreement with the region being a homogeneous 3-layer
phase.

We thus find that the isotherm, the ellipsometry, and
the SHG measurements all give self-consistent results,
and that the 8CB film on the air-water interface exhibits
a first-order transition between a stable homogeneous
rnonolayer liquid phase and a 3-layer phase.

The phase diagram of bulk 8CB is crystal (21.5 'C), SA
(33.5'C), nematic (40.5'C), and isotropic. The above
phase behavior is observed from 10 to 38.7'C, i.e. , in a
temperature range much wider than that for the smectic-
A phase. At extremely low temperatures, e.g. , 4.0'C,
LC films on the interface are no longer stable, and LCs
aggregate. Thick patches of LC aggregates are visible.
At 42.5'C, on reducing the area per molecule, both
static pressure and the ellipsometry signal continuously
increase after a stable monolayer, making it dificult to
determine if there is still layered structure beyond the
monolayer.

While there is as yet no detailed theoretical work to
explain the observed phenomena, it appears that the
delicate balance between the work of adhesion of the
molecule to the water and the work of cohesion between
the molecules is responsible for this novel phase behavior
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[6, 16]. The work of adhesion is a combination of the hy-
drophilic force and hydrophobic hydration between the
molecules and water. The formation of a stable mono-
layer film of 8CB on the air-water interface can be under-
stood in a conventional way since there is a strong attrac-
tive interaction between the molecule's polar group and
water. If we keep the work of adhesion roughly constant
and change the work of cohesion by changing the length
of the hydrophobic tail, we expect possible changes in the
stability of the LC monolayer film on the interface, as we
have observed experimentally [18].

As in a surfactant or an emulsion system, water can
penetrate some certain distance up into the alkyl chain
part of the molecules [19,20]. If the alkyl chain is rela-
tively short, then there may be a large amount of water
molecules concentrated near the interface of the mono-
layer and air. Although it will not stabilize another
monolayer like the first layer due to the hydrophilic na-
ture of the polar head group of the molecules, water
accumulated near the monolayer-air interface may be
enough to attract the polar groups of a bilayer of the
LC molecules. Formation of a stable 3-layer film seems
to suggest that this is indeed the case for 8CB and for
a few of its homologue series with similar alkyl chain
lengths [18]. It should be noted that the LC molecules
also alter the water concentration profile, which can be
directly probed by neutron scattering techniques; in ad-
dition, we expect that water should condense near the
head group region of the interdigitated bilayer. Experi-
mentally, we also find that the monolayer and the 3-layer
films do not wet oil (hexane, hexadecane, etc.), further
suggesting that there is water in the films.

In conclusion, we have observed a novel monolayer to
a 3-layer phase transition of 8CB film on an air-water
interface. The transition between the two phases is first
order. We find that these interface stabilized phases ex-
ist in a temperature range much wider than that of the
smectic phase of the bulk material. We argue that these
phenomena are due to a delicate balance between the
intermolecular interactions.
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