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Measurements of surface elasticity and thickness of 48-n-octyl-4-cyanobiphenyl film
at an air-water interface

Naoto Sakamoto, Keiji Sakai, and Kenshiro Takagi
Institute of Industrial Science, University of Tokyo, 7-22-1, Roppongi, Minato-ku, Tokyo 106, Japan

~Received 16 April 1997!

Two optical techniques, ripplon light scattering and convergent ellipsometry around the Brewster angle,
were used to investigate the monolayer-trilayer phase transition in 8CB~48-n-octyl-4-cyanobiphenyl! film
expanded at the air-water interface. The former technique is useful to evaluate the surface elasticity of the film,
while the latter estimates the film thickness from its reflectivity. These results were analyzed in correlation with
the relevantP-A isotherms. We showed that the elasticity of the monolayer film is 431022 N m21, and that
of the trilayer is 231021 N m21, and that the latter is 2.0 times as thick as the former. Inhomogeneous
structures in the coexistence of monolayer-trilayer phases, and the fluidity of the trilayer domains, were
observed. Ripplon measurements were also made in the coexistence region of the monolayer and the gaseous
phase.@S1063-651X~97!13608-X#

PACS number~s!: 64.70.Md, 68.10.Et, 78.35.1c, 78.66.2w
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INTRODUCTION

Structures of gas-liquid interfaces with a thin molecu
film existing in between are of great interest, since they p
vide information about various kinds of molecular intera
tions. The interface supports many types of amphiphilic m
ecules which consist of a hydrophilic head and
hydrophobic tail. These molecules form monomolecu
films at certain proper conditions. Each molecule turns up
hydrophobic tail into air, with its hydrophilic head down i
water. Phase transitions of these monomolecular films h
attracted considerable attention in recent years. The film
a gaseous phase when the molecules are sparse enoug
more condensed phases appear as it is compressed. In ty
fatty acid films, there are several phases which differ in d
sity: gaseous, liquid expanded, liquid condensed, and s
like. In most cases the solid phase is the densest, and fu
compression often leads to a disordered collapse of
monolayer and the appearance of three-dimensional s
tures. The transition which occurs in the film of thermotrop
liquid crystal 8CB ~48-n-octyl-4-cyanobiphenyl! is some-
what different@1–4#. When a monomolecular film of 8CB i
excessively compressed in the plane, an ordered collaps
curs, and the monolayer is folded into a stable trilayer fi
and the transition is believed to be of the first order. X
Jung, and Kim made an extensive study ofP-A isotherms by
surface balance, whereP andA are the surface pressure an
the surface area per molecule, respectively, and found
phenomenon@1#. They divided the whole range ofA into five
regions, from I through V, and concluded that t
monolayer-trilayer phase transition occurs in region
(41 Å2/molecule.A.12 Å2/molecule) from the experi-
mental results of both the ellipsometry and optical seco
harmonic generation. Friedenberget al. observed this region
by Brewster angle microscopy~BAM !, and visualized the
coexistence of the monolayer and trilayer@2#. Mul and Mann
also made a BAM investigation, and obtained a similar res
@3#. The phase transition not between the monolayer and
layer but between the monolayer and trilayer was suppo
561063-651X/97/56~2!/1838~6!/$10.00
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by Schmitz and Gruler, who made a surface potential m
surement in region III@4#.

Recently we developed a technique of convergent el
sometry around the Brewster angle~CEBA! for a quantita-
tive evaluation of molecular films extended on an air-wa
interface@5#. This technique yields the angular dependen
of the reflectivity of the interface, from which the film thick
ness is obtained. We have already applied this method
stearic acid monomolecular film in the liquid phase, a
made a quantitative discussion of its thickness. The use
ness of this technique has been shown. While this techn
as well as theP-A measurement gives the statics of t
molecular film, the ripplon light scattering provides us with
dynamical approach to air-liquid interfaces. Ripplons a
high-frequency capillary waves thermally excited on liqu
surfaces and propagating with the surface tension as t
major restoring force. Ripplon propagation is strongly a
fected by the structure at the surface and subsurface reg
The dispersion relation of the waves reflects viscoela
properties of the molecular film expanding itself at the int
face. In our previous study, we established a system
hyper-resolution spectroscopy for ripplon light-scattering e
periments@6#. We already applied this system for investiga
ing relaxation phenomena of soluble films on liquid, t
morphology and critical behavior of insoluble monomolec
lar films, and the sol-to-gel transition process of solutio
@7–11#.

A combination of the above two experimental techniqu
CEBA and ripplon light scattering, would be effective
observing both statical and dynamical aspects of the p
nomena in which the interface is involved: a more profou
insight into the interfacial physics would be obtained. W
therefore decided to apply the two techniques to an 8CB fi
on water. We also conducted a conventionalP-A measure-
ment. The purpose of this study is to confirm the monolay
to-trilayer phase transition from the viewpoints of film thic
ness and elasticity property. Though 8CB is one of the m
widely used and studied materials of liquid crystals, t
structure of the surface and subsurface is for the most
1838 © 1997 The American Physical Society
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56 1839MEASUREMENTS OF SURFACE ELASTICITY AND . . .
left unknown. Molecular films at the air-water interface a
important since they are regarded as a model of a skin of
bulk liquid crystal. The transition from the monolayer to th
multilayer would reproduce the process of new-surface c
ation under an ideal condition. This is also one of our int
ests, lying in the background of this study.

EXPERIMENT

A ripplon experiment is a kind of dynamic light-scatterin
method for a liquid surface. A beam of an Ar1 laser is inci-
dent on the liquid surface and scattered by the ripplon, wh
wave number is determined by the scattering angle. Anal
of the scattered light by the optical beating technique yie
the power spectrum of the light, from which the ripplon fr
quency and the damping are obtained. These two values
the two-dimensional elasticity and viscosity of the film.
more detailed description of the technique has been g
elsewhere@6–10#.

Principle and details of CEBA have already been giv
@5#, and we offer only a brief account here. Incident light
a He-Ne laser withP polarization is once expanded to
beam with about 10-mm diameter, and then focused to a
about 100mm in diameter on the surface. The converge
incidence has the optical axis set roughly atuB , the Brewster
angle of the substrate liquid, with the amplitude distributi
almost uniform within62° arounduB . The divergent re-
flected light has a unique doughnutlike pattern with a d
hole in the center, if projected on a screen. A photodio
with a pinhole in its front is scanned in the direction ofu, the
reflection angle, on the detection plane perpendicular to
reflection axis: the angular dependence of the reflectivity
the P-polarized light is obtained. Though the reflection pe
fectly vanishes atu5uB on a clean surface, a thin film on
causes a finite value of the minimum reflectivity, whic
gives the quantitative evaluation of the film.

The sample cell is a round trough made of glass 10 cm
diameter and 1 cm in depth. The same cell was used in
the three experiments: ripplon, CEBA, andP-A. It was re-
peatedly rinsed by distilled water before use. We filled
cell with distilled water and floated a barrier made of a T
flon sheet 50mm in thickness to determine the area in whi
molecules of the film were allowed to move. A solution
which 84 mg of 8CB was dissolved in 100 ml of hexane w
dripped on the water surface inside the barrier with a
crosyringe. The hexane evaporated quickly, leaving 8
molecules which form a thin film. The amount of 8CB sol
tion determinesA.

8CB in its bulk state is a thermotropic liquid crystal whic
undergoes isotropic-nematic and nematic–smectic-A phase
transitions at 40 and 33 °C, respectively. The film of 8CB,
the other hand, is reported to show no such transition in
temperature range from 10 to 38.7 °C@1#. The whole experi-
ment was done at room temperature. The sample was
chased from Merck and used without further purification.

The surface pressureP, which is determined as the de
crease in surface tension due to the existence of a film,
measured as a function ofA. We used the Whilhelmy
method with a plate made of platinum. TheP-A isotherm
was obtained by successive addition of 8CB on the surfa
The result is shown in Fig. 1, which is almost the same as
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previous results@1–4#. The surface pressure is required
obtaining elasticity in the ripplon measurement. We the
fore measuredP around region II with special care.

ELASTICITY OF THE FILM

The P-A isotherm in Fig. 1 shows three distinct region
In a dilute region atA.52 Å2/molecule, the surface pres
sure keeps a constant value at a very low level, indicating
coexistence of a condensed monolayer phase and a gas
phase. AtA;52 Å2/molecule, the surface is expected to
entirely covered with the condensed monolayer film. Furt
addition of the molecules causes a monotonous increas
the pressure up toP55.531023 N m21. The uniform film
of the condensed phase is elastically compressed in this
gion II. The pressure reaches a plateau atA541
Å 2/molecule: the monolayer can no longer exist stably, a
the ordered collapse begins. The trilayer domains appea
the monolayer phase. The almost constant value ofP in this
stage indicates the first-order phase transition.

The above is an explanation of the isotherm given
terms of the phase transition between gas, monolayer,
trilayer. The ripplon study should be done so that its resu
are correlated with thisP-A curve. First we made a mea
surement in region I, the coexisting region of the gas and
condensed monolayer. We made this preliminary experim
in order to test the validity of the ripplon light scatterin
applied to the system of 8CB films. Figure 2 shows the
sults obtained atA583 Å2/molecule, the coexistence sta
of the gaseous and the condensed monolayer phase. Fo
experiment, we used a floating Teflon sheet with a spe
shape which loosely divided the surface of measurement
two areas, one being exclusively covered with the conden
phase while the other with the coexisting gas. The two ar
are connected through a narrow channel. Thus we can m
the light-scattering experiment selectively in either pha
The shape of the Teflon sheet has already been give
detail elsewhere@10#. The ripplon frequencyv and the
damping G are pointed on a chart which gives the tw
dimensional elasticity« and viscosityk of a film covering
the surface of ripplon propagation. The solid lines are
theoretical curves of constant viscosity along which« in-
creases anticlockwise. The outmost curve is fork50, andk
increases as the curve shrinks. This set of curves is foP

FIG. 1. ObservedP-A isotherm of 8CB film around region II.
The surface elasticity of the monolayer is given by the gradien
this curve.
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1840 56NAOTO SAKAMOTO, KEIJI SAKAI, AND KENSHIRO TAKAGI
51.031024 N m21 in region I. The open and closed circle
indicate the results obtained at the gas and at the conde
areas, respectively. These results tell us that the conde
phase has surface elasticity,«51.731022 N m21, and a fi-
nite value of surface viscosity, and the gas phase show
observable elasticity. The elasticity of the coexisting co
densed phase appears in theP-A curve of Fig. 1 as the
gradient at the dilute end of region II. We can calculate
elasticity of the monolayer,«M , by

«M52A0S dP

dAD
A→A0

, ~1!

where A0 is the area at the boundary between region
and II. We obtained «M51.831022 N m21 with A0
551.6 Å2/molecule. This value is in good agreement w
the one determined by the above ripplon measurement.

The gradient increases with decreasingA in region II,
indicating that the film has a strong nonlinear nature in e
ticity. The elasticity is determined to be«M53.3
31022 N m21 from Eq. ~1!, with A0541.2 Å2/molecule,
which is the dense end of region II. This is the elasticity
the monolayer film under coexistence with the trilayer fil
and to be compared with the result of the ripplon experim
made in region III.

Figure 3 shows the results of scanning ripplon measu
ment made atA514.6 Å2/molecule in region III, where the
trilayer film is expected to cover;50% of the whole area
inside the Teflon barrier. This time the barrier was a sim
circular shape. The light-scattering experiments were car
out in a spatial scan at every 1 mm along thex axis on the
surface. The open circles in the figure represent the ripp
damping at each position. The scattering angle was fi
at 0.38°, which gives the ripplon wave numberk
58.43104 m21. There appear two weakly stable regions
this scan: one atx>0.5 cm withG,2.5 kHz, and the othe
at 1.5&x&2.5 cm withG>3.0 kHz, though the difference i

FIG. 2. The chart used to determine the surface elasticity« and
the surface viscosityk from the ripplon spectra. The abscissa a
the ordinate are the ripplon frequencyv and the dampingG, nor-
malized with respect to values for the water surface with virt
nonviscoelastic film whose surface pressure isP51.0
31024 N m21. The open and closed circles indicate the values
the gaseous phase and the monolayer, respectively, and the fi
for « andk are given in the unit of 1023 N m21 and 1029 kg s21,
respectively.
ed
ed

no
-

e

I

-

f
,
t

e-

e
d

n
d

less than conspicuous. The hatched belt in Fig. 3 indica
the result of a similar experiment made on a clean wa
surface, and shows that scatter in the data is within 200 H
there is no structure on the surface. The fluctuation inG
observed in 8CB film is nontrivial and meaningful enoug
reflecting the structure on the surface.

The morphological study by BAM reveals that the trilay
phase forms domains about 500mm in diameter surrounded
by the monolayer@3#. Although the spatial resolution of th
scanning ripplon study is;1 mm and not sufficient to repro
duce the fine structure of the trilayer-monolayer coexisten
we can at least conclude thatG shows a bistable fluctuation
between two values, 3.0 kHz and below 2.5 kHz. The n
step is to convert the change ofG into that of«. We need an
v-G chart like that of Fig. 2, but forP55.531023 N m21,
the surface pressure in region III. As mentioned above,
point ~v,G! traces the horseshoe-shaped curve anticlockw
with increasing«. When the film is very soft, i.e.,«<1.5
31022 N m21, the point moves up the right leg of the hors
shoe as« increases. The increase is sensitively observabl
the increase inG. At the top of the horseshoe, on the oth
hand, v is more sensitive to« than G. In the experiment
made in the monolayer-gas coexistence, the difference in« is
in the range where bothv and G vary with «: the film
strongly affects the ripplon propagation. Unfortunately,« of
both films in the monolayer-trilayer coexistence is in a ran
larger than 3.031022 N m21, the range where many point
of ~v,G! gather at the foot of the left leg in the chart. Th
films are too hard to affect the ripplon propagation anymo
andG alone is weakly sensitive to«. The ordinate for« thus
determined by the chart is shown on the right-hand side
Fig. 3. The axis is inversely directed and far from linea
Nevertheless, we can deduce from this result that a very h
film with «*231021 N m21 exists at 0.2,x,1.4 cm and
at 2.5,x,2.6 cm, and that there is another film with«
>4.531022 N m21 at 1.7,x,2.5 cm on this surface.

l

r
res

FIG. 3. Ripplon damping observed by the scanning ripplon m
surement on the surface at the coexistence state of the mono
and trilayer. The higher value corresponds to the monolayer ph
and the lower to the trilayer. The hatched belt shows the typ
scatter in the damping for the clean water surface observed
similar experiment. The damping is converted into the elastic
which is represented by the right-hand ordinate. The closed
open triangles show the elasticity for the presumable monolayer
trilayer, respectively.
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56 1841MEASUREMENTS OF SURFACE ELASTICITY AND . . .
It would be quite natural to assign the soft and hard fil
to the monolayer and the trilayer, respectively. To verify t
assumption, we made a ripplon study in the same sens
that of Fig. 2. The specially shaped Teflon barrier was u
again. The surface under study was loosely divided into
areas, one likely to be covered with a monolayer, the ot
with a trilayer, and measurements were done at either a
The closed and open triangles on the right-hand side of
3 represent the elasticity observed at the presumable m
layer and trilayer areas, respectively. These points indic
that «M>4.031022 N m21 and «T*231021 N m21,
where subscriptT is the value for the trilayer. Note tha
«M and «T are in good agreement, respectively, with t
lower and higher levels of the elasticity observed in the sc
ning ripplon measurement, and that«M agrees well with the
static value «M>3.331022 N m21 obtained from P-A
curve in Fig. 1. It would be quite reasonable to associate
very hard area and the softer area found by the scan
ripplon study with the trilayer and monolayer, respective
The large scatter in the trilayer region would reflect the fi
structure visualized by the BAM study; the area 0.2,x
,1.4 cm would be a trilayer-domain-rich region.

THICKNESS OF THE FILM

The advantage of CEBA is in its ability to evaluate t
thickness of films on a liquid surface. Expecting to detect
difference in the thickness, we applied this technique to
monolayer-trilayer system. We also measured the clean
ter surface to check the reliability of the experiment. T
crosses in Fig. 4 show the reflectivity of the virgin surfa
before 8CB film is expanded. If the initial surface is cle
and the CEBA system is working correctly, the reflection
P-polarized light completely vanishes atuB which is deter-
mined by the index of refraction for water. The minimu
reflectivity observed is zero within the experimental acc
racy, and this angle should beuB for water. The pointuB
553.06° on the abscissa of Fig. 4 was thus fixed, and

FIG. 4. The reflectivity curves obtained by CEBA, of which th
open circles, the closed circles, and the crosses indicate the r
for the surface atA512.5 Å2/molecule, atA539.9 Å2/molecule,
and the clean water surface, respectively. The solid and dashed
are the theoretical curves of Eq.~2! fitted to the points, while the
dotted line is the theoretical curve for a clean water surface.
vertical straight line indicate the angle at which the measuremen
Fig. 6 was done.
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scale was determined by the displacement of the pinhole
the detection plane and the focal length of the collimat
lens. The dotted line is the reflectivity curve of a well-know
theory @12#, which is in very good agreement with the e
perimental points in this angular range.

After floating a circular-shaped barrier, an appropria
amount of 8CB molecules was dripped on this surface,
the area was adjusted toA539.9 Å2/molecule, near the
boundary between regions II and III where the monolayer
the most compressed state extends over almost the w
surface. The reflectivity observed is shown by the clos
circles in Fig. 4. The existence of the monolayer increa
the reflectivity almost uniformly over this angular rang
without a significant change in the curve shape and the a
of minimum reflection, the latter implying that the film ha
no optical absorption. Then the molecules are added aga
A512.5 Å2/molecule, at which the surface is fully covere
with the trilayer film. The CEBA measurement was done
derive the result, as shown by the open circles in Fig. 4. T
trilayer film increases the reflectivity in a similar manner b
in a larger magnitude.

The theoretical curve of reflectivity to be correlated wi
the CEBA experiment is given by a pure geometrical opti
When a thin transparent film exists on a water surface
compose an air-film-water system with two interfaces,
reflectivity of P-polarized light is expressed as

RP~u!5
r 0

21r 1
212r 0r 1cos2d

11r 0
2r 1

212r 0r 1cos2d
, ~2!

d5
2p

l
nh cosj, ~3!

wherer 0 andr 1 are Fresnel coefficients of air-film and film
water interfaces, respectively,n andh are the refractive in-
dex and thickness of the film, respectively,j is the angle of
incidence from the film to the water, andl is the wavelength
of the probe laser light@12#. Thoughu is absent here in an
explicit form, j is related tou through Snell’s law, andr 0
and r 1 are given as functions ofn. Thus this equation in-
cludes two independent parametersn andh, and the best fit
of this theoretical curve to the experimental data over a c
tain angular range would determine bothn and h, if the
fitting is precisely made. Unfortunately, the contributions
n andh to the shape of the curve are made mostly throu
nh. While the minimum reflectivity determinesnh very ac-
curately, the whole fitting is hopelessly sensitive to ind
vidual n or h. In the absence of any reliable value ofn for
molecular films of 8CB, we decided to make the curve fitti
so that it givesh as a function ofn over some proper range
The dashed and solid lines in Fig. 4 represent example
the curves of Eq.~2! fitted to the reflectivity of monolayer
and trilayer, respectively. In these fittings,n51.55 was as-
sumed for both films, andhM51.07 nm for the monolayer
and hT52.15 nm for the trilayer were determined. In th
way we obtainedhM(n) andhT(n) as shown by the dashe
and solid curves in Fig. 5, respectively. The range of
abscissa in the figure was chosen from the following cons
erations. Nematogen molecules generally have an anisotr
index of refraction in their nematic phase. InnCB’s, they are
known to be about 1.7 in the crystal axis and about 1.5 in

ult

es

e
of



e

m
ha

in
nt
n

’s

f
a
ie
s
la
n
u-
. A
e
a
i-

r s
n
a
i

d
h

e
n
de
e
d
th
I

d
d
r

ery

the
ut
has
oes.
ce,
d
he
by
e is
into
he
ith
the
is
B
the
age
ide
ly,
er-
r
e

ic-
on
n
of

,
int
ob-
by

for
e-
i-

e

her
d of
e

lt

tiv

ot

ntal
o-

1842 56NAOTO SAKAMOTO, KEIJI SAKAI, AND KENSHIRO TAKAGI
perpendicular direction. The effective value ofn for a certain
angle of incidence is given by the index ellipsoid and som
where between the two values, 1.5,n,1.7, would be a
practical range.

The thickness of the monolayerhM51.07 nm atn51.55
would be quite reasonable, consistent with a rough esti
tion made from the molecular structure. Note, however, t
our primary interest is not in the absolute value ofhT or
hM , but in the ratio of the former to the latter. The th
horizontal dashed line in Fig. 5 represents the experime
value ofhT /hM , which is neatly at 2.0 within 5% precisio
throughout this range. The above result ofhT(n)/hM(n)
52.0 is in very good agreement with Xue, Jung, and Kim
experiment of ellipsometry which gavehT /hM52.12 @1#.
Both results are, however, against the simplest model o
trilayer which predictshT /hM53, and seemingly suggest
monolayer-bilayer transition. Nevertheless, previous stud
as well as ours, are on the standpoint for the hypothesi
the trilayer. The major reason for this is that the molecu
density on the surface is about 3.5 times larger at the de
end of region III than at its dilute end, while a simple do
bling of the monolayer suggests it is only twice as large
commonly accepted model of the trilayer is that the compr
sion of the monolayer buckles the film upward to form
bilayer in which the hydrophilic cores of 8CB are interdig
tated inside, and the bilayer is folded over the monolaye
that the two hydrophobic surfaces contact face to face. He
the top surface of the trilayer is also hydrophobic, as w
suggested by the surface potential experiment of Schm
and Gruler@4#. The interdigital structure of the bilayer woul
reduce the total thickness, and this is the reason w
hT /hM is less than 3.

In the estimation ofhT /hM made in Fig. 5, we assum
that the trilayer has the same refractive index as the mo
layer. Though this assumption is valid in the simplest mo
of the trilayer, it loses ground in the above model of a bilay
over the monolayer. The thin bilayer film of interdigitate
structure implies a closer packing of molecules than
monolayer film, and hence a higher index of refraction.
this is true and the average index of refraction is increase
the trilayer, then the analysis in Fig. 5 should be correcte
give hT(n)/hM(n),2.0. The bilayer could be even thinne

FIG. 5. Thickness of the trilayer~solid line! and monolayer
~dashed! determined in the fitting of Eq.~2! to the experimental
results shown in Fig. 4, and given as functions of the refrac
index. The thin horizontal dashed line is the ratiohT /hM at each
refractive index.
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than the monolayer, though a quantitative estimation is v
difficult.

The closer packing in the bilayer is also suggested by
ratio of A values at both ends of region III. The ratio is abo
3.5 as given above, which may mean that the bilayer
more molecules per unit area than twice the monolayer d
The molecules in the monolayer are bound to the surfa
whose hydrophilic core is fully or partially in water an
whose hydrophobic tail is in air at a certain tilt angle. T
range ofA in region II indicates that the area occupied
one molecule of the monolayer is a square whose sid
6.4–7.2 Å, reasonable values if the core size is taken
account. The major force that forms this structure of t
monolayer is the strong interaction of each molecule w
water, together with the effect of the exclusive area. On
other hand, the major force forming the bilayer structure
the coupling between two molecules. It is known that 8C
molecules tend to form pairs. An excess compression of
monolayer would release some molecules from the bond
of water, and two of them immediately make a side-by-s
pair pointing oppositely. This pairing occurs successive
and the ordered bilayer in which the molecules align alt
nately is formed. The fact thathT /hM can be even smalle
than 2 implies a firmly interdigitated structure with a larg
tilt angle of the pairs.

The bilayer and monolayer share a hydrophob
hydrophobic interface where a weak frictional interacti
probably governs. The bilayer film would smoothly slide o
the monolayer. Figure 6 shows the temporal fluctuation
the reflectivity observed for 6 min by CEBA in region III
A518.3 Å/molecule. The laser spot was fixed at one po
on the surface of trilayer-monolayer coexistence, and the
servation angle is slightly off the minimum, as indicated
the vertical line in Fig. 4. The reflectivityR shows a flipflop
change between 8.331026 and 3.731026, which corre-
spond to the intersects of the straight line with the curves
the trilayer and monolayer in Fig. 4, respectively. In the p
riod 25,t,90 s, for instance, the laser happens to illum
nate the trilayer domain:R is at the upper level. Then th
domain slides away andR falls down to the lower level.
From the transition time between the two levels toget
with the laser spot size, one can roughly estimate spee
the domain drift,;1025 m s21. Further, this speed and th
typical period of the upper level,;102 s, roughly give the
domain size;1023 m. This size is consistent with the resu

e

FIG. 6. The reflectivity observed for 6 min at a certain fixed sp
on the film at the coexistence state (A518.3 Å2/molecule). The
data show an obvious bistable change between the two horizo
lines, which correspond to the reflectivity of the trilayer and mon
layer for the observation angle indicated in Fig. 4.
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of the observation by BAM@3#. The fluidity of the trilayer
domain was also observed by other researchers@2,3#.

In summary, we characterized the coexisting trilayer a
monolayer of 8CB on a water surface by elasticity and thi
ness measurements. The results, together with the knowl
obtained so far, disproved the possibility of a simple trilay
with threefold monolayers, and suggested a structure o
bilayer placed on the monolayer. The monolayer is form
by the strong interaction of the hydrophilic core of an ind
vidual molecule with the substrate water. Each molecule
anchored and forced to stand up with a certain tilt angle
the hydrophobic tail. The average separation between
neighbors in the monolayer can be slightly expanded du
a repulsive force possible between the two molecules
ented in the same direction. In the bilayer film, on the ot
hand, molecules are alternately ordered by the close coup
between the inversely oriented molecules, and form a la
of tightly interdigitated structure. The tilt angle of the com
b
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r
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posing molecules is determined not by the interaction w
the monolayer below but by the coupling geometry of t
molecules within the film. The upper bilayer can glide free
over the hydrophobic face of the monolayer, since there is
strong interaction in between.

The bilayer of such a structure can be associated wit
hard film with a high elasticity. The simplest model for th
trilayer elasticity is a parallel connection of three sprin
with the same spring constant, which predicts«T /«M53. In
the present measurement of elasticity, we obtained«M
>431022 N m21 and «T*231021 N m21, giving «T /«M
*5, though«T of 8CB is in the range where the ripplo
measurement loses a sufficient accuracy.
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