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Stability and phase transitions of single-molecular-layer free-standing liquid-crystal films
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We have successfully prepared stable one-layer films of 54COOBC@n-pentyl-48-n-pentanoyloxy biphenyl-
4-carboxylate# in a small film hole ('0.7 mm in diameter! and conducted high-resolution optical reflectance
measurements near the smectic-A–hexatic-B transition. The stability of these films is contrary to experiences
with all other compounds and also to heuristic understanding. We propose a modification to such understand-
ing. Within the resolution of our measurements, data are in good agreement with those of two-layer films. The
result gives a confirmation of two-dimensional behavior of two-layer films.@S1063-651X~97!03408-9#

PACS number~s!: 83.70.Jr, 61.30.Eb
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Ever since Younget al. @1# successfully demonstrated
clever technique to prepare uniform free-standing liqu
crystal films in phases which possess a layer structure,
smectic phases, such films have been utilized to investi
physical properties of various smectic phases and explore
two-dimensional physical properties of substrate-free s
tems @2,3#. Our detailed calorimetric studies of such film
near the smectic-A–hexatic-B ~Sm-A–Hex-B) and smectic-
C–smectic-I transitions of various liquid-crystal compound
@2,4,5# suggest that two-layer films (N52), which exhibit a
single heat-capacity anomaly, can be viewed as a t
dimensional~2D! system. Thicker films (N.2), however,
show more than one heat-capacity anomaly and are defin
not simple 2D systems. Because single-layer films h
proven to be extremely rare and unstable, a direct comp
son of the behavior of one- and two-layer films through
phase transition has previously never been performed.
study also raises questions about the present understan
of the stability of free-standing films. We will address the
issues.

According to electron-diffraction studies@6#, the order pa-
rameter associated with the Sm-A–Hex-B transition is the
bond-orientational order@C exp(i6u)# placing this transition
in thexy universality class. Thus in a 2D system, theoreti
advances @7# predicted a Kosterlitz-Thouless-type hea
capacity hump@8#. Our simultaneous heat capacity and op
cal reflectivity measurements near the Sm-A–Hex-B transi-
tion in two-layer films of two different types of liquid-crysta
compounds @4# give diverging heat-capacity anomalie
which can be characterized by the heat-capacity critical
ponenta50.30. Such studies have raised the experiment
challenging question ‘‘Can one prepare a stable one-la
film and characterize its physical properties?’’

Through experience, we@9# know that by choosing an
appropriate liquid-crystal compound and taking proper ca
preparation of a uniform two-layer film~diameter'1 cm! is
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not unreasonably difficult. In 1980, Rosenblattet al. @10#
measured the light scattering intensity from a one-la
DOBAMBC film with its lifetime shorter than several min
utes. Recently, Pang and Clark@11# reported the observation
of stable one-layer film regions in a low temperature sme
phase of a perfluorinated compound and Ho@12# studied
electron-diffraction from one-layer films prepared in a sm
hole. Despite these instances, preparation of a stable
layer film has proven to be an almost insurmountable ta
The stability of thin free-standing films has been discus
by many scientists@13#. The following heuristic reasoning
was provided by Prost@14# to argue the stability of liquid-
crystal free-standing films and offers a qualitative expla
tion of the difficulties in preparing one-layer films. The e
ergy required to create a hole of radiusR through an
N-layer film consists of two major parts,

ER'2p~gLNl0R2gSR2!. ~1!

Prost tookg(5gL5gS) to be the film-vapor interfacial ten
sion. l 0 is the smectic layer thickness. The first term is due
the positive line tension of the hole. The second term com
from the surface tension of the film~there are two surfaces!.
This equation yields an energy barrier,Ec'@pg(Nl0)2#/2
and hence the frequency of thermally creating holes
critical radius Rc('Nl0/2) per unit area will be
f ' f 0exp(2Ec /kBT). Taking g521 dyn/cm @15#, l 0525
Å and assuming thatf 0' ~speed of sound!/@~molecular di-
ameter! ~molecular cross section!#, one obtains

f '231027exp~242N2!~sec cm2!21. ~2!

For N51, f '109 (sec cm2)21 while for N52, f '10246

(sec cm2)21. Thus theN term in the exponent is of tremen
dous consequence. Although it is a ‘‘back of the envelop
calculation, the result suggests that while a one-layer film
extremely unstable and very difficult to prepare, thicker film
(N>2) will last effectively forever. This heuristic argumen
does not include the surface enhanced layer order which
creases very rapidly in the thin film limit@16#. The discovery
of layer-by-layer thinning transitions in two perfluorinate
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56 2299BRIEF REPORTS
compounds@17,18# by our group has demonstrated that tw
layer films are the most stable.

Our recent experimental studies yield a very different s
nario. In order to enhance the chance of preparing a o
layer film and promote its stability, we employed a ve
small film hole ('0.7 mm in diameter!. We chose
54COOBC @n-pentyl-48-n-pentanoyloxy biphenyl-4-carbo
xylate#, which exhibits the Sm-A–Hex-B phase transition
near 65 °C in two-layer free-standing films. It also exhib
the unusual thinning transition in which the films spontan
ously thin as temperature is increased above the bulk
A–isotropic transition. In searching for compounds exhib
ing this unusual layer thinning transition@18# above the bulk
Sm-A–isotropic or Sm-A–nematic transition, we and othe
research groups have studied more than 20 conventiona
perfluorinated liquid-crystal compounds. Although the
transitions are highly irregular in 54COOBC@19#, it is one of
two hydrogenated compounds@20#, thus far, shown to ex-
hibit this. Such behavior suggests that in the Sm-A phase, the
smectic layer structure of 54COOBC is better organized t
the majority of the other nonperfluorinated compounds. I
also an important indication that we will have a grea
chance of preparing one-layer films from 54COOBC th
from the other nonperfluorinated compounds.

As expected, it is extremely rare to obtain a one-layer fi
even with such a small film hole. The success rate is o
about one in 500 tries even after taking extreme care
manufacturing the film plate and preparing the films. To o
surprise, one-layer films could last for more than 4 h for our
detailed experimental runs. A significant modification th
~a! follows from reasonable physical arguments and~b!
changes the results in a direction consistent with our ob
vations can be made in the prediction of the stability of o
layer films. Through our detailed surface tension investi
tions of free-standing films@15#, we have realized the
following important difference betweengS andgL . It is well
established that a surface consisting of -CH3 molecular
groups has a lower surface energy (g'21 dyn/cm! than a
surface with -CH2- or aromatic molecular groups (g'32
dyn/cm!. For the 54COOBC compound, the film-vapor inte
face which mainly consists of -CH3 end group should have
gS'21 dyn/cm. On the other hand,gL is mainly contributed
by -CH2- groups and the molecular core residing in the fil
hole interface and thus has a higher surface ene
(gL'32 dyn/cm! @21#. Here we make a reasonable assum
tion that before the film ruptures, a hole (Rc'Nl0/2) is cre-
ated without changing the layer structure. Employing diff
ent values forgS andgL in Eq. ~1!, one can rewrite Eq.~2! as

f '231027exp~298N2!~sec cm2!21. ~3!

For N51, now f 510215 (sec cm2)21, instead of f '109

(sec cm2)21. Thus this predicts stability for a one-layer film
once it can be prepared. Because there are many mechan
that can rupture a film, this is at best a lower bound fof
@22#.

An additional wrinkle in this issue was found, howeve
when we tried to prepare a one-layer film in a hole of tw
the area ('1 mm in diameter!. If the above stability argu-
ment also applies to the preparation of films, the freque
of preparing one-layer films should decrease only by a fa
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of two. After spreading roughly 5000 films over a period
ten days, loading a new sample each day, no one-layer fi
were observed. This suggests that film preparation has m
factors than the above argument would indicate. Thus it
mains to be addressed, ‘‘Is the difficulty in preparing on
layer films closely related to the fact that such a film is le
stable?’’

We @19# have experimentally realized that both heat c
pacity and optical reflectivity signals from two-laye
54COOBC films are noisier than those ofnmOBC com-
pounds. To date, we do not have a good explanation for
difference. HerenmOBC refers ton-alkyl-48-n-alkyloxy
biphenyl-4-carboxylate. We have also discovered a str
relationship between the temperature dependences of
heat capacities and optical reflectivities through the S
A–Hex-B transitions in these compounds@4,19#. Thus, the
optical reflectivity is a good probe of the thermodynam
nature of this transition in such films. Although a 0.7 m
diameter hole is too small for our calorimetric experime
by properly focusing our amplitude-stabilized He-Ne las
beam, we have conducted detailed optical reflectance m
surements in 54COOBC. Figure 1 shows our character
tion of film thickness. In the thin film limit, the optical re
flectance (I R) is proportional toN2 @23#. A linear relation
between (I R)1/2 and N is well established in Fig. 1 for
1<N<9.

Figure 2 displays the temperature variation ofI R obtained
from two-layer films for the two hole diameters, 0.7 and 1
mm. The overall signal from two-layer films is noisier tha
our previous results from a 1 cmfree-standing film@19#. The
following may be the major sources of additional noise: lar
film curvature for the small diameter films, stray light r
flected from the meniscus, etc. The good agreement betw
the two, however, assures us that the shape of the curv
not affected by these complications. Figure 3 exhibits

FIG. 1. A plot, used to calibrate film thickness, demonstratin
direct proportionality between the square root of the optical refl
tance (AI R) and the film thickness (N) in a number of layers. Due
to the small film hole diameter~roughly the incident beam size!,
intensity scattering from the meniscus contributes measurably to
total signal. Thus, there is an unusually large uncertainty in
values of I R as compared to film much larger than the incide
beam. The error bars for the two-, three-, and four-layer films d
play the range of values observed for these thicknesses. Since
is clearly no overlap of the error bars, we are assured that this n
does not compromise the film thickness calibration.
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overlay ofI R(N52) and 4I R(N51) for 0.7 mm diam films.
We have fit the data to the following expression:

I R5B1DT6A6utu12a, ~4!

where t5(T2Tc)/Tc . Our results givea50.3460.04 and
A1/A250.8660.05 for two-layer data anda50.3060.06
andA1/A250.7960.10 for one-layer data. Thus, within ou
resolution, both sets of data agree well with each other.
exponent is also consistent with our two-layer heat-capa
results for a 1 cmdiam. film @4,19#.

In summary, we have successfully prepared uniform o
layer 54COOBC films which are stable over sufficient tim
for our detailed optical reflectance measurement through
Sm-A–Hex-B transition. The good agreement between
results from the one-layer and two-layer films supports

FIG. 2. Optical reflectance (I R) as a function of temperatur
(T) through the Sm-A–Hex-B transition for two-layer films of di-
ameters~a! 0.7 mm and~b! 1.0 mm. The consistency between th
two data sets indicates that complications associated with the s
diameter of the films are not affecting the shape of the curves.
fit, shown as a continuous line, for the 1.0 mm film yiel
a50.3460.04 andA1/A250.8660.05. These parameters we
consistent foruT2Tcumax52 K, 1.5 K, and 1 K. The plots are offse
for clarity @24#.
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prediction that both one-layer and two-layer films poss
two-dimensional behavior. Based on the observed layer t
ning transition, we argue that 54COOBC should give u
better chance to obtain one-layer films. If such an argum
holds, some of the perfluorinated liquid-crystal compoun
exhibiting a sequence of regular layer-by-layer thinning tra
sitions should be better candidates for preparing one-la
films. Our preliminary results and those by Pang and Cl
@11# support such a prediction. Further effort to prepare a
characterize one-layer films is in progress.
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sions. This work was supported in part by the Donors of
Petroleum Research Fund, administered by the Ameri
Chemical Society and the National Science Foundati
Solid State Chemistry Program, Grant No. DMR-93-0078
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FIG. 3. Optical reflectance (I R) as a function of temperature
(T) through the Sm-A–Hex-B transition for~a! a two-layer and~b!
a one-layer film, both of diameter 0.7 mm. The fit, shown as
continuous line, for the one-layer film yieldsa50.3060.06 and
A1/A250.7960.10. These parameters were consistent
uT2Tcumax52 K and 1.5 K. The good agreement supports the p
diction that both one-layer and two-layer films possess tw
dimensional behavior. The plots are offset for clarity@24#.
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