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Shear mechanical properties of the liquid crystal 4-»-pentylbenzenethio-4’-n-tetra-
decyloxybenzoate (14S5) have been studied in films as thin as two molecular layers.
Crystalline two-layer films were found to melt directly into a liquid phase by a large
first-order transition. Crystalline films of three or more layers melted in two stages
both by first-order transitions. Mechanical properties of the intermediate phase indi-
cated crystalline surface layers with an anomalously soft response for a three-layer

film.

PACS numbers: 61.30.Eb, 62.20.Dc

The nature of the melting transition in two di-
mensions and its evolution to three dimensions
has been the subject of considerable theoretical
and experimental effort. Freestanding smectic
liquid-crystal films provide a unique experimen-
tal system to study such melting. First, their
dimensionality can be varied since one can pre-
pare films with thicknesses ranging from two to
hundreds of molecular layers. Secondly, their
properties can be studied without the influence
of an orienting substrate. Unfortunately, en-
hanched surface crystallinity (described below)
has made it difficult in practice to achieve de-
tailed measurements on the thinnest films. In
this Letter, we report the first such detailed
measurements at the melting transition in free-
standing films of the liquid crystal 4-z-pentylben-
zenethio-4’-n-tetradecyloxybenzoate (I14S5) that
were as thin as two molecular layers and clearly
two dimensional. This paper reports the results
of extensive in-plane shear mechanical meas-
urements on these films. Extensive x-ray struc-
tural measurements are presented in the accom-
panying Letter of Moncton et al.!

In the bulk 4S5 has a crystalline-B phase
which melts at 66.5°C into a smectic-A phase
followed by a transition into an isotropic liquid
at 86.6 °C. Our study of the thin-film properties
of 14S5 has produced the following new results,
(a) The crystalline-B phase of a two-layer film,
which has the structural properties of a two-di-
mensional (2D) crystal, melts by a single large
first-order transition into a liquidlike phase. The
magnitude of the in-phase shear modulus in the
crystalline phase is lower than the thermodynam-
ic stability limit indicative of highly mobile de-
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fect arrays within our films, (b) Films of three
or more layers melt in two stages with both
transitions showing hysteresis in their mechan-
ical properties upon heating and cooling. Unlike
the low-temperature phase, in the intermediate
phase the shear response of the film does %ot
scale with the number of layers, indicative of a
surface effect., For films with thicknesses of
five or more layers the magnitude of the shear
response in the intermediate phase is consistent
with each outer surface layer being crystalline.
The magnitude of the shear response of a three-
layer film in the intermediate phase is a factor
of 3 softer. This soft mechanical response for
a three-layer film is consistent with the struc-
tural characterization of its intermediate phase
as having only bond-orientational order. (c) The
low-frequency in-plane shear modulus of the
crystalline-B phase for 14 S5 is almost 2 orders
of magnitude smaller than in the widely studied
crystalline-B phase of N-(4-n-butyloxybenzyl-
idene)-4-n-octylaniline (40.8).27

Although a two-stage melting process had pre-
viously been observed in 40.8,%3 the detailed na-
ture of the transitions could not be studied in
films of fewer than four molecular layers. In
thicker films, structural and mechanical evidence
led to the conclusion that the interior layers
melted first. The surface layers remained crys-
talline until a temperature approximately 10 °C
higher. This enhancement in the surface melting
temperature precluded detailed studies of the
melting process in thin films of 40,8 because be-
fore these films could melt the bulk material
which wetted the film support frame underwent a
transition into a phase without a layered structure
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and the films ruptured. This did not occur in
14S5. The 20.1°C smectic-A range maintained
a layered phase wetting the edge of the support
frame, allowing detailed studies of the melting
process in films as thin as two layers.

The dissipation and in-plane shear modulus of
the freestanding films were measured with the
high-@ BeCu torsional oscillator technique de-
scribed elsewhere.? Several improvements have
been made in constructing the present apparatus.
First, the thermal uniformity was increased to
better than 0.01 °C by the addition of radiation
shielding above and below the freestanding films.
In addition the pressure in the cell was regulated
to £0.2% which allowed the period of the oscilla-
tor to be resolved to 1 part in 105, Finally, a
less massive oscillator was used which had
greater sensitivity to the properties of the film.
The resonant frequency was 720 Hz, The oscil-
lator had a torsion rod 1.0 mm in diameter, 12,7
mm long, with a spring constant of 4,9 X10° ergs.
As before, an annular film (i.d, 0.64 cm, o.d.
0.74 cm) was introduced between the oscillator
and a supporting ring. The amplitude and period
decrease AA and AP of the oscillator-film sys-
tem were measured as functions of temperature
and film thickness. The period shift, AP, rela-
tive to the unloaded oscillator, is proportional
to the sum of the shear elastic responses con-
tributed by each layer of the film.

Figure 1 summarizes the temperatures at which
features are seen in AP and AA for films of
14'S5 as a function of thickness. (In cases where
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FIG. 1. The phase diagram obtained from our tor-
sional oscillator measurements. The arrow indicates
the bulk crystalline-B to smectic-A transition tempera-
ture,
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the temperature at which jumps occurred differed
on heating and cooling the average temperature
has been plotted.) It was also noted that after the
sample was pumped on for several weeks, the
temperatures of the features increased by <0.4 °C,
but the overall temperature dependence described
below remained unchanged. In Fig. 1 the arrow
indicates the bulk crystalline-B to smectic-4
transition temperature. As shown in the phase
diagram in Fig. 1 our study indicates that, for
films of three or more layers, there are three
distinct regions of shear response. There is a
crystalline-B, an intermediate, and a liquidlike
region. In the liquidlike region both AP and AA
vanish. This is the smectic-A phase which con-
sists of fluid layers. A two-layer film melts di-
rectly from the crystalline-B phase into a liquid-
like phase.

In Figs. 2(a) and 2(b) we show the shear re-
sponse in the crystalline-B and intermediate
regions. Figure 2(a) contains the temperature
dependence of AP for films with thicknesses of
two, three, five, and nine molecular layers.
Figure 2(b) shows the change in amplitude A4
for the same films. Films of five or more lay-
ers overdamped the oscillator at the transition
from the liquid to the intermediate region and
throughout most of the crystalline-B region;
hence only limited temperature ranges could be
probed for these thicker films, although enough
data could be taken to determine the nature of
each region.

In the crystalline-B region the shear response
scaled with the number of molecular layers [com-
pare the lower -temperature period decrease for
the three- and nine-layer films in Fig. 2(a)].
From our measurements of the period shift we
can obtain a value for the bulk in-plane shear
modulus py. Our result for 14S5 in the crystal-
line phase is Uy =2.0X107 ergs/cm?® The in-plane
shear modulus in 40.8 is uy =1.5x10° ergs/cm?® 2
while the interlayer shear modulus is ~10° ergs/
em3.® A four-layer film of 40.8 was scanned in
our present, more sensitive apparatus and was
found to overdamp the system even in the inter-
mediate region. To verify that our measure-
ments in 14 S5 are in the linear response regime
we have varied the drive amplitude by a factor
of 15 with no observed change in AP, Therefore
we conclude that the low value for the in-plane
shear modulus in 14 S5 compared to 40.8 is not
the result of defect generation although a higher
mobility of defect arrays already present may
account for some of the difference.
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FIG. 2. The period shift AP and amplitude shift AA for films of two, three, five, and nine molecular layers.
Inset: AP vs the film thickness at a temperature within the intermediate region.

In marked contrast to the crystalline region, in
the intermediate region, for films of five or more
layers, the shear response and period decrease
are essentially independent of the number of lay-
ers, implying a surface effect. For example in
Fig. 2(a) we show AP for a 9- and a 200-layer
film. The magnitude of this surface shear re-
sponse is measured to be 14 ergs/cm? which is
comparable to the shear response from a two-
layer film in the crystalline-B phase. From this
fact we conclude that, in thicker films, each out-
er layer remains crystalline in the intermediate
region. The thermodynamic stability limit® for
the shear modulus of a 2D crystal of 1455 is u
=4unkyT,/a,% =230 ergs/cm? Our measured value
for the surface shear modulus is significantly
lower. A detailed study” of the stress relaxation
in freestanding films of 40.8 demonstrated that
the relaxation time decreased strongly as the
film thickness was reduced, with a four-layer
film exhibiting a shear relaxation time ~0,01
sec. Thermally activated glide of dislocations
could provide the mechanism for this fast stress
relaxation.® The stress relaxation in the crystal-
line surface layers of 14 S5 may be even faster
than in the crystalline four-layer 40.8 films re-
sulting in the small effective 720-Hz shear modu-
lus which we measured.

In the inset of Fig. 2(a) we plot AP versus the
film thickness at a temperature (7 =73 °C) within
the intermediate region. This plot again illu-

strates the thickness independence of AP for
thicker films. It also illustrates an anomalously
soft shear response for a three-layer film in the
intermediate region. High-resolution x-ray stud-
ies presented in the accompanying paper demon-
strate that, for films of five or more layers, the
intermediate region consists of crystalline sur-
face layers. For a three-layer film, however,
although bond-orientational order (BOO) persists
into the intermediate phase, positional correla-
tions only extend ~1000 A. The crystallinity at
the outer surfaces of thicker films in the inter-
mediate region is disrupted when the surfaces
are only separated by one molecular layer. This
highlights the importance of interlayer interac-
tions in determining the in-plane structural and
mechanical properties of the films. The position-
al correlations in the BOO phase of the three-
layer 14'S5 film are approximately an order of
magnitude larger than the positional correlations
in the bulk ‘“stacked hexatic-B” phase of n-hexyl-
4'-p-pentyloxybiphenyl-4-carboxylate (65 OBC).®
The larger extent of the positional correlations
explains why a shear response is observed in the
former but not the later material.’® It also indi-
cates the sensitivity of our present oscillator
which can detect an in-plane shear modulus when
the in-plane positional correlations become
~1000 A,

Finally, several apparent jumps occur in the
thin-film data of Fig. 2 which were not included
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FIG. 3. The thermal hystersis for a two- and a
three-layer film. The solid curves were taken while
heating and the dashed while cooling.

in Fig. 1. These features were not found to cor-
relate with any structural change as determined
by x rays.! For example, in the data for two-
and three-layer films in Fig. 2(b) a second jump
occurs at 7=175.5°C. We suspect that this fea-
ture is an artifact due to the bulk material which
wets the edge of the oscillator and couples the
film to the apparatus. The bulk material is under-
going a phase transition in which the surface lay-
ers are crystallizing and enhancing the coupling
of the film to the oscillator and support ring.
This produces an apparent increase in the shear
modulus. For this feature we found negligible
hysteresis in its mechanical properties [shown
for a two-layer film in Fig. 3(a) and for a three-
layer film in Fig. 3(d)]). Although we cannot
study the surface melting transition directly in
thick films because of overdamping of the oscilla-
tor, its effect on the thin-film response provides
indirect evidence that the thermal hysteresis at
the thick-film surface melting transition is small.
For a two-layer film there is also a feature at
AT~0.6°. The intermediate BOO-phase to liquid
transition in a three-layer film appears as the
higher -temperature feature in Fig. 3(d) with AT
~0.2°

The thermal hysteresis found for actual transi-
tions within the thin films is shown in Fig. 3.
Figure 3(b) shows the crystalline-B to liquid

1864

transition in a two-layer film with AT~1,3°,
Figure 3(c) is the crystalline-B to intermediate
BOO-phase transition in a three-layer film with
T~66.5°C [Fig. 2(a) ). This feature is another
artifact due, this time, to the ¢nferior layers of
the bulk material crystallizing.

In conclusion, extensive mechanical measure-
ments have shown that freestanding films of
14S5 exhibit several distinct regions of shear
response as a function of temperature and film
thickness. The mechanical properties of the
films in each region have been detailed in this
paper while their structural properties are de-
scribed in an accompanying paper by Moncton
et al. The structural and mechanical properties
of the films are consistent and demonstrate that
two-layer films melt by a single, strongly first-
order transition. They also demonstrate the oc-
currence of a bond-orientationally ordered phase
in an unexpected region of the temperature-thick-
ness phase diagram. Measurements on different
materials are in progress to determine the uni-
versality of the observed behavior,
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