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We report x-ray and dielectric measurements on a liquid crystal exhibiting a smedtexaticB (Sm-
A—HexB) transition in bulk and confined geometries. The confined geometry experiments have been per-
formed by filling the compoundy-butyl 4’-n-hexyloxybiphenyl-4-carboxylate, into Anopore membranes with
20 nm pore size. The surprising result seen in the x-ray studies on both the bulk and the Anopore samples is
the presence of unusually strong second harmonic reflection arising from the smectic layers in bothAhe Sm-
and HexB phases. In fact, the third harmonic reflection is also observed in the entire temperature range of the
Hex-B phase and close to the transition in the Brphase of the bulk sample, with the ratiolgf/ 14, and
I3q0/ lqo DEINg~1/40 and 1/470, respectiveliierel o, |40, andlsq, correspond to the peak intensities of the
first, second, and third harmonic reflectipnghese features point to the fact that the layering is much better
defined in this system, unlike the usual description of pure sinusoidal mass density wave with a typical value
of 1074 for I2q0/ | go- Another notable feature observed is that whereas the extent of positional correlations of the
molecules within the smectic layer, is comparable in the Sphase of the bulk and Anopore samples, the
correlations are reduced in the HBxphase. In the bulk as well as the Anopore case, the critical behavior of
the positional correlations is found to be well described by a power-law expression with the expdreng
slightly larger for the Anopore sample. It is also seen that the weak first order nature of the transition seen in
the bulk, gets weakened further, perhaps becoming second order. Despite such significant differences between
the bulk and Anopore samples, the dynamics associated with the director fluctuations is only slightly influenced
by confinement.
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INTRODUCTION tals led to the predictiofi] and subsequent observatipfi
of the three-dimensional-stacked hexatic liquid crystalline
The smecticA (Sm-A) phase of liquid crystals is a layered phase(Hex-B). This phase has again a layered structure and
system, whose structure is characterized by a oneexhibits short-range positional order within the layer just as
dimensional mass density wave quantified by a two-n the SmA phase. However, it possesses a bond-
component order parametgt]. The fluidlike nature of the orientational order defined as the orientational ordering of
layers and the associated influence on the fluctuations of thHtie geometric bonds connecting the neighboring molecules
layer planes has an important implicatioviz, the SmA  in the plane of the layers. Although observed quite recently
phase does not possess true long-range translational ordgf], the HexB phase and its tilted versions have been well
The mass density wave will therefore not be a square wavstudied in order to understand the phenomenon of
in nature but a sinusoidal function. Consequently in the x-raydislocation-mediated melting.
diffraction pattern the higher order diffraction maxima are Investigations wherein geometrical restrictions have been
either absent, or when present will be extremely weak. Irimposed on the liquid crystalline sample have yielded a
fact, experiments have shown that the intensity of even thaealth of information8]. Apart from the obvious method of
second harmonic peak is about*tnes smaller when com- reducing the cell gap, various porous materials have been
pared with that of the principal ped®-4]. It should how- used for the purpose of confinement. These include polymer
ever be noted that the molecules studied are strongly polar imatrices(polymer dispersed liquid crysta/gporous glasses,
nature having a polar terminal group resulting in the formasilica gels and aerosils, and porous filters like Millipore,
tion of a partially bilayer phase. On the other hand, it may beNucleopore, and Anopore membranes. Of these, Anopore
noted that the formation of the smectic phase is aided bynembranes are attractive as they have highly parallel cylin-
microphase separation of the rigid core and paraffinic taidrical pores with narrow size distributions and smoother cav-
portions of the molecules. Thus a deviation from the purdty surface. The influence of confined geometry has been
sinusoidal density modulation and consequent improvemeneported in systems with transitions involving the nematic
in the intensity of the higher harmonic peaks can be expectetN)[9-13, Sm-A[14,15, chiral smectic€ (Sm-C") [16-19,
for systems with paraffinic chains at both ends of the mol-and crystaB [20,2]] phases. A common feature observed in
ecule. But a high resolution stud$] showed that again in these studies is that confinement can altgmerally dimin-
this case the intensity of the harmonic peaks is very smallish) the transition temperature. It can also change the nature
being comparable to that observed for polar compounds. of the transition. For example, in the case of both isotrdpic-
Generalization of the concepts of dislocation-mediatedcand SmA-Sm<C” transitions, a weakening of the first order
melting in two dimensions and its application to liquid crys- character has been observed. Some of the effects observed in
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these studies have also been attributed to the enhanced influ- 216
ence of surfaces and suppression of thermal fluctuations in — Bulk @
the nematic order parametg8]. Despite such concerted ef- —Anopore
fort to understand the effect of confinement on different |
phases, its influence on the hexatic phase has not been stud-
ied so far. Here we report the first investigation of the influ-
ence of confinement on the SA+-HexB transition.
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Measurements have been carried out wibutyl 4'- 19.8 . . . . . .
n-hexyloxybiphenyl-4-carboxylate (460BC  for shor, 60 70 80 90 100
having the following phase sequence in b{#2] T(C)

Normalized heat flow (W/g)

EXPERIMENTAL

Iso «~+ SMmA <« HexB 20.5
92.1°C 66.8 °C — Bulk (b)

. . — Anopore
The Anopore membranes used in these studies were pur-

chased from Whatman, USA and are made from aluminum
oxide and have parallel cylindrical pores penetrating the
60 um thickness normally, with a nominal pore size of
20 nm. Before the usage the membranes were thoroughly
degassed for extended periods of time. The procedure
adapted to fill the sample into the pores of the Anopore mem-
brane is described elsewhef#9,21]. Calorimetry experi-
ments were done using a Perkin Elmer DSC7 calori- 19.9 . . ; : . s
meter. For measurements on a bulk sample, an empty cup 60 70 80 90 100
was used as a reference; for measurements on Anopore mem- T (°C)

branes an unfilled membrane of approximately the same size _ _ ) . . : .
was placed in the reference cup. X-ray experiments were FIG. 1. Differential scanning calorimetric scan in the heating

. . . mode for the bulk and the Anopore sample obtained with a heating
done with the help of an image plate set(ac Science rate of(a) 5 °C/min and(b) 1 °C/min. Itshould be noted that for

PI.P1KO3Q’ dert]alls_fof which 3re glvebn in an earlier %amﬁg]'l_ .(E-ue Sm-A-HexB transition the peak width is more and the peak
Lis known that I untreated membranes are used, the liqui eight is lower for the Anopore sample than for the bulk sample.

prystalline molecules_ tend_ to align along thg pore axis. Thigyetice that the data i) is on an enlarged scale.

is the required configuration to study the in-plane correla-

tions and such measurements were carried out with mem- )
branes as received. The measurements of the layering and thanvertenBDC-N, Novocontro) and controlled by WinDeta
associated harmonic peaks require the layer to be normal fPftware(Novocontroj were employed.

the x-ray beam direction and thus the molecules have to be

orthogonal to the membrane pore axis. To obtain such an RESULTS AND DISCUSSION

alignment the membranes were treated with a long chain acid
(palmitic acid, a procedure known to result in the molecules
being aligned in the plane of the membrgdB¢ The studies Figure 1a) shows DSC scans obtained with the bulk and

on the bulk sample were carried out by having the sample iinopore samples while heating the sample in the tempera-
a 1 mm diameter Lindemann capillary. To carry out the di-ture range above the melting point at a rate 6fG/min. It
electric experiments on the bulk sample, ITO coated platesmust be mentioned here that for the measurements on the
with a pretreatment of silane were used. A combination ofAnopore sample, the quantity of the liquid-crystalline mate-
this coating, which is known to promote the alignment of therial inside the membrane was determined by weighing the
molecules such that the long axes are perpendicular to thmembrane before and after filling. For ease of comparison,
substrate, and a 2.4 Tesla magnetic field were used to obtathe bulk as well as the Anopore data has been normalized
homeotropically aligned with respect to the weight of the liquid crystal. The two
mesophases by slowly cooling the sample from the isotropipeaks seen for the bulk sample correspond to the BteSm-
phase. For the measurements on the Anopore sample, uA-and SmA-Iso transitions. This phase sequence and the
treated membranes, which as already mentioned, induce hassociated transition temperatures are in very good agree-
meotropic alignment(molecules oriented along the pore ment with the data reported in the literat2?]. The scan

axis). The Anopore membrane was sandwiched between twéor the Anopore sample looks qualitatively similar and there-
ITO coated glass plates serving as electrodes. A widefore we presume that it has the same phase sequence as that
frequency range impedance analyz8olatron model 1260  of the bulk sample. X-ray studies, to be discussed later, cor-
along with a broadband dielectric roborate this argument. The confinement of the sample in the

20.2

Normalized heat flow (W/g)

DSC measurements
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FIG. 2. Diffraction patternginsety and the one-dimensional intensity v8 @rofiles in the low-angle region of the SAphasega,o and
Hex-B phase(b,d) of the bulk and Anopore samples. The feature to be noted particularly is the presence of higher harmonic reflections.

membrane however introduces some differences. Firstly, iexpression are such that the values for the higher angle re-
broadens both the Iso—Sf-and SmA-HexB transitions, flections are exact integgwithin 1% over the entire tem-
although to different degrees: the width for Iso—®nin- perature range studiganultiples of the lowest angle peak,
creases from 1.5 to 1.9 °C, but the width for mHexB indicating that they are the higher-order harmonic reflections
gets doubled increasing from 0.8 to 1.8 °C. Secondly, th&f the fundamental. The observation of the second- and third-
peak height is essentially the same for the Iso-/Stnansi- harmonic peaks is rather surprising, since it is well known
tion, whereas for the StA-HexB transition it reduces by a that smectic layering can be described by a pure sinusoidal
factor of 2. We also observe a sméi#1 °C) confinement- Wave and thgrefore th.e higher-order harmonic reflections
induced shift in the transition temperatures. It may be re{fom the layering, even if present, should be extremely weak.
called that transition shifts, peak height suppression, an deed, as mentioned in the introduction, experiments on po-
broadening of the transition upon confinement in narrow@ a@s well as nonpolar compounds have clearly demon-
pores has been well documented in the literaf@ie There strated thgt the intensity of the second harmonic reflection is
is a substantial contribution of the specific heat to the2bOUt 10 times weaker compared to that for the fundamental
DSC signals as can be seen from the drastic reduction in tHé—2l- Thus, in the present case the second harmonic is 200
signal level when the heating rate is reduced toClmin times stronger than the comm_only observed. Even the third
[Fig. (b)]. harmonic is an order of magm;ude stronger than the second
harmonic seen for other materials. These features imply that
the layering is much better defined in 460BC. Confining the
X-RAY MEASUREMENTS material in the Anopore membrane results in only a slight
diminution in the relative strength of the second harmonic.
However, due to the strong background scattering arising
The insets of Figs. (2)—-2(d) show the diffraction patterns from the Anopore matrix itself, we were not able to separate
obtained in the Smx and HexB phases of the bulk and out the third-harmonic reflection.
Anopore samples at low angléthe Anopore membranes  The temperature dependencelgf, the intensity of the
used for these studies were coated with palmitic acid tdundamental reflection as well dsyy/ 1100 the ratio of the
facilitate the orientation of the molecules in the plane perdntensities of the second harmonic to the fundamental, for
pendicular to the membrane normalhe intensity versus both the bulk and the Anopore samples are shown in Figs.
diffraction angle (26) profiles extracted from these 3(a)-3(d). For both the samples, the transition point is clearly
x-ray diffraction patterns are also shown in the same diamarked by a substantial increase lipo although the in-
grams. The most significant feature to be noticed is the pressrease appears more gradual for the Anopore sample. The
ence of multiple reflections in both the phases. The pagak 2harmonic intensity ratios also show about a 30% increase
values determined by fitting the raw data to a Lorentzianwhen the material transforms from the $¥to the HexB

Low-angle diffraction
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FIG. 3. Temperature dependencd gf, the peak intensity of the fundamental reflectiar), and the ratio of the intensities of the higher
harmonic to the fundamental reflectiéin,d) of the bulk and Anopore samples. In both the samples the onset of the transition to tie Hex-
phase is marked by an increase in the intensity of the fundamental reflection as well as the ratio.

248 Bulk

phase. We have also observed that for the bulk sample, the
third-harmonic peak is observed in both the 8nand Hex-
B phases. The absolute values of the ratio are lower for the
Anopore sample, possibly caused by the finite size effect due <
to the small pore size of the Anopore. As mentioned earlier, 5245
due to the palmitic acid coating, the molecules lie perpen- ©
dicular to the walls of the pores. Since the layer spacing is
about 25 A(see discussion belgvand the pore diameter is
200 A, only about 8 layers can be accommodated inside a
pore. Such a limitation may cause the magnitude of the lay- 24.2 : . . ' . ' .
ering to be altered and consequently diminishes the intensity 60 64 68 72 76
of the |, reflection in comparison to that ofg, T (°C)

The temperature dependence of the layer spadjpgfor
the bulk and Anopore samples is presented in Fi¢s. @nd 25.1
4(b). The qualitative behavioxjiz, the value increases as the Ry, Anopore (b)
temperature is decreased with a steeper increase at the tran- 8
sition, remains the same even for the confined samples.
However, the absolute values as well as the overall increase
are slightly larger for the Anopore sample, perhaps due to a
slight stretching of the alkyl chains caused by the larger sur-
face interaction created by the higher surface to volume ratio
of the membranes. The slopd,,o/dT is comparable
in the SmA phase(-0.017 and -0.019 A/°C for the bulk
and Anopore samples, respectiveliput significantly differ- ) . . . . .
ent in the HexB phase(-0.004 and —0.029 A/°C, respec- 24.4
i i : ; 60 64 68 72 76
tively). It is also noticed that the increasediy at the tran- T¢C)
sition is less steep for the Anopore sample than for the bulk,
in agreement with the feature seen in the DSC scans, namely, FIG. 4. Thermal variation of the layer spacing for tt& bulk
that the transition is weaker for the Anopore sample. and(b) Anopore samples. The solid line is only a guide to the eye.

24.75

dioo (°A)
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FIG. 5. Diffraction patternginset9 and the one-dimensional intensity v#. @rofiles in the wide-angle region of the Sinphasega,c) and
HexB phase(b,d) of the bulk and Anopore samples. Although liquidlike in both the phases, the profiles are much sharper in the
Hex-B phase.

Wide-angle diffraction pared to that of the Lorentzian form. Since the Lorentzian
. ) ) form provides a good fit to the data over the entire tempera-
_In addition to the low-angle reflections a peak is seen afre range, we use data extracted using this form and show
wide angles, centered a#2-20°, arising from correlations  he emperature variation @,, the wave vector of the peak
between molecules within individual layers. The diffracto- position andk, and the associated half width in Figs. 6 and 7,
grams obtained in this region for the bulk and Anoporeregpectively. It is clear that the onset of the Hexphase
samples are shown in Figs(&-Xd). To directly map out = c5,ses a marked increase in the in-plane deiiséign as an
the in-plane ordering within the smectic layers, untreateqncrease irQ,) and the in-plane positional correlations which
membranes were used so that the molecules would be ore proportional tocL.
ented along the pore axis and thus along the x-ray beam Tphe theory of Aeppli and Bruinsm423], mentioned
Qire_cti.on. .The in-plane positional ordering within the layer is above, shows that the critical behavior@f and « is deter-
liquidlike in both the SmA and HexB phases, although the ined by the mean square value of the hexatic order param-
extent of correlations should be more for the Hephase.  eter <|W|2>, whose temperature derivative is the specific
The resulting diffraction peak is thus broad and diffuse, aeat. Hence, at temperatures close to the transition there will
shown in Fig. 5. On a qualitative level, the patterns obtaineg,o singular contributions t@, and x. Since the singularity

for the bulk and Anopore samples seem to be comparablgst the specific heat can be expressed in terms of a power-law
thus showing that the phase sequence in the bulk is unaltergginavior witha as the exponent, we can write

upon confinement.

To extract quantitative information from the profiles, the Q1) = Q1 F A*tt ] (1)
data were fitted to a Lorentzian expressiaver the entire
temperature range of measurement the quality of fitting wagand a similar expression for the temperature dependence of
excellenj. Aeppli and Bruinsmd?23] proposed a theoretical «. Here Q. is a constantt [=(T-T.)/T., T, being the Sm-
model taking into account the coupling of hexatic to densityA—HexB transition temperatuiéas the reduced temperature,
fluctuations. This theory calculates that unless the temperax is the exponent, and*/A~, the amplitude ratio character-
ture is well above the StA—HexB transition, a square-root izing the specific heat. The solid lines in Figgapand &b)
Lorentzian(SRL) should describe the structure factor of the show the fit obtained for the bulk and Anopore samples by
system. Experiments carried out on thin and thick freefloating all the variablesyiz., Q., T, A*, anda. The best fit
standing films have shown this to indeed be tj24]. With  values of T.,=66.83 °C, A*/A"=1.89+0.08, and «
this in mind we fitted the data shown in Fig. 5 to SRL form, =0.47+0.01 obtained for the bulk sample are in close agree-
and find that both in the SrA-and HexB phases there is ment with those reported from x-ray measurements on free-
only a slight improvement in the quality of fitting as com- standing filmg24] as well as the specific heat studj@s] on
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FIG. 6. Variation of the wave vectd®, of the wide-angle re-
flection in the(a) bulk and(b) Anopore samples. The solid lineisa  FIG. 7. Temperature dependence of the half width of the wide-
fit done to equation(1); the best fit value of the exponeni angle reflection infa) bulk and(b) Anopore samples. The reciprocal
=0.47+0.01 for the bulk and=0.50+0.01. of « is directly proportional to the correlation length of the in-plane
positional order. The solid line in both sets of data is only a guide to

" . he eye. It may be mentioned that the wide angle peak in the crystal-
the bulk sample. The critical behavior of the Anopore sampl . 1
does not seem to be very different, although there is a sligh phase of the compound 40.8 has a W'dth‘Gfo'OM.‘ and thus
increase in the value h can be considered to be the instrumental resolution of the setup
a(=0.50£0.0) and a small decrease in the ratio used.
A*/A™(=1.73+0.13. The temperature dependence of the half » ) ) )
width « in both the bulk and Anopore samples are shown in€ngth of the positional correlations is quite smiat20 A,

Figs. 1a) and 1b). Just as foQ, we see that the onset of the the Anopore matrix does not influence the values much. On
transition leads to a drastic change in the valuexofThe the other hand in the HeR-phase the correlation becomes

kind of temperature variation of shown in Figs. fa) and  |arge and comparable to the pore diameterl60 A) and
7(b) makes it tempting to attempt a fit to the expressiontherefore finite size effects can dominate.

predicted by the theory23]. However, since we have not
deconvoluted the data with respect to the intrinsic instrumen-
tal resolution nor corrected for the sample mosaic, we have
not performed such a fitting. Even from the measured half- The temperature variation of the measured capacitance
width data shown in these figures it may be noted that in th¢26] of the bulk sample at a fixed frequency is shown in Fig.
Sm-A phase the values obtained for the bulk and the Anopor&(a). On cooling from the isotropic phase the capacitance
are quite similar, but the limiting value of in the HexB is  value decreases across the Iso-Sinansition and continues
about 30% higher for the Anopore sample. This suggests thdb have a value lower than in the isotropic phase till crystal-
confinement of the sample into the porous matrix reduces thization, establishing the fact that the material has a negative
in-plane positional correlation, a feature that is not surprisinglielectric anisotropy. The Sm-HexB transition is also

for the following reason. In the geometry used for these eximarked by a clear decrease in the capacitance. These features
periments, the molecules are along the normal to the plane @fre in very good agreement with those reported eajd&y.

the membrane or in other words the layer plane coincide&igure 8b) shows such data for the Anopore sample. Again
with the plane of the membrane. Therefore the dimension oWve see clear changes across the transitions as well as the
the layer would be limited by the diameter of the pdre feature that values in the mesophases are lower than that in
~200 A). Hence, in the Si phase where the correlation the isotropic phase. This, in fact, is proof of the good homeo-

Dielectric measurements
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T (C) FIG. 9. Plot showing the thermal variation of the relaxation

frequencyfy for the (o) bulk and(¢) Anopore samples. The value of
FIG. 8. Temperature dependence of the sample capacitance fir decreases by about an order of magnitude across the transition in
the (a) bulk and(b) confined geometries. The transitions are clearly both the cases. Notice that the absolute valuids$ slightly higher
seen in both the samples. for the Anopore sample.

tropic alignment of the sample in the membrane. ated activation energWV,) values the data obtained for both
To extract the value of the relaxation frequer(y) the the bulk and the Anopore samples was fit to an Arrhenius
raw C" (=C'D, whereC’ is the capacitance ard the loss expression by considering the data away from the transition
facton vs f, the measuring frequency data were fit to thein the two phases separately. The calculatédvalues for
Havriliak-Negami equatiof27]. Throughout the entire range the bulk and Anopore samples are 108 and 84 kJ/mol in the
of measurement of both the bulk and Anopore samples, onlpm-A phase and 231 and 172 kJ/mol in the HEphase,
a single relaxation was seen and the profiles could be verkespectively. This again corroborated the slight reduction in
well described by a Debye relaxation. The temperature variagthe positional correlation in the Hephase of the Anopore
tion of fg in the bulk and Anopore samples are shown in Fig.sample, as seen by x-ray measurements.
9. (The data have been presented as a function of reduced In summary we have reported the comparative behavior
temperatureT - T,, to facilitate better comparisonConfine- ~ of @ compound exhibiting a smecthe-hexaticB transition
ment has only a small effect on the absolute value of thén bulk as well as in confined geometry. The main result is
relaxation frequency in both the phases. In fact, the Anopor#he observation of strong higher harmonic peaks in both the
sample has a slightly highdg, value than the bulk sample. Hex-B and SmA phases, although the magnitude of the in-
For example afT-T,/=5 °C, the values in the Si-phase tensity increases in the H&phase. As is the case for other
are 97 and 139 kHz and in the H&phase, 3 and 3.8 kHz liquid crystalline transitions, the strength of the already weak
for the bulk and Anopore samples, respectively. Such a béfirst order SmA-HexB transition is further weakened upon
havior is in agreement with that seen for thdso transition ~ confinement. For both the samples the temperature depen-
[28], but is at variance with that observed in systems involv-dence of the in-plane positional correlation can be described
ing a transition to crystaB phase. For example, in the case by power-law behavior with the exponent being higher for
of the compound 40.8 showing a Sé-Cr-B transition the  the Anopore case. The actual magnitude of the correlations is
fr value decreases by nearly 2 orders of magnitude when th&minished in the case of the Anopore sample. In contrast,
material is confined in 20 nm diameter Anopore membranethe frequency associated with the director fluctuations is
[21]. For a polar compound confined in macroporous sodiunslightly higher for the Anopore sample.
borosilicate glass with a pore diameter of 86 nm, there was a
slight reduction in thd value upon confinemelfi20]. Thus
it appears that the nature of the low temperature phase deter- We are grateful to Professor S. Chandrasekhar for many
mines the influence of the confinement on magnitude of theiseful discussions. A research grant from the U.S. Office of
relaxation frequency. In the present case confinement makééaval ResearcfONR Grant No. N00014-97-1-09p4is
the director fluctuations slightly faster. To extract the associthankfully acknowledged.
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