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Comparative x-ray and dielectric measurements of smectid—smecticC* transition in bulk
and confined geometries
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Comparative x-ray and dielectric measurements have been made on a liquid crystal exhibiting a smectic-
A—chiral-smecticS (smecticC*) transition in bulk and confined geometries. It is observed that confining the
material in Anopore membranes having 200-nm pore size leads to the following fedfyrése temperature
dependence of the x-ray layer spacing shows a qualitatively different beh@jior,the smecticA phase the
soft mode relaxation frequency increases by a factor of 2.5,(@nih the smectic=* phase the relaxation
frequency of the Goldstone mode increases dramatically by as much as 400 times, perhaps owing to a partial
unwinding of the helix by the surface induced field.
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I. INTRODUCTION Il. EXPERIMENTAL

Measurements have been carried out o(B-4nethyl-2-

It is known that the behavior of liquid crystalline trans'_ihlorobutanoylox)%’—heptyloxy biphenyl A7 for shor,

tions can be strongly influenced by geometrical restriction aving the following phase sequence in bulk4]
[1]. Various types of porous materials have been used t . . . . X
confine or impose geometrical restrictions on the liquid crys-So(Sl'7 C) SMA(73.1°C) Sme* (71.1°C) Cr&(63.3 °C)

talline materials. They arg) polymer matricegpolymer dis- Qr-H. _Here CrG and CrH stand for the th.ree-
persed liquid crystajshaving well-defined spherical or ellip- dimensionally ordered cryst&@-andH phases, respectively,
soidal cavities, (i) porous glasses with narrow pore size considered earlier as smect&-and smectitd phases. For
distributions but randomly oriented and interconnectedN&@surements in confined geometry, the sample was filled in
pores,(iii) silica gels and aerosil with broad pore size distri-AN0Poré membranegWhatman, USA These membranes
butions and irregular shapes of the cavities, &m porous are made from 'alum|num oxide .and have parallel cyI'|ndr|caI
filters such as Millipore, Nucleopore, and Anopore mem-POrés penetrating the gdm thickness normally, with a
branes. Of these, the Anopore membranes are attractive 49minal pore size of 200 nm. The membranes were treated
they have highly parallel cylindrical pores with narrow size With @ long chain acidpalmitic acid, a treatment known to

distributions and smoother cavity surface. Most of the workinduce alignment of the molecules in the plane of the mem-
reported in this field has been devoted to the isotropic- nem2rane[1]. The procedure adapted to fill the sample into the

atic transition (isaN) [2—6], although transitions involving POres of the Anopore membrane is described elsewiicie
smecticA(Sm-A) [7,8], chiral smectic€ (Sm-C*) [9-11], Calorimetry experiments were done using a Perkin Elmer
and crystaB [12,13 phases have also been studied. An im-PSC7- Fdor measfuremer?tf on a bulk sample, an empty cup
portant influence of confinement is that it affects the naturégas used as a reference; for measurements on Anopore mem-
of the transition. In the case of the Idbiransition, for ex- ranes an unﬁlled membrane of approximately the same size
ample, a weakening of the first-order character and also ﬁ/as placr]edhln ;hle re;‘ererlc/lcpe\ccusp._ X-rayDTzégggments were
broadening of the two-phase region associated with the tra _Ione with t E %_plo f%“i >clence bulk Dlmalge h
sition have been observed. In fact, for sufficiently small pore?at€ Setup. For dielectric experiments on bulk samples, the

diameters, the high temperature phase is not truly isotropi _?garlal ‘;V%S Isandvxlllcthed Ikt)r(]atweelrytvyé) |Ind|ur? tin Ox'dte
as a small residual orientational order persists well above th )-coated glass plates with a polyimide layer for promot-

transition; in such a case the isotropic phase is referred to g planar orlenltattlﬁn of thebmoleculest. F(_)r mfhasuremelnts on
the paranematic phase. These effects can be so strong that gopore samplie€ the membrane containing the sample was
Iso-N transition could be completely absent and a graduaia"’mdwIChed bereen two ITO-coate.d glass plates serving as
increase of the local orientational order is seen as the te lectrodes. A wide-frequency range impedance anakger

perature is lowered. Another, but related, feature observed gtron mode| 126palong with a broadband dielectric con-

the depression in the transition temperature when the mat&/ETter (BDC-N, Novocontro), and controlled bywINDETA

rial is confined in a porous media. Suppression of therma?oftware(Novocontro} was used to carry out the dielectric
fluctuation in the nematic order parameter has also been prg_xperlments.

sented as a reason for some of the effects observed in con-

fined geometry studielsl]. In this paper, we present the re- lll. RESULTS AND DISCUSSION

sults of differential scanning calorimetryDSC), x-ray
diffraction, and dielectric studies on a compound exhibiting
Sm-A-Sm-C* transition, in bulk and also in confined geom-  Figure 1 shows DSC scans obtained with the bulk and
etries. Anopore samples while cooling the sample at a rate of

A. DSC measurements
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FIG. 1. Differential scanning calorimetric scan in the cooling Scale the solid line would represent a linear function.

mode for (a) the bulk and(b) the Anopore sample. It should be

noted that for all the transitions the peak width is more and the peak may be recalled that transition shifts, peak height suppres-
height is lower for the Anopore sample than for the bulk sample sjon, and broadening of the transition upon confinement in
Inset shows on an enlarged scale the scan in the vicinity of theyarrow pores has been well documented in the literature. As
SmA-SmC* transition for the Anopore sampléCooling rate  an example of the features seen at the IsoASmansition,

5 °C/min.) we quote the case of decyl cyano biphe®@CB) when the
sample is confined in Anopore membranes treated to obtain

5 °C/min. It must be mentioned here that the Anopore Mmems, jia| alignment of the molecules. Specific heat data of lan-

brane used for these experiments was a small piece cut froﬁhcchione and Finotellp4] demonstrated that the Iso-Sin-
a full membrane filled with the sample. This, in addition to transition shows all the features mentioned above for our

the fact that the data for the density of the pores given by the, g6 'in particular, both the samples show an upward shift
manufacturer are only correct to an order of magnitude, preq, T upon con'finement the values being not very dif-
vented an accurate determination of the amount of sample iﬂerelr?to-?g}gs °C for 10CB and 0.26°C for our sampl@)

the membrane. For this reason we have normalized the sca ' ' :
by dividing the two sets of data by the corresponding heat OEE)
transition for the isotropic-smectié- transition. The four

peaks seen for the bulk samerofile a in Fig. 1) corre- Sm-A-Sm<C* transition in this material has a first-order

* *
scpo(gdct:o I_t|hte Isq;SrA—, _ﬁTA—hSmC , SmC 'Cg?h and character, albeit weakly so. In the following, we show that
tr- dI r i rant5| lons. i IS phase sequence atn .thetﬁssgcbsc measurements are sensitive enough to demonstrate this
ated transition temperatures are in agreement wi € da re. An important characteristic of a first-order transition

reported n th_e I|tergtgre. The scan for the Anopore samp]gs the presence of temperature hysteresis; there is a finite
looks qualitatively similar, and therefore we presume that tyitference AT) between the transition temperatures ob-

has the same phase sequence as that of the bulk sgmple tained in the heating and cooling modes. Figure 2 shows a
file bin Fig. 1). X-ray studies, to be discussed later, corrobo- lot of AT versus the heating/cooling rate for the bulk

:ﬁ;ﬁnmgngrgﬁgnegté:hﬁtrg%nzgirleo?;e()f d't;:resr?égzlelil'?s:h ample. The data that can be described by a linear fit yield a
: NOWEVET, | u ! - FISL Lalue of AT=15 mK at zero heating/cooling rate. Surpris-

?roadefns t?e trselnsg|orlssr}£y§1 fa_ézior gf 3('?,; 6.C7,_é.8, ar:jd 1'| gly, this value is in close agreement with the value of 18
Cl:mgscolr_i tso- rtn ’ ~ tm Vs m 4 _thr ’ E?} U obtained using a state-of-the-art ac calorimgié. The
oo-LI-H transitions, respectively. second, the peak NeIgnk ., 5 nass of this value suggests that although the transition
is reduced and rounded for all the transitions, especially S first order. it is an extremely weak one. As mentioned

" n . )
Ioa the dSm:_\—S_mt—hC traknﬁm_on with onte ]?lr:c_ier Olf r?agtnl- earlier, confining the sample in Anopore broadens the transi-
ude reduction in the peak heiglsiee inset of Fig. 11 In fact, jon. Therefore, the absence of thermal signature associated

tdhf? S|Igt]r;all duet to .ttn|sltran5|t|on|. beccimesv\;qunle wesk ana\/ith the SmA-SmC* transition at lower heating/cooling
Imeult to locate with SIower cooling rates. Ve also ObSeIVe, ;o q i, Anopore membranes could be either because the

Ssmn??e?t'mg::;e? Sh'.ftt. n thhe tranS|t|or|1| tgrgegaturestransition has become second order or the broadening makes
e the 1so- ransition shows a small (0. ) up- éhe signal too weak to be detected.

ward shift, the temperatures for the other transitions ar
lower in the Anopore sample. The largest shift seen is for the
Sm-C* —Cr-G transition with a temperature 2.5°C; this re-
sults in an increase in the temperature range of theC3m- Figures 3a) and 3b) show intensity versus @ profiles
phase from 2.2 °C in the bulk to 4 °C in the Anopore sample extracted from the x-ray-diffraction patterns obtained in the

w we discuss the results for the Sm-Sm-C* transition,
r prime interest in this paper. It has been proved by x-ray
and specific heat measurementgl5,16 that the

B. X-ray measurements
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Sm-A phase of both the bulk and Anopore samples. Both the
profiles show two sharfone very strong and another weak

reflections at low angles. The layer spacidy for the we - )
9 y pactag ak é'Sm-A—SmC* transition. While the Anopore sample shows a

one is half of that for the strong one. They correspond to th - I
. . . . Smooth variation, the bulk sample exhibits an abrupt change across
first- and second-order diffractions from the smectic layer

structure. Thal/L ratio (L being the length of the molecule the transition.

in its most extended forjris 0.96 expected for the monomo-

lecular SmA layer structure known for this material. The phase region. In contrast, the Anopore sample showed a
d/L ratio being<1 is due to the well-known fact that the smooth variation in layer spacing across the 8/SmC*

alkyl chains are in the molten form. However, notice that thetransition. The tilt angle in the Si8* phase has been cal-

d value(and consequently thd/L ratio) is slightly larger for ~ culated by assuming the rigid rod model according to which
the Anopore sample than for the bulk. This is perhaps due t@=cos Y(dgmcx /dsma). For this purpose, the value of

a slight stretching of the alkyl chains caused by the suppresdsm,a Was taken to be the one at the transition. The thermal
sion of thermal fluctuation in the confined geometry. In ad-variation of # thus calculated for the bulk and Anopore
dition to the two low angle reflections a broad diffuse peak issamples are shown in Fig. 5. As mentioned earlier, the reso-
seen at wide angles, centered @220°, typical of the scat- lution of our setup is not sufficient to separate out the indi-
tering from correlations between molecules within individual vidual contributions of the Sm and SmE* phases in the
layers. The diffractograms in the S@% phase were quali- two-phase region. Therefore for the bulk sample a jumg,in
tatively similar to the ones in the Sh-phase, although the which is the order parameter for the Spid- phase, is not
diameter of the low angle reflections were larger and varyingeen, rather a steep variation at the transition is observed. In
with temperature, due to the tilt of the molecules with respectontrast, the Anopore sample shows a much smoother varia-
to the layer normal. The temperature variation of the layettion in § as the temperature is decreased into the Sm-
spacing in the bulk and Anopore samples is shown in Figphase. In the light of the DSC measurements mentioned ear-
4(a) and 4b), respectively. For the bulk sample there is anlier, we have attempted to describe the temperature variation
abrupt decrease in spacing across the/Sasm-<C* transi-  of tilt angle in terms of an extended mean field proposed by
tion. However, no two-phase region with coexistence ofHuang and Vinef17]. According to this model a generalized
peaks due to both the Sk-and SmE* phases was ob- way of describing the order parameter variation near a
served. It may be noted that such a coexistence is characte8m-A—Sm-C* transition is to write the free energy of the
istic of a first-order transition and was indeed reported earliesystem as

[15] for the compound studied here. But the resolution of our

present setup is not sufficient to separate out the individual FoF 4 Lo Thets Logd

contributions of the Smix and SmE* phases in the two- ° 2 4 6

FIG. 4. Thermal variation of the layer spacing for the bjfkg.
4(a)] and for the Anopore[Fig. 4(b)] samples near the
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T.-T(C) FIG. 6. Temperature variation of the static dielectric constant

perpendicular to the directore() at different frequencies for the
bulk sample. The curves markded)—(e) stand for data measured
with 0.1 kHz, 1 kHz, 10 kHz, 100 kHz, and 1000 kHz, respectively.
The sharp increase and the precipitous drop seen at low frequencies
for the SmA-SmC* and SmE* -CrG fransitions are as ex-
pected. Notice tha¢, decreases with increasing frequency, particu-
larly in the SmE* phase. The large change between 1 kHz and 10
kHz in the SmE* phase indicates the frequency range of the Gold-
stone mode relaxation.

following. It has been observed that application of an electric
field drives the first-order S'A—Sm-C* transition towards a
critical point. In such a situation there would be also a finite

0¢ ' ) ' ) ' ) ' tilt angle in the SmA phasd 18], and therefore the tempera-
0 1 2 o 3 4 ture dependence of the layer spacing would not look very
Te-T(C) different from the one shown Fig.(d). It is possible that a

surface field, arising out of the interactions of the liquid crys-

talline molecules with the Anopore membrane, mimics the
4 role played by the electric field in the case mentioned above,
leading to a continuous evolution of the layer spacing.

FIG. 5. Temperature variation of the tilt anghein the Smc*
phase for the bulkFig. 5a)] and Anopore samplegFig. 5b)].
Whereas the solid line in Fig.(B) represents a fit to an extende
mean-field mod€elEq. (1)], it acts as only a guide to the eye in Fig.

5(a).
C. Dielectric measurements
Here a=agt, with t=(T—T)/T., and b and c are Figure 6 shows the temperature variation of the sample
temperature-independent coefficients. Minimizing this ex-gig|ectric constant perpendicular to the directer X at dif-
pression gives two solutions faf, ferent fixed frequencies for the bulk sample. These measure-
020, 5
sm-C' —o—0.1kHz
1/2 1/2 g i 12?:‘2
0—[R 1+? -1 , (1) —v— 100kHz
o] 4 | cr-G —e— 1000kHz
whereR=Db/3c. In this modelt, is an all important param- 1
eter, describing the crossover temperature at which the be- /
havior changes from mean-field-like to tricritical-like; the
nearer the value is to zero, closer it is to the tricritical point. 3p
As the bulk sample is known to have an extremely weak
first-order transition we do not fit the bulk data to Ed). .

(An attempt to do so will lead to very small values tQf, 65 70 75

apparently indicating that the system lies very close to a T¢0)

tricritical point). In contrast, the smoother variation éfvith

temperature for the Anopore sample, makes it a better can- fiG. 7. Thermal variation of, at different frequencies for the
didate to perform such a fitting, which is shown in Fig. 5. Anopore sample. Notice that the overall behavior is qualitatively
The values ot, obtained is 0.002#0.001, which suggests similar to that for the bulk sample. However, the smaller value for
that the transition is a second-order one and quite far awathe e, for the Anopore sample compared to that for the bulk sample
from a tricritical point. An equally possible explanation is the could be due to the partial suppression of the Goldstone mode.
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FIG. 10. Representative loss curve for the Anopore sample in

~ FIG. 8. Plot ofe” vs frequency(loss curve for the bulk sample  the SmA phase. Solid line is a fit to Eq2) with the conductivity
in the SmA phase. Solid line is a fit to the Havriliak-Negami func- {grm.

tion [19] along with the conductivity ternisee text The behavior

at low frequency is due to the presence of ionic impurities in the . . )
sample. feature to be noticed is that in the Sof- phase even the

maximum value ofe, is much smaller than the value ob-

ments were done using a 40m-thick ITO-coated glass cell tained for the bulk sample. However, the thermal variation is
guite similar to that seen for the bulk sample at low frequen-

with the substrate surfaces treated for planar alignment of th -
molecules. For the measuring frequency of 0.1 and 1 kH Cles. These two .feat'ures |r_1d|cate that presence of the Gold-
the onset of the SMA—SmC* transition is marked by a stone mode, which is partially suppressed. In other words,

large increase in the, value. The large magnitude ef in there is a partial unwinding of the helix driven by the narrow

the SmC* phase is expected for a compound with high pore si_ze_. Further, even at 1 MHz, the be_ha_lvior is qualita-
spontaneous polarization. When the frequency is increaseH\éEIy S'”;]”ahr to th? ltOW ftrr(;:-qtu(taﬁcy olnes,t.pon;tlng to the f?cttﬁ
although the qualitative behavior remains the same, there is I\(ljvet S ah seeh.?t ec;,t 2. h ere Iaxa lon requgntcytk? 0 N
substantial decrease in the value. With a further increase iff° corone nas shitted to higher vaiués compared to that for
frequency to 100 kHz, the behavior also changes, having e bulk_sample. Figures 8—_11 show repr_ese_ntatlve dielectric
peaklike appearance at the transition. The features seenint gectia in the bulk and confined geometr_|es n _theASemd .
Sm-C* phase at low frequencies suggest the presence of mC* phases. In ea_ch case,_only one d|electr|c_ loss peak is
significantly active Goldstone mode having a relaxation>" anql a conduchvﬂy—dommated process exists at lower
frequency in the range of 1-10 kHz. The peaking of the dat(,;requenmes. '\.IOt'Ce 'that in the S@F profiles of thg bulk

at 100 kHz is indicative of the soft mode arising out of tilt sample the dielectric loss peak has a substantially Igrger
fluctuations. Across the SIB* —Cr-G transition,e, drops to strength and occurs at a lower frequency than the ones in the

quite low values even at low frequencies. The results for theMA phase._ In contrast for the A”OF"?re sample, although
he strength is slightly larger than that in the 2m¢the fre-

Anopore sample are shown in Fig. 7. The most significant ) ) . .
P P 9 9 quencies are not very different. To determine the relaxation

N T=71.3°C; Sm-C’ :
400 0.4l T=71.1°C;Sm-C

11]
€ 200

0 A
102 0.02. — - ...|4. ...|5. ...|6. ...7
Frequency (Hz) 10 10 10 10 10 10
Frequency (Hz)
FIG. 9. Representative loss curve for the bulk sample in the
Sm-C* phase. Solid line is a fit to Eq2) with the conductivity FIG. 11. Representative loss curve for the Anopore sample in
term (see text The data shows the presence of only one relaxatiorthe SmEC* phase. Solid line is a fit to E¢2) with the conductivity

mode. term.
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FIG. 12. Dependence of the relaxation frequendy) ([Fig. o
12(a)] and the dielectric strength\() [Fig. 12b)] on reduced tem- TC'T( C)

peratureT.,—T (the T, being the transition temperaturéor the

bulk sample across St—Sm<C* transition. Due to the dominating FIG. 13. Plot offg [Fig. 13a)] and A€ [Fig. 13b)] versusT,

influence of the Goldstone mode, the soft mode was not seen in the T for the Anopore sample across the mSmC* transition.
Sm-C* phase. Inset shows the thermal variationf gf{Fig. 12a)]

and Ae [Fig. 12b)] on application of a dc bias voltage azimuthal angle part is responsible for the Goldstone mode
(0.5 V/'“m)'. Whll.e the open circles represent data for the soft(GM), which is active only in the Si&* phase. The GM has
mode, the filled circles are for the Goldstone mode. a much larger strength and occurs at a lower frequency in

. . ) comparison with the SM. With this background let us first
parameters, data collected outside the transition region welig . ot the temperature dependencefafand Ae for the

analyzed using a Havriliak-Negami functign9] bulk sample[Figs. 12a) and 12b), respectively. The ob-
Ac served decrease iy and the concomitant increaseAre, as
e (f)=e,+ . (2)  the transition is approached from the Jwphase, is a fea-
14 ( [ ture characteristic of the soft mode. At the transition, the GM
fr appears and due to its overwhelming dielectric strength the

soft mode is hardly observed in the SBi- phase. However,
Here f is the measuring frequency,, is the sum of the application of a dc bias field~0.5V/um) suppresses the
dielectric strengths of all the high frequency modes otheiGoldstone mode sufficiently enabling the SM to be Jsee
than the one under consideratiahe is the difference be- insets of Figs. 1@&) and 12b)] and also brings out the Curie-
tween low and high frequency dielectric constants and is &Veiss nature of the SM behavior. Notice that the application
measure of the dielectric strength of the mode of interfgst, of dc field increases the relaxation frequency of the Gyl
is the characteristic relaxation frequency. The parameters about an order of magnitugleaused by the unwinding of the
andb describe the width and asymmetric broadening of thehelix. Figures 18) and 13b) show the data obtained for the
relaxation curve. To account for the dc conductivity) con-  Anopore sample. The behavior in the $xrphase is identi-
tribution to the imaginary part of the dielectric constant, thefiable with the one observed for the bulk sample, namely that
term —i(o/2me,f) was added to the right hand side of Eq. the relaxation frequency decreases as the transition is ap-
(2); heree, is the permittivity of free space. The increase in proached, while the dielectric strength increases. The magni-
€” in the MHz region(clearly visible in the SnA profile for ~ tude of the relaxation frequency is, however, different. For
the Anopore samp)ewvas due to the sheet resistance of ITO;example, aff.+1 °C, thefg value for the Anopore sample
a fitting procedure was used to account for it. The best fit ofs about 2.5 times higher than that for the bulk. The rate at
the data to Eq(2) in addition to a conductivity-dependent which fg decreases on approachiiig is also more for the
term are shown in Figs. 8—11. Through exhaustive work orAnopore (374 kHz/°C) than for the bulk (295 kHz/°C). It
bulk samples exhibiting SPA—Sm-<C* transition, it is now is interesting to see that the rate for the bulk sample with bias
well established that the collective relaxation in these sysfield (363 kHz/°C) is comparable to that of the Anopore
tems can be analyzed in terms of the fluctuations of the twosample. In the SnG* phase only one mode is observed,
component tilt order parametg20]. The amplitude part of whose relaxation frequency lies in the range of 600 kHz.
the tilt gives rise to the soft modéM), which softens on  Although one may like to ascribe such a high frequency
approaching the transition from either of the phases. Theelaxation with the soft mode, the temperature-independent
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nature offg and the associatefie precludes such an inter- bias field we did not find any significant influence on either
pretation. In fact, the trend seen suggests the behavior of thbe magnitude or the thermal behavior of the sample con-
Goldstone mode. However, it should be noted that tHgse fined in the Anopore membrane. In summary, we have re-
values are about 400 times larger than the GM of the bullported on the comparative behavior of a compound exhibit-
sample. But as noted earlier, in the presence of a bias fielghg a first-order smectid—smecticC* transition in bulk as

the value of GM increases by about an order of magnitudgyell as in confined geometry. Upon confinement, we find
for the bulk sample. Thus it is tempting to associate thehat there is a significant change in the temperature depen-
relaxation mode seen in the S@t- phase to that of the GM  dence of the layer spacing, and that the relaxation frequency
mode, but with a substantially unwound helix. It may beof both the soft mode and Goldstone mode increase, the lat-
recalled that Rozanslit al.[11] reported a similafactor of  ter being as much as by 400 times.

~20) increase in the GM relaxation frequency when the ma-

terial is confined in Synpore membranes having a pore size

of 850 nm. Thus, it is possible that in the present case, as was ACKNOWLEDGMENTS
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