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Critical behavior of a smectic-A to nematic phase transition imbedded in a random network
of voids
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We present the results of a systematic ac calorimetric study on the smeiticematic(Sm-A—N) phase
transition for the alkylcyanobiphenyl liquid crystals, 8CB and 9CB, imbedded in the randomly interconnected
voids of Millipore cellulose membranes. The confining void size ranged from 5 to uB25vhich, although
large, introduces substantial changes compared to the bulk behavior. The heat capacity peak af#é Sm-
transition temperature changes from sharp and prominent to broad and small with increased confinement.
Concomitant with the heat capacity peak shape change, critical behavior analysis reveals that the random
confinement drives the heat capacity critical exponent from its bulk value towards zero, approaching the
three-dimensionaKY universality class value prediction ef 0.007. This change in the critical exponent is
liquid-crystal material and voids size dependent, and is equivalent to what occurs with increasing nematic
range that weakens the coupling between smectic and nematic order parameters. The Millipore confinement
does not alter the nematic range; it is the randomness it introduces that changes the nature of the coupling. In
addition, but in a manner not fully consistent with finite size effects, transition temperatures are shifted down
from bulk and the transition enthalpy is suppressed. Supporting results are found in a study of binary mixtures
of 9CB and 10CB[S1063-651X%98)02504-5

PACS numbegs): 64.70.Md, 61.30-v, 65.20+w

INTRODUCTION ering growth[8] are possible depending on surface prepara-
tion and confinement conditions.

Due to the technological relevance of liquid crystals inthe  The bulk SmA—N transition is believed to belong to the
rapidly growing display industry, and the highly influential three-dimensiona(3D) XY universality class characterized
role that surfaces exert on the behavior of fundamentaby a heat capacity critical exponent=—0.007[9]. The
liguid-crystal properties, considerable attention has been reeritical exponent is influenced by the strength of the coupling
cently devoted to the study of confined liquid-crystal sys-between the nematic orientational order parameter and the
tems. Liquid crystals, particularly cyanobiphenyls, have beemrder parameter for the one-dimensional layered structure of
studied while imbedded in a variety of porous solid sub-the smecticA phase[10]. Depending on the nematic range
strates. These include the random interconnected network ¢NR) (NR=Ty.;— Tgm.a_n) WhereTgma_ny @andTy., are the
pores of Aeroge[1] and Vycor glassef2], and the parallel smecticA to nematic and nematic to isotropic transition tem-
cylindrical pores of aluminum oxide Anopof&] and poly-  peratures, the S/—N transition may change from first or-
carbonate Nucleporgt]. der to second order. The temperature at which such change

Partly because of their added complexity and less viableccurs is called the tricritical point. As a function of the
application possibilities, fewer research efforts have dealtoupling between the two order parameters, stronger for a
with confinement effects on smectics than on nematics. Benarrow nematic range materi@r larger McMillan ratio de-
sides orientational order, the smecfigghase possesses one- fined asTgna_n/Tn. ), the SmA—N transition is driven
dimensional positional or translational order. This transla-away from the 3DXY behavior towards tricritical behavior,
tional order is much more sensitive than the orientationabr, to some intermediate value between them. Critical expo-
order to the curvature of the host porous md@i®]. As for nents obtained in the latter case are called “effective” or
nematics, the smectis- phase deforms depending on the “crossover” exponents.
elastic properties, external field, surface conditioarvature The liquid-crystal materials used in this workCB with
and roughnegsor nematic history. Thus past research deal-n either 8 or 9, wher@ is the number of carbons in the alkyl
ing with a confined smectiéto nematic (SmA—N) transi-  chain, have been an excellent example to appreciate the criti-
tion focused on molecular structural configurations. For in-cal behavior evolution as a function of nematic rahg#|.
stance, it was shown by Cladi§] that smectic fluctuations Whenn=7.56 (a mixture of 56% 8CB in 7CBand a 15 K
reduce the nematic bend and twist deformation. Chevron andematic range, the heat capacity critical exponents
radial configurations of smectic layefg] and discrete lay- —0.03, in agreement with the 3RY model prediction.

When n=9, the nematic range decreases to 1.9 K, and a
tricritical «=0.5 is obtained. In between, whan=8, the
*Present address: Physical Optics Co., 20600 Gramercy PlacBematic range is 7.1 Kg is about 0.3, a nonuniversal effec-

Bldg. 100, Torrance, CA 90501. tive exponent. Similar results have also been obtained in
"Present address: Dept. of Chemistry, M1T, Cambridgethiosulfate, nS5 for short [12,13, and in
MA 02139. DBgONO,+DB;(ONO, binary mixtures[14], where again
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the critical exponent changes from the 30X-to the ftricriti- TABLE I. Characteristics of the Millipore samples. The nominal
cal value depending on the width of the nematic range.  void size, likely the shortest length scale of the membranes, is as
To summarize the bulk SM—N transition, the results quoted by the manufacturer. The SEM results report our analysis of
suggest that 3D¢Y behavior occurs for materials with large the photographs. The x-ray column represents the smectic correla-
nematic ranges, tricritical behavior for short nematic rangestion length shown in Fig. XV,) is the average of the nominal,
while a crossover effective value is found for intermediate>EM: @nd x-ray values while the porosity was estimated from the
nematic ranges. In terms of the McMillan ratio, SEM photographs. NA means not available.
Tnosma/Tnor» the heat capacity behavior is in good agree-
ment with 3DXY predictions for all samples where the ratio

Nominal SEM  X-ray  (Va) Porosity

is <0.93; for short nematic range Argya-n/Tn.=0.93, Sample (pm) (pm) (um) () %
the expected cross-over to tricritical behavior is seen. Sees00av 5 ~75 NA 6.25 NA
further details in the review by Garland and Noung8is 800M 0.8 ~3 NA 1.9 72
Under confinement, that is, liquid crystals imbedded in 220m 0.22 ~0.7 0.315 0.41 69
geometries more restrictive than bulk, a systematic investi-1gou 0.1 0.3 0.165 0.19 56
gation at the SmA—N, N-I, and SmA-I (smecticA to 50M 0.05 03 012 0.16 62
isotropig phase transitions was undertaken by Finotello and 5g 0.025 02 0.9 0.11 51

co-workers[2—-4]. The confinement was achieved with the
surface-treated and untreated cylindrical pores of Anopore

membranes as a function ofCB liquid-crystal material. for pulk 8CB, a nonuniversal behavior characterized by an
Clark, Garland, and collaboratof4] also investigated the «offective” Sm-A—N heat capacity critical exponent

Sm-A-N transition of 8CB but confined to the random net- \anging between 0.2f3] and 0.31[8,17-19 is found. The
work of interconnected pores of silica Aerogel and as a funcgcg SmA—_N transition is located at the tricritical point
tion of pore size. Common features revealed by these spggiin a~0.5[11], a Gaussian tricritical value.

cific heat measurements are that, when contrasted to(Qulk
the transition temperaturBgy,.a_n Shifts downwardyii) the

Sm-A—N specific heat peak is small, broad, and rounded; Experimental samples and technique
and(iii) results are not fully consistent with finite size effect gqf completeness and a more reliable data comparison,
expectations. the same batch of bulk 8CB, purchased from B[], was

The usually considerable suppression of the specific hegjsed for all bulk and confined samples. The porous host sub-
peak at the confined SrA—N transition has prevented pre- strate, Millipore membranes, is made from biologically pure
vious studies from extracting the heat capacity critical €xpoinert mixtures of cellulose acetate and cellulose nitfag.
nent« and its dependence on the confining size. In this paTg visualize these membranes, Millipore resemble the type
per, we address the effects that confinement to Milliporesf random network that is achieved in liquid-crystal—
filters introduces at the smecti-to nematic transition for polymer mixtures[22]. This morphology is thus distinct
two members of theCB series, 8CB and 9CB. Even though from that of a porous glasé.g., Vycol where the liquid
the transition specific heat peak is suppressed, it remaingystal is confined to well-defined solid walls.
sharp enough that a reliable critical behavior analysis can be The Millipore membranes, of thickness ranging between
performed; critical exponents can thus be extracted and thegio and 170um depending on void size, are available in
dependence on void size established. These results are feveral void sizes, with six different void sizes used in the
ther supported by calorimetric studies with binary mixturesgCB study. The manufacturer's quoté&ubmina) void sizes
of 9CB with 10CB in 0.05um Millipore also included here. employed were 0.025, 0.05, 0.1, 0.22, 0.8, andns. How-

A shorter version of this work has already appeared in thewver, as determined from our scanning electron microscopy
literature[15]. Similar results where the heat capacity critical (SEM) studies, the actual average void sizes range from 0.2
exponent is altered by a random confinement have also begg 7.5 um, with a wide void size distribution for each filter.
reported in a recent calorimetry study at the 8CB 8mN  Therefore we suspect that the manufacturer size refers to the
transition perturbed by the presence of submicrometer sizgmallest voids in each membrane. The void size characteris-
silica spheresor Aerosil [16]. Finally, although some fea- tics are given in Table I. Despite the void size magnitude

tures related to the higher-temperatdld transition will be  ambiguity, a precise knowledge is not crucial to the results
presented, the complete discussion of several interesting phgescribed here.

nomena occurring at thl-1 transition is deferred to a dif-  Because of the randomness of the material and uncertain-
ferent paper, here, we concentrate mostly on aspects pertaifies on the void size, we also performed some characteriza-
ing to the SmA—-N transition. tion measurements with liquid crystals imbedded in the

membranes. First, for 8CB in Millipore, from small angle
neutron scatteringSANS) that was performed in collabora-
tion with Sokol at Argonne National Laboratories in the\b0

Our motivation comes from the existing studies of bulk sample voids, we directly proved the presence of smectic
and confined phase transitions in cyanobiphenyl liquid crystayers[27]. These were found to have a bulklike spacing of
tals. In particular, 8CB has been studied extensively in bulkoughly 31.4 A. In addition, the length at which the smectic
form [17-19, and confined to several substrates that includecorrelation length saturategc,, was determined from x-ray
Anopore[3], silica Aerogel[1,20,21, Aerosil [16], Vycor = measurements. These results obtained by Clark and students
[2,22], and Vycor-like porous glag®23,24]. As stated earlier, at Brookhaven28] are shown in Fig. 1 and are listed in

EXPERIMENTAL RESULTS
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FIG. 1. Smectic correlation length as a function of temperature. i i f i
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workers. T(K)

FIG. 2. Specific heat of bulk and Millipore confined 8CB

Table I. Below the transition’ and over a wide temperatu,resamples as a function of temperature showing the high-temperature
range,§ is temperature independent, on average saturatingqopic (), the intermediate-temperature nemathd){ and the

at 0.315, 0.165, 0.12, and 0.Qém for nominal void siz€S |oy.temperature smectia-(Sm-A) phases. For sample legends see
corresponding to 0.22, 0.1, 0.05, and 0.Q28, respectively. Taple I.

The saturated correlation length values are reasonably close

to the void size estimated from the SEM photographs. Infrequency roll ofj. The addendum heat capacity, which is 31
short, the nominal size is probably the smallest size in thenj/K at 316 K, increases linearly at a rate of 0.103 rAJ/K
system; the photograph analysis performed in a small winThe applied voltage frequency was typically 55 mHz and the
dow of the sample might be inclined to select a larger sizeamplitude of the induced temperature oscillations was kept at
the x-ray work is sensitive to the mean smectic domain size mK peak to peak. Data are taken every 10 mK, and after a
thus we have chosen to average these values and use thgit of 7 min at the new temperature, it is averaged for 8 to

((Va) in Table I is the average void sigbereafter. 10 min. The temperature regulation is better thanu$0
The heat capacity was measured by means of a high-
resolution ac calorimetry techniqy&9] with samples con- Specific heat of 8CB in Millipore

taining approximately 2—4.5 mg of liquid-crystal material .

imbedded in a single Millipore piece cut to a square, 6 mm_1he specific heat dependence on temperature for bulk and
on a side. Measurements take place under near equilibriufer the confined samples is shown in Fig. 2. This plot illus-
conditions since very small temperature oscillations about #2t€s a wide temperature range enclosing the isotropic, nem-
precisely determined average temperature are applied to tic, and smectiéx phases. The StA—N andN-1 transition
sample. The amplitude of the resulting temperature oscillatémperatures for bulk 8CB are 306.95 and 314.04 K, respec-

tions, T, is inversely proportional to the heat capacity of tively. The confinedl'sm_n and Ty are shifted below the
the sampleC, and can be expressed as respective bulk transitions. The confined nematic range

hardly changes compared to bulk being constant at 7.06
To={Qo20CH1+ (w7e) ?+(wr)2 Y2, (1) =*0.07K.

First, not according to finite size effect expectations, a
where the thermal relaxation times are defined @s well-defined trend ifTgpma_n— Tsma_n (BUIK) VS void size
=C/K,, (externa) and 72= 75+ 75+ 72 (interna). The indi-  does not appear to be present in Millipore. This is in contrast
vidual relaxation timesr,=C,/K,, 7,=C,/K,,, and 7  to 8CB confined to silica Aeroggll] where this transition
=Cg/Kg correspond to the thermometer, heater, and sampleshifts progressively downward with decreasing pore size.
respectively. TheC’'s andK'’s represent the individual heat The difference inTg,,a_n (confined dependence on size
capacity and thermal conductivity. The internal relaxationbetween these two host materials is that, besides their differ-
time constant is the time required for the entire assembly t@nt morphology, in Aerogel, the smaller pore size may play a
reach equilibrium with the applied heat while the externalmore important role in shifting the transition by as many as 3
relaxation time constant is the time required for equilibrationK. The Millipore voids are quite large and its fibers either
with the surrounding thermal bath. behave like an impurity in the liquid-crystal material, or play

The calorimeter has an internal time constant between & role equivalent to that of surface disorder. It is also con-
and 2 s(typically a 0.79 Hz high-frequency roll offand an  ceivable that since Millipore are produced from mixtures of
external time constant of 30—40 S(usually a 0.032 Hz low- cellulose, the surface—liquid-crystal interaction changes with
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FIG. 3. Typical extraction of the SPA—N excess specific heat
peak (upper panel after subtraction of the low-temperature wing

(solid line) of theN-1 transition from the total specific he@iottom
pane). Data shown correspond to bulk 8CB.

FIG. 4. Excess specific heat for bulk and Millipore confined
void size. Except for the smallest void size (@5where the ~8CB near the transition temperatufgnm__n . From top to bottom,
shift is 0.8 K, the change in transition temperature range§ata are for bulk, 500@, 80aM, 220M, 100M, 50M, and 234
from 110 to 240 mK when(V,) changes by nearly two samples. Data havg been shifted fgr clarity. Inset: Transition shift
orders of magnitude. However, as seen later, combining thE"8CB) and full width at half maximumi2, 8CB andL, 9CB)
Millipore with the Aerogel results yields a reasonable dependence on the inverse average void size given in Table .
overall-decreasing trend with size.

To extract the transition peak, as required for the critical Following Rappaportt al. [30], we test for a finite size
behavior analysis that follows, the low-temperature wing ofeffect influence in the transition enthalpy by assuming that
the N-1 transition is subtracted from the total measurementthe confined behavior is like bulk’s with the bulk specific
This is exemplified with the bulk 8CB results. Data close toheat peak limited in its growth and thus truncated at some
Tn. and on the lower-temperature side of tel transition  length scale. Specifically, this is done by calculatiag@
together with data far belowWgy,.,_y are fitted to a power from &= &|AT| ™", where&, is 208 A, »,=0.67 (see, for
law function; this is indicated by the solid line in the bottom instance, references found [A,9,30), AT=T—Tgmna-n-
panel of Fig. 3. The Smh—N transition peakACp so ex-  and substituting fog€ the nominal void siz&R. To obtain the
tracted is shown in the top panel of Fig. 3. This procedure idargest enthalpy suppression, we chodsesince it is the
consistently repeated for each confined sample and themallest length in the system. Despite our choice, shown by
Sm-A—N ACyp’s for bulk and Millipore confined 8CB are the dashed line in Fig. 5, this bulklike “constrained” en-
plotted in Fig. 4 as a function of temperature shiftthalpy completely misses the experimental results. The re-
T—Tsma-nN- duction of enthalpy is likely related to the existence of a

In the largest Millipore voids, the transition peaks retainliquid-crystal layer at the Millipore fibers, which is incapable
their sharpness; with decreasing void size, they becomef forming a smecticA phase. Such molecules are orienta-
broad, round, and suppressed. Such effect can be parttionally frozen in a state of low order; a change to a smectic
guantified by the peak’s full width at half maximum would energetically be prohibitive due to elastic deforma-
(FWHM). The FWHM increases from 1G313 to 780 tions[3,16].
=86 mK while (V,) decreases from 6.25 to 0.1Am. A Comparing Millipore with Aerogel yields a clearer void
more rapid increase takes place for void sizes less than 0#bore size dependence of some of the confined parameters.
pm as indicated in the inset to Fig. 4. The effect of Millipore In Fig. 5 we also plot the transition temperature shift and the
can also be quantified by the transition enthalpies, calculateshagnitude of the specific he&Cp .« (ACp evaluated at
from AHgma_n=/ACpdT over the temperature interval Tgma_n) @s @ function ofL 1. In this plot, L represents
Tsma_nt3 K range; AHg,a_n decreases with decreasing either the mean pore size in Aerogel, or the saturated smectic
void size. The relative enthalpy change with respect to theorrelation length in Millipore. Taking all data together,
bulk value as a function of the average void size is plotted irthere is a clearly defined decreasing trend in both quantities
the top panel of Fig. 5. Again, below a 04m void size for smallerL, with the specific heat maximum rapidly be-
(220M sample there is a steeper dependence in the enthalpycoming quite small. Such a rapid decrease in amplitude with
The characteristic features of the 8CB $mN transition increased confinement is to be blamed for the lack of prior
are summarized in Table II. critical behavior analysis. Although no error bars are shown,
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In short, when viewed independently of other host mate-
rials, for all Millipore confined 8CBand as discussed below

8CB and(A) 9CB in Millipore. The dashed line is a finite size 9CB) samples.Tsma-n IS shifted down with respect to bulk
expectation for a bulklike 8CB peak truncated at the nominal siz Ut. lacking a regular dependence on decreasmg .VOId S.lze'
(see text Center panel: Specific heat maximumTg, o_y as a his _sugg_ests that the surface condition of thg M|Il|pore fil-
function of inverse length for 8CB in Milliporé®) and in Aerogel ters_’ 1S v0|d_S|ze independent. For h_OSt materials \_N'th well-
(+). Bottom panel: Transition shift as a function of inverse lerigth  defined solid surfacefl—-5], surface-induced ordering and
for 8CB in Millipore and in AerogelL is either the smectic corre- disordering compete to determine the transition temperature.
lation (Millipore) or the average pore chord sigkeroge). Introducing bulk deformations due to the arrangement of sur-
faces that depress transition temperaty®82-34 mani-
fests disordering. The surface ordering effects are like those
of an external magnetic field on a spin system, and increase
o N _ the transition temperatuf85]. The composition of Millipore
TABLE II. Characteristics of the bulk and Millipore confined fiiters a mixture of cellulose acetate and cellulose nitrate,
S_m-A—N transition. The errors quoted are the statistical Uncerta_'“'makes the surface more likely to have a random roughness
ties. See text for the temperature range of the enthalpy CaICUIat'O'?ndependent of void size. As seen in our NMR studies in
Millipore [36], the ordering effects that are present are
weaker(~by a factor of 2 than those in the other porous
substrates. In general, in all confined studies to date, there
8CB bulk 306.95 0.940.05 44-10 7.09 1.83 has been no dominant mechanism that is solely responsible
5000M 306.84 0.690.05 10313 7.08 1 for shifting the transition temperature, rather, the shift prob-
800M 306.85 0.6%0.05 119-13 7.09 1.17 ably depends on the combination of several effects: finite
220M 306.83 0.620.05 22723 7.11 0.75 size effects, competition of surface order or disorder, elastic
100M 306.73 0.560.05 497237 7.10 0.43 distortions, and random field effe[ﬂ:—S,lG.
50M 306.71 0.440.05 516:31 7.03 0.43

FIG. 5. Top panel: Decrease of the relative 8mN transition
enthalpy compared to the bulk value as a functiorvgffor (@)

TSm-A—N AHSm:A—N FWHM NR ACPmalx
Sample (K) 1) mK)  (K) (9

25M 306.18 0.340.05 78186 6.99 0.27 Specific heat of 9CB in Millipore

OCB  bulk 32121 126009 385 187 7.84 The SmA—N transition in bulk anq Millipore con]‘ined
800M 32076 105005 50-6 1.93 503  ICB ng@;tuglzz?ﬂ og (;Cle Sa?ez;/la'og'lmazr.e”;‘?"’)gng four
220M 32053 1.1%005 637 190 3.8 sizes: : ’ » an . Plotted In Fig. 6 are

50M 32098 114005 7k7 187 415 Fhel sg)ecil‘ik:: h'eai re;ults ove;'a widde temgtgragure rarjrghe that
0 e 0se00s zElo 176 1z oS e Seehe nemeie, s spedierses The
9.05CB bulk  321.43 1.470.09 506 1.63 8.65 a a . L~ SmA-N
SoM 32036 112008 106:12 172  4.01 _—321.21 K andTN_,—323_.08 K while both confined transi-
tion temperatures are shifted below bulk; the nematic range
9.11CB bulk  321.57 1.320.09 556 130 7.65 is basically constant at 1.860.1 K. T, a_n decreases from
50M 320.88 0.96:0.09 90-10 1.32 3.52 bulk when confined to the 800 sample; it is further de-
pressed in the 220 voids. With increased confinement to
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FIG. 8. Phase shift behavior near the smectic to nematic transi-
tion for bulk 9CB (+) and for 9CB confined to 220 Millipore
O).

of 8CB and 9CB within Millipore as a function of confining
size appears to be related to their nematic range and conse-

FIG. 7. Excess specific heat of bulk and Millipore confined quently, the coupling strength between smectic and nematic
order parameters.

9CB. Data have been shifted for clarity. From top to bottom, data
are for bulk, 8084, 220M, 50M, and 2%/ samples.

Phase shift signature

In ac calorimetry measurements, in addition to the heat

50M Millipore, Tgmy.a_n IS below bulk’s but higher than in i the oh hift is_ simult I ired. Th
the larger Millipore sizes. We do not understand this behayS2Pactty, Ihe pnase shit 1S simuttaneously acquired. 'he

ior, but certainly, more than finite size effects is suggestivé)hase shift contains qualitative information on both the heat

) ) ; i : _capacity and the thermal conductivity of the sam28]. It
of either impurity or surface-disorder type of effects, in ad is empirically found'1,3,29,3] that at a first order transition

dition to possible changes in the liquid crystals anchoring[here is a peaklike signature in the phase shift: at a second

energy in the Millipore samples. A summary of the 9CB order transition the signature at the transition temperature is
specific heat peak characteristics is included in Table II. . 1 the Sig . P
dip. Shown in Fig. 8, as expected from its second order

The same procedure described earlier is employed to e o o .
tract the SmA excess specific he@tCp for 9CB shown in character, bulk 9CB exhibits a dip in the phase shift at

Fig. 7 as a function of temperature. More so than in 8CB, thel sma-n - In contrast, for all Millipore confined samples, a

9CB confined transition peak retains its bulklike divergencepeak in the phase'shn‘t rep_lac_es the (.j'p' An exqmp_le of the
. o confined phase shift behavior is also illustrated in Fig. 8 for
in all cases except for the smallest void size sampl®&] 25

There, the peak is broad and round. The 9CB specific hea CB confmedbto thE 220 samplg. A chang%m pha_?e ST}'ft

evaluated at the transition temperature, Table Il, also ded Oﬂe cadnnotf ﬁta en as unarr1n Iguous evll ence o ahg ange

creases with increased confinement. Calculation of thént e or Iero_ t etraﬂsmohn. T u]f we sm;p y.|nterpretrt] IS as

FWHM reveals that for the largest void size samples thea_d_dlthna_e\_/ldencet at t’e confined behavior near the tran-
. o . . . sition is distinct from bulk’s.

width of the transition peak increases marginally with de-

creasing void size. Again, a drastic increase is found but now B )

occurring at a smaller void size than for 8CB: between the Specific heat of 9CB doped with 10CB

50M and 23 sample sizes. See the inset to Fig. 4. The 9CB For reasons that are connected to the critical behavior

Sm-A—-N confined transition enthalpies exhibit a weakeranalysis described below, we also studied the SaN tran-

void size dependence than in 8CB. Determined over the nasition after doping 9CB with a small amount of smectic

rower temperature ranges, a_n=1 K due to 9CB’s nem- 10CB (no nematic phase is present in 10CBVe studied

atic range, the confineHg,,.o_n (See Fig. % has an aver- two bulk mixtures as well as confined to the 0,08 nomi-

age value of 1.£0.06 J/g for the three largest Millipore nal Millipore void size: 11.4%, and later, 4.8% of 10CB in

samples, a 12% decrease from bulk but showing a sligh®CB, hereafter named 9.11CB and 9.05CB, mixtures that are

increasing trend with decreasing void size. We do not bepresumably beyond the tricritical poirfiocated at 8.96CB

lieve that such apparent increase is significant, rather, it is f9]). The excess specific heat dependence on temperature for

consequence of the narrow temperature window used whicthese mixtures, extracted as before, is shown in Fig. 9. Note

increases the error in the calculation. For thévi28ample  from this plot that away from the transition, the bulk and

there is an unmistakable 30% decrease from bulk taonfined data overlay one another. Near the transition, and

AHgha_n=0.88+:0.05 J/g. The difference in the behavior more obvious on the nematic side, the confined data lie be-
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ACp=Bc+Lt+ (A, /a)|t|”*(1+D.[t|*?),

1
9.05CB N
.

&

The correction-to-scaling terni3.. |t|*?[3,9,15,16,37,3B
were neededspecifically for 9CB since fits without it re-
quired drastically different values of the heat capacity ampli-
tude, and, of the critical exponent above and below the
Sm-A—N transition. The exponent for the correction-to-

Eo scaling term is set equal td essentially theXY value of
e 0.524[9,39]. It is a reasonable practice to include this term
% + to describe the influence of the nearldyl transition on the
911CB . Sm-A—N transition. The* subscripts indicate parameters
6 + 7 evaluated above and below the transition temperature. The
v constanB. and the linear ternht are introduced to account

for any remnant background. The factar. /«, rather than

A. alone, allowsa to continuously vary about zero. Typi-
cally, 300 data points on either side Df are simultaneously
fitted using a standard nonlinear least-squares fitting method
[40]. Range shrinking techniques were employed to test the
stability of the resulting parameters and the final values are
T-TANK) given in Table IlI.

The heat capacity exponent for the bulk 8CB &%N
transition is «=0.28+0.02, with an amplitude ratio
A_/A,;=1.09+0.05, in good agreement with literature val-
ues[17-19. In Fig. 10, top panel, we show lgg|(AC,

FIG. 9. Excess specific heat for bu(k-) and 50 Millipore
(O) confined (9+10)CB mixtures.

low bulk. This probably reflects the difficulty in forming the I .
smectic phase because of an orientationally frozen layer _tBC_Lt)/(H.Di|t| 2)|} VS IOgl?’“(T_TC)/TC'}’ which,
the Millipore fibers. rom Eq.(2), yields two straight lines Qf slope «, for the

As expected given the increase in smectic component, th§ata above and belowc . The separation between the par-
bulk mixtures show a narrowefthan pure 9CB nematic allel _Ilnes is a measure of how different from unity is the
range with increased 10CB concentration. For bulk 9.05cgamplitude ratio and consequentl){, the symmetry of the peak.
the transition temperatures afg,_n=321.43 K andTy., To emphasize the quality of the fits, data points closefdo
—323.06 K yielding a 1.63 K nematic range, a 12.8% reduc®'® replotted in th_e bottom panel using the magnified tem-
tion from pure 9CB. For bulk 9.11CBlg,a_n=321.57 K  Perature uppex axis. o
and T, =322.87 K, and the nematic range is 1.30 K, or, a From these results it is evident that the specific heat ex-
~30% reduction from pure 9CB. Under theMOMillipore ponent« tends to zero with decreasing void size. In the
confinement, the transition temperatures are lowered b 00aM and 8004 samples_,a decreases to 0.18. Although.
nearly the same amount; the nematic range is unaltered. F epresenting a 35% reduction from the bulk value, it can still
9.05CB, Tema_n and Ty, ,decrease to 320.36 and 322.08 K. P€ considered an effective exponent. With increased confine-

. Tsma ) . . ,

tively- f 11CB. th hift t —32088K Ment, i.e., decreasing void size,tends towards zero, set-
;ensdp_?;:l :v:eg/ézozrogK Es ;Nithe{)CS:Bl thtsné_gﬁfh:ne% (r)n?xiiures tling at a constant value 0.03 for void sizes smaller than 0.4

have a peak maximum which is suppressed by roughly 5004M (220M samplg. NQ negativ_ea was obtained from t_hese
compared to its bulk value fits although an amplitude ratid_ /A, <1 was sometimes

The mixtures transition enthalpy is calculated over differ-Obt?ineq during the r?nge shrinking Iﬁt prOC?SS-f Thﬁ ratio
ent temperature ranges than for 9CB due to the varying nenﬁ* A4 s near unity for every sampie. Forc!rtg or the
atic width. For 9.05CB, the range B a_y= 1K resulting OW-temperature ¢-) and high-temperature sides() to
in AHgman=1.12+0.09 J/g for the Millipore sample, a be the same, and a ratlo_ /A, =1 indicates a highly sym-
23.8% na_e_crease from the bulk mixture value of 1.47Metric peak. A few selected fits for Millipore confined 8CB

hown in Fig. 11.
+0.09 J/g. For 9.11CB, calculated over the rafigg a_n are s . . U2 ;
+08K, AHgnan=0.90:0.09J/g for the confined The correction-to-scaling term . |t|# is small for bulk

.- . fined 8CB samples. It has a magnitude of 0.2, 0.3, 0.4,
sample, a 31.8% deficit from the corresponding bulk value of’ con .
1.32+0.09 J/g. These results are summarized in Table II. 0.2, 0'05.' 0.05, and 0'94’ respectlyelyl@_t: 0:005 for bulk
and confined samplgsvith decreasing void sizecompared

with the dominating unity termisee Eq(2)]. Previous deter-
minations of the 8CB bulk exponent and amplitude ratio
The sharp and prominent smechActo nematic transition were obtained by fitting the data without including the
peaks found in 8CB and 9CB confined to Millipore filters correction-to-scaling terrfil9]. It is not surprising to obtain
allow us to carry out a critical behavior analysis. This isa small value for the correction-to-scaling term here in light
determined by fitting the excess specific heat of 8ER).  of the “wide” 8CB nematic range. Interestingly, the contri-
4), 9CB (Fig. 7), or (9+ 10)CB mixturesFig. 9) to a power bution of the correction-to-scaling term becomes practically
law function in the reduced temperature negligible below the 220 sample size. This could be taken

Critical behavior



4312 QIAN, IANNACCHIONE, AND FINOTELLO 57

TABLE lIl. Least-squares parameter values from fits to the &&N transition for 8 CB, 9 CB, and (9 10)CB mixturesx?/N is the
average accumulated squared deviation whijlés the average of,i,(+) andti(—)-

Te Bc L X2IN
Sample (K) @ A_IA, D_/D, (/g (Jlg K (1004 tpx1074
8CB  bulk 306.95 0.280.02 1.09-0.05 0.79:0.11 —0.21+0.08 —0.8+0.66 0.224 0.63
500aM 306.77 0.1%#0.01 1.07-0.05 0.61:0.08 —0.86+0.09 —1.0+0.87 0.296 0.42
800M 306.85 0.180.01 1.16-0.05 0.53-0.07 —1.02+0.09 —3.74+1.09 0.509 0.51
220M 306.83 0.07#0.004 1.06-0.05 0.38-0.05 —2.690.14 —8.06+3.36 1.35 1.01
100M 306.72 0.0280.002 1.04:0.05 0.18:0.03 —3.81+0.1 —3.95+3.02 1.24 1.26
50M 306.75 0.026:0.001  1.02:0.05 0.36:0.05 —6.83+0.12 —7.54+2.73 0.325 1.69
25M 306.22 0.036:0.004 1.050.05 -—0.035£0.005 —2.12+0.11 —1.5+4.34 0.864 2.53
9CB  bulk 321.22 0.520.02 1.32-0.05 2.82:0.25 0 —33+4.3 1.16 1.18
800M 320.76  0.5%0.02 1.56-0.05 0.99-0.09 1.14-0.14  —32.3+2.9 2.16 0.5
220M 320.54 0.3%0.02 1.65-0.05 0.16-0.02 —1.73-0.16  —55.1+9.6 2.0 0.66
50M 320.99 0.360.02 1.53-0.05 0.310.03 —2.15+0.18 —45.0t12.2 4.34 0.67
25M 320.86 0.037#0.002 1.090.05 —0.22+0.02 —9.25+0.43 —94.2:223 2.89 1.24
9.05CB bulk 321.43 0.5%0.01 1.23-0.04 0.86:0.21 18.6:1.3 —54.6+2.4 2.22 0.94
50M 320.36  0.56:0.01 2.3:0.08 0.46:0.27 6.5-2.11 —45.9+3.3 7.35 0.66
9.11CB bulk 321.57 0.500.01 1.44-0.02 0.72:0.16 22.2£3.2 —104+11 4.24 0.51
50M 320.88 0.490.01 2.510.17 0.410.1 11.2-1.4 —54+7.8 3.69 1.16

as an additional indication of a decoupling between the nem8CB. The heat capacity exponesatand the amplitude ratio
atic and smectic order parameters. A_/A, for bulk 9CB are 0.52-0.01 and 1.32 0.05, respec-
Fits to Eq.(2) for the 9CB SmA-N transition data are tively, again in good agreement with published results
also performed following the same procedure employed fof11,19,41. In Fig. 12 we present the fits to E() for bulk
and the 808, 220M, 50M, and 2% Millipore 9CB
samples. For comparison, the 9CB bulk slope=(0.52) is
included as a dashed line in each panel showing the confined
data. The magnitude of the correction-to-scaling term
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FIG. 10. Top panel: Fit to Eq2) for bulk 8CB. The solid lines 03 2 ' P ' 3 ' 5

are guides to the eye. As plotted, the slope yields the critical expo-
nenta. Bottom panel: Bulk excess specific hé@Y) as a function of
separation fromT.. The same data are shown over a narrower
temperature window using the uppeaxis. The solid line is the fit

to Eq. (2) using values of the parameteBs,L,a,D. ,A., ob-
tained by fitting the data over the widest temperature range.

log,4(9)

FIG. 11. Logarithmic plots for three different 8CB in Millipore
samples. Notice the increasing difference in slapeith increased
confinement as compared to bulkashed lines Panels use differ-
ent vertical scales for better data clarity.
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FIG. 13. Logarithmic plots for the Millipore confined mixtures.
The slope in all cases is the same as for pure bulk 9CB. The open
and closed circles correspond to the bulk an®5Blillipore con-
fined 9.05CB, respectively. Opdrlosed triangles represent bulk
(confined 9.11CB.

logyo {I(ACp-Bc-La/(1+D4ld")]}

+0.05. In the 50 Millipore where for pure 9CB an effec-

— @ tive crossover exponent was obtained=0.36), in the mix-
10 ¢ B ture cases, the tricritical behavior is recoveree:=0.5
+0.01 for both 9.11CB and 9.05CB. The amplitude ratio is
09 ! | 1 2.30+0.08 and 2.5%0.17 for 9.05CB and 9.11CB, respec-

-4.5 -3.5 2.5

logy(0 tively, considerably different from the bulk mixtures. The
1

confined amplitude ratios are consistent with what can be
FIG. 12. Logarithmic plots for bulk and Millipore confined expected given the peak shapes. Forairtg be the same on

9CB: (a) 800M, (b) 220M, (c) 50M, and(d) 25M samples. When both sides of the transition peak and an amplitude ratio dif-

the bulk slopex is different from the confined one, it is also shown ferent from unity reflects the asymmetric nature of the peak.

by the dashed lines. The largest slope difference is evidefd)in  The fitting parameters are listed in Table Ill.

Solid lines through the data are guides to the eye. Different vertical

scales are used for better data visualization.
DISCUSSION AND CONCLUSIONS

D. [t|Y? at |t|=0.003 for 9CB is 5.6, 3.4, 1.8, 1.9, and 0.1  From the combined results of the critical behavior analy-
for bulk and decreasing Millipore void size, respectively. sis of bulk and confined 8CB, 9CB, and 9€BOCB mix-
These values are considerably larger than those found fdures, it is clear that substantial changes are introduced by the
8CB, reflecting the more importaht-1 influence on the 9CB random Millipore confinement. A near zero heat capacity
Sm-A—N transition. Again, as for 8CB, such contribution exponent is obtained when the void size is belowM2@®r
drops dramatically for sizes below theNdOsample size. 50M) for 8CB (or 9CB). It is well known that the critical

A bulklike tricritical specific heat exponent is obtained for behavior at the Sm—N transition is influenced by the cou-
the 80M sample,a~0.5. For the 22M and 50M samples, pling between the smecti&-order parameter and the nem-

a decreases te-0.36, a 27% reduction from the bulk value, atic order parameter and director fluctuations. Depending on
representing a crossover effective exponent. Finally, for théhe strength of the coupling, proportional to the width of the
smallest void size (24), a more drastic change takes placenematic phase, the critical behavior falls into different re-
and a near zera is obtained. gimes: 3DXY (a=—0.007), crossovefa nonuniversal, ef-

The changes in critical exponent with decreasing void sizdective «=0.2—0.3, and ftricritical (@=0.5) with increased
are related to how the random confinement alters the cowsoupling strength. The bulk 8CB and 9CB belong to the
pling between smectic and nematic order parameters. Imonuniversal crossover and near tricritical behavior, respec-
creasing the coupling between order parameters can expetively. In Millipore, the exponent is driven from its bulk
mentally test this. We accomplished it by doping 9CB withvalue towards the 3D¢Y value with decreasing void size
small amounts of nematicless 10CB. In this way, the nemati¢or, increased confinemerfor both 8CB and 9CB. The size
width is decreased and consequently, the coupling enhanceat which this occurs is smaller for the narrower nematic
In addition, since the pure and mixture confined peaks areange material. When liquid-crystal mixtures were studied,
suppressed by almost the same amount, a comparison of tkieereby increasing the order parameter coupling, the confine-
critical exponents is particularly meaningful. ment did not affect the critical exponent. See Fig. 14.

The two liquid-crystal mixtures, whose excess specific This confinement-inducedv behavior with decreasing
heat was shown in Fig. 9, were also fitted to E®. The void size is analogous to results for bulk{8)CB mixtures
results of these fits for the bulk mixtures are presented in Fig.11] as a function ofsmecticless7CB concentration. In the
13 and the critical behavior of both bulk mixtures is identical (7 +8)CB mixture system, a significant decrease of the ex-
to that of the pure 9CB withw~0.5. The amplitude ratio ponenta was observed with increasing 7CB concentration.
A_/A, is 1.23:0.04 for 9.05CB and 1.440.02 for Larger amounts of 7CB increased the nematic range and thus
9.11CB respectively, not unlike the pure 9CB result of 1.32weakened the coupling between order parameters. Conse-
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25—
coupled from the nematic order parameter. In Millipore, the

ratio of theR;'s of 8CB to 9CB is 0.22/0.054.4 as deter-
mined by the nominal size, or, 3.24/142.8 if one uses the
X-ray scattering results for the saturated correlation length.
N The average value of these results, 3.6, is tantalizingly close
to the ratio of their nematic ranges (7.1/£.9.7). The effi-
- ciency of the decoupling mechanism is evidently dependent
_ on the bulk universality and the void size. For instance, 0.05
pum  Millipore drives 8CB’s nonuniversal crossoverx (
] =0.28) critical behavior to 3D<Y behavior, 9CB’s tricriti-
N cal behavior ¢=0.5) to nonuniversal ¢ =0.36) behavior;
but leaves the tricritical behavior in 9.05CB and 9.11CB un-
affected. These observations are in agreement with those in
- Aerosil where, for instance, the critical behavior is unaf-
fected by the confinement when the bulk liquid crystal al-
4 6 8 10 ready belongs to the 3BLY criticality [16].
<V > Ll The SmA-N transition peak width and transition en-
thalpy, FWHM, andAHg,,.a_n, &lSO suggest a critical di-

FIG. 14. Critical exponent and amplitude ratié\ . /A_ depen-  mension. For 8CB, a drastic change in both FWHM and
dence on the Millipore average void size for 8@B) and 9CB(O). AHgma_n (see Table I, inset to Fig. 4, and Fig) takes
(A) represents the mixture results. Solid lines are guides to the eyglace below the 228 sample void size. For 9CB, the criti-

] ) _ cal void size is below that of the B0 sample. The “criti-

quently, the random confinement drives the 8mN transi-  ca|” dimensions obtained from the peak width and shape
tion towards the 3DXY universality class. analysis, not related to the critical behavior, are consistent

One can speculate on a possible mechanism througfith the “critical” dimensions that were obtained from the
which the confinement might be able to alter the couplingcritical behavior analysis.

between order parameters that m|ght be termed a “truncation To Conclude’ we have provided experimenta| evidence

model.” Under random confinement, director fluctuationsthat the interconnected Millipore confinement introduces
are truncated at length scales where the correlation length jandom fields that substantially affect the specific heat criti-
comparable to the void siZR. Since a boundpinned sur-  ca| behavior. In particular, the random confinement drives
face layer of liquid crystalLC) exists on the fiber surface, the SmA—N transition towards 3D¢Y criticality. It would

the strength of these fluctuations decreases for wavelengtite extremely illuminating to study such a confined-induced
approachin@R. Long wavelength fluctuations, such as direc-crossover in other critical quantities.

tor fluctuations and spatial fluctuations of the smectic layers,

are suppressed; shorter wavelengths such as order parameter

fluctuatlpns are also restricted _but to a Iesser_exte;nt. This ACKNOWLEDGMENTS
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