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confined to controlled-pore matrices

Zdravko Kutnjakl,'* Samo Kralj?'1 Gojmir Lahajnarl, and Slobodan Zum&?
1J0zef Stefan Institute, P. O. Box 3000, 1001 Ljubljana, Slovenia
2Laboratory of Physics of Complex Systems, Faculty of Education, University of Maribor, KoroSka 160, 2000 Maribor, Slovenia
3Department of Physics, Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
(Received 21 June 2004; published 16 November 2004

The high-resolution calorimetric study was carried out on octylcyanobiphenyl liquid cti&akonfined to
various controlled-pore glas€€PG matrices with silane-treated surface. The diameter of the voids cross
section ranged between 23.7 and 395 nm. The results are compared to those obtained previously on CPG voids
nontreated with silane. We found a striking similarity between the shifts in the isotropic to nematic and nematic
to smecticA phase transition temperatures as a function of the void radius in which order parameter variations
at the LC-void interface play the dominant role. Weaker temperature shifts are observed in silane-treated
samples, where surface ordering tendency is larger. In nontreated samples, a finite-size scaling law in the
maximum value of the heat capacity at the nematic to sméctiansition was observed for void diameters
larger than 20 nm. In silane-treated samples, this behavior is considerably changed by surface wetting

interactions.
DOI: 10.1103/PhysRevE.70.051703 PACS nun®er61.30-v, 64.70.Md, 89.75.Da
[. INTRODUCTION have been performed on octylcyanobiphet8€B) confined

go aerogels[4,11-14, aerosil[9,10], and nontreated CPG
Systems[17]. It was found that with decreased open pore
length, i.e., increased densities of aerogel matrices or aerosil

considerable attention and is of high interest for the basi(?art'des' the phase transitions are shifted to lower tempera-

physics of phase transitions and also for several application;res and become smeared and even gradual for high enough

[1-3]. Experimentally, quenched disorder systems could b ensities. \_/ery recentl_y_, however, it Was_shown that in_ t_he
realized either by confinement of LC to various porous ma_systems wiih the specific range of pore diameters, the finite-
trices or by dispersions of small particles in host LC fluid size effects may play a dominant rq7,18.

. . . . . In this contribution, we present a high-resolution calori-
[1,4-9. As inclusions in LC emulsions, spherular aerosil . ' ; , .
particles[9,1Q are typically used. In most cases, inclusionsmetrIC study of 8CB LC confined to CPGs with different

forn a Tesponsive grid wich can rearange fo siong’ [T VAl ST e 0 ey e s
enough elastic distortions imposed by a hosting LC phase(jrder influenced nematic and gmectic orderin \ experiments
Controlled-pore glassa€PGs and aerogels are often used were performed on CPG matrices treated w?t’h siFI)ane and
as confining media. In aerogels—the most widely used Conéompared with results obtained on nontreated CRG In

fining media—voids are separated by randomly intercon: ec. |, the experimental setup and measurement results are

nected silica strands and the geometry of voids is strong| : , . , _
irregular [4,11—14. The geometry of voids in CPG systems escribed. The theorgncal bacl_<ground is provided in Sec. lll
eand the results are discussed in Sec. V.

is, in contrast, much better defined and also controllabl
[15,1. Namely, the CPG matrices consist of strongly con-
nected nearly cylindrical voids of rather narrow pore diam-
eter distribution. In quenched disorder systems the degree of A. Sample preparation

confinement z_ind disorder can be controlled t_)y changing the \\e studied the phase behavior of the 8CB liquid crystal
typical void diamete(CPG, aerogejsor changing the con- cqntined to the CPG matrices. On lowering the temperature,

centration of aerosil particles. _ , the bulk 8CB exhibits a weakly first-order isotropic-nematic
Although the influence of the confinement and disorder ON|-N) and presumably second order nematic—smektic-

the nematic and smectic ordering in LCs was studied b3fN-A) phase transition at temperaturBg ~ 314 K andTy
v_arious experimental techniqu@l_O—lZ,lﬂi the calorimet- ~307 K [4,9,19-21, respectively. Some authors claim
ne method was fou_nd.to he pa_mcularly adeq“."’?te to deterfhat theN-A transition is very weakly discontinuous due to
mine the nature of liquid crystalline phase transitions in such . <g_called Halperin-Lubensky-Ma(HLM) effect
confinementg$4,9,13,14. Most detailed studies of the influ- 22,23 or because of the presence of impurit[ds]. In
ence of quenched disorder on nematic and smectic orderi e’smectid\ phase, a smectic partial bilayer structure is

formed.
The 8CB LC was embedded in CPG porous matrices pur-
*URL: http://www2.ijs.si/~kutnjak chased from CPG, Inc. The CPG material came in the form

The study of quenched disorder and confinement effect
on various phase transitions of liquid crystdl€) has been
a very active field of researcfl]. It continues to attract

II. EXPERIMENTAL PROCEDURES AND RESULTS
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""" B. Experimental setup

Heat-capacityC,) data of CPG samples were acquired by
a computerized calorimeter. Description of the technique was
extensively given in Refd.17,25. The calorimeter can op-
erate either in the ac mode or in the relaxation mode in a
broad temperature range. The mass of the sample was typi-
cally around 40 mg. Here, nearly 50% of mass belonged to
CPG matrices. The heat capacities of empty CPG samples
and the empty cell were later subtracted from @gdata.
The sample is contained in a sealed silver cell and is ther-
mally linked to a temperature-stabilized bath by support
wires and by air. The thermal link is characterized by the

FIG. 1. The SEM photograph of an empty controlled-pore glasshermal resistivityRy~ 250.
matrix with 2R=395 nm. In the ac mode, the oscillating heBj £ with the fre-

. . , quency w=0.0767 s' is supplied to the sample by a thin
of submillimeter porous grains. The strongly interconnecteqggistive heater. The temperature  oscillationd,,
CPG vo_|ds within them reserpble cylinders of radRJ_sThe =P, J(1/R;+iwC) of the sample are detected by the small
distribution of CPG pore radii is rather narrow, typically in o204 1 M) thermistor. The ac mode does not provide a
the range of 5_1_%' We used CPG matrices with average g anitative value of the latent heat in the case of the first-
pore diametersR=395, 127.3, 72.9, 60, and 23.7 nm. AS an o qer transition. However, the phase shift of the signal
illustration, the scanning electron microgra(BEM) of tWo -5 he yseful in discriminating between the first- and second-
different empty CPG matrices is shown in Figs. 1 and 2. Th&, yer phase transitiorj@5] due to its anomalous response in
void surface is smooth down to the nm scale. The CPG voidg,g former case. The data were taken on cooling the sample
were either treated with silane or were left nontreated. We,,1, the isotropic phase with the cooling rates between
henceforth refer to these samplessdane-treatedandnon- 199 mk/h and 300 mK/h. The typical amplitudes ©f

. (0

treatedsamples, respectively. _ were between 10 mK and 20 mK.
Prior to filling with 8CB, the CPG matrices were cleaned | the relaxation mode, the heater power supplied to the

by immersing them into a 1:1 mixture of concentrated g is jinearly ramped25]. The effective heat capacity is
H,SO, qnd _HNQ for. 2{1 h. Then they were extenswely calculated from C,=dH/dT=[P-(T-Tg)/Ry]/(dT/d),
washed in distilled deionized water and evacuated. This pm\ivhereRT:[T(oo)—TB]/%o andH is the sample enthalpf is
cedure was repeated until a neutp of water containing the power at some time<9t<t,; corresponding to sample
CPG patrticles was reached. The CPG matrices were fma”YemperatureT betweenTg and T(). The initial and final

dried in vacuum at 250 °C for 24 h. sample temperatures alé~) and Tg, respectively. Sample
Silane-treated CPG matrices were prepared by immersin b P : . B, €SP Y- b
mperature heating/cooling ratd/dt is calculated over a

the cleaned CPG matrices for 10 min in a 2% water solutio hort time int I tered BtE t fort>t d a brief
of octadecyldimethyl(3-trimethoxysilylpropy) ammonium ;ecr)iro dlg]fetilrr:]:rj\ijastcaef?e(:r—eo thext(;?rﬁ)pe?;turel ?antéT? dtr:§
chloride (C,gHs¢CINO5SIi). The matrices were then dried in nearly linear. Here typically;~480 s, during which about

vacuum at 110 °C for 48 h. )

The CPG matrices were filled with 8CB in its isotropic 15:00 ?ample dterrclipizra:]uﬂé(t) ?aﬁ; plomts were Itziken.'The
phase. Nontreated voids enforce the isotropic tangential ars & aH0n-Mode data have sightly lower signal-to-noise ra-
choring to the 8CB molecule§l5,24, because approxi- lo In comparison to the ac mode. quev_er, the a(_jvantage O.f
mately the direction along the cylinder axis of a void is pref—.thls moﬂet,) ktr:own als.(t)_ ?ts t?e Inct)natdlhabfitltchscatr;]n|tngfn:rc])de, IS
erably selected due to the steric effects. The silane coating [i5 much better sensitivity to latent heat than that of the ac
known to enforce homeotropic anchorifitf]. mode. The. typical heatlrjg/coollng rate dﬂ'/dtz_?.S K/h '

was used in the relaxation mode and the typical ramping
stepsT(«)—-Tg were about 1 K.

C. Experimental results

In Figs. 3 and 4, the temperature dependence across the
I-N and N-A transitions of the specific heat, of silane-
treated samples is compared withy(T) of previously pub-
lished nontreated samplg¢47]. For the bulk sample—also
added for reference—we obtaify=313.67 K and Tya
=306.71 K, in reasonable agreement with previously pub-
lished valueq4,9,19-21. It is observed that by decreasing
the CPG pore radiR, the phase transition temperatures
Tn(R) and Tya(R) in both types of samples monotonously

FIG. 2. The SEM photograph of an empty controlled-pore glassdecrease, and that both phase transition anomalies become
matrix with 2R=60 nm. progressively rounded and suppressed. However, the magni-
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FIG. 3. Temperature dependence@f data obtained in an ac sample of R=127.3 nm(a) and the CPG sample ofR=23.7 nm
mode for different nontreated CPG samp[d3]. The bulk 8CB  (b) near thel-N transition. The dashed baseline representsGpe

reference sample is also added. T@g data for R=127.3 nm, backgrouno(cl(f,ase) expected in the absence of all transitions.
72.9 nm, and 23.7 nm were shifted by a constant background value

of 3J/gK, 6J/gK, and 9 J/gK.

tion, was obtained by subtracting the backgrogado called

. . L ; - b
tude of transition temperature suppression is significantlfhe base-lingcontribution Cf:)?sé from the measure®,(T)
smaller in the case of silane-treated sampbesnpare Figs. 3 dependence. Here the subscript PT stands either fol\the
and 4. (PT=IN) or NA (PT=NA) phase transition. An illustration of
The excess specific hea&CpT:Cp—C(PbTaSe, associated base line subtraction across thél phase transition is given
with energy fluctuations of some particular LC phase transiin Fig. 5. o
The excess enthalpy across a LC phase transition is then

8CB+CPG . given by AHpr=6Hpr+Lpr. The latent heal p7 is different
silane-treated from zero only for the first-order phase transition. In our
12T 937 nm ;€ measurements this is revealed via differences in ac and re-
laxation runs, see Fig. 5. The continuous variation of the
N enthalpy is given byHpr=ACpdT, revealing the extent of
10 # pretransitional and posttransitional features. As illustrated in
4 Fig. 5, with decreasing pore diameter thd\ latent heat
2R=60.0 nm f?L decrea;es signi_ficant[ycompare differences between ac and
L relaxation data in Figs.(8) and %b) and see also Ref26],
y bulk which deals with that issgeHowever, in all CPG samples,
the I-N transition remains discontinuous. TReA transition
remains continuous or becomes gradual with pronounced
transitionlike features. Our measurements clearly show that
the I-N pretransitional effects are more pronounced in si-
lanized samples, as demonstrated in Fig. 6, while in contrast
to nontreated CPG samples theA C, anomaly of silane-
treated samples becomes strongly suppressed and widened

Cp(J/gK)

(Fig. 7).
\ . . . . For the continuousl-A transition, we carried out the criti-
300 305 3%%() 315 320 cal exponent analysis. We used the standard power-law form

ACWA(R) = Afr|*®(1 + D*|r|>5) + B. (1)
FIG. 4. Temperature dependence@f data obtained in an ac )
mode for different silane-treated CPG samples. The bulk 8CB refThe signs* refer to temperatures aboye ) and below(—)
erence sample is also added. Tedata for R=127.3 nm, 60 nm,  the N-A phase transition temperatufga(R). A*, D*, andB
and 23.7 nm were shifted by a constant background value ofepresent usual amplitude, correction-to-scaling amplitude,
3J/gK, 6J/gK,and 9 J/gK. and critical background, respectivelg(R) is the effective
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FIG. 6. Comparison oC,(T) variations near thé-N transition FIG. 8. Excess heat capacity near fie\ transition obtained in

for nontreatedlopen circles and silane-treate¢solid circleg CPG  an ac run(open circles for bulk 8CB (a) and silane-treated CPG
samples of R=127.3 nm(a) and R=60 nm(b). Note much stron-  sample of pore diameterR2=395 nm(b). Solid lines represent fits
ger pretransitionaC, wing in the case of silane-treated samples. to the ansatz1).

critical exponent anda=[T-Tya(R) ]/ Tya(R) is the reduced L .
temperature. Figure 8 shows an example of such analysis The.most S|gn|f|ca}nt f_eatures at both transitions are col-
carried out on the bulk 8CBFig. 8a)] and silane-treated 'cCted in Table I and in Figs. 9 and 10. In Figeag9(c), we
CPG sample of R=395 nm. The size of thH-A anomaly of compare the phase temperature Shifidy=T(bulk)
silane-treated CPG samplg&Cy(max] shrinks even more -Tin(R), ATNA=TNA(bu|k?—TNA(R), and the enthalpy
dramatically with decreasing pore diameter than in nonthangessHiy, Liy, dHya in silane-treated and nontreated
treated samplefL7]. Similar to the case of nontreated CPG §amples. The critical 'behayllor of tie A transition is shown
samples, it was found out that although rather favorale I Fig. 10. The effective critical exponents=0.09 and 0.06

could be obtained, the fits to data for the pore diameterfdr 2R=395 nm and 127.3 nm, respectively, show similar a

below 100 nm of silane-treated samples suffer from Sigmﬁ_decreasing trend toward the value of the three-dimensional

cant rounding effectésee again Fig. 7and were not stable XY model(3D XY) as reported for nontreated samp[@s]

Nematic

against range shrinking. (Fig. 10.
o 4 2™ L lll. THEORY
03f R=1273mm (a) In this section, we introduce the effective phenomenologi-
5% O non-treated cal description of the system in order to estimate the relative
02 g g & Slanedreated importance of different parameters on the phase behavior of
% the system. The previously published mod&¥] was ex-

tended by taking into account in more detail the two-
component character of LC ordering within voids.

P

AC_ (J/gK)
<
<

0.15} 2R=60nm 2 (b)

non-treated A. Free energy

silane-treated

¢

0.10¢ g . We describe the orientational LC ordering in conventional
terms[17] of the nematic director fieldi and the uniaxial
nematic order paramet& The isotropicliquid) and rigidly
aligned ordering are specified 820 andS=1, respectively.
- The smectic layer ordering is described in terms of the

T-T. (K) complex order parametef= 7€ ¢ [17]. The smectic transla-
tional order parametey measures the degree of smectic lay-

FIG. 7. Comparison o€,(T) variations near th&l-A transiton ~ €ing. For»=0, the system is translationally invariant and
for nontreatedopen circles and silane-treate¢solid circley CPG ~ Spatially homogeneous. The phase facfodetermines the
samples of R=127.3 nm(a) and 2R=60 nm(b). Note much stron-  position of smectic layers.
ger suppression of th€, anomaly in the case of silane-treated  In thermodynamic bulk equilibriumj is homogeneously
samples. aligned along a symmetry breaking direction. The orienta-

Nematic
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TABLE |. Phase transition temperature shifts for 8CB in controlled-pore glasses of various pore diarRefdsoZhown are width of
the nematic phas&T)y, the peak value of the excessive heat capam‘:ﬂ’ax at theN-A transition, enthalpy changes of thé&l andN-A phase

transitions, and the effective critical exponent,. Labels “NT” and “ST” in the first column denote nontreated and silane-treated samples,
respectively.

(nm) (K) (K) (K) /g K) /9 J/9 J/9 /9 ana
8CB bulk 0.00 0.00 6.96 2.224 7.97£0.1  577+0.1  220+0.05  0.80+0.03  0.27+0.03
395.0 NT 1.08 1.00 6.83 0.569 7.80+0.1  5.85+0.1 1.95+0.05  0.70£0.03  0.19+0.05

127.3 NT 1.80 2.25 7.36 0.297 7.77+£0.1 6.09+0.1 1.68+0.05 0.63+0.03 0.10+0.08
72.9 NT 2.03 2.60 7.48 0.169 7.57+0.1 6.17+0.1 1.40+0.05 0.43+0.03 0.07+0.10
23.7 NT 2.55 3.76 8.12 0.033 7.38+0.2 6.22+0.2 1.16+0.1 0.12+0.02 0.04+0.15
395.0 ST 0.34 0.43 7.00 0.351 7.66+0.1 5.85+0.1 1.81+0.05 0.74+0.03 0.09+0.05
127.3 ST 0.52 0.64 7.03 0.121 7.68+0.1 6.43+0.1 1.25+0.05 0.52+0.03 0.06+0.10
60.0 ST 0.44 0.16 6.63 0.041 7.50+0.1 6.59+0.1 0.91+0.05 0.20+0.02

23.7 ST 1.88 2.80 7.83 0.025 7.19+0.2 6.53+0.2 0.66+0.1 0.11+0.02

tional and translational order parameters attain spatially condensity F is composed from nematifsuperscript(n)] or
stant valuesS=S,, =7, and layers are stacked along smectic[superscript(s)] homogeneoussubscripth), elastic
with the periodicityqy=27/d,, therefore¢=n-ro. (subscripte), surface(subscripts), and the nematic-smectic
In terms of these order parameters, we express the fre@rder parameter couplingsubscriptc) term. In the lowest-
energy functionF of a confined LC phase as order approximation, necessary to describe the qualitative
and rough physical picture of our measurements, we express

= :f (F 4 £ 4§09 1 £ 4 £ ) + f (50 + £9) 7. these terms as expansions in the relevant order parameters,
T_T*
2) =) 5 s

The first integral runs over the entire LC volume and the
second one over the surface confining it. The free-energy

b c
—§S°’+ 234, (33

. K - R
0= 5552+ S0 2+ 7 x 2

2R (nm) K
0 50 100 1?0 z?o 2?0’3?0 3?0 400 450 _ Ry IRV -R)+A X V X A, (3b)
4rn O @ AT, 2
sl O ® AT,
2,89 4 © 2, B 4
52'0 ° o iy = ao(T=Tna) 7 +§77, (30
1+ Q
' )
ot a L 2 L 2 .2
R f&=CimP(R- V= qo)®+ C(i - Vp)? + C i X V 2
65 * 8Hm (b) > =
d +C,|A X Vg? (3d
> © o o)
Bleol
g 1 Il Il } i 1 i oI
Sa20F ' AI rorT ﬁl 020F © non-treated
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1.0F™ A
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o
FIG. 9. (a) Temperature shifts as functions of pore diameter 005 | b
AT(R) of I-N and N-A transitions for nontreate¢open symbols ©
and silane-treate¢solid symbol$ CPG samples(b) Enthalpy as a
function of pore diametesH,y(R) of the I-N transition for non- 000 b e

_ : 0 50 100 150 200 250 300 350 400 450
treated (open symbols and silane-treatedsolid symbol$ CPG

2R (nm)
samples(c) Enthalpy sHya and latent hedlt,y as functions of pore
diameter for nontreatedopen symbols and silanetreatedsolid FIG. 10. Effective critical exponen& as a function of pore
symbolg CPG samples. diameter for nontreated and silane-treated CPG samples.
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fo=- DCnZS, (3e) curvature of voids is not too large in comparison to the smec-
tic order parameter correlation lengfh). Consequently, we
\\(sampleg \Wsamplep assumanS” ~ WS s wiom ~ wien,

f = —MTV\/(SE‘mp'Q+ nzT (3f) We next discuss important characteristic lengths of our
study. The geometry of CPG voids introduces the typical
void radiusR. Liquid-crystal elastic properties define the

f(ss):‘VV(siampleﬂ‘VV(sgampleﬂz- (39 nematic (&,) and smectic(¢) order parameter correlation
The free-energy functiof obeys the invarianceri A dif-  1€ngths&pnase They are roughly expressed (]
ferent sign ofS leads to different physical behavior, so odd K C
terms inSexpansion are allowed. In bulk LC, the free energy &\(T) ~ e &M~ 2 (4)
must be invariant with respect to homogeneous layer trans- Al fh
lation, allowing only even terms ik expansion. At the con- 0 o

fining surface, the translational symmetry is broken, thus Od(\j/vherek and C stand for a characteristic bare nematic and

ter?ﬁe":g;h:rlg&?eliﬁ dbee Iail(cjeenn;nrtr?a?gr?glugct).nst . ¢ smecticA elastic constant. The second derivatives in expres-
P P apts, ¢, sions for &, and & are expressed at equilibrium valu&s

T, ag, B, Tya describe the bulk degree of ordering. Ay — 2 . o
- . ) i i . =S, and =17, respectively. The competition between the
t_acl)<’e th?;(':fta%rg? sz_irni ggfg‘zgo%rg%’?‘f_?ase_lfﬁni':ﬁ(n relevant elastic and surfagerientational or positionalan-

P IN“ NA choring term yields surface extrapolation lengtf$*** [27].

< =[- ' :
2@%] /c;c;uld bSeo(_?);p_rres;s_e(c)i g -(r'eri'I'[A? They are typically expressed as the ratio between the rel-
v Coll ’ INJ =V, TUE= N evant elastic constant and anchoring strengthy., in the

= a7 A ..
=y ag(Tna—T)/ B, and 7,(T>Tya) =0. The positive constant : " _ n. :_
D. describes the coupling between the smectic and nematf?:ematIC phasede’i k/M ;1=1 or2. ; -
Cd ter i ﬂ? Ig t-ord . o If A further length, designated &g, can be introduced if a
order parameter in the lowest-order approximatjad]. kind of disorder is present in the system. In particular, this

this coupling is strong enough, It can trigger a fIrS‘t'orderlength is likely to appear in a system possessing a Goldstone
N-A Ph?‘se transition or gen direct transition between the mode[32]. This mode appears if a continuous symmetry was
|so_':_rr(])p|c anc:_smlec:_lc-A pha?e. d ived by the el tbroken at a relevant phase transition. In our case, the con-

te r][emaK|c N E(ijSKIC pr(;]per 1es dare estc(rjl € dy ete 3SU4huous orientational and translational symmetries are broken
constants, K, andK,,, wherek, does not depend on tem- a} TN and Tya, respectively. This loss of symmetry appears
perature._lq the lowest ordgr, the tempe_ratu.re dependstzence A the so-called gauge fields, representediy in the nem-
the remang Fr?nk elastic constants |slg|venm52fk ' atic and byg(r) in the smecticA phase. Note that perturba-
and K,,~kVs+k?<? where k>0, and kY and k'? are . : ' : .

24 " P24 >" o4 ’ 24 tions in gauge fields evolve on the available length in the

. 4 .
temperature-independef#i8, 29. Note that thek,, contribu- system. To illustrate this, let us consider a nematic phase in a
an-parallel cell of thicknesR. If the plates enforce differ-

tion can be transformed to the surface enclosing the nemat
phase using the Gauss theor30]. Therefore, this term can nt orientational anchoring, then the director field displays a
ypical change on the length scale givenRy

be treated mathematically as a surface contribution, althou
its origin is of bulk type. A value oK, can also be negative. The length, reveals the balance between the elastic and
isorder tendencies, and introduces a kind of domain struc-

The smectic elastic properties are described by the smectgc
compressibility constar(; and by smectic bend elastic con- ture in the system. In our samples, the disorder is introduced
geometrically via random intervoid connections and a rela-

stantC, . In the smecticA phase, both constants are positive.

faczhii g]k:g:ggfr?z(e); tg; ;I)_cg:si'?i\k/‘ssseur\;vall?etggteegt?;cljségﬂs?g;%vely random void curvature. Note that there is still not a
sample \afsample y x (samplé sample ear consensus about this length, although several experi-

Ml , \/\/<nz , V\/<Sl , and \/\l(32 , Where the super-

] . . mental studies confirm this belief. For more details, we refer
script (sample refers either to the silane-treatddample the reader to Refg1,3,33

=sil) or nontreatedsample=nohcase. The surface orienta-

tional ordering term is weighted with tH&(>™'* constant. B. Effective phase behavior

For the nontreated and silane-treated surface, wevser We next derive the effective free energy of the system.
=[1-(n-»)?] andw" =(n-»)?, respectively. The unit vector From it, an estimate of the phase temperature behavior can
v is the local normal of the LC-CPG void interface. There-be inferred. We assume that the system exhibits a domainlike
fore, theseAnsatzeenforce the isotropic tangentiah™")  pattern, where a typical domain resembles a cylinder of ra-
and homeotropicwsV) anchoring. In our approach, the diusR and lengthé,. The lengthé, depends on the disorder
WS2™"® term mimics the disordering tendency of the surfacestrength and is the free parameter in the model. Based on our
[31]. The constantﬁ/\/sslamp'e, W(Szamp'@ measure the smectic recent experimental resulf47], one expects 18 &/R> 1.
ordering coupling strength between surface and smectic layVe also predict that near the void surfdeehere S(r) ~ S,

ers. In nontreated samples, this coupling is relatively weaky(r) ~ 7] the degree of ordering strongly differs from that in
because a relatively small amount of molecules within ahe central regiofiwhereS(r) ~S, 7(r) ~ »]. We refer to this
given layer are in direct contact with the surface. By contrastassumption as thevo-component approach

in treated samples this coupling is expected to be relatively We take into account that perturbations in order parameter
large and promotes the layer growgim the case in which fields [i.e., in S(r) and #(r)] in a bulklike environment
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evolve over the scale given bf,s. In confined systems, 2(¢min)2
finite-size effects must be taken into accountjfse be- aS:W
comes comparable to a characteristic geometric Bjzdn

the case of CPG samples, this can be eithRr(e void  The quantities d" >—k5)/v\/samp'9, d=k/WE™P, )
diametey or &, (the domain lengthdepending on the direc- =c, /V\/Sﬁmp'e andd (s) —C/V\/Sﬁmp'e are the LC extrapola-
tion along which the perturbation is propagating. To take thlsﬂon Iengthsd 2Dc77?)/[ao(T|N T.)S] is the dimensionless
into account, we define the correlation lengff},..of a con-  coupling constant between the smectic and nematic order

(7d)

fined system as parameters, and= k(l /k.
1 1 1 The phase behaV|or of a system described in ternt® isf
g\ /—2 + 5. (5) simple (if &, is not treated as a variational paramgtend
phase Ry &phase already studied in detajlL,17]. For this reason, we summa-

In the limits §phasJRg<1 and &ypasd Ry>1, this Ansatz rize below just the malnfresults Fop,<o.= OE the iso-
y'e|d5§(hase éphaseand © Ry, respectively. We further troplc(le paranematic foo,>0) to nematic phase transi-

assume that perturbed gauge fields typically change on t jon tak_es plaqe_ when the con_d|t|dp:1+on is realized.
scale given b rom this condition, the expression for the phase temperature

Therefore, in CPG samples we typically expect the fol-Shift ATiy=Tiy—Tin(R) is obtained,

lowing magrc1)|tudes of elastic distortiongV S ~AS/ ATy _2(&]max))2 , [€man\2 gman\2z
IVl ~Anl &9, |Vl ~e /Ry, |Vh|~e4/R, Here, As To-T. RO n n
- - INT n Ry
~|S-9~&S Ap~|ns—n|~e,n ande,, e, measure the
magnitude of changes of gauge fields on the distaRge 2(gmay2 o gmax)2
Typically, 1>gs~¢,~e,~£,>0. The quantity 6p=¢ + Rogn% - Rdeni : (8)

-n-fg, measures deviations of the phagefrom its bulk

equilibrium value. We have assumed that the main distorFor o,> 0., the paranematic-nematic transition becomes

tions in order parameter fields take place at the LC-CP@radual.

interface and that this contribution overwhelms the contribu- Recent calculation§34] suggest that the phase behavior

tion arising from topological defects. of this model remains similar also & is a free variable and
We introduce the scaled order parametgfsS/S, qs  if one restricts attention to thieN transition. Therefore, the

=1l 75 Where $=S,(T=T,y) and 7,=7,(T=0). We also I-N transition remains discontinuous fe,< o, whereo is

simplify the model by imposing the following elastic isot- larger but comparable ta.=0.5. In this approach, the value

ropy of the systemk=Kk,= k24, C=Cj=C,. of & is a result of the competition of essentially random
Taking all this into accoungsee Appendix), following a spatially varying surface enforced ordering and the elastic

path similar to that described in detail in R¢17], we end interaction favoring homogeneous orientational alignment.

up with the dimensionless free-energy densit§) The character of thé&l-A transition strongly depends on
=2F | mR%&qag(Tin—T+)Sh. We express it as o andd.. We believe that in our samples, the coupling con-
stantd. is weak enough so that the buM-A transition is

4 . . R .
e 2 o3, 4 of, 2,9 continuous. It is believed18] that the disorder further de-
Q=10 = 200+ Gy~ 0l + A (tsqs * 2 ‘qu3>' ®) creases the value of. Consequently, we limit ourselves for
. , the sake of simplicity to the cask=0. In this case, fowy
Here, A:§f1ma)o/(§(sr_mn)?\(m'”)(10), EMM=¢(T=Ty), €™ =0, theN-A transition remains continuous gt 0. From this
=¢(T=0), and \M"=kS}/(2C7303) is the smectic pen- condition, the expression for the phase temperature shift
etration length afT=0. For typical LCs, one flndsg(max) ATya=Tna—Tna(R) is obtained,

=10 nm,\(Min ~ gsmm>< 1 nm. The quantitie, andts stand AT 2(£min2 gminy\ 2 2(£mim)2
for the effective nematic and smectic dimensionless tempera- NA _ 755 S 2 ( s ) S(Zﬁ_ s_s) (9)
ture andg, and o5 for the effective nematic and smectic Tna Ré&s K Ry Roé,z

ordering field,

T-T. L 24™) 5, (5“‘) 2, A2
Tn—Ts R&C s* " R4

(73 From theC,(T) dependence, shown in Figs. 3 and 4, the
- - Z(ém'” émin) 2 2(§<m‘”))2 I-N_and N-A phas_e behavior can be inferred. We focus on
NA ( s ) 22—, main characteristics as a function of decreaReBoth phase
Tna ém " Ry ¢ R S)z transition temperatures aniCpr peaks become progres-
(7b) sively suppressed. In additioACp(T) dependences become
increasingly broadened.
§(max) 2 2 ‘f(max))z In the nontreated and silane-treated samples, the voids are
on (”—) ﬁ —=Nn___- (70 expected to enforce isotropic tangential and homeaotropic ori-
Ry Rcfe,l entational anchoring, respectively. Pretransitional ordering

For os>0, theN-A transition becomes gradual.

th=
IV. DISCUSSION

ts=
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effects (Fig. 6) observed abovel(R) in silane-treated ture of voids and void interconnections. In silane-treated
samples indicate that the surface enhances the degree of osamples, in addition, the elastic distortion along the void

entational ordering. This suggests that the surface orderingiameter is expected in order to avoid singularityiiat the
term prevails over the disordering one. Thereforevoid's center. However, the results indicate that this is not the
Mslample>v\4;ample [see Eq.(3f)], where the superscript Case We believe that the main reason behind this is the iso-

(sample stands either for the nontreatégample=non or tropic tangential anchoring character, which does not single

silane-treatedsample=sil case. The pretransitional effects out only one preferred direction. The noncoherent contribu-

o .tions from different regions give rise to elastic distortions
are more pronounced in silane-treated samples, Suggestiehich are comparable to those in silane-treated samples.

sil) non sil) non) sample . !
W >W511. _ and W >Ws . Here, W, refzvrssgrcr)]ptlgle ~ The anchoring strengths can be inferred from the follow-
larger lposmonal anchoring strength of the p&il;™™",  ing reasoning. The first-order character of thi transition
wsample. for all R suggests thatr,(R=23.7 nm < o. According to

The ATp(R) dependences shown in Fig(a9 exhibit  Eq. (7¢), we obtain & /R)2s2+2(£™)2/Rd" < o
qualitative similarity for both silane-treated and nontreated~0.5. In the nontreated sample, the tangential anchoring is
samples that is also suggested by our temperature shift estealized. For such an anchoring condition, ¥g contribu-
mates[Eqs. (8) and (9); the subscript PT stands either for tion is expected to be relatively smadB5], suggesting that
I-N or N-A]. BecauseATpr(R) >0, the disordering elastic WS, < (Rk$/4)(£™)2.  For k$~5X1072N, R
terms in temperature shifts must be larger than the surface23.7 nm, and &M~ 15 nm, we obtain
ordering contributions. Among elastic contributions, the\/\/ﬁ1”1°”)50< 10# J/m?, which seems reasonable. Note also
terms reflecting the two-component character of the orderinghat theN-A anomaly becomes less pronouncedRais re-
are dominant. In order to show that, we first compare mageluced, in line with the prediction that the, term gives rise
nitudes of thel-N temperature shifts due to the nematic di- to a graduaN-A transition.
rector gauge field AT{3%% = (T, - T.)(£"¥/R)%?] and We further point out that on decreasiRy the magnitude
the order parameter fiel§(r) variations at the LC-void in- of temperature shifts in silane-treated and nontreated samples
terface [AT(® = (T)y~T.)2(£™)2/Re%%2]. In order to ~becomes comparable foR2<30 nm. We believe that in this
estimate the upper limits of temperature shifts, we set egime, the Weal_< orientational anchorlng I|m|t_ in the S|Ia_ne-_
=¢,=1. We further assum%c)N%mam and Ry~ AR, where treated samples is reached. Here, the orientational ordering is
A=1. For 8CB it roughly holdfnma”~15 nm andT, - T- dc.)mlnate(.:i.by steric effects as in .nontreated sar_nplt_es. Below
1 K. For 2R=300 nm we obtainATo % — 0 01 K/\2 this transition, _the surface ordering term contr|but|on§ be-
ATO 0ok and for R=30 nm Temperature shifts come substarm)ally degreasgd. From 'the wgak anchoring re-
AT[glaugawl' K/n2. ATf,(\’,'de')~2 K. One sees thAfI'f,‘\’,rder)(R) quirementR/d_, <1, triggering the orientational structural

IIN I I tor NI transition in the silane-treated sample, we obtain the estimate
values are comparable to measured values for all CPG mg;, 50\/\4131”) For R~15nm, we get SoVVfl'DMK/R<3

trices. A similar conclusion is valid for thdl-A transition %104 3/ne.

[see Eq.(9)], thereforeATﬁ/rf_ier)(R)>AT=3:UQQ(R)- In this We next discuss the critical behavior 8€,,(T) across the
case, the order and gauge fields referto) and (1), re- A phase transition. As shown ifiL7], the peak value
spectively. et 9 Acgmax)(R) of the excess heat capacity for the nontreated
In the regime vx./hereR~§£1 , One expects, ”Rggfd';- samples together with aero$il8] and aerogel dato] fol-
Therefore, according to Eq8) one would expeciT low for R>20nm the finite-size scaling lana C(MmaxX

«1/R? and ATfﬁ’f‘”ge“ 1/R?. However, this scaling was nOt.:A*(IOISHO)“/VH[l+D*(I0/§H°)‘A”’”]+B [solid line in Fig. 11,
observeq. This may be a consequence pf the fact that withee 150 Eq(1) and for more details Appendix I ifL8]].
decreasingR, the weak anchoring limit is approached aspere the bulk 8CB critical parameters were uggeee|[18]
demonstrated in Appendix II. Consequently, th%agalues obnd Table 1l in[17]) with the bulk 8CB bare correlation
eR) ande,(R) decrease. Hence, in the regie- £ one  |ength value of’ 0.9 nm as derived from the recent x-ray
expects a significant influence ef(R) ande,(R) variations  experiments[18,3§. The mean-open length in the case of
in temperature shifts becaus&T(S® /R, AT  CPG data was equal to the pore diaméger2R. In the case
«g2/R%. A similar conclusion is also valid for the of aerosil datal,=2/aps with the specific surface area
ATifgde')(R) and AT(h‘f’f\‘“ge(R) dependences. =100 n? as suggested by recent x-ray resiii§ and pg is
Although the elastic distortions dominate the behavior ofthe mass of aerosil particles per twof liquid crystal. The
temperature shifts, the surface ordering tendencies remaipbserved scaling indicates that in 8CB-based confined sys-
nevertheless apparent. Note also that larger temperatutems with nontreated surfaces, finite-size effects may be
shifts are observed in nontreated samples. This observatigiominant down to R~20 nm. For the silane-treated CPG
could be explained by assuming that the surface orderingamples, this scaling is not observegen circles in Fig. 11
tendencies are larger in silane-treated samples, while thi appears though that, except for one point BR=23.7 nm,
elastic distortions are comparable for both surface treatmentge silane-treated data follow a similar parallel curve signifi-
for a given value ofR. One would naively expect weaker cantly shifted to IowerACf)maX) values. We believe that this
elastic distortions in the nontreated case. Namely, for the\C(™®* suppression in the case of silane-treated samples is a
preferential alignment along the long void's axis, one wouldresult of strong void-LC interactions. The origin of the de-
expect that the main elastic distortions arise from the curvaviation at 2R=23.7 nm is at the present not clear, though it
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tion for 2R>24 nm. This scaling has also been observed in
1k o CPG n_on-treated 8CB-aerogel and 8CB-aerosil confined systems. This indi-
F @ CPG silane-treated cates that finite-size effects may be dominant in these sys-
O aerosils tems for R>24 nm. We believe that belowR2~24 nm, the
Q O aerogels relative role of randomness becomes increasingly important
o0 | FSS on decreasindgr. In the silane-treated samples, this behavior
= ° is considerably changed by surface wetting interactions. It
E . was also found that the critical exponemtR) exhibits in
UQ CPG systems a crossover toward a 3¥ value with de-
] a creasingR.
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ENERGY

10 (nm)

may be related either to less successful silanization of very . .
small voids or to some particular domain state enforced b)i We originate from the equation féf [Eqs.(3a83g)] and

increasing disorder in CPGs with small pores, which cance ak‘;‘; Into Iaccl:ounththe scalmgf introduced in 3ec. Ine. IWe
partly the influence of the surface. urther calculate the average free energy per domain volume

— 2 H —
The N-A transition is for most samples sufficiently sharp Va= 7R & that is surrounded by aref=2mRé,. It follows

to extract the critical exponents of this transition. Using athat

standard fitting procedurésee Fig. 8 we obtain similar oF
a(R) dependence to that in aerogel and aerosil samples men- Q=—rr"
tioned above. This analysis suggests that the critical behavior Vaao(Tin = TS
of the system crosses from the tricritical behavior towards 1 ) 4 ) 2 (S o (O 3-
the 3DXY universality class on decreasifysee Fig. 10 It ~ vd (Oh' +9e *+ 0y +0e +0o)dr
is believed that this behavior reflects the increasing role of
disorder. Consequently, the coupling between the smectic Vg M) L (2>
and nematic order parameters is progressively weakened. In + (9" +957)dT
: Aq

the decoupled limit, the pure 3RY behavior is expected.
=0+ + 0P +0P+ Q.+ 0N+ QP (A1)

V. CONCLUSIONS The first integral runs over the average domain. volume_ and
the second one over the surface that surrounds it. The dimen-
We studied the influence of CPG confinement on thesionless free-energy densities are given by
[-N and N-A phase transitions by means of high-resolution
calorimetry. The CPG matrices were either treated with si-
lane or nontreated. Consequently, the homeotropic or isotro-
pic tangential anchoring was imposed to 8CB molecules, re-
spectively. The latter condition is realized only folR2 10
=24 nm. In all cases, theN transition remained discontinu- W
ous and théN-A one continuous or gradual, but with empha- 0%y
sized continuous-type phase transition features. Both transi-

w06
tion temperature shifts displayed qualitative similarities as a E fﬁ‘i —O0— W, =5x10" Yjm’

gg]n) — T_ T*
T|N _T*

95— 203+,

function of R. The leading term in temperature shifts is at- N.04 1 —O—W_=5x10° Jjm’
tributed to order parameter variations at the LC-void inter- o2k —O—W,,=5x10" J/m
face. Weaker temperature shifts are observed in silane- I
treated samples, where the surface ordering tendency is O = T 15 16 1

larger. We obtain bound estimat ”10“)SO< 104 J/n? and RJE ™

SWSV <3 1074 I for the positional anchoring strengths '

of the non treated and silane-treated samples, respectively. FIG. 12. Magnitude of the two-component characigrAq
In nontreated samples, the specific-heat amplitude at theAS/S, as a function oﬂ?/ggma”:K/Zcr andW,; att=1 andS

N-A transition perfectly obeys the finite-size scaling predic-=2S,.
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2 (g(mln 22(§gmin))2

~ (&M V anf2 +| V APgh) — (&) B
R qS R S) qS !
,1 2

X{V -[A(V -A) +A X V X fil}gp,

f ~

(A3)

where g, and gg stand for average order parameter values

T-T 4 within the domain. By collecting the terms in front of linear
6= A2 NA 2 Os : .
T st ) and quadratic order parameter terms, we obtain the expres-
NA sion (6).
~ A2(§(Sm'”) 2(q5| \v/ 5¢|2+ | \v} qs|2) APPENDIX B: TWO-COMPONENT BEHAVIOR
In this appendix, we show how the cavity size and the
Oc=— ngqn, strength of anchoring influence the two-component behavior
of the order parameter.
z(émaX))Z (§<max))2 We consider a nematic phase confined to an infinite cyl-
gl = - =20 fsampleg 0 —n 2, inder of radiusR. The director field is aligned along the
R R symmetry axis. The surface tends to increase the degree of
o) i orientational ordering. It enforceS(p=R)=S, and S>S(p
2(gminy2 2(&£mm)2 =0), wherep stands for the radial coordinate of the cylindri-
= - AT R (A2) . ’

cal coordinate system. We model the surface ordering term
with fV=-2WS"R[S_SR)J2 We use the scaling pre-
Here 8¢=¢—1i-fq, measures departures from the equilib- sented in Sec. il B, introduce the dimensionless coordinate

rium phase value. We take into account specific behavior ofi= /R, and assume a cylindrically symmetric solution. With
gauge and order parameter fields, and the two-componeggjs in mind, we obtain

approach. We carry out the integrations and obtain )
J
Q= J {tq2 -2+ qt+ K(ﬁ—3> }udu— a(gs— 9)?,

(B1)

X 1 )2
240 [ glma\ 2 gman |2 gman |2 where q=S/S, 4s=S/S, t=T-T./ Ty~ T, k=(£"/R)?,
o ~ ?( o) et Rg 2 eadh  ando=2(")2/Rd",

n The corresponding Euler-Lagrange equations read

S
R, R,

ik -20. +
T = T*q qn CIn-

Q(n)

© _ p2[ T=Tha - }4) a2 4 903 ( q 1‘9q>
(0N A( - qs+2qS , gqt—39°+2q u >+ uou 0, (B2)
2§(°) §(min))z (g(max)>2 ] @ B )=
Q(s)NAz{_S(s_ 22+ ) 22|, kK —0(gs~0q) =0, (B3)
e R §(Sc) 7ds Rg s ou
where the former and the latter equation describe the condi-
Q. ~ _dcngn, tions within the cylinder and at the cylinder wall, respec-
tively. In Fig. 12, we plots;=Aq=gs—q(u=0) as a function
(gmaxy2 émax))z of_ K/20':R/§§1max) for different values pwnl. One sees that
Q(sn) _— SOt ) qr2v with decreasind, the value ofAq begins to apparently de-
R R crease in the regime/ &M ~1.
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