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The high-resolution calorimetric study was carried out on octylcyanobiphenyl liquid crystal(LC) confined to
various controlled-pore glass(CPG) 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 smectic-A 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 smectic-A transition was observed for void diameters
larger than 20 nm. In silane-treated samples, this behavior is considerably changed by surface wetting
interactions.
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I. INTRODUCTION

The study of quenched disorder and confinement effects
on various phase transitions of liquid crystals(LC) has been
a very active field of research[1]. It continues to attract
considerable attention and is of high interest for the basic
physics of phase transitions and also for several applications
[1–3]. Experimentally, quenched disorder systems could be
realized either by confinement of LC to various porous ma-
trices or by dispersions of small particles in host LC fluid
[1,4–9]. As inclusions in LC emulsions, spherular aerosil
particles[9,10] are typically used. In most cases, inclusions
form a responsive grid which can rearrange for strong
enough elastic distortions imposed by a hosting LC phase.
Controlled-pore glasses(CPGs) and aerogels are often used
as confining media. In aerogels—the most widely used con-
fining media—voids are separated by randomly intercon-
nected silica strands and the geometry of voids is strongly
irregular [4,11–14]. The geometry of voids in CPG systems
is, in contrast, much better defined and also controllable
[15,16]. 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
confinement and disorder can be controlled by changing the
typical void diameter(CPG, aerogels) or changing the con-
centration of aerosil particles.

Although the influence of the confinement and disorder on
the nematic and smectic ordering in LCs was studied by
various experimental techniques[2,10–12,16], the calorimet-
ric method was found to be particularly adequate to deter-
mine the nature of liquid crystalline phase transitions in such
confinements[4,9,13,14]. Most detailed studies of the influ-
ence of quenched disorder on nematic and smectic ordering

have been performed on octylcyanobiphenyl(8CB) confined
to 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
particles, the phase transitions are shifted to lower tempera-
tures and become smeared and even gradual for high enough
densities. Very recently, however, it was shown that in the
systems with the specific range of pore diameters, the finite-
size effects may play a dominant role[17,18].

In this contribution, we present a high-resolution calori-
metric study of 8CB LC confined to CPGs with different
characteristic void diameters. In order to study the influence
of the surface-induced ordering effects on the quenched dis-
order influenced nematic and smectic ordering, experiments
were performed on CPG matrices treated with silane and
compared with results obtained on nontreated CPGs[17]. In
Sec. II, the experimental setup and measurement results are
described. The theoretical background is provided in Sec. III
and the results are discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Sample preparation

We studied the phase behavior of the 8CB liquid crystal
confined to the CPG matrices. On lowering the temperature,
the bulk 8CB exhibits a weakly first-order isotropic-nematic
sI-Nd and presumably second order nematic–smectic-A
sN-Ad phase transition at temperaturesTIN,314 K andTNA
,307 K f4,9,19–21g, respectively. Some authors claim
that theN-A transition is very weakly discontinuous due to
the so-called Halperin-Lubensky-MasHLM d effect
f22,23g or because of the presence of impuritiesf17g. In
the smectic-A phase, a smectic partial bilayer structure is
formed.

The 8CB LC was embedded in CPG porous matrices pur-
chased from CPG, Inc. The CPG material came in the form*URL: http://www2.ijs.si/~kutnjak
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of submillimeter porous grains. The strongly interconnected
CPG voids within them resemble cylinders of radiusR. The
distribution of CPG pore radii is rather narrow, typically in
the range of 5–10%. We used CPG matrices with average
pore diameters 2R=395, 127.3, 72.9, 60, and 23.7 nm. As an
illustration, the scanning electron micrograph(SEM) of two
different empty CPG matrices is shown in Figs. 1 and 2. The
void surface is smooth down to the nm scale. The CPG voids
were either treated with silane or were left nontreated. We
henceforth refer to these samples assilane-treatedandnon-
treatedsamples, respectively.

Prior to filling with 8CB, the CPG matrices were cleaned
by immersing them into a 1:1 mixture of concentrated
H2SO4 and HNO3 for 24 h. Then they were extensively
washed in distilled deionized water and evacuated. This pro-
cedure was repeated until a neutralpH of water containing
CPG particles was reached. The CPG matrices were finally
dried in vacuum at 250 °C for 24 h.

Silane-treated CPG matrices were prepared by immersing
the cleaned CPG matrices for 10 min in a 2% water solution
of octadecyldimethyl(3-trimethoxysilylpropyl) ammonium
chloride sC26H58ClNO3Sid. The matrices were then dried in
vacuum at 110 °C for 48 h.

The CPG matrices were filled with 8CB in its isotropic
phase. Nontreated voids enforce the isotropic tangential an-
choring to the 8CB molecules[15,24], because approxi-
mately the direction along the cylinder axis of a void is pref-
erably selected due to the steric effects. The silane coating is
known to enforce homeotropic anchoring[16].

B. Experimental setup

Heat-capacitysCpd data of CPG samples were acquired by
a computerized calorimeter. Description of the technique was
extensively given in Refs.[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 theCp data.
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
thermal resistivityRT<250.

In the ac mode, the oscillating heatPace
ivt with the fre-

quencyv=0.0767 s−1 is supplied to the sample by a thin
resistive heater. The temperature oscillationsTac
=Pac/ s1/RT+ ivCd of the sample are detected by the small
bead 1 MV thermistor. The ac mode does not provide a
quantitative value of the latent heat in the case of the first-
order transition. However, the phase shift of theTac signal
can be useful in discriminating between the first- and second-
order phase transitions[25] due to its anomalous response in
the former case. The data were taken on cooling the sample
from the isotropic phase with the cooling rates between
100 mK/h and 300 mK/h. The typical amplitudes ofTac
were between 10 mK and 20 mK.

In the relaxation mode, the heater power supplied to the
cell is linearly ramped[25]. The effective heat capacity is
calculated from Cp=dH/dT=fP−sT−TBd /RTg / sdT/dtd,
whereRT=fTs`d−TBg /P0 andH is the sample enthalpy.P is
the power at some time 0ø tø t1 corresponding to sample
temperatureT betweenTB and Ts`d. The initial and final
sample temperatures areTs`d and TB, respectively. Sample
temperature heating/cooling ratedT/dt is calculated over a
short time interval centered att. Except fort. t1 and a brief
period of time just aftert=0, the temperature ratedT/dt is
nearly linear. Here typicallyt1<480 s, during which about
1500 sample temperatureTstd data points were taken. The
relaxation-mode data have slightly lower signal-to-noise ra-
tio in comparison to the ac mode. However, the advantage of
this mode, known also as the nonadiabatic scanning mode, is
its much better sensitivity to latent heat than that of the ac
mode. The typical heating/cooling rate ofdT/dt<7.5 K/h
was used in the relaxation mode and the typical ramping
stepsTs`d−TB 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 heatCp of silane-
treated samples is compared withCpsTd of previously pub-
lished nontreated samples[17]. For the bulk sample—also
added for reference—we obtainTIN=313.67 K and TNA
=306.71 K, in reasonable agreement with previously pub-
lished values[4,9,19–21]. It is observed that by decreasing
the CPG pore radiiR, the phase transition temperatures
TINsRd and TNAsRd in both types of samples monotonously
decrease, and that both phase transition anomalies become
progressively rounded and suppressed. However, the magni-

FIG. 1. The SEM photograph of an empty controlled-pore glass
matrix with 2R=395 nm.

FIG. 2. The SEM photograph of an empty controlled-pore glass
matrix with 2R=60 nm.
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tude of transition temperature suppression is significantly
smaller in the case of silane-treated samples(compare Figs. 3
and 4).

The excess specific heatDCPT=Cp−CPT
sbased, associated

with energy fluctuations of some particular LC phase transi-

tion, was obtained by subtracting the background(also called
the base-line) contributionCPT

sbased from the measuredCpsTd
dependence. Here the subscript PT stands either for theIN
sPT=INd or NA sPT=NAd phase transition. An illustration of
base line subtraction across theI-N phase transition is given
in Fig. 5.

The excess enthalpy across a LC phase transition is then
given by DHPT=dHPT+LPT. The latent heatLPT is different
from zero only for the first-order phase transition. In our
measurements this is revealed via differences in ac and re-
laxation runs, see Fig. 5. The continuous variation of the
enthalpy is given bydHPT=eDCPTdT, revealing the extent of
pretransitional and posttransitional features. As illustrated in
Fig. 5, with decreasing pore diameter theI-N latent heat
decreases significantly[compare differences between ac and
relaxation data in Figs. 5(a) and 5(b) and see also Ref.[26],
which deals with that issue]. However, in all CPG samples,
the I-N transition remains discontinuous. TheN-A 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 theN-A Cp anomaly of silane-
treated samples becomes strongly suppressed and widened
(Fig. 7).

For the continuousN-A transition, we carried out the criti-
cal exponent analysis. We used the standard power-law form

DCNAsRd = A±ur u−asRds1 + D±ur u0.5d + B. s1d

The signs6 refer to temperatures above(1) and below(2)
the N-A phase transition temperatureTNAsRd. A±, D±, andB
represent usual amplitude, correction-to-scaling amplitude,
and critical background, respectively.asRd is the effective

FIG. 3. Temperature dependence ofCp data obtained in an ac
mode for different nontreated CPG samples[17]. The bulk 8CB
reference sample is also added. TheCp data for 2R=127.3 nm,
72.9 nm, and 23.7 nm were shifted by a constant background value
of 3 J/g K, 6 J/g K, and 9 J/g K.

FIG. 4. Temperature dependence ofCp data obtained in an ac
mode for different silane-treated CPG samples. The bulk 8CB ref-
erence sample is also added. TheCp data for 2R=127.3 nm, 60 nm,
and 23.7 nm were shifted by a constant background value of
3 J/g K, 6 J/g K, and 9 J/g K.

FIG. 5. The temperature dependence ofCp data obtained in the
relaxation mode(open circles) and ac mode(solid line) for the CPG
sample of 2R=127.3 nm(a) and the CPG sample of 2R=23.7 nm
(b) near theI-N transition. The dashed baseline represents theCp

backgroundsCIN
sbasedd expected in the absence of all transitions.
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critical exponent andr =fT−TNAsRdg /TNAsRd is the reduced
temperature. Figure 8 shows an example of such analysis
carried out on the bulk 8CB[Fig. 8(a)] and silane-treated
CPG sample of 2R=395 nm. The size of theN-A anomaly of
silane-treated CPG samplesfDCpsmaxdg shrinks even more
dramatically with decreasing pore diameter than in non-
treated samples[17]. Similar to the case of nontreated CPG
samples, it was found out that although rather favorablexn

2

could be obtained, the fits to data for the pore diameters
below 100 nm of silane-treated samples suffer from signifi-
cant rounding effects(see again Fig. 7) and were not stable
against range shrinking.

The most significant features at both transitions are col-
lected in Table I and in Figs. 9 and 10. In Figs. 9(a)–9(c), we
compare the phase temperature shiftsDTIN=TINsbulkd
−TINsRd, DTNA=TNAsbulkd−TNAsRd, and the enthalpy
changesdHIN, LIN, dHNA in silane-treated and nontreated
samples. The critical behavior of theN-A transition is shown
in Fig. 10. The effective critical exponentsa=0.09 and 0.06
for 2R=395 nm and 127.3 nm, respectively, show similar a
decreasing trend toward the value of the three-dimensional
XY model (3D XY) as reported for nontreated samples[17]
(Fig. 10).

III. THEORY

In this section, we introduce the effective phenomenologi-
cal description of the system in order to estimate the relative
importance of different parameters on the phase behavior of
the system. The previously published model[17] was ex-
tended by taking into account in more detail the two-
component character of LC ordering within voids.

A. Free energy

We describe the orientational LC ordering in conventional
terms [17] of the nematic director fieldnW and the uniaxial
nematic order parameterS. The isotropic(liquid) and rigidly
aligned ordering are specified byS=0 andS=1, respectively.

The smectic layer ordering is described in terms of the
complex order parameterc=heif [17]. The smectic transla-
tional order parameterh measures the degree of smectic lay-
ering. Forh=0, the system is translationally invariant and
spatially homogeneous. The phase factorf determines the
position of smectic layers.

In thermodynamic bulk equilibrium,nW is homogeneously
aligned along a symmetry breaking direction. The orienta-

FIG. 6. Comparison ofCpsTd variations near theI-N transition
for nontreated(open circles) and silane-treated(solid circles) CPG
samples of 2R=127.3 nm(a) and 2R=60 nm(b). Note much stron-
ger pretransitionalCp wing in the case of silane-treated samples.

FIG. 7. Comparison ofCpsTd variations near theN-A transition
for nontreated(open circles) and silane-treated(solid circles) CPG
samples of 2R=127.3 nm(a) and 2R=60 nm(b). Note much stron-
ger suppression of theCp anomaly in the case of silane-treated
samples.

FIG. 8. Excess heat capacity near theN-A transition obtained in
an ac run(open circles) for bulk 8CB (a) and silane-treated CPG
sample of pore diameter 2R=395 nm(b). Solid lines represent fits
to the ansatz(1).
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tional and translational order parameters attain spatially con-
stant valuesS;Sb, h;hb, and layers are stacked alongnW
with the periodicityq0=2p /d0, thereforef=nW ·rWq0.

In terms of these order parameters, we express the free-
energy functionF of a confined LC phase as

F =E sfh
snd + fe

snd + fh
ssd + fe

ssd + fcdd3r
W

+E sfs
snd + fs

ssddd2rW.

s2d

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

density F is composed from nematic[superscriptsnd] or
smectic[superscriptssd] homogeneous(subscripth), elastic
(subscripte), surface(subscripts), and the nematic-smectic
order parameter coupling(subscriptc) term. In the lowest-
order approximation, necessary to describe the qualitative
and rough physical picture of our measurements, we express
these terms as expansions in the relevant order parameters,

fh
snd =

a0sT − T*d
2

S2 −
b

3
S3 +

c

4
S4, s3ad

fe
snd =

k0

2
u¹W Su2 +

K

2
fs¹W ·nWd2 + u¹W 3 nWu2g

−
K24

2
¹W · fnWs¹W ·nWd + nW 3 ¹W 3 nWg, s3bd

fh
ssd = a0sT − TNAdh2 +

b

2
h4, s3cd

fe
ssd = Cih

2snW ·¹W f − q0d2 + CisnW ·¹W hd2 + C'h2unW 3 ¹W fu2

+ C'unW 3 ¹W hu2, s3dd

TABLE I. Phase transition temperature shifts for 8CB in controlled-pore glasses of various pore diameters 2R. Also shown are width of
the nematic phaseDTN, the peak value of the excessive heat capacityDCp

max at theN-A transition, enthalpy changes of theI-N andN-A phase
transitions, and the effective critical exponentaNA. Labels “NT” and “ST” in the first column denote nontreated and silane-treated samples,
respectively.

2R
(nm)

DTIN

(K)
DTNA

(K)
DTN

(K)
Cp

max

(J/g K)
DHIN

(J/g)
dHIN

(J/g)
LIN

(J/g)
DHNA

(J/g) aNA

8CB bulk 0.00 0.00 6.96 2.224 7.97±0.1 5.77±0.1 2.20±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

FIG. 9. (a) Temperature shifts as functions of pore diameter
DTsRd of I-N and N-A transitions for nontreated(open symbols)
and silane-treated(solid symbols) CPG samples.(b) Enthalpy as a
function of pore diameterdHINsRd of the I-N transition for non-
treated (open symbols) and silane-treated(solid symbols) CPG
samples.(c) EnthalpydHNA and latent heatLIN as functions of pore
diameter for nontreated(open symbols) and silanetreated(solid
symbols) CPG samples.

FIG. 10. Effective critical exponenta as a function of pore
diameter for nontreated and silane-treated CPG samples.
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fc = − Dch
2S, s3ed

fs
snd = −

Wn1
ssampledS

2
wssampled +

Wn2
ssampledS2

2
, s3fd

fs
ssd = − Ws1

ssampledh − Ws2
ssampledh2. s3gd

The free-energy functionF obeys the invariance ±nW. A dif-
ferent sign ofS leads to different physical behavior, so odd
terms inSexpansion are allowed. In bulk LC, the free energy
must be invariant with respect to homogeneous layer trans-
lation, allowing only even terms inc expansion. At the con-
fining surface, the translational symmetry is broken, thus odd
terms inc should also be taken into account.

The temperature-independent material constantsa0, b, c,
T* , a0, b, TNA describe the bulk degree of ordering. ForDc
=0, the first-orderI-N and second-orderN-A phase transition
take place atT=TIN;T* +3c2/32a0b and T=TNA. The bulk
order parameters could be expressed asSbsTøTINd=f−b
+Îb2+4ca0sT* −Tdg /2c, SbsT.TINd=0, hbsTøTNAd
=Îa0sTNA−Td /b, andhbsT.TNAd=0. The positive constant
Dc describes the coupling between the smectic and nematic
order parameter in the lowest-order approximation[27]. If
this coupling is strong enough, it can trigger a first-order
N-A phase transition or even direct transition between the
isotropic and smectic-A phase.

The nematic elastic properties are described by the elastic
constantsk0, K, andK24, wherek0 does not depend on tem-
perature. In the lowest order, the temperature dependence of
the remaining Frank elastic constants is given byK,kS2,
and K24,k24

s1dS+k24
s2dS2, where k.0, and k24

s1d and k24
s2d are

temperature-independent[28,29]. Note that theK24 contribu-
tion can be transformed to the surface enclosing the nematic
phase using the Gauss theorem[30]. Therefore, this term can
be treated mathematically as a surface contribution, although
its origin is of bulk type. A value ofK24 can also be negative.
The smectic elastic properties are described by the smectic
compressibility constantCi and by smectic bend elastic con-
stantC'. In the smectic-A phase, both constants are positive.

The interaction of the LC phase with the enclosing sur-
face is characterized by positive surface potential constants
Wn1

ssampled, Wn2
ssampled, Ws1

ssampled, andWs2
ssampled, where the super-

script (sample) refers either to the silane-treatedssample
=sild or nontreatedssample=nond case. The surface orienta-
tional ordering term is weighted with theWn1

ssampled constant.
For the nontreated and silane-treated surface, we setwsnond

=f1−sn→ ·n→d2g andwssild=sn→ ·n→d2, respectively. The unit vector
n→ is the local normal of the LC-CPG void interface. There-
fore, theseAnsätzesenforce the isotropic tangentialswsnondd
and homeotropicswssildd anchoring. In our approach, the
Wn2

ssampled term mimics the disordering tendency of the surface
[31]. The constantsWs1

ssampled, Ws2
ssampled measure the smectic

ordering coupling strength between surface and smectic lay-
ers. In nontreated samples, this coupling is relatively weak
because a relatively small amount of molecules within a
given layer are in direct contact with the surface. By contrast,
in treated samples this coupling is expected to be relatively
large and promotes the layer growth(in the case in which

curvature of voids is not too large in comparison to the smec-
tic order parameter correlation lengthjs). Consequently, we
assumeWs1

ssild,Ws2
ssild@Ws1

snond,Ws2
snond.

We next discuss important characteristic lengths of our
study. The geometry of CPG voids introduces the typical
void radius R. Liquid-crystal elastic properties define the
nematic sjnd and smecticsjsd order parameter correlation
lengthsjphase. They are roughly expressed as[27]

jnsTd ,Î k

]2fh
snd

]S2

, jssTd ,Î C

]2fh
ssd

]h2

, s4d

wherek and C stand for a characteristic bare nematic and
smectic-A elastic constant. The second derivatives in expres-
sions for jn and js are expressed at equilibrium valuesS
=Sb and h=hb, respectively. The competition between the
relevant elastic and surface(orientational or positional) an-
choring term yields surface extrapolation lengthsde

sphased [27].
They are typically expressed as the ratio between the rel-
evant elastic constant and anchoring strength(e.g., in the
nematic phase,de,i

snd,k/Wi
snd; i =1 or 2).

A further length, designated asjd, can be introduced if a
kind of disorder is present in the system. In particular, this
length is likely to appear in a system possessing a Goldstone
mode[32]. This mode appears if a continuous symmetry was
broken at a relevant phase transition. In our case, the con-
tinuous orientational and translational symmetries are broken
at TIN andTNA, respectively. This loss of symmetry appears
in the so-called gauge fields, represented bynWsrWd in the nem-
atic and byfsrWd in the smectic-A phase. Note that perturba-
tions in gauge fields evolve on the available length in the
system. To illustrate this, let us consider a nematic phase in a
plan-parallel cell of thicknessR. If the plates enforce differ-
ent orientational anchoring, then the director field displays a
typical change on the length scale given byR.

The lengthjd reveals the balance between the elastic and
disorder tendencies, and introduces a kind of domain struc-
ture in the system. In our samples, the disorder is introduced
geometrically via random intervoid connections and a rela-
tively random void curvature. Note that there is still not a
clear consensus about this length, although several experi-
mental studies confirm this belief. For more details, we refer
the reader to Refs.[1,3,33].

B. Effective phase behavior

We next derive the effective free energy of the system.
From it, an estimate of the phase temperature behavior can
be inferred. We assume that the system exhibits a domainlike
pattern, where a typical domain resembles a cylinder of ra-
dius R and lengthjd. The lengthjd depends on the disorder
strength and is the free parameter in the model. Based on our
recent experimental results[17], one expects 10.jd/R.1.
We also predict that near the void surface[whereSsrWd,Ss,
hsrWd,hs] the degree of ordering strongly differs from that in
the central region[whereSsrWd,S, hsrWd,h]. We refer to this
assumption as thetwo-component approach.

We take into account that perturbations in order parameter
fields [i.e., in SsrWd and hsrWd] in a bulklike environment
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evolve over the scale given byjphase. In confined systems,
finite-size effects must be taken into account ifjphase be-
comes comparable to a characteristic geometric sizeRg. In
the case of CPG samples, this can be either 2R (the void
diameter) or jd (the domain length) depending on the direc-
tion along which the perturbation is propagating. To take this
into account, we define the correlation lengthjphase

scd of a con-
fined system as

1

jphase
scd ,Î 1

Rg
2 +

1

jphase
2 . s5d

In the limits jphase/Rg!1 and jphase/Rg@1, this Ansatz
yields jphase

scd ,jphaseand jphase
scd ,Rg, respectively. We further

assume that perturbed gauge fields typically change on the
scale given byRg.

Therefore, in CPG samples we typically expect the fol-
lowing magnitudes of elastic distortions:u¹Su,DS/jn

scd,
u¹hu,Dh /js

scd, u¹nW u,«n/Rg, u¹dfu,«f /Rg. Here, DS
,uSs−Su,«sS, Dh,uhs−hu,«hh, and «n,«f measure the
magnitude of changes of gauge fields on the distanceRg.
Typically, 1.«s,«h,«n,«f.0. The quantity df=f
−nW ·rWqo measures deviations of the phasef from its bulk
equilibrium value. We have assumed that the main distor-
tions in order parameter fields take place at the LC-CPG
interface and that this contribution overwhelms the contribu-
tion arising from topological defects.

We introduce the scaled order parametersqn=S/S0, qs
=h /h0, where S0=SbsT=TINd and h0=hbsT=0d. We also
simplify the model by imposing the following elastic isot-
ropy of the system:k=k0=k24

s2d, C;Ci=C'.
Taking all this into account(see Appendix I), following a

path similar to that described in detail in Ref.[17], we end
up with the dimensionless free-energy densityV
=2F /pR2jda0sTIN−T*dS0

2. We express it as

V = tnqn
2 − 2qn

3 + qn
4 − snqn + A2Stsqs

2 +
qs

4

2
− ssqsD . s6d

Here, A=jn
smaxd / sjs

smindlsmindq0d, jn
smaxd;jnsT=TINd, js

smind

;jssT=0d, and lsmind=ÎkS0
2/ s2Ch0

2q0
2d is the smectic pen-

etration length atT=0. For typical LCs, one findsjn
smaxd

*10 nm,lsmind,js
smind&1 nm. The quantitiestn andts stand

for the effective nematic and smectic dimensionless tempera-
ture andsn and ss for the effective nematic and smectic
ordering field,

tn =
T − T*

TIN − T*
+

2sjn
smaxdd2

Rjn
scd «s

2 + S jn
smaxd

Rg
D2

«n
2 +

2sjn
smaxdd2

Rde,2
snd ,

s7ad

ts =
T − TNA

TNA
+

2sjs
smindd2

Rjs
scd «h

2 + S js
smind

Rg
D2

«f
2 −

2sjs
smindd2

Rde,2
ssd − dcqn,

s7bd

sn = tS jn
smaxd

Rg
D2

«n
2 +

2sjn
smaxdd2

Rde,1
snd , s7cd

ss =
2sjs

smindd2

Rde,1
ssd . s7dd

The quantities de,1
snd =kS0/Wn1

ssampled, de,2
snd =k/Wn2

ssampled, de,1
ssd

=Ch0/Ws1
ssampled, andde,2

ssd =C/Ws2
ssampled are the LC extrapola-

tion lengths,dc=2Dch0
2/ fa0sTIN−T*dS0g is the dimensionless

coupling constant between the smectic and nematic order
parameters, andt=k24

s1d /k.
The phase behavior of a system described in terms ofV is

simple (if jd is not treated as a variational parameter) and
already studied in detail[1,17]. For this reason, we summa-
rize below just the main results. Forsn,sc;0.5, the iso-
tropic (i.e., paranematic forsn.0) to nematic phase transi-
tion takes place when the conditiontn=1+sn is realized.
From this condition, the expression for the phase temperature
shift DTIN=TIN−TINsRd is obtained,

DTIN

TIN − T*
=

2sjn
smaxdd2

Rjn
scd «s

2 + S jn
smaxd

Rg
D2

«n
2 − tS jn

smaxd

Rg
D2

«n
2

+
2sjn

smaxdd2

Rde,2
snd −

2sjn
smaxdd2

Rde,1
snd . s8d

For sn.sc, the paranematic-nematic transition becomes
gradual.

Recent calculations[34] suggest that the phase behavior
of this model remains similar also ifjd is a free variable and
if one restricts attention to theI-N transition. Therefore, the
I-N transition remains discontinuous forsn,sc

* , wheresc
* is

larger but comparable tosc=0.5. In this approach, the value
of jd is a result of the competition of essentially random
spatially varying surface enforced ordering and the elastic
interaction favoring homogeneous orientational alignment.

The character of theN-A transition strongly depends on
ss anddc. We believe that in our samples, the coupling con-
stant dc is weak enough so that the bulkN-A transition is
continuous. It is believed[18] that the disorder further de-
creases the value ofdc. Consequently, we limit ourselves for
the sake of simplicity to the casedc=0. In this case, forss
=0, theN-A transition remains continuous atts=0. From this
condition, the expression for the phase temperature shift
DTNA=TNA−TNAsRd is obtained,

DTNA

TNA
=

2sjs
smindd2

Rjs
scd «h

2 + S js
smind

Rg
D2

«f
2 −

2sjs
smindd2

Rde,2
ssd . s9d

For ss.0, theN-A transition becomes gradual.

IV. DISCUSSION

From theCpsTd dependence, shown in Figs. 3 and 4, the
I-N and N-A phase behavior can be inferred. We focus on
main characteristics as a function of decreasedR. Both phase
transition temperatures andDCPT peaks become progres-
sively suppressed. In addition,DCPTsTd dependences become
increasingly broadened.

In the nontreated and silane-treated samples, the voids are
expected to enforce isotropic tangential and homeotropic ori-
entational anchoring, respectively. Pretransitional ordering
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effects (Fig. 6) observed aboveTINsRd in silane-treated
samples indicate that the surface enhances the degree of ori-
entational ordering. This suggests that the surface ordering
term prevails over the disordering one. Therefore
Wn1

ssampled.Wn2
ssampled [see Eq. (3f)], where the superscript

(sample) stands either for the nontreatedssample=nond or
silane-treatedssample=sild case. The pretransitional effects
are more pronounced in silane-treated samples, suggesting
Wn1

ssild.Wn1
snond andWs

ssild.Ws
snond. Here,Ws

ssampled refers to the
larger positional anchoring strength of the pairWs1

ssampled,
Ws2

ssampled.
The DTPTsRd dependences shown in Fig. 9(a) exhibit

qualitative similarity for both silane-treated and nontreated
samples that is also suggested by our temperature shift esti-
mates[Eqs. (8) and (9); the subscript PT stands either for
I-N or N-A]. BecauseDTPTsRd.0, the disordering elastic
terms in temperature shifts must be larger than the surface
ordering contributions. Among elastic contributions, the
terms reflecting the two-component character of the ordering
are dominant. In order to show that, we first compare mag-
nitudes of theI-N temperature shifts due to the nematic di-
rector gauge fieldfDTIN

sgauged;sTIN−T*dsjn
smaxd /Rgd2«n

2g and
the order parameter fieldSsrWd variations at the LC-void in-
terface fDTIN

sorderd;sTIN−T*d2sjn
smaxdd2/Rjn

scd«s
2g. In order to

estimate the upper limits of temperature shifts, we set«s

=«n=1. We further assumejn
scd,jn

smaxd and Rg,lR, where
l*1. For 8CB it roughly holdsjn

smaxd,15 nm andTIN−T*

,1 K. For 2R=300 nm we obtainDTIN
sgauged,0.01 K/l2,

DTIN
sorderd,0.2 K and for 2R=30 nm temperature shifts

DTIN
sgauged,1 K/n2, DTIN

sorderd,2 K. One sees thatDTIN
sorderdsRd

values are comparable to measured values for all CPG ma-
trices. A similar conclusion is valid for theN-A transition
[see Eq.(9)], therefore DTNA

sorderdsRd.DTNA
sgaugedsRd. In this

case, the order and gauge fields refer tohsrWd and fsrWd, re-
spectively.

In the regime whereR,jn
smaxd, one expectsjn

scd,Rg~R.
Therefore, according to Eq.(8) one would expectDTIN

sorderd

~1/R2 and DTIN
sgauged~1/R2. However, this scaling was not

observed. This may be a consequence of the fact that with
decreasingR, the weak anchoring limit is approached as
demonstrated in Appendix II. Consequently, the values of
«ssRd and«nsRd decrease. Hence, in the regimeR,jn

smaxd one
expects a significant influence of«ssRd and«nsRd variations
in temperature shifts becauseDTIN

sorderd~«s
2/R2, DTIN

sgauged

~«n
2/R2. A similar conclusion is also valid for the

DTNA
sorderdsRd andDTNA

sgaugedsRd dependences.
Although the elastic distortions dominate the behavior of

temperature shifts, the surface ordering tendencies remain
nevertheless apparent. Note also that larger temperature
shifts are observed in nontreated samples. This observation
could be explained by assuming that the surface ordering
tendencies are larger in silane-treated samples, while the
elastic distortions are comparable for both surface treatments
for a given value ofR. One would naively expect weaker
elastic distortions in the nontreated case. Namely, for the
preferential alignment along the long void’s axis, one would
expect that the main elastic distortions arise from the curva-

ture of voids and void interconnections. In silane-treated
samples, in addition, the elastic distortion along the void
diameter is expected in order to avoid singularity innW at the
void’s center. However, the results indicate that this is not the
case. We believe that the main reason behind this is the iso-
tropic tangential anchoring character, which does not single
out only one preferred direction. The noncoherent contribu-
tions from different regions give rise to elastic distortions
which are comparable to those in silane-treated samples.

The anchoring strengths can be inferred from the follow-
ing reasoning. The first-order character of theI-N transition
for all R suggests thatsnsR=23.7 nmd,sc. According to
Eq. (7c), we obtain tsjn

smaxd /Rcd2«n
2+2sjn

smaxdd2/Rde,1
snd ,sc

,0.5. In the nontreated sample, the tangential anchoring is
realized. For such an anchoring condition, theK24 contribu-
tion is expected to be relatively small[35], suggesting that
Wn1

snondS0, sRkS0
2/4dsjn

smaxdd2. For kS0
2,5310−12 N, R

=23.7 nm, and jn
smaxd,15 nm, we obtain

Wn1
snondS0,10−4 J/m2, which seems reasonable. Note also

that theN-A anomaly becomes less pronounced asR is re-
duced, in line with the prediction that thess term gives rise
to a gradualN-A transition.

We further point out that on decreasingR, the magnitude
of temperature shifts in silane-treated and nontreated samples
becomes comparable for 2R,30 nm. We believe that in this
regime, the weak orientational anchoring limit in the silane-
treated samples is reached. Here, the orientational ordering is
dominated by steric effects as in nontreated samples. Below
this transition, the surface ordering term contributions be-
come substantially decreased. From the weak anchoring re-
quirementR/de,1

snd ,1, triggering the orientational structural
transition in the silane-treated sample, we obtain the estimate
for S0Wn1

ssild. For R,15 nm, we get S0Wn1
ssild,K /R,3

310−4 J/m2.
We next discuss the critical behavior ofDCpsTd across the

N-A phase transition. As shown in[17], the peak value
DCp

smaxdsRd of the excess heat capacity for the nontreated
samples together with aerosil[18] and aerogel data[9] fol-
low for R.20 nm the finite-size scaling lawDCp

smaxd

=A±sl0/ji
0da/nif1+D±sl0/ji

0d−D/nig+B [solid line in Fig. 11,
see also Eq.(1) and for more details Appendix II in[18]].
Here the bulk 8CB critical parameters were used(see[18]
and Table III in [17]) with the bulk 8CB bare correlation
length value ofji

0~0.9 nm as derived from the recent x-ray
experiments[18,36]. The mean-open length in the case of
CPG data was equal to the pore diameterl0=2R. In the case
of aerosil data,l0=2/arS with the specific surface areaa
~100 m2 as suggested by recent x-ray results[9] and rS is
the mass of aerosil particles per cm3 of liquid crystal. The
observed scaling indicates that in 8CB-based confined sys-
tems with nontreated surfaces, finite-size effects may be
dominant down to 2R<20 nm. For the silane-treated CPG
samples, this scaling is not observed(open circles in Fig. 11).
It appears though that, except for one point at 2R=23.7 nm,
the silane-treated data follow a similar parallel curve signifi-
cantly shifted to lowerDCp

smaxd values. We believe that this
DCp

smaxd suppression in the case of silane-treated samples is a
result of strong void-LC interactions. The origin of the de-
viation at 2R=23.7 nm is at the present not clear, though it
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may be related either to less successful silanization of very
small voids or to some particular domain state enforced by
increasing disorder in CPGs with small pores, which cancel
partly the influence of the surface.

The N-A transition is for most samples sufficiently sharp
to extract the critical exponents of this transition. Using a
standard fitting procedure(see Fig. 8), we obtain similar
asRd dependence to that in aerogel and aerosil samples men-
tioned above. This analysis suggests that the critical behavior
of the system crosses from the tricritical behavior towards
the 3DXY universality class on decreasingR (see Fig. 10). It
is believed that this behavior reflects the increasing role of
disorder. Consequently, the coupling between the smectic
and nematic order parameters is progressively weakened. In
the decoupled limit, the pure 3DXY behavior is expected.

V. CONCLUSIONS

We studied the influence of CPG confinement on the
I-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 for 2R
*24 nm. In all cases, theI-N transition remained discontinu-
ous and theN-A one continuous or gradual, but with empha-
sized continuous-type phase transition features. Both transi-
tion temperature shifts displayed qualitative similarities as a
function of R. The leading term in temperature shifts is at-
tributed to order parameter variations at the LC-void inter-
face. Weaker temperature shifts are observed in silane-
treated samples, where the surface ordering tendency is
larger. We obtain bound estimatesWn1

snondS0,10−4 J/m2 and
S0Wn1

ssild,3310−4 J/m2
for the positional anchoring strengths

of the non treated and silane-treated samples, respectively.
In nontreated samples, the specific-heat amplitude at the

N-A transition perfectly obeys the finite-size scaling predic-

tion for 2R.24 nm. This scaling has also been observed in
8CB-aerogel and 8CB-aerosil confined systems. This indi-
cates that finite-size effects may be dominant in these sys-
tems for 2R.24 nm. We believe that below 2R,24 nm, the
relative role of randomness becomes increasingly important
on decreasingR. In the silane-treated samples, this behavior
is considerably changed by surface wetting interactions. It
was also found that the critical exponentasRd exhibits in
CPG systems a crossover toward a 3DXY value with de-
creasingR.
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APPENDIX A: THE EFFECTIVE DIMENSIONLESS FREE
ENERGY

We originate from the equation forF [Eqs.(3a)–(3g)] and
take into account the scaling introduced in Sec. III B. We
further calculate the average free energy per domain volume
Vd=pR2jd that is surrounded by areaAd=2pRjd. It follows
that

V =
2F

Vda0sTIN − T*dS0
2

,
1

Vd
SE sgh

snd + ge
snd + gh

ssd + ge
ssd + gcdd3rW

+
Vd

Ad
E sgs

snd + gs
ssddd2rWD

; Vh
snd + Ve

snd + Vh
ssd + Ve

ssd + Vc + Vs
snd + Vs

ssd. sA1d

The first integral runs over the average domain volume and
the second one over the surface that surrounds it. The dimen-
sionless free-energy densities are given by

gh
snd =

T − T*

TIN − T*
qn

2 − 2qn
3 + qn

4,

FIG. 12. Magnitude of the two-component character«s=Dq
=DS/S0 as a function ofR/jn

smaxd=k /2s and Wn1 at t=1 andSs

=2S0.

FIG. 11. The peak value of theDCp
smaxd at N-A transition as a

function of the mean-open lengthl0 for nontreated(solid circles)
and silane-treated CPGs(open circles), aerosils(open diamonds),
and aerogels(open boxes).
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ge
snd , sjn

smaxdd2su ¹ qnu2 + u ¹ nWu2qn
2d − tsjn

smaxdd

3h¹W · fnWs¹ ·nWd + nW 3 ¹ 3 nWgjqn,

gh
ssd = A2ST − TNA

TNA
qs

2 +
qs

4

2
D ,

ge
ssd , A2sjs

smindd2sqs
2u ¹ dfu2 + u ¹ qsu2d,

gc = − dqs
2qn,

gs
snd = −

2sjn
smaxdd2

Rde,1
snd wssampledqn +

2sjn
smaxdd2

Rde,2
snd qn

2,

gs
ssd = − A22sjs

smindd2

Rde,1
ssd qs − A22sjs

smindd2

Rde,2
ssd qs

2. sA2d

Here df=f−nW ·rWqo measures departures from the equilib-
rium phase value. We take into account specific behavior of
gauge and order parameter fields, and the two-component
approach. We carry out the integrations and obtain

Vh
snd ,

T − T*

TIN − T*
qn

2 − 2qn
3 + qn

4,

Ve
snd ,

2jn
scd

R
S jn

smaxd

jn
scd D2

«s
2qn

2 + S jn
smaxd

Rg
D2

«n
2qn

2 − tS jn
smaxd

Rg
D2

«n
2qn,

Vh
ssd , A2ST − TNA

TNA
qs

2 +
1

2
qs

4D ,

Ve
ssd , A2F2js

scd

R
S js

smind

js
scd D2

«h
2qs

2 + S jn
smaxd

Rg
D2

«f
2qs

2G ,

Vc , − dcqs
2qn,

Vs
snd , −

2sjn
smaxdd2

Rde,1
snd qn +

2sjn
smaxdd2

Rde,2
snd qn

2,

Vs
ssd , − A22sjs

smindd2

Rde,1
ssd qs − A22sjs

smindd2

Rde,2
ssd qs

2, sA3d

where qn and qs stand for average order parameter values
within the domain. By collecting the terms in front of linear
and quadratic order parameter terms, we obtain the expres-
sion (6).

APPENDIX B: TWO-COMPONENT BEHAVIOR

In this appendix, we show how the cavity size and the
strength of anchoring influence the two-component behavior
of the order parameter.

We consider a nematic phase confined to an infinite cyl-
inder of radiusR. The director field is aligned along the
symmetry axis. The surface tends to increase the degree of
orientational ordering. It enforcesSsr=Rd=Ss and Ss.Ssr
=0d, wherer stands for the radial coordinate of the cylindri-
cal coordinate system. We model the surface ordering term
with fs

snd=−1
2Wn1

ssampledfSs−SsRdg2. We use the scaling pre-
sented in Sec. III B, introduce the dimensionless coordinate
u=r /R, and assume a cylindrically symmetric solution. With
this in mind, we obtain

V =E Ftq2 − 2q3 + q4 + kS ]q

]u
D2Gudu− ssqs − qd2,

sB1d

where q=S/S0, qs=Ss/S0, t=T−T* /TIN−T* , k=sjn
smaxd /Rd2,

ands=2sjn
smaxdd2/Rde,1

snd.
The corresponding Euler-Lagrange equations read

qt − 3q2 + 2q3 − kS ]2q

]u2 +
1

u

]q

]u
D = 0, sB2d

k
]q

]u
− ssqs − qd = 0, sB3d

where the former and the latter equation describe the condi-
tions within the cylinder and at the cylinder wall, respec-
tively. In Fig. 12, we plot«s=Dq=qs−qsu=0d as a function
of k /2s=R/jn

smaxd for different values ofWn1. One sees that
with decreasingR, the value ofDq begins to apparently de-
crease in the regimeR/jn

smaxd<1.
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