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ABSTRACT

We study the phase behavior of octylcyanobiphenyl (8CB) liquid crystal confined to
control porous glass (CPG) using high resolution calorimetry. We used silanized and
nonsilanized CPG matrices with characteristic void diameters ranging from 400 to 20
nm. With decreasing diameter the first order isotropic to nematic (I-N) and second
order nematic to smectic A (N-SmA) phase transition temperatures monotonously
decrease. The weakly first-order features of the I-N transition approaches the smeared
tricritical behavior. The effective N-SmA critical exponent apparently decreases toward
the 3DXY value for diameters above 100 nm, however, the N-SmA transition
progressively broadens and become strongly suppressed for diameters below 100 nm. A
simple phenomenological model is used for a qualitative explanation of results.

KEY WORDS: controlled-pore glass; heat capacity; liquid crystal; nematic;
octylcyanobiphenyl: phase transition; smectic.

1. INTRODUCTION

The liquid crystals (LC) confined to various porous matrices or LCs filled with
inclusions [1-5] represent natural choice to study experimentally the effects of
confinement and disorder on phase behavior of LC. Controlled-pore glasses (CPGs),
aerogels and aerosils are often used. The CPGs matrices [6-7] consist of strongly
connected nearly cylindrical voids of nearly monodispersed pore diameter distribution.
In aerogels [3,8-10] voids are separated by randomly interconnected silica strands and



the size of voids is strongly irregular. As inclusions spherular aerosil particles [5,11] in
most cases form a responsive grid, which can rearrange for strong enough elastic
distortions imposed by a hosting LC phase. In these systems the degree of confinement
and disorder can be controlled by changing the typical void diameter (CPG, aerogels) or
changing the concentration of aerosil particles. In general the influence of disorder is
the weakest for aerosils, intermediate for CPGs and the strongest in aerogels.

Calorimetric methods are particularly adequate to determine the character of liquid
crystalline phase transitions in such confinements. The aerogel [3,8-10] and aerosil
[5,11] systems have already been studied in detail. In this contribution we perform
high-resolution calorimetric study of octylcyanobiphenyl (8CB) LC confined to
nonsilanized and silanized CPGs with different characteristic void diameters. We
discuss the results within the simple phenomenological model.

2. MEASUREMENTS
2.1. Specimens

We used CPG matrices with average pore diameters 395, 127.3, 72.9, 60, and 23.7
nm. A typical SEM photograph shown in Figures la and 1b indicates that CPG voids
are strongly interconnected. The nonsilanized surface of voids is smooth down to the
nanometer scale and is believed to enforce isotropic tangential anchoring (i.e. the
molecules tend to lie in any direction perpendicular to a void's surface normal) to most
LCs [12].
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Fig. 1. (a) The SEM photograph of an empty controlled-pore glass matrix of 2R=127.3
nm and (b) 2R~60 nm.



In order to enhance the surface anchoring effects some CPG matrices were silanized.
The nonsilanized and silanized matrices were filled in vacuum with octylcyanobiphenyl
(8CB) liquid crystal. Bulk 8CB exhibits weakly first order Isotropic-Nematic (I-N), and
nearly continuous Nematic-Smectic A (N-SmA) phase transition.

2.2. Experimental procedure

Heat-capacity data were taken by a computerized calorimeter. Description of the
technique was extensively given in [13]. The calorimeter is capable of automated
operation in either ac or relaxation modes in a temperature range from 80 K to 470 K.
The sample contained in a sealed silver cell, is thermally linked to a temperature-
stabilized bath by support wires and by air. The thermal link can be represented by a
thermal resistivity R~250.

In the ac mode, an oscillating heat P, with the frequency of w=0.0767s1 is
supplied to the sample by a thin resistive heater. The temperature oscillations
Te=P./(1/Rr+iwC) of the sample were detected by the small bead thermistor. Due to
the anomalous response the ac mode does not provide quantitative value of the latent
heat in the case of the first-order transition, however, the phase shift @ of 7}, can be
useful in discriminating between the first and second order phase transitions [13].

The data were taken on cooling the sample from Isotropic phase with the cooling
rates between 100 mK/h to 300 mK/h. The typical amplitude of 7,. were between 10
mK to 20 mK. The mass of the sample was around 40 mg. Here typically around 50%
of mass was due to CPG matrices. The heat capacities of empty CPG samples and the
empty cell were later subtracted from the C, data.

In the relaxation mode the heater power supplied to the cell is linearly ramped [13].
The effective heat capacity is calculated from C.y(T) = dH/AT = [P-(T-Ty)/R]/(dT/dy),
where R=(T(0)-T5)/Py and P is the power at some time (0<t<t; corresponding to sample
temperature 7 between the bath temperature 73 and T(o0). Here typically ¢; ~ 480 s
during which about 1500 sample temperature 7(#) data points were taken. Sample
temperature heating/cooling rate d7/dt is calculated over a short time interval centered
at ¢. The relaxation-mode data have slightly lower signal to noise ratio in comparison to
the ac mode, however, the advantage of this mode, known also as nonadiabatic
scanning mode, is much better sensitivity to latent heat than the ac mode. The total
enthalpy is calculated as H=/CeﬁdT . The typical heating/cooling rate of d7/dt~ 7.5 K/h
was used in the relaxation mode and the typical ramping steps 7(o0)-T were about 1 K.

3. RESULTS

Figures 2 and 3 show temperature dependence of the ac specific heat C, across the
[-N and N-SmA transitions for 8CB in nonsilanized and silanized CPG samples. A bulk
8CB reference sample has also been measured. The phase transition temperatures for
bulk 8CB T;3=313.67 K and 7»,=306.71 K were found to be in reasonable agreement
with previously published values ranging from 306.598 K to 307.02 K for N-SmA
transition and 313.60 K to 314.01 K [3,5,14,15]. The width of the Nematic temperature



range of 6.96 K and the 20 mK wide I-N phase coexistence region determined from
slow ac runs agree very well with previous published values.
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Fig. 2. Heat capacity C, as a function of temperature for bulk 8CB and various
nonsilanized CPG samples. The C, data for 2R=127.3 nm, 72.9 nm, and 23.7 nm were
shifted by a constant background factor of 3, 6, and 9 J/gK.
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Fig. 3. Heat capacity C, as a function of temperature for bulk 8CB and various
silanized CPG samples. The C, data for 2R=127.3 nm, 60 nm, and 23.7 nm were
shifted by a constant background factor of 3, 6, and 9 J/gK.

It is obvious from Figs. 2 and 3 that by decreasing the pore diameter both I-N and
N-SmA transition temperatures are shifted considerably to lower temperatures and due
to the significant rounding effects both anomalies are considerably suppressed.



Characteristic temperature shifts of the [-N and N-SmA transition temperatures with the
respect to the bulk 8CB transition temperatures are given in Table .

Table I. Phase transition temperature shifts for 8CB in controlled-pore glasses of
various pore diameter 2R. AT;y and ATy, represents shifts of I-N ans N-SmA
transitions, respectively. Also shown are width of the nematic phase ATy, effective
critical exponent ayy, and the peak value of the excessive heat capacity C,"*" at the N-
SmA transition. Phase transition temperatures for bulk 8CB: 7;=313.67 K and
Tn4=306.71 K. Silanized and nonsilanized samples are indicated by S and NS,
respectively.

8CB+CPG’s,| ATin  ATna ATn ONA c,"
2R [nm] K] K] K] [J/gK]
8CB bulk 0.00 0.00 6.96 0.27£0.03 2.224
S 395nm 0.34 0.43 7.00 0.09£0.05 0.351
S 127.3nm 0.52 0.64 7.03 0.06x0.10 0.121
S 60 nm 0.44 0.16 6.63 - 0.041
S 23.7nm 1.88 2.80 7.83 - 0.0379
NS 395nm 1.08 1.00 6.83 0.1940.05 0.596
NS 127.3nm 1.80 2.25 7.36 0.10£0.08 0.297
NS 72.9nm 2.03 2.60 7.48 0.07£0.10 0.169
NS 23.7nm 2.55 3.76 8.12 0.04+0.15 0.033

Table II. Enthalpy changes of the I-N and N-SmA phase transitions for bulk 8CB and
8CB in CPGs of various pore diameter 2R. AH=0H;y + Ly is the total transition
enthalpy of the I-N transition, 6Hy is the continuous contribution to the AHy and Ly is
the latent heat. AH), is the total transition enthalpy of N-SmA transition. Note that in
case of bulk small difference was observed between AHy, obtained from ac data and
relaxation data most likely due to the small presence of latent heat. In CPG samples no
latent heat was observed at N-SmA transition, thus only ac data are presented. Silanized
and nonsilanized samples are indicated by S and NS, respectively.

8CB+CPG’S, AHn SH]N Lin AHna
2R [nm] [J/g] [J/g] [J/g] [J/g]
8CB bulk 7.9740.1  5.77+0.1  2.20+0.05 0.75+0.03%,
0.84+0.04™
S 395nm 7.66£0.1  5.85+0.1  1.81+0.05 0.74+0.03*
S 127.3nm | 7.68+0.1  6.43+0.1 1.25+0.05 0.5240.03*
S 60 nm 7.50£0.1  6.59+0.1  0.91+0.05 0.20+0.02°¢

S 23.7nm 7.19+£0.2 6.5310.2  0.66%0.1 0.11+0.02%
NS 395nm 7.80+0.1 5.8540.1  1.95+£0.05 0.70+0.03*
NS 127.3nm | 7.77+0.1 6.09+0.1  1.68+0.05 0.63+0.03*
NS 72.9nm 7.57+0.1 6.1740.1  1.40+0.05 0.43+0.03*
NS 23.7nm 7.3840.2 6.2240.2  1.16x0.1 0.12+0.02%
*“ac run data.

"*Nonadiabatic scanning (relaxation) run data.




Figures 4 shows the relaxation heat capacity data C,y (open circles) and the ac data
(solid line) obtained in the vicinity of the I-N (a) and N-SmA transition (b) for 8CB in
CPG of pore diameter 2R=395 nm. Significant difference in the size of the I-N anomaly
between ac data (solid line in Fig. 4a) and relaxation data indicates presence of the
latent heat L. Although the I-N latent heat decreases substantially its presence could be
detected even for the CPG samples with the smallest pore diameter of 23.7 nm, (see
Table II). Note the progressive smearing of the I-N phase transition with decreasing
pore diameter. In the case of N-SmA anomaly (Fig. 4b) no difference was observed
between the ac and relaxation data indicating absence of the latent heat.
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Fig. 4. (a) Heat capacity variations near the I-N transition obtained in a relaxation run
(open circles) and in an ac run (solid line) for a nonsilanized CPG sample of 2R=395
nm. The C,(background) expected in the absence of all transitions is represented by the
dashed line. The dotted line represents the background above which the Cy response is
predominantly induced due to the presence of the latent heat. (b) C, variations near the
N-SmA transition obtained in a relaxation run (open circles) and in an ac run (solid
line) for the same nonsilanized CPG sample of 2R=395 nm. The dashed baseline
represents I-N C, wing expected in the absence of the N-SmA transition.

The Table II provides enthalpy changes of the I-N and N-SmA phase transitions for
all samples. The total transition enthalpy AH for weakly first-order transitions is given
by AH=8H + L. Here, continuous variations of the enthalpy 6H can be defined as
integral of the excess heat capacity dH =IAdeT . The integration covers the entire heat
capacity peak excluding the anomalous response due to the latent heat L within the
coexistence range. For the second order transition AH=0H. In principle dH can be
obtained from both ac and relaxation runs, while L can be quantitatively deducted only
from the relaxation run. The excess heat capacity associated with some particular



transition can be defined as AC,=C,(T)-Cy(baseline), where Cy,(baseline) represents C,
variations expected in the absence of a particular phase transition. For illustration
regarding baselines see also Figs. 4a and 4b.

Figures 5a and 5b show evolution of the N-SmA C, peak (open circles) from bulk
8CB to CPG sample of 2R=127.3 nm. The size of the N-SmA anomaly AC,(max) given
in last column in Table I shrinks dramatically with decreasing pore diameter. We
carried the N-SmA critical exponent analysis using the usual power-law form

AC,(R)=A" | r|*®(1+D*| r|"’)+Be, (1)

where r=(T-Tn4(R))/Tns(R). Efective critical exponent o(R) is given in Table I.
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Fig. 5. Excess heat capacity near N-SmA transition. Solid line represents fits to the
critical scaling ansatz (1).

By comparing the data in Figs. 2 and 3 it is possible to conclude that in the case of
silanized samples the temperature shifts are less pronounced, N-SmA anomalies are
more suppressed, and stronger I-N pretransitional C, wing could be observed. Figure 6
shows comparison of C, data for silanized and nonsilanized CPG samples near I-N and
N-SmA transition. The strong I-N pretransitional wing induced by enhanced ordering
effects imposed by the silanized surface could be observed for CPG sample of
2R=127.3 nm (Fig. 6a). In the case of N-SmA transition the strong anchoring of the



silanized surface results rather in strong suppression and smearing of the N-SmA C,
anomaly (see Fig. 6b).
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Fig. 6. (a) Comparison of C,(7) variations near I-N transition for nonsilanized (open
circles) and silanized (solid circles) CPG samples of 2R=127.3 nm. (b) Comparison of
excess heat capacity temperature variations near NA transition for nonsilanized (open
circles) and silanized (solid circles) CPG samples of 2R=127.3 nm.

DISCUSSION

To explain the calorimetric results qualitatively we use Landau-de Gennes type
phenomenological approach. Due to lack of space we focus only on nonsilanized data.
More detailed description of the phenomenological model for both nonsilanized and
silanized cases will be given elsewhere. The nematic ordering is described in terms of
the nematic director field 7 and the nematic uniaxial order parameter S. The SmA
ordering is given by the complex order parameter y=ne, where 1 is the translational
order parameter and the phase ¢ determines the position of smectic layers. The relevant

energy potential F is expressed as F = ”I frdV + ” fsdS where fy and fs determine



the “volume” and “surface” energy densities of the confined LC phase. The volume

contribution f, = £, + £ + £+ £+ f. is given as a sum of homogeneous

(subscript ;) and elastic (subscript ) contributions of nematic (superscript ™) and
smectic (superscript ) terms. Here the f. contribution is describing the coupling
between positional and orientational LC ordering. To the lowest approximation we
express the density terms as [16]

) — g (T —T.)S* - BS® +CS*,
£ =1/2L,8*\Val" +1/2L,|VS",
S =y (T =Ty | + Byl
[ =C, iV —igy | +C,[(ix Vi
/. =-DcSk".

Here ay, oy, B, C, P are the material constants, 7« is the supercooling temperature of the
bulk isotropic phase, and Ty, the temperature of the 2™ order bulk N-SmA phase
transition for Dc=0. In a typical LC material T« is approximately 1K below the the bulk
I-N phase transition temperature 7;y. Lo and L; are the bare nematic elastic constants,
Cyr and C, are the smectic compressibility and bend elastic constant, D¢ is the coupling
constant between the smectic and nematic order parameters, and dy=2mn/qy determines
the equilibrium smectic layer thickness in the SmA phase.

The free energy surface contribution fs enforcing the isotropic planar anchoring is
consisting of the nematic orientational anchoring term f£,””, the nematic disordering £,
and the smectic positional anchoring ﬁ,(s) given by

£ === ),

2

2
5

w,S?

(n)
fd = >

; 3)

oW
f,,”=7p|w —y, 7.

Here W,;, W,, and W, measure the surface interaction strengths and v is the local
normal to a CPG confining surface. The W, term enforces isotropic tangential
anchoring, the W, term mimics the disordering effect arising from random voids’
interconnections, and the W, contribution introduces the positional anchoring potential.

In order to express the relevant physical quantities we first estimate the average
nematic and smectic order parameter of the sample within the single pore
approximation, i.e. |VS|~Sy/€,(T) and |Vn|~ny/Es(T). Here S, and m; describe the bulk
values of the order parameters and &,(7), &(7) represent the nematic and smectic order
parameter correlation lengths, respectively. The geometry of the average pore is given
by the pore radius R and the domain length &;, which measures an average distance
between adjacent strongly elastically distorted states enforced by the CPG matrix
geometry. By minimizing the average energy density <f>=<F>/V, where V is the void
volume of the sample occupied by LC, the equilibrium average order parameters are
obtained. The excess heat capacity could then be calculated by using the expression



AC,=-T (ap0S*/0T + 0,9on°/0T). The latent heat Ly(R) at the I-N transition is given by
Lin(R)=agTin(R)(S-S+7), where S. and S, describe the nematic order parameter value
just below and above the transition temperature 7;y(R) in the CPG of radius R. The
temperature shifts with the respect to the bulk value are given by

ATWR)=(Tin-T) (& /264 + E/R - E7/RAY + E,7/RA7 + tay), 4)
ATwa(R)=Twa(dr)[(d - A(R) + E7/ES + 26/RI/(] + d.s)]. %)

Here &,=E&.(Tn)=(L/(ao(Tin-T *))1/2 is the nematic order parameter correlation length,
Es=Es(0)=C/(ayTny4) is the smectic order parameter correlation length expressed at 7=0,
de(“ =W,/LSy and de(z) =W,/L are the surface extrapolation lengths expressed at 7=Tpy,
tser 1s the contribution due to the point defects, and d., is the coupling constant in the
bulk in which the transition takes place at Ty, (dx).

Our C, measurements show that with decreasing value of R the I-N and N-SmA
transition temperatures and L;y monotonously decrease. Figure 7 shows that the simple

model predictions qualitatively agree with the experimental results obtained on
nonsilanized CPG samples.
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Fig. 7. (a) ATy, (b) Normalized latent heat, and (¢) ATy, as functions of pore radius R.

The decrease of transition temperature with increasing value of R can be in our
rough description explained by &,/&; contribution. It describes the effective rise of the
temperature (i.e. reduction of the transition temperature 7;y(R)) due to elastic
distortions. Note that the predicted main cluster size &, is expected to be proportional to



R. Therefore the Equation (4) suggests that the IN transition temperature shift is
proportional to I/R’. This elastic contribution in our samples dominates over the 1/R
term, which tends to increase the transition temperature.

The N-SmA temperature shifts follows similar trend as for the I-N transition. Due
to the tangential orientational anchoring condition we believe that the smectic layers
grow along the cylindrically shaped voids. As in the nematic phase the sample then
consists of domains of typical size &; «cR that extend between adjacent defects. The
dominant term affecting the temperature shift is the elastic contribution (oc(&/Ey)?),
suggesting that the temperature shifts approximately scales as //R’. Note that the N-
SmA transition is apparently more affected by confinement than the I-N transition. We
believe that the main reason is randomness, which becomes increasingly important with
decreasing value of R. The influence of randomness is more effective on the N-SmA n
than on the I-N transition since smectic correlation length exceeds the nematic one.
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