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Calorimetric Study of Phase Transitions in Confined Liquid Crystals
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Using an ac calorimetry technique we measured the specific heat at the nematic-isotropic, smectic-
A-nematic, and smectic-2-isotropic phase transitions, for the alkylcyanobiphenyl liquid crystal nCB
series confined to the 0.2-pm-diam pores of Anopore membranes. Studies were also performed as a

function of nernatic director alignment within the pores. Novel eAects regarding specific-heat ampli-

tudes, transition-temperature shifts, and broadening and rounding of phase transitions are found. They
are strongly dependent on the director orientation and on the order of the phase transition.

PACS numbers: 64.70.Md, 61.30.—v, 65.20.+w, 82.60.Fa

Surface eff'ects in thermotropic liquid crystals have

been studied mostly in nematic liquid crystals primarily
because they are used in display cells where surface prop-

erties play a major role in their operation [1]. Surface
eA'ects may also be probed by confining liquid crystals to
submicron-size pores. Deuterium nuclear magnetic reso-

nance ( H-NMR) work [2] on 4'-pentyl-4-cyanobiphenyl

(5CB) confined to the pores of Nuclepore membranes

[3], in the isotropic phase, found a weakly orientationally

ordered molecular layer at the pore wall governed by lo-

cal molecular interactions, and a temperature-indepen-

dent surface order parameter. NMR studies were ex-

tended [4] to 5CB confined to Anopore membranes [5].
The degree of nematic order at the pore wall in the iso-

tropic phase and the surface coupling constant were

determined for various treatments of the pore wall. In

the nematic phase, the NMR work led to the first experi-

mental determination of the surface elastic constant Kq4

[6].
We present the ftrst specific heat measur-ements on the

nCB (n is the number of carbons) liquid-crystal series

confined to the nearly cylindrical pores of Anopore mem-

branes. This work, which complements aspects of the

NMR work [4] and parallels specific-heat work in con-

fined superfluid helium [7], simultaneously probes orien

tational and confining sects at the weakly first-order

nematic-isotropic (Nl), the second-order smectic-A—

nematic (AN), and the first-order smectic-A-isotropic
(Al) phase transitions. Novel and striking phenomena

strongly dependent on surface treatment, the order of the

phase transition, and the molecular length are found. A

quantitative analysis of the heat-capacity results and

complementary phase shift information are deferred to a

longer version of this paper [g].
Anopore membranes, produced from an electrochemi-

cal anodizing process [9], are made from a high-purity
alumina matrix with 0.2-pm-diam pores extending

through its 60-ttm thickness [10]. They were cut, shaped

as disks, and cleaned in an ultrasonic acetone bath. After
solvent evaporation, they were dipped in the liquid-crystal
material and heated deep into the isotropic phase, to in-

sure complete filling of the pores. The liquid crystal out-

side the pores was completely removed by pressing the

disks between Whathan filtration paper. The pores were

also treated with lecithin, known to produce homeotropic
surface alignment [11]. Confined liquid crystals with

diA'erent director orientation were studied. From NMR
[4], it is known that the 5CB nematic director in the un-

treated membranes is aligned parallel to the pores axis

(axial case); after lecithin treatment, it is constrained in a
radial type of alignment at the surface.

A single 0.9-cm-diam Anopore disk, completely filled

with nCB material (m ( 3 mg), was placed on a 1-cm-

diam, 0.0l-cm-thick sapphire disk. A 50-0 evanohm

heater and a 10-kA thermistor were glued to the sapphire
disk with 1266 Stycast [12]. Temperature was regulated

to about 0.3 mK and changed by 3-5-mK steps. In bulk

studies, less than 8 mg of nCB material was used.

An ac technique [13], successfully used to study phase

transitions in liquid crystals [14-161,operating at a typi-

cal heating frequency of 0.11 Hz and induced tempera-

ture oscillations of 2 mK or less, was employed. The ad-

dendum contribution was measured and subtracted from

the total heat capacity. More details will be given else-

where [17].
The specific heat at the NI transition for confined sam-

ples of 5CB, 7CB, and 8CB is shown in Figs. 1-3. In

contrast with the bulk, no divergent specific heat is ap-

parent. Sizable changes in transition temperature, peak

height suppression, and rounding are evident and are

stronger for the radial alignment. A broader transition is

found as n increases (longer molecules). For the axial

case, the specific heat retains the bulklike sharp decrease
at T~I, the radial case shows a more symmetric peak,
reminiscent of continuous nematic ordering. The peak is

more greatly suppressed for ~ider nematic range. Pre-
transitional eAects appear to depend on director orienta-
tion (see inset of Fig. 3). At the same t =~TITtvt
near and above T~I, the specific heat is higher for the ra-

dial than for the axial case, both above bulk, reAecting

the residual nematic order near the pore wail that extends

deeper into the isotropic phase than shown here [41.
Bulk 5CB-lecithin mixtures were studied to determine

whether detachment of lecithin from the pore wall con-

taminates the liquid crystals, thus contributing to these
eff'ects [18]. A nearly perfect specific-heat matching
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FIG. 1. Specific heat as a function of temperature at the NI
phase transition for 5CB. The transition temperatures are
308.33, 307.89, and 307.20 K for bulk, axial, and radial align-

ment, respectively.
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FIG. 2. Specific heat as a function of temperature at the NI
phase transition for 7CB. The transition temperatures are
316.48, 315.61, and 314.11 K for bulk, axial, and radial align-

ment, respectively.

(identical pretransitional effects) on the nematic and iso-

tropic sides was found. We calculated that a (3-5)%
mixture (our estimate for the largest possible contamina-
tion in the radial case) would show a 0.01-K shift and less

than 5% peak suppression. These effects are too small to
be relevant on the scale of these observations.

The peak suppression might be understood by consider-

ing that, upon heating through the transition, only a frac-
tion of the liquid-crystal material within the pores disor-
ders (see also Ref. [19]). As a result of substrate inho-

mogeneities [10], pinning (weaker for the axial case) of
liquid-crystal molecules at the wall surface is occurring.
Increased pinning leads to a smaller peak as less material
undergoes the transition. For axial 5CB, about 20% of
the molecules need to be pinned, corresponding to a shell,
about 100 A thick, of nematic material. Surface-induced
nematic lengths on this order have been seen in dielectric
studies [20]. From NMR [4], the surface coupling con-
stant, an order of magnitude larger for the radial than the
axial case, leads to a smaller peak at Tvr, and a larger
specific heat (residual nematic order) at the same re-
duced temperature above T~I. Dielectric spectroscopy
measurements would be useful for these systems.

Impurities and elastic strains induce a downward tem-
perature shift, while surface-induced nematic order is ex-
pected to produce an upward shift [21]. The purity of all

of our samples was determined to be better than 99.9%;
our bulk transition temperatures are as high as reported
in the literature. Our measured shifts, of the same or-
der as in other confined liquid-crystal studies [19,22],
are consistent with recent calculations by Lin, Palffy-
Muhoray, and Lee [23]. In the radial case, the shift is
mostly due to the surface aligned (nematic) material at
the pore wall acting as an imposed deformation. Nematic

material near the center of the pore must arrange to min-

imize the elastic energy in accordance with the existing
distortion [22]. Expressing the free energy up to quadra-
tic terms in the order parameter, the shift due to elastic
distortions is given by AT=(x/2 a2)0(2 /nR) . The Frank
elastic constant is assumed to behave as x = xoS, with S
the nematic order parameter, and a20 is the constant of
the temperature-dependent coefficient of the quadratic
term in the free energy. Using typical values for nCB
materials we find h, T=1 K, in reasonable agreement
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FIG. 3. Specific heat as a function of temperature at the NI
phase transition for 8CB. The transition temperatures are
314.02, 313.27, and 312.62 K for bulk, axial, and radial align-
ment, respectively. Inset: Same data as a function of reduced
temperature.
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with our results. In the axial case, the shift, surprisingly,
is related to the weaker surface coupling constant (see
PIBMA treatment in Ref. [4]). The measured transition
temperatures were reproducible to within 0. 1 K when

diferent batches of Anopore were used. These dif-
ferences, likely due to impurities, are 7 times smaller than
the smallest experimental shift. Studies as a function of
pore size, with Nuclepore, would be useful.

The specific heat at the AN transition for 8CB, as a
function of reduced temperature, is shown in Fig. 4. The
peak is dramatically suppressed, nearly vanishing for the
radial alignment. The peak heights are 16% and 7.5%
that of bulk, for the axial and radial cases, respectively.
Confinement has a much stronger eN'ect for the AN than
for the Nl transition for both alignments, with a larger
suppression for the radial case (5 times) than for the axi-
al (3.5 times). As the pore size is decreased, we expect
[19] that the AN peak will disappear while the Nl peak
will remain prominent; this will occur at a pore size
dependent on director orientation.

Finite-size effects, aside from orientational effects, are
important at a second-order phase transition. A rounded
specific heat, as found for both alignments, is a signature
of finite-size behavior [7]. The larger suppression on the
radial specific-heat peak may be partly attributed to the
lecithin treatment which introduces a stronger surface in-

teraction (thicker nematic shell) effectively reducing the
pore size. For example [24], for t = (T Tqg )ITgg-
=10, (~~ is 380 A. , comparable to the pore radius.

Although a larger peak is found, T~Iv shifts to lower

temperatures for the axial than for the radial case, con-
trary to the Tzl shift. The nematic range is slightly wid-
er for the axial case than for bulk but 1 K narrower for
the radial case. If impurities (inherent to Anopore) were
the main reason for the shifts, we expect the transition
temperature to be always lower for the radial than the
axial case due to larger elastic strains present in the radi-
al alignment. This is contrary to what we observe at the
AN and AI transitions (see below). Therefore, impurities
play a secondary role here.

X-ray studies of samples confined to larger pore sizes
[25] showed that smectic layers (distorted and of variable
thickness and separation) form only near the pore wall as
the energy cost to completely bend the nematic director
near the center of the pores would be high; a radial
nematic configuration is retained to lower temperatures
as smectic layers are less tolerant of elastic distortions.
These eAects are stronger for the smaller pore size in

Anopore. Axially aligned smectic layers are affected by
the weak surface anchoring at diametrically opposing sur-
faces. With decreasing pore size, smectic layers that uni-

formly span the entire diameter of the pore are increas-
ingly more difficult to form. This may explain the lower
AN transition temperature found for the axial case. X-
ray studies on Anopore are needed.

We also studied the first-order AI phase transition for
10CB and 12CB. For brevity, only data for 10CB are
shown (Fig. 5). Unexpectedly, the bulk specific-heat
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FIG. 4. Specific heat as a function of t =~1 —T/Tq~~ at the
AN phase transition for 8CB. The transition temperatures are
307.02, 306.12, and 306.38 K for bulk, axial, and radial align-
ment, respectively. Inset: Expanded plot for axial and radial
cases.

FIG. 5. Specific heat as a function of temperature at the AI
phase transition for 10CB. The transition temperatures are
322.52, 322.47, and 322.60 K for bulk, axial, and radial align-
ment, respectively.
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data show a sharp peak on top of a broader bump. This,
only seen at the AI transition, may be related to the cur-
vature of the bulk drop, and a temperature-dependent an-
choring energy [26]. For instance, focal conic textures
have been studied using a similar experimental config-
uration [27]. The data for confined samples show a
smoother and broader peak than for the bulk, weakly
dependent on surface treatment. Unlike the NI or AN
transitions, there is no peak suppression and no tempera-
ture shift for the axial case; a small upward shift is found
for the radial case. This is similar to the AN transition
where T&iv was higher for radial (narrow nematic range)
than for axial alignment (wider than bulk nematic
range). The confined AI transition should be probed with

other techniques.
We have presented the erst specific heat -studies on

nCB liquid crystals confined to Anopore membranes as a
function of orientation, molecular length, and order of
phase transition. Strong, and in some cases surprising,
departures from bulk behavior have been observed. The
first-order AI transition appears to be the least affected
by confinement or orientation, with a transition broader
than for the bulk. The Nl transition is strongly depen-
dent on the director orientation within the pores and the
nematic range of the material; the AN transition is also
affected by confinement and is likely to disappear with

decreased pore size. To separate orientation al from
confining effects, studies as a function of pore size (with
Nuclepore membranes) are under way.
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Pa[ffy-Muhoray. We are grateful to S. Keast for purity
checks on all the samples. This research was supported
by the NSF-STC ALCOM Grant No. DMR 89-20147.

[I] B. Jerome, Rep. Prog. Phys. 54, 391 (1991).
[2] G. P. Crawford, D. K. Yang, S. Zumer, D. Finotello, and

J. W. Doane, Phys. Rev. Lett. 66, 723 (1991).
[31 Nuclepore Corporation, 7035 Commerce Circle, Pleasan-

ton, CA 94566.
[4] G. P. Crawford, R. Stannarius, and J. W. Doane, Phys.

Rev. A 44, 2558 (1991).
[5] Anotec Separations, 226 East 54th St., New York, NY

10022.
[6] D. W. Allender, G. P. Crawford, and J. W. Doane, Phys.

Rev. Lett. 67, 1442 (1991).
[7] F. M. Gasparini and I. Rhee, in Progress in Low Temper

arure Physics, edited by D. F. Brewer (North-Holland,
Amsterdam, 1990), Vol. XIII, and references therein.

[8] G. S. Iannacchione and D. Finotello (to be published).
[9] R. C. Furneaux, W. R. Rigby, and A. P. Davidson, Na-

ture (London) 337, 147 (1989).
[10] G. P. Crawford, L. M. Steele, R. Ondris-Crawford, G. S.

Iannacchione, C. J. Yeager, J. W. Doane, and D. Finotel-
lo, J. Chem. Phys. 96, 7788 (1992).

[11]J. Cognard, Mol. Cryst. Liq. Cryst. Suppl. I, 1 (1982).
[12] Emerson-Cummings, 869 Washington St., Canton, MA

02021.
[13] P. Sullivan and G. Seidel, Phys. Rev. 173, 679 (1969).
[14] R. Geer, C. C. Huang, R. Pindak, and J. W. Goodby,

Phys. Rev. Lett. 63, 540 (1989).
[15] X. Wen, C. W. Garland, and M. D. Wand, Phys. Rev. A

42, 6087 (1990); C. W. Garland, Thermochim. Acta 88,
127 (1985).

[16] D. L. Johnson, C. F. Hayes, R. J. de Hoff, and C. A.
Schantz, Phys. Rev. B 1$, 4902 (1978).

[17] G. S. Iannacchione, L. M. Steele, and D. Finotello (to be
published).

[18] G. S. Iannacchione, G. P. Crawford, J. W. Doane, and D.
Finotello, in Proceedings of OLC 91, Cocoa Beach, Flori-
da [Mol. Cryst. Liq. Cryst. (to be published)].

[19]T. Bellini, N. A. Clark, C. D. Muzny, L. Wu, C. W. Gar-
land, D. W. Schaefer, and B. J. Oliver, Phys. Rev. Lett.
69, 788 (1992).

[20] F. M. Aliev and M. N. Breganov, Zh. Eksp. Teor. Fiz. 95,
122 (1989) [Sov Phys. JETP 68, 70 (1989)].

[21] P. Sheng, Phys. Rev. Lett. 37, 1059 (1976); Phys. Rev. A
26, 1610 (1982).

[22] M. Kuzma and M. M. Labes, Mol. Cryst. Liq. Cryst. 100,
103 (1983).

[23] H. Lin, P. Palffy-Muhoray, and M. A. Lee, Mol. Cryst.
Liq. Cryst. 204, 189 (1991).

[24] J. D. Litster, J. Als-Nielsen, R. J. Birgenau, S. S. Dana,
D. Davidov, F. Garcia-Golding, M. Kaplan, C. R.
Safinya, and R. Schaetzing, J. Phys. (Paris), Colloq. 40,
C3-339 (1979).

[25] J. T. Mang, K. Sakamoto, and S. Kumar, in Proceedings
of OLC 91, Cocoa Beach, Florida (Ref. [18]).

[26] A. Strigazzi (private communication).
[27] J. B. Fournier, I. Dozov, and G. Durand, Phys. Rev. A 41,

2252 (1990).

2097


