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A deuterium NMR study of the pentylcyanobiphenyl liquid crystal confined to a controlled
pore glass matrix with pore radii of 12, 150, and 200 nm was performed. In the 12-nm sample
the nematic to isotropic transition is gradual. In the nematic phase the absorption spectrum is
substantially narrowed due to translational diffusion of nematic molecules, which is effective because
of the inhomogeneous nematic ordering. The external magnetic field influence is negligible. The
onset of nematic ordering is bulklike in the 150- and 200-nm samples. There, the absorption spectrum
is strongly affected by the external magnetic field. The 150-nm sample exhibits memory effects
depending on history of temperature and external field changes.

PACS number(s): 64.70.Md, 76.60.—k

L. INTRODUCTION

The behavior of liquid crystals (LCs) confined to var-
ious geometries is a field of great interest for years. The
reason behind this lies in the richness [1] of physical phe-
nomena that liquid crystals exhibit and their suscepti-
bility to geometry and the typical size of the confining
cavity, and their interaction with it. The early works
mostly treated LCs confined to spherical [2-5] or cylin-
drical [6-10] cavities.

More recently the interest has shifted to LCs immersed
in various porous matrices [11], which provide a more
complex confining geometry. In these systems the aver-
age characteristic void pore size is below 1 pum, the voids
are strongly interconnected, and the pores’ geometry is
in some cases quite irregular. In addition to finite size
and surface effects, which have been extensively studied
in regular geometries, this introduces into the system also
a kind of randomness.

Typical examples of such host matrices are controlled
porous glass (CPG) [12], Vycor glass [13,14], and aerogels
[15-19]; the inherent randomness imposed by geometry
is largest in aerogels and lowest in CPG. The controlled
porous glass consists of a strongly connected network of
curved cylindrically shaped pores with a relatively nar-
row distribution of radia sizes. The Vycor glass has sim-
ilar geometrical characteristics with the exception that
local deviations from the cylindrical geometry are larger.
In the case of aerogels the voids are of rather irregular
shape and even more strongly interconnected.

Different experimental techniques (deuterium NMR
[18,19,13], light scattering [15,20-22], x rays [16], pre-
cision calorimetry [15,17], and time-resolved grating op-
tical Kerr effect experiments [23]) have led essentially to
the same conclusion that the behavior of LCs immersed
in porous matrices strongly depends on the mean charac-
teristic pores’ void size, its shape, the interconnectedness
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of voids, as well as the anchoring and wetting properties
of the internal surface. The following general characteris-
tics have been observed. (i) The bulk transition temper-
ature Ty could be shifted either upward or downward
by several degrees. The direction of the phase transition
temperature shift ATn; depends on the size of the cav-
ity and on the ordering properties of the cavity surface.
(ii) For a cavity size much smaller than a micrometer the
first-order bulk nematic to isotropic (/N-I) phase transi-
tion is replaced by a gradual evolution of the nematic or-
der. (iii) In many cases the surface induced paranematic
order is observed in the isotropic phase. This ordering
is a result of strong surface interactions and persists far
into the isotropic phase.

Despite numerous studies the understanding of these
systems is still incomplete. Most theoretical descrip-
tions are based on the Landau-de Gennes approaches
[19,13,24]. For example, a model of independent pore
segments was used [13] for a nematic liquid crystal con-
fined in Vycor glass with rather well defined pores. Some
studies explore the analogies between the nematic lig-
uid crystals in pores and the random magnetic systems
[24,25], despite the different basic symmetries of these
systems. Maritan et al. [25] proposed that the main qual-
itative properties of a nematic liquid crystal confined in
a randomly interconnected porous matrix are similar to
a magnetic system in a random external field. Cleaver et
al. [24] analyzed the behavior of confined nematic liquid
crystals in analogy with the random anisotropy magnetic
system. It should be stressed that the above mentioned
models only partially explain the phase behavior of con-
fined nematic liquid crystals. More detailed experimental
results are needed to test further the models proposed so
far.

Dadmun and Muthukumar [12] have studied the effect
of the confinement cn p-azoxyanisole liquid crystals in
controlled pore glasses by differential scanning calorime-
try. The mean pore radii of their samples were R =~ 156,
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17, and 8-nm, respectively. They showed that the sur-
face anchoring effects are dominant in the 156-nm sample
(ATny > 0) whereas the finite size effects prevail in the
two smaller samples (ATn; < 0).

Here we report a deuterium NMR absorption study
of the nematic liquid crystal pentylcyanobiphenyl (5CB)
confined in a CPG matrix of various pore sizes. The re-
search is a continuation of our earlier deuterium NMR
study of nematic liquid crystals confined to aerogel ma-
trices [18,19]. The paper is organized as follows. In Sec.
II the sample and the experimental procedures are de-
scribed. The theoretical background is given in Sec. IIL.
Experimental results are presented in Sec. IV. In Sec. V
the results are discussed and the conclusions are given in
Sec. VL.

II. SAMPLE AND EXPERIMENTAL SETUP

In order to clarify the size, shape, surface roughness,
and interconnectedness of the host matrix, atomic force
microscopy (AFM) and scanning electron microscopy
(SEM) were used. The results are shown in Figs. 1(a)-
1(d). From the SEM pictures [Figs. 1(a) and 1(b)] we
can clearly see that the cavities are of the cylindrical form
and strongly interconnected. The cylindrical cavities are
curved and the curvature radii are of the order of sev-
eral pore diameters. The AFM measurements [Figs. 1(c)
and 1(d)] reveal that the CPG grain surfaces are smooth
even on the nanometer scale, with no preferred direction
within the surface plane. The grain surface is nonfractal.
Note that the AFM pictures show the external surface of
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FIG. 1. (a) and (b) SEM and (c) and (d) AFM images. The CPG samples with pore radii (a) R &~ 200 nm and (b) R ~ 150
nm are shown. Note that in all cases the outer surface of the CPG matrices was probed. The 3D AFM image of the CPG
(R ~ 150 nm) surface is presented in (c) and the surface profile is shown in (d).
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the CPG grains, which we believe is similar to the pores’
inner surfaces.

We can thus loosely describe the host CPG matrix as
a system of randomly interconnected cylindrical pores of
radius R. In the experiment we have used CPG matrices
with the cylinder radii of 12, 150, and 200-nm, respec-
tively. In the following these samples will be designated
as 12-, 150-, and 200-nm samples.

The pores of a CPG sample were filled with the 5CB
liquid crystal in the isotropic phase by capillary action.
The liquid crystal was deuterated at the Bd. position.
Deuteron NMR spectra were recorded at a resonance fre-
quency of 58.37 MHz in a 9-T superconducting magnet.
A (7/2)z-(7/2), pulse sequence with phase cycling was
used to obtain the spectra.
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III. THEORETICAL BACKGROUND

A. Free energy

The isotropic to nematic phase transition in CPG will
be analyzed within the Landau-de Gennes theory [26].
The nematic ordering within cavities is described with a
nematic director field 7(r) and a nematic orientational
order parameter S(7). Whereas the nematic director de-
termines the direction of the local average of the long
axis of nematic molecules, S(r) describes the amount of
nematic order around 7i(r). In this description we neglect
the biaxiality effects. The free energy F is [26]

Ks , _
.(V><f£)]2+—2‘°1(71,><V><n)2
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In the above expression, a, b, ¢, and T, are the mate-
rial constants L and K; (i = 1,2,3,13, 24) are the elastic

constants. The external magnetlc field B = B¢ ¢ is ap-
plied along the direction €5 and Ay is the anisotropy of
the diamagnetic susceptibility. The constant W, mea-
sures the anchoring [27] or wetting [28] strength. The
dimensionless function g(7, S) describes the S and 7 de-
pendence of the surface free energy. The director depen-
dent part of g(7, S ) is conventionally expressed [29,30] as

g(7, S) = S(€, - )2, where the unit vector €, describes
the local easy axis of the surface. This unit vector points
in the direction that minimizes the anisotropic part of
the surface anchoring potential.

The set of elastic constants L, K;, i = 1-24, is the
smallest set [26,31,32] that is necessary for a qualitative
description of the experimental results. The constants
K13 and K34 are the so-called divergence or surface elas-
tic constants [33]. Mathematically, the terms related to
these constants can be transformed to the surface terms
by transforming the volume integral into the integral over
the surface enclosing the nematic phase. The divergence
constants are, in the lowest order, linear [31,34,35] in S.
In contrast, the bulk Frank elastic constants (i = 1,2, 3)
are to a good approximation proportional to S2. The
constant L is temperature independent. In this discus-
sion we will assume that all bulk elastic constants are
equal: K;/S? = K,/S% = K3/S? =L =K.

The orientational ordering 7(#) of a nematic LC’s con-
fined to a cavity of typical radius R depends on the rel-
ative strength of the surface anchoring, as well as on
the elastic and external field forces. In order to esti-
mate the relative importance of these effects we intro-

> \2 __
"";) Lav - / Wog(ii, S)dA.

duce [36] the external magnetic field coherence length
ff = /oK S/(AxB?), the surface extrapolation length

= K S§/Wy, and the nematic coherence length &, (T =
TNI) = 1y/a(Tn1 — T\)/K, which is defined at the tem-
perature T = Tx; of the bulk sample. The relative
strength [36] of the surface versus elastic forces is esti-
mated by the ratio R/d.. Similarly, the relative strength
of the external magnetic field versus elastic forces is given
by R/&s.

In the case R/{s > 1 the external magnetic field ef-
fects are dominant and tend to align 7% along €. In the
regime R/{; <« 1 the magnetic field effects are negligible.
Similarly, in the case R/d. > 1 the surface interaction
fixes 7i along €, which is the so-called [27] strong anchor-
ing regime. In the weak anchoring regime (R/d. ~ 1) the
orientation of 7 at the surface is not merely dictated by
the surface, but depends also on the nematic director
field far from the surface.

B. Deuterium NMR absorption spectra

The nematic ordering within a submicrometer cav-
ity can be determined well using deuterium NMR. In
the absence of motional avera.ging, a deuterated nematic
molecule (positioned at 7 in the pore) contributes two
sharp lines to the NMR absorption spectrum. The two
lines are separated by [37] Av:

S() Ay

Av(7) =
v(7) S, 2

[3cos?® 05(7) — 1]. (2)
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Here 6 denotes the angle between the external magnetic
field B and the nematic director 7(7), Sp represents the
bulk nematic orientational order parameter, and Ay, is
the NMR absorption line splitting of the bulk nematic
phase.

When the effects of the external magnetic field on the
director profile are negligible, there is no preferred direc-
tion within our CPG samples. If we assume S(F) ~ S,
and there is no motional narrowing of the absorption
spectrum I(V'), the whole sample is expected to exhibit
a powder line shape of width Aw,. For stronger magnetic
fields (R/&s ~ 1) there is a preferred direction, which is
reflected in the outer parts of the spectrum that become
more pronounced. In the limit R/£s > 1 all molecules
tend to be aligned along €y and the spectrum consist of
two lines separated by Avy.

In the case of nonhomogeneous nematic ordering the
motional narrowing can strongly affect the absorption
spectrum. The motional narrowing is pronounced if the
changes of the nematic ordering are significant over a
distance dp =~ /D/Av, that a molecule diffuses during
the NMR observation [37,38]. In the nematic phase of
the 5CB liquid crystal the average translational diffusion
constant D is about 107! m?s~! and the line splitting
is Ay = 40 kHz, which gives dp =~ 15 nm.

In the isotropic phase S(#¥) = 0 and consequently the
absorption spectrum consists of a single line. But re-
cent experiments on similar systems [39] suggest that in
the isotropic phase the pores’ surface is wetted with a
weakly developed paranematic layer of thickness compa-
rable to the length of the nematic molecule. In addition,
molecules reside for a relatively long time at the surface
due to strong surface interactions. In the case that the
anisotropic part of the surface interaction enforces only
one direction in space and has a relatively large surface
to volume ratio the surface paranematic layer results in
the splitting of I(v) in the isotropic phase [39]. If the
surface normal changes significantly over a distance dp,
which is the case, in our CPG samples, the influence of
the surface layer on I(v) is weaker. In this case, in addi-
tion to the averaging over S(7) values that the molecules
experience during the measurement, also averaging over
orientations that molecules take in the surface layer over
a linear distance dp is realized.

IV. EXPERIMENTAL DATA

The temperature variation of the width of the deu-
terium spectrum for all the samples as well as of the bulk
half-splitting is shown in Fig. 2. The corresponding line
shape evolution from a single line to a broad line with
two well defined peaks is depicted in Figs. 3-5.

The spectrum evolution of the 12-nm sample (Fig. 3)
appears to be gradual and Av reaches approximately
2/3Aup in the nematic phase. In the 150-nm (Fig. 4) and
200-nm samples (Fig. 5) the linewidth in the isotropic
phase is within the experimental error, equal to that of
the bulk sample. Here the onset of the nematic phase
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FIG. 2. Temperature evolution of the absorption spectrum
width of the 12-nm (+4), 150-nm (O, path b; X, path a),
200-nm (A), and the bulk (¢) sample. The half-height widths
are shown for the 12- and 150-nm samples (measured via path
b) and the isotropic phase of all samples. The spectral half
splittings are shown for the 150-nm (measured via path a),
200-nm, and bulk samples in the nematic phase. Paths a and
b are schematically shown in Fig. 4. The inset shows the
details close to T'ny.
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FIG. 3. Temperature evolution of the absorption spectra
of the 12-nm sample in the nematic phase.
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FIG. 4. Typical absorption spectra of the 150-nm sample
in the nematic phase reached via different paths given at the
bottom of the figure.

is discontinuous with a negligible shift of the transition
temperature in comparison to the bulk nematic-isotropic
transition. As can be seen from Figs. 4 and 5, the ex-
ternal magnetic field strongly influences the absorption
spectrum, particularly in the 200-nm sample. The line
splitting Av is, in the 150-nm and 200-nm samples nar-
rower yet comparable to the bulk splitting Ay, at all
temperatures. We have also observed the hysteresis in
the 150-nm sample by measuring the “zero field cooled”
and “field cooled” line shapes. Two different paths were
used (see the inset to Fig. 4): (a) the sample was cooled
from the isotropic phase into the nematic phase at a con-
stant value of B = 9 T (path a), and (b) the sample was
cooled from the isotropic phase into the nematic phase in
zero field and then the sample was put into the magnetic
field for measurements (path b).

T =307.5K
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1 |
10000 ~10000
v [Hz]

FIG. 5. Typical absorption spectrum of the 200-nm sample
measured in the nematic phase.
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V. DISCUSSION

In order to explain the observed temperature depen-
dence of the spectrum in the N-I transition region and
deep in the nematic phase one has to know at least a qual-
itative profile of the director field in an average domain.
We shall describe a typical pore section in our sample
with a long curved cylinder of radius R. The sample can
thus be viewed as an ensemble of strongly interconnected
cylindrical segments. In the following such a segment will
be called a domain.

Let us first discuss the situation when the external field
influence is negliglible (i.e., R/€; < 1). In this case the
director field is determined only by elastic and surface
interactions. The AFM measurments reveal that the seg-
ment surface is smooth on the correlation length scale.
This suggests planar anchoring conditions if the steric
surface interaction contribution is dominant. This belief
is based on recent experiments [40] on differently treated
surfaces, which indicate that the orientation of LCs at
the surface is often dominantly governed by steric ef-
fects. Adopting this assumption, we expect the nematic
director field to run along the local orientation of the
segment’s long axis. We name such a nematic pattern
the axial structure. At the joints of segments, in gen-
eral, the director field cannot be topologically resolved
without forming defects [12,41] (see Fig. 6). We assume
that the concentration of defects is roughly given by the
concentration of joints.

Because no direction in the sample is preferred, the
distribution of nematic director orientations is isotropic.
However, if R/{s =~ 1 or is even larger, then the field in-
fluence is important, partially orienting the director field
in its direction. In our measurements the field correlation
length is €5 =~ 0.5 pm. Thus the condition R/{y < 1 is
realized only in the 12-nm sample.

A. The N-I transition

The experiment reveals that in the 12-nm sample the
N-I transition is gradual and shifted towards lower tem-

FIG. 6. Schematic presentation of the nematic director
field at the intersection of two domains. The dotted region
indicates the core of the defect.
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peratures in comparision to the bulk behavior. In con-
trast in the 150- and 200-nm samples the cylinders are
large enough to allow for a bulklike discontinuous N-I
transition with a negligible shift of the transition tem-
perature.

To explain the gradual onset of nematic ordering in the
12-nm sample we first briefly review the effects of con-
finement on the character of the N-I phase transition for
a general geometry of the confining cavity. In bulk the
nematic to isotropic (IN-I) phase transition is discontin-
uous because of symmetry reasons. The confinement can
affect the nature of this transition. For example, it can
shift the transition temperature or even cause a grad-
ual growth of the nematic order upon cooling from the
isotropic phase. A qualitative change of the character of
the phase transition can be caused by the surface ordering
potential [19,13,30,42], and the influence of strong elastic
deformations [24,42,43]. The onset of these phenomena
is closely connected to the critical cavity size R..

1. Surface ordering potential

Let us assume that the smooth surface introduces a
local ordering field that is, in the lowest order, linear
in the nematic orientational order parameter. For the
surface potential g(S,7) = S [30], the critical cavity size
R, is approximately [19]

R, ~ 16c2W, /b3, (3)

For R > R. we have a bulklike, discontinuous N-I tran-
sition, whereas for R < R, the theory predicts a gradual
growth of the nematic ordering. For a 5CB liquid crys-
tal the critical size is R, =~ 10~*W, m?/N. By taking
Wo ~ 107%-107% J/m?, one gets, for the upper limit,
R. ~ 100 nm. This estimate is in agreement with the
experimental results by Yokoyama [44], who observed a
continuous onset of nematic ordering for 5CB confined
between rubbed poly(vinyl alcohol) walls separated by
83 nm.

We now discuss whether this effect could be respon-
sible for the observed gradual nematic temperature evo-
lution in the 12-nm CPG sample. Recent experimen-
tal results [13,23,12,39] in similar samples suggest that
the surface interaction within a pore tends to increase
the nematic ordering. This is usually manifested in the
isotropic phase where the opposing tendency of the sur-
face roughness or curvature is less effective because of
the shorter nematic correlation length. According to Eq.
(3), the surface ordering tendency is relevant in the 12-
nm sample if Wy ~ 10™* J/m?, which is a reasonable
anchoring strength. But if this surface anchoring is dom-
inant, it will also shift upward the temperature regime
where the nematic ordering becomes apparent. How-
ever, in our experiment the phase transition temperature
was shifted downward for approximately 1 K. This could
be explained by considering the surface disordering term
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proportional to §2, which is known to shift the transi-
tion towards lower temperatures [19,28,45]. Recent stud-
ies [45] suggest that this term plays an important role in
porous silica surfaces. However, Dadmun and Muthuku-
mar [12] observed that in a similar sample of relatively
large radius (R =~ 0.1 pm) the ordering surface term is
dominant. Because they have the same scaling properties
[19] with respect to R we do not think that this is the
case.

Note that the K33 and Ko4 terms are, in the lowest
order, also linear [34,35] in S. In the case that this lin-
ear contribution is negative it could cause the observed
change of the transition character. These contributions
can be important if the director distribution is substan-
tially different from the proposed predominantly homo-
geneous axial alignment. Namely, in the noncurved axial-
like structure the K73 and K24 terms do not contribute.
Large deviations from this alignment can be realized only
at the intersections of domains or at strongly curved parts
of domains.

2. Influence of strong elastic deformations

One distinguishes between singular and nonsingular
elastic deformations. In the singular case the uniaxial
director field is discontinuous (a so-called defect or discli-
nation) [41]. The nematic liquid crystal lowers the high
elastic nematic free energy at the defect size by surround-
ing it by a paranematic (weakly ordered nematic, i.e., es-
entially isotropic) core. If the defect size, which is roughly
equal to &,, becomes comparable to the typical system
size, it causes a gradual growth of the nematic order on
cooling from the isotropic phase. Numerical summations
of the nematic structures confined to a spherical cavity
[42,43] indicates that this effect can be important in cav-
ities smaller than 0.1 pym.

Similar effect appears if the director field strongly, but
in a nomnsingular way, varies on the nematic correlation
length scale. This can be achieved by a rough or strongly
curved surface where the surface induced orientational
tendency strongly varies from site to site. In the case that
the strong director field deformations are a consequence
of some “random” source this effect can be described us-
ing the random anisotropy nematic model. Cleaver et
al. [24] have shown that strong enough randomness can
suppress the discontinuity of the N-I transition.

In our 12-nm sample both effects might be important.
The SEM picture reveals a relatively high concetration
of domain joints, where defects most probably appear.
They could cause a gradual onset of nematic ordering
[42,43], at least in some regions, because the cavity size
is comparable to &,(Tn1). To discuss the effect of nonsin-
gular director field deformations we first focus to AFM
images. They indicate that the surface is smooth on the
molecular scale. This suggests that no randomness is
induced by the surface. Randomly interconnected seg-
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ments also introduce randomness into the system, but
on a length scale greater than R. We believe that this
randomness is too dilute to change the global character of
the transition of the whole sample. But the SEM pictures
reveal that in some regions the curvature of cylindrical
segments can be quite large on the &, scale. These non-
singular deformed regions have similar effects on the local
phase ordering as defects.

It is also possible that the gradual onset of the nematic
ordering is the result of a superposition of local domain
transitions. The main domains’ characteristics generally
differ (different lengths of domains, kinds of domain in-
tersections, etc.) and consequently the N-I transition
in domains can appear at different temperatures. These
local transitions can be either discontinuous or gradual
due to effects described above. Therefore, the overall re-
sponse of the system can be virtually gradual also in the
case where most of the domain transitions are discontin-
uous but take place at different temperatures.

B. Nematic phase

In the 12-nm sample the width of the spectrum is nar-
rower than in the bulk sample in the whole temperature
interval measured below Tx;. In contrast, in larger pores
there is no observed narrowing. The main effects that
could cause narrowing are the (i) motional narrowing,
a depression of the average degree of nematic ordering,
which can be realized because of either (ii) surface disor-
dering effect or (iii) large concetration of defects.

In the following we analyze which of the effects men-
tioned is dominant in our case. For this purpose we define
the narrowing factor 6(R) as

§(R)=1—(Av)/Auws. (4)

Here (Av) stands for the average spectrum width during
the NMR observation time. _

(i) The motional narrowing is effective if the nematic
ordering [both director field and S(7)] is inhomogeneous
on the scale characterized by the distance dp [37,38]. The
case of inhomogenity in S(7)) will be treated in connec-
tion with effects given in (ii) and (iii). Here we limit the
discussion to the case where only 7(7) is inhomogeneous.
To analyze the motional narrowing due to the director
field spatial variation we assume that 7(7) is predomi-
nantly axial within domains and we neglect joints. For
such a case the only source of motional narrowing can be
due to the reorientation of the cylindrical segment long
axis. In order to estimate this effect we assume that the
cylinder axis is curved with radius R.y.,. We further
assume that a molecule moves during the measurement
time for a distance dp along the circular path of radius
Rcurv- Consequently,

=3 (72 ®
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assuming dp/Rcury < 1. The SEM photographs reveal
that in all samples the curvature of cylinders is typically
Reurv = 3-5R, suggesting 6(R = 12 nm) < 0.10 while
§(R > 100 nm) < 1073, Clearly the effect (ii) is observ-
able only in the 12-nm sample. This estimate assumes
homogeneous alignment along the local cylinder axis. In
reality, due to cylinder joints, the configuration is more
distorted. For this reason we believe that Eq. (5) under-
estimates the averaging effect.

(ii) Strong surface anchoring on rough or strongly
curved surfaces can substantially reduce the nematic or-
dering S(7) in the surface layer. This is realized if the
surface induced deformation of the director field is strong
on the nematic correlation length scale [45]. However, the
AFM observations [see Fig. 1(c)] reveal that the surface
of our samples is smooth, ruling out this effect.

(iii) To estimate the importance of defects we assume
that the concentration of defects in the sample is roughly
given by the concentration of joints of the cylindrical
segments. Next we assume that the translational mo-
tion of nematic molecules is fast enough so that the av-
erage nematic ordering (S) is observed. Let us define
L4 as the average distance between defects (or joints).
Each defect is surrounded by an essentially isotropic core
[S(core) = 0] of volume Vger = 47, (T)3/3 provided that
the pore radius is larger than the nematic correlation
length &,(T). The average volume of the domain, where
S~ Sy, is Vgom =~ mR?L,4. The average value of (S) within
the sample is thus (S) =~ Sp/(14+Vdietr/Vdom). The ensuing
line narrowing, assuming a perfect nematic order outside
the core and that S(7) is completely averaged over the
distance=x Lg, is

1
- (6)
3R?L,

S(R) ~1— (8)/8y ~

3
In the case 3;;5,’2” < 1 Eq. (6) simplifies to

§(R) ~ ;—i (%)3. (6")

Deep in the nematic phase &, =~ a9 =~ 2 nm. If
the concentration of defects is overestimated by setting
—I% = 1, it follows 6(R = 12 nm) = 0.01 and that

(R > 100 nm) < 10~%. Thus the contribution of de-
fects is negligible in all cases at least deep in the ne-
matic phase. At the N-I transition the value of the ne-
matic correlation length is anomalously increased [36],
&.(Tnr) = 20 nm. In the 150-nm and 200-nm sam-
ples the defect contribution is also in this case negligible
[6(R > 100 nm) < 0.001]. In contrast, Eq. (5) indicates
that in the 12-nm sample the defects have an important
role.

This picture is consistent with the measured line split-
ting (Av), as well as with the spectrum’s I(v) temper-
ature evolution (Figs. 2, 3, 4, and 5, respectively). Be-
fore discussing the observed line shape it should be kept
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in mind that the absorption spectra are only partially
motionally averaged. In our case I(v) consists of two
contributions: (a) a “defect” and (b) a “domain” part.
Defects contribute a spectrum with a pronounced central
peak. This peak is mostly the consequence of the local
averaging over the director field, which strongly changes
at the defect site. The existence of the central peak pro-
posed was confirmed in numerical simulations taking into
account translational diffusion of molecules in a droplet
with the radial director field [18]. The domain part con-
sists of (i) a powderlike or (ii) a fieldlike contribution of
curved cylindrical segments (domains) partly averaged
by the motional narrowing caused by the distorted direc-
tor field. The pattern (i) is realized in the case R/{f < 1
and (ii) for R/ ~ 1 or R/€; > 1. This contribution has
two pronounced peaks.

The line shape evolution of the 12-nm sample (Fig.
3) is discussed next from the point of view of defects.
The field effect contribution is negligible, thus the do-
main contribution is powderlike. At the transition region
the spectrum I(v) has a single-peak shape with a pro-
nounced sharp peak at the center, indicating that both
the domain and the defect terms contribute. With de-
creasing temperature the defect contribution decreases
and the domain background becomes progressively more
pronounced. However, the observed central peak at the
transition region can also be the consequence of shifted
N-I phase transitions in different domains. Numerical
simulations on a similar system [18] suggest that the ob-
served peak is more likely the consequence of this effect.

In larger samples (Figs. 4 and 5) the domain contribu-
tion is much larger compared to the defect contribution in
the whole temperature interval. In addition, the field ef-
fects are pronounced causing substantial deviations from
the powderlike pattern. The observed hysteresis phenom-
ena are discussed in the following subsection.

C. Hysteresis

We have shown that the relative strength of the
field and elastic contributions is roughly proportional to
(R/&f)%. In the 12-, 150-, and 200-nm samples stud-
ied we find that (R/&s)% =~ 0.001, (R/£5)*> ~ 0.1, and
(R/&5)? =~ 0.2, respectively. This means that the field
influence is negligible in the 12-nm sample and the elas-
tic and field contributions are comparable in the 150-nm
and 200-nm samples. In these samples, the Fréedericksz-
like director transition can be induced. In the case that
this transition is of first order, hysteresis behavior can be
expected [36].

As can be seen from Fig. 4, our experiments confirm
this hypothesis. The spectra at the point [T, B] were
obtained by following either path a or path b; see Sec.
IV. Only in the 150-nm sample were the hysteresis effects
observed. This means that in the 200-nm sample the
external field is strong enough to overcome the memory
effect and in the 12-nm sample the field is too weak to
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cause significant changes of the nematic director field.
The detail analysis of the hysteresis behavior in the 150-
nm sample is given below.

In the case where I(v) was obtained following path
b, the spectrum is almost powderlike. Therefore the
isotropic distribution of the director field in the sample
is only slightly perturbed by the external field. On the
contrary, the line shape I(v) obtained by following path
a is remarkably different. The outer part of the spec-
trum, which corresponds to the orientations of 7 closer
to €y, is enhanced. We shall call the absorption spectrum
obtained by following path a “fieldlike” and by following
path b “powderlike.”

In order to understand this difference we emphasize
that in the lowest order the elastic free energy contri-
bution is proportional to S§?, whereas the external field
contribution is proportional to S. The free energy can be
thus written in a form F(T) ~ FO(S(T))+ F®)(S(T))?,
where F(1) and F® do not depend on S. For the 150-
nm sample and |B| ~ 9 T we find that both terms F(1)
and F(®) are comparable in magnitude. This means that
in the zero field cooled experiment the elastic free en-
ergy contribution is dominant, whereas for a field cooled
experiment both contributions are important. In the
first case the elastic free energy determines the structure.
When an external magnetic field is turned on deep in the
nematic phase, the nematic structure is not significantly
perturbed. On the other hand, if we cross the N-I phase
transition in the presence of an external magnetic field,
the nematic structure is determined by both the elastic
and magnetic terms in free energy. This means that the
line shape of the zero field cooled sample will be powder-
like also in the presence of the magnetic field deep in the
nematic phase. On the contrary, the line shape of field
cooled sample will be fieldlike also deep in the nematic
phase.

VI. CONCLUSIONS

We have studied the temperature evolution of the ne-
matic ordering of a 5CB liquid crystal confined to the
CPG matrix using deuterium NMR. The SEM and AFM
images of our samples indicate that cylindrically shaped
pores are strongly interconnected and the surface of the
pores is smooth. We studied samples of pore radii 12,
150, and 200 nm.

In the 12-nm sample the behavior of the system is
substantially different from the bulk behavior. The N-
I transition is gradual and shifted below the bulk Th;.
This gradual onset can be caused either by (i) the rel-
atively high concentration of defects that appears at
the interconnections of cylindrical pore segments, (ii)
the strong local curvature of the pores of the order
~ &,(Tnr1), or (iii) results from the superposition of
shifted local discontinuous or gradual domain N-I tran-
sitions.

The line shape width in confined samples is always
narrower than in the bulk sample. This is mostly due
to the motional narrowing, which is effective because of
nonhomogeneous nematic director field ordering. This
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nonhomogenity is induced by curved cylindrical segments
and interconnections between them. In the transition re-
gion the inhomogenity in the degree of nematic ordering
caused by defects is also important. At lower tempera-
tures the cores of defects are greatly reduced and con-
sequently their influence becomes negligible. Thus, in
the transition regime the interconnectedness of pore seg-
ments plays an important role. At lower temperatures
the single pore characteristics prevail.

In contrast, the line shape temperature evolution re-
veals that the N-I transition is bulklike in the 150- and
200-nm samples. The transition temperature shift from
the bulk value Ty and the influence of defects are neg-
ligible.

In the 150-nm sample the ratio {/R = 0.1 indicates
a regime where the Fréedericksz-like director field tran-
sitions can be induced. The observed hysteresis in the
[T, B] plane confirms this assumption. In other samples
the hysteresis effects were not observed. The field influ-
ence is negligible in the 12-nm sample and is too strong
to cause memory effects in the 200-nm sample.

Most of our conclusions are based on the assumption
of an axial director field structure within cylindrical seg-
ments perturbed by defects at their interconnections.
This structure is most plausible in the case of planar
anchoring and weak external field influence. The latter
influence is negligible in the 12-nm sample where most
of the apparent departures from bulk behavior are ob-
served. Note that in this sample the proposed direc-
tor field between joints most probably exists also in the
case of different anchoring conditions. Namely, inves-
tigations of director patterns in a similar system [8,31]
(a nematic liquid crystal confined to an infinite cylinder
with homeotropic boundary conditions) reveals that in
the case of weak anchoring (i.e., R/d. < 1) the director
field aligns along the cylinder axis despite an antagonistic
anchoring tendency. For reasonable anchoring strengths
(Wo < 5107* J/m?) the ratio R/d. is always less than
one in the 12-nm sample.

In our calculations we assumed uniaxial director field.
In the case of a strongly distorted director field, biaxial-
ity can appear. Theoretical studies [46,47] have shown
that the core of dislocations is expected to be biaxial
with a finite but strongly supressed degree of nematic or-
dering. Because the core of the biaxial defect is larger
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than that of the uniaxial one, the average degree of ne-
matic ordering within the core is similar in both cases. In
addition, the nematic orientational patterns surronding
both defects are qualitatively similar. On this basis we
anticipate that taking into account biaxiality would not
apparently change the observed spectra because the con-
tributions to I(v) are averaged over a volume of linear
dimension dp. This distance is in general larger than the
core size of a defect. Thus the details of the defect struc-
ture are not important. A more detailed analysis of the
effect of biaxiality on the absorption spectra is planned
to be the aim of our future investigation.

Since there have been many studies investigating the
behavior of liquid crystals confined to various porous ma-
terials it is interesting to stress the main qualitative dif-
ferences in the behavior of such systems. This introduces
a certain kind of a classification. As liquid crystal host
matrices [11], the aerogels, Vycor glass, CPG, and Nucle-
pore and Anopore membranes are most commonly used.
The Anopore membranes consist of arrays of cylindrical
capillarities of relatively narrow distribution of cylinder
radia. In this case the single regular pore (SRP) char-
acteristics are dominant. Here “regular” refers to the
well defined geometry of the pore. Similar characteristics
have Nuclepore membranes, except that the distribution
of cylinder radii is broader.. The behavior of the system
can be described as a superposition of SRP contribu-
tions (SSRP behavior) whose eventual differences mainly
arise due to different values of the radii. Our study in-
dicates that the behavior of liquid crystals immersed in
the CPG porous glass matrix is predominantly SRP far
from the N-I transition. In contrast, at the transition
the “inter-regular-pore” (IRP) effects are important. A
similar system represents Vycor glass with the exception
that individual pore segments exhibit larger departures
from the cylindrical geometry. Thus liquid crystals im-
mersed into the Vycor glass exhibit SSRP-like behavior
deep in the nematic phase. Depending on the concentra-
tion of defects IRP behavior could be important at the
N-I transition. The most open pore systems represent
aerogels that can be described as a structure consisting
of strongly interconnected strands. The voids of the ir-
regular shape are in this case strongly interconnected. In
this case the “inter-irregular-pore” behavior can be pro-
nounced.
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FIG. 1. (a) and (b) SEM and (c) and (d) AFM images. The CPG samples with pore radii (a) R &~ 200 nm and (b) R ~ 150
nm are shown. Note that in all cases the outer surface of the CPG matrices was probed. The 3D AFM image of the CPG
(R ~ 150 nm) surface is presented in (c) and the surface profile is shown in (d).



