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Deuterium NMR of a pentylcyanobiphenyl liquid crystal confined in a silica aerogel matrix
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The temperature dependence of the deuterium NMR line shape was studied in a pentylcyanobiphenyl
(5CB) nematic liquid crystal embedded into lecithin-treated and nontreated continuous-pore silica aero-
gel matrices. In the lecithin-treated matrix the temperature dependence of the NMR absorption spectra
of 5CB exhibits a pronounced first-order nematic-isotropic transition, while in the nontreated matrix
only a weak discontinuity was found. The observed almost continuous onset of nematic ordering in the
latter case appears to be due to the spread of nematic-isotropic-transition temperatures 7T, in different
aerogel cavities. In the isotropic phase of 5CB a surface ordering effect of the silica aerogel matrix was
observed and the surface order parameter was estimated to be S;,=0.02+0.01. The surface anchoring of
the SCB molecules is much stronger in the case of a nontreated matrix than in the lecithin-treated one.

PACS number(s): 64.70.Md, 76.60.—k

I. INTRODUCTION

The effects of finite size and surface on the bulk proper-
ties of condensed-matter systems have been a subject of
basic science and applied research for years [1-6]. In
this respect liquid-crystalline systems are an important
example where orientational and layer ordering proper-
ties are strongly influenced by surface interactions. In-
corporating liquid crystals into gel networks has led to
the discovery of a new type of nematic electro-optic
display with significantly enhanced switching properties
[7]. Striking finite-size effects were observed [8-10], for
instance, in the case of liquid crystals incorporated into
the continuous-pore network of a silica aerogel whose
porosity could be varied between O and 98% by partial
densification [11].

Preliminary studies of liquid crystals embedded into
the continuous-pore networks of porous glasses and silica
aerogels have already been performed using dielectric,
light-scattering, and calorimetric methods [8-10]. Aliev
and Breganov [8,9] have investigated different nematic
liquid crystals immersed in a ‘“macropore” (typical pore
radius R, up to 0.1 um) and “micropore” (R, <0.07
pum) porous glassy matrix. They found the nematic-
isotropic phase-transition temperature 7; shifted to-
wards higher values due to the surface-interaction order-
ing effect. From the T, shift observed they estimated
the surface anisotropic interaction energy W, to be of the
order of 1073 J/m?. The temperature shift is particularly
pronounced in the micropore sample and the transition
region shows hysteresis behavior. They claim that the
observed hysteresis is due to the formation of a smectic
polar layer induced by strong surface interactions.

Bellini et al. [10] investigated the octylcyanobiphenyl
(8CB) liquid crystal immersed in a silica aerogel network
of typical pore dimension R, ~0.02 um. The observed
anomaly in the temperature dependence of the heat capa-
city indicated the continuous formation of nematic order-
ing below the bulk T,;. The continuous-transition-
region behavior of confined 8CB was also supported by
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an optical-transparency study showing no noticeable hys-
teresis phenomena. The optical study further showed
that the average nematic orientational order correlation
length was comparable to the typical pore diameter. The
depression of T; was accounted for by an impurity
effect. They also suggest that the silica aerogel pore walls
have a disordering effect.

In view of several open problems concerning orienta-
tional order of liquid crystals in an aerogel matrix we de-
cided to perform a deuterium NMR line-shape study on
pentylcyanobiphenyl (SCB) nematic liquid crystal (NLC)
deuterated on the [ position of the alkyl chain immersed
in a silica aerogel matrix. This approach was chosen be-
cause the nematic alignment strongly influences the re-
sulting NMR absorption spectrum [12,13] I(v). If the
diffusion rate is slow enough, I(v) directly reveals the
orientational distribution of nematic molecules within the
sample. The NMR method is particularly important for
studies of nematic ordering within cavities of the submi-
crometer range, since this region is not accessible to most
other experimental techniques (e.g., polarization-
microscope experiments). In particular we wished to
study the temperature dependence of the deuterium
NMR line-shape pattern near the bulk nematic-isotropic
phase transition, with special emphasis on the effect of a
normal or lecithin-treated silica aerogel surface on the
nematic orientational ordering.

II. EXPERIMENTAL SETUP

The silica aerogel matrix used for our samples was
kindly supplied by Dr. Chaput of Ecole Polytechnique
(Palaiseau, France). The initial step in preparing the
aerogel is sol-gel condensation in acidic medium of a sil-
icon alkoxide, tetraethoxysilane. A small amount of
Cr** jons was added to the polymerization solution as an
NMR relaxing agent for the purposes of another experi-
ment [14]. The alkogel, which results from the gelation
of this solution, consists of an interconnected network of
branched polymers in which solvent molecules are em-
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bedded. An aerogel is obtained by evacuating the solvent
from the alkogel under hypercritical conditions. In the
nontreated sample the nematic liquid crystal 5CB is in-
troduced into the silica aerogel matrix using capillary ac-
tion. The lecithin coating of the second sample was
achieved by previous treatment of the silica aerogel ma-
trix with a 3 wt. % solution of egg-yolk lecithin in ether
which enabled penetration of lecithin into the porous net-
work without affecting its structure. Afterwards the eth-
er was evaporated. As in the previous case, the 5SCB was
introduced into the silica aerogel under vacuum by capil-
lary action. The pore-size distribution for the silica aero-
gel and a scanning electron micrograph of the silica aero-
gel matrix of our sample are shown in Figs. 1 and 2, re-
spectively.

Deuteron NMR spectra were recorded at the reso-
nance frequency of 41.463 MHz, using a Bruker SXP
spectrometer and a 6.34-T superconducting magnet. A
pair of 7 /2 pulses with phase cycling was used to obtain
the NMR spectra. 1600-10000 signal accumulations
were taken in the low-temperature nematic phase and
160—-1600 averages in the high-temperature isotropic
phase.

III. THEORETICAL BACKGROUND

A. Effect of confinement on the nematic structure
within cavities

The results of Bellini ez al. [10] reveal that the nematic
ordering in different cavities of a continuous-pore silica
aerogel network is only weakly correlated. Therefore
within a good approximation we can consider this system
as being composed of independent cavities. In most cases
the nematic ordering [13] within a cavity is sufficiently
well described by two parameters: the director field n(r)
oriented along the local average orientation of nematic
molecules, and the local orientational order parameter
S(r)=(3cos’0—1), /2 (with 0 representing the angle be-
tween the average and instantaneous local orientation of
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FIG. 1. Pore size distribution for the silica aerogel sample as
determined by mercury porosimeter. The height of each
column represents the pore volume per gram of aerogel, for
pores with sizes indicated by the boundaries of the column.
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FIG. 2.
matrix.

Scanning electron micrograph of the silica aerogel

a nematic molecule at a point r, and { ), denoting the
time average). The n(r) and S(r) fields depend on the in-
terplay among elastic, surface, and external electric- or
magnetic-field interactions. In large cavities [5]
(R;y =0.5 pm) the S(r) field has an almost constant
value through the whole cavity except near the cavity
surface and defects.
To evaluate nematic structures within a cavity we start
from the Frank [13] nematic free-energy density f(r):
f(r )—

K K
(divn)>+ %(n-rotn)”— %(anotn)2

W,
+-——[1 n-€eq,)’ ]S(r—Rcav)— X (n-B)? .

21
(1)

This approach neglects the spatial variation of the orien-
tational order parameter S, which is present in the model
via splay (K,;), twist (K,,), and bend (K3;) elastic con-
stants which are in a first approximation proportional to
S2. The nematic phase boundary is designated with the
radius vector R,,. W, is the surface anchoring strength,
which tends to align nematic molecules along the “easy”
direction e.,,. B is the external magnetic field and Ay
measures the anisotropy of magnetic susceptibility. The
influence of the surface interaction on the nematic struc-
ture is represented by the surface extrapolation length d
defined as [13]

d=K/W,, (1a)

where K denotes the average Frank elastic constant. If
uw=R_,,/d >>1 (the so-called strong-anchoring regime),
the surface interaction is strong enough to orient nematic
molecules along e.,,. The influence of the external field
on the nematic ordering is measured by the field correla-
tion length [13] £. In the case of the external magnetic
field it can be expressed as

E=1"uK /(B*Ay) . (1b)
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In general, the enclosed nematic phase is only weakly
influenced by the external magnetic or electric field [15] if
R, /&<l

The minimization of the resulting free energy yields the
Euler-Lagrange differential equations which are given in
Appendix A. The equilibrium equations are solved nu-
merically using the over-relaxation method. For the sake
of simplicity we treat only the case of equal elastic con-
stants K =K ;=K,,=K3;. In addition we neglect the
external magnetic-field influence (present in the NMR ex-
periment) on the director field assuming that the majority
of nematic molecules are within cavities for which
R, /&< 1 is fulfilled. Since the lecithin coating tends to
align nematic molecules homeotropically, and since re-
cent [18] studies indicate that such surface alignment is
also realized within the silica aerogel porous matrix, we
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treat in detail the case of homeotropic anchoring,
whereas the tangential case is discussed only briefly.
Recent studies reveal that in the case of homeotropic
anchoring in most common cases (cylindrical, spherical
cavities) [19-23] radial-like and axial-like structures are
obtained (see the nematic structures in Fig. 3). Let us
briefly analyze the stability of radial-like and axial-like
structures in the case of a weak external magnetic or elec-
tric field. The radial-like structures have a larger elastic
deformation energy but a lower surface free energy than
the axial-like ones. Therefore in cavities, where surface
interactions play a dominant role, radial-like structures
are preferred [19,20,22]. This is realized in cavities,
where u=R_,,/d >>1. In smaller cavities (u<<1) the
bulk elasticity overwhelms the surface interaction, stabi-
lizing the axial-like structures. The transition between
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FIG. 3. 2D (a) and (c) radial-like and (b) and (d) axial-like nematic structures within (a) and (b) a spherical cavity and (c) and (d) a
cavity of complementary shape, together with the corresponding deuterium absorption spectra for the orientation of B as marked in
the figure. Structures were numerically evaluated for the case of equal elastic constants. For comparison, the absorption spectra are
added (dotted line) for the 3D case of a spherical cavity. In calculations 8v/Av, was set equal to %.



these competing structures occurs at pu=p,., which in
turn defines the critical cavity size R, =pu.d for a fixed
value of d. The value of u, depends on the cavity shape,
the director field within it, and the elastic properties of
the NLC. A recent comparative study [20] of such tran-
sitions in spherical and cylindrical cavities showed that
the qualitative features of the stability diagram of axial-
like and radial-like structures realized within these two
geometries are preserved and that the values of u, are
comparable.

B. Deuterium absorption spectrum

Deuterium NMR is an ideal method to probe the
structure of a nematic liquid crystal confined to small
cavities because the resulting deuterium absorption spec-
trum 7 (v) strongly depends on the orientational distribu-
tion of nematic directors. In the absence of motional
averaging, the deuterated nematic molecule located at r
in the cavity contributes two sharp lines to the NMR ab-
sorption spectrum separated by [12]

S(r) A

Avir) =30 2 1300620, (r)— 1] @)
S, 4 B

where 05 denotes the angle between the external magnet-
ic field B and nematic director n(r), S(r) the orientational
order parameter at r, S, represents the bulk nematic
orientational order parameter, and Av, the NMR absorp-
tion line splitting of the bulk nematic phase.

If the nematic director is spatially dependent—a case
often realized for nematic liquid crystals confined to spa-
tially restricted geometries—the translational diffusion
motion induces changes in the orientationally dependent
quadrupolar-interaction strength. If the diffusion is fast
enough, the resulting spectra may be strongly motionally
narrowed. The narrowing due to this mechanism is often
called the translationally induced rotation mechanism
[16]. It affects considerably the absorption spectra if [15]

e=Av,R2%, /(6D)<10. 3)

cav

Here D stands for an average eigenvalue of the transla-
tional diffusion tensor. For typical values of D and Av,
(i.e., D ~10"'"" m?/s and Av, ~ 10 kHz), this condition is
fulfilled, if the cavity radius R ,, is smaller than 0.1 um.

To calculate a deuterium absorption spectrum I, (v)
of the NLC confined into a cavity of typical size R, we
use the expression [12]

I (M=I,Re [dt e "2™G(1) (4a)
G(t)=<exp i277f0tAv[r(t’)]dt']> . (4b)
G (t) denotes the autocorrelation function and ()

represents an ensemble average. G(t) is evaluated numer-
ically for a given nematic configuration within a cavity
using the isotropic random-jump diffusion model [15,17]
(see Appendix B).

In general, contributions of different cavities to the
NMR absorption spectrum of a sample differ due to the
various sizes, shapes, and orientations of the cavities, as
well as due to different director distributions within
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them. The absorption spectra I(v) of the whole sample
can be then given as

Iv)=S PR (v, )

cavities

where P(R ,,) represents the distribution of nematic mol-
ecules over the cavities (see Fig. 1) and the sum runs over
all cavities within the sample.

Because of the isotropic character of our silica aerogel
sample, it is reasonable to assume that all orientations of
n(r) are equally probable if the external magnetic field is
weak enough. This is supported by the fact that different
orientations of the sample in the external magnetic field
gave identical spectra. The corresponding absorption
spectrum is expected to be Pake powder shaped of max-
imum width Awv, if surface, pore-size-distribution, and
translational-diffusion effects are negligible. Therefore, a
departure from this shape clearly indicates the impor-
tance of the effects mentioned.

C. Numerical simulations

Individual cavities of a continuous-pore silica aerogel
matrix are of different, most probably irregular, shape.
To calculate the nematic structure within such cavities
and obtain the corresponding absorption spectra I(v)
would be in general an extremely difficult task. As a first
step we analyze the absorption spectra for different
nematic structures within two-dimensional (2D) cavities
of circular and “complementary’ shape [a space between
four stacked cylinders; see structures in Figs. 3(c) and
3(d)]. From the results obtained we try to reach some
general conclusions which are necessary to understand
the behavior of the realistic, 3D sample.

1. Two-dimensional cavities

Figure 3 shows in the inset radial-like and axial-like
nematic structures in a (a) and (b) circular and (c) and (d)
“complementary’ shaped 2D cavity, as well as the corre-
sponding absorption spectra I(v) for the case of strong
anchoring and without motional narrowing. The results
clearly indicate that the modification of the 2D cavity
shape from the circular to the complementary
(@ —c,b—d) relatively weakly affects I(v) and that qual-
itative features of I(v) are preserved. I(v) of the radial-
like structure does not depend (or only weakly) on the
orientation of B in the cavities smaller than the magnetic
coherence length. In the case of the axial-like structure
I(v) remarkably depends on the external field orienta-
tion.

The effect of translational diffusion on the correspond-
ing 2D spectra is demonstrated in Fig. 4 for the struc-
tures given in Figs. 3(c) and 3(d). It is evident that the
radial-like structures are more strongly influenced by
translational diffusion than the axial ones.

2. Three-dimensional cavities

In Figs. 3(a) and 3(b) static absorption spectra of a
nematic liquid crystal in 3D cavities of spherical shape
are superimposed on the spectra of corresponding 2D ax-
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ial and radial structures. We see that only I(v) of the ra-
dial structure is qualitatively changed. In addition, in the
case of radial-like structures, the motional averaging in-
duced by translational diffusion can evidently be different
in 3D; e.g., in the radial structure I(v) can be narrowed
into a single line, as is demonstrated in Fig. 5.
Encouraged by these similarities found for cavities of
different shapes, our further theoretical considerations
were restricted to 3D spherical cavities with the homeo-
tropic boundary condition, for which radial and axial
structures are most commonly stable [see the structures
in Figs. 3(a) and 3(b)]. In the following we study a sample
of dispersed spherical nematic droplets of different radii

R_,, distributed according to Fig. 1 and calculate a corre-
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FIG. 4. The effect of translational diffusion on the absorption
spectra of the (a) 2D radial-like and (b) 2D axial-like structures
presented in Figs. 3(c) and 3(d), respectively.
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FIG. 5. Numerical simulation of the deuterium NMR spec-
tra of a nematic liquid-crystal spherical droplet with a radial
nematic structure for different diffusion rates €.

sponding deuterium NMR absorption spectrum
I(v)=3P(R_,, )], (v), taking into account the motional
narrowing due to the translational diffusion of nematic
molecules. Since cavity dimensions (R ,,) are distributed
both above and below a critical dimension R, where the
transition between the axial and radial structure takes
place, the resulting spectrum I(v) is expected to be com-
posed of the spectral contributions I,,(v) of both struc-
tures. For this reason let us first make a brief analysis of
I, (v) for each of the two structures separately.

I..,(v) of a droplet with radial structure (stable for
R, > R,) is independent of the orientation of an external
magnetic field B (assuming it is weak enough) because the
director field of this structure is spherically symmetrical.
But the absorption spectrum strongly depends on the
diffusion rate value € [see Eq. (3) and Fig. 5] due to the
relatively strong spatial variation of n(r).

In the axial structure the director field is predominant-
ly oriented along the average droplet director N=(n)_,,,
where ( ), stands for the average over the cavity
volume. For all orientations of B, the corresponding
spectrum I, (v) consists basically of two lines whose sep-
aration depends on the angle between N and B. For the
axial structure I, (v) depends relatively weakly on e.
With decreasing € the absorption spectrum remains qual-
itatively the same, only the separation between the two
lines is reduced. In the case of SCB (K ~5X10"12 N)
and for usual values of surface anchoring strengths, the
axial structure is stable in droplets with a radius smaller
than 1 pm. In such small droplets the influence of B on
the director field is negligible [15], and as a consequence,
the orientational distribution of N is isotropic. In addi-
tion, the corresponding € values in this range of cavity ra-
dii are smaller than 1 for common D values. Therefore
we can assume that the contribution of individual nemat-
ic molecules to the absorption spectrum I, (v) of a cavi-
ty with an axial structure is averaged over all possible
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director orientations within the cavity. The droplet spec-
trum in this case is the same as that of a homogeneous
nematic structure oriented along N, but narrower by a
factor of P,=(3(n'N)*—1),,/2. Droplets with an axial
structure and the same radius R, <1 um would thus
give rise to a powder absorption spectrum narrower by a
factor of P, than the static spectrum of the radial struc-
ture.

On the other hand, the NLC droplets of axial structure
with different radii R, give a superposition of the
powder spectra I, (v) of various widths since P, of an
axial structure depends [19] on R_,, due to the finite
surface-free-energy contribution which is absent in the
droplet with radial configuration.

Based on these considerations we can conclude that the
absorption spectrum I(v) of the whole sample strongly
depends on the relative distribution of R, values, the
motional narrowing radius R, —below which the effect
of translational diffusion must be taken into account—
and the cavity radius R,  corresponding to the max-
imum of the P(R_,,) distribution. This is demonstrated
in Fig. 6 where I(v) is presented for different values of
the diffusion constants and R, taking into account the
distribution P(R_,,) given in Fig. 1. For such a distribu-
tion the resulting spectrum I(v) is either (i) Pake powder
shaped of width Av, if R ,, >R, and R_,, >R or (ii)
composed of Pake powder-shaped contributions of vari-
ous widths if R ., ZR.=ZR_. IfR . =R _>R_ the spec-
trum gains an additional central line due to an evident
contribution from droplets with strongly averaged
I, (v).

3. A note on cavities with tangential anchoring

In the case of tangential anchoring where the cavity
surface tends to orient nematic molecules perpendicular
to the surface normal, recent studies of nematic droplets
reveal that the bipolar structure [4,15,17,23,24] is com-
monly stable over the whole anchoring regime. The cor-
responding absorption spectrum [17] is similar to the one
obtained in the axial-like structure. Therefore we believe
that in the case of tangential anchoring results would be
similar to the homeotropic case assuming that the axial-
like structure is stable over the whole anchoring regime.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The deuterium NMR absorption spectra I(v) of the
liquid crystal 5SCB immersed into the lecithin-treated and
nontreated silica aerogel matrices are shown in Fig. 7.
The corresponding characteristic width or line-splitting
values Av of I(v) are presented in Fig. 8 compared to the
splitting Av, of the bulk NLC.

A. Isotropic phase

The absorption spectra of the SCB confined in the non-
treated aerogel found in the isotropic 5SCB phase are wid-
er than in the bulk isotropic phase by a factor ~1.5.
This is due to the finite local nematic orientational order
S, within the surface layers, indicating the local ordering

tendency of the silica aerogel cavity surfaces. This local
ordering persists far into the isotropic phase and is only
weakly temperature dependent. Such behavior is expect-
ed when the dominant surface interactions are local in
nature [25]. The line splitting Av;,, of the corresponding
absorption spectra in the isotropic phase, broadened due
to the finite surface ordering effect, can be approximately
expressed as [24]
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FIG. 6. Numerical simulation of the deuterium NMR spec-
tra of spherical nematic droplets for different values of the
diffusion coefficient D and of the critical radius R, taking into
account the P(R_,,) distribution presented in Fig. 1. (a) R, >0
(A: R.,=0.01 um, D=10"" m?’s"'>R,.,=R.>R,; B
R.,=0.01 ym, D=10""2 m?’s™ 'SR, ., >R., Ro>R; C:
R.,=0.1 um, D=10""-10""2 m?s 'SR, . =R.=R,). (b)
R.,=0 (A4: D=5X10"" m?s™!; B: D=10"" m?s7!; C:
D=5X10""2m?s™ ).
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AViso~d(SO/Sb )AVbV(So/Sb )AVb7T/D . (6)

In the derivation of this expression it was assumed that
S, has a constant value within the surface layer of thick-
ness d, and that d <<R_,,. For Av, /S, ~100 kHz, d ~4
nm, D~5X10"1? m?s™!, and Av,(W,)~300 kHz one
finds for a nontreated surface a nearly-temperature-
independent local surface order parameter of
S;~0.02+0.01. For the lecithin-treated sample this
value is significantly smaller and cannot be distinguished
from the situation in the bulk within the limits of experi-
mental error. This is in contrast with the recent result
[25] obtained by deuterium NMR for NLC confined
within lecithin-treated cylindrical cavities, where the iso-
tropic surface-induced order was found to be temperature
dependent: S;=S0,/(2V' T/T*—1) with S, =0.007
+0.001 and T*=Ty; —(1.16+0.05) K.

B. Transition region

The experimentally determined absorption spectra of
the lecithin-treated sample reveal a discontinuous transi-
tion from the isotropic to the nematic phase at T; ~ 305
K. In the case of the nontreated sample the nematic or-
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dering begins to evolve below Ty; ~302.5 K. These Ty,
values are notably below the bulk transition temperature
T3 ~306 K. In general the shift [8—10] of the transi-
tion temperature AT =Ty, —TE5* can be due to the
effects of (i) finite size, (ii) surface interaction strength,
(iii) large elastic deformations, and (iv) impurities. AT
caused by the finite-size effect is of the order of 0.1 K and
in our case (AT >1 K) plays a negligible role. The effect
of surface interaction can strongly shift Ty; (AT >0 for
ordering and AT <0 for disordering surfaces) in small
cavities (R, <0.1 pm). If the cavity size is below a crit-
ical value R, the first-order transition between the iso-
tropic and nematic phase even disappears and a continu-
ous change of nematic ordering takes place [2—-6]. The
value of R, depends on the cavity shape and the nematic
director distribution within it. In a spherical cavity the
R, value lies between [2,4-6,26] 0.067 um (the bipolar
structure) [4] and 0.22 pm (the radial structure) [5]. We
believe that in our case this phenomenon plays only a
minor role since only 25% (see Fig. 1) of nematic mole-
cules are within cavities of size R_,, <0.1 um. Large
elastic deformations can strongly depress Ty, only in cav-
ities of size [S] ~R,. Therefore, the large depression of

(b)

I(v)
T=325K

| | | ] |
1000 500 0 -500 -1000

v (Hz)

I(v)
T=296K

| | | | 1
20000 10000 0 -10000 -20000

v (Hz)

FIG. 7. Experimentally determined deuterium NMR spectra at different temperatures of 5CB in (a) lecithin-treated and (b) non-

treated silica aerogel matrices.
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FIG. 8. The half-height I(v) width (the isotropic phase, the
nematic phase of nontreated sample) or I(v) splitting (the
nematic phase of the lecithin-treated case) as obtained from the
experimentally determined deuterium NMR spectra of 5CB at
different temperatures for lecithin-treated and nontreated silica
aerogel cavity surfaces. Compare the data with the temperature
dependence of the bulk 5CB half-height intensity width data.
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Ty below TP¥ (AT ~1 K for 5CB in the lecithin treated
and AT ~4 K in the nontreated matrix) and the well pro-
nounced first-order-transition character in the case of the
lecithin-treated sample (indicating that the majority of
the liquid-crystal molecules are in cavities of size
R, >R,) lead to the conclusion that the temperature
shifts observed are mostly due to the impurity effect [27].
We also suggest that the impurity effect is more impor-
tant in the nontreated case (due to different sample
preparation) and that the impurity concentration in the
nontreated sample strongly varies among the different
cavities. This in turn causes a large spread of T \?"i%Y)
transition temperatures, where in a given cavity a discon-
tinuous nematic-isotropic phase transition occurs.

C. Nematic phase

Let us first analyze the case of 5CB in the lecithin-
treated matrix. The experimental results can be simulat-
ed by a superposition of Pake powder-shaped spectra of
different widths in the case where R, ~R, (see Fig. 9).
This is in accordance with the result obtained for NLC
confined to spherical and cylindrical cavities
[19,20,22,28], where u,~ 10, corresponding to a critical
cavity size [29] of R,~1 pum (K~5X10""2 N,
Wy~3X10"° J/m? for the lecithin coating), and the
diffusion coefficient D between 107! and 10712 m?s™".
The NMR spectra of SCB in Fig. 7(a) thus strongly sup-
port the axial type of nematic director field as presented
in the inset of Fig. 3(d).

5CB in the nontreated silica aerogel matrix exhibits a
broad central peak with pronounced wings at v~tAv,
[see Fig. 7(b)]. These wings are most probably due to the
presence of large cavities (see Fig. 1), where the influence

1(v)

2v/Avy

FIG. 9. Comparison of the experimental (full line) and nu-
merically calculated (dashed line) spectrum I(v) deep in the
nematic phase for the case of the lecithin-treated aerogel surface
[Re~R.~1 pum, P(R_,,) as given in Fig. 1, and cavities as-
sumed to be spherical]. The static absorption spectrum of a ra-
dial structure (dotted line) is shown for comparison.

of the external field B, is dominant (R, /£>>1) and re-
sults in orientation of nematic molecules along the By
direction. The broad central peak of I(v) can be ascribed
to the superposition of absorption spectra Iz(v) of
different cavities with different nematic ordering due to
the spread of T'y; values and the enhanced narrow central
peak deep in the nematic phase to the motional narrow-
ing effects. This suggests that the structures within cavi-
ties are strongly deformed, a situation realized in the case
of homeotropic anchoring. The isotropic phase reveals
that anchoring in the nontreated sample is much stronger
than in the lecithin-treated sample. According to Aliev
and Breganov [8,9], the anchoring strength of a nontreat-
ed porous glass surface is approximately Wy~ 1073 J/m>.
If this estimate is adopted for our case, then
R, ~1pum>>R_.~0.01 um. For the case of spherical
droplets we have shown that in this regime a narrow line
is added to the spectrum (see Fig. 6).

V. CONCLUSIONS

A deuterium NMR line-shape study of SCB confined to
a silica aerogel of continuous pore structure was per-
formed. Special emphasis was put on the effects of the
aerogel surface treatment with lecithin on the tempera-
ture evolution of nematic ordering. The absorption spec-
tra of the isotropic phase reveal that the interaction of
5CB with the nontreated aerogel surface is evidently
stronger than in the case of the lecithin-treated aerogel
surface. The isotropic surface local order parameter for
the nontreated aerogel surface is nearly temperature in-
dependent and amounts to S, ~0.021+0.01.
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It is quite possible that the nontreated aerogel pores
with large values of local order parameters produce a
multidomain structure and in fact act as a disordering
surface. This is so as the direction of the local ordering
may vary in space, so that the pore walls effectively act as
pinning impurities. Lecithin treatment, on the other
hand, could “smooth” the surfaces out by clogging pores
of small radius thus denying access of liquid-crystal mole-
cules into this region. This would diminish contributions
of small pores which produce the largest deviations from
the ideal powder Pake spectrum.

The above statements agree with the suggestions of
Bellini et al. [10] that the absence of a discontinuity in
the nontreated sample on going from the isotropic to the
nematic phase results from the presence of pore walls act-
ing as impurities and thus smearing out the phase-

transition singularity similarly as random fields [10,30].
J

2

No such smearing out takes place in the lecithin-treated
aerogel.

APPENDIX A: EULER-LAGRANGE
DIFFERENTIAL EQUATIONS

To obtain the director field within a cavity we solve nu-
merically the Euler-Lagrange differential equations for
the director field resulting from the minimization of the
Frank free energy [see Eq. (1)] for the case of negligible
influence of the external magnetic field.

1. Two-dimensional cavities

In this case the nematic molecules are restricted to the
(x,y) plane and the corresponding director field can be
presented as n={(cos8,sinf). Minimization of the free en-
ergy leads to the bulk differential equation

3“0 2 . g 3%0 ) 2
2—(K3;3c0s8"0+ K ;sin 0)+2;(K33s1n 0+K,,cos“8)
y

ax?
a0 |” (a0 ]’ 3%
+(K11—K33)[ ™ —[a—y sinZG—Zaxay(Sin29+00329) =0.
At the cavity boundary strong anchoring is assumed. The boundary (x,y,) 1is either spherical

(y;=%(R*~x2)'2,_x.e[—R,R]) or complementary shaped (y,=+[RV2—(R?*—x2)'"?], x,e[—R/V2,R/V2];
v, =t[R?—(x,—V2R)*]'?, x,e[R(V2—1),R /V2]; p,=%[R>—(x,+V2R )*]"?, x,e—[R(V2—1),R /V'2]). Here
the index s denotes the cavity boundary.

2. Three-dimensional cavities

In the three-dimensional case we consider only nematic structures within spherical cavities. The director field can be
expressed as

n= —(sinfB)ey+(cosb)e, ,

where e, and e, are unit vectors of the spherical coordinate system and 6 the angle between e, and n. This ansatz does
not take into account structures with twist deformation. The vector field n is in this case completely described by a sca-
lar field 6(r,d), which satisfies the bulk differential equation

. 20 , . .90 , . 26 . 90
(K ;;8in?0+ K 33c0s26) lgr—zr +277r | +(Kycos 6+ K ;3sin20) aT;zJ“ﬁ“’“’
—K sin26 (cot’3—1)+(K; + K33 )cotd sin’0
2
(K1 —Ks3) {00 |7, a0 3 |° a6 . 3% 3636
- 1 - —_ — | == — 4 — = .
2 sin20 |r or +rar cotd 39 + 39 Z’araa +200$(29)81?8rr 0

In this case we take into account weak anchoring at the
droplet surface which yields an additional differential
equation serving as boundary condition (at r =R):

APPENDIX B: EVALUATION OF G (1)

To evaluate numerically the autocorrelation function
G(t) [defined in Eq. (4b)] for a given nematic
configuration within a cavity we use the isotropic
random-jump diffusion model. Within this model the
translational diffusion of nematic molecules is simulated
with random jumps over points of a two- or three-
dimensional (depending on the 2D or 3D model) square
lattice of a lattice constant a. The value of @ is chosen
small enough so that the director field far from point de-
fects is only slightly altered when a nematic molecule is
displaced for a distance a. At the cavity boundary a

r%?— [8in20+(K 33 /K 1, )cos?0]

a0 .
+ 55( 1—K33 /K, )sinf cos@

—cosfOsinB(2—K 33 /K ;)

+cotd sin*6+u cosfsinf | =0 .
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reflection of nematic molecules is assumed. Further we
neglect the anisotropy of the diffusion tensor and let the
nematic molecules jump only on the nearest lattice sites.
The jump time is given by 7=a?/6D. According to this
model G(t) can be expressed as [15,17]

G(t=n-1)=(exp{i2n[Av(r'{)+Av(r}})

+ AV )

Here Av(r%‘)) denotes the deuterium line splitting [see
Eq. (2)] of a nematic molecule positioned at r'f’, where
the index / describes a position of a nematic molecule
after / jumps on the kth path originating from the initial
position, described with index j. The ensemble average in
Eq. (4b) is in our calculations approximated with an aver-
age { ) over different initial points j and paths k lead-
ing from these points.

The resulting spectrum is afterwards broadened by
convolution with a Gaussian line shape of width &v.
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FIG. 2. Scanning electron micrograph of the silica aerogel
matrix.



