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The dynamical behavior of nematic and smectic-A ordering of a liquid crystal in an aerogel host is
studied by quasielastic light scattering. In the nematic phase, ordered domains are comparable to the
pore size and generally frozen in orientation, with remnant orientation fluctuations having paranematic
dynamics for a domain size distribution appropriate to the aerogel, and the coupling between domains

giving rise to an additional slow glasslike relaxation.

At lower temperatures a drastic slowing down,

connected with a local nematic—to—smectic-A transformation, is observed.

PACS numbers: 64.70.Md, 61.30.Eb, 78.35.+c, 82.70.Gg

The study of the phase behavior of liquid crystals in
porous media offers experimental access to the effects of
externally induced disorder on a wide variety of phase
transitions [1,2]. This Letter concerns the dynamics of
the ordering processes of the isotropic, nematic, and
smectic-A phases of the liquid crystal 8CB incorporated
into silica aerogel. It has been established using static
light scattering and calorimetry that 8CB in a 200 A
mean pore-size aerogel has local nematiclike orientational
ordering [1], and x-ray diffraction has exhibited the
smectic-A-like one-dimensional fluid layer translational
ordering [2] within the nematic domains. Here we probe
the evolution of the dynamics of these ordering events
using quasielastic light scattering (QELS) from molecular
orientation fluctuations, finding evidence for a novel
sequence of three distinct dynamic processes. Recently
Wu et al. used QELS to study the nematic ordering of
8CB in sintered porous silica [3], finding orientational
glasslike dynamics near the nematic-isotropic transition.
This behavior will be compared to the following rather
different scenario found in the aerogels.

(1) Nematic intrapore orientation fluctuations.—On
the intrapore length scale, in all the nematic range, there
is a distinctive bimodal behavior with the liquid crystal
orientation fluctuations frozen out in the smallest pores.
Fluctuations in larger pores give orientation correlation
functions obtainable from the orientational dynamics of
paranematic fluctuations in domains having the size dis-
tribution of the pores in the aerogel.

(2) Nematic pore-pore orientational coupling.— A
slow relaxation, diverging in decay time and becoming
nonergodic as temperature is lowered, dominates the tail
of the orientational correlation function (OCF), suggest-
ing that the orientational field resembles a spin system
undergoing a spin-glass transition on an interpore length
scale larger than the nematic domain size.

(3) Smectic slowing down.—Upon lowering the tem-
perature into the smectic-A phase, a dramatic slowing of
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the intrapore orientational dynamics marks the growth of
smectic clusters inside the nematic domains. The dy-
namic scaling of the OCF suggests an energy landscape
with increasing barrier heights for nematic defect motion
as the smectic order develops.

QELS was carried out on 8CB-aerogel systems of three
different aerogel densities, for temperatures ranging from
the isotropic phase to well below the bulk nematic—
smectic-A transition. Bulk 8CB exhibits isotropic (I),
nematic (N), smectic-A (A), and crystal (X) phases vs tem-
perature T as follows [4—6]: I (T;y = 40.5°C) N (Tnys =
33.7°C) A (Tax = 21.5°C) X. The aerogels used here [7]
have mass densities p = 0.60, 0.36, and 0.08 g/cc; mean
solid chord lengths of ~58, 45, and 43 A; pore sizes
(pore chord lengths) of &, = 98, 175, and 600 A; and
pore volume fractions of ¢ = 0.63, 0.79, and 0.94, re-
spectively. The 8CB-aerogel samples were prepared un-
der vacuum using capillary action in the nematic phase to
fill 1 mm thick slabs of aerogel. Residual liquid crystal
on the surfaces was removed in the isotropic phase. The
QELS was carried out using a 6328 A He-Ne laser and a
Brookhaven 9000 correlator operating over delay times in
the range 1 us =t =< 10 s. Scattered light was collected
at a scattering angle § = 60°. There was no significant
dependence of the QELS time correlation functions on
polarization or 6.

In Fig. 1 we show a typical family of heterodyne
correlation functions g;(z) obtained over the range 18 <
T < 40.5°C in the 0.36 g/cc aerogel. This evolution is
qualitatively similar in the other aerogels. The family
exhibits the following scenario as 7' is decreased. As
T is lowered through Ty, (dashed curves), the decay
comes into the time range of the correlator and by
T = Ty;—0.5°C evolves to a fast relaxation which is
completed in ~100 us. As T is further lowered in
the nematic range, there develops an increasingly slow
second relaxation (solid curves), which ultimately exceeds
the long time range of the correlator, giving an almost
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FIG. 1. Evolution of g,(r) for the 8CB 0.36 g/cc aerogel sam-
ple vs temperature. The three different regimes discussed in
the text are identified by different kinds of lines: (---), intra-
pore “fast nematic” relaxation regime (T = 40.32°C, 40.21 °C,
40.11 °C, 39.89°C, 39.71 °C, 39.48 °C, and 39.11 °C); (—), inter-
pore “nematic glass” transition regime (7 = 38.8 °C, 38.69 °C,
38.31°C, 37.58 °C, 35.42 °C, 34.45°C, and 32.96 °C); (- - -), intra-
pore “smectic slowing down” regime (7T = 30.96 °C, 29.01 °C,
27.01°C, 25.04°C, 23.55°C, 22.09 °C, 21.11°C, 20.13°C, and
18.19 °C). Inset: overplot of g,(s) from Ref. [3] (---) for 8CB
in sintered porous glass and from our aerogel data (—) at
T = 40°C (x), 38°C (o), and °C (e) (axes labels same as for
main plot).

constant background at large r. For 32 < T < 36°C,
the combined relaxation curves become independent of
T. Then, for T < 32°C, the fast relaxation begins to
dramatically slow. These processes will now be discussed
separately.

Figures 2(a) and 2(c) show, respectively, the inverse
mean free path £7! and orientational correlation length
&g Of the 8CB 0.36 g/cc system, previously obtained
via static light scattering measurements and a model of
scattering by a polydomain nematic [1]. Because the
mean free path € becomes small compared to the sample
thickness d = 1 mm, at low 7, the g(¢) are taken in
the multiple scattering regime, with an increasing number
N(T) of scattering events per diffusive optical path as
T is lowered, as shown in Fig. 2(b) [8]. However,
decreasing ¢ did not produce the faster relaxation of
g1(t) expected for multiple scattering [9]. Also the
contrast of the ensemble averaged correlation function
C = [g1(0) — gi(>)/g(®) decreased. This observation
led us to calculate the probability p that a scattering
event comes from a dynamically fluctuating site, which
can be evaluated from C(T) and N(T). The resulting
p(T) is shown in Fig. 2(b). Since p is small the
scattering is mostly static with n(7T) = N(T)p(T) the
number of dynamic scattering events per path, much
less than 1, in the range 0.05 < n(7) < 0.15 for all 7.
More importantly, the great majority of the photon paths
having dynamic scattering events, have only one dynamic
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FIG. 2. Data vs T for the 0.36 g/cc aerogel: (a) (—) €¢7',
inverse optical mean free path (from Ref. [1]), and (e) «, the
exponent of stretched exponential slow relaxation. (b) (e) p,
probability that a scattering event comes from a dynamically
fluctuating site, and (—) N, the average number of scattering
events per path. (c) (e) &4y, mean nematic domain size
obtained from the fast intrapore nematic relaxation, and (—)
&g, nematic domain size obtained form ¢! (from Ref. [1]).

scattering event [10]. This enables a single scattering
interpretation of the QELS correlation functions.

Intrapore fluctuations.—We now analyze the fast re-
laxation process in terms of paranematiclike fluctuations,
extracting a mean dynamic domain size £4,,. The fast
relaxation is nonexponential, indicating a process with
a broad distribution of relaxation times. This behavior
can be obtained using the polydomain nematic model of
Ref. [1], assuming that the orientation fluctuations of each
domain (dimension L) contribute a single exponential re-
laxation whose decay time is, as in the bulk, proportional
to L? [11]. Using a domain size distribution obtained
from the observed [2] void-void correlation function of
the empty aerogel, P(L) « [e L/$on]L 2, where &4y is the
mean domain size, we can write the appropriate superpo-
sition integral Ry(z/t) for the heterodyne scattered light
field correlation function of the fast relaxation

Re(t') = Affiyn[o lexp(—y)y *Jexp('/y*)y®dy, (1)

where ¢/ = t/D«fﬁyn, and A is the amplitude. The ori-
entational diffusivity D can be obtained from the expo-
nential pretransitional bulk relaxation as D = 7x;/[xn/ 1%,
where 7y; = 0.4 us and &y, = 85 A are the isotropic re-
laxation time and correlation length at Ty;, respectively
[11,12]. The fit involves three parameters £4yn, the base-
line, and Ar. For T in the range 32.5 < T < 40 °C, the
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fits are quite good, indicating that the shape of g(¢) is
T independent and that the model matches the relaxation
time distribution of Eq. (1) well. Figure 3 shows a typical
fit of Eq. (1) [dashed curve] to g;(¢) in the interval 1 us <
t <30 us for T = 39.5°C. For T > 40 °C, the shape of
g1(¢) is not invariant vs T, developing into a bimodal fast
initial decay and distinct tail. This is the T range where,
as T decreases, the nematic is most rapidly growing in the
pores and the bimodal decay is probably due to the growth
of the nematic ordering first in the large pores, i.e., a sup-
pression of nematic order in the small pores. Given D,
for T < 40°C, where Eq. (1) fits the measured g,(¢), we
can calculate &4y, from the fitted values of 7, with the
result shown in Fig. 2(c). For T > 40 °C, an effective 75
was obtained from 7| = [ Bcgl(t) dt, the first moment of
g1(1), as 7 = yT, with y = %, the value for the size
distribution in Eq. (1). As is clearly noticeable, upon de-
creasing T', €4yn grows and saturates at about 7 = 39.3°C
to a value &gy ~ 215 A, comparable to the 0.36 g/cc
aerogel pore chord &, ~ 175 A. The same procedure
leads to low-T values of £gqyn = 115 A and Eqyn = 430 A
for 0.6 g/cc and 0.08 g/cc aerogels, respectively, which
can be compared to their respective pore chords &, ~ 100
and 600 A. Also shown in Fig. 2(c) is &5 The differ-
ent variation of &4y, and &g, With T presumably arises
from their different dependence on the pore size distribu-
tion. If, upon decreasing the temperature, the asymptotic
P(L) is reached through a faster filling of the larger pores
by the nematic phase &g, Which is more sensitive than
£ayn to the small domain part of the distribution, should
indeed grow more slowly than &4,,. For the same rea-
son it is likely that the static scattering background comes
from frozen smaller domains, more relevant to the turbid-
ity than to dynamic behavior.

Pore-pore orientational coupling.— A qualitative in-
spection of the correlation functions presented in Fig. 1
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FIG. 3. (Left scale): measured QELS intensity correlation
function g,(¢) of unpolarized light scattered by the 0.36 g/cc
aerogel at T = 39.5°C and g = 60° (e e e); [right scale]: The
corresponding g,(t) [g.(¢) baseline subtracted and normalized
to an amplitude of 1]. Also shown is the fit to the composite
fast-slow relaxation form g;(t) = Rp(8[1 — e "/?]) — Rp(8) +
Rrp(8)exp[—(¢/7,)*] (—), and its constituent fast (---) and slow
stretched exponential (——-) relaxation components.
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shows that a slow relaxation, barely noticeable when
T > 40°C, grows to dominate the long time relaxation
of g,(¢) as T is decreased (solid curves). This indicates
that the fast relaxation mechanism does not completely
uncorrelate the director orientation, as one would expect
for uniaxial domains free to rotate. Upon lowering T, the
order parameter and elastic constants increase, enabling
domains to grow by excluding defects, to a limit imposed
by the aerogel. As domain growth becomes restricted by
the aerogel matrix, there is little further change in the fast
relaxation dynamics; the dynamic correlation length stops
growing, and the slow relaxation appears, suggesting that
the slow relaxation is a result of rotational diffusion being
hindered by an increasingly hilly energy landscape, which
may result from coupling either to the aerogel and frozen
domains (acting as a local random orientational field) or
to other fluctuating domains (as in a spin system with
random interactions), or both. As 7 is lowered, the in-
creasing coupling has the effect of saturating the faster re-
laxation at progressively earlier stages. The data as well
as the possible analogy to a spin system undergoing a
glass transition [13] suggest using the stretched exponen-
tial (SE) function Rgs(¢) = Agexp[—(z/75)*] to fit the slow
relaxation of g((¢). This fit was carried out, combining
the fast and long time processes in such a way that the
long-time process removes correlations left after the com-
pletion of the fast process. This was done, as indicated in
Fig. 3, by inserting in Rz (¢) an exponential saturation of 7,
like that of the correlation function of intensity scattered
by Brownian oscillators [14] Rg(z) — Rp(5[1 — e 9],
where Rp(68) is the saturated value of gi(¢) at the com-
pletion of the fast process. With this procedure the g(r)
curves could be fitted over their whole time range and,
in particular, the slow relaxations were well fitted by
stretched exponentials, as Fig. 3 indicates.

In Fig. 2(a) we show the SE exponent « for the
0.36 g/cc aerogel sample, which decreases from 1 to O
as T is lowered. This and the accompanying drastic
increase of the slow process decay time are characteristic
of spin-glass-like behavior [3,15] and support the notion
that the slowing down is due to the interpore coupling
of domains in which the director, coupled via various
channel structures between pores, corresponds to spins
placed on a disordered lattice with varying nearest-
neighbor interactions. This glassy relaxation model, as
well as the random field model for the nematic to
isotropic transition [16], leads to nonergodic behavior. In
a homodyne DLS one can check for this by moving the
sample and comparing the ensemble and time averaged
g2(t)’s [14]. The same cannot be done in our heterodyne
DLS, where the local field is given by a static speckle
pattern generated by the sample itself. We determine
the “true” baseline by requiring 75 to retain its saturated
value, obtained for 39.3°C < T < 38.4°C (see Fig. 2),
at lower 7. By doing so we obtain a continuous and
monotonic behavior for a, Ar/Ag, and 75, which we do
not obtain if the nonergodicity hypothesis is not adopted.
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Note, in Fig. 1, the perfect superposition of the g;(z) for
33 < T < 35.5°C, suggesting that the 7 dependence of
the viscosity is negligible.

It is of interest to compare this nematic dynamic
behavior with that found by Wu et al. for 8CB in a
sintered porous silica (SPS) of nominally similar pore
size [3]. In the inset of Fig. 1 we overplot our aerogel
g1(z) with those from the SPS. The aerogel and SPS
correlation functions have similar divergent slow decays
leading to orientational glass behavior but the SPS do
not show the fast relaxation, indicating that the angular
range of fast fluctuations is smaller in the SPS than in the
aerogel. This may be because the smoother pore surfaces
and lower void volume fraction and connectivity of the
SPS make the effective local field stronger. The spin glass
interpretation given here for the aerogel and the random
field interpretation given in Ref. [3] are consistent with
these geometrical differences. However, it is likely that
both pore-surface and pore-pore interactions are operative
in both systems.

Smectic slowing down.— As visible in Fig. 1, for T <
33.7 °C, near the bulk Ty, there begins a drastic slowing
down of the intrapore relaxation process. Such a “smec-
tic slowing down” changes the shape of the correlation
functions: They cannot be fitted at the lower temperatures
with the same Ry(¢) used for T > 33 °C. Figure 4 shows,
however, that they can be made to overlap very well by
stretching the log(z) axis, and the inset gives a measure of
the slowing down by showing 754(7T'), the time needed for
g1(r) to reach the value 0.5 of the slow decay, for the three
different aerogels. The nematic behavior at higher 7 indi-
cates that this smectic slowing down process is essentially
intrapore, alocal director fluctuation about the overall non-
ergodic orientation state. The log(z) scaling that we find
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FIG. 4. Superposition of g;(z) for the 0.36 g/cc aerogel at
different temperatures in the smectic slowing down regime,
obtained by appropriate scaling of the various log(s) axes.
The data are for T = 18.19°C, 20.13°C. 21.11°C, 22.09 °C,
23.55°C, 25.04°C, 26.01°C, and 27.01 °C. Inset: the temper-
ature dependence of the half-decay relaxation time 75, for the
three different aerogel densities: 0.60 g/cc (m), 0.36 g/cc (o),
and 0.08 g/cc (o).

generally appears for activated kinetics with barriers over
a broad range in energy, such as in the random field or vor-
tex glass systems [17], the slowing down being a result of a
general increase in the mean barrier height [13]. The only
available pore-level fluctuation mechanism of this type in
the present case appears to be the thermal motion of ne-
matic defects, e.g., disclination lines, which encounter in-
creasing energy barriers as the smectic order develops.
X-ray data [2] on the smectic layering correlation length
£ lend qualitative support to this idea in that, for the 0.36
aerogel £ increases from ¢ ~ 50 A at T = 33 °C to satura-
tion at the pore size & ~ 200 A at T = 20°C [2], exhibit-
ing a T dependence similar to the slowing down scaling
time 754 shown in the inset of Fig. 4. In each of the aero-
gels the slowing down process saturates at a 7 comparable
to that where the ¢ saturates to be comparable to the pore
size. This log(z) scaling of the nematic orientational relax-
ation in the smectic strongly resembles that of the SPS [3]
in the nematic. Both can be interpreted as resulting from
activated motion of disclinations, limited by pore surfaces
in the SPS and be smectic ordering in the aerogel.
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