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Elastic coupling of silica gel dynamics in a liquid-crystal-aerosil dispersion
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The dynamics of a thixotropic silica aerosil gel dispersed in an octylcyanobiphenyl liquid crystal were
directly probed by x-ray intensity fluctuation spectroscopy. For all samples, the time-autocorrelation function
of the gel was well described by a modified-exponential function oveq tlamge studied. Compared to a pure
gel sample, a dilute (0.06 gcm) gel embedded within the liquid crystal displayed more complex and
temperature dependent dynamics. Near the second-order sidctinematic phase transition of the liquid
crystal the gel relaxation became significantly more complex and slowe2{50 s) compared to relaxations
observed well within either phase. This clearly demonstrates coupling between the dynamics of the gel and the
host liquid crystal, consistent with critical slowing down of smectic and director fluctuations. A random
dampening field, elastically coupled to the liquid crystal, would explain the earlier observed crossover of this
transition towards 8-XY behavior.
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Thixotropic aerosil(sil) gels embedded in organic liquid with the following transition temperaturds Kelvin) [22]:
crystals(LC) appear to be good physical models of quenchedCr — ~295—SmA;— 306.95-N—313.95~1. The mol-
random disorder effects for a variety of phase transitions anécule has an extended length of2 nm with a partial-
have attracted considerable theoreticdland experimental bilayer smectic phase (Skg) of 3.2 nm layer spacinf23].
[2—4] attention. Such L& sil systems are particularly attrac- The aerosil was of type-300 from Degussa Cd#f. This
tive since random disorder can be introduced in a controllecerosil consists of 7-nm-diameter Si®pheres with a high
manner. The aerosil particles can easily form long hydrogendensity of hydroxyl groups covering their surfaded]. The
bonded chains in an organic mediy6], which can break smallest observed basic silica units, which have a size of
under stress and reform quickly on time scate$ s when ~20 nm, or 3 to 4 fused nodules, agglomerate by hydrogen
the stress is removed. Without stress, the gel appears to fB®nding into mass-fractal structures up~+@00 nm in size
very stable. To date, there is little information, aside from theor larger[7]. The 8CB and sil were used after thorough de-
surface chemistry, of the physical properties of the unbrokegassing. The 8CBsil sample preparation, described else-

gel. where[7,8], yields a highly reproducible and stable disper-
Recently, the observation of a crossover behavior in asion.
dispersion of silica aerosil in an octylcyanobiphe(§CB) For this study, we chose a sil density pf=0.06 dsil)

liquid crystal system was reported for a silica densitypof cm™3(total), well above the percolation threshold of pure
~0.1 gsil) cm 3(total) [7]. The critical behavior at the aerosil of~0.017 gcm 3 [6] and below the crossover den-
smecticA-to-nematic phase transition remains sharp andity to stiff behavior[7]. While the pure 8CB Siy,-N phase
evolves towards 8-XY universality, i.e., the heat capacity transition temperature is ,j=307.0 K, this dispersion
critical exponente approaches approximately zero with in- sample is expected to have a\F306.2 K (extrapolated
creasingp for p<<0.1 grams of silica per chrof total sample  from Ref.[7]). For p=0.06 gcm 3, the mean distance be-
volume [7-9]. Above this density, all phase transitions of tween sil structure¢mean void sizeis | ;=111 nm and the
8CB become rounded and suppressed. Thus, there appeardraction of LC molecules in direct contact with silica B
be two distinct regimes of 8CBsil dispersions, asoftre-  =0.037, or about 4%7].
gime below 0.1 gcm?® where the phase transitions of 8CB  The XIFS experiments were conducted on the SRI-CAT
remain thermodynamically sharp andséff regime above 2-ID-B undulator beamline at the Advanced Photon Source
0.1 gcm 2 where the transitions are all smeaif&d. [25] using a coherent x-ray beam, a transmission geometry,
To understand these results and the gel itself better, wand a directly illuminated liquid nitrogen cooled charged-
studied a similar dispersion of silica aerosil in 8CB by x-ray coupled devic€ CCD) detector. The x-ray energy was chosen
intensity fluctuation spectroscopgXIFS) in the various to be 1.83 keV, just below the Si K-absorption edge in order
phases of the LC. Using the high coherent flux available ato achieve good speckle contrast from the[28]. Measure-
undulator sources of third generation synchrotrons XIFS caments covered a momentum transfgr range from 0.017 to
directly probe dynamics of disordered systems down td.097 nmi®. Thin layers of sample material were supported
atomic length scales, on time scales down to millisecond#n the x-ray beam by a silicon nitride membrd2g] fixed to
[10-21]. a copper plate on a stage. The stage temperature was con-
Pure 8CB (291.44 g mol) exhibits crystal (Cr),  trolled by a recirculating chiller with an observed stability of
smecticAy (SmA,), nematic(N) and isotropic(l) phases +0.1 K. The absolute temperature was measured with a
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thermocouple to within 0.4 K. Chiller off

Chiller on
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A time series of CCD images of 30 s exposure time R
with ~3 s between images were recorded over a period of & 1 O[* ¥ vyy R TP
5900 s at each temperature. During the course of the mea ¢ N
surements {17 h), the 8CB-sil dispersion sample re- & 0.8 \w
ceived an estimated radiation dose rate of T8y's * with- < "‘.{
out any apparent sign of damage. g 0.8y “Q
The temporal intensity autocorrelation functiga(q, 7) 8 ‘v
of the series, 5 04 9- Y q =
- ¢ 0.017nm™ og‘ ¢0.017nm™
0,(0 T):<|(q1t)>t<|(q1t+7)>t_1 D E 0.2 ®0.039nm™ }::, 1 e0.039nm™
2 [{1(q,t))]? ’ g v 0.062nm™ * ¢l Yo084nm™ e
5 0.0[*0.097nm™ i&  0.098 nm ™! ]
was evaluated using a software algorithm, including correc-= . . . .
tions for the storage ring current, similar to that used in Ref. 10 100 1000 10 100 1000

[20]. These reduced data at eaghvere fit with a modified- Lag time 7 (s)

exponential functio ,
P (7) FIG. 1. Normalized time-autocorrelation cungs 7)/g,(0) for

the pure aerosil gel withouteft) and with (right) the chiller oper-
ating for four representativg values studiedsee symbols The
feature at~1000 s on the left is an artifact of the data reduction
algorithm, exacerbated by the low fluctuation contrast and exagger-
ated by the normalization. The lines on the right represents typical
fits using Eq.(2) with a,=1 (dashedl anda,(free)=1.8 (solid).

¢(7)=Tnexp(—ay72) +as, 2
wherel'y describes the fluctuation contraat, is related to
the relaxation timea, gives a measure of the relaxation
complexity, andas reflects any static background. In all our
data,a,~1 anda;=0. For O<a,=<1, Eq.(2) is called a
Williams-Watts function(or a “stretched” exponentialand kling aerosil on a silicon nitride window and shaking off the

can be interpreted as the sum of single-exponential reIaxéxcess(the rest was held in place by electrostatic fojces
ations [28]. When a,=1, Eq. (2) describes a single- P y

exponential decay. Fom,> 1, the relaxations have a more Although the coverage appeared uniform and approximately

complex nature. In order to gauge the complexity of the ob—100 pm thick, the density for this sample was not known.

) L At room temperature 294 K) without the chiller operat-
served relaxation processes, eaglit) curve was fit twice ing, clearg-dependent dynamics were observegl varied
with Eg. (2), once witha,=1 and once witha, as a free 9. Gdep y 2

o . X : smoothly from 700 to 1200 s anid;=0.003 to 0.012 with
parametefmodified exponential Derived from these fits are increasinag. while a.= 1.2 for alla. Given this value foa
(@) the fluctuation contrasF'y, a measure for the relative & 2 q 2

2 ; - _
strength of the fluctuations in the systeth) the relaxation anld th?tXV is only S"gth“ﬁ’ Izrger fsrdabﬁxechz_— } the gel tial
time 7, 5 defined as relaxations are essentially described by a single exponentia

(see left panel of Fig.)L At the same temperature but with
the chiller operatingyys=770 s anda,= 1.8, independent
of g, were observed with the fit favoring,=1 (see right
panel of Fig. 1 and Table).| However, for this casel'y

1/32

In(2
n(2) , 3

To =
0.5 a;

in which the correlations decayed to half of their initial
value, and(c) the parameteas,.
The investigatedy range corresponds to length scales,

TABLE |. g,(7) fit results using Eq(2), averaged over thg
range studied for each sample and temperature studied. The reduced

d=2=/q, from 65 to 370 nm in this system. These length
scales are two orders of magnitude larger than the molecul
or crystalline length scales of pure 8CB. As a test that th

fit quality x2 for the case ofa, being a fit parametefmodified
exponentigl and for the case of a fixeal,=1 (single exponential

%re also shown. The application of EG) generated standard de-
iations on the order of 20% fay,(7) leading to the anomalously

measured speckles of the 8€Bil sample originated from

. - T small x2 [29].
the sil, a 50um-thick sample of pure 8CB was also studied.

For pure 8CB, no speckles were detected in thisange  sample T(K) Tyx 10 Tos (9 & X2 Xi
despite the consistent observation of a broad diffraction ring
at q=2 nm-?! (d=3.2 nm) corresponding to the $m sil/lOFF 294.0 0.60.2 928:147 1.2 0.12 0.13
layer spacing that persists after numerous thermal cyclesil/ON 2940 3.*06 76920 1.8 0.07 0.31
through the SmA-N phase transition. The lack of any scat- 8CB+sil 2904 0.8-0.2 88k180 10 0.11 0.11
tering from 8CB in theq range of 0.02 to 0.10 nnt dem- 2946 0401 625172 1.1 042 0.38
onstrates that the scattering cross section of the liquid crystal 299.8 0.5-0.1 926:64 1.3 0.10 0.14
is much smaller than that of the sil. Thus, the data obtained 305.2 2.8-0.3 2148-101 1.7 0.02 0.13
with the 8CBt+sil sample resulted almost exclusively from 308.2 0.8-0.2 1135-122 1.2 0.09 0.10
the scattering by the aerosil gel. 311.8 2.6:0.3 624:144 09 0.04 0.05
In addition to the pure 8CB sample, a pure aerosil gel 3157 1.2-0.3 105694 1.4 0.03 0.13

sample was also studied. This was accomplished by sprin
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p = 0.04 : : exponential function was of significantly better quality. This,
+ * together with the higher values af, at these temperatures,
g 0.03F ,’A E indicates that the complexity of the relaxation processes in-
5 ;3 creases near the $y-N phase transition and in the isotropic
: 0.02F M ;‘\ /2\5 3 phase. For all the other temperatures, the fit quality was very
S / E'\‘ S similar whethera, was freely adjustable or not, indicating a
E 0.01F /' ‘0/ g 3 very shallow minimum iny space and a single-exponential
5 S8 relaxation procestsee Table)l
£ 0.00 i i Near the second-order $x-N phase transition, the dy-
0 £500 O§ namics in the gel grew stronger, slowed down, and became
2 2000 A ] more complex. At 305.2 K1 K below Tay), an increase
) // ‘é\\ in fluctuation contrast and a slowing down, both by about a
_E 1500 ¢ S ] factor of 3, were observed, consistent with the slowing down
= 1000k / e, of relaxations that were too fast for detection in other phases
b L N of the LC. Theq averaged relaxation times were about a
% 500k e’ ¥ ] value of 2148 s witha,=1.7. A slight increase in the relax-
o ation time over the chiller induced background to 1135 s and
2‘8 : : a,=1.2 were also observed at 308.2 K2 K above Ty).
Both temperatures are well within the reduced temperature of
A |t|=10"2 where critical smectic fluctuations are expected to
§ 15f PR U B emerge.
E /‘/ N The substantial slowing down of the fluctuations near the
g o7 *\\ i second-order S&y-N phase transition indicates that the gel
5 1.0r Ly ] mimics the expected critical behavior of the I[@0]. Pure
SmA fluctuations mostly involve molecules sliding along
Cr SmA N . . . .. . .
05 P d P the nematic director, causing variations in amplitude and
280 290 300 310 320 phase of the smecticdtdensity wave, thus only weakly in-

teracting with the gel. However, spatial and temporal fluc-
tuations of the nematic director can lead to torques acting on
FIG. 2. Temperature dependence of the fitted fluctuation conthe gel network. The prolonged relaxation times of the gel
trast(top), relaxation time(centey, and exponend, obtained from  gre likely driven by energy taken from the nematic director
a fit with Eq. (2) (bottom. The open symbols represent the param-flyctuations, reducing their effect on the LC dynamics. The
eters derived from the fit witm,=1, while the solid symbols are  gata suggest that the gel network provides a random-
for a, free; the connecting dashed lines representing the averaggampening field for the director fluctuations at this phase
between the two fits. The dashed region in the center panel indicatgs, hsition. The effect of this could be the observed crossover
tr;]e tlmﬁ scalc_e affected by_ t_he operating chiller. Vertical dotted I'nesoehavior of low-density 8CBsil systems to the &-XY uni-
show the estimated transition temperatures. versality class of critical phenomena. In this class, order pa-
rameter and director fluctuations are suppressed.
increases from 0.017 to 0.044 with increasmdClearly, the In summary, this work has directly probed the behavior of
gel has both intrinsic dynamics and a complex responsan aerosil gel alone and when embedded within a liquid crys-
(a,>1 and a six times greater fluctuation contydetvibra-  tal, revealing evidence that) the pure gel is a dynamical
tions introduced by the chiller. Thus, for measurements osystem as opposed to the earlier view of a static, semian-
the 8CBt+sil samples, observed relaxation times on the ordenealed, systeni7], (b) the gel dynamics can be externally
of 770 s cannot be separated from relaxation processes idctivated, andc) the gel is dynamically coupled to the LC
duced by the chiller vibrations. Note that the very snigjl ~ When embedded in it. The latter observation can be explained
observed without the chiller operating exposes an artifact oY the existence of a dynamic random field, elastically
the data reduction algorithm, seen as a kink in the left pangfouPled to the liquid Cryftal. Essentially, the gel acts as a
of Fig. 1[20]. random “shock absorber” to the thermally driven director

. : ; : fluctuations in the LC. This mechanism would then account
An approximately 2Qem-thick dispersion sample of 8CB . " . . :
+sil with p=0.06 gcm 3 exhibited different dynamic be- for the evolution of the SM-N critical behavior with sil

. ) : density[7-9].
havior depending on the phase of 8CB. Figure 2 shows the To further understand the nature of the LC and sil inter-

fluct_uat|on contrast, relaxation times, aaglvalues obtau_wed action, investigations of dispersions with different aerosil

at different temperatures averaged over gh@nge studied. gensity particle size, and surface chemistry are planned.
Most of the fits to the data with Eq2) did not show a large  thegretical modeling of this system as a random set of
difference in the parametersy and o5 whethera, was  coupled mass springs to quantitatively estimate the coupling
fixed at 1 or was freely adjustable. However, for the meayould be highly desirable. Finally, this work has revealed the
surements at 305.2 and 315.7 K, the fit with the modifiedfeasibility of using XIFS on a system of a gel embedded in a

Temperature (K)
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low-viscosity isotropic solvent to study the possibility of a  We wish to thank Josef Arko for his assistance with the
rigidity transition in the gel itself as a function of silica den- experiments and Brian Tieman for the CCD camera acquisi-
sity. A rigidity transition may be responsible for the observedtion program. The work at the Advanced Photon Source was
regimes ofsoftandstiff LC +sil behavior. Such a sHisolvent  supported by the U.S. Department of Energy, Basic Energy
system would be particularly attractive as it would provide aScience, Office of Science, under Contract No. W-31-109-
physical model for the investigation of rigidity and connec- ENG-38. The work at WPI was supported by NSF-CAREER
tivity percolation. award DMR-0092786.
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