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ABSTRACT: The Kinetics of disorientation of polymer layered silicate nanocomposites following alignment
of the silicate layers by prolonged large amplitude oscillatory shear are examined using linear viscoelastic
measurements. Nanometer thick disks with diameters of 30 nm, 0.3—0.6 um, and 5 um dispersed in
polymer matrices exhibit disorientation kinetics that are non-Brownian. The disorientation process exhibits
signatures of aging observed in soft-colloidal glasses and is shown to be independent of temperature,
nanoparticle size, and chemical details, viscoelasticity and molecular weight of the polymeric matrix.

Introduction

Polymer nanocomposites based on highly anisotropic
inorganic nanoparticles such as layered silicates and
carbon nanotubes have attracted significant interest.12
The viscoelasticity of such nanocomposites has been
extensively studied to determine the changes in polymer
dynamics, the influence of the mesoscale structure on
the dynamics, and the influence of processing on the
material structure and properties of such nanocomposite
materials.2~7 The general conclusions from these studies
indicate that the linear viscoelasticity is a sensitive
function of the mesoscale dispersion and, to first order,
the strength of the polymer—inorganic interaction. On
the other hand, the nonlinear (large strain) viscoelas-
ticity is controlled by the ability to orient and align the
anisotropic nanoparticles in the flow field. However,
depending on the specific applications sought such
orientation might be required to be preserved or avoided
or performed only along certain directions.

In this paper, we examine the disorientation process
under quiescent conditions following alignment (by the
application of prolonged large-amplitude oscillatory
shear) of layered silicates dispersed in a polymer matrix.
Layered silicates employed in this study belong to the
class of 2:1 smectites with a layer thickness of 0.95 nm
and are organically modified to render them compatible
with polymers. The effective disk diameter of the
layered silicates ranges from ~30 nm for Laponite to
0.3—0.6 um for montmorillonite and ~5 um for fluoro-
hectorite. These nanoparticles are dispersed in model
polystyrenes (molecular weight ranging from 30K to
290K and with narrow molecular weight distribution)
and a model polyisobutylene-based polymer. The nanos-
cale structures in these nanocomposites range from
well-intercalated to disordered intercalated to exfoliated
depending on the combination of polymer and layered
silicate.

To understand the origins of the disorientation pro-
cess and the factors controlling it, we systematically
explore the role of nanoparticle dimensions and molec-
ular weight and viscosity of the matrix polymer on the
disorientation Kkinetics. Specifically, we wish to examine
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whether the disorientation is governed by the Brownian
motion of the nanoparticles®® or is controlled by coop-
erative dynamics analogous to those observed in soft
colloidal glasses!®~13 or is faster than that expected on
the basis of Brownian motion because of potential
attraction between the silicate layers.®14

Previous studies of Solomon and co-workers® on
polypropylene-based montmorillonite exfoliated nano-
composites indicate that the disorientation following
alignment is non-Brownian and with disorientation
kinetics faster than that predicted by Brownian motion.
In that case it was argued that the nanocomposites
prepared were intrinsically unstable (thermodynami-
cally), and the strong attraction between the silicates
led to the rapid disorientation. On the other hand, Lele
and co-workers'# with in-situ X-ray scattering have
suggested that compatibilized syndiotactic polyprop-
ylene nanocomposites initially disorient rapidly (much
faster than Brownian motion) and then remain at a
constant orientation state for a time period of ~1500 s.
It was argued that the rapid initial decrease in the
orientation was a result of the coupling of the polymer
chains to the silicates and not a result of silicate layer
attraction.

Bonn and co-workers'l1> have recently studied the
behavior of aqueous Laponite dispersions using a com-
bination of rheology and dynamic light scattering mea-
surements and have indicated that the recovery follow-
ing large-amplitude oscillatory preshear demonstrated
signatures of cooperative relaxation and exhibiting
logarithmic scaling with time. On the other hand, for a
similar aqueous dispersion of Laponite with added high
molecular weight poly(ethylene oxide), hypothesized to
act as dynamic bridges between the Laponite sheets,
Han and co-workers'® have shown that the relaxation
following flow-induced alignment is much faster than
that expected from Brownian motion and thought to
result from the elastic restoring force of the dynamically
bound poly(ethylene oxide) chains.

Thus, this brief survey of the literature suggests that
the recovery of the microstructure following flow-
induced alignment is far from resolved for the case of
polymer nanocomposites. In this paper we examine the
recovery following large-amplitude oscillatory flow (lead-
ing to “parallel” alignment of the layers) for a series of
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Table 1. Polymer Characterization

polymer Mw Mw/Mp
30 000 <1.06

PS30K; model polystyrene
PS152K; model polystyrene 152 000 <1.06
PS290K; model polystyrene 290 000 <1.06
PI1B12K; model random copolymer of 12 400 <1.08
isobutylene and p-methylstyrene
(10 wt % PMS)

thermodynamically and kinetically stable intercalated
and exfoliated nanocomposites with nanoparticle disk
diameters varying by 2 orders of magnitude and for
polymer matrices over a wide range of viscosities and
interactions with the silicate layers.

Experimental Section

Three organically modified layered silicates were used: an
octadecyl trimethylammonium modified fluorohectorite (C18F),
a dioctadecyl dimethylammonium modified montmorillonite
(2C18M), and a dioctadecyl dimethylammonium modified
Laponite (2C18L). Organic modification was performed using
the method described by Giannelis et al.'”'8 In brief, the
layered silicates were ion-exchanged using a 5:1 excess of the
alkylammonium bromide salt in boiling ethanol—water mix-
tures and cleaned by repeated refluxive distillation using
boiling ethanol followed by filtration to remove all excess
alkylammonium. The absence of any excess alkylammonium
was ascertained by a silver nitrate test of the supernatant and
by thermogravimetric analysis of the cleaned and dried layered
silicate. Since the charge exchange capacities (CEC) are
different (fluorohectorite, ~1.5 equiv/kg; montmorillonite, ~0.9
equiv/kg; Laponite, ~0.75 equiv/kg), we have employed organic
modifications such that the surface coverage of the layered
silicates and the conformations of the alkyl modifiers are
roughly equivalent, rendering them roughly thermodynami-
cally equal to the intercalation of polymers, at least as
interpreted in the mean-field context of the theory of Vaia and
Giannelis.'® By employing a single-stranded surfactant for the
high CEC fluorohectorite and a double-stranded surfactant
(with the same tail length) for the lower CEC montmorillonite
and Laponite, we expect the effects to compensate and render
the two organic modifiers to have roughly the same liquidlike
conformations prior to intercalation.’

The polymers used to prepare nanocomposites include a
series of model polystyrenes with narrow molecular weight
distribution and obtained from Pressure Chemicals Co. The
model poly(isobutylene-co-p-methylstyrene) (10 wt % PMS)
was prepared by living cationic polymerization.?° The relevant
molecular characteristics of the polymers are provided in Table
1.

Nanocomposites were prepared by solution mixing appropri-
ate quantities of polymer and the finely ground layered
silicates at room temperature in toluene. The mixtures were
allowed to dry at room temperature and subsequently an-
nealed at high temperature in a vacuum oven for an extended
period to ensure complete removal of any remaining solvent
and facilitate efficient dispersion. X-ray diffraction and trans-
mission electron microscopy measurements indicate that
nanocomposites of PS with 2C18M and C18F result in inter-
calated hybrids with layer center-to-center distance of ~3 nm.
On the other hand, nanocomposites of PIB with 2C18M result
in a disordered intercalated nanocomposite while the hybrids
of PIB and 2C18L lead to the complete delamination of the
stacks of layers.

Melt-state rheological measurements were performed on a
Rheometric Scientific ARES rheometer with a torque trans-
ducer range of 0.2—2000 g: cm using 25 mm diameter parallel
plates with a sample thickness of 1—2 mm. Linear dynamic
oscillatory measurements and prolonged large-amplitude shear
to orient samples were used, and the resulting shear stress
was interpreted in terms of the in-phase storage modulus (G')
and the out-of-phase loss modulus (G"). Additionally, the data
were also interpreted in terms of the complex viscosity
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Figure 1. The linear melt-state viscoelastic response of the
quiescent state nanocomposites is demonstrated. The data
shown are normalized as per eq 1. In (a), the response of two
hybrids prepared with the model PIB—PMS copolymer are
shown. The hybrids prepared with the 2C18L and 2C18M
structurally exhibit a disordered intercalated nanostructure.
In (b), the response for nanocomposites based on two different
molecular weights (30K and 152K) of PS and 9 wt % 2C18M
and C18F are shown. For all samples, the low-frequency data
scale as w™* (a ~ 0.9) consistent with the trends exhibited by
aqueous dispersions of Laponite.'*

7* (= VG'?*+G"?w). Prolonged large-amplitude oscillatory
measurements were carried out until all viscoelastic functions
were time independent.

Results and Discussion

The linear dynamic oscillatory viscoelastic measure-
ments for the PIB- and PS-based nanocomposites ex-
hibit solidlike behavior, consistent with the notion that
these nanocomposites belong to the general class of soft
colloidal glasses. Evidence for this solidlike behavior is
presented in Figure 1, where the frequency dependence
of the reduced complex viscosity is shown. The reduced
linear complex viscosity (n.*(w)) is defined as

1) = ’7;2?) 1)

where *(w) is the linear complex viscosity of the sample
at a frequency w and 70° is the low-frequency Newtonian
(complex) viscosity of the pure polymer. The low-
frequency behavior, independent of the details of the
polymer and the layered silicate, demonstrates a power
law behavior with 7*(w) scaling as ~w~%, with oo ~ 0.9
for all the samples examined in this study. This
behavior is consistent with the previously mentioned
solidlike behavior and is analogous to the behavior of
soft colloidal glasses.'13 The unique aspect of these
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Figure 2. Frequency dependence of the small-amplitude
oscillatory viscoelastic response for the unaligned and aligned
(t = 0) and at intermediate times of quiescent disorientation
for the PIB12K-based 2C18M (8.5 wt %) nanocomposite at 40
°C. The data at t = 0 were collected immediately following
prolonged large-amplitude oscillatory shear (LAOS) at T = 40
°C, w = 0.1 rad/s, and yo = 1.5 for 16 h.

results is the low volume fraction of nanoparticles (~4
vol % for the 2C18M and C18F hybrids and ~9 vol %
for the 2C18L-based hybrids), in the absence of electro-
static interactions or strong attractive interactions
between the nanoparticles, at which solidlike behavior
(and analogy to the behavior of soft colloidal glasses) is
observed.

Application of prolonged large-amplitude oscillatory
shear leads to the development of aligned samples.5~721
Previously, using small-angle neutron scattering on
montmorillonite-based nanocomposites, it has been
shown that the predominant alignment of the silicate
layers following such a flow history was that of “parallel”
layers with layer normals along the velocity gradient
direction (see Appendix).6 Similar results using small-
angle X-ray scattering were also obtained by Chen and
co-workers??2 on nanocomposites of montmorillonite-
filled polystyrene—polyisoprene block copolymers and
by Lele and co-workers on polypropylene-based nano-
composites.* The small-amplitude oscillatory viscoelas-
tic response following such large-amplitude oscillatory
shear is considerably more liquidlike than that prior to
flow alignment as shown in Figure 2. Additionally, both
ne* and G' are significantly smaller (at all frequencies)
than those of the unaligned sample. We exploit this
significant change in the viscoelastic functions at low
frequencies for the aligned and unaligned samples to
conveniently probe the kinetics of disorientation (see
Appendix for correlation with X-ray scattering measure-
ments).

The Kinetics of disorientation for the two nanocom-
posites based on PIB12K and 2C18L (~30 nm diameter)
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Figure 3. Small-amplitude oscillatory elastic moduli (G')
monitoring of the recovery after shear alignment for the
PIB12K-based hybrids (a) and for the PS30K based hybrids
(b). Recovery measurements were performed at conditions
noted in the figures. Alignment for the PIB12K-based hybrids
was achieved using alignment conditions detailed in Figure
2. For the PS30K hybrids, alignment was achieved by pro-
longed LAOS at T = 180 °C, w = 0.1 rad/s, and yo = 1.2 for 3
h. The value of G' (yo = 1.2 and w = 0.1 rad/s at 180 °C) at the
end of the LAOS alignment for the C18F and 2C18M nano-
composites are 215 and 940 dyn/cm?, respectively.

and 2C18M (0.3—0.6 um diameter) are presented in
Figure 3a. We focus on the linear storage modulus (G')
since this viscoelastic function exhibits the largest
change between the unaligned and the aligned states.
However, similar trends are observed for all viscoelastic
functions and at all frequencies as demonstrated by the
frequency sweep data at intermediate times of the
disorientation process shown in Figure 2. Additionally,
the data in Figure 2 and their similarity to data
presented in Figure 3 ascertain that the kinetics ob-
served in the continuous low-amplitude shear are not
contaminated by the application of this small-amplitude
oscillatory shear. Similar data for the disorientation of
2C18M and C18F (5 um diameter) dispersed in a low
molecular weight (30K) PS are shown in Figure 3b. On
the basis of the data presented in these figures, the
disorientation Kinetics exhibit a logarithmic dependence
ontime (G' Ot%, 0.1 < B < 0.25) irrespective of polymer
matrix, layered silicate disk diameter, and effective
dispersion of the nanoparticles in the polymer matrix.
Compared to the modulus value before shear alignment
(Table 2), the moduli values after 50 000 s or more of
the recovery are considerably smaller and indicate that
the samples are largely aligned even after this time.
This conclusion is generally consistent with a recent
rheo X-ray study of Lele et al.1* on a thermodynamically
metastable polypropylene-based layered silicate nano-
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Table 2. Nanocomposite Disorientation Characteristics

polymer nanocomposite temp (°C) o (atw)? (rad/s) G'unalignea(®) (dyn/cm?) Dyo (s~1)P
PS30K 9wt % 2C18M 135 0.03 (1.77) 6.5 x 10° 2.4 x 1077
ref temp = 160 °C 140 0.04 (0.86) 4.6 x 10% 6.8 x 1077

150 0.20 (0.86) 4.6 x 10° 3.6 x 1076

170 2.62 (0.86) 4.6 x 10° 5.8 x 1075

PS30K 9wt % C18F 150 0.20 (0.86) 1.2 x 10° 6.2 x 107°
ref temp = 160 °C 170 3.09 (0.86) 1.2 x 10° 1.0 x 1077

PS152K 9wt % 2C18M 150 0.03 (0.13) 3.7 x 10° 3.3 x 1078
ref temp = 160 °C 165 0.06 (0.03) 1.2 x 105 2.7 x 1077

170 0.03 (8.6 x 1079) 6.1 x 10° 5.1 x 1077

170 0.1 (0.028) 1.1 x 108 5.1 x 1077

PS290K 9wt % 2C18M 170 0.03 (8.6 x 10739) 3.0 x 10° 6.1 x 1078
ref temp = 160 °C 185 0.1 (6.6 x 1073) 2.8 x 10° 2.8 x 1077

PIB12K 8.5 wt % 2C18M 40 0.1 4.5 x 10° 3.0 x 1076
PIB12K 22 wt % 2C18L 40 0.1 1.2 x 108 2.4 x 1072

a Reduced frequencies reported for the PS are based on a shift to a reference temperature of 160 °C, as noted in column 2. ® Based on

eq 2 and calculated for the case of completely exfoliated single layers.
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Figure 4. Role of strain amplitude (a) and frequency of
measurement (b) on the disorientation kinetics of the PS30K-
based nanocomposites. Alignment was achieved using the
same conditions reported in Figure 3. The value of G' (yo =
1.2 and w = 0.1 rad/s at 180 °C) at the end of the LAOS
alignment for the data in (a) are 1260 and 1030 dyn/cm? for
the yo = 0.006 and 0.015 measurements, respectively, and (b)
are 160 and 215 dyn/cm? for @« = 1.60 and 0.20 rad/s,
respectively.

composite system, where the disorientation was exam-
ined over much shorter time scales.

The data presented in Figure 3 is largely independent
of the strain amplitude during recovery, for small values
of the strain amplitude, as demonstrated by representa-
tive data in Figure 4a. Similarly, the trends are un-
changed for different frequencies at which the recovery
is monitored as shown by the representative data in
Figure 4b and anticipated on the basis of the frequency
scan data for intermediate times presented in Figure
2.

The independence of the disorientation kinetics with
nanoparticle size and polymer matrix indicates that the
disorientation process is not governed by Brownian
motion, where the rotary diffusivity (Dro) of a circular
disk of diameter d is®2324

3kgT
4770d3

@)

DrO

where 7o is the viscosity of the polymer matrix. We
choose to model the layered silicate as a circular disk
because of the disklike character of individual layers
and note parenthetically that the rotary diffusivity of
tactoids is comparable to those of the single layers.823.24
Values of Dy based on the case of a single uncorrelated
exfoliated layer of the silicate are shown in Table 2.
Clearly, for the case of 2C18L and 2C18M, the rotational
relaxation time (1/Dyo) inferred from these values of the
idealized rotary diffusivity is smaller or comparable to
the experimental time scales. However, the extent of
disorientation inferred from the rheological measure-
ments is negligibly small even for those nanocomposites
and suggests that the disorientation process is non-
Brownian.

To confirm this non-Brownian character of the dis-
orientation process, the matrix viscosity of the polymer
was adjusted by changing the temperature of measure-
ment and by changing the molecular weight of the
polymer matrix. The data shown in Figure 5 indicate
that the matrix viscosity does not significantly alter the
trends for the disorientation process. We note that the
viscosity changes by about 2 orders of magnitude from
140 to 170 °C for PS30K.?> For the case of the PS30K
in 2C18M and C18F, the reduced frequency and the
strain amplitude employed were kept constant in order
to facilitate comparisons (Figure 5a,b). In those cases,
the disorientation kinetics are not entirely independent
of the temperature and might indicate a small coupling
to the matrix viscosity. Nevertheless, even at the highest
temperature the data after 50 000 s indicate that the
modulus (unaligned values in Table 2) and viscosity
(7¢*(0.04 rad/s)unaiignea ~ 40) have only recovered a small
fraction of the original value.

Figure 6 examines the Kinetics of disorientation for
the nanocomposites prepared with identical amounts of
2C18M dispersed in three different molecular weights
of PS compared at roughly the same matrix viscosity
(by choice of temperature). As shown in a different
paper, increasing the molecular weight of the PS leads
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Figure 5. Effect of temperature and matrix viscosity on the
disorientation of 9 wt % 2C18M (a) and 9 wt % C18F (b)
nanocomposites of PS30K. The matrix viscosity at 140, 150,
and 170 °C are measured to be 2.7 x 104 5.0 x 103, and 3.7 x
10? Pa s, respectively. The relative trends in G' and #/*(w)
(shown in inset) with temperature are similar and indicate
slightly faster disorientation kinetics at elevated temperatures.
The value of G' (yo = 1.2 and w = 0.1 rad/s at 180 °C) at the
end of the LAOS alignment for the data in (a) are 1030, 940,
and 930 dyn/cm? for the T = 140, 150, and 170 °C measure-
ments, respectively, and (b) are 215 and 195 dyn/cm? for T =
150 and 170 °C, respectively.
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Figure 6. Effect of changing matrix molecular weight on the
disorientation kinetics of 9 wt % 2C18M dispersed in poly-
styrene. Temperatures were chosen to maintain a constant
matrix viscosity. The value of G’ (yo = 1.0 and w = 0.1 rad/s
at 180 °C) at the end of the LAOS alignment for the data are
390, 4160, and 20500 dyn/cm? for PS30K, PS152K, and
PS290K (LAOS at T = 185 °C instead of 180 °C), respectively.

to an improved dispersion of the silicate layers (i.e.,
larger fraction of individual layers) and argued to result
from the increased shear and normal stresses due to
the higher molecular weight matrices in these sys-
tems.?5 As observed from the figure, the data for the
three samples are qualitatively similar and indicate that
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the matrix molecular weight has a negligible effect on
the disorientation process.

Thus, we have conclusively shown that the disorien-
tation after alignment by large-amplitude oscillatory
shear exhibits logarithmic scaling with time, does not
depend on the dimensions of the silicate layers or their
aggregates, the state of aggregation or disaggregation
(dispersion) of the silicate layers, and does not depend
on the temperature or viscoelasticity or molecular
weight of the polymer matrix.

Similar trends (logarithmic scaling of the recovery
modulus) have been observed for the spin glasses,
microgel pastes, Laponite dispersions, and nematic
polymers and have been considered in the context of the
analogy to soft colloidal glasses.11226 For aqueous
dispersion of Laponite these trends have been confirmed
using both rheological and dynamic light scattering
measurements.!115

The original quiescent state structure of the inter-
calated and exfoliated hybrids consists of randomly
oriented layers or tactoids of layers, and this randomly
distributed structure forms a sample spanning network
structure (possibly mediated by polymer chains) respon-
sible for the linear viscoelastic response observed in
Figure 1. Such a structure that is intrinsically disor-
dered and metastable is at the core of the analogy to
soft colloidal glasses. Importantly, Brownian forces
alone are unable to erase the energy barriers created
by such structures. Application of shear is considered
to change the energy landscape and allows for the
system to access new metastable states.?” For this
reason, the application of large stresses (larger than the
yield stress) are considered as rejuvenating conditions
and in the context of vitrification can be considered to
be analogous to heating above the glass transition
temperature.26 Upon removal of the stress (equivalent
to quenching below the glass transition), it is anticipated
that the energy landscape is again changed, requiring
the system to find a new metastable state consistent
with the changed landscape. This recovery from the
liquid state shows many similarities to physical aging
including the observed logarithmic dependence of the
recovery modulus and the independence of the disori-
entation process from the detailed physical character-
istics of the layered silicate and the polymer.

While such an energy landscape-based argument
appears to be entirely valid for isotropic particles
dispersed in a Newtonian small molecule matrix, the
extension of these ideas to highly anisotropic particles
is experimentally robust as demonstrated by our results
here and those of Bonn et al. on agueous Laponite
dispersions.!! We note that, unlike the Laponite disper-
sion case examined by Bonn and co-workers, the layered
silicates in our experiments are charge neutral with a
stoichiometric amount of the balancing alkylammonium
cationic surfactants. Thus, long-range correlations re-
sulting from the ionic interactions of the layered sili-
cates (i.e., edge—edge, edge—face, and face—face inter-
actions) are unlikely to be the driving force for randomi-
zation of the silicate layers or their aggregates. Instead,
the weak attraction between the polymer and the
layered silicate (responsible for the miscibility of the
polymer and the layered silicates, the intercalated
structure, and the quiescent network structure)1819.25
and the geometric restrictions resulting in the network
structure and cooperativity possibly provide the driving
force for the recovery. The interaction forces between
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the polymer and the layered silicate are unlikely to be
long-ranged and are not expected to result from osmotic
effects where gallery compression or expansion would
have accompanied the mesoscale structural changes.
Nevertheless, by carefully controlling the thermo-
dynamic interactions (i.e., making them extremely weak
or extremely strong) and by probing the disorientation
and multitude of length scales (nano to macro), the
precise origins of the disorientation processes in these
systems can be determined and should be pursued.

Concluding Remarks

The disorientation kinetics of aligned layered silicates
(either individual or tactoids of stacked sheets) exhibit
non-Brownian character and are not dependent on the
physical and chemical parameters of the inorganic
nanoparticles and the polymer matrix. These measure-
ments suggest that the postprocessing structure of these
materials (after the attainment of layers aligned “paral-
lel”) is likely to change slowly with close similarities to
physical aging if the polymer matrix is above its
softening point. However, it is quite possible that the
layers do not necessarily attain parallel alignment and
might in fact obtain perpendicular or even transverse
alignment after realistic steady shear or elongational
processing as suggested by several recent studies.>1628
In those cases, the recovery after flow alignment might
be quite different from that observed in the current
study.
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Appendix

To verify the evolution of the microstructure during
the quiescent period following large-amplitude oscilla-
tory shear, we conducted ex-situ X-ray measurements
of the quenched nanocomposites at different times
following the large-amplitude oscillatory alignment. We
focused on the PS152K with 9 wt % 2C18M nanocom-
posites and performed disorientation studies at 170 °C
after shear alignment at 180 °C (strain amplitude of 1.5
applied for ~3 h). X-ray measurements were conducted
on samples quenched immediately after shear align-
ment, after 1 h quiescent disorientation at 170 °C, and
after 48 h quiescent disorientation at 170 °C in the
rheometer under a N, environment. As per Table 2, at
these conditions of measurement we anticipate a rotary
diffusivity of 5 x 1077 s7%, and in fact over 48 h a
significant disorientation would be anticipated on the
basis of Brownian disorientation of the layered silicates.

X-ray measurements of small samples (1 mm thick-
ness) prepared with the X-ray beam traveling roughly
parallel to the radial direction were performed, and the
azimuthal scans of the data in the g range correspond-
ing to the (001) layer—layer registry peak are shown in
Figure 7. The as-prepared sample (not subjected to
large-amplitude oscillatory flow) demonstrated rela-
tively little preferential orientation of the silicate layers
(i.e., random orientation) as would have been expected.
On the other hand, the sample oriented after large-
amplitude oscillatory shear demonstrated a significant
extent of orientation of the sample. Interestingly, the
samples held under quiescent conditions at 170 °C for

Polymer Layered Silicate Nanocomposites 4193

25000

PS152K unoriented
9wt % 2C18M as-prepared

— Oriented after

LAOS at 180 °C
----- Disoriented
170°C; 1 hr
= — Disoriented
170 °C; 48 hr

20000

15000 +

10000

Intensity (arb units)

5000 ey, _om RS O P

Figure 7. Study of the mesoscale structure using ex-situ two-
dimensional X-ray scattering for a 9 wt % 2C18M in polysty-
rene (152K) as a function of annealing time at 170 °C are
shown. The data corresponding to the (001) peak (q ~ 0.2 A-1
and Aq = 0.02 A1) were sectioned in 3° increments and shown
here. Samples were prepared as disks with sections (~2 x 1
x 1 mm) near the circumference taken and examined with
the X-ray beam parallel to the radial direction. The data prior
to large-amplitude shear indicate a material that is isotropic.
On the other hand, all the other samples indicate an aniso-
tropic material, with the layers predominantly oriented in
“parallel” orientation (with layer normals along the velocity
gradient direction). After 48 h of quiescent annealing, the
sample demonstrates a relatively small amount of disorienta-
tion consistent with the rheological findings.

1 and 48 h show relatively little disorientation of the
oriented silicate layers. These results are largely con-
sistent with the qualitative trends described in the
paper using linear viscoelastic measurements. However,
a direct quantitative comparison was not possible
because of the relative difficulty in converting the
(unidirectional) orientation function directly to vis-
coelastic properties.
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