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ABSTRACT: The melt-state linear viscoelastic properties for a series of intercalated nanocomposites are
examined. The nanocomposites are based on a short disordered polystyrene—polyisoprene diblock
copolymer and varying amounts of dimethyldioctadecylammonium modified montmorillonite. The linear
dynamic oscillatory moduli and the stress relaxation moduli are in quantitative agreement and suggest
that at short times the relaxation of the nanocomposites is essentially unaffected by the presence of the
layered-silicate. However, at long times (or equivalently low frequency), the hybrids exhibit dramatically
altered viscoelastic behavior. Hybrids with silicate loadings in excess of 6.7 wt % exhibit pseudo-solidlike
behavior, similar to that observed in previous studies of exfoliated end-tethered nanocomposites. On the
basis of simple phenomenological arguments, the long time behavior is attributed to the presence of
anisotropic stacks of silicate sheets randomly oriented and forming a percolated network structure that
is incapable of relaxing completely. These arguments are further supported by the ability of large-
amplitude oscillatory shear to orient these nanocomposites and to increase their liquidlike character.

Introduction

Layered-silicate-based polymer nanocomposites have
attracted considerable technological and scientific inter-
est during the recent past.1=* The technological interest
has stemmed from the dramatic enhancements in
physical, thermal, and mechanical properties of polymer-
based materials with minimal increase in density due
to the low inorganic loading required.* On the other
hand, these materials have also proved to be model
systems to examine the underlying molecular level
underpinnings of the structure and dynamic properties
of confined polymer systems and polymer brushes using
macroscopic characterization techniques.?2 A significant
possible impediment to the technological application of
these materials relates to their processability. Further,
a thorough understanding of the changes to the struc-
ture and properties by the processing conditions im-
posed is essential to tailor nanocomposite for specific
applications.

Hybrids prepared by dispersion of similar organically
modified layered silicates in small molecule organic
solvents are commonly used in the paint and lubrication
industry.> Rheological studies of these systems have
suggested that the flow properties are highly irrepro-
ducible, with dramatic alterations to the structure by
the imposition of even small-amplitude oscillatory shear.®
On the other hand, the viscoelastic properties of inter-
calated and exfoliated layered-silicate-based nanocom-
posites have been reported recently.237 The data re-
ported showed little of the complexity traditionally
associated with the small molecule analogues, and the
differences are thought to be a result of the extent of
dispersion of the silicate layers in the two cases.
Further, significant changes in the viscoelastic proper-
ties depending on the mesoscopic structure and strength
of polymer—layered-silicate interactions were observed.
For intercalated poly(dimethyl-co-diphenylsiloxane)-
based nanocomposites, alterations in the low-frequency
(and low shear rate) behavior were observed.® Specifi-
cally, non-Newtonian viscosity behavior was observed
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at all silicate loadings, and the low-frequency storage
modulus exhibited the development of a plateau. On the
other hand, poly(dimethylsiloxane)-based exfoliated nano-
composites showed little changes in the viscoelastic
properties with the exception of an increase in the
modulus and viscosity with increased silicate content.
In contrast, for exfoliated nanocomposites developed by
tethering the chains to the layered-silicate (based on
nylon-6 and poly(e-caprolactone)), significant differences
in the viscoelastic properties were observed.” The low-
frequency storage and loss moduli gradually changed
from liquidlike (for the polymers) to a pseudo-solidlike
behavior for nanocomposites with as little as 3 wt %
layered-silicate. These nanocomposites could be oriented
by the application of large-amplitude oscillatory shear
and thus exhibit enhanced low-frequency dependence
of the linear viscoelastic moduli and highly unusual
nonlinear viscoelastic properties.”8

We have conducted an experimental investigation of
the linear and nonlinear rheological properties for a
model polymer—Ilayered-silicate nanocomposite. Unlike
the previous studies, a model monodisperse polymer was
used here. In particular, a nearly symmetrical disor-
dered diblock copolymer of polystyrene and 1,4-polyiso-
prene was chosen, with the expectation that only the
polystyrene block would be attracted to the layered-
silicate. The results of this paper, however, conclusively
prove that the rheological properties are essentially
unaffected by the detailed choice of the chemical nature
of the polymer (i.e., block copolymer vs homopolymer)
and are most crucially affected by the dispersion of the
silicate layers. In this paper, we focus on the linear
viscoelastic properties for these hybrids and will discuss
the nonlinear properties and the transition from linear
to nonlinear properties in a subsequent paper.°

Experimental Methods

An anionically synthesized monodisperse polystyrene—1,4-
polyisoprene (7 mol % 3,4 and 93 mol % 1,4) diblock copolymer
(PSPI118) was used in this study. It has a molecular weight
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M, of 17 700 with M,/M, < 1.07, PS content of 44 wt %, and
an order—disorder transition temperature below 80 °C (i.e., it
is disordered for T = 80 °C). The layered-silicate used in this
study was a montmorillonite with a charge exchange capacity
(CEC) of 90 mequiv/100 g and organically modified with a
dimethyldioctadecylammonium cation (2C18M). Excess alky-
lammonium ions were removed by repeatedly refluxing the
organically modified layered-silicate with boiling ethanol. The
amount of alkylammonium was found to be 26.8 wt % (by
thermogravimetric analysis (TGA)), consistent with the known
CEC of the silicate. TGA measurements performed on a Seiko
TG/DTA 320 thermal analyzer were also used to verify the
inorganic fraction in the pure 2C18M and nanocomposites.
These measurements were conducted at a heating rate of 10
°C/min from room temperature to 500 °C and subsequent
holding at 500 °C for half an hour under flowing air.

Nanocomposites were prepared by solution mixing appropri-
ate quantities of finely ground 2C18M and PSPI118 in toluene
at room temperature. Five hybrids with silicate contents of
0.7, 2.1, 3.5, 6.7, and 9.5 wt % were prepared for this study.
The homogeneous solutions were dried extensively at room
temperature and subsequently annealed at 100 °C in a vacuum
oven for ~12 h to remove any remaining solvent and to
facilitate complete polymer intercalation between the silicate
layers.

X-ray diffraction was used to verify the gallery height and
was performed using a Siemens D5000 X-ray diffractometer
with Cu Ko radiation generated at 40 mA and 50 KkV.
Diffraction spectra were obtained over a 20 range of 2°—10°
in steps of 0.02° and counting times of 3 s at each angular
position.

Rheological measurements were performed on a Rheometric
Scientific ARES rheometer with a torque transducer capable
of measurements over the range of 0.2—2000 g cm. Dynamic
oscillatory shear measurements were performed using a set
of 25 mm diameter parallel plates with a sample thickness of
1-2 mm and a temperature range of 80—105 °C. A sinusoidal
strain of the form

() = yosin(wt) @

was applied, where yq is the strain amplitude, o is the
frequency (varied from 0.001 to 100 rad/s), and t is the time.
The resulting time dependence of the stress is

o(t) = yo(G’ sin(wt) + G" cos(wt)) (2)

where o(t) is the shear stress, G' is the storage or elastic
modulus, and G" is the loss or viscous modulus. The linear
viscoelastic moduli reported here were ensured to be indepen-
dent of the strain amplitude by repeat measurements using
higher and lower strain amplitudes.

Stress relaxation measurements were performed at 85 °C
using a 25 mm diameter cone and plate geometry with a cone
angle of 0.0998 rad. A single step strain yo was applied at time
t = 0, and the shear stress o(t) was measured as a function of
time, with the modulus G(t) obtained as

_o®
M =" 3

The stress relaxation data reported in this paper were obtained
at low strains and were verified to be in the linear regime.®
Dynamic measurements of G' and G" as a function of w
obtained at 85 °C with the parallel-plate and cone-and-plate
geometry agreed to within 2% for all the samples.

Results and Discussion

a. Structure. X-ray diffraction spectra for the pure
2C18M and various representative hybrids are pre-
sented in Figure la. The interlayer gallery height,
calculated as the difference of the dgo; distance obtained
by XRD and the individual layer thickness (0.95 nm),
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Figure 1. (a, top) X-ray diffraction spectra for pure 2C18M,
Pl +2C18M, PS + 2C18M and PSP118 + 2C18M hybrids. The
doo1 peaks for the 2C18M and Pl + 2C18M are at similar
locations, indicating that the Pl does not intercalate the
layered silicate. On the other hand, both the PS + 2C18M and
PSPI118 + 2C18M hybrids exhibit expansion of the interlayer
gallery spacing with the preservation of long-range order, seen
by the presence of doo; and doos peaks. The gallery height of
PSPI118 + 2C18M is ~0.4 nm greater than that of the PS +
2C18M intercalated nanocomposites. (b, bottom) X-ray dif-
fraction spectra for PSP118 + 2C18M intercalated hybrids with
silicate loadings (a) 0.7, (b) 2.1, (c) 3.5, (d) 6.7, and (e) 9.5 wt
%. The location of the doo: peak is essentially unaffected by
the increase in silicate loading.

for the pure 2C18M is ~1.3 nm which, upon intercala-
tion by polystyrene (PS, My, = 30K) or PSP118, expands
to ~2.1 and 2.5 nm, respectively. However, the hybrids
prepared with 1,4-polyisoprene (Pl, My, = 17K) showed
no change in gallery spacing, indicative of the im-
miscibility of Pl and 2C18M. The intercalation of 2C18M
by PS and not by PI is consistent with the results of
previous experimental work1® and the theories of Vaia
and Giannelis!! and of Balazs and co-workers.'? PS
intercalates the interlayer galleries due to the slight
Lewis base character imparted by the phenyl ring,
leading to favorable interactions with the silicate lay-
ers.13

Further, the interlayer gallery spacing for the PSP118—
2C18M hybrids is independent of the silicate loading,
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as evidenced from Figure 1b. All the hybrids exhibit
clear regular layered structure, demonstrated by the
presence of the doo; and higher-order diffraction peaks.
This independence of the gallery height on silicate
loading is consistent with the results of Vaia and co-
workers on model PS-based nanocomposites.’® A simple
space filling calculation assuming the polymer density
to be unaffected by confinement and with little or no
exfoliation or disordering of the layers suggests that,
for hybrids with more than 30 wt % polymer, there
exists excess polymer that is not intercalated between
the layers.

The increased gallery height for the PSPI118 interca-
lated nanocomposites, as compared to the PS-based
hybrids, is noteworthy. This increased gallery height is
attributed to the incorporation of the disfavored PI block
in the interlayer galleries due to the preferential at-
traction of the PS block to the silicate surface and the
connectivity imposed by the diblock architecture. Since
the layers are two-dimensional ceramic sheets of ~0.5—1
um lateral dimensions, it would be virtually impossible
to conceive a situation where the PS block, with an
extended end-to-end distance of <50 nm, intercalates
the interlayer galleries at the edges and excludes the
PI from the intergallery region. Such a geometry, where
the preferred PS block infiltrates the edges and expands
the galleries, is impossible to sustain due to the large
bending modulus of the ceramic sheets and van der
Waals interactions, albeit weak, between the layers.14
To sustain the long-range order of the layers evidenced
in the XRD measurements would require the interlayer
galleries to be completely filled by the polymer chains
and would require the PI block to also enter the
interlayer galleries. Thus, we suggest that the internal
arrangement of PSP118 within the gallery would have
the PS block closer to both silicate surfaces (due to the
preferential attraction) and the PI block occupying the
central portion of the interlayer gallery.’>~17 This,
however, does not imply that the internal polymer
structure would be that of a crystalline solid, but rather
a liquidlike structure.*® Such a conformation would also
be consistent with the increased gallery height for the
PSP118 nanocomposites as compared to that of the PS-
based hybrids.

b. Melt Rheology. (i) Linear Dynamic Viscoelas-
ticity. The linear dynamic viscoelastic master curves
for the unfilled PSP118 are shown in Figure 2. The
master curves, generated by applying the principle of
time—temperature superposition to isothermal fre-
quency scans, were shifted to a common reference
temperature (To) of 85 °C using both frequency shift
factors (ar) and modulus shift factors (bt). The data, in
this master curve and subsequent master curves dis-
cussed in this paper, were ensured to be in the linear
regime by obtaining the same strain-independent vis-
coelastic properties using strain amplitudes 2-fold larger
and smaller than the ones for which data are reported.
Prolonged heating of the samples in the rheometer with
flowing N3 resulted in no change in the viscoelastic data.
Additionally, gel permeation chromatography of the
polymer after rheological testing exhibited no cross-
linking or degradation.

On the basis of the molecular weight of PSP118 and
the known entanglement molecular weights of PS and
Pl (M ps = 18K and M p; = 5K),° we expect PSP118 to
be lightly entangled. The data shown in Figure 2 are
consistent with that of a lightly entangled polymer with
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Figure 2. Time—temperature superposed linear viscoelastic
dynamic moduli (storage modulus G’ and loss modulus G") for
PSPI118. Frequency scans from 80 to 105 °C were superposed
using frequency and moduli shift factors (ar and br, respec-
tively, shown in Figure 5).
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Figure 3. Time—temperature superposed linear viscoelastic
moduli of a PSPI18 + 6.7 wt % 2C18M intercalated hybrid.
Open symbols correspond to brG" while the filled symbols
correspond to btG'. The frequency and moduli shift factors are
shown in Figure 5. A comparison with Figure 2 suggests that
the high-frequency moduli are unaffected with the exception
of increases in the magnitude of both the storage and loss
moduli. However, at low frequency the frequency dependence
of the moduli for the hybrid is distinctly different from that of
PSPI118. The low-frequency behavior is consistent with that
of a material exhibiting pseudo-solidlike behavior.

pure liquidlike relaxation behavior (i.e., G' ~ w?, and
G" ~ w?) below atw of ~10 rad/s. For lightly entangled
homopolymers, the longest relaxation time of the chains,
7, is obtained by extrapolating the G’ and G" vs w lines
(on a log—Ilog plot) in the terminal region and locating
wint, the value of w where these lines intersect.?° The
value of 7 lies between 2/wint and 3/wint, depending on
the extent of entanglement. We estimate the terminal
relaxation time of the polymer chains to be between 0.2
and 0.3 s at 85 °C.

In contrast, the time—temperature superposed vis-
coelastic moduli for a 6.7 wt % PSP118—2C18M hybrid
shown in Figure 3 exhibit unusual low-frequency be-
havior. Consistent with the addition of a solid dispersed
phase, the moduli at all frequencies are higher for the
hybrid as compared to the unfilled polymer.? We note
that for this hybrid, and for all other hybrid concentra-
tions, excellent time—temperature superposed master
curves were obtained. Further, the frequency depen-
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Figure 4. Time—temperature superposed linear storage
modulus (a, top) and loss modulus (b, bottom) for the series of
2C18M-based PSPI118 intercalated hybrids. As expected, the
moduli increase with increasing silicate loading at all frequen-
cies. At high frequencies, the qualitative behavior of the
storage and loss moduli are essentially unaffected. However,
at low frequencies the frequency dependence of the moduli
gradually changes from liquidlike to solidlike for nanocom-
posites with 6.7 and 9.5 wt % silicate.

dence of the high-frequency relaxation behavior in the
hybrid is essentially unaffected by the addition of the
filler, suggesting that the observed chain (and subchain)
relaxation modes are unaltered by the presence of the
layered-silicate. However, for atw < 10 rad/s, the
viscoelastic response (especially G') for the hybrid
displays a significantly diminished frequency depen-
dence as compared to the unfilled PSPI18. In fact, G’
becomes nearly independent of frequency at low atw and
exceeds G'", characteristic of a material exhibiting
pseudo-solidlike behavior.

The dependence of the viscoelastic behavior on the
layered-silicate concentration was investigated, and the
master curves for the different hybrids are shown in
Figure 4. The data for the 0.7 wt % silicate hybrid are
almost identical to that obtained for the PSPI118 and
are not shown in Figure 4. At all frequencies, both G’
(Figure 4a) and G" (Figure 4b) for the nanocomposites
increase monotonically with increasing silicate loading.
As noted earlier, the viscoelastic behavior at high
frequencies (atw > 10 rad/s) is unaffected by the
addition of the layered-silicate, with the exception of a
monotonic increase in the modulus value. However, at
low atw (corresponding to a regime where the unfilled
PSP118 exhibits liquidlike behavior), both G' and G"
exhibit diminished frequency dependence, with the
frequency dependence becoming weaker with increasing

Macromolecules, Vol. 33, No. 10, 2000

1.0 . . T T : :
< PSPI18
b A 07w % ]
05 ® 21wt %
O 35wt%
0.0} * 67wt % 1
- O 95wt %
5 -0.5F ]
o
L2 10 1
-1.5F ]
-2.0F . )

75 80 85 90 95 100 105 110
Temperature (°C)

1.1 r . . . . T
$ © PSPI8
1.0F o . 5 07wt% ]
. ® 21wt%
o © 35w %
09} 5wy * 67W% ]
9 o 95wt%
_Q'_ 08} o . 1
0.7F R 3
06¢L ]
0.5 . . . L

75 80 85 90 95 100 105 110
Temperature (°C)

Figure 5. Frequency shift factors ar (a, top) and Moduli shift
factor bt (b, bottom) for PSPI18 and the different hybrids
studied in this work. The line shown in (a) is the best fit WLF
equation (eq 4) to the ar values for all the hybrids and the
pure polymer.

silicate content. For the 6.7 and 9.5 wt % nanocompos-
ites in the low-w region, G’ exceeds G" and G’ is nearly
independent of frequency, suggesting the possibility of
pseudo-solidlike behavior for time scales at least of the
order of 108—-10% s.

The temperature dependence of the frequency and
modulus shift factors (at and bt) used to generate the
master curves shown in Figures 2—4 are shown in
Figure 5. The values of at are, within the errors of the
experiment, independent of the silicate loading and well
represented by a WLF relationship? given by

g CHL2E 00T~ Ty
098 =95 4y + (T - T,)

(4)

where Ty is the reference temperature, in this case 85
°C. The value of C; (where log at = [~Cy(T — To)J/[(C2
+ (T — To)]) is consistent with that expected on the basis
of the values of C; for PS and PI (Cyps = 22.5 and Cy p,
= 2.8 for To = 85 °C)?223 and the known composition of
the copolymer examined. The near independence of the
frequency shift factors on the silicate loading suggests
that the temperature-dependent relaxation processes
observed in the viscoelastic measurements are es-
sentially unaffected by the presence of the silicate
layers. A substantial portion of the polymer is not
intercalated between the layers of the silicate, and thus
the temperature-dependent relaxation observed could
be attributed to that of the matrix polymer. However,
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this does not imply that the relaxation behavior or the
temperature dependence of the relaxation of the inter-
calated polymer or that near the surface of the layers
is unaffected. The observed shift factors and the agree-
ment with the principle of time—temperature superpo-
sition can easily be reconciled with the notion of two
distinct populations of dynamical species: a matrix
component that is unaffected and an intercalated or
adsorbed component whose relaxation processes are
much slower than the time scale of the experiments. Our
experiments here are incapable of probing, if indeed
such a distinct bimodal population exists, and only offer
the insight that, for all the populations whose relaxation
time change with temperature, the temperature depen-
dence is identical to that of the pure polymer.

The bt values required for time—temperature super-
positioning of the linear viscoelastic data are large in
magnitude and cannot be explained in terms of a simple
density effect (i.e., bt = (poTo)/(pT), where po and p are
the densities at Tp and T, respectively), where it would
be expected that the values do not vary far from unity.
These shift factors do not change significantly with
silicate loading and are, within the errors of the experi-
ments, comparable for all silicate loadings. One possible
explanation for the substantial bt values could be due
to the block architecture of the polymer examined and
the relative proximity of the order—disorder tempera-
ture to the temperature of the measurements. Although
the polymer is disordered at all experimental temper-
atures, there exist substantial repulsive thermodynamic
interactions between the PS and PI blocks, leading to
considerable concentration fluctuations in the disor-
dered state, whose magnitude diminish with increasing
temperature.?* Larson and Fredrickson?> have sug-
gested that, due to the increase in concentration fluc-
tuations while approaching the order—disorder transi-
tion from the disordered state, there can be additional
contributions to the moduli, and this might explain the
magnitude of the vertical shift factors required. How-
ever, it is also expected that the principle of time—
temperature superposition would fail if the magnitude
of the corrections due to the concentration fluctuations
to the moduli were substantial. It is possible that this
failure of the principle of time—temperature superposi-
tion is subtle and thus not observable in our mechanical
measurements.

(ii) Linear Stress Relaxation. To confirm the
unusual viscoelastic behavior observed at low frequen-
cies in the dynamic measurements for the layered-
silicate-based hybrids, we have undertaken linear stress
relaxation measurements, and the results of these are
shown in Figure 6. The data reported here are in the
linear regime, and the transition from linear to nonlin-
ear behavior is described in a subsequent paper.® For
any fixed time after the imposition of strain, the
modulus increases with increasing silicate loading,
similar to that observed in the dynamic viscoelastic
measurements. Further, at short times (i.e., fort < 0.5
s), the stress relaxation behavior is qualitatively similar
for all the hybrids and the unfilled polymer. At long
times, however, the unfilled polymer relaxes like a
liquid, while the hybrids with high silicate contents
behave like a solidlike material for times as long as
~2000 s (at 85 °C).

The linear stress relaxation modulus is related to the
dynamic oscillatory shear G' and G" via the relaxation
spectrum H(r) as?
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Figure 6. Linear stress relaxation measured modulus G(t)
at 85 °C for the unfilled PSPI118 and the hybrids. The weight
fraction of the silicate in the hybrids is noted in the figure.
Only 30% of the data collected are shown for all the data sets.
The lines represent the predictions of eq 6 with the dynamic
moduli presented in Figure 4. The agreement between the
predictions and the measured data is excellent, suggesting the
validity of eq 6 in describing the linear moduli for the hybrids.

2.2
G'(@) ~ Gty = I[#j)zrz - e“"”’]H d(in 7)
(5)

Using a two-point collocation method, Ferry and co-
workers2926 have shown that the transient G(t) can be
related to the corresponding dynamic moduli G' and G"

by
G(t) = G'(w) — 0.40G"(0.40 w) + 0.014G" (10w)|,, —1
(6)

This approximate relation has proven useful to relate
the dynamic and transient moduli for homopolymers.2°
Recently, the same relationship was successfully used
to describe the viscoelastic properties of micellar sys-
tems dispersed in a homopolymer.2’ On the basis of the
dynamic viscoelastic response shown in Figure 4 and
using eq 6, the modulus G(t) was calculated and is
shown in Figure 6. The agreement between the mea-
sured and the calculated values of G(t) is excellent,
suggesting that indeed the measurements in both
dynamic oscillatory and stress relaxation mode are
linear and that the approximate relation suggested by
eq 6 is also valid.

On the basis of both the dynamic oscillatory shear and
the stress relaxation moduli, it is clear that the addition
of layered-silicate has a profound influence on the long
time relaxation of the hybrids. With increasing silicate
loading, the liquidlike relaxation observed for the
unfilled polymer gradually changes to solidlike (or
pseudo-solidlike) behavior for hybrids with silicate
loadings in excess of 6.7 wt %. We discuss these features
in the following section.

c. Phenomenological Explanation of Flow Be-
havior. The anomalous low frequency viscoelastic
behavior can be attributed to at least two distinctly
different mechanisms. First, the preferential attraction
of the PS block to the silicate layers could cause the
block copolymer to undergo an ordering transition, i.e.,
forming ordered microdomains. Previously, Green and
co-workers?® showed that thin films of a disordered PS—
PMMA diblock copolymer can undergo an ordering
transition when cast on silicon oxide substrates, a
surface preferentially attractive to PMMA. It has also
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Figure 7. Time—temperature superposed mastercurves of the
dynamic moduli for the PS (30K) + 2C18M-based 6.7 wt %
silicate hybrid. The data were shifted to 150 °C. Open symbols
correspond to brG" while the filled symbols correspond to b+G'.
The remarkable similarity in the low-frequency behavior of
this hybrid to that of the PSP118 + 2C18M hybrid (6.7 wt %
silicate) shown in Figure 3 suggests that the unusual vis-
coelastic properties observed for the PSP118-based hybrids are
not a result of a surface-induced ordering.

been previously shown that, for ordered block copoly-
mers, the low frequency response can be significantly
diminished.?® In particular, for materials with micro-
structures possessing cubic symmetry (such as spheres
or gyroids) the low-frequency dependence of G’ is nearly
independent of frequency.

To address this possibility, the viscoelastic properties
of a PS homopolymer (M,, = 30 k, My/M, < 1.06) + 6.7
wt % 2C18M were investigated and are shown in Figure
7. Again, excellent time—temperature superpositioned
master curves were generated, with the modulus shift
factors not varying more than 3% from unity over the
entire temperature range.3® Comparing Figures 3 and
7 (the two hybrids have identical silicate loading), it is
clear that the low-frequency viscoelastic behavior cannot
be attributed to a surface induced ordering phenom-
enon, as the homopolymer-based hybrid is incapable of
forming an ordered structure.

Alternatively, the low-frequency viscoelastic response
can be explained in terms of a physical jamming of the
dispersed layered silicates due to their highly anisotro-
pic nature. The frequency dependence of the low-
frequency G' and G", wherein a pseudo-solidlike behav-
ior is observed for the hybrids with 6.7 and 9.5 wt %
silicate, is similar to that observed previously for end-
tethered poly(e-caprolactone)-based exfoliated nanocom-
posites.” There it was suggested that, due to the highly
anisotropic nature of the layered silicates and simple
geometric constraints, the layers would exhibit local
correlations despite the hybrid being exfoliated. These
local correlations cause the presence of domains, and
the presence of these domains, similar to the studies of
liquid crystalline and ordered block copolymer systems,
caused the enhanced low-frequency modulus and the
related low power-law dependence.?®

We suggest that, in the intercalated nanocomposites
examined here, the mesoscopic structure consists of
silicate tactoids comprised of several tens of well-ordered
layers (implied by the observation of at least three
orders of Bragg reflections in the X-ray diffraction)3! and
the occasional presence of individual layers removed
from the tactoids. Transmission electron micrographs
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t by
Figure 8. A schematic representation of the tactoids of

layered silicates and their interaction with each other, result-
ing in incomplete relaxation of the hybrids.

of a hybrid formed with the same organically modified
layered silicate and a polystyrene—poly(ethylene-co-
butene-1) (PS—PEB) block copolymer revealed a meso-
scopic structure consistent with the above picture and
is shown elsewhere.®? Further, a calculation of the
domain size by the application of the Scherrer relation-
ship to the X-ray diffraction data presented in Figure 1
(and not corrected for the instrumental broadening)
suggests an average minimum tactoid size of ~15 nm
and implying a minimum stacking of six layers in a
tactoid.3%32 On the basis of this mesoscopic structure
and the underlying assumption that at low silicate
concentrations the relative orientations of the tactoids
are uncorrelated, we suggest that beyond a critical
volume fraction the tactoids and the occasional indi-
vidual layers are incapable of freely rotating and when
subjected to small-amplitude shear are prevented from
relaxing completely. This incomplete relaxation due to
the physical jamming or percolation of the nanoscopic
fillers leads to the presence of the pseudo-solidlike
behavior observed in the 6.7 and 9.5 wt % hybrids.
Further, we expect other viscoelastic signatures consis-
tent with that of a percolated system (i.e., the presence
of a yield stress, divergence of the viscosity with
decreasing shear rate, etc.), and these are explored in
a subsequent paper.®

To verify that the percolation of the stacks of layers
(i.e., tactoids) is a plausible explanation, we estimate
the percolation threshold for these hybrids parametrized
in terms of the stack size. For this we consider a
hypothetical hydrodynamic sphere surrounding each
tactoid and consider the percolation of these hydrody-
namic spheres to signify the onset of incomplete relax-
ation and the presence of pseudo-solid behavior in the
hybrids (Figure 8). The percolation of random spheres
in three dimensions has been calculated to occur for a
volume fraction (¢per) 0f ~0.30%* and is only slightly
changed by the inclusion of excluded-volume interac-
tions. A simple volume filling calculation, assuming a
uniform distribution of identically sized tactoids, yields
a relationship between the critical tactoid size required
(Nper, the number of silicate layers per tactoid) and the
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layered-silicate weight fraction at percolation (Wsiiper)
as

— 4 [ Wsil,per porg &
3¢Perl.wsilper Porg T (1 = Weit per) psit Nsit

nper

()

where Ry, is the radius of the hydrodynamic volume (in
this case equivalent to the radius of the disklike layered
silicates), hs; is the thickness of the silicate layers, and
porg @Nd psji are the densities of the organic component
and layered-silicate, respectively. Assuming that the
silicate layers can be adequately represented by uniform
disks of 0.5 um diameter (2Ry) and thickness 1 nm (hgjj),
and assigning the weight fraction of silicate at the
percolation threshold (wsiiper) to be 0.067 (pseudo-solid
behavior is observed for the hybrids with 6.7 and higher
weight percent layered-silicate), we obtain the average
tactoid size to be ~30 layers. This average tactoid size
is not unreasonable in light of the presence of several
higher-order X-ray diffraction peaks and evidence from
TEM measurements on hybrids of PS—PEB prepared
with the same layered-silicate®? which indicate that, in
addition to a few delaminated layers, the tactoid size
can range from 10 layers to over 50 layers. Further, this
tactoid size implies that the effective anisotropy associ-
ated with the layered silicates is ~15—20. This aspect
ratio is consistent with the calculation of geometrical
percolation thresholds of overlapping oblate ellipsoids.3®
It is this anisotropy, along with the random relative
arrangement of the tactoids, which leads to the observa-
tion of the percolation phenomenon at extremely low
loadings of the silicate.

If, on the other hand, the tactoids were oriented
preferentially in the shear direction, one would expect
the tactoids to no longer form a percolated network
structure and exhibit liquidlike flow behavior. It has
been shown previously that, similar to other intrinsi-
cally anisotropic materials, these layered-silicate-based
nanocomposites can also be shear aligned by the pro-
longed application of large-amplitude oscillatory shear.”8
The PSPI118 hybrids were subjected to similar prolonged
large-amplitude oscillatory shear, during which the
modulus initially decreased monotonically followed by
saturation at a significantly lower value than the initial
presheared modulus. The frequency dependence of the
linear viscoelastic moduli for a 6.7 wt % 2C18M-based
PSPI118 hybrid before and after prolonged oscillatory
shear is shown in Figure 9. The data for 85 and 92 °C
were obtained on samples shear aligned at the same
temperature just prior to measurement of the frequency
dependence in order to avoid artifacts that might be
introduced due to disorientation of the aligned tactoids
as a result of Brownian motion. On the basis of recovery
measurements,® we believe this disorientation time to
be ~20 000 s at 85 °C.

From Figure 9 it is clear that, for the aligned
nanocomposite, in addition to the decrease in the
absolute value of the modulus at all frequencies, the low-
frequency behavior dependence is also significantly
enhanced from the unoriented pseudo-solidlike behav-
ior. This increased low-frequency dependence of the
viscoelastic moduli suggests a breakdown of the perco-
lated silicate network in the shear-aligned sample. In
fact, for the case where the tactoids are aligned parallel
to the shear direction, percolation would be expected
when the effective two-dimensional disklike objects form
a network. For the case of overlapping disks, on the
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Figure 9. Effect of large-amplitude oscillatory shear on the
linear viscoelastic moduli master curves (from data at 85 and
92 °C) for a PSP118 + 2C18M hybrid (6.7 wt % silicate). Open
symbols correspond to the shear-aligned sample while the
filled symbols correspond to the unoriented sample, with the
squares corresponding to G" and circles corresponding to G'.
The moduli decrease after shear alignment and have a
dramatic effect on the low-frequency response with a more
liquidlike behavior observable.

basis of continuum model calculations, it is expected
that percolation would occur at a volume fraction of
disks of ~0.67.34 For tactoids of ~30 layers this calcula-
tion would suggest a critical percolation threshold to
occur at ~44 wt % of the layered silicate. We are
currently pursuing measurements of delaminated or
poorly ordered nanocomposites prepared with larger
aspect ratio layered silicates, where it might be possible
to observe the two-dimensional percolation at much
lower loadings of silicate.

Concluding Remarks

We have investigated the melt-state linear viscoelastic
behavior for a series of layered-silicate-based polymer
nanocomposites. While the polymer studied here is a
disordered diblock copolymer of polystyrene and poly-
isoprene, most of the conclusions of this work are
independent of the architecture of the polymer and in
fact are readily generalizable to low-molecular-weight
homopolymers. The dynamic moduli and stress relax-
ation measurements suggest the presence of pseudo-
solidlike behavior for hybrids with silicate loadings in
excess of 6.7 wt %. We attribute this to the mesoscopic
structure of randomly oriented silicate layer tactoids
that form a three-dimensional percolated network struc-
ture at low silicate loadings due to the anisotropy
associated with these tactoids. We have demonstrated
that this pseudo-solidlike behavior is not associated with
a possible ordering of the diblock copolymer at the
silicate surface by reproducing the behavior in a ho-
mopolymer PS-based nanocomposite. Further evidence
for this phenomenological explanation comes from the
ability of large-amplitude oscillatory shear to shear align
the tactoids and the concomitant decrease and change
in the low-frequency behavior of the modulus. Several
outstanding issues such as the nonlinear viscoelastic
properties of these hybrids, effect of molecular weight
of the matrix, the aspect ratio of the layered-silicate,
and the strength of the silicate polymer interaction are
yet to be understood. However, the linear viscoelastic
properties appear to be most strongly correlated to the
mesoscopic structure, and it is postulated that the
molecular weight, interaction strength, etc., would most
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profoundly affect the mesostructure and hence the
properties of these hybrids.
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