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Clay dispersion and polymer–clay interactions play a key role in producing property enhancements in
nanocomposites; yet characterizing them in complex polymer–clay systems is often a challenge.
Rheology can offer insights into clay dispersion and clay–polymer interactions. We have investigated the
viscoelastic response for a series of supercritical CO2 (scCO2) processed polyvinylmethylether (PVME)/
clay nanocomposites with varying polymer–clay interactions and nano-clay dispersion. PVME is used in
this study because it is highly swellable in scCO2, thereby enabling processing of PVME/clay mixtures
without the presence of a co-solvent. Since PVME and natural clay are water-soluble, highly dispersed
PVME-clay nanocomposites were prepared using water, followed by lyophilization in the presence of
polymer. In this ‘weakly interacting’, but highly dispersed systems, with clay loadings above the
percolation threshold, terminal behavior was observed in the linear viscoelastic moduli (i.e. no low
frequency plateau is observed). When the nanocomposites were processed in scCO2, with 15 wt% of 30B
and I.30P, the WAXD patterns of the resultant nanocomposites were largely comparable, indicating
partial dispersion, with intercalation peaks. However, the rheology of these two nanocomposites were
significantly different despite similar inorganic volume loading (4 vol%). Even with less dispersion
compared to the water-based system, the low-frequency moduli were significantly more enhanced,
accompanied by a plateau, and a cross-over frequency shift. Neglecting the small differences in the actual
clay content between these clays (4–5 vol% of inorganic matter), this suggests that rheology may be
sensitive to strong interactions between the clay surfactant and the polymer. Therefore, polymer–clay
interactions and clay–clay interactions may both be important in the ability to sustain a ‘‘so-called’’
percolated network, rather than just clay dispersion.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites comprised of highly anisotropic
layered silicates have attracted considerable attention because of
their potential to lead to materials with exceptional thermal,
barrier, and mechanical properties. A key to several of the
improvements is exfoliation/intercalation of the nano-clay to
expose the large available surface area to the host matrix and
increase the effective aspect ratio of the nano-clay particles [1–11].
Typically, the first step in producing montmorillonite based
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nanocomposites is subjecting the nano-clay to an ion-exchange
reaction to expand the inter-gallery spacing and render the clay
organophilic [12]. The organophilic nano-clay can then be melt
processed, in situ polymerized, or solution cast to produce nano-
composites with varying degrees of dispersion ranging from
intercalated to exfoliated [13–22].

Over the past decade, considerable effort has been put forth to
understand the structure–property relationships of polymer/clay
nanocomposites. In particular, the linear viscoelastic response of
polymer–clay nanocomposites has been extensively studied in
order to understand the mechanical and rheological properties of
these systems and elucidate how these properties relate to the type
of microstructure/mesostructure formed [22–26]. In general, these
investigations revealed that the principle of time–temperature
superposition is obeyed with the temperature dependence of the
frequency shift factor (aT) being independent of silicate loading and
dispersion. Moreover, the mesoscale dispersion strongly impacts
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the low frequency viscoelastic behavior of the dynamic moduli and
the low shear rate viscosity. Good dispersion typically results in
a low frequency plateau in the storage modulus (G0) and diverging
complex viscosity at low shear rates. The pseudo solid-like behavior
has been attributed to a ‘‘so-called’’ percolated structure [27].
However, as Krishnamoorti and Giannelis demonstrated for
example, a sufficient active interaction between the polymer (soft
phase) and the clay (hard phase) is a necessary component for
pseudo solid-like rheological behavior to be prevalent [24]. In some
of their nanocomposites, the matrix polymers utilized were only
lightly entangled yet a low frequency plateau was observed in G0

suggesting that entanglement is not a necessity for pseudo solid-
like behavior to exist. We have recently reported the rheological
response of dispersed PDMS/clay and PS/clay nanocomposites
prepared by a novel supercritical CO2 (scCO2) processing method. In
these nanocomposites the pseudo solid-like low frequency
response appeared dependent on the ‘‘effective’’ molecular weight
of the polymer [28,29]. Our results suggest that low molecular
weight polymer chains may preferentially transport to the nano-
clay surface because of their increased solubility in scCO2. As
a result, the polymer chains interacting with the nano-clay surface
are too short to form a network with the bulk polymer or other clay
structures and liquid-like behavior is observed even when the
nano-clay is highly dispersed. We have also seen pseudo solid-like
behavior in PS based nanocomposites that have good interactions
between the PS matrix and the nano-clay surface [30]. In the case of
the PS based nanocomposites the molecular weight of the polymer
was 5000 g/mol, well below the entanglement molecular weight of
PS, and as such the chains were not capable of forming a network
between chains on the clay surface and the host matrix. Therefore,
it appears that in the absence of good interactions, high molecular
weight polymers may still be able to help sustain the mesoscale
structure. In cases where good polymer–clay interactions exist,
entanglement between chains on the clay surface and in the bulk
may not be a necessary component to sustain the structure.

In this study, we investigate the role of polymer–clay interac-
tions and filler dispersion on the linear viscoelastic response of
scCO2 processed polymer clay nanocomposites. Poly-
vinylmethylether (PVME) was chosen as the host matrix for natural
montmorillonite and three organophilic nano-clays. PVME appears
to be highly swellable in scCO2 even at a molecular weight of
90,000 g/mol. In contrast to other scCO2-swellable polymers, such
as PDMS and PS, PVME is hydrophilic, and may enable processing of
even natural clay. Natural montmorillonite was chosen as a refer-
ence for the strength of the polymer–filler interactions because it
has weak interactions with PVME. Poly(ethylene oxide) (PEO) was
also used as the host matrix for natural montmorillonite to
compare the extent of PEO-filler interactions with that of PVME-
filler interaction. In contrast, the organophilic clays used in this
study may have varying degrees of interaction with the host matrix,
in addition to having different clay dispersions upon scCO2 pro-
cessing. Specifically, Cloisite 30B (methyl tallow bis-2-hydroxyethyl
ammonium salt) may form a hydrogen bond between the host
matrix and the surfactant, and Nanomer I.30P (trimethyl hydro-
genated tallow ammonium salt) has a moderate loading of alkyl
groups, thereby altering the extent of the polymer–clay interac-
tions in each system. The scCO2 processed nanocomposites were
contrasted with a highly dispersed (disordered) Cloisite Naþ/PVME
nanocomposite produced from a solution cast/freeze drying
method, with water as a solvent. As a result of the selected pro-
cessing conditions, the nanocomposites produced via the scCO2

method had intercalated or disordered intercalated morphologies.
The rheological response of the partially exfoliated Cloisite Naþ/

PVME nanocomposite is compared with the response of the inter-
calated Cloisite Naþ/PVME nanocomposite to understand the role
of clay structure on the linear viscoelasticity of ‘‘weakly-interact-
ing’’ polymer/clay nanocomposites. The rheological response of
Cloisite Naþ/PEO was compared to that of Cloisite Naþ/PVME to
understand the role of polymer–clay interactions in the two
nanocomposites and demonstrate that in the case of PVME/Naþ

system there are weak interactions present. And, the viscoelastic
response of intercalated organophilic clay–PVME nanocomposites
is compared to the intercalated ‘‘weakly-interacting system’’ to
determine the impact of specific polymer–clay interactions. The
molecular weight of the polydispersed PVME used in this study is
90,000 g/mol, which has w13 entanglements per chain and should
be of sufficient chain length to create a network between polymer
chains near the clay surface, the bulk polymer, and the mesoscale
structure (PVME has an entanglement molecular weight of 6450 g/
mol [31]). In addition, all the nanocomposites had a nano-clay
loading of 15 wt% to ensure that a percolated structure could form
even if the nanocomposites were intercalated. The existence of
a ‘‘so-called’’ percolated structure allows us to probe the role of
polymer–clay interactions on the ability to sustain this nano-clay
network under deformation.

2. Experimental methods

2.1. Materials

The Cloisite series of clays 30B and Naþ used in this study were
obtained from Southern Clay Products and the I.30P was provided
by Nanocor. The composition and physical properties of the clays
are summarized in Table 1. The PVME used in this research was
purchased from Scientific Polymer Product Inc. The polydispersed
PVME used had a weight average molecular weight of 90,000 g/mol
(density of 1.05 g/ml at 20 �C) and was shipped in water. Before
nanocomposite preparation, the PVME was cooled to �25 �C and
placed in a freeze dryer for 4 days to remove the water. The polymer
was then dissolved in toluene and filtered to remove any impuri-
ties. The toluene was removed in a vacuum oven operated at 80 �C
for 2 weeks. The PEO used in this study had a molecular weight of
100,000 g/mol and was purchased from Scientific Polymer Product
Inc.

2.2. scCO2 Processing

The scCO2 processing method exposes the polymer nano-clay
mixtures to CO2 in a high pressure vessel; the system is then raised
above the critical point for CO2 and the material is allowed to soak
for an appropriate time; the system is then rapidly depressurized to
atmospheric pressure. A preliminary hypothesis for the mechanism
is: during the soak step, under the selected processing conditions,
the mixture of the CO2 and polymer diffuses between the clay
layers. The high diffusivity and low viscosity of the CO2-philic
polymer in the mixture enable clay layer penetration. During
depressurization, expansion of the scCO2 between the layers
pushes them apart resulting in delaminated or intercalated nano-
composites. When the CO2 is completely removed the organic
material remains between the layers, coating the surfaces of the
layers, exposing the host matrix to the large available surface area
of the nano-clays [28–30,32–35].

2.3. Nanocomposite formation via scCO2 processing

Three PVME/clay nanocomposites were formed via scCO2 pro-
cessing: 15 wt% Cloisite Naþ (15-NA), 15 wt% Cloisite 30B (15-30B),
and 15 wt% I.30P (15-I.30P). Also, a 15 wt% Cloisite Naþ/PEO
nanocomposite was processed via scCO2 processing. The nano-
composites were formed by mechanically mixing the nano-clay



Table 1
Nano-clay surfactant composition, basal spacing, and platelet density, as reported by supplier. T is Tallow (w65% C18; w30% C16; w5% C14) and HT-Hydrogenated Tallow
(w65 wt% C18; w30 wt% C16; w5 wt% C14).

Nanoclay name Organic modifier d001 spacing (nm) Density (g/ml)

Cloisite Naþ None 1.2 2.86

Cloisite 30B
CH3N+

CH2CH2OH

T

CH2CH2OH
1.85 1.98

I.30P CH3N+HT

CH3

CH3

2.3 1.71

M. Manitiu et al. / Polymer 50 (2009) 3786–37963788
with PVME or PEO and then processing the mixture in scCO2, under
quiescent conditions, for 24 h at a temperature of 75 �C and
a pressure of 13.78 MPa. The system was then rapidly depressurized
to atmospheric pressure. The high loadings of nano-clay were to
insure a percolated structure was possible even if the nano-
composite was intercalated rather than exfoliated.

2.4. Nanocomposite formation via solution cast freeze drying

A natural montmorillonite/PVME nanocomposite (15NA-S) was
formed by mixing 1 g of Cloisite Naþwith 500 ml of distilled water
in a sealed container. The mixture of clay and water were vigorously
mixed for 96 h at which time 5.7 g of PVME was added. The mixture
was stirred for an additional 48 h, rapidly frozen with liquid
nitrogen and kept in a freezer at�30 �C for 12 h. The frozen mixture
was placed in a freeze dryer for 14 days to remove the water.
Immobilizing the exfoliated nano-clay platelets in a polymer matrix
via freezing the mixture prevented the nano-clay platelets from re-
organizing into tactoids during the removal of the solvent.

2.5. Wide-angle X-ray diffraction (WAXD)

WAXD was used to determine the inter-gallery spacing of the
neat clay and the clay in the polymer–clay nanocomposites. The
d001 spacing was determined using the JADE software accompa-
nying the diffractometer. The inter-gallery spacing was calculated
by subtracting 1 nm (platelet thickness) from the d001 spacing. All
data were collected using a Rigaku Rotaflex Powder Diffractometer
with a CuKa X-ray source (l¼ 1.54 Å) and an accelerating voltage of
40 kV at a current of 150 mA. To perform scans, samples were
placed in a custom made zero background quartz sample-holder
that is 0.9 mm in depth. Diffraction data was collected from 1 to 10�

2 theta at a step size of 0.03� and at a rate of 0.3 �/min. XRD was
collected before and after performing melt rheological measure-
ments to assure that that no changes are taking place during
rheological measurements.

2.6. Rheology

Melt rheological measurements were performed under oscilla-
tory shear using an RSA II rheometer (shear sandwich geometry
15.98 � 12.7 � 0.55 mm3). Measurements were carried out at
temperatures of 30, 55, and 80 �C for PVME and 80 �C and 100 �C for
PEO; and the data were time–temperature superimposed by using
a frequency shift factor (aT). The experimental shear frequency
range was 0.01 � u � 100 rad s�1 for all samples. The samples were
loaded, compressed and allowed to equilibrate for 1 h at the desired
temperature. Linear viscoelastic measurements were made at low
strains (go < 0.07) and strain sweeps were performed to ensure the
dynamic moduli were independent of the strains utilized. Each set
of rheological measurements took about 10 h and after the first set
was completed a second set of measurements were carried out the
following day to check results reproducibility.
2.7. Thermogravimetric analysis (TGA)

TGA of the nanocomposites was performed on a Perkin–Elmer
Pyris 1 instrument. Measurements were done in a nitrogen atmo-
sphere and at a heating rate of 10 �C min�1 over a temperature range
of 50 �C–550 �C. The sample was loaded at 20 �C and raised to 50 �C
over a period of 10 min. The sample was allowed to equilibrate for an
additional 10 min at 50 �C prior to starting the temperature ramp test.
3. Results and discussion

3.1. Determination of clay mass fraction in organophilic nano-clays

The organophilic nano-clays consist of platelets and organically
modified ammonium salts. In determining the percolation
threshold for the nano-clay it is necessary to know the mass frac-
tion of clay because only the clay plays a role in the creating the
percolated network. In order to determine the mass fraction for
a particular nano-clay, TGA analysis was performed. Analysis was
performed on all the organophilic nano-clays and sodium mont-
morillonite. The natural clay was tested to ensure that the clay itself
did not decompose and skew the results of the TGA analysis.
Further, the testing was performed in the absence of polymer to
guarantee that the weight loss was only due to the ammonium salt
modifier on the clay surface. Cloisite Naþ, 30B, and Nanocor I.30P
retained 94%, 76% and 69% of their total mass respectively (Fig. 1).
The actual loading of clay in 15–30B, and 15-I.30P samples is
11.4 wt%, 10.35 wt% respectively, and the loading for samples 15-NA
and 15NA-S is 14.1 wt%. The 6% reduction in weight of the Cloisite
Naþwas attributed to evaporation of water and the weight losses in
the organophilic clays was attributed entirely to loss of organic
modifier. The actual weight fraction of clay ranged from 10.35 to
14.1 wt%, which is still well above the theoretical reported value of
4–7 wt% (1.4–2.7 vol% – depending on the clay used and its density)
needed for percolation to occur [27]. Assuming that the inorganic
clay layers have the density of the unmodified nano-clay matter
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(2.86 g/cm3 for Cloisite series and 2.6 g/cm3 for) both Cloisite 30B
and Nanocor I.30P nanocomposites contain 4 vol% of inorganic
matter. Cloisite Naþ nanocomposites contain 5 vol% of inorganic
matter. The percolation threshold depends on the morphology of
the clay (aggregates, self-assembly, interlaced, exfoliated, or any
combination of these) and it can occur above or below the theo-
retical value. However, in our system we are well above the theo-
retical threshold and we believe that it is reasonable to assume that
the nano-clays have formed a ‘‘so-called’’ percolated network.

3.2. Role of substantial nano-clay dispersion with ‘weak’ polymer–
clay interactions

In this section, we explore the role of substantial nano-clay
dispersion on the linear viscoelastic response in systems where
only ‘‘weak polymer–clay interactions’’ are present. In order to
achieve this goal we have prepared two PVME/Cloisite Naþ nano-
composites. In one of the samples Cloisite Naþwas intercalated with
PVME via scCO2 processing (sample 15-NA) and the other was highly
dispersed in PVME via a solution cast freeze drying method using
water as a solvent (sample 15NA-S). The nano-clay, Cloisite Naþ,
was chosen for two reasons: (1) it swells and disperses in water (the
use of a high concentration water–PVME–clay solution, and the
subsequent freeze drying is expected to largely prevent clay-reag-
gregation), and (2) there are no oligomeric modifiers to form
solvent/solute interactions, hydrogen bonds, or any other specific
interaction with the host PVME. Therefore, these two samples are
used to clarify the role of dispersion on the linear viscoelasticity of
‘‘weakly interacting’’ polymer clay systems as well as providing
a reference point for the polymer–filler interaction. Also, we have
prepared an intercalated Cloisite Naþ/PEO nanocomposite using
scCO2 technique to attempt to compare the extent of polymer/clay
interactions in the scCO2 processed Cloisite Naþ/PVME.

3.2.1. PVME versus PEO
WAXD was used to determine the nano-clay morphology in the

host PVME and PEO polymer (Fig. 2). In contrast to the organophilic
clays (to be discussed later in Section 3.1) the Cloisite Naþ/PVME
sample (15-NA) displayed a low intensity, poorly-defined d001

diffraction peak and an absence of higher order peaks. Tactoid size
could not be determined for this sample using the Scherrer equa-
tion because the diffraction peak did not resemble a Gaussian
distribution and the intensity was too low. The diffraction
patterned for this nanocomposite was collected again at a slower
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The 6% reduction in weight of Cloisite Naþ is attributed to the evaporation of water.
Cloisite 30B organophilic nano-clay contains 14 wt% ammonium salt. Nanocor I.30P
organophilic nano-clay contains 31 wt% ammonium salt.
rate 0.1�/min in an attempt to obtain a better peak, but no signifi-
cant changes in the diffraction pattern were observed. One possible
explanation for the low intensity peak is that the inter-gallery
spacing of the Cloisite Naþ in sample 15-NA achieved a similar
equilibrium spacing as the organo-philic nano-clays resulting in
weak parallel registry of the clay platelets. If the platelets are not
parallel and one side/end is more open than the opposite, the inter-
gallery spacing (d001) couldn’t be determined since the spacing
varies from one end to the other and WAXD is not sensitive to this
morphology. This expansion correlates to more than an order of
magnitude increase in the inter-gallery spacing of Cloisite Naþ

(w0.2 nm to w2.6 nm). Since the clay platelets are held together by
van der Waals forces, Lennard – Jones potential is often used to
model such forces and the attractive force scales inversely with the
distance between attractive particles to the 6th power [17].
Therefore, the attractive forces decrease exponentially as the
platelet distance increases. Further, in the case of Cloisite Naþ, there
are no oligomeric modifiers on the surface that can assist in
stabilizing the parallel registry of the platelets at large distances.

A distinctive difference between the scCO2 processed Naþ/PEO
nanocomposite and the scCO2 processed Naþ/PVME nano-
composite is the smaller final inter-gallery spacing of 1.9 nm for the
PEO sample compared to 2.6 nm for the PVME sample (15-NA).
Although, both scCO2 nanocomposites are intercalated, the smaller
final spacing may indicate that a smaller amount of polymer may
have penetrated the inter-gallery spacing of the Cloisite Naþ/PEO
nanocomposite. There might be some polymer that has been
intercalated in interstitial spacing of the clay layers; however this
could be the possibility in all the nanocomposites and we believe
that it does not play a big role in our results.

Despite showing a much smaller final inter-gallery spacing
compared to 15 wt% Cloisite Naþ/PVME nanocomposite, the 15 wt%
Cloisite Naþ/PEO nanocomposite shows an approximately 2500%
improvement in G0 at low frequencies over pure PEO along with
a low frequency plateau (Fig. 3f). In contrast, the Cloisite Naþ/PVME
only shows a 100% improvement in G0 at low frequencies and does
not display a low frequency plateau in the frequency range tested.
Since the extent of dispersion is higher in the Cloisite Naþ/PVME
nanocomposite (based on WAXD), the lack of a substantial
improvement in the low-frequency moduli (compared to PEO
system), suggests that the extent of interactions between Cloisite
Naþ and PVME is ‘weak’, at least relative to that of PEO. Further-
more, the intercalated Cloisite Naþ/PEO nanocomposite shows
‘comparable’ improvements in G0 at low frequencies compared
with the ‘‘highly dispersed’’ 15-NA-S sample, further supporting
the claim that the level of interactions between PEO and Cloisite
Naþ are stronger than in the case of PVME and Naþ. Pandey and
Farmer showed that in the presence of repulsive polymer matrix
clay layers exfoliate and in the presence of attractive polymer
matrix, clay platelets intercalate [36]. Their findings further support
our WAXD and rheological observations. Strawhecker and Manias
indicated that there are strong specific interactions between the
ether oxygens and the sodium interlayer cations between PEO and
Cloisite Naþ [37]. PVME is a water-soluble polymer, with a sub-
ambient glass transitions temperatures and very similar solubility
parameters like PEO with one ether linkage per repeating unit.
While PVME is unable to crystallize as PEO can, these polymers are
otherwise quite similar. Therefore, it is expected that PVME will
have some interaction with the sodium ions present in-between
the layers of Cloisite Naþ. However, in Naþ/PVME sample these
interactions are very weak compared to Naþ/PEO sample as evident
from the significant differences in the rheological behavior
between the two nanocomposites (Fig. 3e and f), despite a larger
inter-gallery spacing in the PVME nanocomposite compared to the
PEO sample (Fig. 2). Therefore, we will refer to the Cloisite
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Naþ/PVME samples as ‘‘weakly interacting’’ as a basis of comparing
them to other organically modified clay/PVME samples which can
exhibit other more favorable interactions.

3.2.2. PVME – highly dispersed versus scCO2-processed
A key difference between the scCO2 processed samples and the

freeze dried sample is the absence of a coherent diffraction peak for
freeze-dried sample 15NA-S. The lack of a d001 diffraction peak in
this sample is indicative of a ‘‘highly dispersed’’ nanocomposite.
This is expected because Cloisite Naþ swells and dissociates in
water. The presence of the polymer in a viscous water solution, and
the subsequent lyophilization would be expected to reduce the re-
aggregation of some of the clay platelets that is usually seen in
solution blending. Although a disappearance of the peak in XRD
does not alone indicate exfoliation, the clay loading in the sample is
high enough (3 times higher than that needed to produce
a coherent diffraction peak) to ensure that WAXD provides an
adequate representation of the clay morphology. Morgan et al.
showed at silicate loadings of less than 5 wt%, coherent diffraction
patterns were not always present [38]. The absence of a diffraction
peak was further corroborated by additional measurements on
different regions of the sample which readily superposed onto the
reported diffraction data. Therefore, we fully expect that sample
15NA-S is a highly dispersed nanocomposite. It is worth noting that
WAXD data collected from different regions of the intercalated
Cloisite Naþ based nanocomposite (15-NA) and other similar
samples, not otherwise discussed in this paper, always resulted in
a small but perceivable diffraction peak. This suggests that at these
filler loadings it is unlikely that a significant decrease in parallel
registry alone could account for the lack of a diffraction peak from
sample 15NA-S but rather the platelets are separated beyond the
small angle limit of WAXD.

Linear viscoelastic measurements of the intercalated ‘‘weakly-
interacting’’ scCO2-processed nanocomposite (sample 15-NA) show
a 100% increase in G0 near the plateau region and the terminal region
(Fig. 3a). The frequency dependence of the dynamic moduli is
similar to that of pure PVME. The crossover frequency (Fig. 3c) of the
intercalated scCO2-processed sample is factor of 2 lower than that of
pure PVME. Even though this is a filled system, with a spectrum of
relaxation times, the small change in the matrix chain crossover
frequency suggests that the chain relaxation may not have been
significant altered by the clay. This could be a consequence of
weaker polymer–clay interaction and relatively poor dispersion.

Conversely, the frequency dependence of the highly dispersed
‘‘weakly interacting’’ nanocomposite (sample 15NA-S) is distinctly
different from that of the host matrix (Fig. 3b). The dynamic moduli
for the highly dispersed nanocomposite do not exhibit terminal
relaxation behavior like the host matrix or the intercalated nano-
composite. G0 and G00 are more than an order of magnitude higher,
at low frequencies, than the neat matrix. The 15NA-S nano-
composites exhibits non-terminal behavior with G0 a u0.8 and G00

a u0.7 rather than G0 a u2 and G00 a u which may be due to the
pseudo-solid network form by the presence of the dispersed nano-
clay. The cross-over frequency for the highly dispersed nano-
composite is also significantly decreased relative to the host matrix
(wfactor of 7). When looking at a log–log plot of the dynamic
moduli vs. frequency, the G0 and G00 curves of the partially exfoliated
‘‘weakly-interacting’’ hybrid display an extended region where
their values are very close, which makes it difficult to see the cross-
over frequency. In order to clarify the cross-over frequency shifts,
the dynamic moduli for the neat polymer and the hybrids are
plotted on a log–linear graph, which clearly reveals the cross-over
points of the two nanocomposites relative to the neat PVME. The
temperature dependence of the frequency shift factors (aT) for
intercalated ‘‘weakly-interacting’’ and partially exfoliated ‘‘weakly-
interacting’’ hybrids appear unaltered by the silicate loading and
the degree of dispersion suggesting that the temperature depen-
dent segmental relaxation dynamics are unaffected by the presence
of the silicate (shift factor plots can be seen as inlays in the plots of
dynamic moduli). This behavior has been well documented for
many nanocomposites and is attributed to the small percentage of
polymer chains that are constrained by the silicate surface [27].
Interestingly, the global relaxation dynamics of the polymer chains
appear to be sensitive to the degree of silicate dispersion as noted
by the significant change in characteristic relaxation time (w2p/ux)
of the nanocomposites relative to the polymer. The characteristic
relaxation time of the intercalated nanocomposite is w16 s
compared with w8 s for the neat polymer matrix. The partially
exfoliated nanocomposite has a characteristic relaxation time of
w52 s. Chain dynamics of polymer confined by dispersed nano-clay
platelets may deviate significantly from that in their one-compo-
nent melt. Polymer–clay and clay–clay interaction add further
complexity by introducing multi-scale relaxation processes. For
example, when clay dispersion is significant, there can be appre-
ciable interaction between the clay and the polymer, thereby
contribution slower relaxation modes, which lower the ‘overall’
terminal relaxation times. In contrast, when there is poor disper-
sion, the polymer–clay contacts are diminished, with the matrix
polymer relaxation mainly unaltered. In our system, the differences
in the cross-over frequency may provide insights into the degree of
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silicate dispersion. The cross-over frequency of the partially exfo-
liated nanocomposite is much lower than that of the intercalated
nanocomposite, most likely the result of higher exposed surface
area in the case of the partially exfoliated sample, slowing down the
‘mean terminal relaxation’ of the polymer chains.

In addition to changes in G0 and G00, the complex viscosity also
exhibits significantly different behavior as a function of dispersion
(Fig. 3d). The intercalated sample (15-NA) has w150% increase in
‘‘complex’’ zero-shear viscosity and displays Newtonian-like
behavior at low frequencies like the neat polymer. At the lowest
frequencies measured, the highly dispersed sample (15NA-S) has
w1000% increase in viscosity relative to the host matrix and
exhibits shear thinning behavior at all shear rates measured.
Although, G0 and G00 of the highly dispersed sample never becomes
independent of frequency, and the zero-shear viscosity does not
diverge, it is clear that dispersion still plays a key role in the
viscoelastic response of ‘‘weakly-interacting’’ polymer silicate
nanocomposites.

3.3. Role of polymer–clay interactions with comparable levels of
intercalation

In the previous section we described the impact of nano -clay
dispersion on the melt rheological properties of nanocomposites
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when ‘‘weakly-interacting’’ PVME–clay nanocomposites are either
‘highly dispersed’ or ‘intercalated’. Here we discuss the role of poly-
mer–clay interactions on the viscoelastic response of a series of
PVME organo-clay nanocomposites using three intercalated orga-
nophilic clay/PVME nanocomposites prepared via scCO2 processing
[Cloisite 30B (sample 15-30B), and I.30P (sample 15-I.30P)]. The
extent of polymer–clay interactions could vary with each of the
organically modified clays. Cloisite 30B is expected to form
hydrogen bonds with PVME. All the nanocomposites discussed in
this section were made via the scCO2 process and as a result of the
selected processing conditions are intercalated.

The presence of hydrogen bonds in sample 15-30B was studied
using FTIR spectroscopy (Fig. 4: IR spectroscopy of Cloisite 30B
shows a small OH stretching peak at 3650 cm�1. No OH stretching
peak is present in the pure PVME or clay). The nanocomposite
displays two distinct peaks in the region for OH stretching, the one
at 3650 cm�1 are free hydroxyl groups and the peak at 3350 cm�1

are hydroxyl groups which have formed weak hydrogen bonds with
the PVME (Fig. 4c). The proposed hydrogen bond may be between
the surfactant and the PVME (Fig. 4d) not directly with the surface
of the nano-clay as is the case with polyamide-6 nanocomposites.
The hydrogen bonds are considered weak because the shift in wave
number relative to the wave number of the free hydroxyl group is
less than 500 cm�1. The FTIR spectra of the other polymer–clay
systems did not show the presence of any additional peaks other
than these from PVME and clay. It is difficult to quantify hydrogen
bonding interactions in these complex systems. The detailed
characterization is beyond the scope of the manuscript. We suggest
that the difference in the FTIR spectral signatures between the
different clays, may be indicative of hydrogen bonding, as used
before by others [39,40].

The inter-gallery spacing of I.30P (sample 15-I.30P) and Cloisite
30B (sample 15-30B) in PVME was determined to be 2.7 and 2.4 nm
respectively (Fig. 5). These inter-gallery spaces represent an
increase of 1.2 nm for I.30P and 1.55 nm for Cloisite 30B. This
increasing in spacing may be a strong indication that polymer has
penetrated the space between the clay platelets. In addition to
a decrease in the Bragg angle, indicated by the increase in the basal
spacing, diffraction patterns from the nanocomposites formed from
the organically modified clays (samples 15-30B, and 15-I.30P)
exhibited changes in peak profile compared with the as-received
clay. Specifically, the peak breadth at full-width half maximum ‘‘B’’
decreased in the nanocomposites relative to their corresponding
‘‘as-received’’ nano-clay. The decrease in peak breadth is expected
with intercalated nano-clays because the clay galleries expand,
resulting in an increase in the overall tactoid size (height). Previous
research shows that small crystal sizes give broad diffraction
patterns and larger crystals have narrower patterns [39]. The shape
and width of the diffraction patterns were analyzed to provide
a rough approximation of the tactoid size. Because the diffraction
patterns produced by the organo-philic nanocomposites were
Gaussian in nature we employed the Scherrer Equation to deter-
mine the average tactoid thickness.

t :¼ l

BcosqB

From the average tactoid thickness we determined the average
number of platelets per tactoid using the following equation:

h :¼ t � 10
d001

þ 1

Where t is the tactoid thickness determined from the
Scherrer equation, 10 is the thickness of a platelet in angstroms,
d001 is the basal spacing of the nano-clay, and h is the number of
platelets rounded to the next integer (see justification in
Appendix). The Scherrer equation predicted the minimum
average number of platelets per tactoid as 3–5 for the Naþ

nanocomposites (Table 2). The values obtained from the Scherrer
equation are underestimated since the correction for equipment
broadening is not used in the calculations. Also, the shape of the
clay particles is not truly spherical and the Scherrer equation can
only provided a rough estimate of the tactoid size. The presence
of 3 diffraction peaks in some of the samples further supports
the existence of larger structures because tens of plates are
needed to obtain well defined higher order diffraction patterns
[41]. The values calculated via the Scherrer equation agree well
with literature [27].

Even though the WAXD measured d-spacing in I.30P and 30B
intercalated nanocomposites are somewhat similar they have the
same volume fraction of inorganic nano-clay (4 vol%) which is
important when comparing the viscoelastic properties of nano-
composites, rheology shows significant difference. The dynamic
moduli for the samples are compared in three regions: below the
cross-over frequency (terminal region), above the cross-over
frequency (plateau region), and at the cross-over frequency.

3.3.1. PVME-30B nanocomposite
G0 of the hydrogen bonded nanocomposite (sample 15-30B) was

increased by 150% in the plateau region and more than an order of
magnitude in the terminal region (Fig. 6a). At low frequencies,
sample 15-30B displays distinctly non-terminal behavior with G0

a u0.5 and G00 a u0.7. This non-terminal behavior is also apparent in
the complex viscosity, which exhibits shear thinning behavior over
the entire frequency range with a trend toward diverging viscosity
at the lowest shear rates measured (Fig. 6b). The cross-over
frequency of sample 15-30B is reduced by wa factor of 4 relative to
the host matrix. To verify that the change in cross-over frequency
was indeed the result of changes in relaxation time and not
a manifestation of time temperature superposition, the frequency
shift factors of the nanocomposite and the neat matrix were
compared. The frequency shift factors for the nanocomposite are
nearly identical to that of pure PVME. This suggests that local
(segmental) chain dynamics of the intercalated nanocomposite are
unaltered, at least within the sensitivity of the measurement and
that the polymer chains do not form hydrogen bonds directly with
the silicate surface as is the case in many polyamide-6 nano-
composites [42]. Furthermore, it shows that the global chain
dynamics have been impacted by the presence of the nano-clay in
the PVME.

3.3.2. PVME-I.30P nanocomposite
The storage modulus of scCO2 processed 15-I.30P sample

increases by w100% in the plateau region. Furthermore, 15-I.30P
exhibits no terminal behavior (G0 a u0.5 and G00 a u0.6) and is nearly
2 orders of magnitude larger than the neat PVME in the terminal
region (Fig. 6c). The cross-over frequency shifts by an order of
magnitude relative to the neat PVME and the characteristic relax-
ation time increases from w8 s to w78 s. The frequency shift factors
for sample 15-I.30P are nearly identical to the neat polymer sug-
gesting that the change in cross-over frequency was indeed the
result of changes in relaxation time. The pseudo solid-like behavior
seen in G0 of sample 15-I.30P is also observed in the complex
viscosity at low shear rates where the viscosity diverges with shear
thinning behavior prevalent thought the whole frequency spec-
trum (Fig. 6d). The cross-over frequency shift of sample 15-I.30P is
much greater than that of sample 15-NA, suggesting that the
relaxation dynamics of the polymer chain may be significantly
impacted by the strength of the polymer–clay interactions. In
addition, longer relaxation events are also affected by the strength



Fig. 4. (a) FTIR spectroscopy of Cloisite 30B shows free hydroxyl group stretch (peak 3650 cm�1).(b) FTIR spectroscopy of PVME shows the absence of an intermolecular hydrogen
bond peak (3350 cm�1).(c) FTIR spectroscopy of sample 15-30B has an intermolecular hydrogen bond peak (3350 cm�1).(d) Proposed hydrogen bond between surfactant and PVME.
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of the polymer–clay interactions as evident by the non-terminal
behavior in sample 15-I.30P and the terminal behavior seen in
sample 15-NA.

Samples 15-30B and 15-I.30P displayed qualitatively similar
rheological behavior with 15-I.30P nanocomposite showing more
low-frequency enhancement than that of sample 15-30B. The
viscosity of sample 15-I.30P increases by w2 orders of magnitude
and that of sample 15-30B increases by w1.5 orders of magnitude.
The extent of intercalation is expected to be similar between these
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samples because the inter-gallery spacing is similar in each of the
nano-clays with both reaching a new equilibrium spacing within
20% of each other. Therefore, both samples are expected to be
highly intercalated. The reason for the large disparity in cross-over
frequencies of the two samples is not clear. This may be the result of
a slightly higher degree of intercalation in sample 15-I.30P but is
more likely the result of how the polymer interacts with the clay.
Nanocor I.30P has an average higher aspect ratio of 350 (Nanocor)
while Cloisite 30B has an average aspect ratio of 110 (Southern Clay
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Table 2
The first entry in each column refers to the nanocomposite and the second, in

parenthesis, refers to the as-received nano-clay corresponding to a particular
nanocomposite. n/a appears where no diffraction pattern was observed or the
pattern did not resemble a Gaussian distribution.

Name B (rad) d001 (nm) # Platelets/tactoid 2qB (deg)

15-30B (30B) 0.022 (0.025) 3.4 (1.85) 3 (4) 2.59 (4.78)
15-NA (Naþ) n/a 3.6 (1.2) n/a 2.45 (7.1)
15-I.30P (I.30P) 0.011 (0.034) 3.7 (2.5) 5 (3) 2.5 (3.5)
15NA-S (Naþ) n/a n/a (1.2) n/a n/a (7.1)
Cloisite Naþ/PEO 0.024 (0.035) 1.9 (1.2) 3 (3) 4.69 (7.1)
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Products). With 4 vol% and 350 average aspect ratio, Nanocor I.30P
nanocomposite there are w416 platelets/mm3 which leads to
a maximum nano-clay surface area of w81 m2/cm3 of nano-
composite. In the case of Cloisite 30B the 4 vol% and 110 average
aspect ratio there are w4346 platelets/mm3 which leads to
a maximum nano-clay surface area of w84 m2/cm3 of nano-
composite. The viscoelastic response depends strongly on the
volume fraction of inorganic platelets, the dispersion state, and the
level of interactions between polymer and clay and also between
the clay platelets themselves. The clay platelets interaction is in the
form of clay platelet edge-to-face interactions and it results in the
formation of a so-called ‘‘house of cards’’ structure, which is
generally recognized to be the primarily culprit for the increase in
G0 at low shear rates (the structure breaks up at higher shear rates).
However since both samples contains the same volume fraction of
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behavior and there is an order of magnitude decrease in the cross-over frequency of the nano
sample 15-I.30P displays a diverging viscosity at low frequencies.
inorganic matte, we believe that the clay–clay interaction should
not play a big role in the rheological differences between the two
nanocomposites. Both samples have the same volume fraction of
inorganic nano-clay and similar maximum surface areas available
for polymer–clay interactions; however the Nanocor I.30P nano-
composite shows improved rheological properties compared to
Cloisite 30B nanocomposites. This suggests that PVME can interact
with and coat Nanocor I30P to a greater extent compared to Cloisite
30B, which we believe may be responsible for the differences in the
viscoelastic properties between 15-I.30P and 15-30B. Also, since the
I.30P average aspect ratio is higher than 30B could be another
explanation of why 15-I.30P nanocomposite shows improvements
in viscoelastic properties over 15-30B nanocomposite. Higher
aspect ratio platelet results in a more effective load transfer and is
observed to give greater increases in G0. This phenomenon was also
observed in fiber composites if the critical fiber length in short [43].
Sample 15-30B still displays significant improvement in visco-
elastic properties over the polymer matrix which suggests that
hydrogen bonding between the ammonium salt and the PVME
(Fig. 4d) may play role in the overall viscoelastic response of sample
15-30B. Comparison of samples 15-I.30P and 15-30B with sample
15-NA, strongly suggests that the extent of interaction between the
clay and the polymer plays a key role in the linear viscoelastic
response of these nanocomposites. Another plausible explanation
for the differences in the viscoelastic response between these
system is that 15-NA contains slightly higher volume of inorganic
mater (5 vol%) compared to 15-30B and 15-I.30P (4 vol%) which can
increase the parallel stacking of the layers and/or agglomerate
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formation. The increase in the parallel stacking disfavor edge-to-
face interactions because there is physically no room for such
interactions to occur and more faces become inaccessible to the
layer edges. This, in turn, would be expected to suppress the
formation of a strongly interacting filler network, which can be
a plausible explanation for the less improvement in G0 in the
(higher inorganic content) Naþ system vs. the (lower inorganic
content) 30B and I.30P systems. However, the differences in volume
loading of inorganic matter are small and we believe that it doesn’t
impact the rheological response to a great extent. Furthermore,
Cloisite Naþ contains no organic modifier while 30B and I.30B both
do and the interactions between PVME and the organically modi-
fied clay are expected to be stronger then PVME-Naþ interactions.
Previously, Shi et al. demonstrated that interactions between the
alkyl chains of the ammonium salt and the polymer matrix were
weak and had a small impact on the reinforcement properties
(tensile strength) of the nanocomposite relative to the host matrix.
They concluded that polymer chains binding (adsorbed) directly to
the clay surface were responsible for the majority of the enhance-
ments [44]. Therefore, it appears that the adsorption of PVME onto
the clay surface is at least partially governed by the type of organic
modifier present and that the modifier may significantly improve
the adsorption.
4. Conclusions

We investigated the impact of nano-clay dispersion and
polymer–clay interaction on the viscoelastic response of PVME/
clay and PEO/clay nanocomposites with varying degrees of
dispersion and polymer–clay interactions. The use of water-
soluble PVME and water-soluble natural clay provided a bench-
mark for a highly dispersed sample. The use of scCO2 processing
produced intercalated nanocomposites with somewhat similar
final WAXD patterns, yet the rheological properties were signifi-
cantly different. Even though the extent and the nature of
dispersion and interactions in theses complex systems are tough
to quantify, rheology offers valuable insights into the mesoscale
structure and interactions. The viscoelastic response of polymer–
clay nanocomposites is sensitive to the extent of dispersion and
the degree of interaction. Comparison of scCO2-processed (inter-
calated) and water-processed (highly dispersed) Cloisite Naþ/
PVME nanocomposites with ‘‘weak polymer–filler interactions’’
(suggested that high level clay dispersion results in non-terminal
behavior (G0 a u0.8 and G00 a u0.7) and a factor of 8 decrease in the
cross-over frequency, and an order of magnitude increase in the
low-frequency storage moduli; while intercalation results in
a filler effect with the relaxation behavior of the bulk polymer
virtually unaltered by the presence of the nano-clay. In contrast,
for intercalated systems with ‘‘stronger’’ polymer–clay interac-
tions (PVME/I.30P), there is a low-frequency plateau, an order of
magnitude decrease in the crossover frequency, and more than
two orders of magnitude increase in low-frequency storage
moduli. Furthermore, PVME/I.30P sample displays enhanced
rheological properties compared to PVME/30B sample despite
having similar dispersion, same inorganic volume fraction and
same maximum surface area indicating the presence of stronger
polymer–clay interactions. These results suggest that rheology
can offer valuable insights into these complex systems. When
‘strong’ polymer–clay interactions are present, even an interca-
lated structure can produce significant property improvements
(even more than highly dispersed systems). Hence, the combi-
nation of WAXD and rheology can provide insights into the extent
of dispersion and compatibility of the nano-clay with the chosen
polymer matrix.
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Appendix

~ 10 angstroms
d001 spacing

t
(angstroms)

t = d001 x (n-1) + 10

d002 spacing

From the drawing it can be seen that the thickness of a tactoid
can be represented by the equation above where (n�1) is the
number of clay platelets in the tactoid minus 1 and is equal to the
number of inter-gallery spacing that needs to be accounted for.
Multiplying (n�1) with the d001 spacing gives the height of the
stack shy the thickness of one plate. The 10 on the right hand side of
the equation, at the end, represents that plate thickness and has
units of angstroms. The Scherrer equation can be used to determine
the thickness ‘‘t’’ from the FWHM value of the d001 diffraction peak.
From there, the equation above is solved for n.
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