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ABSTRACT: PMMA-layered silicate intercalated nanocomposites are synthesized using supercritical
carbon dioxide (scCOy) to produce ordered materials with significant levels of reinforcement. The scCO,
is used to homogeneously distribute monomer as well as act as a low-viscosity solvent for MMA
polymerization. This route allows for synthesis of nanocomposites containing significant levels of
organically modified layered silicates (OMLS). Below 40 wt % OMLS, the intercalated nanocomposites
exhibit a d spacing commensurate with dimensions of the fully extended surfactant chains. Above 40 wt
% OMLS, the composite volume is saturated with inorganic material, and the d spacing decreases to
homogeneously distribute the polymer volume. A model for estimating this transition concentration is
presented. At concentrations approaching the homogeneously intercalated morphology, the basic
mechanical and physical properties of the composite are investigated.

Introduction

Recently, a great deal of attention has been focused
on developing and characterizing materials that incor-
porate nanosilicate reinforcements. To this end, signifi-
cant strides have been made to incorporate these types
of reinforcement into a variety of polymeric materials.1~12
Interest in these materials stems from the fact that, in
many cases, interesting physical and mechanical prop-
erties have been reported. Consequently, there has been
a great deal of discussion regarding the unique physical
state of the polymer at the silicate—polymer interface
and its associated effect on the mechanical properties
of the composite.'® However, there are also other aspects
related to the mechanical toughness that arise from the
unique combination of both nanosilicate size together
with its highly anisotropic shape (i.e., high aspect ratio)
that warrant further investigation.

In general, two idealized morphologies can be devel-
oped using the nanosilicate fillers: intercalated (plate-
lets retain proximity and order) and exfoliated (platelets
are delaminated and disbursed). Exfoliated clay nano-
composites can be synthesized through a number of
different routes, including in-situ polymerization,>® melt
intercalation,® and silicate crystallization from polymer—
silicate gel precursors.21* The stiffness is always shown
to increase with this morphology, but the toughness is
shown to diminish in many glassy systems when tested
below their glass transition (Tg). Many systems do not
achieve a fully exfoliated structure and also contain a
partially delaminated intercalated phase.

The intercalated morphology consists of well-ordered
alternating layers of polymer and silicate. The d spacing
of these hybrids is easily recognized using wide-angle
X-ray diffraction (WAXD), with typically a few nano-
meters separating individual platelets in a lamellar-like
stacked morphology. Morphologically, intercalated nano-
composites are capable of property enhancements un-
available to the exfoliated systems. The combination of
the spatial configuration produced in the intercalated
phase, the modulus mismatch between the polymer and
silicate, and the high aspect ratio of the silicates
produces high stress concentrations at the silicate edges
that mechanically interact with other silicates within
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their certain proximity. Enabling the individual silicates
to interact allows for cooperative mechanisms of energy
dissipation to occur in the polymer over much larger
length scales relative to the individual silicates, thereby
enhancing the fracture toughness.’® To study this
phenomenon, it is first necessary to synthesize inter-
calated nanocomposites with high clay content.

Incorporation of high concentrations of nanometer-
scale silicates into a composite is problematic due to
both the size and aspect ratio of the silicates. Hydro-
dynamic analysis of fluids containing rigid particles with
high aspect ratios shows that the viscosity of the
medium is greatly increased in a commensurate fashion
as the elastic modulus of the glass is altered by the rigid
reinforcement. Moreover, the viscosity of a solid—liquid
mixture is affected by the interaction surface area
between the two components. Nanoscale fillers have, by
virtue of their small dimensions, large surface areas.
Montmorillonite, for example, possesses 700 m?/g of
accessible surface area.'® At concentrations above 20 wt
% modified silicate, the viscosity of a monomer—silicate
mixture becomes such that homogeneous dispersion is
arduous and defect formation is common.

In this paper, we present a synthetic route to produce
polymer-based nanosilicate composites that have high
silicate concentrations and are highly ordered. The
challenges of high viscosity apparent at silicate concen-
trations above 20 wt % are overcome by using super-
critical CO, (scCO,) as a reaction medium. Homoge-
neous dispersion of monomer, initiation, and subsequent
polymerization all occur under a lower viscosity in this
medium. Previous applications of supercritical CO, as
a plasticization medium, where the polymer is not
soluble, include enhanced fiber drawability,”:18 solvent
welding,?! and phase-selective modification of multi-
phase systems.?°~23 Depressurization upon completion
of the polymerization results in reversible extraction of
the CO, gas in a manner significantly superior to
traditional solution techniques. This route can also be
used to synthesize nematic architectures where the
platelets exhibit preferential order.
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Table 1. Montmorillonite Clays: Physical Data

d spacing surface surface charge
clay A) modification? (meg/100 g)
Na-mont 10.7 none N/A
C15A 30.6 2M2HT 125
C20A 24.2 2M2HT 95
C25A 18.6 2MHTC8 95

a HT = hydrogenated tallow (65% C 18, 30%, C 16, 5%, C 14),
2M = dimethyl, C8 = 2-ethylhexyl.

Experimental Section

Materials. To incorporate monomer into the gallery spac-
ing, the aluminosilicates must be modified to yield an in-
creased d spacing and to provide an organophilic surface for
the monomer. The modified clays used in this study are
montmorillonite-based silicates obtained from Southern Clay
Products. The following discussion focuses on three specific
organically modified layered silicates (OMLS), each with a
different initial d spacing (Table 1). Cloisite 15A and 20A are
each modified with a dialkyldimethylammonium salt from
hydrogenated tallow. The difference in d spacing is due to the
difference in the surface charge density of the base silicate.
C15A has a larger charge density and therefore results in a
more tightly packed surfactant layer upon modification.
Cloisite 25A is modified with an asymmetric dialkyldimethyl-
ammonium surfactant and exhibits a smaller initial d spacing
than either C15A or C20A. The matrix polymer for the
synthesized nanocomposites is poly(methyl methacrylate),
PMMA, radically polymerized in supercritical CO,. To syn-
thesize high-molecular-weight polymer efficiently, the methyl
methacrylate (MMA) monomer is distilled to remove inhibitors.
The radical initiator is tert-butyl peroxybenzoate (TBPB),
which has an activation temperature of approximately 100 °C.
The half-life of the initiator is considered infinite at 65 °C.
Both monomer and initiator were obtained from Sigma-
Aldrich.

Apparatus. Composites are fabricated in a custom-made
high-pressure apparatus (Figure 1) specifically designed to
allow for the application of a compressive normal force to the
samples while in the presence of scCO,. The normal force
allows for controlled volume changes during polymerization
and allows for orientation to be simultaneously imposed during
the process. The details of this experimental apparatus have
been discussed elsewhere,'® but the main points of the system
are reiterated here. The reaction vessel is a stainless steel
cavity, 10 cm in diameter, which is mounted in a hydraulic
press. The CO; pressure is controlled via an electronic pressure
regulator with a computer interface that allows for fine
pressure control. Thermocouples penetrate the body of the
vessel and allow for accurate monitoring and control of
temperature. The CO, pressure can be dynamically controlled
via an ER 3000 pressure regulator or by virtue of a backpres-
sure regulator. The latter allows for controlled scCO, flow
through the reaction chamber and can be used to remove
excess monomer. A monomer reserve is also incorporated into
the design to allow for a true reaction-injection molding (RIM)
synthetic route.

Composite Synthesis. The silicate nanocomposites are
synthesized by adding a known amount of OMLS, MMA
monomer, and initiator into the reaction vessel. Note that
mixing is not required. The vessel is then closed and placed
in the press with approximately 5 MPa of compressive normal
pressure acting on the top of the chamber. The mold is then
pressurized to between 10 and 14 MPa with CO, at room
temperature, and the main valve is closed. The chamber is
then allowed to equilibrate at 65 °C for 4 h, at which point
the temperature is increased to 110 °C for an additional 6 h.
The initial 65 °C stage is termed the soak stage while
polymerization occurs at 110 °C. After reaction, the temper-
ature is allowed to drop and the mold valve is returned to
dynamic pressure control from the ER 3000. The pressure is
then dropped slowly to ambient conditions over a 15 h period.
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Figure 1. Schematic of supercritical CO, reaction vessel.

Monomer Reserve

This final stage of composite synthesis is referred to as the
consolidation stage as normal force can again be applied to
the top of the chamber, compacting the sample and inducing
a nematic orientation to the silicates. Following synthesis,
residual CO; trapped within the polymer must be removed.?
This is done alternatively by evacuation of the composite at
50 °C for a period of days or through melt-processing of the
sample. The composite is heated above T4 and deliberately
foamed, thereby removing all CO,. The foam is pulverized and
melt-pressed into a plaque.

Characterization. The composites are characterized in
terms of their nanoscale morphology using a combination of
scanning electron microscopy (SEM) and small-angle X-ray
scattering (SAXS). SEM images were obtained on a JEOL FE-
SEM microscope using a 5 kV accelerating voltage to minimize
damage to the PMMA surface. SAXS patterns were obtained
on a Rigaku RU-200 rotating anode diffractometer with Fuji
AS-Va image plates.

In addition to the morphological characterization, the
samples were studied for the effect of the high clay concentra-
tions on thermal and mechanical properties. The thermal
properties of the cured resins were investigated using both
differential scanning calorimetry (DSC) and dynamic mechan-
ical thermal analysis (DMTA). The scanning rate was 10 °C/
min for DSC and 5 °C/min for DMTA at 1 Hz while imposing
a 0.05% dynamic strain. Thermal degradation measurements
were made employing thermogravimetric analysis (TGA) on
a TA 2050 at a heating rate of 40 °C/min from room temper-
ature to 800 °C. Samples were run under a nitrogen purge,
although no significant differences were apparent in char yield
and degradation rate when degradation occurs in air. Mechan-
ical measurements of modulus were obtained from the DMTA
as well as in tension according to ASTM D638. Tensile samples
were loaded at a strain rate of 0.15 s, using extensometers
for strain measurements. Molecular weight measurements of
the polymer were carried out in THF. The composites were
dissolved under moderate sonication to free intercalated
polymer. A PMMA synthesized under identical conditions in
scCO; without silicate was used as a control. All of the PMMA
synthesized was of high molecular weights (>200 000 g/mol).

Results and Discussion

Morphology. Nanocomposites potentially garner
their material improvements from interactions on the
molecular scale, influencing physical and material
parameters at scales inaccessible by traditional filler
materials. However, from length scale arguments it is
also known that toughening occurs over a specific size
range, and effective toughening may not be energetically
favorable at nanolength scales. Toughening generally
necessitates a particulate size greater than 0.1 um if a
cavitation or particle debonding type of mechanism is
to be realized.?® This size effect arises from the fact that
exfoliated particles are too far apart to interact ef-
fectively, and the energy associated with cavitation or
debonding is a function of the strain energy in the
particle (which, in turn, is a function of the particle
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Figure 2. Intercalated clays in PMMA matrix. Samples all
contain approximately 20 wt % OMLS. Data are continuous;
open points are for identification only.

volume) while the energy barrier for this process is
associated with the surface area of the particle or the
cavitated region. Thus, below a critical size, the avail-
able energy for this process cannot overcome the as-
sociated barrier, and therefore no mechanisms of energy
dissipation become operative in the material. Similar
scale limitations exist for other mechanisms as well. For
example, the nanoparticles are generally too small to
provide toughening through a crack-bridging mecha-
nism, and they cannot effectively enhance crack trajec-
tory tortuosity. Therefore, the extremely reduced scale
of a fully exfoliated nanocomposite does not lend itself
to applications where energy is absorbed, as is the case
for materials below their Ty.

In contrast, the intercalated morphology allows poly-
mer into the galleries between silicates but does not
fully delaminate them into the completely exfoliated
structure. Since the silicates have a high aspect ratio
and exhibit a high modulus mismatch (between silicate
and polymer), they can interact with other silicates
within their proximity. The nature of this interaction
can be either shielding or amplification and is intimately
associated with the relative configurational positions of
the silicates while the strength of the interaction is
associated with the tip-to-tip distance between silicates.
However, before these interactions can be investigated
systematically, materials containing higher concentra-
tions of the intercalated structure must be fabricated
with controlled spacings between nanosilicates.

Intercalated nanocomposites of constant clay concen-
tration (20 wt % OMLS) were synthesized using silicates
of differing surface modification in order to determine
the effect of the modifier in dictating the maximum clay
concentration and degree of intercalation. SAXS was
conducted on each composite, and the results are shown
in Figure 2. The d spacing of the nanocomposites based
on the C15A and C20A, which vary in initial gallery
spacing due to the difference in clay charge density, are
equal because each is modified by the same alkylam-
monium surfactant. The length of the surfactant, not
the clay charge density, dictates the final intercalated
separation here. The third composite (based on C25A)
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this clay concentration, half of the available volume in the
sample is consumed by the silicate-rich intercalated morphol-

ogy.

results in a small intercalated d spacing due to its
shorter surfactant length. At these low clay concentra-
tions (~20 wt %) the microscale morphology is hetero-
geneous with distinct regions rich in clay surrounded
by a polymer-rich matrix (see Figure 3).

It is interesting to note that at low clay concentrations
the d spacing of the intercalated nanocomposite is
constant, regardless of the amount of polymer intro-
duced. This results in a maximum intercalated separa-
tion and is a consequence of the thermodynamics of
intercalation. Intercalation is an enthalpically driven
process which is limited by the entropic penalty for
polymer confinement.?® The enthalpic contributions
during intercalation are sufficient to induce wetting of
the intragallery regions of the OMLS. Initially, the
galleries between silicates are swollen, and the decrease
in entropy of intercalated monomer or polymer is
countered by the degrees of freedom gained during
surfactant swelling. The free energy of the system is
then decreased. Once these surfactants have reached a
maximum extension, further intercalation increases the
free energy, and the maximum intercalated d spacing
is maintained regardless of concentration. The d spacing
of the intercalated morphology is, therefore, strongly
dictated by the architecture of the silicate modifiers.

Additional composites were synthesized with higher
clay concentrations in order to evaluate the limits of this
synthetic method and assess its effect on the overall
morphology. Figure 4 shows the effect that nanosilicate
concentration has on the d spacing between galleries.
Note that below a concentration of 30 wt % the d spacing
remains unchanged, but at 50 wt % the d spacing
decreases and the scattering peak is broader and not
as well-defined. This suggests that 50 wt % may be
above a critical concentration where the composite is
starved for polymer.

To assess whether the 50 wt % composite is indeed
above a critical concentration, an estimate of the critical
concentration is necessary. Consider a polymer—clay
ratio, f, that results in a saturation of the modified
clay surface upon blending. This concentration can be
estimated by taking the product of the polymer density,
pp. surface area of the silicate, SomLs, in m?/g, and the
polymer contribution to the composite gallery spacing.
This latter property is estimated as the difference
between the gallery height of the intercalated nano-
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Figure 4. Effect of increased clay concentration on lamellar
ordering and d spacing of intercalated nanocomposite. Data
are continuous; open points are for identification only.

composite, d;, and the initial d spacing of the OMLS,
domis. This is shown in the following equation:

m

f= m P = Pp(dc — domLs)SomLs 1)
OMLS

In eq 1, a number of assumptions are made. First, the
increase in the gallery height upon composite formation
is attributed solely to incorporation of polymer between
silicate stacks. Mixing of polymer with the surfactant
chains occurs with no significant change in the total free
volume. Second, the density of the polymer within the
gallery is assumed to equal the bulk density of the
polymer.27:28

Equation 1 predicts that the maximum ratio for the
case of the C20A—PMMA nanocomposite (o, = 1.2 g/cm?,
SomLs = 700 m?/g, change in d spacing = 18 A) is
approximately 1.45:1, or 40 wt % OMLS. Below 40 wt
% OMLS, the d spacing does not change with the
amount of clay in the composite (Figure 4). This is in
keeping with what is shown for intercalated systems.
Above 40 wt % OMLS, however, the d spacing is
decreased as there is not enough polymer available to
further swell the clay. Rather than form a two-phase
material containing regions of both fully intercalated
and completely unswollen clay, the polymer is distrib-
uted evenly throughout, resulting in a smaller average
intercalated d spacing. There is no evidence of a peak
at 24.2 A (g =0.26 A1) corresponding to the unswollen
C20A clay. This result indicates that the scCO, method
does provide homogeneous dispersion of the monomer
throughout the volume prior to polymerization.

Equation 1 can also be used to estimate the response
of an intercalated nanocomposite containing a clay
concentration greater than the above estimated value.
At these higher clay concentrations, the nanocomposite
is starved for polymer and fully swollen gallery spacing
is not achievable. The peak corresponding to the 50 wt
% clay sample is broader and less defined than those
for the lower clay concentrations. This indicates a
broader distribution of gallery spacings within the
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Figure 5. TEM micrograph of a 40 wt % clay nanocomposite
in PS matrix. The inset electron diffraction pattern exhibits
the characteristic isotropic lamellar ring.

composite. The d spacing has also decreased to 36.9 A
(g =0.17 A~1). This value is close to that estimated by
eq 1 (35.9 A).

To verify a homogeneously intercalated morphology
devoid of clay-rich and polymer-rich phases, TEM im-
ages of a 40 wt % clay sample were obtained (Figure 5).
To obtain such images, the matrix material was changed
from PMMA, which ablates readily in the electron
microscope, to polystyrene (PS). The image is represen-
tative of the entire sample volume, indicating a homo-
geneously intercalated gross morphology. Regions de-
void of the intercalated structure are not observed as is
the case for the lower silicate concentrations.

Nematically oriented nanocomposites can also be
synthesized. This orientation is achieved in one of two
ways. The first takes advantage of the reaction vessel
design. As the chamber is depressurized, the normal
force on the chamber is increased to match the drop in
pressure. This consolidation decreases the volume within
the vessel and induces a moderate orientation to the
resulting nanocomposite. SAXS measurements of such
a consolidated specimen demonstrate an orientation
function f = 0.55 at 50 wt % clay following consolidation.
The second orientation method takes advantage of the
melt processability of the clay nanocomposites, which
can be pressed into plagues. The melt process step
induces a preferential orientation in the flow direction
(Figure 6). These melt-processed nanocomposites exhibit
orientation functions of f = 0.8 with no coherent scatter
perpendicular to the orientation direction.

Physical Properties. The interest in a homoge-
neously intercalated morphology stems from the op-
portunities this system provides in terms of true poly-
mer—ceramic hybrid properties, including enhanced
mechanical properties. The mechanical performance of
the intercalated nanocomposites, as well as their ther-
mal properties, is discussed below. As many polymer
material properties, including Ty, are influenced by the
molecular weight of the polymer, the polymer synthe-
sized herein was verified to be of high molecular weight
(>200 000 g/maol).

The intercalated nanocomposites synthesized in this
study exhibit a thermal transition near 105 °C in the
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Figure 6. scCOj-synthesized sample can be processed fol-
lowing polymerization to induce orientation, from (a) to (b).
This postpolymerization processing, as with the melt-processed
sample above, can induce a strongly anisotropic morphology
(f=0.8).

DSC, corresponding to the glass transition temperature
of PMMA. At high clay concentrations, the transition
is faint but reproducible, owing to the low polymer
content in these composites. To analyze the thermal
properties of the composite more carefully, dynamic
tensile measurements under a temperature ramp were
conducted in a DMTA. These are compared to a control,
a commercial PMMA sample of My, = 1 000 000 g/mol
(Figure 7). All of the nanocomposites undergo a thermal
transition (o-relaxation) at 150 °C according to the peak
in the tan 6. This transition is similar to the a-relax-
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Figure 7. Loss tangent (tan 0) spectra of 40 wt % C20A
nanocomposites in PMMA following various posttreatments
as compared to commercial PMMA. The broad peak of the CO,-
made composite illustrates the early onset of foaming prior to
CO, removal.

ation peak of the PMMA control. This observation is
significant in that it demonstrates the presence of
molecular mobility of chains in a predominately inter-
calated structure. At 40 wt % clay, the vast majority of
the polymer is confined to the intergallery spacing but
continues to exhibit relaxation modes of the bulk
polymer. Morphological investigations of these highly
filled composites show no evidence for polymer-rich
regions which would be responsible for this behavior.
A second Ty is also not observed. Although the subject
of mobility in confined polymers is a controversial one,
these results support previous observations made by
Russel et al.?®

The tensile modulus of 40 wt % OMLS nanocompos-
ites was determined from the storage modulus of the
DMTA spectra (Figure 8). Under all conditions, the
nanocomposites exhibit a significantly higher storage
modulus. The “CO,-made” curve demonstrates the need
to completely remove residual CO, from the composites.
A premature softening is observed at approximately 90
°C. This is a result of the CO, becoming less soluble in
the polymer at higher temperatures, foaming the ma-
trix. After the sample has been sufficiently evacuated,
following 24 h in a vacuum oven at 75 °C, features
relating to CO; plasticization are eliminated. Thus far,
these materials are isotropic, but both exhibit a 50%
increase in modulus. Once the composite has been
oriented through melt processing, anisotropic mechan-
ical properties are exhibited. This is observed in the
CO,-made, melt-processed sample. The curve illustrates
the effectiveness of silicate orientation in achieving
modulus enhancements. By inducing a nematic order
to the silicates, a 220% increase in the tensile modulus
is achieved for the glassy polymer. Previously, such
modulus enhancements have been demonstrated only
for rubbery polymers, where silicate orientation is
achieved as the polymer is drawn.?
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Figure 8. Storage modulus of 40 wt % C20A/PMMA compos-
ites as compared to commercial PMMA (O). The effects of CO,
plasticization is evident when comparing the as-made sample
(O) to a specimen evacuated for 24 h (<). Postpolymerization
melt processing (a), which induces orientation, results in a
marked increase in modulus.

Conclusions

Intercalated nanocomposites containing modified sili-
cates in excess of 20 wt % have been synthesized. At
clay concentrations approaching 40 wt %, the silicate
morphology is homogeneous, with virtually the entire
polymer volume present within the gallery spacing
between silicates. Because the intercalated silicate
structure is thermodynamically limited with regards to
clay separation, high clay concentrations are required
to achieve a homogeneous morphology. A simple model
of the intercalated structure is used to predict the
amount of organically modified silicates required to
produce such a morphology. A new synthetic route to
producing intercalated nanocomposites using super-
critical fluids as a reaction medium is introduced. Using
scCO,, the problems associated with high viscosities
characteristic of highly loaded polymers are circum-
vented. The scCO; is used to distribute homogeneously
the monomer prior to polymerization. At clay concentra-
tions above those predicted by the model, the interca-
lated gallery spacing collapses linearly as the system
becomes starved for polymer.

The mechanical properties of the intercalated nano-
composites demonstrate true polymer—ceramic mechan-
ical properties. The modulus of glassy PMMA with 40
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wt % OMLS is increased 50% for an isotropic composite.
Orientation through melt postprocessing results in a
220% increase in the tensile modulus as measured
through the DMTA. Interestingly, the fully intercalated
morphology at 40 wt % clay exhibits a glass transition
similar to that of bulk, unmodified PMMA.
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