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ABSTRACT: The kinetics of polystyrene melt intercalation in organieally modified mica-type silicates
were studied using X-ray diffraction and transmission electron microscopy. By monitoring the change
in the integrated intensity of the basal reflection of the silicate host, the rate of conversion from
unintercalated to intercalated silicate was determined at various temperatures and for various molecular
weights of polystyrene. Hybrid formation is limited by mass transport into the primary particles of the
host silicate and not specifically by diffusion of the polymer chains within the silicate galleries. The
activation energy of hybrid formation is similar to that previously measured for polystyrene self-diffusion
in the melt, implying that the mobility of the polymer chains within the host galleries is at least comparable

to that in the melt.

Introduction

The intercalation of polymer melts in mica-type
layered silicates has recently been reported as a means
to synthesize composite materials consisting of alternat-
ing nanometer-thick layers of polymer and ceramic.2
The process involves annealing a mixture of polymer
and layered silicate powders above the glass transition
temperature or melting point of the polymer. During
the anneal, the polymer chains diffuse from the bulk
polymer melt into the van der Waals galleries between
the silicate layers. By judiciously engineering the
polymer—silicate interactions, composites have been
produced from a broad range of polymers with varying
degrees of polarity and crystallinity such as polystyrene,
poly(vinylpyridine), poly(ethylene oxide), polysiloxanes,
polyphosphazenes, polyamide copolymers, and liquid
crystalline copolyesters. As a synthetic approach, poly-
mer melt intercalation is appealing because of its
versatility, its compatibility with current polymer pro-
cessing techniques, and its environmentally benign
character due to the absence of solvent. Applications
of the resulting polymer—silicate nanocomposite hybrids
range from studying polymer chains in a confined
environment 34 to industrial exploitation of the novel
mechanical and electrical properties resulting from the
nanometer periodicity of the constituents.??

To fully explore the potential scientific and industrial
applications of polymer melt intercalation, the kinetics
of the process must be determined. For example, what
is the limiting process involved in hybrid formation? By
what mechanism do the chains enter the interlayer?
How does the diffusivity of the intercalating chains
compare to that of the chains in the bulk? Studies
addressing these questions may yield additional insight
to the kinetics of chains diffusing into or within confined
environments, such as slits or pores. Generally, poly-
mer dynamics in confined environments are a funda-
mental aspect of many industrially-important fields
such as tribology, adhesion, sorption, and catalysis.

Numerous researchers have previously used X-ray
and neutron diffraction to study the kinetics of inter-
calation of small molecules in layered materials.6~!” The
guest species intercalate in the van der Waals gaps
between the layers, modifying the lattice structure and
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Table 1. Characteristics of Polystyrene

M, M./M,
PS30 30 000 1.06
PS68 68 000 1.06
PSS90 90 000 1.04
PS152 152 000 1.05
Styron 685 300 000 2.6

altering the scattering behavior of the host. The
changes in the scattering profile of the material are a
direct result of the intercalation of the guest and,
therefore, can be used to monitor the kinetics of the
intercalation process.

In this paper, we report on the kinetics of polymer
melt intercalation in layered silicates. By monitoring
the change in the integrated intensity of the basal
reflection of the host, we determined the rate of conver-
sion from unintercalated to intercalated silicate at
various temperatures and for various molecular weights
of polystyrene. The data are interpreted with regard
to the microstructure of the silicate to ascertain the
limiting process in hybrid formation. In addition, the
implications for hybrid synthesis and the dynamics of
polymer chains in confined slits are discussed.

Experimental Section

Materials. Octadecylammonium-exchanged fluorchectorite
(F18) was synthesized from octadecylamine (Aldrich) and Li*
fluorohectorite (Corning Inc.) by a cation exchange reaction,
as outlined previously.!® Nearly monodispersed polystyrene
with characteristics shown in Table I was used as received.
Powders of F18 and polystyrene with a narrow particle size
distribution were collected using Cu mesh sieves. Claytone
40 (dimethylbis(hydrogenated tallow)ammonium bentonite)
was generously donated by Southern Clay Products, Inc. and
was used as received. Polystyrene pellets (Styron 685 resin)
with characteristics shown in Table I were donated by Dow
Chemical Co.

Synthesis. Hybrids were synthesized statically using the
following procedure. A 25 mg sample of F18 and 75 mg of
polystyrene were mechanically mixed and formed into a pellet
using a hydraulic press at a pressure of 70 MPa., Excess
polystyrene was used to avoid depletion during intercalation.
Polystyrene intercalation was accomplished by annealing the
pellet at temperatures greater than the glass transition
temperature of polystyrene (T; ~ 100 °C). Samples were
formed from polystyrene and F18 powders with the same
nominal particle size (175 + 25 um). The particle size of F18
was not reduced through the mixing and pressing procedures,
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Figure 1. Temporal series of X-ray diffraction patterns for a
PS30/F18 pellet annealed in situ at 160 °C in vacuum. Initially,
basal reflections from the unintercalated F18, p-(001) and
p-(002), are observed at 20 = 4.15 and 20 = 8.03, respectively,
and correspond to a repeat distance perpendicular to the layers
of df;; = 2.13 nm. During the anneal, the intensity of the
reflections corresponding to the pristine silicate is progres-
sively reduced while a set of new peaks appear corresponding
to the PS30/F18 intercalated hybrid. The basal reflections from
the intercalated F18, i-(001), i-(002), and i-(003), are observed
at 20 = 2.82, 20 = 5.66, and 20 = 8.07, respectively, and
correspond to a repeat distance perpendicular to the layers of
dyoy = 3.13 nm.
as indicated by optical and scanning electron microscopy of
the samples before annealing. To minimize the effect of
variability in constituent mixing, samples used to determine
the temperature dependence were formed from a single
admixture. Ex-situ kinetic experiments were conducted by
periodically removing individual samples from the furnace at
specified time intervals. In-situ kinetic experiments were
conducted in vacuum on a pellet annealed on a Pt60—Rh40
heating strip in a Buehler temperature-controlled furnace
attachment with beryllium windows in a ©—0 X-ray diffrac-
tometer. Hybrids were also synthesized with a conical screw
extruder (Rheocord System 40 Twin Screw Counter Rotating
Extruder, Haake-Buchler) at 250 °C using a mechanical
mixture of 12.5 g of Clayton 40 and 250 g of Styron 685 resin.
Characterization. X-ray diffraction spectra were collected
on a Scintag Inc. ®—0 diffractometer equipped with an
intrinsic germanium detector system using Cu Ka radiation.
Raw diffraction data were corrected using the Lorentz—
polarization powder factor and linear background subtraction.
To determine the integrated area of the reflections, the
diffraction profile was deconvoluted by determining the mini-
mum least squares deviation of the experimental data from a
Pearson VII functional form of the diffraction peak.!® Trans-
mission electron micrographs were taken from 60—100 nm
thick, microtomed sections of PS400/F18 hybrids mounted in
epoxy using a JEOL 1200 TEM with 120 kV accelerating
voltage.

Results and Discussion

Figure 1 shows a temporal series of X-ray diffraction
patterns for a 30 000 molecular weight polystyrene
(PS30)/F18 mixture annealed in situ at 160 °C in
vacuum. The sample contains excess PS30 to avoid
polymer depletion during hybrid formation. The X-ray
diffraction pattern from the PS30/F18 mixture at the
beginning of the anneal contains basal reflections
characteristic of the repeat distance of the uninterca-
lated or pristine silicate (d},; = 2.13 nm). During the
anneal, the intensity of the diffraction peaks corre-
sponding to the pristine silicate is progressively reduced
while a set of new peaks appears corresponding to the
basal spacing of the PS30/F18 intercalated hybrid
(dgo; = 3.13 nm).
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The change in the intensity of the intercalated and
pristine diffraction peaks with time reflects the kinetics
of the polymer intercalation process. Alexander and
Klug have derived the basic relationship between the
intensity of an X-ray diffraction peak from a compound
to the concentration of that compound in a mixture.20
The intensity, Ij;, of the ith peak of the jth compound in
a mixture is given by

K.w.
I.=—1 (1)
Y Pjﬂ’f‘

where w; and p; correspond to the mass fraction and
density of compound j, and 4% is the mass absorption
coefficient of the mixture. K is a constant for a
particular reflection and depends on.the structure factor
for the ij peak and the experimental conditions.21:22
Since diffraction peaks have a finite width, the inte-
grated intensity, rather than the intensity at the peak
angle, best represents I;;.

For reactions involving no mass change and thus
constant 4%, the intensity of the reflections from the jth
compound is directly proportional to the mass fraction
of that compound in the sample, w; (eq 1). Assuming
the number of silicate layers that scatter is conserved
during polymer intercalation, the intensities of the
pristine and intercalated basal reflections correspond
to the concentration of unintercalated and intercalated
silicate in the sample. Therefore, the fraction of inter-
calated silicate, (1), at time, ¢, may be expressed as
=2 2)
P )

where I;(¢t) is the intensity of the intercalated basal
reflections at time ¢ and I () is the intensity from a
completely intercalated sample. The fraction of unin-
tercalated silicate is 1 — x(2).

Using eqs 1 and 2, the relative fraction of intercalated
silicate may be determined if the intensity of a fully
intercalated hybrid is known. In many instances,
determining the peak intensity of a fully intercalated
hybrid might be too cumbersome. A calibration curve
which relates the ratio of the intensities of the pristine
to intercalated peaks, I(¢)/I(¢), directly to the fraction
of silicate intercalated would thus be beneficial. Using
eq 1, I,(t)/Ii(¢) may be expressed as

L® 11— 8
P — A*
L®) x(&)

3

where A* contains the various Kj's and p/s of the
constituents. A* may be determined from a single series
of experiments in which Ii(e) is determined for a given
mixture of constituents. Once A* is known, eq 3 may
then be used to determine the fraction of silicate
intercalated from the ratios of pristine to intercalated
peak intensities for samples with the same composition,
constituent mixing, and diffraction geometry used to
determine A*.2® From a series of in-situ experiments
conducted to completion, an average value of A* = 1.2
for PS30/F18 was obtained.

Using the methodology discussed above, the fraction
of intercalated silicate for various times, temperatures,
and molecular weights was determined from the X-ray
diffraction patterns. Figure 2 shows the fraction of
intercalated silicate as a function of time at various
temperatures for PS30. At 170 and 180 °C, the samples
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Figure 2. Fraction of F18 intercalated as the anneal progresses
at 155, 160, 165, 170, and 180 °C for PS30. Solid lines are
best fits to the data using eq 4.
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Figure 3. Fraction of F18 intercalated as the anneal progresses
at 180 °C for PS30, PS68, PS90, and PS152. Solid lines are
best fits to the data using eq 4.

were annealed until complete intercalation occurred,
whereas at 155, 160, and 165 °C, the data were obtained
using A* = 1.2, All data were collected in situ with the
exception of the anneal at 165 °C which was collected
ex situ. Figure 3 shows the fraction of intercalated
silicate as a function of time at 180 °C for various
molecular weights of polystyrene. For PS30 and PS90,
the samples were annealed until complete intercalation
occurred, whereas for PS68 and PS152, the data were
obtained using A* = 1.2. All data were collected in situ.

The conversion of a pristine organosilicate to an
intercalated hybrid requires polymer chains to be
transported from the molten bulk into the silicate
interlayer. Therefore, the morphology of the F18 par-
ticle must be known to analyze the kinetic data. Figure
4 summarizes the morphology of the silicate particles.
The silicate particles which are mixed with the poly-
styrene powder are nominally 175 um in diameter.
Transmission electron images of partially annealed
samples indicate that these particles are composed of
an agglomeration of smaller, oblong-shaped particles.
We will refer to the large silicate particles as agglomer-
ates and the oblong particles as primary particles. From
TEM, we find that the size of the agglomerate is related
to the size of these primary particles—larger agglomer-
ates are nominally composed of larger primary particles.
The primary particles generally have aspect ratios from
2 to 10 with a major axis dimension from a few tenths
to ten microns.

The primary particles generally consist of a compact
face-to-face stacking or low-angle intergrowth of indi-
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Figure 4. Schematic of the morphology of the F18 particles.

vidual silicate crystallites (tactoids). A TEM bright field
image of a representative region of the polystyrene—
F18 hybrid showing a primary particle (dark central
feature) surrounded by a matrix of polystyrene is
displayed in Figure 5a. The crystallites are visible as
regions of alternating narrow, dark, and light bands
within the primary particle. They are tightly packed
and generally are oriented along the major axis of the
primary particle. TEM images reveal that the size of
the crystallites are independent of the size of the
primary particles. As seen in Figure 5b, the individual
crystallites consist of stacks containing between 10 and
100 parallel, equally spaced aluminosilicate layers (dark
bands). The layers are roughly circular, 0.05—0.5 ym
in diameter, and ~10 A thick. They are separated by a
van der Waals interlayer or gallery (light bands), which
contains octadecylammonium cations (~10 A thick) in
the pristine organosilicate. The organic cations render
the hydrophobic silicate surface organophilic. The
morphology of the F18 particles is similar to that of
bentonites and vermiculites.24-26

The increased basal spacing associated with hybrid
formation arises from the expansion of the gallery
perpendicular to the silicate layers to accommodate the
intercalated polymer. Generally, the accessibility of the
interlayer to the polymer chains depends on the location
of the primary particle within the agglomerate and the
location and orientation of the crystallites within the
primary particle. Crystallites near the edge will be
more accessible to the polymer chains than those near
the center. Since the silicate layers are impenetrable,
the polymer must enter the gallery from the edges of
the crystallites. Therefore, for intercalation to occur,
polymer must be transported from the agglomerate/
polymer melt interface to the primary particles and then
to the edges of the crystallites. The TEM micrographs
indicate that for the agglomerate sizes used in this
study, the polymer penetrates the agglomerate and
surrounds the individual primary particles before sub-
stantial hybrid formation occurs. Therefore, we assume
penetration of the agglomerate is not a limiting step for
hybrid formation and each primary particle is es-
sentially surrounded by the polymer melt.

Thus, hybrid formation may be thought of as occur-
ring one of two ways, depending on the path of polymer
transport into the primary particle. If mass transport
through the crystallites (i.e. within the silicate galleries)
is much slower than between the crystallites (i.e. via the
intercrystallite volume), individual crystallites will be
surrounded by polymer, independent of their location
within the primary particle. Thus, at a given time, all
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Figure 5. (a)Bright field TEM micrograph of the F18 primary
particle, dark central feature, surrounded by a matrix of
polystyrene. (b) Bright field TEM micrograph of a silicate
crystallite found within the primary particle. The coherent
stacking of the silicate layer and interlayer are visible as
regions of alternating narrow, dark, and light bands (lattice
fringes).

the crystallites in the primary particle would be inter-
calated to the same extent. In this case, the kinetics of
hybrid formation would be independent of the size of
the primary particles. Alternatively, if mass transport
through the crystallites is comparable to that between
the crystallites, polymer will penetrate from the outside
of the primary particle as a front, leaving behind
completely intercalated crystallites. Crystallites on the
interior side of the front would be unintercalated. In
this case, the kinetics of hybrid formation would depend
on the gross size of the primary particle.

Figure 6 compares hybrid formation from two F18
powders with agglomerates nominally greater than 200
um and less than 100 um, respectively. Recall that the
mean size of the primary particle scales with the size
of the agglomerate. After 40 min at 170 °C, polymer
intercalation in the mixture containing smaller primary
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Figure 6. X-ray diffraction patterns from PS30/F18 pellets

with different F18 agglomerate sizes [(a) agglomerates nomi-

nally greater than 200 ym and (b) agglomerates nominally less
than 100 um] annealed for 40 min at 170 °C.

particles is almost complete whereas intercalation into
the mixture containing larger primary particles is only
55% complete. The dependence of polymer intercalation
on gross agglomerate size indicates the hybrid formation
occurs by mass transport of the polymer melt into the
primary particle.

In accordance with these results, consider that mass
flow into the primary particle and subsequent hybrid
formation may be described as a Fickian process with
a single, apparent diffusivity.?” Since the crystallites
are preferentially aligned along the primary particle
major axis, mass flow is inhibited along the minor axis
of the primary particle because of the impenetrability
of the aluminosilicate layers. Therefore, polymer dif-
fusion into the primary particle may be modeled as mass
flow through the curved lateral surface of a cylinder
with impermeable flat circular faces of area equal to the
mean primary particle size. Initially, the concentration
at the lateral surface of the primary particle is zero and
for ¢ > 0, the concentration is constant. Assuming the
apparent diffusivity, D, is concentration independent,
the ratio of the amount of polymer intercalated, Q(t), to
that at equilibrium, Q(e) is?829

®) -, 4 D
—Q-—=1—2——exp——-11mt (4)
O a
where D/a? is the effective diffusional rate, @ is the mean
radius of the flat impermeable surface of the primary
particle, and a,, is the mth positive root of the Bessel
function of zeroth order, Jy(@) = 0. Since the fraction
of silicate intercalated corresponds to the amount of
intercalated polymer, the fraction of intercalated sili- .
cate, , equals Q(t)/Q(x). The experimental data in
Figures 2 and 3 were fit using eq 4 with the effective
diffusional rate, D/a2, as the only adjustable param-

eter.30

Assuming the effective diffusional rate has an Arrhe-
nius temperature dependence, the activation energy of
melt intercalation of PS30 in F18 is approximately 166
+ 12 kJ/mol. The activation energy is comparable to
the activation energies measured for self-diffusion of
polystyrene (167 kJ/mol?3-35) at similar temperatures
and with similar molecular weights.?2” The agreement
between the activation energies suggests that the larg-
est energy barrier to hybrid formation is comparable to
that of chain motion in the polymer melt. Additionally,
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Figure 7. Comparison between the effective diffusional rates,
D/a?, for PS30 melt intercalation in F18 and the Vogel equation
(dashed line) using empirical parameters from the literature
which were obtained by fitting the #, for polystyrene (B = 710
K and T.. = 49 °C).3336 The least squares fit of the data (solid
line) yields B = 604 + 40 K.

the apparent diffusivities, D, determined from the
effective diffusional rates, assuming that @ is ap-
proximately 5 um, as determined by TEM, are the same
order of magnitude (1071 ¢cm?s at 170 °C) as self-
diffusion coefficients of polystyrene determined at com-
parable temperatures and molecular weights.3373% Since
the rate of hybrid formation is comparable to polymer
self-diffusion in the bulk, the confinement of the polymer
within the silicate galleries as a result of intercalation
does not inhibit chain motion.

Because of the apparent link between the rate of
hybrid formation and polymer self-diffusion, the tem-
perature dependence of hybrid formation should be
describable by the Vogel equation (or the equivalent
WLF equation) for polystyrene tracer diffusion in the
melt, log (D*T)=A"’ — BAT — T..).3® Figure 7 compares
the effective diffusional rates from the experiments
summarized in Figure 2 to the Vogel equation (dashed
line) using empirical parameters from the literature (B
=710 K and T.. = 49 °C, obtained from the zero-shear
rate viscosity, 7o, of polystyrene).3336 The least squares
fit (solid line) yields B = 604 + 40 K. The qualitative
agreement between the Vogel relationship and the
experimental data is reasonably good. Differences may
be attributed to the assumption that T.. for the inter-
calating polymer is the same as for the polymer in the
melt. The intermolecular environment of the interca-
lated polymer is considerably different from that in the
melt. Therefore, the monomeric friction coefficient, and
thus T, of the intercalated polymer should also differ
from that in the bulk melt. Previous work indicating
that the intercalated polystyrene exhibits a marked
suppression or absence of a bulk glass transition, as
judged by differential scanning calorimetry, supports
this contention.!

As demonstrated in Figure 3, the kinetics of hybrid
formation should also depend strongly on the molecular
weight of the polymer. Figure 8 shows log(D/a?) versus
log(M) from the experiments summarized in Figure 3.
A least square fit to the data gives a slope of —1.6 over
our limited molecular weight range; however there is
some evidence of a steeper power law dependence at the
higher M,’s. Since the contour length of the polymer
chains is less than the size of the primary particles or
the crystallites, polymer motion within the primary
particle is essentially two-dimensional, confined to the
silicate galleries or to the small volume between the
crystallites. There is thus no reason to expect the
molecular weight dependence of D/G? for polymer inter-
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Figure 8. Effective diffusional rate, D/a?, for melt intercala-
tion of PS30, PS68, PS90, and PS152 in F18. The least squares
fit of the data (solid line) yields a slope of —1.6.

calation to be the same as that for self-diffusion in che
bulk, i.e. D ~ Mw?2.35 Nevertheless, the slope of our data
for the three highest molecular weights is close to —2.
However, it seems unlikely that the “tube” model,?’
which describes the reptation of polymers in the bulk,
can be used to rationalize the diffusion of polymers in
the two-dimensional galleries between the aluminosili-
cate layers. Additional experimental investigations and
a detailed theoretical development is necessary to
explain the observed molecular weight dependence of
hybrid formation.?’

Since mass transport into the primary particle is the
limiting step to hybrid formation, the degree of constitu-
ent mixing is critical for rapid hybrid formation. Dy-
namic mixing during the anneal, in an extruder for
example, will decrease the hybrid formation time by
breaking up primary particles and increasing sample
uniformity. Our static experiments thus represent an
upper bound for the hybrid formation time under such
mixing conditions. Extrapolating the kinetics deter-
mined from polystyrene—F18 to conventional polysty-
rene processing temperatures (250 °C) indicates full
hybrid formation should require about 10 min for
polystyrene of M,, = 300 000, typical for commercial
polymers (see Table 1). Experiments conducted in an
extruder at 250 °C with Styron 685 pellets and Claytone
40 indicate that the resident time (~4 min) in the
extruder was more than sufficient to achieve full hybrid
formation.

Conclusion

Polystyrene melt intercalation in organically modified
mica-type silicates occurs by mass transport into the
primary particles of the silicate and is not specifically
limited by diffusion of the polymer chain within the
silicate gallery. The activation energy of hybrid forma-
tion is similar to that previously measured for polysty-
rene self-diffusion in the bulk melt, implying that the
mobility of the polymer chains within the interlayer
space of the silicate is comparable to that in the bulk.
Therefore, hybrid formation requires no additional
processing time than currently required by conventional
polymer processing techniques such as extrusion.
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