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ABSTRACT: The effect of silicate functionalization, anneal temperature, polymer molecular weight, and
constituent interactions on polymer melt intercalation of a variety of styrene-derivative polymers in
alkylammonium-functionalized silicates is examined. Hybrid formation requires an optimal interlayer
structure for the organically-modified layered silicate (OLS), with respect to the number per host area
and size of the alkylammonium chains, as well as the presence of polar interactions between the OLS
and polymer. From these observations and the qualitative predictions of the mean-field lattice-based
model of polymer melt intercalation (preceding paper in this issue), general guidelines may be established
for selecting potentially compatible polymer—OLS systems. The interlayer structure of the OLS should
be optimized to maximize the configurational freedom of the functionalizing chains upon layer separation
while maximizing potential interaction sites with the surface. The most successful polymers for
intercalation exhibited polar character or contained Lewis-acid/base groups.

1. Introduction

Polymer melt intercalation of mica-type layered sili-
cates is a viable approach to synthesize a variety of
polymer—silicate nanocomposites.’=® These hybrids
exhibit improved modulus,”~° decreased thermal expan-
sion coefficient,® reduced gas permeability,®1° increased
solvent resistance,® and enhanced ionic conductivity31!
when compared to the pristine polymers. Furthermore,
polymer-silicate nanocomposites, in addition to their
potential applications, are unique model systems to
study the structure and dynamics of polymers in
confined environments.4512.13

The nanoscale layered structure of the mica-type
silicate leads to hybrids with nanoscale phase dimen-
sions. Mica-type layered silicates, MTS’s, (alternatively
referred to as 2:1 layered silicates) possess the same
structural characteristics as the well-known minerals
talc and mica.1#716 Their crystal structure consists of
two-dimensional layers (thickness = 0.95 nm) formed
by fusing two silica tetrahedral sheets with an edge-
shared octahedral sheet of either alumina or magnesia.
Stacking of the layers leads to van der Waals gaps or
galleries. The galleries (alternatively referred to as
interlayers) are occupied by cations which balance the
charge deficiency that is generated by isomorphous
substitution within the layers (e.g. Al for Si or Mg for
Al). In contrast to pristine mica-type silicates which
contain alkali metal and alkali earth charge-balancing
cations, organically-modified layered silicates (OLS)
contain alkylammonium or alkylphosphonium cat-
ions.1718 The presence of these organic-modifiers in the
galleries renders the originally hydrophilic silicate
surface organophilic. Depending on the functionality,
packing density, and length of the organic modifiers, the
OLS’s may be engineered to optimize their compatibility
with a given polymer.

Nanocomposite synthesis via polymer melt intercala-
tion involves annealing, statically or under shear, a
mixture of polymer and layered silicate above the
softening point of the polymer. During the anneal,
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polymer chains diffuse from the bulk polymer melt into
the interlayers or galleries between the silicate layers.
Depending on the degree of penetration of the polymer
into the MTS framework, hybrids are obtained with
structures ranging from intercalated to exfoliated. Poly-
mer penetration resulting in finite expansion of the
silicate layers produces intercalated hybrids consisting
of well-ordered multilayers with alternating polymer/
silicate layers and a repeat distance of a few nanom-
eters. Extensive polymer penetration resulting in delam-
ination of the silicate layers produces exfoliated hybrids
consisting of individual nanometer-thick silicate layers
suspended in a polymer matrix. In contrast, if the
polymer and the silicate are immiscible, macro- instead
of nanocomposites are formed. These macroscale hy-
brids consist of agglomerates of the layered silicate
(sometimes as large as 1 mm in diameter) surrounded
by polymer and resemble conventional filled rubbers
and plastics.

With organically-modified layered silicates, nanocom-
posites have been obtained from a large spectrum of
polymers with varying degrees of polarity and chain
rigidity, including polycarbonates, polymethacrylates,
polysiloxanes, polyphosphazenes, and main-chain liquid-
crystalline polymers.’® Whether an admixture of poly-
mer and OLS produces an exfoliated or intercalated
nanocomposite or a conventional macrocomposite de-
pends critically upon the characteristics of the polymer
and the OLS. These characteristics include the nature
of the polymer as well as the type, packing density, and
size of the organic modifiers on the silicate surface.
Unfortunately, existing guidelines as to the optimum
polymer—OLS combination have proven unsatisfactory
and, at times, contradictory. Consequently, hybrid
synthesis is currently a tedious trial-and-error process.

In the preceding paper in this issue, we presented a
mean-field, lattice-based description of polymer melt
intercalation in organically-modified layered silicates.!
In general, an interplay of entropic and energetic factors
determines the outcome of polymer melt intercalation.
Free energy plots and their dependence on internal
energy and entropy suggest three possible equilibrium
states—immiscible, intercalated, and exfoliated—all of
which have been experimentally observed.
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In the current paper, we report how various charac-
teristics of the silicate and polymer, including silicate
functionalization, anneal temperature, molecular weight
of the polymer, and constituent interactions, affect
hybrid formation. By comparing the experimental
results with the theoretical predictions of the mean-field
model, we then propose general guidelines governing
hybrid formation.

2. Thermodynamic Model

The thermodynamic aspects of hybrid formation may be
examined using the mean-field, lattice-based description of
polymer melt intercalation as discussed previously.! A great
advantage of the model is the ability to analytically determine
the effect on hybrid formation of various characteristics of the
polymer and OLS. Briefly, the free energy change per inter-
layer volume, Afy, associated with polymer intercalation, may
be expressed as

Afy, = Aey, — TAs,, (1)

Aey and Asy are the internal energy and entropy change per
interlayer volume, respectively, and
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Asy is expressed as the sum of the entropy change associated
with the organically-modified silicate, As™", and the en-
tropy change associated with the conflnement of the polymer,
ASPY™" h, and h are the initial and after polymer interca-
lation gallery height, respectively. m;, vi, @i, ri, and a; are the
number of segments per chain, the molar volume per segment,
the interlayer volume fraction, the radius of the interaction
surface, and the segment length of the ith interlayer species.
u is a dimensionless excluded volume parameter, Q is a
constant near unity, and ys and yso are the fraction of
interlayer volume near the surface at height h and ho,
respectively, which influence the potential chain conforma-
tions. e, represents the pairwise interaction energy per area
between the aliphatic chains and the polymer and espsa = €5
— €sa, IS the difference between the pairwise interaction energy
per area between the aliphatic chain and the surface, es;, and
that between the polymer and the surface, €s5,. A detailed
discussion of the model including the different variables may
be found in the preceding paper.t

Values for the geometrical parameters can be found in the
general literature for a variety of polymers.?° In contrast, the
as-defined values for the interaction parameters of an incom-
pressible system are unavailable. However, since the model
is mean-field, the microscopic pairwise interaction energies per
area, € may be expressed as an interfacial energy between
species j and K, yjk. Then, €ap ~ yap and espsa ~ Ays.

The polar and apolar components of the constituent interac-
tions may be separately examined using expressions for
interfacial tension such as those developed by van Oss and
co-workers.?2t=2® From their expressions,?*~23 the surface en-
ergy, vj, is comprised of an apolar component, (yLW Lifs-
chitz—van der Waals) and a polar/associative component
(yJAB, Lewis acid/base). The Lifschitz—van der Waals compo-
nent arises from dispersive and dipolar interactions, whereas
the polar component arises from associative-type interactions.
For the polar component, two parameters must be specified,
one describing the electron acceptor character, yf, and one
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Table 1. Polymer Characteristics
abbreviation ~Mw  Mw/My Tg, °C

polystyrene PS30 30000 1.06 96
PS90 90000 1.06 100
PS400 400000 1.06 100

poly(3-bromostyrene) PS3Br 55000 2.00 113
poly(vinylcyclohexane) PVCH 97 000 120
poly(2-vinylpyridine) PVP 150 000 2.10 104

describing the electron donor character, y;, with y* = 2(y;"
yj’)l’z. Using the geometric combination rule, the total inter-
facial energy between species j and Kk is

=+ e (4)

where y W and y B are the polar and apolar components of
the |nteract|ons respectlvely, and

= (W = 2 5)
Va8 = 20y =y o (®)

These expressions provide a means to approximate the relative
magnitude and sign of the pair/wise interaction parameters
using available experimental values. Most importantly, they
can be used to identify the range of interactions that is most
favorable for hybrid formation.

3. Experimental Methods

3.1. Materials and Synthesis. Organically-modified lay-
ered silicates were synthesized by a cation exchange reaction
between the layered silicate host and excess alkylammonium
cations, as outlined previously.’® Lit—fluorohectorite (F,
exchange capacity = 150 mequiv/100 g, Corning Inc.), Lit—
saponite (S, exchange capacity = 100 mequiv/100 g, Southern
Clay Products), and Na®—montmorillonite (M, exchange ca-
pacity = 80 mequiv/100 g, Swy-1, University of Missouri
Source Clay Repository) were used as received. Organic
modifiers included dioctadecyldimethylammonium bromide
(2C18, 2C13H37NT2CH3Br—, Kodak), octadecyltrimethylammo-
nium bromide (Q18, C1sH37N*(CHS3)3Br-, Aldrich), and a series
of primary alkylammonium chlorides (CnHzn+1NH3*Cl~, where
n = 6, 9—16, and 18). The primary alkylammonium cations
were synthesized by acidifying a solution of the corresponding
amine (Aldrich Chemical) with 1 M HCI. All OLS'’s were dried
in a vacuum oven at 100—130 °C and stored in a vacuum
desiccator with P,Os until use. The characteristics of the
different polymers used in this study are summarized in Table
1.

In general, hybrids were synthesized using the following
procedure. Dry organosilicate (25 mg) and polymer powder
(75 mg) were mechanically mixed and formed into a pellet
using a hydraulic press at a pressure of 70 MPa. This insured
the OLS was in the presence of excess polymer melt. Hybrid
formation was accomplished by statically annealing the pellet
in vacuum at temperatures greater than the glass transition
temperature of the polymer and quenching in air to room
temperature. Unless otherwise indicated, the samples were
annealed to equilibrium, indicated by no further changes in
the X-ray diffraction pattern.

3.2. Characterization. X-ray diffraction spectra were
collected on a Scintag Inc. ®—0 diffractometer equipped with
an intrinsic germanium detector system using either Cu Ka
or Cr Ko radiation. After the raw diffraction data were
corrected with the Lorenz-polarization powder factor and
linear background subtraction, the location and width of the
X-ray reflections were determined by profile fitting a Pearson
V11 function to the diffraction peak.?* All X-ray diffraction
spectra were collected from samples that were quenched in
air from the anneal temperature.

4. Results

The outcome of an anneal was determined using X-ray
diffraction measurements by monitoring the position,
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Figure 1. Schematic depicting the expected X-ray diffraction
patterns for various types of hybrid structures.

full-width-at-half-maximum (fwhm), and intensity of the
(001) basal reflection of the OLS. Figure 1 summarizes
the corresponding X-ray spectra for various types of
nanocomposites. For immiscible polymer/OLS mix-
tures, the structure of the silicate is not affected by the
anneal, and thus, the characteristics of the OLS basal
reflection do not change. On the other hand, the finite
layer expansion associated with intercalated structures
results in a new basal reflection that corresponds to the
larger gallery height of the intercalated hybrid. In
contrast, the extensive layer separation associated with
exfoliated structures disrupts the coherent layer stack-
ing and results in a featureless diffraction pattern. The
influence of polymer intercalation on the order of the
OLS layers may be monitored by changes in the fwhm
and intensity of the basal reflections. An increase in
the degree of coherent layer stacking (i.e. a more ordered
system) results in a relative decrease in the fwhm of
the basal reflections upon hybrid formation. On the
other hand, a decrease in the degree of coherent layer
stacking (i.e. a more disordered system) results in peak
broadening and intensity loss.

4.1. Packing Density, Ammonium Head Group,
and Surface Charge. Table 2 summarizes the results
for reactions carried out at 170 °C between PS30 and
various octadecylammonium-modified OLS’s. The gal-
lery height is calculated from the difference between the
repeat distance, doo;, and the thickness of a silicate
layer, 0.95 nm.14-16 Annealing F18, FQ18, M2C18, and
S2C18 with polystyrene yields intercalated hybrids.
However, increasing the host area per octadecyl chain,
as with M18 and S18, results in immiscible, uninter-
calated systems. Similarly, decreasing the host area per
octadecyl chain, as with F2C18, also leads to an unin-
tercalated system. At low interlayer packing densities
of the organic modifier, the chains adopt a disordered
monolayer arrangement. As the packing density in-
creases, the chains adopt more extended conformations
(and thus larger initial gallery heights), ultimately
resulting in a solid-like paraffinic arrangement of the
chains.’”18 Therefore, an intermediate range of host
area per aliphatic chain and thus an intermediate range
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of interlayer chain conformations are most favorable for
polystyrene melt intercalation.

The difference between primary and quaternary am-
monium head groups does not appear to be a predomi-
nant factor for polystyrene intercalation. Both primary
(F18) and quaternary (FQ18) octadecyl modifiers result
in intercalated hybrids. However, the different type of
ammonium head group does influence the net gallery
height increase and the final gallery height of the
intercalated hybrid—the net gallery height change for
FQ18 is about 0.29 nm more than that for F18. The
additional gallery height increase may reflect the larger
size of the quaternary ammonium head group and the
more delocalized cationic charge compared to that of the
primary ammonium head group.

In addition to the type of head group, the number of
head groups per host area does not appear to be a
determining factor. If the number of head groups was
significant, the results in Table 2 should depend on the
area per cation and not per chain. This is not the case.
For example, M2C18 and M18 have the same number
of head groups, but polystyrene intercalation occurs for
M2C18 and not for M18. Furthermore, F18 has twice
the number of ammonium groups as M2C18, but both
OLS’s lead to intercalated hybrids.

Finally, the results in Table 2 also indicate that the
state of the polystyrene—OLS hybrid, whether interca-
lated or immiscible, is independent of the distribution
of the anionic charge on the silicate surface. The
negative charge of the silicate layers arises from iso-
morphous substitution in the crystal lattice. The loca-
tion of the isomorphous substitution determines the
distribution of excess negative charge on the layer
surface and, therefore, the nature of guest interactions
with the silicate surface.’#~1¢ The increased localization
of surface charge for tetrahedrally-substituted saponite
does not appear to critically affect hybrid formation
when compared to the more disperse surface charge of
octahedrally-substituted montmorillonite.

4.2. Chain Length and Anneal Temperature.
Figure 2 shows the final gallery height and full-width-
at-half-maximum (fwhm) of a series of PS30—Fn samples
annealed at 120, 140, and 160 °C; n is the number of
carbon atoms of the aliphatic chain in the organosilicate.
The gallery heights of pure Fn’'s annealed at 160 °C are
included for comparison. For n < 12, the gallery height
of the unintercalated Fn is constant and the aliphatic
chains are arranged in a pseudo-bilayer, with the
highest segment density at n = 12. For n > 12, the
layer spacing increases and the chains adopt disordered
pseudo-trilayer to liquid crystal-like arrangements.1718

In general, the intercalation behavior of the Fn series
is independent of anneal temperature between 120 and
160 °C but critically depends on the length of the chain,
n. For pseudo-bilayer chain arrangements (n < 12), no
polymer intercalation occurs. With the exception of a
small increase in the fwhm of the peaks at 160 °C, the
characteristics of the basal reflection, and thus the
structure of the Fn's, do not change. For n > 12,
intercalated hybrids are formed, as evidenced by the
gallery height increases. The full-width-at-half-maxi-
mum of the basal reflections of the intercalated struc-
ture is comparable to that of the original unintercalated
silicate, indicating that polymer intercalation does not
disrupt the stacking order of the silicate layers. For a
full pseudo-bilayer (n = 12) though, intercalated basal
reflections are observed with intensities less than and
breadths greater than those observed for the annealed
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Table 2. Summary of Polystyrene (PS30) Melt Intercalation of Octadecylammonium-Modified OLS’s

area/cation, area/chain,? initial gallery final gallery het change,
oLSs nm?2 nm?2 height,> nm height,> nm nm model®

M18 0.72 0.72 0.75 0.75 0

S18 0.58 0.58 0.83 0.83 0

F18 0.39 0.39 1.33 2.16 0.83 intercalated
FQ18 0.39 0.39 1.57 2.69 1.12 intercalated
M2C18 0.72 0.36 1.43 2.25 0.82 intercalated
S2C18 0.58 0.29 1.50 2.35 0.85 intercalated
F2C18 0.39 0.20 2.85 2.85 0 immiscible

a Area per unit cell of aluminosilicate layer is 0.465 nm2.14-16 b Gallery height = doo; — 0.95 nm. ¢ Predicted hybrid states using

parameters in Table 4.
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Figure 2. Final gallery height, h, and full-width-at-half-
maximum, fwhm, of a series of PS30—Fn samples annealed
at 120 °C (v), 140 °C (©), and 160 °C (a) and pure Fn samples
annealed at 160 °C (H).
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Figure 3. X-ray diffraction patterns of a PS30—F12 sample
before and after annealing at 160 °C in vacuum.

F12 host. Figure 3 compares a PS30—F12 mixture
before annealing and after annealing at 160 °C. (The
X-ray pattern of F12 for these conditions is independent
of anneal time and temperature.) In contrast to the case
for n > 12 and previous polystyrene—OLS hybrids,
polymer intercalation of F12 disrupts the silicate layers,
producing a more disordered intercalated hybrid.
Increasing the anneal temperature to 180 °C alters
the intercalation behavior of the Fn series for n < 12.
Figure 4 summarizes the results for Fn and PS30—Fn
samples annealed at 180 °C. Fn’s annealed in the
absence of polymer at these conditions exhibit similar
scattering behavior to that observed at lower anneal
temperatures (Figure 2), indicating the Fn’s are ther-
mally stable up to 180 °C. For PS30—Fn admixtures

Figure 4. Final gallery height, h, and full-width-at-half-
maximum, fwhm, of a series of PS30—Fn samples annealed
at 180 °C (O) and pure Fn samples annealed at 180 °C (®).
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Figure 5. X-ray diffraction patterns of a PS30—F9 sample
before and after annealing at 180 °C in vacuum.

with n > 12, intercalated hybrids form with gallery
heights comparable to those formed at lower anneal
temperatures. For all the bilayer chain arrangements
(n = 12) however, the X-ray spectra contain broadened
basal reflections corresponding to a disordered interca-
lated structure. For example, Figure 5 compares a
PS30—F9 mixture before annealing and after annealing
at 180 °C. The characteristics are similar to those
displayed by PS30—F12 at the lower anneal tempera-
tures.

These results indicate that a bilayer chain arrange-
ment and higher anneal temperatures favor the forma-
tion of hybrids in which the stacking of the silicate
layers is disrupted. Because the samples are statically
annealed, transport of the silicate layers over macro-
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Figure 6. X-ray diffraction patterns of PS30—F18, PS90—
F18, and PS400—F18 annealed 6 h in vacuum at 160 °C.

scopic distances to produce an exfoliated state would
take a prohibitively long time. Therefore, this behavior
may be indicative of a Kinetically-limited exfoliated
structure.

4.3. Polymer Molecular Weight. Figure 6 shows
the X-ray diffraction patterns of PS30—F18, PS90—F18,
and PS400—F18 after a 6 h anneal in vacuum at 160
°C. All three samples were prepared in an identical
fashion using the same host particle size. The PS30—
F18 pattern contains diffraction peaks characteristic of
only the intercalated hybrid. The PS90—F18 and
PS400—F18 patterns though contain peaks character-
istic of both intercalated (260 = 4.15 and 8.03°) and
unintercalated OLS (260 = 2.82 and 5.66°). Fully
intercalated hybrids for PS90 and PS400 are formed
after annealing at 160 °C for 24 and greater than 48 h,
respectively. The fwhm of the intercalated basal reflec-
tion is approximately the same for all molecular weights.
Thus for statistically annealed PS samples, the final
hybrid structure is independent of the molecular weight
of the polymer. In this case, the molecular weight only
appears to affect the kinetics of polymer intercalation.
These observations agree with those of previous studies
of the kinetics of polymer melt intercalation where the
final hybrid structure was found to be independent of
the polymer molecular weight as well as the particle
size of constituents, the degree of powder mixing, and
the processing (static or use of shear blending).* How-
ever, the model® indicates that there should be a slight
molecular weight dependence for melt intercalation
which arises from the entropy change of the polymer.
Additional experimental work examining the intercala-
tion behavior of a broader range of polymer molecular
weights coupled with dynamic blending of constituents
to enhance equilibrium mixing is required to further
explore this issue.

4.4. Intermolecular Interactions. Table 3 sum-
marizes the results of melt intercalation of a series of
styrene-derivative polymers with M2C18 and F2C18. All
the polymers are immiscible with F2C18. On the other
hand, all polymers but poly(vinylcyclohexane), PVCH,
form intercalated hybrids with M2C18, indicating that
the structure of the pendant group on the polymer
greatly affects hybrid formation.
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Table 3. Summary of Melt Intercalation of M2C18 and
F2C18 with Styrene-Derivative Polymers

Net Gallery Height
Increase, nm
Polymer M2C18 F2C18
PVCH : : n 0.00 0.00
PS : n 0.82 0.00
PS3Br : n 0.96* 0.00
Br
PVP n 1.00° 0.00
Z N
|
A

a Intensity decreases observed associated with increased ab-
sorption of Br. ? Peak broadening and intensity decrease of doos.
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Figure 7. X-ray diffraction patterns of PS—M2C18, PVP—
M2C18, and PS3Br—M2C18 hybrids with the same volume
percent M2C18 (20%).

Figure 7 compares the X-ray diffraction patterns of
poly(vinylpyridine) (PVP), poly(3-bromostyrene) (PS3Br),
and PS30 hybrids containing the same volume percent
of M2C18. As discussed before, polystyrene produces a
well-ordered intercalated hybrid. Bromination of the
phenyl ring in the meta position (PS3Br) produces an
intercalated hybrid similar to polystyrene but with a
slightly larger gallery height. The intensity of the
intercalated basal reflection, though, is reduced ap-
proximately 50% with respect to that of the uninterca-
lated PS3Br—F18 mixture, but the fwhm of the inter-
calated reflection remains unchanged. The large
decrease in the intensity of the basal reflection of
PS3Br—M2C18 is partially due to the large absorption
coefficient of the bromine atom that, when intercalated,
decreases the overall scattering factor of the silicate/
polymer layer structure. Substituting the ortho carbon
with nitrogen (PVP), produces a disordered intercalated
structure that is similar to that observed for PS30—F12.
The basal reflections of the PVP—M2C18 hybrid are
substantially broader (0.019 rad) than those observed



Macromolecules, Vol. 30, No. 25, 1997

d, nm
6 4 2

L LA B T T T T

Intensity, cps

F12

PVP/F12

W PS3Br/F12

2 4 6 8 10
20, deg

Figure 8. X-ray diffraction patterns of PS3Br—F12, PVP—
F12, and pure F12.

for PS30—M2C18 (0.007 rad), indicating that the coher-
ent length of the silicate layers in the PVP hybrid is
less than that of those in the PS30 hybrid.

Melt intercalation of M2C18 with these polymers
emphasizes the importance of polar interactions during
hybrid formation. Since the backbone of the styrene-
derivative polymers is comprised of a saturated hydro-
carbon, polar interactions arise from the relative acid/
base character and degree of polarizability of the
pendant ring. From small molecule analogs, the asym-
metry of the electron density distribution of the pendant
ring and thus the polarizability increases in the order
PVCH << PS < PS3Br, PVP.25> As we move along this
series, the hybrid structure changes. Since PVCH is
essentially nonpolar,2é only van der Waals interactions
are present and an immiscible system is obtained. In
contrast, because of the electron-donating nature of the
phenyl group in PS, polar interactions are now possible,
leading to an intercalated hybrid. Increasing the elec-
tron density and polarity of the pendant group, as in
PVP, results in more disordered hybrid structures.

It is interesting to note that the kinetics of hybrid
formation for PVP and PS3Br, even when taking into
account the differences in molecular weight, are notice-
ably slower than those for PS (greater than 24 h versus
less than 4 h). In addition to the presence or absence
of shear and the molecular weight of the polymer, the
kinetics appear to depend on the degree of interaction
between the polymer and OLS, possibly manifesting in
an increase of the effective monomer friction coefficient
within the interlayer with increased polymer—OLS
interactions.

In the previous section, we noted that bilayer struc-
tures of the organic modifiers favor the formation of
disordered hybrids with polystyrene. Combining these
OLS’'s with PVP and PS3Br may produce hybrids which
are even more disordered or even exfoliated. Figure 8
shows the X-ray diffraction spectra for PVP-F12 and
PS3Br-F12 containing the same volume percent of
silicate (20%). Also included in the figure is the X-ray
pattern of pure F12 annealed at the same conditions.
Compared with the case of PS30—F12 in Figure 3, the
basal reflections of PVP—F12 and PS3Br—F12 around
260 = 2.8° are much weaker and substantially broader,
indicating a very disordered hybrid. PVP—F12 also
displays a second, narrower reflection at 2Q = 3.8 that
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may correspond to an intermediate intercalated struc-
ture. The intensity decrease of PS3Br—F12 is greater
than that attributed to the increased absorption of the
bromine atom seen for PS3Br—M2C18. Since the kinet-
ics are slower for these polymers, the structures ob-
served may be kinetically limited because of the static
processing.

5. Discussion

Two major qualitative trends may be drawn for the
systematic experimental study just outlined. First,
there is an optimum interlayer structure favoring
hybrid formation that is intermediate between a disor-
dered monolayer and a solid-like paraffinic arrangement
of aliphatic chains.’® For the polystyrene-derivative
systems studied, the optimum interlayer structure is
near a full pseudo-bilayer. Second, polar-type interac-
tions (i.e. other than van der Waals) are critical for
formation of intercalated and especially exfoliated hy-
brids via polymer melt intercalation.

These results are counterintuitive. To minimize
polymer confinement and facilitate layer separation,
polymer intercalation would be expected to be most
favorable for OLS’s that are modified such that the
initial gallery height is maximized. This occurs for
solid-like paraffinic arrangement of chains when the
host area available per chain approaches the van der
Waals cross-sectional area of a chain. Additionally,
since the silicate interlayer is modified by aliphatic
chains, apolar or van der Waals-type interactions be-
tween the OLS and the polymer should dominate and
hybrid formation would be most favorable for “aliphatic-
like” polymers, such as polyethylene, saturated poly-
olefins, PVCH, etc. These conclusions are not supported
by experimental results and in fact describe situations
in which polymer intercalation is unfavorable.

Insight into the factors controlling polymer melt
intercalation may be obtained by comparing the experi-
mental results to the theoretical predictions of the
mean-field model.? Using this model, the following
sections examine how various aspects, including the
nature of the polymer and OLS, affect the thermody-
namics of polymer intercalation. After identifying the
important system parameters, we discuss a framework
which allows the construction of product maps and
outline general guidelines that govern hybrid formation.

5.1. Entropy. The entropy change per interlayer
volume, Asy, is comprised of two competing factors (eq
2)—an entropy decrease per interlayer volume associ-
ated with confinement of the polymer upon intercala-
tion, AsP?™" and an entropy increase per interlayer
volume associated with conformational freedom of the
aliphatic chains upon layer separation, AsS™",

To examine the influence on hybrid formation of the
length of the aliphatic chain and the area per aliphatic
chain, it is useful to express the initial gallery height,
ho, in terms of the number of aliphatic chains per
interlayer area, o, the number of segments in an
aliphatic chain, my, and the volume of an aliphatic
segment, vo/Na,

hy = om,v, /N, (7)

As discussed in the previous paper, we define a chain
segment as a CoH, unit.r The number of segments per
chain is (n + 1)/2, where the additional unit represents
the head group of the alkyl ammonium cation.

Figure 9 demonstrates the effect of increasing the
initial gallery height, by increasing the number of
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Figure 9. Effect of increasing the number of aliphatic chains
per area, o (a, 0 = 2.58 nm~2; b, 0 = 4.30 nm~?), on the entropy
per interlayer area of polymer intercalation as the net change
in gallery height, h — ho, increases. The curves are calculated
using the parameters in Table 4 and eq 2. h, is the initial
gallery height of the interlayer, and h., is the fully extended
length of the aliphatic chain. Note that the scales of the
abscissas are different, since hy is related to o.

Table 4. Parameters for Polystyrene and Fn Used in the
Model Calculations®

polystyrene Fn

parameter value parameter value

a° 0.38 nm az 0.25 nm

vli/ 99 cm? vyl 32.cm?d ,

u/~/my 0.8 o® 2.58 nm~

y;Wf 42.0mJ m—2 W 66 mJ m—2

y;f 0.0 mJm—2 yof 0.7mJm2

7 f 1.1mJm=2 y f 36.0 mJ m—2

yW 26.0—28.5mJ m—2

a Interaction parameters, €ap and esp sa, are approximated from
values of interfacial energies using eq 4—6.27 ° a; = ap(va/v1)'?,
where ap is the statistical segment length of polystyrene (0.67
nm).120 ¢ Reference 29. 9 Ratio of formula weight per mole of
aliphatic segments and average interlayer density (0.9 g/cm3).1.19
¢ (Number of chains/SigO20 unit)/(0.465 Nm?/SigOy unit). f Refer-
ences 21—23. 9 Estimated from the Hamaker constant.3°

aliphatic chains per area (0 = 2.58 nm~2 to 0 = 4.30
nm-2), on the entropic components hAsZ*Y™" hAsthain,
and hAsy. Note that the entropy density is an extensive
guantity because the volume of the system varies
linearly with interlayer spacing. In contrast, the prod-
uct of the entropy density in the interlayer and the
gallery height is an intensive quantity and independent
of system size. Table 4 summarizes the values for the
theoretical parameters used in the calculation.

Figure 9a (o = 2.58 nm~2) depicts the entropy change
per area for n = 18. For small increases in the gallery
height, the entropy gain associated with the tethered
aliphatic chains approximately nullifies the entropy loss
due to polymer confinement. Here, small favorable
internal energy changes will lead to a free energy
decrease and thus hybrid formation. As the gallery
height increases, however, the magnitude of the entropy
loss due to polymer confinement increases and the total
entropy change decreases. Hybrid formation becomes
less likely.

As the number of the aliphatic chains per area
increases (Figure 9b), the initial gallery height in-
creases, resulting in a smaller entropic penalty for
polymer confinement. However, the increased number
of chain segments per area leads to a decrease in the
entropy gain of the aliphatic chains. The subsequently
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tighter-packed chains do not gain as much conforma-
tional freedom when the layer separation increases.!
Therefore, the total entropy change becomes increas-
ingly unfavorable, and immiscible systems are more
likely. OLS's with a higher chain-packing density
generally exhibit a paraffin-type arrangement of chains
in the interlayer, as in F2C18. The inability of the
aliphatic chains to gain conformational freedom prob-
ably contributes to the inability to intercalate F2C18
(Table 3).

In general, the model indicates that the entropy
associated with the aliphatic chains only increases until
the tethered chains are fully extended. Further layer
separation depends on the establishment of very favor-
able interactions to overcome the continually increasing
penalty of polymer confinement.! For polymers with
weak associative interactions, such as polystyrene, the
penalty of polymer confinement for layer separations
greater than the length of the fully extend aliphatic
chain will not be compensated. Thus, intercalated
hybrids with gallery heights near the length of the fully
extended chain would be expected. This is the case for
intercalated polystyrene hybrids in Table 2 and for PS-
Fn's with n > 12 in Figures 2 and 4.3

When the gallery area available is greater than the
lateral cross-sectional area of the chains, a pseudo-
bilayer is formed. These structures are outside the
boundaries of the mean-field model because their in-
terlayer does not initially have ‘fully-occupied’ lat-
tices.11® For the Fn series, interlayers not ‘fully-
occupied’ correspond to n < 12, Qualitatively though,
as the area available per chain increases above the
lateral cross-sectional area of the chain, the number of
chain segments that gain conformational freedom as the
layers separate decreases. Subsequently, the magni-
tude of Asf,ha'“ decreases. Additionally, the smaller
initial gallery height results in a larger penalty for
polymer confinement. Hence, as with paraffin-type
structures, hybrid formation should also be entropically
less favorable for short chain lengths or interlayers with
low chain-packing density. The intercalation behavior
of PS-Fn’s with n < 12 as temperature increases is thus
related to energetic changes in the system and not
entropic changes. Combining these qualitative argu-
ments with the results from the model indicates that,
entropically, hybrid formation is most favorable for
OLS'’s with intermediate gallery heights and packing
densities, in agreement with experimental results for
the octadecylammonium-modified OLS’s in Table 2 and
the Fn series in Figures 2 and 4.

5.2. Internal Energy. From the thermodynamic
model, the energy change for hybrid formation (eq 3)
depends on the sign and magnitude of the interaction
parameters (¢jx) and on the initial interlayer structure
of the OLS (Q, hg, and ry). In general, for small,
favorable internal energy changes, intercalated states
are expected. As the change in internal energy becomes
more negative, the tendency to form exfoliated hybrids
increases.! We will first consider the effect of the
interaction parameters on the internal energy change
of the system.

5.2.1. Interaction Parameters. The interaction
parameters, ej, express the relative energy change
associated with the establishment of contacts between
the polymer, aliphatic chains, and the interlayer sur-
face. The interaction energy within the interlayer
volume corresponds to the energy of polymer—aliphatic
contacts, e, Whereas the interaction energy at the
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interlayer surface corresponds to the replacement of
aliphatic—surface contacts by polymer—surface contacts,

6sp,sa-32

Since the aliphatic chains are apolar (y;r =y, = 0),
dispersive, van der Waals-type interactions will deter-
mine the sign and magnitude of es. Equation 5
indicates that these interactions at best will be equal
to zero for apolar polymers with surface energies similar
to those of the aliphatic chains (y5" ~ y;"). If these
dispersive interactions drove polymer intercalation,
hybrid formation would be energetically most favorable
for polyalkanes and saturated polyolefins. Experimen-
tally though, these polymers lead to immiscible hybrids
(PVCH (Table 3), polyethylene!®) in static experiments.33

Thus, the favorable internal energy change driving
polymer intercalation arises from interactions at the
interlayer surface, espsa and Ays. If the polymer inter-
acts more favorably with the surface than the aliphatic
chain, espsa < 0. From eq 4 and 6, favorable interactions
arise when 4% < 0 and |y38 > yi". Two conditions
exist for a negative ¥, " > v and y; <y, or y; <
vy and Yi > vk-22% Physically, these conditions
imply that each interacting species possesses either the
strongest electron donating or electron accepting moiety
but not both.

For the styrene-derivative polymers examined, these
interactions most likely occur between the interlayer
surface and the pendant groups of the polymers (Table
3). For polystyrene, the resonance structure of the
phenyl ring exhibits a slight Lewis-base character.?! For
PVP and PS3Br, the electronegative additions in the
pendant ring redistribute the ring’s electron density.
Possible Lewis-acid sites on the silicate include the
cationic head group of the organic modifier or the Si**
atoms in the tetrahedral sites of the silicate layer, while
possible Lewis-base sites include the surface oxygens
of the layer.14-16:3536 Since to maximize compatibility
monopolar (i.e. either Lewis acids or bases) components
are required, as the basic character of the polymer
increases, organosilicates with strong electron accepting
and weak electron donating properties are needed.

5.2.2. Initial Interlayer Structure. In addition to
the sign and magnitude of the interaction parameters,
the internal energy change depends on the relative
contribution of these interactions. The relative contri-
bution is determined by the fraction of the various
interaction sites within the gallery. This depends on
the initial interlayer structure of the OLS. From the
model, the relative number of the various interaction
sites is expressed by the critical interlayer structure
parameter, &c, which is the ratio of the geometrical
prefactors of the interaction parameters in eq 3. For
large initial gallery heights (large &c), the interactions
within the interlayer between polymer and aliphatic
segments, e,p, contribute the most to the internal energy
change. For OLS's with smaller initial gallery heights
(smaller &c), the interactions at the interlayer surface,
€spsa CONtribute increasingly more to the energy change.

Recall that, for OLS's with aliphatic chains, €5, is
greater than zero, and thus esp sa must be less than zero
for an energetic decrease upon hybrid formation. Note
that the polar moieties of the polymer, which are
necessary for the establishment of more favorable
surface interactions, will be deleterious for interactions
with the apolar aliphatic chains within the interlayer
volume (eq 6). Thus, the optimal OLS interlayer
structure will minimize the number of potential interac-
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tions within the interlayer, while maximizing the
number of potential replacement sites on the interlayer
surface.

A comment is warranted at this time concerning melt
intercalation of layered silicates modified with organic
chains possessing polar moieties such as phenyl, alco-
holic, ester, etc. Proper choice of these moieties will
result in more favorable interactions between the
polymer and organic modifier, potentially leading to eap
< 0 and very favorable conditions for melt intercalation.
However, introduction of these moieties may also be
deleterious. If these polar groups have very favorable
interactions with the silicate surface, replacement of
surface contacts will be difficult and the effective
number of contacts between the polar groups and the
polymer in the interlayer will decrease. Similarly, the
entropic gain associated with the increase in conforma-
tional freedom of the organic chains will decrease.
These effects will impede hybrid formation. A careful
weighing of all these considerations is necessary to
select the optimal interlayer functionalization.

Qualifying the influence of the initial interlayer
structure and the various interlayer interactions on
hybrid formation may lead to a criterion to select
potentially successful polymer—OLS systems. One
potential approach to determining the equilibrium state
for a polymer/OLS system is to calculate the free energy
change per area using eq 1—6. Using values in Table
4, we determined the equilibrium states for various Fn—
PS systems (12 < n < 18) from the minimum of the free
energy change per area as a function of gallery height.!
In all cases intercalated hybrids are predicted in agree-
ment with the experiment. The final gallery heights
predicted from the model for different chain lengths also
exhibit the same trend (decreasing intercalated gallery
height with decreasing n) found experimentally (Figures
2 and 4). Within the framework of the model, the effect
of varying chain length parallels that for varying the
area per chain, since both contribute linearly to hg (eq
7). Therefore, assuming the interaction parameters are
the same for the different OLS's, the hybrid state
predicted for OLS’s with various areas per chain (Table
2) also agrees with the equilibrium states observed.
However, the magnitude of the net gallery height
increase calculated from the model differs from experi-
mental values by up to 35%. This is not surprising
though given the simplicity of the theoretical formula-
tion and the uncertainty of the values of the parameters
used.

5.3. Product Maps. An alternative approach to
using the free energy curves to determine the favored
equilibrium state is to derive a ‘product map’ (similar
to a phase diagram) for a given set of parameters. The
product maps display the dependence of the sign of the
internal energy change on two system parameters. As
outlined in the previous paper,! the total entropy
change, to a first approximation, is near zero for the
initial stages of polymer intercalation. For these cases,
the sign of the internal energy change will determine
the sign of the free energy change of the system and,
thus, the outcome of intercalation. Within the bounds
of the model, the total energy is near zero when |esp sa/
€ap| = &c.t Determining &c from the initial interlayer
structure and using eqs 4—6 to express espsa and eap,
the resulting equality gives the dependence of the point
of zero energy change on the various apolar and polar
interaction parameters of the constituents. From the
perspective of establishing a methodology for selecting



8008 Vaia and Giannelis

1.0 | LA AL LA N L AN B r_
0.8 - —
“-'E 0.6 - Aey <0 Aey >0 -
—
E [
L
02
| Aey >0 Aey <0 i
00 MR P BT R RS R RS [
00 05 1.0 1.5 2.0 25 3.0

Y, mJ m”

Figure 10. Product map showing the dependence of the
internal energy change per interlayer volume on the Lewis

acid, y,, and Lewis base, y,, parameters of a polymer (y;" =
42 mJ m~2) with an ‘octadecyl’-modified silicate. Curves are
determined using the surface tension parameters in Table 4
and & = 5.0.

successful polymer/OLS combinations, the product maps
are more instructive than the free energy curves because
the effects of various parameters on the equilibrium
state are more readily discernible.

For example, using parameters for the OLS outlined
in Table 4, Figure 10 shows the relationship between
the Lewis-acid, y;, and Lewis-base, y,, components of
the polymer interfacial energy for intercalation of a
polymer (y," = 42 mJ m~2) into an ‘octadecy!'-modified
silicate. Similar maps may be constructed displaying
the relationships between other interaction parameters,
such as intercalation of a given polymer into modified
silicates with different y; and y;. In the central
region of Figure 10, the internal energy change, and
thus the free energy change of the system, is less than
zero, and hybrid formation is favorable. For polymers
with parameters outside this region, the net energy
change is greater than zero and hybrid formation is
unfavorable. In principle, the potential product of
polymer melt processing may be determined a priori
from values of the surface interaction energies. Because
of the limited availability of measured values of
i, v;, and ¥, a comprehensive comparison with
experiment is difficult. However, for the values avail-
able, the product maps agree well with the experi-
ments.® Currently, we are exploring ways to better
quantify the various interaction parameters.

6. Conclusions

Experimental results indicate that the outcome of
polymer intercalation depends critically on silicate
functionalization and constituent interactions. We ob-
served that (a) an optimal interlayer structure of the
OLS, with respect to the number per area and size of
the alkylammonium chains, is most favorable for hybrid
formation and (b) polymer intercalation depends on the
existence of polar interactions between the OLS and the
polymer.

In general, the conclusions of the mean-field model
described previously! agree with the experimental
results. The entropy loss associated with confinement
of a polymer melt is not prohibitive to hybrid formation
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because an entropy gain associated with layer separa-
tion balances the entropy loss of polymer intercalation,
resulting in a net entropy change near zero. Thus, from
the theoretical model, the outcome of hybrid formation
via polymer melt intercalation depends on energetic
factors which may be determined from the surface
energies of the polymer and OLS.

From these observations and the construction of
product maps, general guidelines may be established
for selecting potentially compatible polymer—OLS sys-
tems. |Initially, the interlayer structure of the OLS
should be optimized to maximize the configurational
freedom of the functionalizing chains upon layer sepa-
ration and to maximize potential interaction sites at the
interlayer surface. For these systems, the optimal
structure appears to exhibit a chain arrangement
slightly greater than a pseudo-bilayer. Polar polymers
containing groups capable of associative-type interac-
tions, such as Lewis-acid/base interactions or hydrogen-
bonding, lead to intercalation. The greater the polar-
izability or hydrophilicity of the polymer, the shorter
the functionalizing groups in the OLS should be to
minimize unfavorable interactions between the aliphatic
chains and the polymer.
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