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ABSTRACT: A mean-field, lattice-based model of polymer melt intercalation in organically-modified mica-
type silicates (OLS) has been developed. In general, an interplay of entropic and energetic factors
determines the outcome of polymer intercalation. Free energy curves and their dependence on energetic
and entropic factors suggest three possible equilibrium statessimmiscible, intercalated, and exfoliatedsall
of which have been experimentally observed. The entropic penalty of polymer confinement may be
compensated for by the increased conformational freedom of the surfactant chain as the layers separate.
When the total entropy change is small, small changes in the system’s internal energy will determine if
intercalation is thermodynamically possible. Complete layer separation, though, depends on the
establishment of very favorable polymer-OLS interactions to overcome the penalty of polymer confine-
ment. For alkylammonium-modified layered silicates, a favorable energy change is accentuated by
maximizing the magnitude and number of favorable polymer-surface interactions while minimizing the
magnitude and number of unfavorable apolar interactions between the polymer and the functionalizing
alkyl surfactants.

1. Introduction

Materials having constituents with dimensions on the
nanometer scale are currently topics of intense research.
This activity is motivated, in part, by the realization
that nanoscale materials often exhibit physical and
chemical properties that are dramatically different from
their bulk counterparts.1-3 Recently, polymer melt
intercalation has been shown to be a more efficient and
environmentally-benign alternative to traditional in-
tercalation processes for synthesis of nanophase poly-
mer-silicate hybrids.4-7 Traditional synthetic schemes
involve intercalation of polymers either via intercalation
of a suitable monomer and subsequent polymerization8-23

or via polymer intercalation from solution.23-27 For
most technologically important polymers, these conven-
tional approaches are limited, since neither a suitable
monomer nor a compatible polymer-host solvent sys-
tem is always available. Alternatively, using a variety
of commercial and model polymers, polymer melt in-
tercalation has led to a wide variety of nanophase
hybridssmany of which had not been previously syn-
thesized using the traditional intercalation approaches.
Unfortunately, many aspects of the melt intercalation

process, such as the effect of silicate functionalization
and intermolecular interactions on the final hybrid
structure, are not well understood. Theoretical expla-
nations of the driving forces, critical system parameters,
and the potential products of the process are unavail-
able. Consequently, the outcome of the synthesis
procedure for a specific polymer-silicate combination
is not always known a priori.
In this paper, we develop a mean-field, lattice-based

model to describe polymer melt intercalation in organi-
cally-modified mica-type layered silicates. The resulting
thermodynamic model is used to discuss the contribu-
tions of various entropic and energetic factors to the free
energy of the system upon hybrid formation and to
identify possible equilibrium states of the hybrids. By

addressing the thermodynamic aspects of the process,
our aim is to establish a framework where melt inter-
calation may be critically explored and where guidelines
for hybrid synthesis can be established. In a follow-up
paper, the effects on hybrid formation of various char-
acteristics of the silicate and polymer (e.g., intermo-
lecular interactions, nature of silicate functionalization)
will be qualified by contrasting the mean-field model
with the experimental results.28

2. Background

Mica-type layered silicates possess the same struc-
tural characteristics as the well-known minerals talc
and mica.29,30 Their crystal structure consists of two-
dimensional layers formed by fusing two silica tetrahe-
dral sheets with an edge-shared octahedral sheet of
nominally aluminum or magnesium oxide. Stacking of
the layers leads to a van der Waals gap or gallery
between the layers. The galleries (alternatively referred
to as the interlayers) are normally occupied by cations
that balance the charge deficiency that is generated by
isomorphous substitution within the layers (e.g., Al for
Si or Mg for Al). Commonly, hydrated alkali metal and
alkali earth cations balance the layer charge, creating
a hydrophilic interlayer environment.
Organically-modified layered silicates (OLS) are pro-

duced by a cation-exchange reaction between the silicate
and an alkylammonium salt (surfactant molecule).30,31
Because the negative charge originates in the silicate
layer, the cationic head group of the alkylammonium
molecule will preferentially reside at the layer surface
and the aliphatic tail will radiate away from the surface.
The interlayer structure of the aliphatic chains ranges
from solid-like to liquidlike but is disordered with a
density comparable to liquid alkanes at temperatures
greater than∼100 °C.31 The presence of these aliphatic
chains in the galleries renders the originally hydrophilic
silicate organophilic.
Figure 1 schematically shows hybrid formation by

direct polymer melt intercalation in organically-modified
silicates (OLS). The synthesis involves annealing, stati-
cally or under shear, a mixture of the polymer and
silicate above the softening point of the polymer.4-7
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During the anneal, the polymer chains diffuse from the
bulk polymer melt into the galleries between the silicate
layers. Depending on the degree of penetration of the
polymer into the OLS structure, hybrids are obtained
with structures ranging from intercalated to exfoliated.
Polymer penetration resulting in finite expansion of the
silicate layers produces intercalated hybrids consisting
of well-ordered multilayers composed of alternating
polymer/silicate layers. Extensive polymer penetration
resulting in disorder and eventual delamination of the
silicate layers produces exfoliated hybrids consisting of
individual nanometer-thick silicate layers suspended in
a polymer matrix.
Hybrids have been obtained from polymers with

varying degrees of polarity and crystallinity, implying
that polymer melt intercalation is a general phenome-
non.4-7,28 The structure of the hybrid may be controlled
by altering the length, density, and type of surfactant
modifiers of the OLS, as well as the polymer.
The final polymer-OLS structure closely resembles

many idealized depictions of confined polymer systems.
The thermodynamics of confined polymers has been an
area rich in theoretical development over the past 30
years. Numerous models, varying in complexity, have
been developed to describe confined polymer melts and
polymer brushes,32-40 amphiphilic bilayers and mono-
layers,41-44 and block copolymer-homopolymer
blends.45-48 Surprisingly, none of these theoretical
models capture all the aspects of the intercalation
process. The interlayer structure of the intercalated
hybrids consists of polymer and short surfactant chains,
free and tethered to the surface, respectively. Addition-
ally, the concentration of the polymer varies from a melt
outside the interlayer to a dilute solution within the
interlayer. For the majority of these theoretical treat-
ments, only one aspect of the hybrid’s interlayer struc-
ture is addressed. For example, confined polymer
molecules surrounded by a monomeric solvent have
been discussed, but confined polymer molecules sur-
rounded by an end-tethered, oligomeric solvent have
received relatively little attention.
In general, any comprehensive thermodynamic de-

scription of polymer melt intercalation must not only
consider the potential configurations of the constituents
but also consider the numerous interactions between the
constituents and the interdependence of the conforma-
tions of the various constituents. For the simplest case
of a polymer in a solvent, a comprehensive thermody-
namic description that is generally applicable to a broad
range of polymer-solvent combinations is extremely
complex. For more intricate systems such as polymer
melt intercalation, a comprehensive description is im-
practical. The present model is an initial step to
understanding the important factors controlling polymer
intercalation. Although simplistic, the semiquantitative
mean-field model elucidates the important aspects of the
process and serves as a framework for interpretation

of experimental results and as a starting point for future
theoretical development.

3. Model
3.1. System. As an initial approach to developing a

thermodynamic description of polymer melt intercala-
tion, consider an incompressible system with a constant
density of polymer and end-tethered chain segments.
A single interlayer of OLS with a spacing of h0 is
embedded in a bath of polymer melt where the inter-
layer is completely occupied with end-tethered surfac-
tant chains. As the interlayer spacing increases, poly-
mer is incorporated from the surrounding melt, producing
an intercalated polymer-OLS hybrid. In a mean-field
context, we assume the free energy change associated
with layer separation and polymer incorporation may
be separated into an internal energy change associated
with the establishment of new intermolecular interac-
tions, ∆E, and an ideal combinatorial entropy change
associated with configurational changes of the various
constituents, ∆S. Thus, the total change in Helmholtz
free energy, ∆F, accompanying layer separation from
an unintercalated interlayer of gallery height h0 to a
polymer-intercalated interlayer of gallery height h is

where T is temperature. ∆F < 0 indicates layer
separation is favorable, while ∆F > 0 implies the initial
unintercalated state is favorable.
From the schematic in Figure 1, the major factors

contributing to the free energy change may be identified
as the relative confinement of the polymer, the confor-
mational changes of the tethered chains, and the
establishment of new intermolecular interactions be-
tween the polymer, the tethered chains, and the silicate
surface. By separating and developing expressions for
∆E and ∆S independently, we will only indirectly
account for the effect of intermolecular interactions on
conformational freedom of the polymer and the OLS.
Though not the ideal situation, this approach has proven
very successful in semiquantitatively describing many
systems such as polymer solutions.49
Since the system is incompressible and the silicate

layer area, A, is unaltered by polymer intercalation, the
interlayer volume fraction, æ̂i, of the intercalated poly-
mer (i ) 1) and the end-tethered surfactant chains (i )
2) can be expressed in terms of gallery height, h, by

Initially, the interlayer volume fraction of the interca-
lated polymer, æ̂1, equals 0 and the gallery height equals
h0. As the gallery height increases, the additional
interlayer volume is occupied by the intercalating
polymer. Since end-tethered surfactant chains are
present on both surfaces, the tethering of the surfactant
chains prevents uniform mixing when h > 2h∞ where
h∞ is the fully extended length of the tethered chains.
In this case a two-phase system exists with mostly
polymer present in the central region of the gallery.
Therefore, the mean-field approximation is only valid
for æ̂1 < 1 - (h0/2h∞), limiting the degree of layer

Figure 1. Schematic depicting the intercalation process
between a polymer melt and an organically-modified layered
silicate (OLS). The interlayer density before and after inter-
calation is 0.8-1.0 g/cm3.
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expansion that may be considered. However, layer
expansion up to 2h∞ is sufficient to include the equilib-
rium interlayer spacing of most intercalated hybrids and
the initial stages of layer expansion of exfoliated hy-
brids.7
Employing lattice-based statistical thermodynamics,

we develop in the following sections approximate ana-
lytical expressions for ∆E and ∆S that are subsequently
used to discuss the most important factors contributing
to hybrid formation.
3.2. Entropy Change. The change in configura-

tional entropy during hybrid formation, ∆S, arises from
changes associated with the OLS and the intercalated
polymer. For the polymer, conformational changes arise
from the confinement of a polymer, initially in the melt,
to a polymer-surfactant solution within a slit. For the
OLS, conformational changes arise from reorganization
of the silicate layers and the tethered surfactant mol-
ecules as polymer intercalates. Because the silicate
layers are large (lateral dimensions ∼ 1 µm) and
unaltered during intercalation, their translational en-
tropy is relatively small and will not contribute sub-
stantially to the overall entropy change of hybrid
formation. Thus, in the limit of intercalated structures
with finite gallery heights, the translational component
of the silicate layers may be ignored. However, relative
to the unintercalated state, the tethered chains gain
substantial configurational freedom as the gallery height
increases, irrespective of the final hybrid structure, and
thus depends on the degree of layer separation.
As a first-order approximation, we assume that ∆S

can be treated as the sum of (a) the entropy gain of the
tethered chains in the interlayer from increasing the
gallery height from h0 to h (∆Schain) and (b) the entropy
loss in confining an initially unconstrained polymer to
a gallery of height h (∆S polymer).

The implications of treating the entropic changes of
the silicate and polymer in this manner warrants
further comment. In the confined environment of the
interlayer, the most probable segment density distribu-
tion of the tethered chains dictates the available volume
for the polymer and vice versa. Subdividing the entropy
of the system assumes that the configurations of the
tethered chains and polymer are independent, consis-
tent with the mean-field treatment. Realistically, this
is not the case in the confined interlayer environment.
However, previous work based on mean-field chain
statistics indicates that this crude approximation leads
to surprising realistic results, especially in identifying
the major factors contributing to the chain behavior.32,49
Since our objective is to describe the system semiquan-
titatively and no previous theoretical or experimental
information is available to substantiate a more complex
self-consistent treatment, the simplifications implicit in
this approach are acceptable as an initial approach to
understanding the entropic factors contributing to
polymer melt intercalation.
3.2.1. Organically-Modified Layered Silicate. A

modification of the Flory-Huggins lattice theory of
polymer-monomer mixtures may be employed to de-
termine ∆Schain. To approximate the silicate interlayer,
the modified treatment must account for (1) the re-
stricted freedom of the tethered chains arising from the
ionic interactions between the head group and the
silicate layer and (2) the influence of the silicate surface
on the conformational freedom of the tethered chains.

Consider a lattice of n0 sites arranged between two
impenetrable surfaces, Figure 2. The surfaces are
separated by h/a2 lattice sites such that n0 ) h/a2A′. a2
is the segment length of the tethered chain and A′ )
A/a22 is the number of lattice sites in contact with one
of the surfaces. The interlayer is uniformly occupied
by n2 tethered chains composed of m2 segments. From
classical mean-field lattice statistics,49 the configura-
tional entropy of chains on a lattice can be approximated
if the total number of conformations, ηi+1, available to
the (i+1)th chain can be expressed. Following the
development of Barrer et al.,50 if i tethered chains are
already inserted into the lattice, n0 - m2i cells will
remain unoccupied and ηi+1 may be expressed as

To account for the restricted freedom of the chains end-
tethered to the surface, the first segment of the chain
is restricted to n2 sites near the interlayer surface
instead of being free to occupy all n0 sites.50 The
probability that a site adjacent to a proceeding segment
is unoccupied depends on the fraction of unoccupied
sites, (n0 - m2i)/n0, the coordination number of the
lattice, z, and a statistical surface factor, c, that accounts
for the inaccessibility of sites on the far side of the
surface (c ) 0.75 for z ) 4, c f 0.5 for z f ∞, where z is
the coordination number of the lattice).50 The statistical
surface factor is present only for the fraction of inter-
layer sites near the surface that are occupied by the
tethered chain, øS. Here øS(h0) ≡ øS0 and øS0 > øS(h >
h0).
The total number of ways, Ω, that n2 sets of m2

adjacent sites can be arranged on the lattice is then

∆S ≈ ∆Schain + ∆Spolymer (3)

Figure 2. Two-dimensional schematic of a section of the
modified lattice used to determine the interlayer entropy. The
lattice has n0 interlayer sites occupied by n2 - i tethered chains
with m2 segments per chain.
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and the configurational entropy of the system is given
by Schain ) kB ln Ω. Equation 5b may be separated into
three components. The initial term is the traditional
expression obtained by Flory49 for placing chain mol-
ecules on an unconstrained lattice and leads to an
expression for the ideal translational entropy of the
system. The second term arises from the restraints
imposed on the location of the first chain segment that
is end-tethered. The third term accounts for the effect
of the silicate surface on the conformations of the
tethered chains by reducing the possible number of
adjoining sites by the fraction of lattice sites near the
silicate surface.
Using Sterling’s approximation for the factorials in

eq 5b and normalizing to interlayer volume,49,51 the
entropy change of the interlayer may be expressed. The
entropy change per interlayer volume of the tethered
chains, ∆sV

chain with layer separation from h0 to h is
given by

where νi,mi, and æ̂i are the molar volume per segment,
the number of segments per chain, and the interlayer
volume fraction, respectively. NA and kB are Avogadro’s
number and Boltzmann’s constant, respectively. Ad-
ditionally, the approximations that (m2 - 1) ≈ m2 and
(1 - 1/m2) ≈ 1 are made.
Equation 6 indicates that the end-tethering of chains

effectively removes their translational contribution to
the entropy. The additional interlayer volume associ-
ated with layer separation increases the entropy of the
tethered chains by effectively decreasing the influence
of the surface on their conformations by (øS - øS0). For
polymer melt intercalation, the medium surrounding
the tethered chains consists of polymer whose length,
m1, is large, and thus the translational component
associated with the polymer (first term in eq 6) will be
small. The entropy change of the interlayer with
increasing interlayer spacing is dominated by the effect
of the surface on the conformational freedom of the
tethered chains and

Therefore, as layer separation increases, the entropy
change is proportional to the difference in the fraction
of interlayer sites near the retreating surface, øS(h) -
øS0. Recall that øS is strictly defined as the fraction of
interlayer sites next to the surface that are accessible
by the end-tethered chains. In other words, øS(h) - øS0
represents the influence of the opposing surface on the
potential chain conformations. The fraction of inter-
layer sites near a surface is a2/h; however, sites that
are at a distance greater than h∞ from the tethering
point are inaccessible to the end-tethered chain and do
not influence the potential chain conformations. As the
gallery height approaches h∞, the fraction of sites near
the surface that influence the potential location of
tethered chain segments on the lattice approaches zero.
The functional dependence of øS(h) may be approxi-
mated in a variety of ways.52 Assuming the segment
density distribution of an unconstrained end-tethered
chain can be crudely expressed by Gaussian (random

flight) statistics, the density of tethered chain segments
perpendicular to the surface decays as cos2(πh/2h∞) with
distance, h, from the tethering surface.34,53 Therefore,
with regard to the limit at h∞, øS(h) can be constructed
as

where øS(h g h∞) ) 0. The advantage of eq 8 is that
øS(h) smoothly and continuously approaches zero as h
f h∞.52
The validity of eq 8 may be examined by comparing

it to results from more sophisticated theories such as
those of Szleifer et al.43,44 Figure 3 shows the free
energy change per 12-carbon end-tethered aliphatic
chain upon complete separation of the confining layers
for a series of OLS’s with different tethering densities.
Higher tethering density corresponds to greater initial
gallery heights and h0/h∞ approaching unity. The
dashed curve was determined by Szleifer et al.43,44 for
the case when the internal energy of the system is
constant (∆fchain/kBT ) -∆schain). The solid line is
determined using the lattice model (eqs 7 and 8) for the
same situation where ∆fchain/kBT ) -ln(c)(h∞/h0 cos2(πh0/
2h∞)). We assume the volume and extended length of
the tethered alkyl chain is 12(0.027 nm3) and 12(0.127
nm), respectively. Note that ∆fchain represents the free
energy gain per chain (not that per interlayer volume).
When the interlayer spacing increases from h ) h0 to h
> h∞, then øS(h) - øS0 ) -øS0.
In general, the results from the lattice model exhibit

a similar trend to that determined from the more
sophisticated approach of Szleifer et al.43,44 For 0.5 <
h0/h∞ < 1, the lattice model underestimates the entropy
gain associated with layer separation. This arises from
our description of the segment density profile across the
interlayer (eq 8) and is in accordance with predicted
segment density profiles for tethered oligomeric chains
whose profiles decrease less rapidly away from the

Figure 3. Ideal free energy change per 12-carbon end-
tethered aliphatic chain upon complete separation of the
confining layers for a series of OLS’s with different tethering
densities. Higher tethering density corresponds to greater
initial gallery heights and h0/h∞ approaching unity. The lattice
model (solid curve) assumes the volume and extended length
of the tethered alkyl chain are 12 (0.027 nm3) and 12 (0.127
nm), respectively. Szleifer et al.’s values44 (dashed curve) are
calculated from the free energy difference per chain between
a compacted monolayer and a “free” monolayer with an area
per chain equal to the volume per chain divided by the layer
height. We assume the free monolayer is equivalent to an
interlayer with h > h∞.
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cos2(π
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surface than predicted by random flight statistics.41-44

Although the agreement is not perfect, the advantage
of eqs 7 and 8 is that the effect of constraining the
tethered chains on the entropy of the system can be
approximated analytically. At this time, further im-
provement to eq 8 is unjustified given the various
approximations in eq 7.
3.2.2. Confined Polymer. To complete the expres-

sion for ∆S, the entropy change associated with the
intercalated polymer must be expressed in a manner
complimentary to ∆Schain. In a mean-field context, the
total entropy change associated with polymer confine-
ment may be expressed as the product of the interlayer
volume fraction of polymer and the entropy loss of a
polymer chain confined to a slit height equal to the
gallery height of the hybrid. Numerous mean-field
descriptions of polymers confined between two flat
surfaces have been proposed.32,34,36-38,40 Of these, the
Dolan and Edward’s treatment of confined random-
flight polymer chains are closest to our modified Flory
approach for the silicate interlayer.34
Following Dolan and Edward’s methodology to cal-

culate the entropy loss of a confined random-flight
polymer chain with excluded volume, the entropy loss
per interlayer volume of the intercalated polymer, ∆
sV
polymer, is34

where v1, al, andm1 are the molar volume per segment,
the segment length, and degree of polymerization of the
polymer, respectively. u is Dolan and Edward’s dimen-
sionless excluded volume parameter. By defining the
volume of a lattice site as the volume of a surfactant
unit, al is related to the radius of gyration of the polymer
Rg, by a12 ) 6Rg

2v2/v1m1 or alternatively, by a12 ) ap2v2/
v1, where ap is the statistical segment length of the
polymer.
The first term in eq 9 describes the configurational

entropy loss per interlayer volume of a confined, ideal
random-flight polymer and agrees with scaling argu-
ments developed by de Gennes.32 Ideal random-flight
statistics, though, do not account for the physical volume
or the connectivity of the polymer and result in an
underestimation of the total entropy change of the
intercalated polymer associated with the neglect of the
self-avoiding nature of a real polymer chain. Scaling
arguments introduced by de Gennes and others for a
self-avoiding polymer in 3-dimensions indicate that (a1/
h)x should scale as x ) 5/3 and not as x ) 2.32 However,
these scaling relationships are not useful in our devel-
opment because the coefficients have yet to be deter-
mined and thus the absolute magnitude of various
entropic terms cannot be determined. Furthermore,
recent work has shown that the scaling relationship is
dimensionally dependent and thus changes as the slit
height approaches the size of a repeat unit.54
To account for the impenetrability of polymer seg-

ments and better approximate the confirmational sta-
tistics of a real polymer, the effect of excluded volume
on the conformation of a confined random-flight chain
was included. The excluded volume describes the
influence of the interlayer environment on the polymer
conformation. Assuming there is minimal interpenetra-
tion of polymer chains in the interlayer, u ≈ 3(R5 - R3),
where R is the chain expansivity as defined by Flory.49
The molecular weight dependence in the second term

of eq 9 is related to the molecular weight dependence
of the Flory excluded volume, v, by v/v1 ) u/Km1

1/2 where
K is a numerical constant.34,49 Recall that the concen-
tration of polymer segments changes as the layers
separate and that the entropy change of the confined
polymer is determined with respect to the polymer melt.
Thus, R represents the expansion of the chain in the
interlayer environment with respect to the melt and will
depend on gallery height in an unknown manner,
approaching zero as the concentration approaches that
of the melt. Since the mean-field approximation is only
valid for h e 2h∞, we assume R is constant, independent
of h and specific for a given polymer-OLS system.
3.3. Internal Energy Chance. To complete the

thermodynamic description of polymer melt intercala-
tion, the internal energy associated with intermolecular
interactions must also be included. As shown in Figure
1, the prominent interactions will arise between the
three components of the systemsthe silicate surface, s,
the tethered surfactant chains, a, and the polymer, p.55

Flory49 showed that by assuming the constituents of
a system interact in a mean-field, pairwise manner, the
total change in internal energy is the sum of the energy
change associated with each pairwise interaction. The
specific distribution of the constituents within the
system is less important; only the interaction energy
per contact and the number of contacts per unit need
to be determined. Traditionally, for lattice-based mod-
els, the number of contacts is defined by the symmetry
and coordination number of the lattice. As the coordi-
nation number of the lattice approaches infinity, the
number of contacts approaches the contact area. Here,
the energy per contact may be equally expressed as an
energy per lattice site. Using the lattice to approximate
the total contact area, this alternative definition is
advantageous because the pairwise interaction energy
per area is lattice-independent and may be further
interpreted as a cohesive or interfacial energy per area
for which values are available in the literature. For
polymer melt intercalation, using interfacial energies
is especially advantageous because of the polar nature
of the silicate surface and the presence of the alkylam-
monium cations. The associative interactions resulting
from these polar constituents may be described using
expressions for interfacial energies, such as the one
developed by van Oss and co-workers.56

Using the area approach, the internal energy change
of the system upon polymer intercalation, ∆E, is ex-
pressed as

where Ajk
i and Ajk

f are the total area of contact between
the components for the initial unintercalated system
and the final hybrid, respectively. εjk is the pairwise
interaction energy per area of these contacts relative
to the initial j-j and k-k interactions. Large positive
values of εjk indicate unfavorable interactions, while
negative values of εjk indicate favorable interactions.
Equation 10 may be further simplified by assuming, as
we did previously for the entropy of the tethered
surfactant chains, that all the lattice sites are initially
occupied by tethered chain segments. Therefore, in the
incompressible limit, the final area of polymer-surface
contacts established equals the difference between the
initial and final area of surfactant-surface contacts,
such that Asp

f ) Asa
f - Asa

i .

∆sV
polymer/NAkB ) -

æ̂1

ν1
π2

6 (a1h )2 -
æ̂1

ν1x 3
m1

u
a1
h

(9)

∆E ) Asp
f
εsp + Aap

f
εap + (Asa

f - Asa
i )εsa (10)
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To determine the fraction of interaction area between
components, Konigsveld and coworker’s site fraction
approach57,58 is modified by approximating the interac-
tion area per segment, Rj, of the j-th molecular species
as the circumferential area of a cylinder with height and
volume equal to that of the j-th segment. Therefore,
the internal energy per interlayer volume associated
with intercalation, ∆ev, is

where

and

b/Q is the effective interaction energy per interlayer
volume59 and ri is the radius of the interaction surface,
approximated as a cylinder, such that ri ) (νi/NA)(2/Ri)
or likewise ri2 ) (νi/NA)(1/aiπ). Recall that the change
in interactions at the interlayer surface is expressed by
εsp,sa ) εsp - εsa.55 εjk is the pairwise j-k interaction
energy per area of the j-k contacts relative to the initial
j-j and k-k interactions.

4. Discussion
The total free energy change associated with layer

separation and polymer intercalation and its entropy
and energy components may be expressed as a function
of gallery height by combining eqs 1-3, 7-9, and 11-
13. These expressions are based upon two critical
assumptions concerning the structure of the tethered
surfactant chains and the intercalated polymer: (i)
disordered interlayer structure and (ii) constant seg-
ment density.
Mean-field approximations are most applicable for a

random, disordered arrangement of constituents. Con-
sequently, the model inherently assumes the interlayer
structure of the OLS before and after polymer intercala-
tion is disordered and liquid-like. Using Fourier trans-
form infrared spectroscopy and X-ray diffraction, we
have recently shown this to be the case for the unin-
tercalated OLS at processing temperatures generally
used for melt intercalation.31 Additionally, using the
same techniques, in-situ monitoring of the interlayer
structure during polystyrene intercalation in an OLS
indicates that the degree of disorder of the interlayer
environment is the same or increases slightly as the
polymer intercalates.7
A constant interlayer density is necessitated because

we assume incompressibility to derive the internal
energy and entropy expressions. Using X-ray diffraction
measurements of the gallery heights of the uninterca-
lated OLS and of the final hybrid, the interlayer density,
F, can be approximated before and after melt intercala-
tion. To a first approximation, the relationship between
the initial gallery height and the interlayer density, F,
may be expressed linearly as h0 ) FW/FσNA, where FW
is the formula weight of the surfactant chain and σ is
the area per tethered chain (determined from the
silicate’s exchange capacity). From the experimental
gallery heights for unintercalated alkylammonium-

modified fluorohectorites,31 the initial interlayer density
is approximately 0.9 ( 0.1 g/cm3,7 similar to the density
of liquid alkanes. The interlayer density after interca-
lation may also be approximated in a similar fashion
from the final gallery height, the molar volume of a
polymer segment, and the weight fraction of polymer
necessary to fully intercalate the OLS. Again, using
experimental gallery heights for polystyrene melt in-
tercalated alkylammonium-modified fluorohectorites,7,28
we find that the final interlayer densities are within
10% of the initial interlayer densities.7 Thus, to a first
approximation, the interlayer density is invariant
throughout the polymer intercalation process.
Since both critical assumptions about the microscopic

structure of the interlayer have an experimental basis,
the following sections will use the developed expressions
to discuss the important entropic and energetic factors
that affect polymer intercalation and identify possible
equilibrium states of the hybrids.
4.1. Entropic Factors. Upon initial examination

of the melt intercalation process, the entropy decrease
associated with polymer confinement between the sili-
cate layers might be expected to be large enough to
prohibit hybrid formation. During polymer intercala-
tion from solution, the entropy loss of the intercalated
polymer is compensated for by an entropy gain associ-
ated with the desorption of a relatively large number
of previously absorbed solvent molecules.60 These mol-
ecules are displaced from the interlayer to accommodate
the incoming polymer chains. Since the number of
alkylammonium cations in the OLS is fixed by the
necessary charge balance with the silicate layer, a
polymer intercalating from the melt cannot displace any
interlayer species that would subsequently gain trans-
lational freedom. In the absence of strong interactions
between the polymer and the silicate surface, the
question arises as to what compensates the system for
polymer confinement.
Although the tethered chains do not gain transla-

tional freedom, they do gain configurational freedom as
the gallery height increases. This increased configura-
tional entropy of the tethered chains may compensate
the entropy loss associated with polymer confinement.
Consider an example of an arbitrary polymer and a
silicate functionalized with octadecylammonium
groups, Table 1.61 Using eqs 2, 3, and 7-9, h∆
sV
polymer, h∆sV

chain, and h∆sV can be calculated as a
function of gallery height up to 2h∞ - h0 (Figure 4). Note
that the entropy density is an extensive quantity
because the volume of the system varies linearly with
interlayer spacing. In contrast, the product of the
entropy density in the interlayer and the gallery height
is an intensive quantity and independent of system size.

Table 1. Parameters for a Silicate Functionalized with
Octadecylammonium Groups and an Arbitrary Polymer

initial gallery height h0 1.30 nm
tethered chain
segment length a2 0.25 nm
molar vol v2 33 cm3

no. of segmentsa m2 9.5
polymer
statistical segment length ap 2.5a2
molar vol v1 3v2
excluded vol param u/xm1 0.8

a The length of the ammonium group is approximated as half
of the length of a C2H4 unit such that m2 ) n′/2 + 0.5 where n′ is
the number of carbon atoms in the alkyl chain and h∞ ) a2m2.61

∆eV ) æ̂1æ̂2
b
Q

(11)

b ) ( 2h0εsp,sa + 2
r2
εap) (12)

Q ) 1 - æ̂2 (1 -
r1
r2

-
r1
h0) (13)
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The entropy change associated with the tethered
chains, h∆sV

chain (dashed line), increases until the layer
separation is equal to the fully-extended length of the
tethered chains, h∞. Layer separation greater than h∞
does not result in additional configurational freedom
because the opposite surface no longer influences chain
conformations. Thus, h∆sV

chain is invariant for h > h∞.
The entropy change associated with the polymer, h∆

sV
polymer (dash-dot line), is small at gallery heights near
h0 since the volume fraction of polymer in the interlayer
is small. As h increases, more polymer is confined and
the total penalty for polymer confinement per unit
silicate area increases. The magnitude of entropy loss
is related to the extent of chain expansion in the
interlayer. Here, u/m1/2 ) 0.8, corresponding to R ≈ 1.5
for an average molecular weight polymer (m1 ) 300) and
implying the interlayer environment is favoring ather-
mal conditions. The excluded volume term introduces
a weak molecular weight dependence, indicating that
intercalation is thermodynamically favored for higher
molecular weight polymers. However, kinetically, higher
molecular weight chains will take longer to intercalate,
potentially making this dependence difficult to observe.
The overall entropy change per area of the system,

h∆sV, is the sum of h∆sV
polymer and h∆sV

chain (Figure 4).
h∆sV (solid line) may be qualitatively separated into two
regions. For gallery heights less than a critical height,
hc, the overall entropy change is near zero. Here, the
penalty for polymer confinement is compensated by
entropy gains associated with layer separation
(|h∆sV

chain| ∼ |h∆sV
polymer|). Conversely, for h > hc, the

overall entropy change decreases and hybrid formation
is entropically unfavorable.52

For the situation considered in Table 1, if u/m1/2 ) 0,
corresponding to Θ-conditions,34,49 |h∆sV

chain| >
|h∆sV

polymer| implying spontaneous intercalation is pos-
sible. However, this situation is not consistent with
experimental results for polymer-OLS systems in
which ∆eV ∼ 0 and polymer melt intercalation is not
observed at least statically.7,28 Nonetheless, the entropy
loss of the polymer is in general the same magnitude
as the entropy gain of the tethered chains and for
systems with ∆eV∼ 0 the free energy change is also near

zero. In these cases the model is rather limited in
describing the outcome of intercalation due to the
several assumptions and approximations used.
Thus, for successful hybrid formation, it is critical to

have an initial interlayer structure that results in a
maximum increase in the conformational entropy of the
tethered chains to compensate the penalty of polymer
confinement. We will specifically address what this
optimum structure is in the followup paper.28 Addition-
ally, since the conformational entropy of the tethered
chains only increases up to h∞, complete layer separa-
tion depends on the establishment of very favorable
interactions to overcome the penalty of polymer confine-
ment at h > h∞.
Even though the mean-field model is limited to h e

2h∞, we can at least qualitatively discuss the behavior
of the system at greater gallery heights. At very large
layer spacings (h >> 2h∞), the entropy change per
interlayer area approaches a finite limit because the
configurational effects associated with the presence of
the silicate surface will always contribute to h∆sV.
However, the volume fraction of the system near the
silicate surfaces becomes increasingly small with in-
creasing gallery height and the contribution of the
tethered chains to the total entropy change is minimal.
Additionally, when h is greater than R0, the radius of
gyration of the polymer, the penalty of polymer confine-
ment approaches zero. Therefore, for layer separations
associated with exfoliated hybrids, a complementary
model considering the mixing in the bulk of n2 silicate
layers and n1 polymer chains is a more appropriate
starting point to discuss the thermodynamic stability
of these hybrids. For the bulk system, the total entropy
change per volume will depend on constituent mixing
and will be near zero. If the functionalized silicate
layers are treated as a macromolecule, the stability of
these hybrids may be likened to the phase behavior of
polymer blends, where small changes in the interactions
between the two macromolecules drastically impact
their phase behavior.62 Even if these exfoliated hybrids
are thermodynamically stable, large energy barriers
associated with silicate layer separation must be over-
come for melt-processing to be successful.
4.2. Energetic Factors. The total energy change

of the system depends on the volume fraction of polymer
in the interlayer and the effective interaction parameter,
b/Q (eq 11). The magnitude and sign of b is related to
the various pairwise interactions between the constitu-
ents and structural aspects of the interlayer such as
packing density, accessibility of interactions sites at the
interlayer surface, and size of the tethered-chain seg-
ments. Since in most conventional organosilicates the
tethered surfactant chains are apolar, dispersion forces
will dominate polymer-surfactant interactions, εap.
Therefore, the change in the interaction energy, relative
to the initial surfactant-surfactant and polymer-
polymer contacts, will be positive and unfavorable. On
the other hand, the silicate surface is polar. Thus,
polymer-surface interactions established during inter-
calation may be more favorable than the initial surfac-
tant-surface contacts, resulting in the possibility of εsp,sa
< 0. Consequently, a favorable energy decrease is
associated with the establishment of many favorable
polar polymer-surface interactions. Since the total
entropy change for intercalated hybrids is small, these
interactions are expected to provide the driving force
for polymer intercalation.

Figure 4. h∆sV
polymer, h∆sV

chain, and h∆sV as a function of the
change in gallery height for an arbitrary polymer and a silicate
functionalized with octadecylammonium groups (Table 1). h∞
- h0 is the change in gallery height for a fully-extended
octadecyl chain.52
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The interlayer concentration of the different types of
interacting jk pairs, however, determines their overall
effect on h∆eV. Since the majority of the interaction
area is in the central portion of the interlayer, changes
in interlayer interactions, εap, will have a greater effect
on ∆eV than changes in the relative surface interactions,
εsp,sa. To quantify the relative effect of these interac-
tions, we define the critical interlayer structure param-
eter, êc, as the ratio of the prefactors of the interaction
parameters, êc ) h0/r2 (eq 12). The prefactors express
the dependence of the total energy change on the
structure of the interlayer. When εsp,sa and εap are of
opposite sign and |εsp,sa/εap|) êc, the total energy change
is zero. For the parameters (Table 1) used in Figure 4,
êc ) 5. Therefore, to compensate for unfavorable
polymer-surfactant interlayer interactions, the change
in surface interactions associated with replacement of
surfactant-surface interactions with polymer-surface
interactions must be 5 times more favorable.
When possible polymer-OLS systems are selected,

these energetic considerations imply that not only
favorable polymer-surface interactions must be maxi-
mized but also that unfavorable apolar interactions
between the polymer and the tethered chains must be
minimized. The number of surface interactions may be
maximized by choosing an interlayer structure for the
OLS that minimizes êc and maximizes the potential
number of surface sites. This may be achieved by
controlling the density or type of interlayer organic
cations. There are no limitations to using only alkyl-
ammonium-modified layered silicates for polymer melt
intercalation.5,7 For example, the polymer-tethered
chain interactions may be minimized by selecting
organic modifiers that behave as a Θ-solvent for the
polymer. On the other hand, the energetic contributions
may also be maximized by incorporating certain moi-
eties into the polymer structure that interact very
favorably with the interlayer. The increased interaction
between the polymer and OLS, though, may decrease
the kinetics of intercalation by decreasing the diffusivity
and increasing the monomeric friction coefficient of the
polymer in the interlayer.
4.3. Equilibrium Phases. Thermodynamically

stable equilibrium states of the hybrid will be deter-
mined by an interplay of the various entropic and
energetic factors. To demonstrate the general forms of
the free energy curves, consider the system used in the
previous examples (Table 1). Figure 5 shows h∆fV at
423 K for various εsp,sa. For simplicity, we assume εap
) 0. This situation would describe melt intercalation
of a series of polyethylene-based polymerssεsp,sa ) 0 for
pure polyethylene and εsp,sa < 0 for polyethylene copoly-
mers in which a small fraction of ethylene units are
replaced with moieties exhibiting more favorable inter-
actions with the silicate.
The free energy curves may be grouped into three

types. Type I curves are positive at all gallery heights.
Polymer intercalation is unfavorable, and the polymer
and OLS are immiscible. In this case, the polymer-
surface interactions are similar to the surfactant-
surface interactions, resulting in no net driving force
for polymer intercalation.
Type II curves display a minimum at a discrete

gallery height. This class can be further subdivided.
For type IIa curves, only one minimum exists and
polymer intercalation is favorable up to a finite layer
separation, indicating that intercalated polymer-OLS
states are favorable. Since the total entropy change

may be small for a range of h < h∞, only a small
favorable increase in the surface interactions is neces-
sary to reduce the free energy and form a minimum.
For type IIb curves, more than one free energy mini-
mum exists and a transition from the local minimum
at h < h∞ to the global minimum at h > h∞ may require
external energy inputs, such as special processing
considerations or an exothermic chemical reaction.
Type IIb systems will exhibit ill-defined intercalated
structures or intermediate intercalated structures before
complete layered exfoliation.6,7,28

For type III curves, the free energy minimum at h <
h∞ becomes less defined and h∆fV continually decreases
as the gallery height increases. Polymer intercalation
and complete layer separation is favorable. This indi-
cates complete polymer-silicate layer miscibility, lead-
ing to an exfoliated state. Because the penalty of
polymer confinement dominates at h > h∞, exfoliated
structures require strong energetic interactions to over-
come the unfavorable entropy changes.
The effect of temperature on the shape of the free

energy curves will depend on the assumed temperature
dependence of the interaction parameters and chain
expansivity and thus the specific polymer-OLS system
under consideration. For temperatures far from an
effective interlayer Θ point, the temperature depen-
dence of these parameters will at most be linear, and
thus for conventional processing ranges temperature is
not expected to drastically affect the thermodynamic
state. However, the processing temperature will affect
the kinetics of hybrid formation.6 For example, the rate
of hybrid formation will depend on polymer mobility and
thus on the difference between the processing temper-
ature and the glass transition temperature of the
polymer.
In general, the trends discussed in Figure 5 agree well

with experimental results. Immiscible, intercalated,
and exfoliated structures have been experimentally
obtained.47,28,63 Intercalated hybrids are obtained in
systems with somewhat weak polymer-surface interac-
tions.7,28,52 Discrete intercalated states are rarely ob-
served in systems that yield exfoliated structures.
Additionally, exfoliated structures only occur when very
favorable surface-polymer interactions exist.

Figure 5. h∆fV for the system outlined in Table 1 and various
εsp,sa with εap ) 0. Free energy curves (a)-(d) correspond to
εsp,sa ) 0, -4, -8, and -12 mJ/m2 and, as discussed in the
text, type I, IIa, IIb, and III free energy curves, respectively.
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5. Conclusions

The mean-field statistical lattice model developed
serves as a first approximation to the polymer melt
intercalation process. It may be used to address ther-
modynamic issues associated with hybrid formation and
identify possible equilibrium states of the hybrids. In
general, an interplay of entropic and energetic factors
determines the outcome of polymer intercalation. The
model indicates that the entropic penalty of polymer
confinement may be compensated for, for gallery heights
up to the length of the fully-extended tethered chains,
by the increased conformational freedom of the tethered
chains as the layers separate. When the total entropy
change is small, small changes in the system’s internal
energy will determine if intercalation is thermodynami-
cally possible. Complete layer separation, though,
depends on the establishment of very favorable polymer-
OLS interactions to overcome the penalty of polymer
confinement. For alkylammonium-modified layered
silicates, a favorable energy change is accentuated by
maximizing the magnitude and number of favorable
polymer-surface interactions while minimizing the
magnitude and number of unfavorable apolar interac-
tions between the polymer and the tethered surfactant
chains. If complete layer separation is achieved (h >
R0), the total entropy change is near zero again, and
the potential stability of the hybrid may be thought of
in terms of a blend of two macromolecules. The model’s
free energy curves and their dependence on energetic
and entropic factors suggest three possible equilibrium
statessimmiscible, intercalated, and exfoliatedsall of
which have been experimentally observed.
The model has been successful in addressing some

thermodynamic issues associated with hybrid formation.
However, the mean-field approach and its assumptions
somewhat limit the usefulness of the model in quanti-
tatively predicting the results of melt intercalation
reactions and describing situations where the OLS’s
interlayer is not completely occupied by tethered-chain
segments, which is the case for many silicates having
low charge densities or modified by short surfactant
chains. Some of the limitations and gross approxima-
tions of the model, such as the decoupling of the tethered
chain and polymer conformations in the interlayer, may
be addressed by developing more sophisticated models
of hybrid formation based on the theories of Scheutjens
and Fleer37 and Szleifer.43 However, the lack of experi-
mentally determined molecular interactions still re-
stricts the qualitative usefulness of these more sophis-
ticated approaches. Therefore, to improve our under-
standing of the microscopic environment of the inter-
layer, Monte-Carlo and molecular dynamic simulations
of hybrid formation and of intercalation of small mol-
ecules in layered materials are being conducted to
provide additional insights into the mechanisms and
important factors associated with intercalation. Recent
Monte-Carlo simulations of the absorption of short
chains in a slit exhibit equilibrium structures very
similar to those concluded by our model.64

The present model, although simplified to obtain
solutions in closed form, provides some general and
physically sound directives for the development of
polymer-OLS nanocomposites via polymer melt inter-
calation. Using the model and experimental results, a
followup paper will consider the effect of intermolecular
interactions and silicate functionalization on hybrid
formation and propose guidelines for the selection of
potentially successful OLS-polymer combinations.28
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Index of Symbols

1 confined polymer
2 tethered surfactant chains
ai segment length (i ) l or 2)
ap statistical segment length of the polymer
c statistical surface factor
h gallery height
h0 initial gallery height
hc gallery height where ∆sV ∼ 0
h∞ extended length of the tethered chain
kB Boltzmann’s constant
mi number of segments in the chain (i ) 1 or 2)
n′ number of carbon atoms in the alkyl chain
n0 total number of lattice sites
u dimensionless excluded volume parameter34

vi molar volume per segment (i ) l or 2)
A number of lattice sites in contact with a surface
Ajk
i total area of contact between the components for

the initial unintercalated system
Ajk
f total area of contact between the components for

the final hybrid
NA Avogadro’s number
R polymer chain expansivity49

Ri interaction area per segment (i ) 1 or 2)
εjk pairwise interaction energy per area of j-k

contacts relative to j-j and k-k contacts
ηi+1 number of conformations available to the ith +

1 tethered chain
êc critical interlayer structure parameter
σ area per tethered chain
æ̂i interlayer volume fraction (i ) 1 or 2)
øs fraction of interlayer volume next to the surface

accessible by the tethered chains at h
øS0 fraction of interlayer volume next to the surface

accessible by the tethered chains at h0
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