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Clay-containing polymeric nanocomposites ~PNC! are mixtures of dispersed clay platelets in a

polymeric matrix. These materials show enhancement of physical properties, such as modulus,

strength, and dimensional stability, as well as a reduction of gas permeability and flammability. The

performance is related to the degree of clay dispersion ~i.e., intercalation or exfoliation! and the

bonding between the clay and the matrix. The main goal of this work has been to map the degree

of dispersion as a function of independent variables ~viz., magnitude of the interaction parameters,

molecular weights, composition, etc.!. In this paper, we present the results of the numerical analysis

of the equilibrium thermodynamic miscibility using one- and two-dimensional ~1D and 2D! models

based on the self-consistent mean-field theory. In the limit, the 2D model reproduced the 1D model

published results. The adopted 2D model considers the presence of four PNC components: solid

clay platelets, low molecular weight intercalant, polymeric matrix, and end-functionalized

compatibilizer. The simulations, with realistic values of the binary interaction parameters, were

analyzed for potential exfoliation of PNC with a polyolefin as the matrix. The simulation results

show that intercalation and exfoliation is expected within limited ranges of the independent

variables. The presence of a bare clay surface ~e.g., generated by thermal decomposition of

intercalant or extraction by molten polymer! has a strong negative effect on the dispersion process.

The simulation successfully identified the most influential factors, e.g., optimum ranges of the

compatibilizer and the intercalant concentration. © 2004 American Institute of Physics.

@DOI: 10.1063/1.1794636#

I. INTRODUCTION

Polymer performance may be significantly improved by

the addition of inorganic clay. In particular, the modulus,

hardness, tensile strength, heat deflection temperature, flam-

mability, and barrier properties are likely to be enhanced.1

The clay dispersion process has been modeled considering

the thermodynamics,2–10 kinetics,11–20 and continuum mech-

anics.21,22

Unlike conventional composites, polymeric nanocom-

posites ~PNC! usually contain less than 5 vol % of solid re-

inforcement. For equivalent mechanical performance, PNC

have significantly lower densities than traditional compos-

ites, e.g., with 30–50 wt % glass fiber or mineral filler. The

advantages originate from the nature of the layered inorganic

fillers and from their nanodispersion. However, these prom-

ising characteristics are difficult to achieve owing to prob-

lems in reproducibly obtaining exfoliation of the clay. Fur-

thermore, to achieve PNC superiority over conventional

composites, it is necessary to ascertain that are dispersion of

clay platelets within the polymer matrix is stable during the

postdispersion forming processes, i.e., that the system is ther-

mally and thermodynamically stable. Thus, the preparation

of PNC must satisfy the following three basic criteria: ~i!

optimized morphology, ~ii! stability of morphology during

processing, and ~iii! adequate stress transfer between phases

in the solid state.

In the recent years, molecular simulation methods, such

as molecular mechanics ~MM! simulations @based on mo-

lecular dynamics~MD!# have been applied to investigate the

diverse properties of polymeric systems in terms of energet-

ics and kinetics.23,24 The MM methods adopt several chain

models, viz., freely jointed or rotating chain, rotational iso-

metric state, nonentangled Rouse-type,25,26 highly entangled

reptation-type,27 and hydrodynamic Zimm model.28

Molecular simulation fills the gap between theory and

experiment. It has been used to conduct mathematical ‘‘ex-

periments,’’ to analyze the influence of individual compo-

nents and/or parameters, and to optimize the system. Conse-

quently, molecular simulation has become a powerful tool in

polymer science and technology, complementing the theories

and experiments. However, molecular simulation is limited
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on the space and time scales as it deals with relatively few

molecules in the system. As an alternative, coarse-grained

models have been developed. These lump a number of mol-

ecules or mers into a single grain and then compute the per-

formance of PNO,11–14,18 polymer blends, or block

copolymers.29,30 With growing frequency, MD simulations

are being used to solve practical industrial problems. One of

the fascinating features is that the method can be used in

conjunction with different length-scale methods via multi-

scale modeling.31

Alternative methodologies have been suggested to over-

come the limitations of space and time. The lattice models

based on statistical mechanics have been successful in this

regard. Here, polymer chains are represented by random

walks on numerical lattices, and thus, many states can be

generated and equilibrated. Lattice models are widely used

for classical liquids, polymer solutions, melts, as well as

blends.32 However, they do not consider the detailed molecu-

lar structure. Despite this limitation, lattice modeling can be

advantageous because the infinite number of conformations

of real chains in continuum space is reduced to a finite num-

ber, which makes computing feasible. Furthermore, the aver-

age number of contact interactions is relatively easy to evalu-

ate. Initially, Vaia and Giannelis4,5 adopted a lattice approach

to study the interactions between macromolecules and the

organically modified clays. In their work, the matrix within

the organoclay-polymer-organoclay sandwich was a mono-

dispersed homopolymer.

The advantages of the self-consistent mean-field ~SCF!

model33–42 over the classical lattice approach are well de-

scribed in a series of publications by Balazs and

co-workers.6–9 The model used in the SCF calculations con-

sists of two infinite parallel platelets immersed in a bath of

molten polymer. To incorporate the concentration effects,

Ginzburg et al. hybridized the SCF one-dimensional ~1D!

model with the density functional theory ~DFT! for

intercalant-grafted clay platelets, 1-nm thick and with a

30-nm diameter, dispersed in a polymer.10 Numerical36,37 and

analytical SCF methods38,39 have been successfully used for

describing the adsorption of simple molecules2,3 or block

copolymers,33–35 the interactions between the hairy surface

and the free polymer,36 as well as the behavior of the end-

attached macromolecular chains to a solid surface. The nu-

merical approach was verified by comparison with the SCF

analytical theory, and good agreement was reported.39 Rigor-

ous computations were carried out to obtain a complete de-

scription of the lattice polymer fluids and polymer

solutions.40,41 The method was also effective in handling

complex inhomogeneous liquids.42 More recently, the SCF

model was used to interpret continuum quantities such as

stress43 and viscoelasticity of the inhomogeneous dense

polymer systems.44

In an industrial environment, PNC formation may be

accomplished by following one of the three principal meth-

ods: ~i! chemical ~dispersing organoclay in a monomer then

polymerizing it!, ~ii! solution ~dispersing organoclay in poly-

mer solution then removing the solvent!, and ~iii! melt com-

pounding of organoclay with polymer.1 Irrespective of which

method is used, PNC formation into a finished product is

accompanied by mixing/compounding, which requires addi-

tional energy ~shear or elongation! input. The PNC perfor-

mance intimately depends on all these three components:

thermodynamics, kinetics, and processing.

The work described in this paper focuses only on the

equilibrium thermodynamics. It attempts to answer questions

regarding the miscibility of ingredients and the stability of

morphology under processing conditions. Time and mixing

effects are neglected, as is the thermal stability, polydisper-

sity of polymer molecular weight ~MW!, and that of clay

platelet size and shape. The systems considered comprise

four species: clay, intercalant, end-terminated compatibilizer,

and host polymer. The ‘‘miscibility’’ term is used here to

indicate the net energy gain during the dispersion process,

expressed by the negative value of the free energy of mixing.

In the proposed PNC model, some modifications are

made to earlier representations.4,6,20 As before,6,9 it assumes

that two parallel clay platelets are placed in a reservoir of

molten polymer in the x-y plane, and the distance between

them in the z direction may vary. A single polymer chain is

modeled as Nk number of Kuhn segments, whose length is

given by lk . Thus, the MW of a macromolecule is propor-

tional to Nk3lk . Unlike the molecular theory, which deals

with the individual molecules in the system, the theory based

on Kuhn segment alleviates the computational requirement

without loss of generality. The number and size of the Kuhn

segments depend on the type of monomer and on MW. For

example, for polyethylene ~PE! and polypropylene ~PP!, the

number of mers per Kuhn segment are Nk58.2 and 6.5,

respectively,45 equivalent to the segmental mass, M k5230

and 272. This means that the cell size of the SCF lattice is

significantly larger than that in the classical lattice theories,

where the statistical segment is identified with either one mer

or with its fraction per one C atom of the main chain. Ac-

cordingly, in this work, the lattice cell may be subdivided,

i.e., one cell may be occupied by several species or void ~free

volume!. However, the sum of all the specie fractions in a

cell must be 1. This approach results in a significant reduc-

tion of the computing time without loss of precision.

The grafting density of the platelets with short paraffinic

intercalant chains ~‘‘surfactants’’ in the literature6! can vary

from 0% to 100% coverage. Furthermore, the polymer melt

contains different amounts of end-functionalized macromol-

ecules of different chain lengths, comparable to that in indus-

trial processes. Due to the clay surface effects, the mobility

of a macromolecule decreases as it moves away from the

bulk region. The chain mobility is related to the local va-

cancy fraction ~free volume!, which is assumed to obey a

truncated power-law distribution, with two flat plateaux near

the solid plate (z50) and the bulk region (z5`). Two types

of binary interactions are considered, the long-range-type be-

tween two clay platelets ~van der Waals and electrostatic!,
and the short-range described in the classical van Laar, Hug-

gins, or Flory theory. The former is incorporated through the

Hamaker equation, whereas the latter is through the binary

interaction parameters x i j . Temperature effects enter the cal-

culations directly as thermal energy units (kBT) and through

the temperature-dependent x i j .

The main goal of this work is to identify the process
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variables that affect the platelet dispersion in a polymeric

matrix. In short, the aim is to map the degree of dispersion as

a function of the independent variables, viz., the magnitude

of the interaction parameters, molecular weight, the presence

of bare solid surface, composition, etc. The computation em-

ploys realistic values of the interaction parameters for

liquid-liquid1 and solid-solid interactions.46,47 The treatment

is valid for any polymer matrix, but considering the indus-

trial importance, the selected values of the parameters prima-

rily address PNC with a polyolefin ~PP or PE! matrix.

II. FORMULATION

The numerical implementation is based on the SCF

theory developed by Fleer et al.3 The methodology is

adopted to simulate realistically the physical situation in-

volving PNC. Balazs et al. have extended the classical SCF

approach to investigate the thermodynamic aspects of PNC.6

The authors assumed that the clay platelets are fully covered

by the intercalant; thus, the solid-solid interactions between

the clay surfaces were irrelevant. The current approach as-

sumes the presence of different interactions including solid-

solid, solid-liquid, and liquid-liquid type. Only binary-type

and short- and long-range interactions are considered. Since

the method is well established in the seminal text3 and the

papers that followed,6–9,33–42 detailed information on the

model and computational formalism can be found there. The

new elements introduced in this work are the presence of the

four components simulating the polyolefin-based PNC ~with

the appropriate values of the binary interaction parameters!,
consideration of solid clay surface, as well as the two-

dimensional ~2D! computations.

The physical space is assumed to involve a statistical

lattice divided into M x and M z layers in the x and z direc-

tions, thus averaging in the y direction ~see Fig. 1!. The clay

platelet is partially covered by a low molecular weight inter-

calant ~surfactant or an organic modifier!, whose molecular

weight and grafting density are denoted by No and ro , re-

spectively. The rest of the platelet is either bare or covered

by a compatibilizer or host polymer. The bare surface frac-

tion is given as r
v

. The compatibilizer considered in this

work is an end-functionalized macromolecular chain having

repeating units of the backbone chain chemically similar or

identical to those of the host polymer. The molecular weight

and grafting density of the compatibilizer are given as Ng

and rg , whereas those of the host polymer are given as Nh

and rh , respectively. Note that the subscripts h, g, o, s, and

v , respectively, denote the host polymer, grafted polymer

~compatibilizer!, intercalant ~organic modifier!, inorganic

solid surface, and vacancy. From the given densities ~ex-

pressing the local specimen volume fraction!, the surface-

grafted amount for each species can be determined by u i

5N i3r i .37 Within the first z layer, the grafting densities for

the intercalant and the grafted polymer represent the number

of molecules attached to the clay surface ~per unit area!.
Unlike other constituents, the host polymer does not chemi-

cally bond to the solid platelet thus, the density of the host

polymer in the vicinity of the solid wall is calculated as rh

512(ro1rg1r
v
). The solid-solid interaction is assumed

to prevail only in the bare clay regions where neither the

intercalant, compatibilizer, nor host polymer is present. The

clay-clay interactions are van der Waals and electrostatic

type, thus of the long-range type. In statistical description, a

Kuhn freely rotating polymer chain with a number Nk of

statistical segments represents a single macromolecule. De-

pending on the degree of polymerization and chain stiffness,

the number of Kuhn segments in a typical industrial polymer

ranges from about Nk510 to 500.45

Every lattice layer is occupied by a statistical segment of

a host polymer, intercalant, compatibilizer, or a free volume

~vacancy!. For simplicity, the variation with respect to the

lateral dimension y is averaged; thus, the formulation is re-

duced to 2D, considering the x and z directions only. The

fundamental concept of SCF modeling is based on the

weighted Markov process, which assumes that the properties

in a specific lattice site depend only on the neighboring ones.

The probability function of a monomer-type i of the seg-

ment s at (x ,z) is given as G i (x ,z ,s). The statistical lattice

is assumed to be a cube, whose vertex represents the Kuhn

length. Index 1 and N i denote, respectively, the two ends of

a statistical chain. The probability of the segments at layer

(x ,z) is then determined from a recurrence relation. Thus,

FIG. 1. Schematic view of the physical and modeled systems.
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the probability function of segment (s11) is given in terms

of the preceding segment s and neighboring layers z21, z

11, x11, and x21,

G i~x ,z ,s11 !5G i~x ,z !@l1G i~x21,z21,s !1l1G i~x

11,z21,s !1l0G i~x ,z ,s !1l1G i~x

21,z11,s !1l1G i~x11,z11,s !# , ~1!

where l1 and l0 are coefficients solely dependent on the

lattice geometry. For a two-dimensional lattice, l151/6 and

l052/6. The one-dimensional formulation is obtained from

Eq. ~1! by neglecting x dependence; thus, the one-

dimensional coefficients of Eq. ~1! are l151/6 and l0

54/6. Upon the normalization of the probability function

G i (x ,z ,s) over the total length of polymer type i, N i , the

previous expression becomes

G i~x ,z ,s11 !5(
s51

N i

G i~x ,z ,s !Ḡ i~x ,z ,s !, ~2!

where Ḡ i (x ,z ,s) is the neighbor-averaged probability func-

tion given by Eq. ~1!. Two conditional probabilities are in-

troduced for each end located at 1 and N i . We probability

function G i (x ,z ,su1) is the statistical weight of the mol-

ecules i ending with the first segment 1, whereas

G i (x ,z ,suN i) is that with the last segment N i ,

G i~x ,z ,su1 !5(
s51

N i

G i~x ,z ,s !Ḡ i~x ,z ,s11u1 !,

~3!

G i~x ,z ,suN i!5(
s51

N i

G i~x ,z ,N i!Ḡ i~x ,z ,s21uN i!.

In Eq. ~3!, the initial condition used to calculate the recur-

rence relations is provided by the segment-weighting factor

expressed by the Boltzmann weighting,

G i~x ,z ,1u1 !5G i~x ,z ,1!5expF2

u i~x ,z !

kBT
G , ~4!

where kB is the Boltzmann constant and T denotes the abso-

lute temperature, whereas u i(x ,z) represents the potential for

segment type i. The latter has two parts: a hardcore ~repul-

sive! potential u8(x ,z) and the contribution stemming from

the interactions between participating species, viz., macro-

molecules segments, intercalant radicals, and inorganic clay

platelets,

u i~x ,z !5u8~x ,z !1kBTû i~x ,z !. ~5!

The hardcore potential u8(x ,z) is independent of the species

and serves as a space filler for the region where the strong

entropic barrier exists, e.g., wall-bounded region or

confinement.33 Contributions to the interaction potential

û i(x ,z) in Eq. ~5! originate from different sources. A classi-

cal Flory-Huggins theory is adopted for the estimation of the

liquid-liquid and liquid-solid potentials, whereas the long-

range van der Waals interaction is assumed to be a solid-

solid-type interaction.

liquid-liquid: û i~x ,z !5 (
~ jÞi !

x i j~^f j~x ,z !&2f j
b!, ~6!

liquid-solid: û i~x ,z !5l1x is , ~7!

solid-solid: û~x ,z !5

Ae

12p

f̄
v
~z !x

z2
, ~8!

where A is the Hamaker constant between a pair of clay

platelets, whose gallery is not occupied. The Hamaker con-

stant can be measured46 or calculated.47 In this paper, A

57.80310220 (J) was used, which is equivalent to 20 kBT

~Boltzmann unit!. The superscript b denotes a bulk quantity,

and f̄
v
(z) is an averaged vacancy fraction over the lateral

dimension ~x!. The contribution from Eq. ~8! only prevails in

the presence of the solid plate (z51). x i j is a liquid-liquid-

type interaction parameter, whereas x is ~the binary interac-

tion parameters for j5s) denote the liquid-solid interaction

for i5h , g, and o, which refers to the clay interaction with

the host polymer, compatibilizer, and intercalant. Ginzburg

et al. used an exponential function to model a purely attrac-

tive and short-ranged pair potential between parallel platelets

in a three-component system.10

In Eq. ~8!, e denotes the ratio between the lateral area of

the clay platelet and the length of the unit segment. There-

fore, the value of e depends on the type of clay as well as the

geometrical configuration of the computational domain. Con-

sidering the size of the clay platelet and that of the lattice, the

value of e ranges from 0 to 20. The full platelet-platelet

interaction occurs when f̄
v
(z)51, i.e., when no organic

molecule occupies the surface sites. Long chain macromol-

ecules tend to show low mobility and solidification in the

vicinity of the solid wall, which results in a low free volume

fraction. At the other limit, the averaged vacancy fraction

reaches an asymptotic value in the bulk region.48 The va-

cancy distribution in the medium is assumed to obey a trun-

cated power-law-type approximation given by

f̄
v
~z !2f̄

v

`

f̄
v

0
2f̄

v

`
5F12S z21

M z
D nGm

, ~9!

where f̄
v

0 and f̄
v

` are the averaged vacancy volume fractions

at z51 and z5M z11, respectively; n and m are the charac-

teristic constants that determine the shape of the vacancy

distribution. Once the amount of the surfactant and coupling

agent in the interlamellar gallery is given, the value of f̄
v

0 is

known, whereas f̄
v

` can be experimentally determined. This

expression ensures that there are two flat plateaux, one

within a few nanometers of the solid wall and the second

within the bulk region. In addition, the slope, as well as the

range of the asymptotic vacancy fraction, can be adjusted by

changing the characteristic constant. The van der Waals in-

teraction contributes to the unfavorable energy gain against

clay exfoliation, whereas the entropy and enthalpy of mixing

under attractive binary interactions induce system miscibil-

ity.

The term ^f i(x ,z)& in Eq. ~6! may be expressed as

^f i(x ,z) & 5 @ l1f i (x21,z21) 1 l1f i ( x11,z21)1l0f i

3(x ,z)1l1f i(x21,z11)1l1f i(x11,z11)# . Similarly,

as for Eq. ~1!, the 1D version of the averaged volume
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fraction expression can be obtained by neglecting the varia-

tions in the x direction. Note that the same rule as Eq. ~1! is

applied to the coefficients l1 and l0 .3

The description of an algorithm to evaluate Eq. ~5! is

well established.33,34 Contributions from the liquid-liquid and

liquid-solid interactions have been included. The solid-solid

interactions (xss5Ae/12p) are about 100 times stronger

than the liquid-liquid interactions, whereas the liquid-solid

interactions are dominant only near the solid surface (z

51).1,48 The solid-solid interactions reflect the strong bond-

ing between the crystalline solid surfaces. The intercalant

and the end-terminated compatibilizer are designed to attenu-

ate the unfavorable solid-solid bonding. The liquid-solid in-

teraction parameter can be estimated from the Berthelot’s

geometrical mean rule once the interaction parameters be-

tween solid-solid and liquid-liquid are known. Ample work

has been devoted to the characterization of these different

types of binary interaction parameters for polymer blends32

and for PNO.1

The free energy F is due to two contributions: the en-

tropy due to changes of conformation, S i , and the enthalpy

due to interactions between participating species, H i , for

each component i,

F i~x ,z !5H i~x ,z !2TS i~x ,z !. ~10!

As it is the custom, the free energy and its components are

expressed in Boltzmann units (kBT). The combinatorial en-

tropy is given in terms of the species volume fraction and the

number of ways that a particular system can be configured,

S i~x ,z !5kB ln@G i~x ,z !# . ~11!

The interaction enthalpy for soft materials is given in terms

of short-range interactions, which can be replaced by the

summation over the nearest neighbors. The three types of

interactions are described in Eqs. ~6!–~8!. Thus, the enthalpy

of mixing for liquid-liquid and liquid-solid interactions may

be expressed as

H i~x ,z !5(
j

x i j^f j~x ,z !&1l1x is . ~12!

From Eqs. ~11! and ~12!, the total free energy of segment

type i at every x and z location in the system is given by

F i~x ,z !5f i~x ,z !H ln@G i~x ,z !#1 (
j~Þi !

x i j^f j~x ,z !&J
1f i~x ,1!l1x is . ~13!

Note that the liquid-solid interaction is only limited to z

51. Summation over the participating macromolecules, i,

~including solid-solid interactions! yields the total excess

free energy,

F~x ,z !5(
i

f i~x ,z !H u i~x ,z !1 (
j~Þi !

x i j^f j~x ,z !&J
1(

i
f i~x ,1!l1x is1

Ae

12p

f̄
v
~z !x

z2
. ~14!

The excess free-energy difference at a particular gap width H

can be calculated by taking the difference between the total

free energies when the clay platelets are in close contact and

when they are separated by the gallery distance, H.

DF~H !5(
z51

H

(
x51

M z

F~x ,z !2(
z51

h0

(
x51

M z

F~x ,z !, ~15!

where h0 is an initial gallery height. This conversion from z

to H can only be used for the excess free-energy calculation,

whereas the other functions, such as free energy and density

profiles, do not involve H but x and z as dependent variables.

The volume fraction at a specific segment location s,

f i(x ,z ,s), is a product of two probability functions: the

probability of a chain starting at segment 1 and ending with

segment s at layer z, and that of a chain starting at segment

N i also ending with segment s at layer z. The total volume

fraction of each component, f i(x ,z), is calculated by sum-

ming the segmental volume fraction f i(x ,z ,s) over the seg-

ments. The volume fraction for the species simply denotes

the number of molecules in a unit segment, whereas the den-

sity is given per unit area. Note that to determine the set of

probability values, the recurrence relation in Eq. 3 is used.

Thus,

f i~x ,z ,s !5C i

G i~x ,z ,su1 !G i~x ,z ,suN i!

G i~x ,z !
, ~16!

where C i is a normalizing constant. The expression for C i

may also be derived from the total number of segments be-

longing to molecules i between the two plates. In this case,

C i5F (
x51

M x

(
z51

M z

f i~x ,z !GY
3FN i (

x51

M x

(
z51

M z

G i~x ,z ,N iu1 !G . ~17!

In the bulk, all G i’s are unity, and therefore, C i5f i /N i .

Equations ~16! and ~17! are supplemented by the require-

ment that the total volume fraction within each cell add up to

1,

(
i

f i~x ,z !5(
i

(
s51

N i

f i~x ,z ,s !51. ~18!

Depending on the type of polymer participating in the

system, the initial conditions for the probability functions

may vary. For example, there are different initial conditions

for each macromolecular end used in the simulation. For

both the intercalant and end-grafted compatibilizer, the first

segment of the statistical chain is always located on the clay

surface. Therefore, if it is either grafted at 1 or L layers, the

initial condition for the probability function becomes

G~x ,z ,1u1 !5S G~x ,1! when z51

G~x ,L ! when z5L

0 otherwise

~19!

For the randomly distributed host polymer, the probability

function does not have any restriction. Its value is calculated

from the initial guess and from the bulk condition,

G~x ,z ,1u1 !5G~x ,z !; ~20!

thus, fh(x ,z)51, fg(x ,z)5 , and f0(x ,z)50 when x51,

x5M x , or when z5M z .
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Equations ~19! and ~20! provide the initial conditions for

the recurrence calculations according to Eq. ~1!. Other

boundary conditions are readily derived. For 2D computa-

tions, a pair of plates is located in the middle of the compu-

tational lattice, partly covered either by an intercalant or by a

compatibilizer. At both extremes, x51 and x5M x , the bulk

conditions prevail. Similarly, in the direction perpendicular

to the plate, the bulk conditions apply at z5M z . Thus, the

probability function and the volume fraction simply become

zero for the end-grafted polymer,

G~x ,z ,1us !5S 0 when x51 or M x

0 when z5M z

~21!

The algebraic expressions in Eqs. ~16!–~18!, subjected

to the boundary conditions in Eq. ~18!, are solved using a

nonlinear algebraic equation solver.49 Note that the require-

ment in Eq. ~18! imposes an implicit constraint on the system

of equations. Thus, the solution is found by iteration. Ini-

tially, the potential function is assumed, and from the

guessed potential, the volume fraction and its recurrence re-

lation are computed. The solution of the set of algebraic

equations is obtained iteratively until the condition imposed

by Eq. ~18! is met.

III. RESULTS

In this Section, the results of the computations will be

presented. These are based on the formulation described in

the preceding part. The number of statistical ~Kuhn! seg-

ments of the macromolecules used in these calculations var-

ies from 10 to 2000, and the values of the other parameters

used to compute the data presented in Figs. 2–5 are listed in

Table I.

The results can be broadly divided into two categories

for the 1D and 2D cases. In the former, the variation along

the lateral directions ~x and y! is averaged; thus, every de-

pendant variable is solely a function of the axial dimension

~z!. Balazs et al. adopted this approach in their studies of the

PNC intercalation/exfoliation processes.6 Unlike the 1D

case, the 2D formulation only averages over one lateral di-

mension ~y!, while the variation in the x and z directions is

considered. Thus, every dependent variable, e.g., volume

fractions, probability functions, and excess free energy, has

one additional degree of freedom.

A. The one-dimensional computations

Balazs et al. investigated a model PNC system of two

infinitely large parallel platelets immersed in a bath of mol-

ten polymer.5–10 The assumption of infinitely large platelets

means that the system is translationally invariant in the x-y

directions and the 1D calculations are fully adequate. For the

translation invariance of dependant variables, our computa-

tions virtually reproduced their published results. Figure 2

illustrates the effect of the host polymer chain length in the

range from 50 to 2000 Kuhn segments, i.e., corresponding to

a molecular weight of PP up to ca. 500 kg/mol. The entropy

and enthalpy contributions as well as the excess free energy

are presented for the infinitely separated clay platelets. In

TABLE I. Parameters used to compute the data presented in Figs. 2–5.

Fig. Ng No Nh rh rg ro e xhs xgs xos

2 50 NA 50–2000 0.95 0.05 NA NA 0.0 0.0 0.0

3 25–200 NA 200 0.98–0.9 0.02–0.1 NA NA 0.0 0.0 0.0

4 200 10 400 0.1 0.2 0.7 NA 0–0.01 0–0.01 0–0.02

5 200 10 400 0.05 0.0–0.2 0.5–0.8 0–20 0.01 20.01 20.02

FIG. 2. Influence of the statistical chain length on excess free energy. rg

50.05, Ng550, NhP@50,1000# , and xhgP@20.02,0.02# .
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Fig. 3, the optimal operational parameters are then identified

for the various combinations of the grafting density and sta-

tistical chain length of the grafted polymer.

B. The two-dimensional computations

Here, the numerical implementation is further general-

ized incorporating the solid-solid and solid-liquid interac-

tions based on the 2D formulation. The 2D approach gives

rise to an extra constrain at both x51 and M x , as given in

Eq. ~21!. Its influence is discussed in the following section.

The 2D model also adopts different grafting schemes for the

compatibilizer and organic modifier, e.g., variation of the

grafting location, viz., center or edge, and a number of graft-

ing sites. In the presence a of different bonding nature of the

compatibilizer and organic modifier, the 2D approach can

provide a more appropriate treatment for tethering different

macromolecules on a clay surface. For example, a 4% sur-

face occupancy may be concentrated in a single cell at the

center, or it may be distributed overeach cell by 0.4% for

each 10 lateral cells at z51. Evidently, a different fabrication

scheme results in a different level of excess free energy due

to the different distance to the edge, where the bulk condition

prevails.

Figure 4 displays the effect of the binary interaction pa-

rameters on the density profile for the host polymer, compati-

bilizer, intercalant, as well as the x-averaged fraction of all

the three components. Three different sets of interactions are

considered: mutually neutral ~top!, and then attractive for the

clay with the intercalant and grafted polymer, but repulsive

for the host polymer. In the latter situation, two types of

interactions between the polymer and compatibilizer chains

are considered: neutral ~middle row! and slightly attractive

~bottom row!.

FIG. 3. Influence of the statistical chain length and grafting density on the

asymptotic free energy (h→`). Nh5200, NgP@25,200# , rgP@0.02,1# ,

and xhgP@20.02,0.02# .

FIG. 4. Influence of the binary interaction parameters on the volume con-

centration profiles. Nh5400, Ng5200, ro50.7, rg50.15, and rh50.05.
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The excess free energy as a function of the intercalant

grafting density is shown in Fig. 5. Similar to the case in Fig.

4, here, the system also comprises of the host polymer, in-

tercalant, compatibilizer, and clay. Five grafting levels of

compatibilizing polymer were used. Furthermore, it was as-

sumed that the magnitude of the solid-solid interaction is

determined by the Hamaker constant A and the clay-segment

surface ratio e. Computations were performed for the con-

stant chain length (Nh5400 and Ng5200) as well as the

same set of the solid-liquid binary interaction parameters as

in Fig. 4~b!.

IV. DISCUSSION

While for the model consisting of infinite parallel plate-

lets in molten polymer a 1D simulation is adequate, this may

not be so if the platelets are of a finite size and the grafting

locations vary with the distance from the edge. In a real PNC

having clay platelets of finite sizes ~e.g., thickness of ca. 1

nm and surface area ranging from 10330 to 1003500 nm2!,
the equilibrium free energy may be different at different lo-

cations, and the excess free energy may be different than that

computed from the 1D model. Consequently, for the SCF

computations in 2D, it was assumed that the clay platelets

have a final width; hence, the property vary with the cell

number in the x direction ~properties in the y direction were

assumed invariant!. Thus, the assumption of two parallel

platelets immersed in molten polymer bath is maintained, but

these have a finite size, i.e., finite number of cells in the x

direction. The 2D computations were carried out by assum-

ing the Boltzmann distribution for both the axial ~z! and

lateral ~x! directions.

A. One-dimensional SCF model without the solid-
solid interaction

The ‘‘classical’’ 1D simulation for macromolecules at

the interface was published by Fleer et al.3 and for PNC by

Balazs and her colleagues.6–9 The initial SCF computations

showed that at a constant grafting density, rg50.04, and at

neutral interactions between intercalant and polymer, xoh

50.0, the system was miscible and the miscibility increases

with the intercalant chain length, NgP@25– 100# . Further-

more, increasing the grafting density rg was shown to reduce

the free energy of mixing; thus, the system may become

immiscible. In the latter publications,9,10 a hybrid model of

SCF with DFT was used to compute the phase diagrams for

PNC. At a constant loading of grafted chains, u5rg , Ng

51 or 2, and short chain length, Ng55, the system was

found immiscible for the Huggins-Flory parameter xghP

@20.05,0.05# and for a certain level of clay concentration.

Furthermore, it was concluded that longer grafted chains en-

hance the steric stability and hence are more favorable.

The previous authors carried out most of their calcula-

tions for Ng<100 and Nh5100 Kuhn segments. However,

Fig. 2 indicates that even for Nh.1000, both the enthalpy

and entropy of mixing change. For the case of neutral inter-

actions between the polymer and compatibilizer, the heat of

mixing is absent, and the entropy of mixing dominates the

free energy of mixing. By contrast, for the non-neutral inter-

actions, the free energy is remarkably constant for Nh

.200.

Figure 3 shows that an increase of grafting density does

not always lead to an improved intercalation. The three fig-

ures display constant contours of DF(h→`) for systems

with attractive ~bottom!, neutral, and repulsive ~top! interac-

tions (xhg520.02, 0.0 and 0.02!. The figures show that for

xhg5constant, the optimum conditions for exfoliation de-

pend on the grafting density and the compatibilizer chain

length. The dark contours represent the negative value of

DF(h→`), favoring intercalation or exfoliation, whereas

the white ones are the unfavorable conditions. For xhg5

20.02, longer grafted polymer chains result in better disper-

sion. Within the range of the explored parameter values, the

highest degree of clay dispersion should be obtained for Ng

5200 and rg50.07. In the case where the compatibilizer is

the end-grafted host polymer ~hence, xhg50.0), the best dis-

persion is expected for Ng5200 but at a lower grafting den-

sity of rg50.04. The situation is notably different when the

interactions are repulsive. The shortest chain length and

smallest grafting density offer the best possibility for disper-

sion. The contour plots in Fig. 3 show the general behavior

of DF in the asymptotic limit, when clay platelets are far

apart: h→` . However, as is evident from Figs. 4 and 6 in

Ref. 6, DF variations, when the two platelets are in close

proximity, are also of interest.

The effect of the grafting density on the aggregation of

the grafted particles in a polymeric matrix was analyzed by

FIG. 5. Influence of the area-lattice ratio and grafting densities of the com-

patibilizer and intercalant on the asymptotic free energy (h→`). Nh

5400, Ng5200, No510, rgP@0,0.2# , roP@0.5,0.9# , eP@0,20#, xhg50.0,

xhs50.01, xgs520.01, xos520.02, and A520.
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Ferreira et al. using a 1D SCF.50 The authors demonstrated

that the general scaling criterion for aggregation, hence im-

miscibility, in a three-component system ~a surface, grafted

component, and polymeric matrix! is rgANg.(Ng /Nh)2.

However, in the four-component system of interest here,

there is a two-step ‘‘brush’’ with a short intercalant and long

compatibilizer chains. Thus, this criterion can be used only

as a nonquantitative guide.

B. Two-dimensional SCF model with solid-solid
interaction

In the 2D case, the variation along the lateral dimension,

x direction, is no longer averaged; hence, the configuration

schematically shown in Fig. 1 can be simulated. Further-

more, to bring the mathematical model closer to industrial

reality, the system is assumed to comprise four components:

relatively short chain intercalant ~organic modifier!, grafted

polymer ~compatibilizer or a coupling agent!, host polymer,

and inorganic clay platelets. The introduction of solid clay

particles capable of interacting with all the other system

components leads to novel results, which have not been re-

ported in the literature and are not accessible from the 1D

models.

In the preceding part, solid-solid and solid-liquid inter-

actions were neglected. At present, interactions between all

four components are treated using a 2D SCF model. Al-

though the simulation can be carried out by varying several

parameters ~e.g., the same ones as considered in the 1D case,

i.e., the statistical chain lengths, binary interaction param-

eters, and grafting density!, the investigation focuses on the

well-known PNC system, based on PP, containing organo-

clay and grafted PP as the compatibilizer ~e.g., see Ref. 51!.
The main purpose of the 2D simulation is to identify the

optimum values for the operational parameters at different

levels of bare solid clay surface.

Figure 4 illustrates the effect of the binary interaction

parameters on the concentration profiles of the host polymer

~first column!, grafted polymer ~second column!, and inter-

calant ~third column! in a two-dimensional (x-z) lattice. The

fourth column displays the x-averaged volume fraction of all

the three components in the z direction. In this simulation,

three types of molecules are sandwiched between a pair of

clay platelets immersed in a reservoir of molten host poly-

mer. Here, the solid-solid interactions are assumed absent,

i.e., the clay platelets are fully covered by organic segments.

The statistical chain lengths of the host polymer, grafted

polymer, and intercalant were assumed as Nh5400, Ng

5200, and No510, respectively. The grafting density was

taken as rh50.05, rg50.15, and ro50.7, thus leaving 10%

of the clay sites (z50) unoccupied initially. This vacancy,

unlike r
v

, will be occupied by any of the macromolecules

throughout the interaction process. The size of the computa-

tional lattice was taken as M x530 and M z510. The compu-

tational domain consisted of a solid wall at z50. The com-

patibilizer was assumed to be preferentially grafted at both

edges of the plate (x51, 2, 9, and 10!, whereas the intercal-

ant was uniformly spread over the clay platelet (x53;8).

Figure 4~a! presents a trivial case where all the binary

interaction parameters are neutral and the thermodynamics is

solely determined by entropy. In this case, the placement of

the constituents is controlled by the conformational potential

~or hardcore repulsive potential u8). As the figure shows, the

low mobility host polymer pushes the grafted polymer ~com-

patibilizer! toward the central region—there is a strong sepa-

ration between the two polymers suggesting immiscibility.

The high mobility intercalant readily mixes with the two

polymers but at the same time shows a small preference to

the clay surface.

Figures 4~b! and 4~c! consider more realistic systems.

Here, the presence of small attractive forces between clay

and intercalant and between clay and grafted polymer are

included. Furthermore, chemical bonding of one end of the

intercalant and compatibilizer were incorporated—stronger

for the ionically bonded intercalant than for the functional-

ized compatibilizer groups. A small repulsive interaction was

postulated between the hydrophilic clay and hydrophobic

host polymer. The figures display the density profiles for the

two values of the homopolymer-compatibilizer interaction

parameter—in Fig. 4~b!, a neutral interaction between the

two macromolecules was assumed (xhg50), whereas in Fig.

4~c!, for the two polymers, an attractive interaction was con-

sidered (xhg520.02).

It is evident from Figs. 4~a! and 4~b! that the simulation

correctly predicts the increased concentration of the grafted

copolymer as well as that of the intercalant near the solid

wall. The assumption of an attractive interaction between the

compatibilizer and the clay results in the contraction of the

immiscibility region. The compatibilizer, for the case xgs5

20.01 with grafting condition, occupies significantly a larger

surface area, thus keeping away the host polymer with the

unfavorable interaction with the clay (xgs510.01). This is

consistent with the computed behavior of the excess free

energy of mixing. The neutral interactions between the end-

tethered compatibilizer and host macromolecules provide

little inducement for the grafted polymer to mix with the host

polymer. Again, due to the high mobility and attraction to the

surface, the intercalant strongly bonds to the surface. Thus, a

slight gain of the concentration profile is found at z54.

Noteworthy is that the concentration profiles in Figs. 4~b!

and 4~c! are similar.

Comparison of Figs. 4~b! and 4~c! demonstrates the ef-

fect of the small attractive interactions between the host and

grafted polymer on the concentration profiles. Evidently, the

attractive interactions improve the miscibility between the

two polymers, thus greatly reduce the central zone of

immiscibility—a small region of high compatibilizer concen-

tration remains near the central region (x55). Furthermore,

the rate of concentration decrease in Fig. 4~c! is reduced,

indicating better miscibility between the host polymer and

compatibilizer than that in Fig. 4~b!. The averaged volume

profile can be further compared with Fig. 5 in Ref. 6. In the

presence of a strong intercalant concentration, the profiles for

the host polymer and compatibilizer favorably interacting

with each other (xhg520.02) do not show a broad range of

overlap as mentioned in Ref. 6. The gain in the concentration

profile for a compatibilizer is observed at z54, going from

Figs. 4~b!–4~c!. These profiles may be compared with the

data displayed in Fig. 5 of Ref. 6. Both Figs. 4~b! and 4~c!
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show a relatively sharp increase in fh and a steep decrease

in fo , indicating the influence of the extra bulk condition at

x51 and M x in lateral dimension ~x direction!.

In their study of the effects of the statistical chain length

and grafting density, Balazs et al.6–9 observed that the mag-

nitude of the binary interaction parameter between two poly-

mers with a short statistical chain length has a relatively

small effect on exfoliation. By contrast, the effect is quite

pronounced for relatively long polymer chains. The impor-

tant effect of molecular weight has been recognized in the

theories of polymer solutions (}x12N
1/2) and polymer

blends (}x12N).32 However, a high molecular weight com-

patibilizer is beneficial in systems with good miscibility be-

tween the host polymer and the main chain of the grafted

polymer, i.e., for xhg,0, and detrimental for systems where

xhg.0. To reach these conclusions, several simplifying as-

sumptions had to be made, e.g., that the clay platelets are

fully covered by a short chain organic intercalant and that the

interactions with bare solid clay platelet can be neglected.

Figure 5 shows the plot of the asymptotic free energy of

mixing, DF(h→`), as a function of the intercalant grafting

density ro . The graph was generated ~see Table I! assuming

that Nh5400, Ng5200, and No510. The same set of the

binary interaction parameters, as in the case of Fig. 4~b! was

used; xhs50.01, xgs520.01, and xos520.02. Thus, it was

assumed that no favorable interaction exists between the host

polymer and the compatibilizer chain. The computations

based on Eqs. ~15! and ~16! were carried out for five levels

of the compatibilizer grafting densities, rgP@0,0.2# . For the

solid-solid interactions, the value of the Hamaker constant

was taken as A520 (kBT), while the clay-lattice surface ra-

tio in Eq. ~9! was eP@0,20#.

In the absence of solid-solid interactions ~e50!, the free

energy of mixing DF is negative, decreasing with the com-

patibilizer grafting density rg , hence, indicating increasing

miscibility of the system with the compatibilizer content.

Furthermore, for rg50, there is a shallow, local minimum

indicating more favorable conditions for the specific balance

of the intercalant and copolymer concentrations. The pres-

ence of local minima was also noted from the 1D model ~see

Figs. 4~b! and 6 in Ref. 6!. As the compatibilizer grafting

density increases, DF decreases, but the decrease is signifi-

cantly smaller at higher intercalant grafting density, ro

.0.6.

In the presence of solid-solid interactions ~e520!, the

values of DF(h→`) range from strongly positive to

strongly negative. At a low compatibilizer concentration, rg

<0.05, DF is positive, indicating immiscibility of the sys-

tem. At higher compatibilizer grafting densities, rg.0.05,

DF is negative, decreasing with rg—the system is miscible.

However, the efficiency of the compatibilizer decreases with

increasing the values of both rg and ro .

When a lower value of the solid-solid interactions was

assumed ~e510!, the free energy of mixing, DF(h→`),

showed an intermediate behavior—in the absence of the

compatibilizer, the system was immiscible, but rg,0.05 was

sufficient to change the sign. At higher compatibilizer load-

ings, DF became the same for e510, as for e50, the easiest

exfoliation is expected when rg50.20 and e50 or 10. Thus,

the simulation indicates that the presence of a sufficient

amount of compatibilizer prevents the bare clay platelets

from interacting with each other or with the host polymer

and effectively removes these unfavorable contributions to

DF . This trend is further confirmed by comparing the den-

sity profiles for systems with solid-solid interactions contain-

ing different amounts of grafted polymer. For example, the

difference in excess free energy between the solid and

dashed lines, e50 ~no solid interactions! and e510, respec-

tively, at rg50.0 is rather large but diminishes at higher rg

values.

The effect of increasing the intercalant grafting density

is dual; on the one hand, it prevents the host polymer from

unfavorably interacting with the solid platelet but on the

other, it also prevents the favorable interactions of the com-

patibilizer with the clay. For practical reasons, a minimum

amount of compatibilizer should be used in the system with

fractional bare surface, e.g., at e510. As the results in Fig. 5

indicate, the optimum intercalant grafting density is about

ro50.6 to 0.7. This indicates that the concentration of the

grafted intercalant and compatibilizer must be carefully bal-

anced.

V. SUMMARY, CONCLUSION, AND OUTLOOK

The adopted SCF simulation methodology is an exten-

sion of the work of Balazs et al.6–9 To bring the model closer

to practical industrial strategies for the preparation of PNC,

four components have been considered: solid clay lamellae,

short-chain intercalant, long-chain end-functionalized com-

patibilizer, and host polymer. Accordingly, three types of in-

teraction parameters were used in the simulations: solid-

solid, solid-liquid, and liquid-liquid. Realistic values of the

short and long-range binary interaction parameters were se-

lected from the literature.

The initial one-dimensional simulations were carried out

to confirm the accuracy of the new simulation model and

computational methodology. Good agreement was found

with the results in the literature for simple system.6 In the

next step, the 1D model was extended to four components

including the crystalline solid lamellae characterized by high

surface potential. Finally, the computations were performed

for the 2D lattice model. These results were slightly different

~and intuitively more realistic! than those obtained for the

1D. The motivation for the inclusion of the solid platelet

interactions was provided by the well-known thermal insta-

bility of organoclays under normal polymer processing con-

ditions, which leads to the progressive removal of the inter-

calant from the clay surface, often resulting in the

reaggregation of the platelets.1,52

Using the one-dimensional model ~without the solid sur-

face present!, the simulation successfully identified the opti-

mum range of the operational parameters such as the grafting

density and the statistical chain length of a compatibilizer

macromolecule for the three values of the binary interaction

parameters between the host and compatibilizer polymer

chains, xhg . Results of the application of the methodology to

real system, viz., fully preintercalated organoclay with poly-

propylene ~PP! and end-functionalized PP as compatibilizer

~i.e., xhg50), suggest that for the best performance, about
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4% of the clay sites should be reacted with a compatibilizer

of similar molecular weight ~MW! as that of PP.

In the 2D model, the effects of solid-solid and solid-

liquid interactions were examined in addition to the previ-

ously studied variables. The limited 2D results successfully

reproduced those of the 1D formulation. In addition, they

demonstrated the strong influence of the solid-solid interac-

tions. In the absence of the compatibilizer, even with only

2% ~surface fraction! bare surface, the system was found to

be thermodynamically immiscible. Hence, organoclay exfo-

liation would not be expected.

The neutral interaction case exhibits a limited range of

intercalation, only if more than 5 vol % compatibilizer is

added for e520. For the mentioned PP system, the com-

pounding strategy must focus on the minimization of the

bare clay surface ~e.g., as caused by the thermal decomposi-

tion of the intercalant during compounding or extraction by

the molten polymers!, and the use of the few high MW com-

patibilizing macromolecules, as suggested in literature.6 Evi-

dently, the dispersion would be improved if some attractive

interactions between the host and compatibilizer chain poly-

mer could be developed, i.e., xhg,0. This system can be

realized in PNC with miscible polymer blends. For example,

PNC with polyphenylene ether as the host polymer compati-

bilized with the end-terminated PS. Unfortunately, for the PP

matrix, such a strategy is not likely to be readily available.

The two-dimensional model with four contributing com-

ponents indicates that, in the presence of a small percentage

of solid surface ~e510!, the minimum amount of compatibi-

lizer to secure the miscibility of the system is rg50.03 to

0.05 and that of the intercalant is about ro50.6 to 0.7. Ex-

foliation would be easier for higher values of rg but at a

higher PNC cost.

The few examples of the simulation results illustrate the

usefulness of this approach as a guiding tool for solving

difficult practical problems. However, there are serious limi-

tations imposed by the idealized models. Of these, four are

probably the most important.

~1! The use of realistic values of MW and interaction

parameters x. The problem is far from trivial considering the

polydispersity of MW, presence of additives, and thermody-

namic nonequilibrium conditions experienced during com-

pounding. Furthermore, the binary interaction parameter is a

misnomer—in reality, x i j is a complex function of many

independent variables!

~2! Extension of the present computer code to three di-

mensional ~3D! would bring the simulation still closer to

reality. Noteworthy is that as the comparison of the 1D with

the 2D results indicates, the entropic contribution in higher

dimensionality improved the miscibility especially in the

marginal miscibility situations. Thus, the 3D code may also

lead to different results.

~3! The present use of two platelets in the infinite reser-

voir of molten polymer prevents the use of a solid concen-

tration as an independent variable. Furthermore, the obtained

simulation results indicate the potential miscibility/

immiscibility at an infinite dilution. However, the developed

code can readily be extended to the practical concentration

range.

~4! The lattice models impose constraints absent in the

molecular dynamic ~MD! formalisms. However, the latter are

still limited in the number of elements and dimensions they

can consider. There are also problems with the common as-

sumption of the SCF model that the binary interaction pa-

rameters are constant and quite arbitrary in magnitude. Hy-

bridization of the SCF with MD may offer the best approach

for calculating the equilibrium free-energy changes with gap

expansion. A more ambitious goal would be to compute the

full phase diagrams, similarly as these are computed from

the SCF1DFT hybrid.10 Hybridization of the different length

scale methodologies in 3D, e.g., MD, SCF, and continuum

mechanics, offer intriguing potentials for predicting PNC

morphology and performance.
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