Modeling of Polymer/Clay Nanocomposite Formation
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ABSTRACT: A statistical thermodynamic modeling of the
formation of polymer/clay intercalation and nanocompos-
ites was developed. The key factor in determining interca-
lation was an exothermic heat of mixing between polymer
chains and the organically modified silicate surface. This
was found to agree with previous experimental results in the

literature including halogenated polymers and acrylonitrile
copolymers. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
1657-1663, 2006
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INTRODUCTION

The swelling mechanism of bentonite by various lig-
uids would seem to have been first envisaged in 1949
by Jordan,' who associated swelling with polarity and
high dielectric constant. This argument was further
developed by Barshad? in 1952. The arrangement of
polar molecules within the swollen clay was studied
by earlier investigators®® but is most highly devel-
oped in a 1963 paper by Weiss.” In 1960, Barrer and
Kelsey® described a lattice model of the statistical ther-
modynamics of the sorption of organic vapors by ben-
tonite clay.

From the mid-1990s, after the Toyota R&D Center in
Japan produced nylon 6 and its clay nanocomposite
compound by absorbing caprolactam monomer into
montmorillonite,” many investigations have been car-
ried out to produce polymer/clay intercalation with a
melt-compounding process. Generally polar polymers
such as polyamide 6,'° polyvinyl chloride (PVC),'!
poly(methyl methacrylate) (PMMA),'? acrylonitrile
butadiene rubber (NBR),"® and styrene acrylonitrile
copolymer (SAN)'* have been melt compounded with
montmorillonite to form polymer/clay nanocompos-
ites. However, this process does not prove successful
for polyhydrocarbons'®'® and various modified mont-
morillonites."”

In our previous studies, we produced polymer
nanocomposites with many commercially available
polar polymers such as chlorinated polymers (poly-
chloroprene, chlorinated polyethylene, polyvinyl
chloride, chlorinated polyvinylchloride, and polyvi-
nylidene chloride), polyvinylidene fluoride (PVDEF),
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vinylidene fluoride (VDF) containing fluoroelas-
tomers, styrene acrylonitrile copolymer (SAN), acry-
lonitrile butadiene copolymer (NBR), and hydroge-
nated NBR with various organic modified montmoril-
lonite clays. From the experiments with the primary,
secondary, tertiary, and quaternary organoclays, the
most polar polymer NBR was the only one to form
nanocomposites with secondary, tertiary, and quater-
nary organoclays. Nonpolar polymers [polyethylene
(PE), poly(propylene) (PP)] or natural montmorillon-
ite and primary organoclay could not produce inter-
calation. It was concluded that there are two critical
factors to produce polymer/clay nanocomposite in
melt compounding process. These are the polarity of
polymers and the organophilicity of organic modified
montmorillonite clay. The dielectric constant was used
to indicate the degree of polarity. Organoclays were
arranged by the organic surface area to represent the
organophilicity.

There are two previous efforts—by Vaia and Gian-
nelis'® and Balazs et al.>—to develop theories of the
formation of nanocomposites from polymer melts and
clays. Both theories resemble our own considerations
in the key role of enthalpic effects.

In this study, we explored a theoretical modeling of
the formation of the polymer/clay nanocomposite in
terms of statistical thermodynamic equilibrium prin-
ciples. The strong interaction between polymer chains
and clay surface was the focus of careful analysis.

MODEL
Formation of organoclays

We view the formation of organoclays from Na®
montmorillonite, following Smith?! and others,>® as a
chemical reaction involving cation exchange. Initially
a Na" montmorillonite contains negatively charged
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silicate layers SiO, and sodium Na™ cations. Introduc-
tion of the organic amine salts R,,NH"CI "~ leads to the
replacement of the sodium specifically. The reversible
reaction occurs

(-Si0, " —Na*) + (R,NH*CI")
< R, NH(—SiO,—) + Na® + CI~

This reaction is governed by an equilibrium constant K
with®?

AGf=RTInK (1)
where R is the gas constant and T is temperature.

AR, NHSiO#Na 1~
K=—"—"""— 2)

Asi0, ANa+AR,,NH*Cl-

where g, is the activity of the y component.
The free energy of the reaction AG" is negative. The
Na™ and Cl™ ions are readily extracted, thus pushing

forward the R,,NHSiO, concentration.

Statistical thermodynamic principles

Modeling of equilibrium melt-intercalated polymer/
clay nanocomposites should be developed based on
thermodynamic concepts. To form an intercalated or
exfoliated dispersion of silicate layers in a polymer
matrix the overall Gibbs free energy change should be
negative:

AG = AH — TAS <0 3)

which is needed to develop statistical thermodynamic
models for AH and AS. AH may be obtained from
energetic considerations. For a microcanonical ensem-
ble**?* S is

S=klnQ (4)

where ) is the number of configurations and k is
Boltzmann'’s constant.

AH heat of formation/solution

From our experimental results,'>" it is suggested that

the process of polymer intercalation is driven by AH.
The formation of intercalated structures for low mo-
lecular weight liquids—associated with polarity—was
argued earlier by Jordan,' Barshad,” and Weiss’. Some
of these effects may involve cation exchange. They can
be correlated with dipole moments and dielectric con-
stants, which suggests an exothermic AH. Our exper-
imental studies'™"” indicate similar behavior for poly-
mers.
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The interaction between adsorbed polymer and the
silicate layer should play an important role for the
change of enthalpy (AH). The treatment of natural
montmorillonite clays with organic amines makes the
silicate layer more organophilic, which is favorable to
polymer chains. Polymers containing polar groups
presumably have interactions with the organic ammo-
nium compounds, leading to exothermic effects and
negative AH.

There are two traditional approaches to heats of
solution, one attributed to van Laar®® (and succes-
sively generalized by Scatchard®® and Hildebrand),*”
which considers a random solution with energies E;;
and E,, between like molecules and E,, between un-
like molecules. E;; and E,, are cohesive energies of
individual components and E;, is the cohesive energy
between two components. Generally E;, is taken as a
geometric mean \/(E;E,,). This necessarily leads to
an endothermic heat of mixing based on solubility
parameters and the so-called regular solution.” This
proved very useful in interpreting the characteristic of
solutions of nonpolar molecules, although it would
not seem a productive approach to the intercalation of
liquids and polymer melts into clay.

A second approach is attributed to Dolezalek,*®
based on his explanations of the behavior of acetone—
chloroform solutions. This involves considering a
chemical reaction between “1 ” and “2 ” molecules to
form “12 ” combinations. Presumably the energy of
interaction was much greater in value than the geo-
metric mean.

We may apply this idea to low molecular weight
polar molecules and silicate surfaces. Liquids such as
acetone, alcohols, and glycerols swell montmorillonite
clays.? Clearly, for the low molecular weight polar
molecule entering into the organoclay, AH < 0 (exo-
thermic), whereas for nonpolar liquids, AH > 0 (en-
dothermic).

The above formulation may be generalized to poly-
mer solutions. A low molecular weight compound or
polymer entering the gallery between the silicate lay-
ers can interact with either an organic amine or neat
silicate layers. For polar polymers it produces an exo-
thermic effect if it interacts with the organic amine and
apparently an endothermic effect if it meets the bare
silicate surfaces. The latter should be the reason for the
Na® montmorillonite not to intercalate polymers.
Thus

AH = BAHcoat + (1 - B)AHuncoat (5)

where B is related to the extent of organic amine
coating, being larger for amines with large organic
groups; thus, B estimates the contribution of organo-
philicity of organoclays on the formation of polymer/
clay nanocomposite. In a previous study,'® we calcu-
lated B from the structure and concentration of or-
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TABLE 1
Organic Surface Area of Organoclays

Organic surface

Clay Organic modifiers door (A) Ad (A) area (%)
12-ALA H 14.0 4.4 50
H—N"—(CH,),;COOH
|
H
DOA H 14.8 52 50
|
H—N*"—(CH,),CH,
|
(CH,),CH;
TOA (CH,),CH, 15.8 6.2 70
H—N"—(CH,),CH;,
(CH,),CH;
Cloisite® 30B CH,CH,OH 18.5 8.9 70
|
CH— N'—T
|
CH,CH,OH
T (= 65%C18; ~ 30%C16; ~ 5%C14)
Cloisite® 20A CH, 242 14.6 120
|
CH,—N"—HT
|
HT
HT (= 65%C18; ~ 30%C16; ~ 5%C14)
ganic modifier (Table I). Basically we lay out the e—1 N w?
organic amine on the silicate surface and calculate the ce+2 3|t ar (6b)

fraction of the surface it coats from its concentration.
For large organic amines, 3 converges to 1 and AH —
AI_Icoat'

As we found in our experiments, the polarity of
polymer chains is critical in the formation of polymer/
clay nanocomposite in the melt-compounding pro-
cess. The range of polarity of polymeric materials may
be estimated by the dielectric constants and dipole
moment of each polymer molecule. We have found
experimental data for dielectric constants.

The Clausius—Mosotti equation is

e—1 N
=-a«a

e+2 3

(6a)

which expresses the dielectric constant for nonpolar
materials. Here & is the dielectric constant, « is the
molecular polarizability, and N is the number of mol-
ecules per unit volume.

The influence of dipole moment on the dielectric
constant has been proposed by various researchers
beginning with Debye. Specific theoretical interpreta-
tions of polar molecules were first modeled by De-
bye,** who devised the expression

where u is the dipole moment. It may be seen that w
enhances the dielectric constant. Subsequent modifi-
cations of Debye’s formulation have been given by
Onsager™ and Kirkwood.?'

Table II details the dielectric constants and dipole
moments of various polymers as well as values of the
latter determined from the work of Debye,29 On-
sager,30 and Kirkwood.?'

Exothermic heats of solution and dipole moments

Generally when solutions are formed from molecules
with dipoles the heat of solutions is exothermic. We
are especially interested here in solutions of amines.
We consider butylamine (uw = 1.32) and triethylamine
(n = 0.75).

Heat of mixing of amine compounds with a range of
organic liquids can be obtained from the literature.
Table III shows the heat of mixing of butylamine and
triethylamine with organic liquids. Generally high di-
pole moment polar organic liquids such as water,
1-butanol, ethanol, methanol, 1-propanol, and trichlo-
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TABLE 1I
Dipole Moment of Polymers

Dipole moment (unit: Debye)

Dielectric Kirkwood Table of dipole
Polymer constant Debye Onsager 6=1) moments*
PE 2.30 0.07 0.07 0.28 0.0
PP 2.25 N/A N/A 0.32 0.34
PS 2.80 0.42 0.42 0.80 0.25
SAN 3.10 0.55 0.54 0.87 1.07
PVC 3.40 0.52 0.53 0.79 1.44
PMMA 3.60 0.86 0.88 1.25 —
PVDF 8.40 0.89 1.15 1.60 1.37
NBR 13.0 1.17 1.74 2.61 1.50
roethane exhibited exothermic heat of mixing with 1 N
both amine compounds. Nonpolar organic liquids Q= N,! 1_[1Vi ()

i=

such as decane, heptane, methyl cyclohexane, hexane,
and benzene exhibit endothermic heat of mixing. Fig-
ure 1 clearly shows the exothermic and endothermic
heat of mixing of polar and nonpolar organic liquids
with organic amines.

AS entropy of formation

An entropy change occurs in the absorption/adsorp-
tion of molecules into the galleries between silicate
layers. The entropy of formation of chain structures in
clay silicate layers has been described notably by Bar-
rer and Kelsey.® We consider that there are two steps.
The first is the formation of an organoclay by the
absorption of low (modest) molecular weight organic
amine into the galleries with the elimination of so-
dium and potassium cations. The second is the ab-
sorption of the polymer chains into these same galler-
ies. The entropy change requires the evaluation of (),
which has the form

where v; is the number of configurations for each
chain introduced and Nj is the number of indistin-
guishable polymer chains.

In our analysis we seek to determine v; and () for
polymer chains entering a partially empty gallery con-
taining organic amines tethered to some of the silicate
layers. v;,, is obtained in the following manner. N,
represents the total sites that are available in the gal-
lery. There are already N, number of organic mole-
cules fixed to the silicate sheets. There are (N, —
MN,,,) cells available for polymer chains, where M is
the number of cells occupied by each organic amine
molecule. After i polymer chains, each having m seg-
ments and introduced, there will be (N, — MN,,, —
im) sites. The number of configurations v, for the (i
+ 1)th polymer chain is

Vie1 = (Ng = MNyy, — im)z(z — 1)" (1 — f)"~'¢"  (8)

TABLE III
AH of Amine Compounds

Heat of mixing (J/mol)**

Dipole
Organic liquid moment® Butylamine Triethylamine
Water H,O 1.82 —3401 —2163
1-Butanol C,H,,O 1.81 —2894 —1495
Ethanol C,HO 1.73 —2954 —1336
Methanol CH,O 1.71 —3829 —1889
1-Propanol C;HO 1.70 —3068 —1429
Ethane, 1,1,1-trichloro C,H,Cl, 1.75 — —-175
Cyclohexane oHin 0.61 1199 225
Decane 10H22 0 1449 135
Heptane Hig 0 1269 88
Cyclohexane, methyl SHiy 0 1129 82
Hexane CeHyy 0 975 82
Benzene CeHg 0 678 330
Toluene C,Hg 0.43 611 132
Benzene, 1,4-dimethyl CgHy 0.37 635 45
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Figure 1 AH of butylamine and triethylamine with various alcohols and trichloroethane.

where Ny — MN,,, is the total available number of
possible sites in the gallery for polymers; f; is the
probability of an adjacent site being occupied; g is the
factor specifying unavailability of sites on the far side
of the surface; and a = 2m/q, where q is the number of
sites equal to the distance between two separated
silicate surface. Now taking (1 — f;) to be (N, — mi)/
Ny, where N, = N, — MN,,,, leads to

org/

Ny —1)! [z —1)\m N
~ ( 0 ) (Z ) gNﬁa (9)

~ (N3 — mNp)! \ N}

Using Stirling’s approximation, the configuration
entropy S becomes

SE _k Nlln +Npln

N,
N, + mN, N, + mN,

— Np(m — DIn(z — 1) + mNp — NpaIng| (10)

where N; = MN,,.
The entropy of disorientation is the case where N,
=0

org

Sy =kNp[ln mNp+ (m—1In(z—1) —m +alng]
(11)

The entropy of mixing in the gallery is

AS =S-S5,

MN,,,

MN.,.. + mN,

org

= - k(Norgln

mNp

+ Npln W) (12)

which is essentially the well-known Meyer-Huggins—
Flory form for polymer solutions.??7

AG free energy of formation
The free energy of formation eq. (3) of the intercalated
structure can be rewritten with eq. (5) as

AG = BAHcoat + (l - B)AHuncoat - TAS (13)

where AS is given by eq. (12). The values of AH_,,,
AH coar and B determine whether AG is positive or
negative.
For a polymer in Na™ montmorillonite g = 0,
AG = AH pcon — TAS (14)
For organoclay where 3 becomes large (8 ~ 1), eq.
(13) becomes

AG — AH, — TAS (15)
COMPARISON WITH EXPERIMENT
Values of parameters
AG = BAHcoat + (1 - B)AHuncoat — TAS (16)

To estimate AH_,; and AH ..., We need to consider
the organophilic and polar—polar interactions ex-
pressed in four different cases.

Case 1. Polar polymer and organic ammonium sur-
face, AH,,; < 0, organophilic and polar interactions
Case 2. Nonpolar polymer and organic ammonium
surface, AH_,,; > 0, organophilic but not polar inter-
action



1662

Case 3. Polar polymer and inorganic clay surface,
AH coat > 0, polar interaction but not organophilic
Case 4. Nonpolar polymer and inorganic clay surface,
AH coat > 0, not organophilic and polar interaction

For organoclays where the surface is completely
coated, B = 1. If the organic surface is 70% coated, 3
= 0.7, and the effect of the 0.7 portion of AH_,,, and
the 0.3 portion of AH_ ... On the free energy change.
For sodium natural montmorillonite clay (Cloisite®
Na™) without organic modifier, B = 0.

To estimate overall free energy change for a polar
polymer in a clay with organic amine coated galleries,
we used the heat of mixing (AH,,. = —175 J/mol) of
triethylamine and trichloroethane for the (Southern
Clay, now Rockwood Specialties, Princeton, NJ)
Cloisite® 20A and 30B organoclays and chlorinated
polyvinylchloride (CPVC) or polyvinylidene chloride
(PVDC). These polymer compounds CPVC and PVDC
possess a chemical structure that is roughly similar to
that of trichloroethane.

For Cloisite® 20A organoclay, which is completely
covered by organic modifiers, eq. (15) should be valid.
Here AH,.. < 0 and AS is positive, and the free energy
change is negative.

For this case, we may do rough conclusions using
the data given above. If we consider PVDC/Cloisite®
20A (10 wt %) compound, 90 g of PVDC polymer was
compounded with 10 g of organoclay: 90 g of PVDC
(average molecular weight of two repeating units = 78
g/mol) has 1.15 mol, which corresponds to AH
= =175 J/mol X 1.15 mol = —201 J. For AS, n,, =
0.0095 mol and 1, = 1.15 mol, if d = 1 for modifier and
polymer, ®,, = 0.1 and &, = 0.9, R = 8.314 ] /K mol,
AS =1.19]/K, TAS = 355], AG = —201 — 355 = —556
J.

Because the organic surface of Cloisite® 30B organo-
clay is 70%, B = 0.7. The free energy change is

AG = 0.7AH,,,, + 0.3AH,, 00 — TAS  (17a)

where AS is given by eq. (12). For the PVDC polymer,
the heat of formation of the coated surface is AH,, <
0. The heat of formation of the uncoated surface is
AH icoat > 0 because there is no organophilic interac-
tion.

For the PVDC/30B (10 wt %) compound, 0.7AH_,,
= (0.7 X =201 = —141J and —TAS = —352 J. Because
our experimental result confirmed the intercalation of
PVDC/30B and the tendency to form a nanocompos-
ite, we can assume the positive 0.3AH o, contribu-
tion is smaller than the sum of 0.7AH_,, and —TAS.
The overall free energy change AG is negative.

In the case of natural montmorillonite clay
(Cloisite® Na*) and PVDC compound, 8 = 0.

AG = AH oy — TAS >0 (17b)

KIM AND WHITE

AH coat 1S positive for polar PVDC polymer because
there is no organophilic interaction and —TAS < 0.
The overall free energy change depends on the value
of enthalpy and entropy changes. In our experiment
with PVDC polymer and Cloisite® Na™*, the free en-
ergy change is positive, which means no intercalation.

We can compare the PVDC and Cloisite® 30B or-
ganoclay compound to the case of polyethylene (PE)
and Cloisite® 30B compound. The heat of mixing
(AH_ya¢ = 135 ]J/mol) of triethylamine and decane can
be used for PE and Cloisite® 30B compound. Because
the organic surface area of Cloisite® 30B is 70%, S
= 0.7. Once again we obtain eq. (17a).

Because polyethylene is a nonpolar polymer, AH,,,
> 0 and AH ,coat > 0. If we use 10 g of organoclay and
90 g of polyethylene, 0.7AH_,, = 0.7(135 J/mol X 3.21
mol) = 303 ] and —TAS = —890 J. If we know the
value of AH ...t (>0) we obtain a positive free energy
change.

As we described above, for the PVDC and Cloisite®
30B compound, 0.7AH_.,, = —141 J and —TAS = —352
J. If we know the value of AH ,.oar (>0) we can de-
termine whether the free energy change is negative.

CONCLUSIONS

The formulations we present here are similar to but
simpler than earlier theories described by Vaia and
Giannelis' or Balazs et al.** The conclusions are sim-
ilar and illustrate more simply the “polarity ” and
“heat of solution ” mechanism for forming interca-
lated structures of polymers’ intersilicate layer galler-
ies in clay. The existence of an exothermic heat of
solution between the organic amine and the polymers
seems to be the key to intercalation of the polymer
melt.
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