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Abstract

Molecular modeling techniques were applied to predicting binding energies for nanocomposites comprising exfoliated clay layers
treated with ammonium salts (usually quaternary) and dispersed in nylon 6,6 resin. For each of 12 selected ammonium ions (quats), a
molecular dynamics simulation was performed at 600 K for 100-300 ps with a time step of 0.001 ps on a computer model built from 20
repeating units of nylon 6,6 polymer, six quat molecules and a montmorillonite platelet. Several conformations were selected from the
equilibrated time region, energy minimization carried out and binding energies calculated between nylon 6,6 and the clay platelet, between
nylon 6,6 and the quat, and between the quat and the platelet. It was found that the binding energy between nylon 6,6 and the clay platelet
decreases almost linearly with the volume of adsorbed quat. Consequently, pristine clay yields the highest binding strength to the nylon.
Clays partially substituted by long quats were found to be equivalent to those fully substituted with short quats. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Polymer—clay nanocomposites have emerged as a new
class of materials in the last decade of the 20th century.
They have superior properties such as higher tensile
strength, heat resistance, and are less permeable to gas at
a lower level of loading compared with traditional compo-
sites [1-11]. Earlier industrial successes of nylon 6 nano-
composites inspired us to design nylon 66 nanocomposites.

In the formation of nylon/clay nanocomposites, platelets
initially stacked together to form clay particles are inter-
calated with polymer, exfoliated and dispersed in the
nylon matrix. A single platelet layer is sheetlike, having a
thickness of only about 10A and 1x1 p,mz width [12].
The resulting aspect ratio of about 1000 is a contributing
reinforcement factor, since, according to classical theories
of filler reinforcement [13], the volume fraction and the
aspect ratio are the key parameters governing the mechan-
ical properties of composites. Such theories predict that
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only several percent of clay by volume (vol%) could
double or triple the modulus of layered clay nanocomposites
[13]. In fact, commercially viable nylon nanocomposites
developed by Toyota Research Laboratories in Japan
contained as little as 1.5 vol% of clay [1-6].

In the preparation of layered silicate nanocomposites via
melt compounding, refined smectic clay is routinely first
treated by exchanging metal cations, usually Na ions,
adsorbed on the negatively charged surface of the platelets
with onium ions, especially quaternary ammonium salts
(quats). The thermodynamics between nylon molecules in
the melt and the pristine silicate surface are not sufficiently
favorable to expand the clay galleries significantly via inter-
calation, so the pre-treatment of the clay with quats is
required with this system to generate stronger interactions.
The larger quats, applied from aqueous alcohol solution in
which the clay platelets are colloidally suspended, do, by
steric hindrance from their presence in the galleries, force
the plates into a larger spacing. However, more importantly,
they also alter the thermodynamics of the system by
introducing new enthalpic interactions with the polymer
molecules, causing a greater degree of intercalation that
increases platelet spacing to the point where the platelets
become exfoliated, at which point they may disperse
individually in the matrix.

Because of the strong role played by thermodynamics, all
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Table 1
Atomic coordinates for montmorillonite [14]

Serial number Atom Partial coordinates
xla ylb /e
1 Ml 0.0 0.0 0.0
2 M2 0.0 0.333 0.0
3 M3 0.0 0.667 0.0
4 Tl 0.417 0.329 0.270
5 T2 0.417 0.671 0.270
6 K 0.5 0.0 0.5
7 Ol 0.481 0.5 0.320
8 02 0.172 0.728 0.335
9 03 0.172 0.272 0.335
10 OH(04) 0.419 0.0 0.105
11 05 0.348 0.691 0.110
12 06 0.348 0.309 0.110

quats are not equally effective. Some quats are effective in
opening up the gallery, but they may not be compatible with
nylon 6,6, leading to a weak interface. Others may not open
up the gallery at all. Therefore, two primary problems
remain to be solved regarding quat selection: (1) what
chemistries will best exfoliate a clay in the nylon matrix,
and (2) which of these quats are most effective in providing
a high interfacial strength between the dispersed clay
platelets and the nylon matrix.

In this paper we treat the second problem since the first
problem involves mass transport and polymer diffusion,
whose simulations are impractical at the atomistic level.
Our approach is to build a model comprising nylon 6,6,
a quat, and a montmorillonite platelet on a computer,
equilibrate the system by molecular dynamics and energy
minimization, calculate binding energies between all of
the components: the nylon 6,6 and the clay platelet, the
nylon 6,6 and the quat, and between the quat and the
platelet. Binding energies provide guidelines for screening
quat molecules to make nylon 66 nanocomposites having a
strong interface between dispersed clay platelets and the
nylon 66 matrix. Further, we attempt to connect simulation
results to toughness. This is unique since none of the
published work has predicted toughness for alumino-
silicates—organic and inorganic compounds, though there
are numerous reports on atomistic simulations of alumino-
silicate systems.

2. Methods and procedures

A simplified model assuming all montmorillonite plate-
lets to be at low volume concentration and fully dispersed in
the nylon 6,6 matrix so that they do not interact consists of
nylon 6,6 molecules interacting with quats and exposed
silicate surface on one side of a montmorillonite clay plate-
let. For simplicity, sodium ions are allowed to occupy the
surface adsorption sites on the other side of the platelet.

Twelve quats having a wide range in polarity are selected
for our study (see Table 2).

2.1. Building a montmorillonite crystal

Montmorillonite is one species of smectic clay occurring
in bentonite ore. As with most natural minerals, its chemical
structure and atom arrangements are not unique. Yet, they
are structurally derived from those of the mineral pyrophyl-
lite by random substitutions of aluminum by magnesium
ions [12].

The principal building elements of pyrophyllite are a 2-D
array of aluminum-—oxygen—hydroxyl octahedra sand-
wiched between two 2-D arrays of silicon—oxygen tetra-
hedral, forming a three-layered platelet. The tetrahedral
and octahedral sheets are able to share common oxygen
atoms because they are similar in symmetry and dimen-
sions. Most minerals in this group consist of such platelets,
which are stacked parallel to each other [12].

We built a montmorillonite crystal in the following
manner: based on partial coordinates calculated from X-
ray diffraction patterns [14], we first built a unit cell of a
pyrophyllite crystal and combined 18 unit cells into a basic
cell for our simulations. Then, we partially substituted
aluminum by magnesium ions to obtain a crystal structure
of montmorillonite. The above procedure was done using
the Cerius2 molecular modeling package (MSI) on a SGI
silicon graphics workstation.

The resulting lattice is monoclinic having a space group
of C2/m [12,14]. The unit cell constants are 5.23, 8.94, and
9.2 A for a, b, and ¢, and 90, 99, and 90° for alpha, beta, and
gamma, respectively. Table 1 lists the partial coordinates for
montmorillonite. It should be noted that because of the space
group symmetry, data in Table 1 contain a redundancy.

According to Olphen [12], a typical montmorillonite with
a cation exchange capacity (CEC) of 70 meq of cations per
100 g of the clay has the following chemical formula:

[(Si3 g3Alg 12)" (AL} g4Fet 0sMgo 36) " O10(OH), 1 — My g7

where M represents a monovalent exchangeable cation,
and the superscripts IV and VI refer to tetrahedral and
octahedral coordination numbers, respectively.

It is possible to achieve an integer number of atoms if
the basic cell consists of 50 unit cells. However, the
total number of atoms then becomes more than 1800
for the basic cell alone, which is beyond practical
simulation using currently available computer hardware.
Simplification can be achieved by neglecting Al in the
tetrahedral lattice and Fe in the octahedral lattice.
Three wunit cells then yield the integer formula
[(Sizg)" (Al;pMg))'Ogo(OH) 1] — M.

The edge of the parent cell in the periodic boundary
system must be larger than twice that of the non-bonded
interaction cutoff (~8.5 A). Further, we require the cell to
be square as closely as possible in order to diminish any
directional preference. Thus, our parent cell consists of
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Fig. 1. A clay surface with quaternary ammonium salts (CH;);NC,,H,s. C: grey, H: white. For a montmorillonite crystal, Al and Na are shown by space filled

model, and Si and O by the stick model.

(6 X3 X 1) unit cells with dimensions of 31.38, 26.82,
and 9.2 A, respectively. Although the repeating period in
the z-axis is nearly the same as the non-bonded cutoff, this
repeating period is eventually increased to 125-150 A to
mimic a surface, as described later.

In natural montmorillonite clay minerals, magnesium
ions randomly replace aluminum ions in the octahedral
lattice. Since an Al ion is trivalent and a Mg ion is divalent,
the substitution yields a deficit of positive charge or
equivalently an excess of negative charge. This excess of
negative charge is compensated by the adsorption of
cations on the layer surface, since they are too large to be
accommodated in the interior of the platelet [12]. In
other words, magnesium ions distribute uniformly in a
platelet in a macroscopic sense and cations position
themselves on the platelet surface as close to the magnesium
ions as possible. Since our parent cell is too small to be a
macroscopic cell, we selected the magnesium ion positions
in a regular fashion, making their distribution as well as
the cation (Na™) positions just above or below them in the
z-axis direction as uniform as possible.

The present study considers only a single platelet.
To make the platelet symmetric with respect to cations,
half of the 12 adsorption sites of the model, those
located on the back side of the layer, were populated
with metal (Na) ions, while the other six, located on

the side of interest, were filled with a selected quat
molecule (Fig. 1).

2.2. Quaternary ammonium salts

Table 2 lists the 10 quats and two amino acids selected for
this study. The readily available mono- or di-C18 alkyl
quats have been selected as benchmarks because they
have been shown experimentally to be moderately effective
in enhancing the intercalation of nylon 6,6 molecules, lead-
ing to exfoliation and dispersion of the platelets [15]. On the
other hand, HTLS8, an ethylhexyldimethyl hydrogenated
tallow quat treatment, has been found to be more effective
in exfoliating and dispersing montmorillonite platelets into
a nylon 6,6 matrix [15].

Since nylon 6,6 has high polarity, polar quats would be
expected to be more compatible with that polymer, thus
enhancing the binding energy to nylon 6,6. This effect
could be tested by introducing polar (e.g. carboxyl) groups
along the alkyl chain or in the terminal position. Further,
amino—enanthic acid was selected to test the different
effect imparted by quats versus primary ammoniums, and
the effect of chain length in the latter was tested with
aminolauric acid. The latter treatment is known to be parti-
cularly effective in nylon, since by using it Toyota
successfully developed and Ube commercialized nylon 6
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Table 2
Chemical formulas, abbreviations, and names of quats and amino acids

Chemical formula Abbreviation Name

Pristine Pristine

(H3C);N(CgH3) C6 Trimethylhexyl quat
(H5C);N(C2H,s) C12 Trimethyldodecanyl quat
(H3C),N(CgH37), 2C18 Dimethyldistearyl quat
(H3C),N(C;3H37)(C¢H;1C,Hs) HTLS8 Dimethyl2-ethylhexylstearyl quat
(H3C),N(C,gH37)(C¢H,,C,H5) HTLS8-50 Dimethyl2-ethylhexylstearyl quat
(H;C),N(C,sH37)(C,H,OH) C18PEO Dimethylstearylethyleneoxide quat
(H3C);N(CHOHCH,);H PVA3 Trimethylvinyalcoholtrimer quat
(H3C);N(CHOHCH,)sH PVA6 Trimethylvinyalcoholhexamer quat
(H;3C);N(CHCOOHCH,);H PA3 Trimethylacrylicacidtrimer quat
(H3)N(CH,)sCOOH Enanthic Omega-aminoenanthic acid
(H3C);N(CH,)sCOOH C7quat Trimethylomega-aminoenanthic quat
(H3)N(CH,),;COOH Lauric Omega-aminolauric acid

nanocomposites having tensile moduli about 40% higher
than the neat polymer [1].

Quats were built using the united atom approximation in
which carbon atoms are made to absorb the hydrogens in
methyl, methylene, and methine groups, increasing their
masses and van der Waals radii. In this way, the number
of atoms and likewise the computation time can be reduced
by 50-67% for a single quat system. For example, quat
(CH;);NC,,Hy5s may reduce to C3;NC2,,C3, where C3 and
C2 represent —CHj3 and —CH, groups in the united atom
approximation. The number of atoms reduces to 16 from 60.
In some instances, not all —CH, —CH,, and —CH; were
reduced to C1, C2, and C3, respectively, in order to test
the validity of this approximation.

2.3. Building a system

After a montmorillonite platelet, quat, and nylon 6,6 were
built, we constructed our system by substituting six Na ions
on one side of the platelet with six quat molecules on the
other, as described above, and adding a nylon 6,6 molecule
to the platelet—quat complex.

The N,—CH, bond of the quat was oriented perpendicu-
larly to the xyplane of the montmorillonite [16] and the Ny
atom was placed just above the corresponding Mg position
so that the van der Waals radii of the methyl groups and
oxygen atoms on the surface of the clay nearly touched but
were not overlapped. Their positioning was guided by
calculating the non-bonded energy. Fig. 2 displays two
C12 quat molecules on the montmorillonite surface along
with magnesium and sodium ions, as represented by a
space-filled model.

2.4. Force fields

The interactions occurring in a system are described by
a potential E, which consists of harmonic bond length,
harmonic bond angle, 3-fold torsional, inversion, and non-
bonded interactions, the last of which can be further sub-
divided into those due to hydrogen bonding, 6—12 van der

Waals interactions and Coulombic electrostatic potentials:

E = Ebond + Eangle + Etorsion + Einversion + Ehb
+ Evdw + Eelestat @))

The default force field of Cerius2, Dreiding 2.21 [17],
was revised since it does not contain octagonal Al and Mg
atoms. We added them to the force field parameter list to
make our own force field file. Except for their formal
charges, their force field parameters such as van der Waals,
bond-stretching, bond bending, torsion, and inversion were
set to those of the tetrahedral ones. Although this is a crude
approximation, any further refinement is not justified
considering the low accuracy of the montmorillonite X-
ray data. A further refinement could be done after refined
X-ray data become available.

Further, we added quaternary nitrogen ‘N’ to our force
field file. The number of the lone pair electrons in ‘N,’ was
set to zero. All other parameters for ‘N, are equal to those
of ‘N3’.

All other settings were Cerius2 default.

The charges of each atom were assigned by charge
equilibration [18]. For a quat molecule, we first set the
charges of all atoms to zero and then assigned the positive
one to the nitrogen atom, followed by the charge equilibra-
tion. The positive charge of one (esu) significantly spread
over the entire molecule, leaving the charge of the nitrogen
negative. Therefore, we also determined the partial charges
by semi-empirical MOPAC using the PM3 Hamiltonian and
got the qualitatively same results, though the values of
individual partial charges obtained by semi-empirical
methods were different from those via charge equilibration.
A positive partial charge is not localized on the nitrogen
atom, but it is still localized around the nitrogen atom
and its substituent groups. For consistency, we used the
partial charges calculated by the charge equilibration
method. The charge delocalization was an unexpected
result for us but has been well known [19] thanks to the
reviewer.
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Fig. 2. Four snapshots at 0 (top left), 20 (top right), 50 (bottom left), 100 (bottom right) ps from a trajectory of a 100 ps molecular dynamics simulation at
600 K for a system consisting of a nylon 6,6 chain (20 repeating units) and the montmorillonite surface.

Our usage of the Dreiding force field and the charge
equilibrium method is basically the same as Aikin et al.
[20]. One difference between the two is the method of
handling the long-range interactions. While they used the
Ewald summation method, we used a cutoff at 8.5 A. Either
a longer cutoff or the Ewald summation method would be
influenced by undesirable effects arising from the residual
Na atoms left on the other side of the clay platelet. Although
a two-sides model would have been more desirable, in the
present work, quats were built on only one side of the clay
platelet, leaving Na atoms on the other, in order to limit
computation time.

2.5. Nylon single chain

We extracted the conformation at 50 ps (picoseconds) as
an initial one from a 200 ps molecular dynamics trajectory

for a nylon 6,6 chain of 20 repeating units in vacuum. It
spans about 90 A in the z-direction and 30—40 A in the x-
and y-directions.

2.6. Surface

The lattice constant ¢ of the montmorillonite cell with six
quat molecules on one side was extended to 125-150 A
depending on the length of quats and the nylon molecule
that was added to it. The closest distance of a part of the
nylon to the quat was around 5 A, so that the nylon chain
was attracted to the quat—montmorillonite surface by non-
bonded interactions but was far enough away so that its
initial conformation hardly affected the equilibrium states
of the system. Further, ¢ = 125-150 A assures that the
nylon molecule does not interact with the Na-surface of
the nearest-neighbor platelet. In other words, even if our
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Fig. 3. Profiles of kinetic (top left), potential (top right), electrostatic (bottom left), and van der Waals (bottom right) energies for the simulation shown

in Fig. 2.

model is 3-D periodic, there is no interaction between the
periodic images in the z direction, creating a pseudo 2-D
periodic system [21].

2.7. Molecular dynamics with constraints

Molecular dynamics (MD) simulations were carried out
on SGI workstations with a Power Challenger for 100—
300 ps at 600 K with a time step of 0.001 ps until the total
potential, non-bonded, electrostatic and van der Waals ener-
gies became nearly constant for the last 40—100 ps. A high

temperature was chosen so that the system could quickly be
equilibrated. Since our bond potentials are harmonic, the
covalent bonds are stable at 600 K. During the simulations
the positions of the montmorillonite and Na atoms were
fixed, but the nylon molecule and the quats were allowed
to move accordingly.

2.8. Energy minimization

The potential energy of the initial structure was mini-
mized until the root-mean square (RMS) gradient became
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Fig. 4. Four snapshots at 0 (top left), 20 (top right), 50 (bottom left), 200 (bottom right) ps from a trajectory of a 200 ps molecular dynamics simulation at
600 K for a system consisting of a nylon 6,6 chain (20 repeating units), six aminolauric acid molecules [H;N(CH,);;COOH] and the montmorillonite surface.

0.1 kcal/mol/A. Further, five or six snapshots were extracted
from each MD trajectory file during the last 40—100 ps, in
which the system became equilibrated and the potential
energies were minimized until the RMS gradient became
less than 0.01 kcal/mol/A.

2.9. Binding energy

The total potential energy E(nylon,mm,quat) may be
written as:

E(nylon, mm, quat) = Enylon + Equat + Emm
+ Enylon—mm + Enylon—quat + Equat-mm 2)

where Enylon, Equat, Emm, Enylon—-mm, Enylon—quat,
and Equat—mm represent self-energies of nylon, quat and
montmorillonite, and interaction energies between nylon
and montmorillonite, between nylon and quat, and between

quat and montmorillonite, respectively. The self-energies
consist of both covalent and non-bonded contributions,
and the interaction energies only of non-bonded ones. The
binding energy is the negative of the interaction energy.

To calculate the binding energy Enylon—mm, for
example, we first created a nylon—montmorillonite system
deleting the quat molecules from an energy-minimized
conformation and calculated the total energy of the
system, E(nylon,mm), without any further minimization).
Next, we deleted the montmorillonite platelet and Na ions
leaving a nylon 6,6 molecule alone, and calculated the
energy of nylon 6,6 molecule, Enylon. Similarly, we
deleted the nylon 6,6 molecule from the nylon—montmor-
illonite system and calculated Emm. Then, the binding
energy Enylon—mm may be calculated from the following
equation:

Enylon-mm = Enylon + Emm-E(nylon, mm) 3)
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Fig. 5. Close-up of the snapshot at 200 ps in Fig. 4 near the clay surface. Aminolauric acid molecules are shown by space filled model while nylon 66 by

cylinder and montmorillonite by stick model.

Similarly, the binding energies Enylon—quat and Equat—
mm are computed as follows:

Enylon—quat = Enylon + Equat—E(nylon, quat) “)

Equat-mm = Equat + Emm—E(quat, mm) ®)

3. Results and discussion
3.1. Trajectory and equilibrium conformation

In order to demonstrate molecular conformations near the
clay surface, four snapshots and energy profiles are shown at
0, 20, 50, and 100 ps in Figs. 2 and 3, respectively, for a MD
simulation at 600 K of a nylon 6,6 chain and a pristine
montmorillonite platelet. The kinetic energy (upper left in
Fig. 3) fluctuates around 2200 kcal/mol throughout the
100 ps period, indicating that the temperature is constant
as desired, while the potential energy (upper right in
Fig. 3) gradually decreases for the first 60 ps and stays
around 2500 kcal/mol for the last 40 ps. The van der
Waals energy (bottom right in Fig. 3) decreases until the
nylon 6,6 molecule comes close to the surface (see Fig. 2),
whereas the Coulombic component more slowly approaches
an equilibrium value due to its long-range nature.

Fig. 4 shows similar snapshots at 0, 20, 50 and 200 ps for
a nylon 6,6 chain and a montmorillonite platelet exchanged
with 6 aminolauric acid (H;NC;;H,,COOH). Aminolauric
acid molecules became flattened on the clay surface within
20 ps elapsed time, and the nylon molecule then docked on
top of them within 50 ps. In this case the equilibrium
reached in around 50 ps is much faster than for the
nylon—pristine clay system shown in Fig. 2. Fig. 5 is a
close-up of the 200 ps snapshot in Fig. 4 using a space filling
model for aminolauric acid and a cylinder model for nylon
6,6. This figure clearly shows conformations of aminolauric
acid molecules and the nylon chain near the clay platelet.
Aminolauric acid molecules mostly sit on the clay surface
area, so that the nylon 6,6 molecule can occupy only a small
portion of it.

Fig. 6 displays conformations of C6 and HTL8 quats as
well as lauric acid ammonium ion near the clay surface after
the systems were relaxed by energy minimization. The
adsorbed ions are not bound to their initial positions
above the Mg atoms. They can move around on the surface
due to thermal motions (at 600 K). This is particularly so for
the smaller ammonium ions, although none have ever been
observed to actually leave the surface.

Hydrocarbon chains tend to be straight (trans conforma-
tion). There are gauche conformations, but with a very low
probability of occurrence. In HTLS, the stearyl groups lie
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Fig. 6. Top and side views of C6 quats conformations after equilibration.

down flat and force the ethyl groups to stick outward from
the clay surface. This may be preferable for facilitating
intercalation, since the steric hindrance of the ethyl groups
would prevent the platelets from coming closer together.
As the quat molecules become more voluminous, the
nylon molecule collapses less directly on the clay surface
and more onto the quats themselves. In other words, the
quats shield interactions between nylon and clay, and the
larger the quat, the larger the shielding effect. The unex-
pected adsorption of the hydrocarbon chains of the quats
directly onto the silicate layer of the clay surface may be
due to electrostatic interactions. A quat molecule has a posi-
tive one charge (esu). It spreads all over the quat molecule
and does not localize on the nitrogen atom, as mentioned
above. All united carbon atoms in the quat molecule are
positively charged, while the oxygens on the clay surface
are negatively charged. As long as they are separated by
more than the sum of their van der Waals radii, interactions
between oxygen and carbon atoms are always attractive,
mainly electrostatic and secondarily van der Waals.

Fig. 7. Quat conformations after equilibration (C18). Top and side views.

Since a typical value of surface area per quat molecule
is about 140 A2 all quat molecules cannot lie flat on the
clay surface as the volume of the quat molecule
increases. Some are up against the clay surface, but
others are next to other quat molecules. Consequently,
they form a multi-carbon layer. Fig. 7 represents the top
and side views of a 2C18 quat, the largest in the present
work. It is apparent that the quat layer is much thicker
than those in Fig. 6. No quat main chain extends up from
the clay surface, except for the ethyl groups in HTLS as
mentioned above and one PVA6 quat molecule to be
displayed later.

There arises a question whether or not the initial state
affects the final conformation. We performed several
simulations in which quat molecules were fixed until an
equilibrium was reached during a molecular dynamics
run. Once the constraints were removed after that, the
quats molecules became flat on the platelet. The resulting
conformations were very similar to those reported, although
individual atom positions were not identical.
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3.2. Binding energy

From the equilibrium conformations we first calculated
self and interaction energies, followed by the binding
energies between nylon 6,6 and the clay, between nylon
6,6 and the quats, and between the quats and the clay.
Tables 3 and 4 summarize these results. Emm values are
not included in the above results since they are null due
to fixed position constraints. Fig. 8 displays a plot of the
binding energy between nylon 6,6 and the clay versus quat
volume, whereas Fig. 9 gives nylon 6,6—quat and quat—clay
binding energies versus quat volume.

The binding energy Enylon—-mm between nylon 6,6 and
the clay decreases almost linearly with increasing quat
volume. A main result of our work is that smaller quats
provide stronger interfaces than larger ones, as displayed
in Fig. 8. The binding energy Enylon—quat slightly
increases with quat volume, while Equat—mm increases
much more sharply.

While HTLS8-treated clay, supplied by Southern Clay
Products Inc., was experimentally found by transmission-
electron microscopy to disperse satisfactorily in nylon 6,6
[22], the resulting tensile strength of its nanocomposites
was enhanced only slightly over the neat polymer. Although
no definite conclusions can be reached without detailed
knowledge of the fracture mechanism(s), the small strength-
ening effect of the nanoparticles may be attributed in part
to a predicted weak binding energy between nylon 6,6 and
HTLS8-treated clay platelets. Enylon—mm for the HTL8 quat
is one of the lowest is our study, only about 1/5 ~ 1/6 of that
for the aminolauric acid which Toyota used for nylon 6
nanocomposites.

Since quats shield interactions between nylon 6,6 and
clay, the combination of pristine clay with nylon 6,6
produces the highest binding energy of all. Thus, nano-
composites produced from untreated clays should be the
toughest. In situ polymerization techniques, in which clay

Table 3

is first dispersed in nylon 6,6 monomer without the use of
ammonium ion treatment, could potentially lead to superior
materials [15].

Quats can be classified by the length of their hydrocarbon
chain, which tracks the binding energy, as described above:

Quats Binding energy
(kcal/mol)

C18 or longer <30

C12 100 ~ 150

Co6 200 ~ 250

In the present work, all of the initial Na ions adsorbed on
the silicate surfaces are generally assumed to be replaced by
quats when forming a modified clay. If the Na ions are
instead substituted only partially by quats, the above linear
relationship would still be expected to hold. However, in
this case, the volume of quat used for correlation should no
longer be the actual volume of the quat molecule, but an
effective volume. For example, if four of six Na ions are
replaced by four quat molecules having a volume Vquat, the
proper effective volume would be 2Vquat/3. If a longer
hydrocarbon chain can open up the clay platelet gallery
wider, and thus allow nylon molecules to penetrate between
the platelets more easily than a shorter one, a smaller frac-
tion of substitution could be used, which would result in a
desirably larger binding energy between nylon 6,6 and the clay.

With this in mind, we performed another simulation by
replacing only three Na ions out of six with HTL8 quat
molecules. The HTL8 molecules on the montmorillonite
surface indicates a larger area of the clay surface available
for nylon molecule interactions than the fully replaced one.
Figs. 8 and 9 also include data points corresponding to this
simulation with only 50% cation replacement. The binding
energy between nylon and the clay for HTL8-50 increases

Equilibrium binding energies for a nylon 6,6 chain and quats near the montmorillonites platelet

Quat* Nylon—clay Nylon—quat Quat—clay Volume (A3) Surface (Az)
(kcal/mol)®

Pristine 316.0

(H;C)3;N(CgH,3) 232.9 854 307.1 156.0 174.1
(H3C)3N(Cy,Hys) 116.0 102.5 403.7 231.4 259.0
(H3C),N(CgH37), 12.7 154.1 507.9 500.6 562.6
(H3C),N(C;3H37)(CgH;C,Hs) 20.5 137.5 528.7 380.8 416.1
(H3C),N(C,3H37)(C¢H;,C,Hs) 88.6 111.8 230.5 190.4 208.0
(H3C),N(C,3H37)(C,H,OH) 24.4 137.1 568.4 341.1 385.2
(H3C);N(CHOHCH,);H 198.9 117.4 380.8 210.7 217.1
(H;C);N(CHOHCH,)¢H 96.7 203.7 442.0 342.1 344.0
(H;C);N(CHCOOHCH,);H 161.5 132.7 410.8 287.8 270.7
(H3)N(CH,)sCOOH 195.5 110.6 365.0 190.0 164.3
(H;C);N(CH,)sCOOH 183.6 96.4 350.0 226.6 210.3
(H3)N(CH;),;,COOH 128.4 119.6 391.2 251.8 280.2

* Volume and surface were calculated based on a spherical probe of 1.4 A.

® Multiply by 0.413 to convert (kcal/mol) to (erg/cm?), which is a normal unit for the surface energy.
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Quat Total Nylon Potential energy (kcal/mol)
Nylon—clay Nylon—quat Quat Quat—clay

Pristine 173.52 489.52

(H3C)3N(CHy3) —22.37 395.23 162.27 517.77 207.97 —99.22
(H3C)3N(C,Hys) —84.34 385.38 269.41 435.34 152.45 —251.26
(H3C),N(CsHz7), —368.25 385.62 372.90 152.37 —79.12 —587.04
(H3C),N(CysH37)(CeH;1C,H5) —292.87 361.50 340.91 256.46 32.52 —496.22
(H3C),N(CgH37)(CeH;CoHs) —98.48 399.96 201.95 330.10 41.96 —188.60
(H;C),;N(C,3H;7)(C,H,OH) —152.76 366.53 342.11 440.09 210.73 —357.70
(H;C);N(CHOHCH,);H —149.52 395.79 196.83 430.27 151.95 —228.87
(H5C);N(CHOHCH,)sH —344.67 402.21 305.45 194.14 —4.29 —446.36
(H;C);N(CHCOOHCH,);H 158.67 394.55 232.95 731.12 469.28 58.42
(H3)N(CH,)sCOOH —0.57 375.96 180.45 560.27 294.94 —70.39
(H;C);N(CH,)sCOOH 58.15 418.66 234.97 588.85 266.63 —83.37
(H;3)N(CH,);;COOH 77.22 384.85 256.44 596.96 331.77 —59.50

about 4.5 times compared with that for 100% exchange to
HTLS8 quats. Since, in Fig. 8, the HTL8-50 point is lower
than the expected linear relationship, it appears that our
speculation is only qualitatively valid. Giannelis et al. also
arrived at a similar conclusion through their thermodynamic
approach [23]. The relationship could perhaps be improved
by refining the effective volume calculation to include the
waters of hydration associated with the Na ions.

It is not clear whether the binding energy between the
nylon and the clay alone is sufficient to determine the
fracture toughness or the breaking strength. Since the quat
molecules adsorb on the clay surface, it may be more
reasonable to use the sum of the nylon—clay and nylon—
quat binding energies as a better measure of fracture tough-
ness or a surface energy contribution.

Fig. 10 displays the dependence of this sum on quat
volume. Since the increase in Enylon—quat with volume is
more gradual than the decrease in Enylon-mm with
volume, as shown in Fig. 9, the sum still decreases with
increasing quat volume. However, now the difference in

the binding energy among different quats becomes smaller.
Further, small quats such as C6, PVA3, PVAG6, PA3, C7 and
enanthic have nearly the same binding energies as pristine
clay. One notable result is the PVA6 quat with a
—(CHOHCH,)¢ chain. Its Enylon—mm is around 100 kcal/
mol, but the Enylon—quat is the highest of any treatments
studied, at 203 kcal/mol. The sum of the two becomes
comparable with that of pristine clay. PVA is compatible
with nylon 6,6 and in fact one PVA molecule is seen to
extend into the nylon 6,6.

3.3. Fracture toughness and interfacial strength

While fracture mechanics has advanced significantly, its
application to polymeric materials is still problematical.
However, it can be invoked to provide some qualitative
interpretations with simple assumptions.

According to Griffith [24], the breaking strength o, and
elongation at break €, for a linear elastic homogeneous
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Fig. 8. Binding energy between nylon 6,6 and clay versus quats volume.

Fig. 9. Binding energies between nylon 6,6 and quat and between quat and
clay versus quats volume.
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Fig. 10. Sum of binding energies between nylon 6,6 and clay and between
nylon 6,6 and quat versus quats volume.

material are given by

oy, = (G.E/ml)"? (6)
and
& = (G./7lE)" (7

where G. is the fracture toughness and represents an energy
per unit area of crack growth, [ the depth of the initial flaw or
crack, and E the tensile modulus.

Considering montmorillonite platelets to be fully
dispersed in a nylon 6,6 matrix, £ would be the same for
all quat treatments at the same volume fraction of silicate
present. As long as the initial crack length is the same, the
breaking strength would be proportional to the square root
of the fracture toughness or energy imparted by the clay
treatment. In the present analysis, we equate G, to binding
energies predicted above.

If fracture is assumed to initiate at the nylon—clay inter-
face, followed by catastrophic failure of the entire nanocom-
posite structure, the value of binding energy Enylon—-mm
could be regarded to represent G.. Among the systems
studied, the HTLS8 quat can be taken as a reference since,
as mentioned earlier, HTLS8-treated montmorillonites
disperse well in the nylon matrix. Since Enylon-mm for
aminolauric acid-treated clay is about six times larger than
that for HTL8 treatment, its breaking strength would be
expected on the basis of Eq. (6) to also be higher. It
would, furthermore, be higher than the neat nylon 6,6
material, which has an observed breaking strength equal
to the HTL8-clay nanocomposite. Similarly, the ratio of
the binding energy for pristine clay to that for HTLS is
around 15, so its breaking strength should be higher
yet. Thus on considerations of binding energy alone it
would be reasonable to expect a doubling of strength via
nanoreinforcement.

On the other hand, if a fracture initiates at the interface of
both nylon—clay and nylon—quat, it is the sum of Enylon—

mm and Enylon—quat that would relate to G.. According to
the binding energies reported in Table 3, the breaking
strength improvements for aminolauric acid-treated clay
and pristine clay would then be attenuated in comparison
with the first case, though still higher than the neat nylon
6,6. C6, PVA3, PVA6, PA3, C7 quat would also yield
braking strengths similar to the pristine clay. The binding
energy alone would not probably project a two-fold
strength increase for this type of fracture without also
considering a significant increase in the elastic modulus
through the clay reinforcement. Such a stiffening effect
is indeed expected, though it unfortunately results in a
simultaneous reduction of the elongation at break versus
that of nylon 6,6 (see Eq. (7)).

Fracture toughness and interfacial strength also depend
on the crystal size of nylon 66, nonhomogeneous stresses
and relative orientations of the clay platelets. Crystal sizes
could be decreased by a nucleating agent to improve
mechanical properties. Fillers like glass fibers have also
been used for this purpose. However, none of them has
improved toughness and strength as much as that found in
nylon—clay nanocomposites. Thus, the crystallite size and
nonhomogeneous stresses produced by large fillers may be
of secondary importance.

The large aspect ratio of the platelet makes the platelets
align parallel like nematic liquid crystals. The spacing
between them would be of the order of 100 nm, assuming
uniform dispersion. Thus, our simulation corresponds to the
dilute limit. Effects of relative orientation are beyond the
scope of the present study.

3.4. Platelet spacing

As the snapshots in Figs. 6 and 7 show, the quats lie flat
on the clay surface in their equilibrium states. Quat layers
are around 4, 6, and 7.5 A thick for C6, C12, and C18 quats,
respectively. These are regarded as the minimum thick-
nesses that individual quats take up on the single clay
surface. If quats with flat conformations intercalate two
clay platelets, the gallery distance would be higher at 12,
16, and 19 A for the above three quats, respectively, since
the clay surface and the position of the nitrogen atom in the
quat are about 2 A apart. Since the quats are miscible with
themselves, quats on the surfaces of both platelets could mix
and assume other conformations than flat ones. Thus, the
above estimation should be considered as the minimum
inter-platelet spacing that each quat can induce.

According to hydration experiments, the montmorillonite
clay has stable states at inter-platelet spacings of 9.7, 12.0,
15.5, and 18-19 A [25-27]. Although these values are close
to those obtained above for C6, C12, and 2C18 quats, the
relation between the two is unclear at this moment. It is not
clear whether such stable spacing exists in quat-treated clay
systems and how its magnitude affects the intercalation of
nylon 6,6 molecules into the gallery.
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4. Conclusions

The binding energy between nylon 6,6 and a clay platelet
decreases almost linearly with increasing volume of the
adsorbed quat. Quats with short hydrocarbon chains
produce higher binding energies than those with longer
ones.

The binding energy between the nylon 6,6 and quat
components, on the other hand, increases monotonically
with the volume of the quat.

The binding energy between a quat and a clay plate-
let increases, but much more gradually, with the volume
of the quat component than that between nylon 6,6 and
the quat.

The substitution of polar groups such as —OH and
—COOH for hydrogens on the ammonium ions tends to
increase higher binding energies with the nylon. However,
pristine clay still yields a high interfacial strength between
clay and nylon 6,6, assuming that the clay platelets can be
completely dispersed in the nylon matrix.

Partial exchange of the charge sites by long quats
produces an equivalent binding energy to a full exchange
by short quats and may be preferable for the resulting higher
nylon—clay binding energy.
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