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ABSTRACT

Poly(ethylene naphthalate) (PEN) is a high performance engineering thermoplastic
which is finding increasing applications in the packaging and electronics industries. In
the attempts to further enhance the performance of PEN, the development of PEN
nanocomposites based on nanoclay presents a promising approach which has hitherto
been relatively unexplored. The ease with which the physical states of PEN can be
controlled also provides a unique avenue by which the clay-induced modifications to
the matrix crystalline phase and its subsequent impact on materials properties can be
better studied, to provide greater insights on the structure-property relationships that
govern semicrystalline polymer/clay nanocomposites in general.

In this work, the preparation of PEN/clay nanocomposites via two possible
routes — in-situ polymerization and melt intercalation was investigated, and the extent
of clay dispersion at various length scales was investigated by a combination of x-ray
diffraction (XRD), polarizing optical microscopy (POM) and transmission electron
microscopy (TEM). In-situ polymerization was found to be limited in most cases due
to the high temperature and long-time exposures required for the polymerization of
PEN, which invariably leads to degradation of the organoclays and consequently, a
poor dispersion of clay in the PEN matrix. On the other hand, with the use of
sufficiently thermally stable organoclays possessing good compatibility with the PEN
matrix, the melt intercalation method is able to produce nanocomposites with clay
homogeneously dispersed at both the nano- and submicron-scale.

The dynamic mechanical properties and thermal stability of the PEN/clay
hybrids indicate that the property enhancements exhibited by the hybrids are related to

their level of clay dispersion in the PEN matrix. Furthermore, the nanocomposite was
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found to display a greater modulus enhancement over neat PEN after both materials
were allowed to crystallize. This suggests that in addition to the direct stiffening effect
of clay, the clay-induced modifications to the PEN crystalline phase can also result in
additional reinforcement in the nanocomposite. Morphological and structural
investigations via atomic force microscopy (AFM) and XRD further provide evidence
that the additional reinforcement arises from the alignment of the high-aspect-ratio
polymer lamellae (along with the clay) in the injection direction, and the orientation
correlation that exists between the PEN naphthalene rings and the clay platelets.

The polymorphism behaviors of the PEN/clay hybrids were also investigated
by XRD. It was found that pristine Na-MMT exerts a heterogeneous nucleating effect
and enhances the formation of the p-crystal form, over the more common a-crystal
phase, while the organoclays tend to favor the B-crystal phase at higher temperatures,
but the a-crystal form at lower temperatures. Real-time FTIR spectroscopy and XRD
reveals that the temperature-dependent polymorphic behavior of the PEN/organoclay
hybrids arises because the organoclays could simultaneously exert a hindered
heterogeneous nucleating and plasticizing effect. At higher temperatures, the 3-phase
is enhanced because the hindrance effect causes the dominance of the B-nuclei at the
expense of the thermodynamically less stable o-nuclei; at lower temperatures
however, stable nuclei of both crystal phases can develop, the plasticizing effect thus
becomes dominant, and the kinetically favored o-crystal phase is preferentially
formed instead.

Although this work is focused on PEN/clay nanocomposites, the insights
gained on the underlying principles governing structural/morphological changes in the
nanocomposites, and the subsequent impact on nanocomposite properties may also be

applicable to a wider class of semicrystalline polymer/clay nanocomposites.
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CHAPTER 1

Introduction

1.1 Background

Nanocomposites are composites in which the reinforcement phase has one or more of
its dimensions in the nanometer length scale. Polymer/clay nanocomposites are so-
called because of the nanoscopic thickness of the high aspect ratio clay sheets when
they are delaminated into individual layers in the polymer matrix.

The reason for the burgeoning interest in polymer/clay nanocomposites in the
past decade is two-fold. From the engineering point of view, polymer/clay
nanocomposites offer an attractive alternative to conventional microcomposites
because they often exhibit a quantum leap in performance, such as enhanced
mechanical, physical and thermal properties, at relatively low inorganic loadings.
Furthermore, in some cases, property changes, such as stiffness and toughness, which
are traditionally considered to be inversely related, have been found to improve
cooperatively in such systems. From the scientific point of view, this new class of
materials often exhibits interesting modifications in their structures and behaviors,
which are hitherto unobserved in conventional composite systems. The unique
morphology that results when clay particles are dispersed uniformly at the nanometer
length scale, where the size of the clay particles is comparable to the spacing between
them, coupled with the ultra-large interfacial area, gives rise to a level of interaction
that is previously not achievable in traditional microcomposites. This points to the

possibility that in addition to their direct reinforcing effect, nanoclays may also direct
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the structure and morphology of the polymer matrix. In ideal cases, the unique
structural modifications induced by nanoclays can be exploited to work in synergism
to the nanoscale dispersion of clay, in improving the properties exhibited by the
polymer [1,2].

The key to the unique behaviors and exceptional properties exhibited by
polymer/clay nanocomposites is the dispersion of clay into its nanometer-thick layers
within the polymer matrix [3,4]. The complete exfoliation of the hydrophilic clay in
the typically hydrophobic polymer, however, remains an unresolved issue for many
polymer systems. In addition, it remains unclear how specific molecular interactions
can be employed to control the structure and morphology of the nanocomposites. The
prediction of material properties, based on the nanostructure and dynamics, is also
limited by a dearth of structure-property relationships. Without such models, progress

in polymer/clay nanocomposites has remained largely empirical.

1.2 Motivation

This work is focused on the preparation of poly(ethylene naphthalate) (PEN) / clay
nanocomposites and the characterization of their structures and properties. PEN
(Figure 1.1) is a high-performance polyester that is attracting increasing commercial
attention after its price is made more accessible following the development of a major
facility for the large-scale production of its monomer dimethyl naphthalene-2,6-
dicarboxylate (DMN) [5]. The naphthalene ring in PEN provides greater rigidity to
the polymer backbone than the benzene ring in the closely related system of
poly(ethylene terephthalate) (PET). This imparts to PEN, a higher melting and glass
transition temperature, and enhances its mechanical properties, dimensional stability

and barrier properties with respect to PET. These properties make PEN more suitable
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than PET for higher temperature or more demanding engineering applications, for
instance as base dielectric films for flexible electronic substrates, ultrathin data
storage tapes, high-performance tire-cord yarn, and hot-filled plastic containers. At
the same time, the performance characteristics, thermal stability, transparency and
ease of processing of PEN also make it a strong contender as a potential cost-effective

substitute for other engineering thermoplastics and thermosets.

I
oot Q)
n

Figure 1.1 Structural formula of PEN

Although there have been numerous attempts in the preparation of
polymer/clay nanocomposites based on a wide variety of polymers, including semi-
rigid polyesters such as PET and PBT (poly(butylene terephthalate)), the PEN
polymer system has been relatively unexplored. In the attempts to improve the
performance of PEN in its current applications, or in extending its use to more
demanding engineering applications, the development of PEN nanocomposites based
on nanoclay fillers presents a promising approach by which the desired property
enhancements may be realized. It is hoped that the incorporation of clays into PEN at
the nanoscale may further enhance its mechanical, thermal and barrier properties,

without sacrificing other properties (such as toughness and transparency).
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In the field of polymer/clay nanocomposites, substantial fundamental efforts
have also been expended in understanding the origins of the unique combinations of
properties exhibited by this class of materials. For semicrystalline polymers in
particular, nanoclay-induced modifications to the polymer crystalline phase, such as
alterations to the crystalline morphology, crystallite orientation, crystal structure and
degree of crystallinity, have often been highlighted as an important reason
contributing to the property enhancements in the materials [1,2]. In this context, the
PEN polymer serves as a useful model system by which the influence of nanoclay on
the development of the polymer crystalline phase, and its subsequent impact on
material properties can be better understood. As a slow-crystallizing semicrystalline
polymer, PEN can be easily quenched into the completely amorphous state. This
characteristic provides PEN with the unique advantage in that the effects of the
modified crystalline phase on the nanocomposite properties may be more easily
isolated and determined. Insights gained from studying the PEN system may also help
to elucidate general principles by which changes in the matrix crystalline structure can
alter the properties of the nanocomposites - an understanding of which is essential in
order for nanocomposite properties to be more precisely predicted and controlled.

The ease with which the physical states of PEN can be controlled also points
to the possibility that it can serve as a useful system by which additional insights may
be gained on the underlying principles governing polymorphic and mesostructural
changes in semicrystalline polymer/clay nanocomposites. Knowledge gained on the
PEN system can serve as a platform by which similar structural modifications may be
more precisely engineered in other semicrystalline polymer systems so that they can

be exploited to achieve property enhancements.
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1.3 Thesis Scope and Organization

Due to the current lack of success in the preparation of PEN/clay nanocomposites, the
first issue that this thesis aims to address is the development of PEN/clay
nanocomposites. In this respect, two preparation routes — in-situ polymerization and
melt intercalation were investigated, and their merits and limitations for the
preparation of PEN/clay nanocomposites evaluated.

The second objective of this thesis is to gain a fundamental understanding of
the structure-property relationship in the newly developed PEN/clay nanocomposites.
Specifically, the dynamic mechanical behaviors and thermal stability of the hybrids
were examined and correlated with the hierarchical structures of the materials.

Finally, the polymorphism behavior of the PEN/clay nanocomposites was
examined. The investigation was directed towards providing a more fundamental
understanding of the origins of clay-induced polymorphism, which is not only specific
to the PEN system but may also be extended to other semicrystalline polymers.

It is hoped that this series of investigations on the PEN/clay nanocomposite
system may reveal additional insights on the underlying principles governing the
structural modifications commonly observed in semicrystalline polymer/clay
nanocomposites, as well as provide a greater understanding on how some of these
structural alterations may eventually be translated into the properties of the
nanocomposites.

This thesis begins with the background which provides the motivation for the
preparation and study of PEN/clay nanocomposites. Chapter 2 reviews the structures,
preparation and properties of polymer/clay nanocomposites. The routes that have been
explored for the preparation of the PEN/clay hybrids are described in Chapter 3. In

particular, the strategies employed, critical issues involved, as well as the important
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conclusions that were made about the approaches employed are presented. Chapter 4
presents the dynamic mechanical and thermal properties of the PEN/clay
nanocomposites. Possible mechanisms for property enhancements in the materials
were also proposed based on their morphological organization. Chapter 5 examines
the effects of nanoclay on the type of crystal structure developed in PEN. The in-situ
crystallization behaviors of the hybrids were also discussed toward providing insight
into the origins of the clay-induced polymorphism behavior observed. Finally,
Chapter 6 summarizes the important findings that have been made in this work, and

Chapter 7 proposes potential areas for future research.
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CHAPTER 2
Morphologies, Preparation and Properties of Polymer/Clay

Nanocomposites — A Review

2.1 Introduction

The formation of polymer/clay nanocomposites relies on the ability of monomers or
polymers to intercalate into the spaces between the layered structures of clay. In this
chapter, the structure and properties of clay will first be briefly described to gain an
understanding of the basis for the design of synthetic routes for the preparation of
such nanocomposites. The possible morphologies that can be exhibited in
polymer/clay nanocomposites will then be introduced, as the morphology of a
nanocomposite is a crucial factor in determining the final structures and properties of
the material. The main approaches of nanocomposite preparation will next be
reviewed. Particular focus will be given to the approaches by which the chemistries of
the clays and the polymers were fine-tuned to improve compatibility and interaction
with the polymer phase, as this forms the key by which clay can be dispersed in the
polymer matrix at the nanoscale. Finally, the outstanding improvement in properties
exhibited by this new class of materials, which provides the main motivation for its

development, will be reported.

2.2  Structure of Clay

Clays or layered aluminosilicates are crystalline materials consisting of layers made

up of an octahedral sheet of alumina fused to two tetrahedral sheets of silica (refer to
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Figure 2.1). Stacking of the layers leads to a regular van der Waals’ gap between the
layers called the interlayer or gallery. Although the thickness of each layer is only 1
nm, the lateral dimensions of the layers may range from 30 nm to as large as several

microns [4,6].

. Tetrahedral
Silicate layer
~ 1 nm Oectahedral
Basal
spacing
Interlayer ST
y e, Mg, 1.
©0oH
0
& Li, Na, Rb, Cs

Figure 2.1 Structure of clay [6]
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Isomorphic substitutions (for example, AI** replaced by Mg®*, or Mg®
replaced by Li*) within the layers lead to a net negative charge which must be
counterbalanced by cations that are situated in the interlayer space, such as Na* or K*
ions. These interlayer cations can be exchanged by organic cations such as
alkylammonium ions. The exchange reaction is the basis by which the originally
hydrophilic clay surface can be rendered organophilic. The presence of organic ions
in the interlayers lowers the surface energy of the clay surface, so that they can be
more easily wetted by a polymer [3,4,6].

Montmorillonite (MMT) is the most common type of clay used in

polymer/clay nanocomposites. Its chemical structure is given by (Na,Ca)x(Als.
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xM0x)SigO20(OH)4 where x refers to the degree of isomorphous substitution (between

0.5 and 1.3).

2.3 Properties of Clay

Clays are good candidates for the preparation of inorganic-organic nanocomposites.
They are abundant in nature, inexpensive, chemically stable and possess both high
aspect ratio and high strength — all of which are important indices for application as
reinforcing agents.

On top of the above properties, two important characteristics of clay make
them a natural choice of selection for the preparation of nanocomposites [3,4]. Firstly,
their layered structure means that it is possible to separate them into individual sheets,
each of which is only 1 nm thick. For fully-dispersed clays, an aspect ratio of as high
as 1000 can be achieved. Secondly, the possibility of ion-exchange within the
interlayers provides clay with a rich intercalation chemistry. The surface chemistry of
clays can be fine-tuned through ion exchange with various organic or inorganic

cations to make them compatible with a wide range of polymers.

2.4 Structures of Polymer/Clay Composites

When clays are added to a polymer matrix, three types of structures can be expected —
a phase-separated microcomposite, an intercalated nanocomposite and an exfoliated

nanocomposite (refer to Figure 2.2) [4].
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Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite )
Figure 2.2 Schematic illustration of terminologies used to describe composites arising

from the addition of clay to polymer: (a) phase-separated microcomposite; (b) intercalated

nanocomposite; and (c) exfoliated nanocomposite [4].

When the polymer is unable to enter the spaces between the clay layers, and
the clays still remain in the form of large stacks known as tactoids, a phase-separated
microcomposite results. The properties of such composites remain in the same range
as conventional microcomposites.

When the extended polymer chains are inserted into the spaces between the
clay layers, an intercalated nanocomposite is obtained. In this state, the clay preserves
its well-ordered multilayered morphology, although the separation between the
individual layers is often increased due to the presence of the polymer which is
sandwiched between the clay layers.

With extensive penetration of the polymer chains into the clay galleries, the
clay can be completely delaminated into individual nanometer-thick layers. When the
clay loses its regular layer register and becomes disordered and uniformly suspended

in a continuous polymer matrix, an exfoliated nanocomposite results.

10
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At this point, it is important to note that very often, more than one type of

morphologies will be present in a nanocomposite.

2.5 Preparation of Polymer/Clay Nanocomposites

The successful preparation of a polymer/clay nanocomposite, in which the clay layers
are uniformly dispersed into its nanometer thick layers, hinges on the satisfaction of
two conditions - suitable compatibilization of the originally hydrophilic clay layers
with respect to the polymer matrix of interest, and effective mixing and dispersion of

the clays to take advantage of such compatibility.

2.5.1 Clay Modification

Clays are polar and hydrophilic; polymers are in most cases, much more hydrophobic,
and therefore incompatible with clays. For this reason, the clays must be made
compatible with the polymer matrix of interest, to allow the intercalation of the
polymer — only when the two components are thermodynamically compatible, will
they form and retain the desired nanoscale dispersion state.

Modification of clays is most commonly achieved by ion-exchange reactions
with cationic surfactants, such as alkylammonium ions. The substitution of the
interlayer cations with organic cations lowers the surface energy of the clay surface,
so that they can be more easily wetted by a polymer. At the same time, it enlarges the
interlayer spacing of the clay, and reduces the attractive forces felt by the clay layers.
Additionally, the surfactants may be tailor made so that they contain functional
groups that are able to react with the polymer matrix, or initiate/catalyze the

polymerization of the monomers.

11
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The specific ways in which the chemical structure of the surfactant ions may
be custom-made to enhance thermodynamic compatibility with the polymer, and/or
enhance dispersion in the polymer matrix, will be discussed, with the help of salient

examples, in the following section.

2.5.2 Nanocomposite Production

2521 Solution Intercalation

Due to the weak forces that stack the layers together, clays can be easily dispersed in
an adequate solvent. Solution intercalation is based on a solvent system in which the
polymer is soluble and the clay is swellable in [4]. When the polymer and clay
solutions are mixed, the polymer chains can intercalate and displace the solvent
within the interlayer of the silicate. The driving force for the intercalation of the
polymer into the clay layers is the entropy gained by the displaced solvent, which
compensates for the entropy loss of the polymer chains when they become confined
within the clay interlayers. In the wet state, the clay may be dispersed into individual
layers in the solution. Upon solvent removal however, the clay layers tend to
reassemble again and sandwich the polymer to form at best, an intercalated
nanocomposite.

Solution intercalation has been used to prepare intercalated nanocomposites
for water-soluble polymers, such as poly(vinylpyrrolidone) (PVP) [8,9], poly(ethylene
oxide) (PEO) [10,11], poly(vinyl alcohol) (PVA) [11,12] and poly(acrylic acid)
(PAA) [13]. Solution intercalation can also be applied to non-aqueous solvent
systems. For example, polylactide (PLA) [14] and poly(e-caprolactone) [15]
nanocomposites have been prepared by dissolving the polymer in hot chloroform in

the presence of a given amount of clay modified with distearyldimethylammonium

12
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cations. High-density polyethylene (HDPE)-based nanocomposites have also been
prepared by dissolving the polymer in a mixed solvent system of xylene and
benzonitrile with 20 wt% of dodecylamine-modified clay dispersed within [16].
Solution intercalation is a useful way of preparing nanocomposites for
polymers that have little or no polarity into layered structures, and facilitates the
production of thin films with oriented clay layers. It is however, often not feasible
from a commercial point of view, due to the need for large amounts of organic

solvents, which is both economic prohibitive and environmentally unfriendly.

25.2.2 In-situ Polymerization

In-situ polymerization involves the dispersion of clay in a suitable monomer, followed
by polymerization. Monomers, being smaller in size, tend to undergo a smaller
entropic loss when they diffuse into the clay galleries. They are therefore, expected to
intercalate more easily compared to the corresponding polymer. The monomers are
then polymerized within the clay layers. Ideally, as polymerization inside the clay
gallery progresses and the polymer chain density increases, the clay layers can be
gradually pushed apart and eventually delaminate, resulting in a well-dispersed
nanocomposite.

In order for the clay layers to be delaminated during the polymerization
process, the intragallery polymerization needs to proceed faster than the extragallery
polymerization. To achieve this, the clay is often intercalated with modifiers that
possess functional groups which are able to catalyze the polymerization reaction [17-
19]. Another important factor is the accessibility of the monomers to the clay
galleries. Before the polymerization can take place at the clay galleries, the monomers

must first be present in the gallery spaces. After the polymer chains start to grow,

13
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additional monomers must be able to enter the galleries. Delamination of clay is often
limited when monomer diffusion into the clay galleries is not facilitated by proper
modification of the clay surface [18,19].

In-situ polymerization may also make use of reactive surfactants which
possess functional groups that are able to form covalent bonds with the intercalated
monomers [20,21]. In the same way, a polymerization initiator may be ion-exchanged
into the clay galleries. In this case, if no other source of initiation is present, the
polymerization will be forced to take place inside the clay galleries. As the polymer
chain density within the clay galleries increases, the clay layers can eventually be

delaminated [22,23].

2.5.2.3 Melt Intercalation

Melt intercalation involves mixing the clay with the polymer and heating the mixture
above the softening point of the polymer [24,25]. Shear forces, encountered using
conventional compounding equipment, are often employed to facilitate the mixing of
the polymer and the clay. In addition, the clays are often organically-modified, for
instance, via ion exchange reactions with organic cations, to improve its compatibility

with polymers.

14
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Figure 2.3 Stepwise mechanism of clay platelet exfoliation during melt intercalation: (a)
breakup of organically-modified clay, (b) breakup of intercalated organically modified clay

and (c) platelet exfoliation [26].

Melt intercalation offers great potential industrially because it is extremely
compatible with current mixing and processing techniques used in industries. It offers
the prospect of producing nanocomposites using conventional industrial processes
such as extrusion and injection molding. It is more versatile than in-situ
polymerization because it does not require the involvement of resin producers. In
addition, the process is more environmentally benign compared to solution
intercalation due to the absence of organic solvents.

Several studies have been attempted to generalize the relationship between
organoclay structure and the degree of clay dispersion achieved in the polymer
matrix. Vaia and Giannelis [24,25] have developed a mean-field lattice-based model
for the selection of potentially compatible polymer-organoclay systems. Based on the

model, the success of melt intercalation in delaminating the clay depends on an

15
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interplay of both entropic and enthalpic factors. Although confinement of the polymer
within the clay interlayers results in a decrease in the overall entropy of the polymer
chains, this entropic penalty may be compensated by the greater conformational
freedom of the tethered surfactant chains when the clay layers separate. For small
increases in interlayer spacing, the total entropy change is expected to be small, thus
changes in the system’s total enthalpy plays a crucial role in determining whether
intercalation is thermodynamically possible. Complete delamination of the clay layers
thus hinges strongly on the maximization of the amount of favorable polymer-clay
interactions and the minimization of unfavorable non-polar interactions between the

polymer and the aliphatic surfactants on the clay.

s polymer
aliphatic
vluins

intermaleculior
interactions

Figure 2.4 Schematic representation of the system components before and after

intercalation takes place [6].

The importance of polymer-organoclay thermodynamic interactions during
melt intercalation was also investigated experimentally by Paul et al. In particular, the
effect of the number of alkyl tails attached to the nitrogen of the organoclay on clay
dispersion was examined. For nylon-6, it was found that organoclays made from

amines containing one long alkyl group lead to better exfoliation than surfactants

16
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containing two long alkyl groups. As nylon-6 is a relatively polar polymer, it has a
relatively good affinity for the polar clay surface. The better dispersion observed with
only one alkyl tail is attributed to the better accessibility of the nylon-6 segments to
the clay surface for favorable nylon-6-clay interactions to take place [27,28]. On the
other hand, linear low-density polyethylene (LLDPE)/clay nanocomposites exhibit
better dispersion with organoclays possessing two rather than one alkyl tails [29].
This is due to the non-polar nature of LLDPE, which means that it will require a more
non-polar modifier for it to be energetically favorable to displace the modifier from
the clay surface.

For polymers which do not possess any polar groups, dispersion of clay could
not be achieved even with the use of organically-modified clay. For these polymers,
polar functionalities are often grafted onto the polymer to improve its ability to
interact with the organoclays during the melt intercalation process. This approach is
most commonly employed for the production of polyolefin/clay nanocomposites. For
instance, maleic anhydride grafted polypropylene (PP-g-MA) is often introduced as a
compatibilizer to mediate the polarity difference between polypropylene and the clay
surface. Exfoliated and homogeneous dispersion of clays in the polymer can be
achieved by optimizing the content of polar functional groups in the oligomers (to
allow sufficient interaction with the clay layers via hydrogen bonding), whilst
maintaining a good miscibility with the polymer matrix [30].

The effect of the incorporation of ionic groups on the backbone of the polymer
on clay dispersion has also been investigated for the system of poly(butylene
terephthalate) (PBT) [31]. In this study, ionic groups were incorporated into the
polymer by melt copolymerization of dimethyl terephthalate and 1,4-butanediol with

dimethyl-5-sodiosulfoisophthalate. The presence of low levels of sodium sulfonate
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(SO3Na) groups (1.0 - 5.0 mole %), coupled with the use of an organically-modified
clay results in the formation of highly exfoliated nanocomposite by simple melt
compounding. The negatively charged SOsNa groups help to enhance interactions
between the polymer and the positively-charged edge surfaces of the clay platelets.
With attachment of the polymer chains at the site of entrance to the galleries,
diffusion of the mobile chain segments into the organically-modified clay galleries is
facilitated. This intercalation, driven by favorable enthalpic interactions between the
organic modifiers and the organic polymer chains, provides the force to peel apart the

individual clay layers to produce an exfoliated structure.

2524 Other Critical Issues

(D)  Organoclay Degradation

Elevated temperatures are generally required for the production and/or subsequent
bulk processing of nanocomposites. When high temperatures are used however,
another complication arises — degradation of the organic clay modifiers. Most
conventional alkylammonium-treated clays have an onset thermal decomposition
temperature of about 200°C or below [32], way below the processing temperatures
required for many polymers. The issue of modifier degradation during nanocomposite
preparation is not trivial, as it often has a detrimental effect on the carefully tailored
interface between the clay surface and the polymer matrix. Clay surfactant
degradation often leads to a loss of favorable interactions between the clay and the
polymer, as well as irreversible layer collapse [32]. The result is a poor dispersion of
clay in the hybrids. In addition, the decomposition of the modifiers may initiate
degradation reactions within the polymer matrix itself, resulting in molecular weight

reduction, discoloration, and loss of mechanical properties [33,34].
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The limited thermal stability of the alkylammoniums that are commonly used
to modify the surface of clay has motivated the development of new organic
modifiers, such as phosphonium, pyridinium, iminium, and imidazolium cations [34]
which possess greater thermal stability. The use of these thermally stable systems
should enable the preparation of polymer/clay nanocomposites based on thermoplastic
polymers with high processing temperatures and themoset polymers with high cure

temperatures, which are hitherto inaccessible.

(1)  Processing Conditions
Although not discussed in great detail in this review, it is essential to note that in
addition to the compatibilization strategy, processing conditions also play a very
important role in the preparation of polymer/clay nanocomposites [35]. For example,
the shearing profile used in melt compounding must be optimized to ensure that all
agglomerates are broken up, and multilayer stacks separated (as even the presence of
a single micron-sized agglomerate can lead to premature failure under load), without
fracturing them along their lateral dimensions (which will reduce the aspect ratio of
the clay particles) [36]. Similarly, to achieve good mixing, a longer mixing time is
preferred, but this must be balanced against the thermal degradation of the organic
modifiers and/or polymers, which becomes more serious when the materials are
subjected to high temperatures for extended times.

With that said though, optimization of processing conditions alone cannot
compensate for a lack of compatibility between the polymer and the clay, to bring

about nanoscale dispersion of clay.
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2.5.3 Previous Work on PEN and PET/Clay Nanocomposites

In this section, the various approaches that have been employed for the preparation of
PEN/clay nanocomposites, as well as the closely related PET/clay nanocomposite
system will be reviewed to provide the background against which the potential issues
that will be involved in the preparation of PEN/clay nanocomposites can be better

anticipated.

253.1 PEN/Clay Nanocomposites
Little has been reported on the preparation of PEN/clay nanocomposites prior to this
study. The closest attempt was based on a copolymer system based on poly(ethylene
terephthalate-co-ethylene naphthalate) (PETN) with the solution intercalation method
[37,38]. In the preparation of the nanocomposites, PETN was dissolved in N,N-
dimethylacetamide (DMAC) in which the organoclay had been dispersed in. Mixing
and dispersion was achieved by vigorous stirring before the suspension was cast into
films. X-ray diffraction and transmission electron microscopy indicates that with a
Cloisite 25A organoclay (dimethyltallow-2-ethylhexyl-modified clay), an exfoliated
nanocomposite can be produced, whereas organoclays based on hexadecylammonium,
dodecyltrimethylammonium or Cloisite 30B (bis(2-hydroxyethyl)methyl tallow
ammonium-modified clay) yielded only intercalated structures. As discussed earlier
however, the commercial viability of the solution intercalation method is very limited.
The preparation of nanocomposites based on PEN (rather than the copolymer) with
the solution intercalation method is further restricted by the absence of good non-toxic
solvents for PEN.

A very recent effort in the preparation of PEN/clay nanocomposites made use

of clays that have been modified by n-hexadecyl trimethylammonium bromide
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(CTAB) cations and which were subsequently polymerized with a mixture of styrene
and methyl methacrylate monomers [39]. The polymerization of the exchanged clays
was performed to enhance the compatibility between the rigid PEN polymer and the
organoclay. The PEN/clay nanocomposite was then formed by direct melt
intercalation. In the report however, the ability of the PS/PMMA polymer to
intercalate into the clay sheets during polymerization, as well as the ability of the
organically-treated clay to withstand the melt compounding conditions have not been

addressed.

2.5.3.2 PET/Clay Nanocomposites

Because of the limited prior efforts on the preparation of PEN/clay nanocomposites,
the approaches for the preparation of PET/clay nanocomposites will also be reviewed
in this section. Due to the great similarity in the chemistry and preparation of PEN
and PET, the previous work on PET/clay nanocomposites shall serve as a useful
guideline from which the strategies for the preparation of PEN/clay nanocomposites
in this work can be more appropriately determined.

Imai et al prepared PET/clay nanocomposites based on a novel reactive clay
modifier 10-[3,5-bis(methoxycarbonyl)phenoxy]decyltriphenylphosphonium] [20].
The dimethyl isophthalate groups provide opportunity for covalent bond formation
with PET via transesterification reactions during in-situ polymerization, while the
triphenylphosphonium group provides additional thermal stability for the modifier to
withstand the polymerization conditions of PET without degrading severely. Although
complete exfoliation was not achieved, the flexural modulus of the nanocomposites

was increased by 170%.
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To address the issue of organoclay degradation, Davis et al employed a 1-
hexadecyl-2,3-dimethylimidazolium-modified clay for the preparation of PET/clay
nanocomposites via melt blending [33]. The resulting PET/clay nanocomposites
exhibited a high degree of dispersion with no micron-sized particles, while
nanocomposites prepared with the conventional dimethyldioctadecylammonium-
modified clay reference were black, brittle and tarlike.

Tsai and co-workers recently reported on a different approach for the
preparation of exfoliated PET/clay nanocomposites via an in-situ polymerization
process [19]. In their work, clays were treated with a combination of antimony (l11)
acetate and acidified sodium cocoamphohydroxypropylsulfonate (SB). Antimony (1)
acetate, which can act as the polycondensation catalyst for the polymerization of PET,
helps to create active sites within the clay layers for polymerization to take place,
while the organic modifier SB helps to improve the compatibility as well as the
opportunity for bond formation between the clay and the polymer. The exfoliated clay
structure achieved with this method was attributed to the occurrence of
polymerization within the clay galleries, which provides the driving force by which

the clays can be broken down into individual disordered layers.

2.6  Properties of Polymer/Clay Nanocomposites

The presence of clay dispersed at the nanometer scale often results in a dramatic
improvement in properties, far greater than what is expected from such a small
addition (within a few weight percent) of inorganic fillers. In particular, polymer/clay
nanocomposites have been reported to trigger tremendous enhancements in

mechanical, thermal and barrier properties. These will be reviewed in the following
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section to gain a better insight of the important factors that contribute to the great

improvement in properties observed in this class of materials.

2.6.1 Mechanical Properties

()  Tensile Modulus

Tensile modulus, or Young’s modulus is the stiffness of a material, as measured at the
beginning of a tensile test. Exfoliated nylon-6/clay nanocomposites demonstrated a
drastic improvement in tensile modulus, at relatively low filler concentrations [1]. The
dramatic improvement in tensile modulus is attributed to the strong interaction
between the matrix and the clay layers via the formation of hydrogen bonds (Figure
2.5). Furthermore, the extent of improvement of the modulus is found to be directly
dependent on the aspect ratio. The reduction in tensile modulus with a reduction in
clay exfoliation indicates that the presence of exfoliated layers is the main factor
responsible for the improvement in stiffness, while intercalated particles, having a

smaller aspect ratio, tend to play only a minor role.

Figure 2.5 Schematic illustration of hydrogen bond formation in a nylon-6/clay

nanocomposite [3].
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The same reasons account for the evolution in Young’s modulus observed in
PP/clay nanocomposites [40]. Increasing the amount of PP-g-MA helps to improve
interactions between the PP matrix and the organoclay. The tensile modulus increases
with PP-g-MA content, as the dispersion of clay in the polymer matrix is improved,
and the stress can be much more efficiently transferred from the polymer matrix to the
inorganic filler. (The lower Young’s modulus for pure PP-g-MA ruled out any
possibility of matrix stiffening due to the increasing amounts of PP-g-MA.)

In contrast, for simply intercalated structures (without any exfoliation), such as
PMMA [41] or PS [42] based nanocomposites, the Young’s modulus increased only
slightly. This result again attests for the inefficiency of intercalated structures in
improving the stiffness of the polymer matrix.

Dispersion is however, not the only factor that determines the tensile modulus
of the resulting nanocomposites. Nanocomposites of an elastomeric epoxy matrix
were prepared using different kinds of layered silicates [43]. It was found that a much
more significant increase of the tensile modulus was observed for the
montmorillonite-based nanocomposites for filler contents greater than 4 wt%. The
authors explained this behavior by the difference in layer charge density for magadiite
and montmorillonite. Organomagadiites have a higher layer charge density and
consequently, higher alkylammonium content than organomonmorillonite. As the
alkylammonium ions interact with the epoxy resin during polymerization, dangling
chains are formed. More of these chains are thus formed in the presence of
organomagadiites. These dangling chains are known to weaken the polymer matrix by
reducing the degree of network crosslinking. As a result, the reinforcement effect of

the silicate layer exfoliation is compromised.
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In addition, Zilg and co-workers [44] reported about rather weak
improvements in stiffness for anhydride-cured epoxy-based nanocomposites, even
though true exfoliated structures were observed. For these authors, the real key for the
matrix stiffness improvement lies in the formation of supramolecular assemblies
obtained by the presence of dispersed anisotropic laminated nanoparticles.
Furthermore, the importance of interaction at the clay-polymer interface is
emphasized, as a stiffening effect is observed when the montmorillonite is modified
by a functionalized organic cation (carboxylic acid or hydroxyl groups) that is able to

interact with the matrix during curing.

(I1)  Stress at Break

Stress at break refers to the ultimate strength that a material can bear before failure.
Stress at break of nanocomposites has been demonstrated to vary strongly, depending
on the nature of the interactions between the matrix and the filler.

Exfoliated nylon-6-based nanocomposites [1] exhibit an increase in their stress
at break. This is attributed to the exfoliated nanocomposite structure formed, as well
as the presence of ionic interactions between the polymer and clay layers. On the
other hand, for PP-based nanocomposites [40], no or only very slight tensile stress
enhancement is observed. This effect can be partially explained by the lack of

interfacial adhesion between the apolar PP and the polar clays.

(111) Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) measures the response of a material to an
oscillatory deformation (usually tension or three-point flexion type deformation) as a

function of temperature. Three important parameters can be obtained from DMA: (1)
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the storage modulus (E”) which indicates the elastic response to the deformation; (2)
the loss modulus (E’”) which indicates the plastic response to the deformation; and (3)
the loss tangent (tan d), which is given by the E’’/E’ ratio.

DMA of a series of PP/clay hybrids [40] displayed a corresponding increase in
the storage modulus when the amount of maleic anhydride added was increased. This
is again attributed to the better dispersion of clay when better compatibility between
the clay and the PP matrix is achieved.

The effect of dispersion and length of the layered particles on the storage
modulus was also demonstrated in a study based on poly(imide)/clay nanocomposites
[45]. At a given temperature, a higher storage modulus was obtained from better clay
dispersion. In addition, the higher storage modulus for the exfoliated montmorillonite
nanocomposite, as compared to the exfoliated mica-based nanocomposite, was
attributed to the higher aspect ratio of the dispersed silicate layers, as observed under
the TEM.

Finally, DMA studies on organoclays exfoliated within an epoxy matrix
revealed a dramatic improvement in the storage modulus, especially above T, [46] —
with the addition of 4 vol% clays, a 58% increase in modulus was observed below Tj.
Above T4 however, the storage modulus increased by a factor of 4.5. Above Ty, the
polymer matrix softens, the reinforcement effect of the clay particles thus becomes
more prominent due to the restricted movement of the polymer chains.

The above results suggest that an exfoliated structure is the key to the dramatic
improvement in storage modulus observed in polymer/clay nanocomposites. A
possible mechanism by which exfoliated clay achieves this is by the creation of a
three-dimensional network of long interconnected silicate layers through strong edge-

edge interaction of the clay particles. Due to this flocculation, the length of the clay
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particles increases enormously, resulting in a corresponding increase in the overall

aspect ratio [3,4].

(1V) Toughness

Toughness is the energy absorbed by a material as it fractures. The addition of
reinforcing elements usually leads to a reduction in the toughness of the material,
however, a simultaneous improvement in both stiffness and toughness has been
observed in several polymer/clay nanocomposite systems.

Shah et al reported an order-of-magnitude increase in the toughness of
polyvinylidene fluoride (PVDF), with a concurrent increase in stiffness after the
addition of nanoclay [2]. The dramatic improvement in toughness is attributed to
structural and morphological changes induced by the presence of nanoclay, which
contributes to new energy dissipation mechanisms during deformation. It was
postulated that the nucleation of the fiber-like 3 phase on the surface of the clay leads
to a structure that is much more conducive to plastic flow under applied stress.
Furthermore, nanoclays can act as temporary crosslinks between polymer chains and
provide localized regions of enhanced strength. These modifications contribute to a
more efficient energy-dissipation mechanism in the nanocomposite, which helps to
retard the growth of cracks and cavities.

A study on the fracture behavior of PP/clay nanocomposites also reported a
more than four times increase in toughness upon introduction of 2.5 wt% organoclay
[47]. This toughness increase was again attributed to plastic deformation in the
reinforced matrix. Similar to the case of PVDF/clay nanocomposites, nanoclays
toughen the PP matrix by enhancing the energy-absorbing mechanisms in front of the

crack tip.
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Characterization of the fracture behavior of a highly exfoliated epoxy/clay
nanocomposite [48] however shows neither plastic deformation nor crack pinning
effect. Instead, the initiation of massive microcracks and the increase of the fracture
surface area due to crack deflection are the major toughening mechanisms.

In conclusion, although toughness improvements have been reported for both
glassy and rubbery polymers, the mechanism of toughness improvement cannot be
generalized, but is instead specific to the deformation mechanisms in the polymer

system, as well as the degree of polymer/clay interactions.

2.6.2 Heat Distortion Temperature (HDT)
Heat distortion temperature (HDT) of a polymeric material is the temperature at
which it undergoes an arbitrary deformation under a constant load. HDT is one of the
key indicators of the load-bearing capabilities of the polymer at elevated
temperatures. Kojima et al reported the dependence of the HDT of nylon-6/clay
nanocomposites as a function of clay content [49]. It was found that there is a marked
increase of almost 90°C in the HDT of a 4.7 wt% nanocomposite, but with higher
levels of clay loading, the HDT of the nanocomposite was found to level off. The
huge improvement in the HDT is attributed to the existence of strong hydrogen bonds
between the matrix and the clay surface. Furthermore, TEM observations of the
morphology of the nylon-6 nanocomposite reveal that the nanocomposite has a
sandwiched structure, where each silicate layer is strongly covered by polymer
crystals [50]. The additional rigidity provided by such an internal structure probably
also makes an important contribution to the large increase in the HDT of the polymer.
The incorporation of nanoclay in PP also results in a higher HDT in the

polymer, from 109°C for the neat polymer to 152°C for a 6 wt% clay nanocomposite
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[51]. The improvement in the HDT originates from the more enhanced mechanical
stability of the nanocomposite, as there is no increase in the melting point in the neat
PP after nanocomposite preparation.

As a final point, it is essential to note that the increase in the HDT due to the
addition of dispersed clay layers is a very important property improvement for
polymer/clay nanocomposites, because it is very difficult to achieve similar HDT

improvements by chemical modifications or reinforcement by conventional fillers.

2.6.3 Thermal Stability

Polymer/clay nanocomposites often exhibit enhanced thermal stability at much lower
filler contents compared to conventional composites. This is an important advantage
offered by this class of materials, as it enables the polymer to withstand higher
temperatures without a compromise in cost, weight and ease of processibility.
Generally, clays enhance the thermal stability of the matrix polymer by acting as an
effective heat insulator and a superior mass transport barrier to the volatile products
generated during decomposition [3].

The thermal stability of crosslinked poly(dimethylsiloxane) was studied by
means of thermogravimetric analysis (TGA) under nitrogen flow [52]. A stabilization
of 140°C at 50% weight loss was observed when 10 wt% of organoclay was
exfoliated in the polymer matrix. It was proposed that the enhanced thermal stability
was due to hindered out-diffusion of the volatile decomposition products (mainly
cyclic silicates) — a mechanism related to the lower permeability usually observed in
exfoliated nanocomposites.

The thermal stability of poly(e-caprolactone) (PCL) /clay nanocomposites has

also been studied by TGA [3,53]. Both intercalated and exfoliated nanocomposites
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display a higher thermal stability, as compared to the neat PCL or the corresponding
microcomposites. The enhanced thermal stability is attributed to the decrease in the
permeability/diffusivity of oxygen and volatile degradation products with the addition
of clay, the barrier imposed by the high-aspect ratio clay fillers, as well as the
formation of char (which acts as a physical barrier between the polymer matrix and
the combustion site).

Although an improvement in thermal stability is often observed in
polymer/clay nanocomposites, it is important to note that the extent of thermal
stabilization achieved is not only dependent on the clay loading and clay dispersion.
Also of key importance are the chemical nature of the polymer matrix and its
degradation mechanism [3]. For example, Zanetti et al [54] found that the deacylation
of EVA in nanocomposites is accelerated, and may even occur at temperatures lower
than those for the pure polymer or the corresponding microcomposites, because the
strongly acidic sites created by the thermal decomposition of the silicate modifier has

a catalytic effect on the decylation reaction.

2.6.4 Barrier Properties

The fine dispersion of clay layers in polymer/clay nanocomposites has been found to
greatly reduce the gas permeability in films made from such materials. This has been
widely attributed to the increased tortuosity of the diffusing paths (which translate
into a longer diffusing path) that must be undertaken by the gas molecules. The sheet-
like morphology of clay is particularly efficient at maximizing the path length, due to
the large length-to-width ratio, when compared to other filler shapes, such as spheres
or cubes. This effect is expected to be more pronounced in exfoliated nanocomposites

due to the extremely high aspect ratio presented by the delaminated clay layers.
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The permeability to carbon dioxide for partially exfoliated poly(imide)-based
nanocomposites has been measured [55]. It was found that the relative permeability
dropped exponentially with increased volume fraction of clay. When 8 vol% of clay
was added, the permeability to carbon dioxide dropped to one-fifth of the
permeability of the neat matrix.

In addition, the permeabilty to water vapour has also been investigated for
exfoliated nanocomposites based on poly(e-caprolactone) (PCL) [56]. Again, a
dramatic drop in the relative permeability was observed by dispersing increasing
amounts of the layered nanofillers. In particular, a relative permeability of 0.2 (where
the permeability of the unfilled PCL was taken to be 1) was reported at a clay loading
of 4.8 vol%.

Of special interest is a nylon-6-based exfoliated nanocomposite that exhibits
an oxygen transmission rate that is halved compared to that of the pure polymer. The
improved gas barrier properties, combined with the enhanced transparency and gloss,
and increased tensile modulus, has led to its recent commercialization under the

tradename Durethan® LPDU 601 [57].

2.7 Conclusions

The extent of property enhancements achieved in polymer/clay nanocomposites is
found to be dependent on a combination of several factors, including the extent of
delamination of clay (that is, whether an exfoliated, intercalated or partially exfoliated
structure has been formed), the presence of polymer-clay interactions, and the nature
of the polymer matrix itself. In particular, many studies point towards an exfoliated
structure as the key to the vast improvement in properties observed in this class of

materials. A survey of the literature pertaining to the preparation of polymer/clay
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nanocomposites however indicates that an exfoliated structure is also the most
challenging to achieve. The lack of success in the PEN/clay system necessitates a
systematic investigation on the critical factors that affect the delamination of clay
layers in PEN — this will form the motivation for the study that will be detailed in the

following chapter.
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CHAPTER 3

Preparation of PEN/Clay Hybrids

3.1 Introduction

As reports on the preparation of PEN/clay nanocomposites prior to this work are very
limited, the two approaches of nanocomposite preparation - in-situ polymerization
and melt intercalation were explored in this work to gain an understanding of their
relative merits and limitations for the production of PEN/clay nanocomposites. In this
chapter, the strategies employed, critical issues involved, as well as the important

conclusions that can be made about the two preparation routes will be discussed.

3.2 Materials

Table 3.1 lists the materials that were used for the preparation of the PEN/clay

hybrids and their sources. All chemicals were used without further purification.
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Table 3.1 Materials used for the preparation of PEN/clay hybrids and their sources.
Chemical Name Supplier
Clay PGW grade sodium montmorillonite (Na-MMT) Nanocor
(cation exchange capacity (CEC) = 145 meq/100g)
1.34 TCN (methyl dihydroxyethyl hydrogenated Nanocor
tallow ammonium-modified clay)
Clay Modifier 12-aminododecanoic acid Tokyo Kasei
Ethyl-4-dimethylaminobenzoate (>99%) Merck
P-xylylene bis(triphenyl phosphonium) bromide Lancaster
(95%) Synthesis
1,3-didecyl-2-methylimidazolium chloride (96%) Aldrich
1-hexadecyl-2,3-dimethylimidazolium chloride Merck
Monomer Dimethyl naphathalene-2,6-dicarboxylate (99.95%) BP
(DMN)
Ethylene glycol (analytical grade) Merck
Catalyst / Manganese (11) acetate (98%)
Stabilizer Triphenyl phosphate (99+%) Aldrich
Antimony (III) acetate (99.99%)
Polymer PEN resins Goodfellow
Cambridge
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3.3 Materials Preparation

3.3.1 Synthesis of Ammonium Salt
12-carboxyl dodecanoic ammononium chloride (CDA) was prepared by reacting
stoichiometric amounts of 1 M hydrochloric acid with 12-aminododecanoic acid at a

temperature of 80°C for 2 hours.

NHz(CHg)“COOH + HCI +NH3(CH2)11COOH +CI'

Figure 3.1 Synthesis route of CDA

Ethyl-4-trimethylammoniobenzoate iodide (ETMAB) was prepared by methylation
reaction of ethyl-4-dimethylaminobenzoate with 5 mole equivalents of methyl iodide

at room temperature for 4 days.

CHs
CH3\ |
CH— R .
/N@COOCHZCHg + CHal 3—l|\14©7COOCH2CH3 b
CHy CHs

Figure 3.2 Synthesis route of ETMAB

3.3.2 Clay Modification

The modified clays in this work were prepared by a standard aqueous ion-exchange
procedure, in which the compatibilizer salt of choice was introduced to the clay
suspension and the system was thoroughly mixed to allow the compatibilizer cations
to exchange with the interlayer Na" ions. Specific procedures that were employed for

the preparation of the various modified clays were detailed below.
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()  Preparation of Organoclay

1.5L of distilled water was added to 15 g of sodium montmorillonite (Na-MMT) in a
beaker, and the resulting mixture was stirred vigorously at 80°C with a mechanical
stirrer to form a uniform suspension. Separately, 1.2 mole equivalent of the organic
modifier, with respect to the clay C.E.C value, was dissolved in 300 ml of ethanol. (In
the case where divalent organic modifiers were used, the amount of modifier salt
added was simply halved.) Upon complete dissolution, the modifier solution was
added drop by drop into the clay suspension. Immediate precipitation of the
organically modified clay was observed, but the reaction mixture was left to stir for a
further 7 hours at 80°C to ensure complete reaction. The ion-exchanged clay was then
separated from the solution by centrifugation and subsequent removal of the
supernatant. The clay was subsequently washed by redispersing it in ethanol. Washing
was repeated at least 4 times to ensure complete removal of the excess surfactants.
After each washing step, the clay was separated from the ethanol by centrifugation.
Although excess modifiers may also be removed by vacuum filtration or Soxhlet
extraction, previous studies [58] have found that centrifugal extraction is the most
effective means of removing the excess modifiers. The clay was then dried under
vacuum at 80°C for at least 48 hours and subsequently ground into fine powder using

a Fritsch Pulverisette 14 and an 80-pum sieve.

(I1)  Preparation of Catalyst-Intercalated Clay

1.16 g of antimony (III) acetate was added to 100 g of ethylene glycol. The ethylene
glycol was heated to 60°C to completely dissolve the antimony (III) acetate. 16 g of
untreated clay was added to the solution and the mixture was stirred for 5 hours to

allow antimony (III) acetate to intercalate into the clay layers. The clay was then
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separated from the ethylene glycol by centrifugation and subsequent removal of the
supernatant. The clay was subsequently washed by redispersing it in ethylene glycol.
Washing was repeated at least four times to ensure that most of the catalysts
remaining on the external surfaces were removed and that the catalyst exists mainly in
the clay galleries. The catalyst-intercalated clay was then dried under vacuum at

150°C for 8 hours to completely remove all ethylene glycol.
(111)  Preparation of Mixed Intercalant Clay
The same procedure as (I) was employed, except that the ethanolic solution of the

modifier salt was added to a suspension of catalyst-intercalated clay for ion exchange.

Table 3.2 lists the modified clays that have been prepared in this work.
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3.3.3 Nanocomposite Preparation

Q) In-situ Polymerization

The reaction used for the polymerization of PEN in this work is a two-step process,
(Figure 3.3). The first step is the transesterification of dimethyl naphthalene-2,6-
dicarboxylate (DMN) with ethylene glycol (EG) to form bis(2-hydroxyethyl)
naphthalene-2,6-dicarboxylate =~ (BHEN). The second step involves the
polycondensation of BHEN to form the PEN polymer. In the preparation of PEN/clay
hybrids, this standard procedure was slightly modified to incorporate the addition of

clay in the polymerization reaction.

O
O

|
n sHC—0—=C i
@ C—0 _CH3 + 2n HO—CHZ—CHz—OH

(DMN) (EG)

Transesterification o
Catalyst |

0
—> n HO— CHy—CH,— 0 —C

N,, 190°C @O |

C—0—CH,—CH,—OH

(BHEN)
+ 20 CHZOH

Polycondensation @]
Catalyst || o
- > CHy—CH;—0 —C I + n HO—CH;—CH,—OH
Vacuum, 290°C @ cC—o0
n

(PEN)

Figure 3.3 Synthesis route of PEN polymerization
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A typical procedure employed for the in-situ polymerization of the PEN/clay hybrids

1s described below.

Preparation of EG/clay suspension

The amount of clay corresponding to ~2 wt% inorganic MMT was added to 38.4 g of
EG and stirred at high speed using the homogenizer for 2 hours to form a
homogeneous suspension. The suspension was then sonicated under a nitrogen flow
for 5 hours. It has been demonstrated that the accessibility of the clay interlayer is
dependent upon the size of the primary clay particles. In particular, bigger clay
particles tend to be less intercalated than the smaller ones [59]. The above
pretreatment of clay prior to the polymerization step was thus carried out in an

attempt to reduce the starting size of the primary clay particles.

Polymerization

The EG/clay suspension and 60.5 g of DMN were combined in a 250 ml 3-neck
round-bottom flask. 0.28 mol% (120 mg) of manganese (II) acetate transesterification
catalyst was also added into the mixture. An excess of EG was added to allow for loss
due to vaporization during reaction. The system was heated under nitrogen flow to
190°C to completely melt the DMN. The melt was maintained at 190°C for 90
minutes for the transesterification reaction to take place. Methanol was released as a
by-product of the transesterification, and the progress of the transesterification
reaction was monitored by the methanol production. A finger filled with warm water
was placed above the outlet leading towards the condenser, to allow the methanol
(boiling point: 64°C) to escape, while effectively condensing the EG (boiling point:

197°C).
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After the transesterification reaction was completed, 0.09 mol% (73 mg)
triphenyl phosphate stabilizer and 0.075 mol% (56 mg) antimony (III) acetate
polycondensation catalyst was added into the system (in the case where the
polycondensation catalyst was incorporated into the clay galleries, no antimony (III)
acetate will be added during this step) and the temperature was slowly raised to 290°C
for the polycondensation of BHEN to take place to form PEN. The nitrogen flow was
then turned off, and the pressure of the system was gradually reduced to less than 0.5
mbar over 45 minutes. The melt was maintained at 290°C at this pressure level for
another 90 minutes. After the reaction was completed, the system was allowed to cool
to room temperature.

Table 3.3 lists the PEN/hybrids that were prepared in this work by the in-situ

polymerization method.

Table 3.3 PEN/clay hybrids prepared via in-situ polymerization. All the hybrids have a

nominal 2 wt% inorganic MMT content (as indicated by the suffix “2” in their abbreviations).

Clay Type

Clay Modifier

Abbreviation for Hybrid

Ammonium-modified

12-carboxyl dodecanoic ammonium (CDA)

PEN/CDA-MMT-2

Ethyl-4-trimethylammoniobenzoate (ETMAB)

PEN/ETMAB-MMT-2

Clays Methyl dihydroxyethyl hydrogenated tallow PEN/1.34 TCN-MMT-2
ammonium (1.34 TCN)
Phosphonium- P-xylylene bis(triphenyl phosphonium) (TPP) PEN/TPP-MMT-2
modified Clay

Catalyst-treated Clay

Antimony (Sb)

PEN/Sb-MMT-2

Mixed Intercalant

Clay

P-xylylene bis(triphenyl phosphonium) and

antimony (TPP-Sb)

PEN/TPP-Sb-MMT-2
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(11)  Melt Intercalation

To achieve better homogeneity in the polymer/clay premix, the as-received PEN
granules were first ground into a finer particle size using the Fritsch Pulverisette 14
and a 2-mm sieve. The PEN and the corresponding amount of clay powder to form a
nominal 2 wt% hybrid were then dry-mixed by shaking them in a Ziploc bag. The
mixture was then melt compounded in a co-rotating intermeshing twin-screw extruder
(Leistritz Micro 18, L/D = 30) with a six-zone barrel. Processing temperatures of
275°C, 275°C, 280°C, 280°C, 290°C and 295°C from Zone 1 to Zone 6 of the barrel,
and a screw speed of 30 rpm were used. Pure PEN was also extruded under the same
conditions to be used as a reference. All materials were dried under vacuum at 80°C
for at least 8 hours prior to melt compounding.

To investigate the effect of clay concentration and a second compounding
cycle on the dispersion of clay, a masterbatch containing 4 wt% clay was also
prepared. The masterbatch was then diluted with pure PEN using the same processing
conditions to produce a 2 wt% hybrid. Table 3.4 lists the PEN/clay hybrids that have

been prepared via the melt intercalation route.
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Table 3.4 PEN/clay hybrids that were prepared by the melt intercalation method.
Clay Type Clay Modifier MMT No. of Abbreviation
Content Extrusion
(%) Cycles
Unmodified Clay - 2 1 PEN/Na-MMT-2
1,3-didecyl-2- 2 1 PEN/IM2C10-MMT-2

Trialkylimidazolium- | methylimidazolium

modified Clays 2 1 PEN/IMC16-MMT-2
1-hexadecyl-2,3- 2 2 PEN/IMC16-MMT-2B
dimethylimidazolium 4 1 PEN/IMC16-MMT-4

3.4 Materials Characterization

3.4.1 Thermal Analysis of Modified Clays

()  Thermal Stability and Organic Loading

The thermal stability and organic loading of the modified clays was assessed
following the procedure proposed by Xie et al [32], which provides a more
reproducible estimate of the onset degradation temperature of the modified clays.
Thermogravimetric analysis (TGA) was conducted on a TA Instruments Hi-Res TGA
2950 Thermogravimetric Analyzer. The modified clays were heated to 800°C at a
heating rate of 2°C/min and under a nitrogen flow rate of 50 cc/min. A predrying step
at 140°C for 1 hour, followed by rapid cooling to 60°C, was performed before the
thermogravimetric analysis at 2°C/min, to remove physiabsorbed water and gases, to
ensure a reproducible estimate of the onset temperature of degradation. The onset
degradation temperature was taken as the temperature at which 5% mass fraction loss

was observed, while the organic content of the clay was obtained by subtracting the
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total mass loss between 150°C and 800°C by the mass loss due to water from the

dehydroxylation of the aluminosilicate (5.25%).

(1)  Thermal Stability under Polymerization Conditions

To examine the degradation that took place in the modified clay during the
polymerization reaction, TGA was also performed simulating the temperature profile
of the in-situ polymerization process. A predrying step at 140°C for 1 hour was
applied before the clay was heated at 1°C/min to 190°C and held for 90 minutes. The
sample was then heated to 290°C at 1°C/min and held at that temperature for a further

90 minutes. The entire TGA procedure was carried out under a nitrogen atmosphere.

(111)  Thermal Stability under Melt Compounding Conditions

To assess the ability of the modified clays to survive the melt compounding process,
isothermal TGA was performed at the compounding temperature and in an air
atmosphere. A predrying step at 140°C for 1 hour was applied before the clay was

heated at 20°C/min to 295°C and held at that temperature for 15 minutes.

3.4.2 Energy Dispersive X-Ray (EDX) Analysis of Antimony-Intercalated

Clay
The successful ion-exchange of sodium ions in the pristine Na-MMT by antimony
ions was verified by scanning electron microscope / energy-dispersive x-ray analysis
(SEM-EDX). The EDX data were measured with a JEOL JSM-5600 scanning
electron microscope at an accelerating voltage of 15 kV, and the elemental analysis
was performed with the Oxford energy EDS software. The sample is coated with a

thin layer of carbon prior to analysis.
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The amount of antimony that has been exchanged into the clay galleries was
determined by taking the difference in the atomic percent of sodium in the clay before
and after ion-exchange with antimony (using the atomic percent of silicon as a
reference); the actual antimony peak cannot be detected in the SEM-EDX setup
because the antimony L line is too weak to be detected, while the antimony K line
(which is much stronger) lies beyond 30 keV (which cannot be detected because the
maximum allowable accelerating voltage in the SEM-EDX set-up used is only 20

kV).

3.4.3 Morphological Characterization of Nanocomposites

(1)  X-ray Diffraction (XRD)

XRD is performed for the materials in Sections 3.5.2(I) and 3.5.3, with a Shimadzu
x-ray diffractometer in a Bragg-Brentano 6-26 geometry with CuK, radiation (A =
0.154 nm) generated at 30 kV and 30 mA. The samples were scanned from 2.5° to
10.0° 20_ at a rate of 1°/min. The materials in Sections 3.5.2(II) to 3.5.2(IV) were
scanned using a Bruker AXS x-ray diffraction system equipped with a two-
dimensional, position-sensitive area detector using CuK, radiation. An acceleration
voltage of 40 kV and a current of 40 mA were employed. As the absolute intensities
of the clay peaks could vary according to the experimental conditions, the intensities
of the clay peaks were scaled using the amorphous halo from the polymer as a

reference, before they were compared.

(I1)  Polarizing Optical Microscope (POM)
The morphology of the PEN/clay hybrids were observed at a magnification of 100x

under crossed polarizers with a Nikon Optiphot-pol Universal Stage polarizing
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microscope. A thin piece of the polymer/clay hybrid was sandwiched between two
glass coverslips and placed on the digital hotplate. The hotplate was heated at a rate of
50°C/min to 300°C, and kept isothermal at that temperature while the morphology of
the sample was observed. A CCD camera was used to snap the morphologies

exhibited by the hybrid materials.

(11D Transmission Electron Microscopy (TEM)

Ultrathin sections (~ 80 nm) thick were sectioned from the PEN/clay hybrids using a
Leica Ultracut UCT Ultramicrotome. The sections were collected using 200 mesh
carbon-coated copper grids, and examined using a JEOL 2010 TEM operating at an

accelerating voltage of 200 kV.

3.5 Results and Discussion

3.5.1 General Comments on the Evaluation of Clay Dispersion
In this section, the effectiveness of the preparation procedures employed will be
mainly discussed with respect to the clay dispersion that has been achieved. While it
is by no means the only criterion by which the materials should be judged, it has been
repeatedly demonstrated in previous studies that a certain level of clay dispersion
must be achieved in order for significant property enhancements to be observed. In
evaluating the degree of clay dispersion that has been achieved in the hybrids, a
combination of x-ray diffraction (XRD), polarizing optical microscopy (POM) and
transmission electron microscopy (TEM) has been employed in this work.

XRD provides a quick and convenient method for determining the clay
interlayer spacing in the original organically modified clays, as well as in intercalated

nanocomposites. In particular, the measured diffraction angle (0) is related to the
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average interlayer spacing of clay (d) by Bragg’s relation: A = 2d sinf, where A
corresponds to the wavelength of the x-ray radiation used. In addition, the width of
the peak provides an assessment of the degree of order in the stacked sheets while the
intensity of the peak provides statistical information about the number of multilayer
stacks.

The clay layers can only be detected by XRD if they remain parallel and
evenly spaced. In an exfoliated nanocomposite; the extensive layer separation
associated with the delamination of the original clay layers in the polymer matrix
results in the eventual disappearance of any coherent x-ray diffraction from the
distributed clay layers. (The lack of low-angle XRD peaks (or low peaks), however,
cannot be directly correlated to high levels of clay dispersion, as it can also be the
result of disordered but poorly dispersed clay layers.) For an intercalated
nanocomposite, the intercalation of polymer into the intergallery spaces results in a
shifting of the basal reflection to a position corresponding to a larger interlayer
spacing. In the case where the clay is incompatible with the polymer matrix, the
diffraction peak will be observed at the same position as that seen for the clay in the
absence of the polymer. Finally, degradation of the polymer and/or clay modifier
results in the collapse of the clay layers. In this case, the interlayer spacing becomes
less than that of the original organically modified clay. The clay may exhibit an
increase in its width but this is most likely to be due to the disordering of the clay
layers caused by the degradation process, rather than an improvement in the clay
dispersion. Due to the aforementioned reasons, peak broadening and intensity
reduction in XRD patterns are very difficult to study systematically, to provide
information about the spatial distribution of the clay layers or any structural

inhomogeneities in the nanocomposites.
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Because of these inherent limitations of XRD, POM and TEM were used in
parallel with XRD in this work to clarify the level of dispersion that has been
achieved in the hybrids at the micron- and nanoscale respectively. TEM allows direct
visualization of the clay layers at the nanometer length scale. However, because of the
small area of inspection, it may not be very representative of the level of dispersion
that has been achieved in the whole material. POM helps to fill in this gap, by
allowing large clay agglomerates whose size lies within its resolution limit (~ 1 pm)
to be observed. These large particles would otherwise not be detected with the TEM

due to the small size of the probed area.

3.5.2 In-situ Polymerization
() Ammonium-Based Modifiers with a Reactive Functional Group
Principles
Ammonium-based modifiers were the system of choice to begin with, due to their
common use for clay modification in the preparation of polymer/clay
nanocomposites. Specifically, modifiers possessing functional groups that are able to
react and form covalent bonds with the PEN monomers (either ethylene glycol or
dimethyl naphthalene-2,6-dicarboxylate (DMN)) were investigated as previous
studies have demonstrated that the incorporation of a reactive functional group in the
clay modifier not only helps to force apart the clay layers (by ensuring that the
polymerization proceeds, at least partially, inside the clay galleries), but may also
improve the interaction strength between the polymer chains and the clay.

In this work, several modifier systems that fall into this category have been
investigated, in this section however, only a few examples (refer to Tables 3.2 and

3.3) will be described to illustrate the results. In principle, CDA is able to react with
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ethylene glycol via esterification, 1.34 TCN with DMN via transesterification, and

ETMAB with ethylene glycol via transesterification.

Discussion
Figure 3.4 shows the XRD patterns of the organoclays and the corresponding

PEN/clay hybrids prepared.
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Figure 3.4 XRD patterns of organoclays modified with reactive ammoniums, and the

corresponding PEN/clay hybrids for (a) CDA, (b) 1.34 TCN and (¢) ETMAB. The d-spacings
between the clay layers are indicated. (The dotted line indicates the original position for the

(001) basal reflection of untreated Na-MMT.)
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The shift of the (001) basal reflection of Na-MMT to lower angles upon
modification with the ammonium ions indicates an expansion of the intergallery
distance, which confirms the successful exchange of the intergallery Na" ions by the
ammonium ions.

XRD of the hybrids however indicates that the interlayer spacings in all the
organoclays decreased after in-situ polymerization with PEN. The layer collapse
suggests that the organic modifiers have degraded during the polymerization process.
Degradation of the organic modifiers (and possibly, the PEN polymer too) was
corroborated by the severe discoloration observed in the PEN/clay hybrids.

To further confirm the occurrence of degradation, TGA was performed on the
organoclays, simulating the temperature profile of the in-situ polymerization process.
The TGA results indicate severe weight loss in the organoclays, in the order of 70
wt% of the total organic content or more, after being subjected to the elevated
temperature excursion. Figure 3.5 displays as an example, the TGA profile of CDA-

MMT under the simulated polymerization conditions.
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Figure 3.5 TGA profile of CDA-MMT under the simulated polymerization heating
profile. Time = 0 min corresponds to the end of the predrying step at 140°C. The TGA curve
shows an 11.5% weight loss in the clay at the end of the heating cycle, which corresponds to

69.2% of the total organic content in CDA-MMT.

XRD analysis of the organoclay after the heat treatment in TGA also reveals a
collapse of the clay interlayer spacing (Figure 3.6). This verifies that the smaller
interlayer spacing observed in the hybrid after in-situ polymerization is predominantly

due to the degradation of the organic modifiers.
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Figure 3.6 XRD pattern of CDA-MMT before and after the simulated polymerization

heating profile in the TGA.

Degradation of the organic modifiers alters the carefully tailored chemistry of
the polymer and clay interface, and results in the poor dispersion of clay in the PEN
matrix, as verified by TEM observations, where many large multilayer clay tactoids

(Figure 3.7(a)), with small d-spacings (Figure 3.7(b)) remain.

Figure 3.7 TEM images of PEN/CDA-MMT-2

52



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

(1) Aryl Phosphonium Modifiers

Principles

Due to the severe thermal degradation that took place in the ammonium-based
modifiers, the use of phosphonium surfactants, which could potentially provide
greater thermal stability [60], was investigated. In particular, an aryl phosphonium
modifier, p-xylylene bis(triphenyl phosphonium) (TPP), was chosen. Due to its
inability to undergo elimination reactions, the degradation of aryl phosphonium-clay
occurs by alternative decomposition pathways [60]. This imparts greater stability to

aryl phosphoniums compared to their alkyl counterparts.

Discussion

Figure 3.8 displays the XRD pattern of TPP-modified clay and the corresponding
hybrid. It was observed that there was again a reduction in the clay interlayer spacing
upon in-situ polymerization with PEN. TGA simulating the heating profile of the in-
situ polymerization process (Figure 3.9) indicates a mass loss of 30.6 wt% after being
subjected to the severe heating procedure. Although the mass loss is still significant,
the TPP-MMT system represents a vast improvement to the ammonium-based
organoclays. This is further confirmed by the much less severe discoloration observed
in the resulting PEN/TPP-MMT-2 hybrid. The improved thermal stability of TPP-
MMT also helps to achieve a better clay dispersion in the PEN matrix, as evidenced

by the presence of smaller clay tactoids based on TEM analysis (Figure 3.10).
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Figure 3.8 XRD patterns of TPP-MMT and the corresponding PEN/TPP-MMT-2

hybrid. (The dotted line indicates the original position for the (001) basal reflection of

untreated Na-MMT.)
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Figure 3.9 TGA profile of TPP-MMT under the simulated polymerization heating
profile. The TGA curve shows a 6.3% weight loss in the clay at the end of the heating cycle,

which corresponds to 30.6% of the total organic content in TPP-MMT.
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5]

Figure 3.10  TEM image of PEN/TPP-MMT-2

(111)  Antimony Cations Having a Catalytic Effect

Principles

Previous studies have demonstrated that by incorporating a modifier with catalytic
functional groups into the clay galleries, the intragallery polymerization rates can be
increased with respect to the extragallery polymerization rates. Consequently, the
dispersion of clay within the polymer matrix can be greatly enhanced [19]. The use of
the polycondensation catalyst precursor antimony (III) acetate as an intercalant was
thus investigated to make use of the driving force of polymerization within the clay

galleries to peel apart the clay layers.

Discussion
The successful intercalation of antimony into the clay galleries in the catalyst-treated
clay (Sb-MMT) is verified by energy dispersive x-ray spectroscopy (EDX) (Figure

3.11).
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Figure 3.11  Energy dispersive x-ray (EDX) spectra of clay (a) before and (b) after ion-

exchange with antimony. The ion-exchange of the intergallery sodium ions by the antimony

ions results in a reduction in the intensity of the sodium line with respect to the silicon line.

Analysis of the EDX spectra indicates that ~47% of the sodium ions (based on the C.E.C.

value of the Na-MMT) have been replaced by antimony ions.
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Figure 3.12 shows the XRD patterns of the clay after intercalation with the antimony
catalyst (Sb-MMT). The resulting hybrid, PEN/Sb-MMT-2, however, did not show
any significant increase in d-spacing compared to the original modified clay, which
we would expect if there is an increased amount of materials formed by enhanced
intragallery polymerization. Furthermore, observations under the POM (Figure 3.13)
indicate that the clay is still present in the form of micron- or submicron-sized

particles.

Relative Intensity

: PEN/Sb-MMT-2

20()
Figure 3.12  XRD patterns of Sb-MMT and the corresponding PEN/Sb-MMT-2 hybrid.

(The dotted line indicates the original position for the (001) basal reflection of untreated Na-

MMT.)

Figure 3.13  POM micrograph of PEN/Sb-MMT-2 under crossed polarizers.
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The poor dispersion of clay in PEN/Sb-MMT-2 is attributed to the inorganic
nature of the clay surface, which causes it to remain largely hydrophilic. This
increases the driving force of the clay to reaggregate. In addition, the poor
compatibility of the Sb-MMT with the PEN monomers greatly diminishes the ability
of the monomers to intercalate into the clay galleries for polymerization to proceed
within the clay interlayers. Consequently, the amount of clay dispersion achieved by

this method is very minimal.

(1V) Mixed Intercalant System

Principles

Finally, a mixed intercalant system was investigated, in which the clay was modified
with an organic surfactant following catalyst intercalation to enhance its compatibility
with the PEN matrix. At the same time, such a system would also allow the effect of
intragallery catalysis on the delamination of organically-modified clay to be studied.
In particular, TPP was chosen as the organic surfactant to impart compatibility

between the clay and the polymer, due to its greater thermal stability.

Discussion

XRD analysis (Figure 3.14) of the mixed intercalant clay system (TPP-Sb-MMT)
indicates that the interlayer spacing collapsed after in-situ polymerization. This is
attributed to partial degradation of the TPP modifier during the polymerization

reaction, as has been previously discussed.
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Figure 3.14  XRD patterns of TPP-Sb-MMT and the corresponding PEN/TPP-Sb-MMT-2
hybrid. (The dotted line indicates the original position for the (001) basal reflection of

untreated Na-MMT.)

Under the POM however, it was found that the micron- and submicron-sized
aggregates observed in PEN/Sb-MMT-2 (Figure 3.13) had been broken down into
much smaller stacks in PEN/TPP-Sb-MMT-2 (Figure 3.15(b)), since essentially no
clay particles could be observed in PEN/TPP-Sb-MMT-2 at the same magnification.
In spite of the partial degradation of the TPP modifier during polymerization, the
interfacial compatibility between the polymer and the clay is sufficiently improved by
the incorporation of the TPP modifier, which helps to lower the surface energy of the
clay, as well as prevent the reaggregation of clay. Furthermore, comparison of the
POM images for PEN/TPP-MMT-2 and PEN/TPP-Sb-MMT-2 (Figure 3.15) indicates
that although both the hybrids have the same organophilic surface, the occurrence of
intragallery polymerization in PEN/TPP-Sb-MMT-2, due to the presence of the
polycondensation antimony catalyst, has helped to further delaminate the clay into

smaller stacks.

59



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

Figure 3.15  POM micrographs of (a) PEN/TPP-MMT-2 and (b) PEN/TPP-Sb-MMT-2

under crossed polarizers.

The presence of thinner clay stacks in PEN/TPP-Sb-MMT-2, as revealed by
TEM analysis (Figure 3.16), further confirms the better dispersion of clay that has
been achieved by the use of clay that has been modified with a combination of an

organic surfactant and a polycondensation catalyst.

Figure 3.16 =~ TEM images of PEN/TPP-Sb-MMT-2

60



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

(V) General Limitations of the In-situ Polymerization Technique

Past literature has pointed in-situ polymerization as the preparation method that can
potentially achieve the best dispersion of clay in the polymer matrix [61] as it
involves the intercalation of monomers, which are smaller than the corresponding
polymer. Furthermore, the functional groups of the organic cations which are used to
modify clay can be tailor-made such that they are able to catalyze intralyer
polymerization, or be tethered to the ends of growing polymer chains — both of which
can greatly facilitate the delamination of clay in the polymer matrix. In this work
however, the carefully engineered surface modification of clay is often altered as a
result of degradation reactions which inevitably occurs during the long-time high-
temperature exposures necessary for the polymerization reaction to take place.
Consequently, the dispersion of clay in PEN achieved by the in-situ polymerization
method is limited.

In addition, the severe discoloration and physical properties of the in-situ
polymerized products suggest that organoclay degradation could also interfere with
the polymerization process, causing the degradation of the PEN polymer, as well as
changing its molecular weight and molecular weight distribution. As the in-situ
polymerization method did not lead to impressive nanoscale dispersion of clay
however, the degradation issue was not further studied.

The level of clay dispersion that can be realized by the in-situ polymerization
technique in this work is also limited by the amount of shear force that can be
achieved in the setup for in-situ polymerization. The TEM micrographs (Figure 3.16)
indicate that individual layers in fact exist with multilayer stacks. This suggests that

the mechanical mixing applied is insufficient to break up all the larger agglomerated

61



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

masses. The result is the general inhomogeneous distribution of clay in the in-situ

polymerized material.

3.5.3 Melt Intercalation

Principles

The method of melt intercalation was explored in this work for the preparation of
PEN/clay nanocomposites because it can potentially provide the greatest commercial
viability. Furthermore, although melt compounding requires PEN to be heated up to
similar high temperatures as in-situ polymerization, the residence time involved is
much shorter, thus this preparation route may potentially bypass the problems of
thermal degradation which are encountered during in-situ polymerization.

In the selection of a suitable clay modifier for the melt intercalation process, a
new class of trialkylimidazolium-treated clays that was recently developed was
considered, as previous work has demonstrated that they possess significantly greater
thermal stability, compared to other organically-modified clays [33,34]. In particular,
two types of trialkylimidazolium salt derivatives (Table 3.2) - 1,3-didecyl-2-
methylimidazolium (IM2C10), which possessé 3tstomdtbylichdaroland (IM&Adecylhich has only a s

investigated.

To assess the ability of the various modified cle
compounding conditions, isothermal TGA was performe
temperature. Figure 3.17 displays the isothermal TGA cu
organically-modified clays. Table 3.5 summarizes the ex
observed in the modified clays under the simulated melt ¢

(The actual residence time of the material in the extruder
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typically not more than 10 minutes, thus the isothermal TGA results only serve as a
guide to compare the amount of thermal degradation that will occur in the various
organoclays, and should not be used to determine the actual degradation that will
occur in the organoclays during melt compounding.)

The isothermal TGA results indicate that the trialkylimidazolium-treated clays
possess significantly greater thermal stability under the simulated melt compounding
conditions compared to the ammonium-based CDA-MMT or the phosphonium-based
TPP-MMT. They were thus used for the melt intercalation of PEN/clay hybrids. As a
comparison, a PEN/clay hybrid based on unmodified Na-MMT was also prepared.
(The complete list of PEN/clay hybrids that were prepared by the melt intercalation

method was given in Table 3.4.)
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Figure 3.17  TGA curves of the organically modified clays. The clay samples were held
isothermal at 295°C for 15 minutes. Time = 0 min corresponds to the end of the predrying
step at 140°C before the sample was heated at 20°C/min to 295°C and held isothermal for 15

minutes.
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Table 3.5 Extent of thermal degradation in the organically-treated clays, as evaluated

by isothermal TGA at 295°C for 15 minutes.

Organoclay Extent of thermal degradation (%)
CDA-MMT 53.6
TPP-MMT 28.7
IM2C10-MMT 8.3
IMC16-MMT 22.4

* Evaluated by taking the total mass loss at the end of the heating process and dividing by the

total organic content in the organoclays.

Discussion
(1)  Effect of Clay Modification on Dispersion

Figures 3.18 and 3.19 display the XRD patterns of the two trialkylimidazolium-

treated clays, and the corresponding PEN/clay hybrids respectively.
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Figure 3.18  XRD patterns of clay before and after modification with the

trialkylimidazolium ions.
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POM and TEM provides additional information on the morphology of the
PEN/clay hybrids. Figure 3.20 shows the clay dispersion in the PEN/clay hybrids, as
observed under the POM. It is observed that large clay aggregates are still present in
PEN/Na-MMT-2. Although the clay peak in the PEN/Na-MMT-2 hybrid is much
broader and much lower in intensity compared to the other two organoclay hybrids,
the presence of the large clay aggregates in PEN/Na-MMT-2 indicates that this is
probably due to the high degree of disorder within the clay stacks in the untreated Na-
MMT, rather than good dispersion. The presence of melt material between the clay
aggregates in PEN/Na-MMT-2 further suggests that the shear force applied in the
twin screw extruder during melt compounding is strong enough to break the large clay
agglomerates into smaller tactoids, however, due to the hydrophilic nature of the Na-
MMT surface, the clay will tend to reaggregate even after they have been successfully
broken down. In contrast, most of the clay particles in PEN/IM2C10-MMT-2 and
PEN/IMC16-MMT-2 have been effectively broken down into submicron- and

nanometer-sized domains, which were almost invisible under the POM.
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Figure 3.20  Images obtained with the POM under crossed polarizers (a) PEN/Na-MMT-2,

(b) PEN/IM2C10-MMT-2 and (c) PEN/IMC16-MMT-2.

TEM images taken at a lower magnification (Figure 3.21) indicate that a
homogeneous dispersion of clay has been achieved in both PEN/IM2C10-MMT-2 and
PEN/IMC16-MMT-2. The average thickness of the clay stacks in PEN/IMC16-MMT-
2 is however, smaller than those in PEN/IM2C10-MMT-2. TEM thus not only verifies
the finding based on XRD, that a larger clay intergallery distance has been achieved
in PEN/IMC16-MMT-2 due to the intercalation of PEN chains (Figure 3.22), it also
provides direct evidence that the multilayer clay tactoids in PEN/IMC16-MMT-2
have been effectively broken down into thinner stacks, as a result of the better

compatibility between PEN and IMC16-MMT (Figure 3.21).

67



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

Figure 3.21  TEM micrographs of (a) PEN/IM2C10-MMT-2 and (b) PEN/IMC16-MMT-2

(Original magnification: 5000x%).

Figure 3.22  TEM micrographs of (a) PEN/IM2C10-MMT-2 and (b) PEN/IMC16-MMT-2

(Original magnification: 120 000x).
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(I1) Effect of Concentration and Second Compounding on Clay
Dispersion
The effect of clay concentration and second compounding on the clay dispersion,
which is important from both the processing and applications point of view, is further
investigated in the PEN/IMC16-MMT system. A higher concentration (4 wt%)
masterbatch was first prepared, the 4 wt% hybrid (PEN/IMC16-MMT-4) was then
diluted with pure PEN and then melt compounded a second time to form a 2 wt%
hybrid (PEN/IMC16-MMT-2B). Figure 3.23 displays the XRD patterns of
PEN/IMC16-MMT-4 and PEN/IMC16-MMT-2B. The XRD profile of the 2 wt%
PEN/IMC16-MMT-2 hybrid that was prepared by only one extrusion cycle was also

shown as a reference.

7] PEN/IMC16-MMT-4

7] PEN/IMC16-MMT-2B

PEN/IMC16-MMT-2

Relative Intensity
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Figure 3.23 XRD patterns of the PEN/IMC16-MMT hybrids. The intensities of the

clay peak have been scaled using the amorphous halo from the polymer as a reference.

Figures 3.24 and 3.25 further display the POM and TEM images obtained for

PEN/IMC16-MMT-2B and PEN/IMC16-MMT-4.
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Figure 3.24  Images obtained with the POM under crossed polarizers (a) PEN/IMC16-

MMT-2B and (b) PEN/IMC16-MMT-4.

Figure 3.25  TEM micrographs of (a) PEN/IMC16-MMT-2B and (b) PEN/IMC16-MMT-

4 (Original magnification: 5000x).

XRD indicates that the clay peak in PEN/IMC16-MMT-2B has a lower
intensity, as well as a broader full width at half maximum (FWHM) compared to
PEN/IMC16-MMT-2, which has the same clay content, but has only gone through a
single extrusion cycle. This conclusion is verified by TEM observations (Figure

3.25(a)), which shows that the average size of the clay tactoids in PEN/IMC16-MMT-
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2B is slightly smaller than that present in PEN/IMC16-MMT-2 (Figure 3.21(b)). The
additional shear experienced during the second compounding cycle thus has some
effect in further breaking apart the clay tactoids, although admittedly, the effect is not
profound.

Compared to both 2 wt% hybrids, the 4 wt% hybrid (PEN/IMC16-MMT-4)
exhibits a significantly poorer level of clay dispersion, as indicated by the higher
intensity of the clay peak obtained in the XRD pattern, as well as the presence of
thicker clay stacks in the TEM image. POM also reveals the presence of micron-sized
agglomerates, which are absent in the 2 wt% hybrids. This result is in agreement to
previous studies — generally, it becomes more difficult to disperse clay when it is
present in higher concentrations [62,63], because the attractive interactions between
adjacent clay platelets (both van der Waals’ interactions and steric interactions due to

the high aspect ratio of clay) becomes stronger.

(1)  General Comments on the Melt Intercalation Method

The series of investigations performed in this section illustrates that the use of
organoclays with sufficient thermal stability is of key importance in the preparation of
polymer/clay nanocomposites. Adequate thermal stability is required to ensure that
the carefully tailored organic surface will be retained during nanocomposite
preparation, so that the compatibility with the polymer matrix can be maintained to
allow the clay to delaminate in the polymer matrix. The melt intercalation approach
has been able to achieve good nanoscale dispersion of the clays because of the less
severe temperature excursions involved (as compared to the in-situ polymerization
process), and the greater thermal stability of the trialkylimidazolium-modified clays

used. In addition to thermal stability, the organically-treated clay must also possess
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good compatibility with the polymer matrix, otherwise, it will not be able to
intercalate into the gallery spaces of the organoclay during the melt compounding
process to form a well-dispersed nanocomposite, as exemplified in this study by the
case of PEN/IM2C10-MMT-2.

Furthermore, to take advantage of the carefully tailored compatibility, it is
important to first ensure good homogeneity of the initial polymer/clay premix. In this
work, the as-received PEN polymer is in the form of millimeter-sized pellets. To
enhance the homogeneity of the polymer/clay mixture, the polymer was first ground
into smaller sizes [58]. Figure 3.26 displays the POM image of a PEN/Na-MMT-2
hybrid, in which the polymer has not been ground into smaller sizes prior to the melt
compounding step. The large numbers of micron-sized aggregates observed as
compared to the hybrid shown in Figure 3.20(a) illustrates the importance of the
polymer grinding step in achieving good homogeneity of the hybrids at the micron

level.

Figure 3.26 POM image of a PEN/Na-MMT-2 hybrid in which the polymer was not

ground into smaller sizes before it was mixed with the clay for compounding.

If the conditions of thermal stability, good compatibility, as well as proper

premixing are satisfied, the shear force applied in a twin-screw extruder is capable of

72



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Preparation of PEN/Clay Hybrids

achieving a sufficient level of homogeneity in the resultant hybrid materials, at least at
the submicron level. This is a major strength of the melt intercalation method over the
in-situ polymerization route, because it is very difficult to achieve the same degree of
physical mixing in the in-situ polymerization setup for PEN. Once the clay tactoids
have been broken down into nanometer-sized domains however, it becomes
increasingly more difficult to further break down the clay particles by the mere
application of shear force. Consequently, the further enhancement in clay dispersion

provided by a second compounding cycle is very limited.

3.6 Summary and Conclusions

The various preparation routes that have been investigated in the course of this work
have helped to elucidate the factors that are critical to the effective dispersion of clay
in PEN. It is found that modifier compatibility, organoclay stability, and proper
mixing all play an important role in producing high levels of clay dispersion. Failure
to consider any of these factors will typically result in poor dispersion of clay in the
PEN matrix.

With respect to the two methods of preparation that have been explored, the
TEM micrographs of the in-situ polymerized and melt intercalated hybrids reveal that
the mechanisms of clay exfoliation in the two methods are in fact different. For in-situ
polymerization, the diffusion of monomers and subsequent formation of polymers at
the interlayer spaces are responsible for the peeling of the tactoids. Because of this
mechanism of clay delamination, single layers of clay can co-exist side by side with
multilayered clay stacks. On the other hand, for melt intercalation, it is the large stress
transfer in the melt, as a result of the shearing profile applied, that breaks the micron-

sized agglomerates into smaller tactoids (instead of peeling them into individual
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sheets). For this reason, the size distribution of the clay tactoids in the melt-
intercalated hybrids is much more homogeneous, although the tactoids are mostly of
intermediate size.

This indicates that while melt intercalation has been established in this work as
a production route that is capable of breaking the clay tactoids into smaller and more
uniformly-sized stacks, in-situ polymerization still remains the method that exhibits
the greatest potential of producing well exfoliated layers in the PEN matrix. Although
the investigations performed in the course of this work have revealed several
limitations of the in-situ polymerization technique as discussed in Section 3.5.2(V),
these limitations are more the result of the shortcomings in the type of clay
modification and the in-situ polymerization set-up used in this work, rather than
problems inherent to the in-situ polymerization method. With the mixed intercalant
system, the potential of the in-situ polymerization method to the preparation of well-
dispersed hybrids has been demonstrated. With the use of more thermally stable
organically-modified clays (for example, the trialkylimidazolium-treated clays) and a
better in-situ polymerization set-up (which can achieve a higher shear force), the in-
situ polymerization route still holds significant potential in the preparation of well-
dispersed PEN/clay nanocomposites. For the further refinement of the in-situ
polymerization technique therefore, the investigations performed in this work shall
serve as a very useful reference by which future efforts can be based on.

Due to the better states of clay dispersion and homogeneity that have been
achieved with the trialkylimidazolium-treated clay hybrids prepared via the melt
intercalation route, this series of hybrids was selected for further systematic structural

and property studies, as will be described in the following two chapters.
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Structure-Property Relationship in PEN/Clay Hybrids

4.1 Introduction

Having probed the clay dispersion that has been achieved in the PEN/clay hybrids, the
actual performance of the hybrids is now examined. In particular, the dynamic
mechanical properties and thermal stability of the materials are investigated to
evaluate the effectiveness of nanoclay in improving these properties in PEN, which
are important to its performance in real-life applications. Special emphasis has also
been placed in understanding how the property changes in the hybrids are related to
the dispersion and orientation of the clay phase, as well as the clay-induced

modifications to the matrix crystalline morphology.

4.2  Dynamic Mechanical Behaviors

4.2.1 Introduction

One important reason for the great interest in polymer/clay nanocomposites is the
exceptional material stiffness they provide at relatively low inorganic content. In spite
of the superior reinforcing efficiency commonly observed in polymer/clay
nanocomposites, the mechanisms responsible for their outstanding mechanical
performance are not well understood. To fully exploit the potential of this class of
nanocomposites, a more fundamental understanding of the correlation between their

structures and properties need to be established.
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Semicrystalline polymer/clay nanocomposites, in particular, exhibit a complex
hierarchical morphology consisting of structural features organized at various length
scales. Specifically, clay platelets of nanometer thickness, separated at a distance
similar to their size, coexist with the crystalline lamellae of the polymer matrix.
Further complications arise when the various components orient themselves under the
effect of a shear field, which is commonly experienced in melt processing
environments such as extrusion or injection molding [64]. Till now, it is not well
understood how these different morphological features interact and influence the final
properties exhibited by the polymer. In particular, it remains an issue of controversy
whether the outstanding property enhancements observed in many semicrystalline
polymer/clay nanocomposites arise mainly from the modifications in the polymer
matrix structure caused by the presence of the dispersed clay phase, or can be
explained by invoking conventional composite theories, where the reinforcement arise
mainly from the high stiffness and high aspect ratio of the dispersed clay phase, while
the contribution from the increased matrix modulus play a less important role [65].

In the determination of the structure-property relationship of PEN, the slow
crystallizing characteristics of PEN [66] may in fact provide it with the unique
advantage in that totally amorphous structures may be achieved easily during
molding, and crystallinity can be introduced subsequently via an annealing treatment.
In this way, the contributions of the modified matrix crystalline phase to the
enhancement in properties may be better isolated and studied.

In this section, the thermomechanical properties of the hybrids are assessed by
dynamic mechanical analysis. The effect of crystallization on the nanocomposite
modulus is also evaluated by subjecting the initially amorphous as-molded specimens

to an annealing treatment. The mechanical reinforcement achieved in the materials is
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further correlated with the hierarchical structure they exhibit, to elucidate the
underlying mechanisms by which the dispersed clay phase, as well as the modified
polymer crystalline phase contribute to the mechanical reinforcement in the
nanocomposites. Although the investigation was performed on PEN/clay
nanocomposites, the structure-property relationship evaluated may also be extended to
other semicrystalline polymer/clay nanocomposites, and serve as a useful reference by
which their hierarchical structures may be predicted and controlled for optimal

mechanical performance.

4.2.2 Experimental

()  Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was conducted with a TA Instruments DMA
2980 on specimens molded with a DACA Instruments Microinjector #5000 at a barrel
temperature of 300°C and a mold temperature of 45°C. The specimens were cut out
from the center of dog-boned shaped tensile bars, and have dimensions of 22.0 mm
(length) x 4.0 mm (width) x 1.5 mm (thickness). Prior to testing, the sides of all
specimens were carefully polished with fine sandpaper (grit 320 followed by grit
1200) to ensure that the dimension of the specimens were uniform throughout, down
to the nearest 0.01 mm. This procedure has been especially undertaken, as small
variations in the specimen dimensions have been found to be an important factor

contributing to variations observed in DMA measurements [67].

3-point Bending Mode
The complex moduli of the as-molded samples were measured in the 3-point bending

mode at a frequency of 1 Hz, a strain amplitude of 0.1% and with a preload force of
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0.1 N. The support holder of the 3-point bending clamp has pressure points 15 mm
apart. The specimens were heated at 3°C/min from room temperature to 130°C. A

minimum of 3 specimens of each material were tested.

Tension Mode

To assess the effect of crystallization on the dynamic mechanical properties, the PEN
and PEN/IMC16-MMT-2 samples were subjected to an annealing treatment at 240°C
for 5 minutes. The complex moduli of both as-molded and annealed samples were
measured in the tension mode at a frequency of 1 Hz, an amplitude of 5 um and with
a preload force of 0.03 N. A typical sample length of 15 mm was used. The samples
were heated at 3°C/min from room temperature to 150°C (for as-molded samples) or
200°C (for annealed samples). A minimum of 3 specimens were tested for each set of

materials.

(11)  2-Dimensional Wide-Angle X-Ray Diffraction

The x-ray diffraction patterns of the as-molded and annealed specimens were
recorded in the reflection mode with a Bruker GADDS diffractometer equipped with a
two-dimensional (2D), position-sensitive area detector using CuK, radiation (A =
0.154 nm) generated at 40 kV and 40 mA. The azimuthal average of the 2D
diffraction patterns was determined with the GADDS software package to obtain
intensity against 26 plots. To assess the extent of clay orientation, the same software
is used to determine the radial average of the 2D patterns from 26 = 2.5° to 5.0° to

obtain intensity versus azimuthal angle plots.
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(11D Transmission Electron Microscopy (TEM)

To observe the effect of annealing on the distribution and orientation of clay in
PEN/IMC16-MMT-2, ultrathin sections (~ 80 nm thick) were sectioned along the TD-
ND plane (Figure 4.1) using a Leica Ultracut UCT Ultramicrotome. The sections were
collected using 200 mesh carbon-coated copper grids, and examined using a JEOL

2010 TEM operating at an accelerating voltage of 200 kV.

ND
A
/ » FD
TD
Figure 4.1 Nomenclature of the processing direction encountered in microinjection: the

orthogonal axes labels represent the transverse direction (TD), flow direction (FD) and

normal direction (ND).

(1V) Modulated Differential Scanning Calorimetry (MDSC)

MDSC measurements were performed on the annealed specimens on a TA
Instruments MDSC 2920 under a nitrogen purge. The samples were heated at 3°C/min
to a temperature of 320°C, with a modulation period of 60 seconds and a temperature
amplitude of = 0.477°C. The percent crystallinity of the annealed samples was
calculated by subtracting the reversing heat flow from the non-reversing heat flow,
and diving by the heat of fusion for 100% crystalline PEN (170 J/g) [68]. The
crystallinity values reported were based on the average of 3 independent

measurements.
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(V) Polymer Crystalline Morphological Studies

Thin polymer films for polarized optical microscopy (POM) and atomic force
microscopy (AFM) were prepared by the following procedure: A thin sample piece
was sandwiched between two glass coverslips, placed onto the hot stage (Linkham
TMS 92) and melted at 300°C to remove all residual crystallites. A gentle pressure
was then applied to the upper glass to squeeze the melt into a very thin film before the
upper glass coverslip was removed. The sample was then quenched to room
temperature, and subsequently annealed at 240°C for 15 minutes. After the annealing
treatment, the sample was rapidly quenched again to room temperature.

To reveal the crystalline features more clearly, the samples were etched
following the method of Shabana et al [69], by immersing them in a potassium
permanganate solution at room temperature. The solution contained 10 mg of
potassium permanganate per milliliter of a 10:4:3 vol:vol:vol mixture of concentrated
sulfuric acid, orthophosphoric acid (85%) and water. After 40 minutes of sample
immersion, the samples were recovered and placed in a cooled solution consisting of
3 parts concentrated sulfuric acid, 7 parts water and 10% hydrogen peroxide for 10
minutes, followed by several rinsing in deionized water.

POM was performed with a Nikon Eclipse E600 POL polarizing optical
microscope under crossed polarizers. Tapping mode AFM images were obtained with
a Dimension 3100 AFM (Digital Instruments) using Si tips. Both height and
amplitude images were recorded simultaneously. All POM and AFM images were

captured at room temperature.
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4.2.3 Results and Discussion
In the following section, the dynamic mechanical behaviors of the hybrids will be
discussed with respect to the effect of clay modification, second compounding, clay
concentration and annealing treatment. The as-molded specimens were tested in the 3-
point bending mode because it is the “purest” deformation mode, as clamping effects
are effectively eliminated in this mode. For the annealed specimens however, the
specimens were tested in the tension mode so that the modulus along the flow
direction (and hence any possible effects of clay/crystallite orientation) can be
determined.

The storage modulus (E’) and glass transition temperature (T4) values reported
were evaluated based on the average of 3 independent measurements. Standard

deviations for E” were typically less than 5% of the values reported.

4.23.1 Effect of Clay Modification
Figures 4.2 shows representative plots for the temperature dependence of the storage
modulus (E”) and loss modulus (E”) for as-molded samples of PEN and its hybrids.

E’ is the part of the modulus that is in phase with the applied stress. The actual
stiffness of a polymer is thus strongly dependent on its E’ value. The E’ of the various
systems are compared at 35°C and 80°C and the results are listed in Table 4.1. The
effectiveness of clay as a reinforcement for the PEN matrix is elucidated by taking the
ratio of the storage modulus of the hybrid (E’;) to that of the neat PEN (E’y,). The
glass transition temperatures (Tg) of the materials, as determined from the peak in the

E” versus temperature curves are also listed in Table 4.1.
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Figure 4.2 (a) Storage modulus (E’) and (b) loss modulus (E”) as a function of

temperature for as-molded samples of PEN and its hybrids.

Table 4.1 DMA data of as-molded samples of PEN and its hybrids in the 3-point

bending mode®.

System E’ at 35°C E'WE, E’ at 80°C E'WEm | Tg(°C)
(MPa) (35°C) (MPa) (80°C)
PEN 2763 + 26 - 2045 £ 15 - 123
PEN/Na-MMT-2 2839 £ 50 1.03 2189 £ 50 1.07 124
PEN/IM2C10-MMT-2 | 2932 +14 1.06 2241+ 20 1.10 122
PEN/IMC16-MMT-2 3160 + 39 1.14 2343+ 10 1.15 121

& Errors given represent one standard deviation from the mean.

X-ray diffraction analysis (Figure 4.3) indicates that the specimens are almost
amorphous after molding. The reinforcement effect observed in the hybrids is thus

mainly due to the dispersed clay phase only.
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PEN
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20 ()

Figure 4.3 X-ray diffraction patterns of as-molded samples of PEN and its hybrids. The

specimens were oriented such that the incident beam is reflected off the TD-FD plane.

Table 4.1 indicates that the intercalated nanocomposite, PEN/IMC16-MMT-2
exhibits significantly greater reinforcement effects compared to the two less well-
dispersed hybrids, PEN/Na-MMT-2 and PEN/IM2C10-MMT-2. The intercalation of
polymer into the IMC16-MMT interlayer galleries results in an increase in the active
surface area and aspect ratio of the filler within the matrix. The increase in the degree
of mechanical reinforcement with better clay dispersion results from an increase in the
aspect ratio of the dispersed clay phase, as the reinforcement efficiency of inorganic
fillers is strongly related to their aspect ratios [70]. The moduli at 80°C further
indicates that the presence of clay helps to maintain the stiffness of PEN at a higher
level even at elevated temperatures, which is an important property required for the
PEN/clay nanocomposites for high-temperature applications.

In addition, it was found that the presence of clay has no significant impact on

the T, of the hybrids.
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4.2.3.2 Effect of Second Compounding and Clay Concentration
The dynamic mechanical properties of PEN/IMC16-MMT-2B and PEN/IMC16-
MMT-4 were also examined to evaluate the effect of second compounding and clay
concentration on the storage modulus.

Figures 4.4 displays the variation of E” and E” with temperature for as-molded
specimens of this series of hybrids. The important data obtained from the DMA

curves are summarized in Table 4.2.
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Figure 4.4 (a) Storage modulus (E’) and (b) loss modulus (E”) as a function of

temperature for as-molded samples of PEN/IMC16-MMT-2B and PEN/IMC16-MMT-4. The

curves for PEN and PEN/IMC16-MMT-2 are also presented as a reference.
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Table 4.2 DMA data of as-molded samples of PEN/IMC16-MMT-2B and PEN/IMC16-
MMT-4 in the 3-point bending mode. The data for pure PEN and PEN/IMC16-MMT-2 are

also shown for comparison?.

System E” at 35°C E'W E'n E’ at 80°C E'WEn | T4(°C)
(MPa) (35°C) (MPa) (80°C)
PEN 2763 £ 26 - 2045 £ 15 - 123
PEN/IMC16-MMT-2 3160 + 39 1.14 2343+ 10 1.15 121
PEN/IMC16-MMT-2B | 3154 +52 1.14 2375+ 25 1.16 120
PEN/IMC16-MMT-4 3393 +51 1.23 2555 + 36 1.25 121

% Errors given represent one standard deviation from the mean.

From Table 4.2, it is observed that a similar extent of reinforcement is
achieved in PEN/IMC16-MMT-2B as PEN/IMC16-MMT-2. Matayabas and Turner
have previously suggested that the presence of organoclay can severely degrade the
molecular weight of polyesters during melt extrusion [71]. The additional round of
extrusion probably induces additional degradation in the PEN matrix, which offsets,
to some degree, the additional reinforcement that should have been brought about by
an improvement in the clay dispersion in PEN/IMC16-MMT-2B [72].

Furthermore, it is observed that at 4 wt% clay loading, the efficiency of PEN
reinforcement by the clay declines. The smaller increase in the storage modulus with a
further addition of clay may be attributed to the presence of micron-sized
agglomerates in PEN/IMC16-MMT-4 which reduces the reinforcing efficiency of the

dispersed clay phase.
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4233

Effect of Annealing Treatment

Figures 4.5 displays the typical variation of E” and E” with temperature for as-molded

and annealed specimens of pure PEN and PEN/IMC16-MMT-2 in the tension mode.

The values for E” at 35°C, 80°C and 160°C (for the annealed samples), as well as the

T, of the materials are summarized in Table 4.3.
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Figure 4.5

Temperature (°C)

(a) Storage modulus (E’) and (b) loss modulus as a function of temperature

for as-molded (solid lines) and annealed (dashed lines) samples of PEN and PEN/IMC16-

MMT-2 in the tension mode.
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DMA data for as-molded and annealed samples of PEN and PEN/IMC16-

Thermal History As-molded Annealed
System PEN PEN/IMC16-MMT-2 PEN PEN/IMC16-MMT-2
E’ at 35°C (MPa) 2393 £55 2843 £ 23 2833 £ 147 3530 £ 23
E’'w E'm@sec) 1.19 1.25
E’ at 80°C (MPa) 1919+ 19 2310+ 15 2456 + 100 3098 £ 13
E' E'meoec) 1.20 1.26
E’ at 160°C (MPa) - - 624 £ 12 819+ 19
E’n E’ms0°c) - - 1.31
Tg (°C) 131 129 138 137

# Errors given represent one standard deviation from the mean.

(1)  Modulus Enhancement below the Glass Transition Temperature

From Table 4.3, we observe that as-molded PEN/IMC16-MMT-2 exhibits a 19%
increase in E’ compared to neat PEN at 35°C. After annealing treatment, the
reinforcement effect observed in PEN/IMC16-MMT-2 is further enhanced, as the
annealed samples of PEN/IMC16-MMT-2 exhibits a 25% improvement in modulus at

35°C over the neat PEN samples that have been subjected to the same annealing

treatment.

Structural Explanations for Enhanced E’ Improvement below T, after

Annealing
To evaluate the possible factors that could have contributed to the enhanced
reinforcement after annealing, the hierarchical structures of the nanocomposite before

and after annealing treatment were examined.

87




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4: Structure-Property Relationship in PEN/Clay Hybrids

Interfacial Interactions

Previous studies have indicated that when there is a strong interfacial bond formed
between the polymer matrix and the filler, the interfacial interactions may suppress
the mobility of the polymer segments at the interphase, and give rise to an increase in
the Tqor a second transition above the glass transition [73,74]. In this case however, it
is observed that there is no significant difference in the Ty between the neat PEN and
PEN/IMC16-MMT-2 in both the as-molded and annealed specimens. This suggests
that the interfacial interactions between PEN and the IMC16-MMT particles have not
been significantly strengthened as a result of the annealing process. The additional
modulus enhancement observed in PEN/IMC16-MMT-2 after annealing treatment is
therefore unlikely to be due to an alteration of the interfacial interactions between the

PEN polymer and the clay.

Clay Orientation and Distribution

Figure 4.6 shows the geometry of the x-ray diffractometer which is used to determine
the orientation of clay in the molded specimens in this work. The 2D x-ray diffraction
patterns of the specimens are captured by a 2D detector. When a crystal plane is
oriented parallel to the sample surface, its reflection will appear at the equator of the
2D x-ray diffraction pattern. The converse is not true however — when a crystal plane
is perpendicular to the sample surface, its reflection is usually not observed at the
meridian of the x-ray diffraction pattern (or at least for the case when the crystal plane
is perfectly oriented perpendicular to the sample surface). This is due to the curvature
of the Ewald sphere, which results in a loss of information in the vicinity of the

reciprocal Z-axis [75].

88



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4: Structure-Property Relationship in PEN/Clay Hybrids

Meridian 2D Detector
(into the plane of the paper)

Source

" Equator

Sample

Figure 4.6 Geometry of the 2D x-ray diffractometer used to determine the clay

orientation in the molded specimens.

Figure 4.7 displays the 2D x-ray diffraction patterns and the corresponding
azimuthal plots of an as-molded specimen of PEN/IMC16-MMT-2 before the
annealing treatment. When the x-ray beam is incident on the TD-FD and FD-ND
planes, a strong streak is observed along the equatorial direction in the 2D x-ray
diffraction pattern (as indicated by the black arrow). On the other hand, when the x-
ray beam is incident on the TD-ND plane, no clay diffraction peaks are observed in
the equatorial direction. This indicates that the clay sheets in the as-molded specimens
tend to align such that their basal planes are parallel to the injection direction as a
result of the shear field experienced during the microinjection process (Figure 4.8).
The presence of meridional clay reflections (as indicated by the white arrows) when
the x-ray beam is incident on the TD-ND plane is due to a slight tilting of the clay

basal planes with respect to the normal of the sample surface.
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Figure 4.7 (i) 2D x-ray diffraction patterns and (ii) the corresponding azimuthal plots
from 2.5° to 5.0° of an as-molded specimen of PEN/IMC16-MMT-2 when the x-ray beam is
incident on the (a) TD-FD, (b) FD-ND and (c) TD-ND plane. The sharpness of the azimuthal

peak reflects the extent of orientation of the normal of the clay (001) basal plane.
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ND

Figure 4.8 Preferential orientation of clay sheets in an as-molded specimen of
PEN/IMC16-MMT-2, as deduced from 2D x-ray diffraction. The clay sheets tend to align

with their basal planes preferentially oriented parallel to the flow direction.

After the annealing process, the azimuthal plots obtained when the x-ray beam
is incident on the TD-FD and FD-ND planes are slightly broader (Figure 4.9(a) and
(b)). This indicates that some of the clay sheets are slightly rotated about the
transverse or normal directions, which cause their basal planes to be no longer parallel
to the flow direction (Figure 4.10). The absence of any clay reflections at the equator
when the x-ray beam is incident on the TD-ND plane further provides evidence that
the relaxation of the clay orientation during annealing is only very slight as none of
the clay sheets in the annealed specimen are aligned normal to the flow direction.
Probably, the relaxation of the clay sheets to a plane normal to the flow direction is
hindered to some extent because of the nature of the attractive interactions between
the anisotropic clay platelets and the restrictions imposed by the polymer chains

(which tend to be aligned along the flow direction during molding).
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Figure 4.9 (i) 2D x-ray diffraction patterns and (ii) the corresponding azimuthal plots
from 2.5° to 5.0° of an annealed specimen of PEN/IMC16-MMT-2 when the x-ray beam is

incident on the (a) TD-FD, (b) FD-ND and (c) TD-ND plane.
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Figure 4.10  Arrangement of the clay sheets in PEN/IMC16-MMT-2 after annealing.
Some of the clay sheets are rotated along the TD or ND axes, which cause their basal planes

to be no longer parallel to the FD (as exemplified by the clay sheets with solid borders).

Figure 4.9(c) also shows that very weak clay reflections are observed at the
meridional positions when the x-ray beam is incident on the TD-ND plane. In
comparison to the x-ray diffraction pattern in the as-molded specimen, these
reflections exhibit a significant loss of intensity. This is probably attributed to a
reduction in the degree of the orientation of the clay basal planes and the curvature of
the Ewald sphere close to the reciprocal Z-axis.

The orientation of the clay platelets in the annealed specimens is corroborated
by TEM observations of ultrathin films that were sectioned from the TD-ND plane
(Figure 4.11(b)), in which majority of the clay platelets appear edge-on. TEM also
verifies that the clay platelets remain homogeneously distributed after the annealing
treatment, thus precluding any possibility of additional reinforcement due to the
preferred segregation of clay during the annealing treatment, as has been previously

suggested by Maiti et al [76].
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Figure 4.11  Typical transmission electron micrographs of PEN/IMC16-MMT-2 (a) before

and (b) after annealing at 240°C. The TEM sections are obtained from the TD-ND plane.

Although the clay orientation is partially relaxed after annealing treatment, the
relaxation of the clay orientation would cause a reduction of E’, instead of the
additional E’ improvement which is observed after annealing. Eliminating the
possible contributions that could arise from the polymer-clay interfacial interactions
or the relaxation of the clay orientation, the additional reinforcement observed in the
nanocomposite after the annealing treatment should therefore originate from the
modifications to the polymer crystalline phase that is induced by the presence of the

dispersed clay phase.

Degree of Crystallinity and Crystal Structure

To ascertain the effect of the nanoclay on the PEN crystalline phase, MDSC was first
carried out to elucidate the degree of crystallinity as well as the melting point of the
annealed samples. The data obtained (Table 4.4) indicated no significant difference in

either the final melting temperature or the overall degree of crystallinity, yxc, in
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PEN/IMC16-MMT-2 with respect to pure PEN. X-ray diffraction analysis (Figure
4.12) of the annealed samples further shows that both materials crystallize in the a-
crystal form. The results suggest that the greater mechanical enhancement observed in
PEN/IMC16-MMT-2 after the annealing treatment is not due to a difference in the

crystallinity levels or crystal forms developed.

Table 4.4 MDSC data for annealed samples of PEN and PEN/IMC16-MMT-2°,

System AHr (J/9) %e (%) Tm (°C)
PEN 495+1.3 29.1 270
PEN/IMC16-MMT-2 48.9+1.2 28.8 270

% Errors given represent one standard deviation from the mean.

—— PEN
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Figure 4.12  X-ray diffraction profiles of PEN and PEN/IMC16-MMT-2 after annealing at
240°C. The samples are oriented such that the x-ray beam is incident parallel to the TD-FD
plane. The intensities of the profiles have been normalized using the halo from the amorphous

phase as a reference.

95



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4: Structure-Property Relationship in PEN/Clay Hybrids

Crystalline Morphology

The crystalline morphology of the hybrid was observed under the POM and AFM to
understand how the presence of clay can affect the mesoscopic arrangement of the
PEN crystallites during annealing.

Figure 4.13 shows the typical POM images of PEN and PEN/IMC16-MMT-2
after complete crystallization. Gaps present at the interspherulitic regions are due to
the depletion of polymer as it diffuses toward the growing crystals. These regions are
essentially free of polymer at the end of the crystallization process [77]. The optical
micrographs show that PEN/IMC16-MMT-2 crystallizes in a less regular spherulitic
superstructure compared to pure PEN. Furthermore, the boundaries between the
spherulites were indistinct in PEN/IMC16-MMT-2, in contrast to the well-defined

edges observed in the pristine polymer.
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Figure 4.13  Polarized light optical micrographs of (a) pure PEN and (b) PEN/IMC16-

MMT-2 thin films, cold crystallized at 240°C.

To reveal the spherulitic features in greater detail, the surface morphology of
PEN and PEN/IMC16-MMT-2 was further examined under the AFM. Before
annealing, the etched surfaces of amorphous PEN and PEN/IMC16-MMT-2 appear

smooth and featureless (Figure 4.14).
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Figure 4.14  AFM height and amplitude images of quenched PEN/IMC16-MMT-2.

After annealing and etching, it was observed that semicrystalline PEN and
PEN/IMC16-MMT-2 exhibit distinctly different surface morphologies. Figure 4.15(a)
shows the surface morphology of pure PEN after annealing and etching. A typical
spherulitic structure and distinct boundaries between the spherulites can be observed.
The micrograph for PEN/IMC16-MMT-2 (Figure 4.15(b)(i)) on the other hand,
indicates that the lamellae do not have a spherical superstructure when viewed from
the surface. The higher magnification image in Figure 4.15(b)(ii) further reveals that
although the lamellar texture is radial in a smaller region, the arrangement of the
lamellae in adjacent lamellar collections can be almost perpendicular to each other,

which implies that the boundaries observed may not be caused by impingement.
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Figure 4.15  AFM height and amplitude images of (a) pure PEN and (b) PEN/IMC16-

MMT-2 cold crystallized at 240°C.
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The POM and AFM observations thus provide evidence that in the presence of
the high-aspect-ratio clay platelets which are distributed at an interparticle distance
much smaller than the size of the spherulites, the crystalline morphology of PEN can
be significantly altered. The unique crystalline morphology exhibited by the
nanocomposite, in which the arrangement of the lamellae in adjacent lamellar
collections can be almost perpendicular to each other, further suggests that the high-
aspect-ratio clay alters the development of the mesostructure in PEN by arresting
lamellae growth when the crystallite growth front collides with its basal plane (Figure
4.16(b)): When growing primary lamellae of the PEN crystallites encounter a clay
platelet with its basal plane oriented roughly perpendicular to the growth front, the
large surface area presented by the clay basal plane may block the crystallization front
and prevent the crystallite from extending outwards in that direction. An amorphous
space is thus created around the clay particle where the crystallite growth is disrupted
(Figure 4.16(b)(i)). The effect is especially pronounced if the clay is situated
relatively close to the nucleating center. These amorphous regions may then be filled
by secondary lamellae branched out from the primary lamellae of the same spherulite
in the nearby regions (Figure 4.16(b)(ii)), or lamellae developed from other nearby
nucleating centers (Figure 4.16(b)(iii)). In this way, adjacent lamellar collections
which are oriented almost perpendicular to one another are created in the PEN/clay

nanocomposite (as observed in Figure 4.15(b)(ii)).
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Figure 4.16  Schematic diagrams showing the crystalline morphologies developed: (a) in
pristine PEN, crystallites grow radially outwards to form spherulites. Primary lamellae grow
first to provide a skeleton for the spherulite. Secondary lamellae grow behind the main growth
front, and fill in the spaces between the primary lamellae. Growth is stopped when the
spherulites impinge with one another; (b) (i) in PEN/IMC16-MMT-2, the growth of the
primary lamellae is disrupted by clay platelets located close to the nucleus. The amorphous
spaces (which is indicated by the dashed arc) are subsequently filled in by (ii) secondary
lamellae branched out from the primary lamellae of the same spherulite (colored green), or
(iii) lamellae developed from other nearby nucleating centers (colored blue). (The clay
platelets which are oriented such that they disrupt lamellae growth are colored grey for

clarity).

101



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4: Structure-Property Relationship in PEN/Clay Hybrids

Lamellar Orientation Induced by Orientation of Clay

In Figure 4.15, the crystalline morphology of the nanocomposite is visualized from
thin films in which the clay particles are not expected to possess any preferred
orientation. 2D x-ray diffraction and TEM observations have however indicated that
the clay platelets tend to align with their basal planes oriented parallel to the injection
direction in the molded specimens (Figure 4.10), even after annealing treatment.

As the growth of a lamella can be arrested by the basal planes of clay, the clay
layers will tend to present greater perturbance to the development of lamellae when
their growth fronts are oriented roughly perpendicular to the clay basal planes. Due to
the preferred alignment of the clay basal planes along the injection direction in the
molded specimens, the crystalline lamellae in the nanocomposite will be forced to
develop such that they are also roughly parallel to the clay basal planes (that is, along
the injection direction), because it is in this direction that their growth will be the least
obstructed by the clay.

Part of the additional reinforcement in the annealed nanocomposite may thus
arise as a result of this preferred alignment of the high-aspect-ratio PEN crystalline
lamellae along the direction of the applied stress, which is induced by the oriented

clay phase.

Orientation Correlation of PEN Crystallites with Dispersed Clay Phase

Examination of the x-ray diffraction profile of the annealed specimens also reveals
that the relative intensities of the various a-crystal peaks in PEN/IMC16-MMT-2 are
different from those of the neat PEN. In particular, it is observed that the intensity of
the peak due to the (110) plane in PEN/IMC16-MMT-2 is significantly enhanced with

respect to that of the same peak in neat PEN. The orientation of the naphthalene ring

102



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4: Structure-Property Relationship in PEN/Clay Hybrids

of PEN lies very close to the (ilO) plane ((520) is the actual plane of the naphthalene
ring) [78]. This suggests that the oriented clay phase can also enhance the alignment
of the PEN naphthalene rings along the basal plane of clay. This probably arises as a
result of the better affinity of the PEN naphthalene rings for the clay sheets, similar to
what has been observed for the phenyl rings in poly(styrene) [79].The preferential
alignment of the crystallites of the polymer matrix under the influence of the
dispersed clay phase has also been reported for nylon-6/clay nanocomposites, in
which the y-(020) hydrogen-bonded planes have been found to orient parallel to the
interface with the MMT inclusions [80,81] The preferred orientation of the PEN
naphthalene rings along the stress direction could also have contributed to the

additional reinforcement observed in the nanocomposite after annealing.

(1)  Modulus Enhancement above the Glass Transition Temperature

The temperature dependence of E’ in the annealed specimens (Figure 4.5(a)) also
indicates that the reinforcing efficiency of IMC16-MMT increases when the materials
are heated beyond their glass transition temperatures. Table 4.3 shows that at 35°C,
the modulus increase by 25%, when heated to 160°C, (beyond the glass transition
temperature), the modulus increment rises to 31%. The additional enhancement in
modulus observed above the glass transition temperature is attributed to the softening
of the amorphous part of the PEN matrix - the larger difference in modulus between
the clay and the matrix enhances the efficiency of load transfer from the matrix to the

filler particles [82,83].
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4.3  Thermal Stability

4.3.1 Experimental

The thermal stability of the materials was determined by its weight loss behavior

during thermogravimetric analysis (TGA). TGA was performed on a TA Instruments

Hi-Res TGA 2950 Thermogravimetric Analyzer from 25°C to 800°C at a heating rate

of 10°C/min and under an air flow rate of 50 cc/min.

4.3.2 Results and Discussion

Figures 4.17 and 4.18 show the weight loss behaviors of PEN and the hybrids, the

temperature at which 5% weight fraction loss is observed, Tq, and the peak derivative

weight loss temperature (as given by the first maximum in the derivative weight loss

(DTG) curve), Tmax are summarized in Table 4.5.
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Figure 4.17  (a) TGA and (b) DTG curves of PEN and PEN/clay hybrids.
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Figure 4.18 (a) TGA and (b) DTG curves for the PEN/IMC16-MMT series of hybrids.

The curves for PEN are also shown as a reference.

Table 4.5 5% weight fraction loss (T4) and peak derivative weight loss temperatures

(Tmax) Of PEN and its hybrids.

System T4 (°C) Trax (°C)
PEN 421 452
PEN/Na-MMT-2 416 448
PEN/IM2C10-MMT-2 415 455
PEN/IMC16-MMT-2 423 467
PEN/IMC16-MMT-2B 400 437
PEN/IMC16-MMT-4 399 437

For the PEN/clay hybrids that contain 2 wt% clay and which have gone
through a single extrusion step, it was observed that the addition of clay did not
significantly increase the T4 in PEN. This observation is unlike many other reported
nanocomposite systems, in which the thermal stabilities of polymers have often been

enhanced with the incorporation of clay because the clay particles can act as a
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superior insulator and mass transport barrier to volatile decomposition products [3]. A
possible reason is that the clay layers also possess catalytic sites, such as adsorbed
water and hydroxyl groups, which may accelerate the decomposition of polyesters
[32,84]. The two effects work antagonistically to each other, which explain why the
Ty of PEN remains relatively unchanged after the addition of clay. PEN/IMC16-
MMT-2 however, exhibits a peak derivative weight loss temperature that is more than
10°C higher than PEN and the other two less well-dispersed hybrids. This suggests
that the presence of well-dispersed clay layers in the PEN matrix may still exert a
positive effect on the thermal stability of PEN.

For the PEN/IMC16-MMT-2B hybrid that has been subjected to two rounds of
extrusion cycle however, it was observed that there was a reduction in both the T4 and
Tmax- Although there is a slight improvement in the clay dispersion in PEN/IMC16-
MMT-2B, the second extrusion cycle also induces additional reduction in molecular
weight in the polymer matrix, which negates the effect of a better clay dispersion and
results in the poorer thermal stability in the PEN/IMC16-MMT-2B hybrid.

A lower T4 and Tmax is also observed for the PEN/IMC16-MMT-4 hybrid. The
presence of a higher content of clay at a poorer overall level of dispersion probably
intensifies the catalytic effect of clay on the degradation of the PEN matrix, while
increasing the insulating and barrier effect of clay to a lesser extent - this gives rise to

the poorer thermal stability in the 4 wt% hybrid.

4.4  Summary and Conclusions

The effect of clay dispersion on the dynamic mechanical and thermal properties of the
PEN/clay nanocomposites was assessed. Similar to previous studies, it was found that

the ability of the clay particles in enhancing the modulus and thermal stability in PEN
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is invariably related to its level of dispersion within the PEN matrix. The most well-
dispersed PEN/clay hybrid, PEN/IMC16-MMT-2 exhibits the most significant
enhancements in both its modulus and thermal stability.

In addition, the contribution of the modified matrix crystalline phase to the
modulus enhancement in the nanocomposite was evaluated by subjecting the largely
amorphous as-molded specimens to an annealing treatment. The greater modulus
enhancement observed in the nanocomposite after crystallization (with respect to the
neat PEN that has been subjected to the same annealing treatment) was rationalized
on the basis of the structural and morphological changes exhibited by the PEN
crystalline phase in the presence of the nanoclay particles. AFM observations provide
evidence that the development of the PEN spherulites may be disrupted by the high-
aspect-ratio clay platelets. It was thus postulated that the preferred orientation of the
clay platelets could force the analogous alignment of the polymer crystalline lamellae
along the flow direction where the growth of the lamellae is the least restricted by the
dispersed clay phase. X-ray diffraction also reveals that the PEN naphthalene rings
tend to preferentially align parallel to the clay basal planes, a phenomenon which
could also have contributed to additional reinforcement in the crystallized
nanocomposite. The study performed in this chapter thus illustrates how structural
synergism can be achieved between the oriented clay phase and the polymer
crystalline phase and how this can be exploited to achieve additional reinforcement in

the nanocomposite.
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Polymorphism Behavior of PEN/Clay Hybrids

5.1 Introduction

In the previous chapter, it was demonstrated how the modified crystalline phase in the
PEN/clay nanocomposite can contribute to additional reinforcement in the material.
The enhanced stiffening observed in the hybrid after annealing treatment was
attributed to the modified crystalline morphology, and the alignment of the PEN
lamellae/crystallites, which is induced by the oriented clay phase.

In addition to the morphology and orientation of the crystalline phase, other
aspects of the matrix crystalline structure can also have a tremendous impact on the
final properties exhibited by the nanocomposites. In particular, clay-induced
polymorphism has often been cited as an important factor contributing to the unique
combination of properties exhibited by polymer/clay nanocomposites. Previous
studies have, for instance, reported on the simultaneous dramatic improvement in both
stiffness and toughness in nylon-6 and polyvinylidene fluoride (PVDF)/clay
nanocomposites, which is at least partially contributed by the formation of a different
crystal phase [1,2]. It is thus important, especially from a design standpoint, to
understand what factors give rise to the preferred formation of a particular
polymorphic form in the matrix polymer in the presence of nanoclays, and how this
can impact the physical and mechanical properties exhibited by the nanocomposites.

PEN is known to crystallize in two crystalline forms. The a-crystal form is

obtained when amorphous PEN is annealed in the solid state, while the B-crystal
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phase is formed when PEN is crystallized directly from the melt at higher
temperatures [85]. An understanding of the type of crystalline phase that the PEN/clay
hybrids form under different processing conditions is an important aspect by which
their properties can be predicted and controlled. In addition, the ease with which the
different crystalline forms of PEN can be controlled by varying its thermal treatment
makes it a potentially useful system by which the underlying mechanisms responsible
for clay-induced polymorphism may be elucidated. A more fundamental
understanding of how clay can influence the type of crystal phase formed in the
matrix polymer will enable the structures of semicrystalline polymer/clay
nanocomposites to be better engineered to suit specific applications.

In this chapter, the polymorphism behaviors of the PEN/clay hybrids were
examined. In particular, the effects of the nature of the clay surface as well as the
crystallization conditions, on the type of crystalline phase developed were
investigated. The focus of this work is on elucidating the underlying basis by which
clays alter the type of crystalline phase formed in PEN. The impact of the clay-
induced polymorphism on nanocomposite properties, though an important area of

investigation, will not be pursued in this work.

5.2  Crystalline Forms Observed in PEN
PEN can be crystallized into two crystal modifications, o and 3, depending on the
thermal treatment [78,85-89]. Table 5.1 lists the crystallographic data, as well as other
important properties of the a- and B-forms of PEN.

In the a-polymorph of PEN, the polymer chains exist in an extended all-trans
conformation, in which the attached ester groups adopt the trans arrangement across

the naphthalene rings, while in the B-polymorph, the polymer chains are not
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completely extended but tend to adopt a more sinusoidal conformation because the

ester groups on alternating naphthalene rings are attached in the trans and cis

arrangements (Figure 5.1) [85,87].

The [B-phase

is believed to be more

thermodynamically stable, while the o-phase is more kinetically favored [78]; this has

been found to be true for both pure PEN and PEN/clay nanocomposites [90].

Table 5.1 Crystallographic and miscellaneous data for the - and B-forms of PEN.
Property o [86] B [88]
Crystal structure Triclinic Triclinic
Lattice constants a=651A a=9.26A
b=575A b=15.59 A
c=132A c=1273A
o =813° o =121.6°
B = 144° B =95.6°
y=100° y=122.5°
Crystallographic reflections (010): 26 = 15.6° (111): 20 = 16.4°
(100): 26 = 23.3° (020): 20 = 18.6°
(110): 26 = 27.0° (242): 20 = 255°
No. of chains per unit cell 1 4
Density (g/cm®) 1.407 1.439
-»-"'_“u .
)‘!:-:l- o ‘f-_) 0 . 10_ L] o
S PPCY ia ﬁa : 2 O 2%
) ) - 'D:: é; . < 5 ~ -ﬂ'—g’
PEM trans-c FEM trans-j FPEM cis
(132 &) (126 &)
Figure 5.1 Conformations of aromatic rings in PEN [87].
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5.3 Effect of Clay on Polymorphism in Polymer/Clay

Nanocomposites — Previous Studies
Clay-induced polymorphism is a widely reported phenomenon in polymer/clay
nanocomposites. In this section, the findings and mechanisms proposed for the
modification of crystal phase in some polymer/clay nanocomposite systems will be
reviewed to provide a background against which the effect of clay on the crystal
structure of the PEN system can be better understood.

The review focuses mainly on nylon-6/clay nancocomposites, since the most
extensive studies have been performed for this nanocomposite system, but the
polymorphic behaviors of other polymer/clay nanocomposites will also be addressed
at appropriate points to complement the discussion.

Nylon-6 exhibits two crystalline forms - o and y. The a-crystalline form is
more thermodynamically stable [91] and is normally obtained in the usual melt
crystallization of nylon-6. The presence of clay has however been found to promote
the formation of the y-crystalline form instead [1,91-98].

Solid-state *°N NMR studies performed by Mathias and co-workers [91] have
indicated that in-situ polymerized nylon-6/clay nanocomposites tend to form only the
y-crystal phase under an annealing treatment that would only give rise to the a-crystal
phase in pure nylon-6. It was suggested that the parallel arrangement of the nylon-6
chains tightly bound to the clay surface tends to inhibit the formation of hydrogen-
bonded sheets between anti-parallel chains of the a-form - the y-form is thus
generated by default.

Studies by VanderHart et al [92] on in-situ polymerized and melt blended
nylon-6/clay nanocomposites however indicated that the y-crystal form is formed in

both blended and in-situ polymerized samples. Covalent attachment of the nylon to
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the clay surface is thus not the main factor that gives rise to the preferred formation of
the y-phase. Furthermore, it was found that the y-crystallites tend to reside near the
polymer/clay interface. Parallel DSC studies performed by the authors indicated that
crystal nucleation in the nanocomposites takes place at a significantly higher
temperature compared to the pure polymer; the dominance of the y-phase is thus in
part related to the fact that y-phase growth from the clay surface obtains a head start
on any growth of the a-phase originating in regions away from the clay surface.

Studies by Lincoln and co-workers [93,94] arrived at similar conclusions, that
is, the y-phase is formed preferentially in the proximity of the clay layers, while the o-
phase exists away from the polymer-clay interphase region. Furthermore, the
proximity of the clay surface, irrespective whether the chains are ionically tethered
(for in-situ polymerized samples) or weakly bonded (for melt compounded samples),
will force the amide groups out of the plane formed by the chains. Such changes in
chain conformation limit the formation of H-bonded sheets, and thus stabilize a
dominant y-phase. The relative fractions of a- and y-phases obtained is however,
dependent on the interfacial interactions between the clay and the polymer. Strong
polymer-clay interactions tend to increase the width of the interfacial regime, where
formation of the equilibrium a-crystallite form is hindered.

Wu et al [95] proposed a slightly different explanation for the preferred
formation of the y-phase in nylon-6 nanocomposites. Based on FTIR study of
hydrogen bonding in the nanocomposites, the authors found that clay layers weaken
the hydrogen bonding in both the a- and y- phases. It was thus conceived that the clay
layers primarily acts by limiting molecular mobility and the extent of hydrogen
bonding. The favored conformations during crystallization then end up having the

amide groups outside the plane and the y-phase is obtained.
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Isothermal crystallization studies further indicate that the isothermal
crystallization rates in the nucleation-controlled regime are significantly faster for the
nanocomposites than for the pristine nylon-6 [96]. This result provides evidence that
clay indeed acts as nucleating centers for y-phase crystallization.

Taken in sum, the common theme that runs through these studies is the
possible effects that clay can exert on the chain conformations and chain mobility of
nylon-6, so that the y-phase is preferentially nucleated at the vicinity of the clay
layers.

The possible role played by clay-induced biasing of chain conformations in
altering the polymorphic behavior of the polymer matrix is also highlighted in the
crystallization studies of syndiotactic polystyrene (s-PS)/clay nanocomposites [99]. In
the study, it was proposed that the presence of clay helps to overcome the transition
energy barrier from a TTGG to a TTTT chain conformation. The TTTT chain
conformation is necessary for the initial molecular reorder to form crystals, in this
way, clay acts as a nucleus for the formation of the p-crystal phase, which is usually
less kinetically favored than the a-crystal form in neat s-PS.

Maiti et al also proposed the possibility of clay acting as a template for the
epitaxial crystallization of y-nylon [50]. Due to its ability to form hydrogen-bonded
sheets, a pseudohexagonal packing can result when the clay layers and nylon forms
hydrogen bonding with each other. This mechanism is supported by the elevated-
temperature wide-angle x-ray scattering observations of Nair and Ramesh [98], where
an unusually large crystal size normal to the y(100) plane was detected during the
initial crystallization of the nylon-6/clay nanocomposite from the melt state. Epitaxial
nucleation was also suggested by Shah et al in explaining the polymorphic behavior

of polyvinylidene fluoride (PVDF) [2]. The preferential formation of the B-phase was
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rationalized on the basis of the matching of the crystal lattice of the nanoclay with that

of the PVDF B-phase.

54 Experimental

() Materials

The series of studies detailed in this chapter was performed on the melt-intercalated
PEN/clay hybrids which contain 2 wt% of MMT, and have been through only 1 melt
compounding cycle (Table 3.4). To clarify the possible roles played by the
intercalated surfactants in influencing the polymorphism of the hybrids, a
PEN/IMC16 blend containing the same amount of 1-hexadecyl-2,3-
dimethylimidazolium (IMC16) surfactant (ca. 0.8 wt%) has also been prepared using
the same method as described in Section 3.3.3(11). The amount of IMC16 surfactant
that has been incorporated into IMC16-MMT was evaluated by thermogravimetric

analysis (TGA) of IMC16-MMT in air, as described in Section 3.4.1(1).

(I1)  Melt Crystallization of Samples

As PEN and its hybrids have been found to crystallize only in the a-crystal phase
when annealed from the glassy state [85], only samples subjected to melt
crystallization are presented in this study on the polymorphism behavior of PEN and
its hybrids. Dried pellets of PEN and PEN/clay hybrids were melted at 290°C for 5
minutes in a convection oven to completely remove their thermal history. The melted
samples were then immediately transferred to an oil bath set at 180°C, 190°C or
200°C, allowed to crystallize for 15 minutes (for crystallization at 180°C and 190°C)
or 30 minutes (for crystallization at 200°C), before they were air-cooled to ambient

temperatures. To eliminate effects due to preferred orientation of the crystallites, all
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the materials were ground into a fine powder using a Fritsch Pulverisette 14 and an

80-um sieve for the x-ray diffraction experiments.

(1) X-ray Diffraction (XRD)

Room-temperature x-ray diffraction was performed with a Shimadzu x-ray
diffractometer in a Bragg-Brentano 6-26 geometry with CuK,, radiation (A = 0.154
nm) generated at 30 kV and 30 mA. The samples were scanned at 0.25°/min from 2.5°
to 40.0°.

Deconvolution of the superposed crystalline and amorphous peaks in the x-ray
diffraction pattern was performed using the profile fitting program XFIT. Profile
fitting was carried out at a 20 range of 8.0° to 40.0° to cover all the intense crystalline
and amorphous peaks observed in PEN. Peak fitting was performed by holding the
peak locations in 26 constant, while allowing the peak heights and widths to vary.
Before the auto-fit program was executed, the widths of each peak were adjusted
manually if necessary to provide a reasonable starting point for the curve fitting
algorithm to begin. Each peak was modeled by a Pseudo-Voigt profile function.
Figure 5.2 shows an example of how the crystalline and amorphous scattering

components were deconvoluted using the peak fitting software.
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Figure 5.2 An x-ray diffraction pattern (PEN/IM2C10-MMT-2 melt crystallized at
200°C) and the profile fitting technique used to deconvolute the peaks from the amorphous
and crystalline phases. The curve fit is given by the sum of the components shown by the

dashed lines. Linear background was removed prior to deconvolution.

High-temperature x-ray diffraction patterns were recorded with a Bruker
GADDS x-ray diffractometer equipped with a two-dimensional, position-sensitive
area detector using CuK,, radiation generated at 40 kV and 40 mA. The samples, in
the form of powder, were packed into glass capillaries (Hampton Research, HR6-194)
before they were placed into the temperature chamber of the x-ray diffractometer. The
glass capillary is specially manufactured for x-ray diffraction experiments, and it does
not exhibit any peak in the range of 20 = 2.5° — 10.0°. The samples were heated at a

rate of 20°C/min to 300°C, allowed to melt for 3 minutes, before they were cooled at
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20°C/min to the desired melt crystallization temperature. A data acquisition time of
200 seconds was employed and the x-ray diffraction patterns were collected while the
sample was held isothermal at the desired melt crystallization temperature, until no
further changes in the diffraction patterns were observed. The two-dimensional
scattering patterns were integrated radially to obtain intensity against 20 plots using

the GADDS software package.

(1V) Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra were collected with a Perkin Elmer Autolmage FTIR Microscope
equipped with a mercury cadmium telluride detector. For the in-situ monitoring of the
melt crystallization process, thin polymer films on gold-coated glass coverslips were
used. The samples were placed on top of the FTIR 600 Linkam hotstage and melted at
280°C for 3 minutes before they were cooled at a rate of 50°C/min to the desired melt
crystallization temperatures. FTIR spectra were collected during the melt
crystallization process in the reflection mode with a mean collection time of 45
seconds per spectrum. The spectra were obtained by coadding 32 scans.

For IMC16 and IMC16-MMT, the spectra were collected in the transmission
mode at a resolution of 2 cm™, from KBr pellets placed on top of the FTIR 600
Linkam hotstage. The clay was heated using the same temperature profile as that used
for the melt crystallization process and the respective IR spectra were collected at

various temperature points of the melt crystallization process by averaging 32 scans.

(V) Differential Scanning Calorimetry (DSC)
The dynamic crystallization exotherms of the materials were measured using a TA

Instruments MDSC 2920. The sample was first heated to 300°C and held for 5
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minutes to remove its thermal history. It was then cooled at a controlled rate of

5°C/min to 25°C. All experiments were performed under a nitrogen purge.

(V1) Thermogravimetric Analysis (TGA)

The degradation behaviors of IMC16-MMT during melt compounding and melt
crystallization were examined by wusing a TA Instruments TGA 2050
Thermogravimetric Analyzer. The clays were first subjected to a predrying step at
140°C for 1 hour to remove physiabsorbed water and gases. To simulate the melt
compounding process, the clay was heated at 10°C/min to 290°C and held for 5
minutes. The clay residues were then collected and subjected to a second heating
cycle simulating the melt crystallization process: the clays were reheated at 20°C/min
to 300°C and kept isothermal for 3 minutes, before it was cooled at a rate of 20°C/min
to 180°C or 200°C and held at that temperature for 30 minutes. All the TGA

procedures were carried out under an air atmosphere.

5.5 Results and Discussion

()  Polymorphism Behaviors of PEN and the Hybrids

Figures 5.3 to 5.5 display the x-ray diffraction (XRD) patterns of PEN and PEN/clay
hybrids that were melt crystallized at 200°C, 190°C and 180°C respectively. The
crystal phase and diffraction plane from which each crystalline reflection comes from
are indicated. As a comparison, the XRD patterns of the PEN/IMC16 blend that were
melt crystallized at 200°C and 180°C are also shown in Figure 5.6. Similar to
previous studies, the formation of the B-phase is favored at higher melt crystallization

temperatures. This trend is observed for both PEN and its hybrids.
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Figure 5.3 X-ray diffraction patterns of PEN and PEN/clay hybrids melt crystallized at

200°C.
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Figure 5.4  X-ray diffraction patterns of PEN and PEN/clay hybrids melt crystallized at

190°C.
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Figure 5.5 X-ray diffraction patterns of PEN and PEN/clay hybrids melt crystallized
at 180°C.
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Figure 5.6 X-ray diffraction patterns of PEN/IMC16 melt crystallized at 200°C and

180°C.
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An index, Kg, is used as a measure of the relative amount of -crystalline form
present:

A - +A +A
£(020)
K, = p) $(242) «100%
Agoi) T Aaaony T A a0y T A gy T A sy T A pa

where A refers to the integrated intensity associated with the crystal peak of interest.
Table 5.2 summarizes the calculated Kg values of PEN and the hybrids melt-
crystallized at the 3 temperatures. The standard error estimated for the values of Kg,
based on 3 independent measurements and fitting procedures, is on the order of +1%
of the mean K. The variation of the Kp index with melt crystallization temperature is

also illustrated in Figure 5.7.
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Table 5.2 Ks values for PEN and PEN hybrids melt crystallized at various
temperatures.
Melt Crystallization Sample Kg (%)
Temperature (°C)
PEN 56
PEN/Na-MMT-2 66
200 PEN/IM2C10-MMT-2 78
PEN/IMC16-MMT-2 70
PEN/IMC16 15
PEN 37
PEN/Na-MMT-2 46
190 PEN/IM2C10-MMT-2 39
PEN/IMC16-MMT-2 46
PEN 30
PEN/Na-MMT-2 42
180 PEN/IM2C10-MMT-2 0
PEN/IMC16-MMT-2 0
PEN/IMC16 0
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Figure 5.7 Variation of the Kg index with melt crystallization temperatures for PEN and

its hybrids.

The results presented above indicate that pristine Na-MMT tends to promote
the formation of the pB-phase in PEN at all melt crystallization temperatures. On the
other hand, the effect of the organoclays on the polymorphism behavior of PEN is
found to vary with the crystallization temperature. At 200°C, the presence of the
organoclay tends to promote the formation of the p-crystal phase in PEN. In
particular, IM2C10-MMT possesses a stronger promoting effect on the pB-phase than
IMC16-MMT as evidenced by the higher Kg value of PEN/IM2C10-MMT-2. The §3-
phase enhancement effect of the organoclays however diminishes with reducing melt

crystallization temperatures, and at 180°C, the two PEN/organoclay hybrids is found
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to preferentially form the a-crystalline form instead, even though a small amount of
B-crystals is still observed in pure PEN. Interestingly, the presence of the IMC16
surfactant alone in the PEN/IMC16 blend is found to enhance the formation of the .-
crystal phase instead.

The polymorphism behaviors of the materials were corroborated by FTIR
spectroscopy. Figure 5.8 shows representative spectra of PEN and the hybrids at the
quiescent melt state and after complete crystallization at 200°C and 180°C. The band
frequencies that are highly sensitive to the structural changes that occur during

crystallization are labeled and their assignments provided in Table 5.3 [85,100].

Table 5.3 Band assignments of PEN in the amorphous, o. and B crystalline phases®.
IR Frequencies (cm™) Assignments
amorphous o cystalline B crystalline
1477 m 1477 m CH, bending (trans)
1452 m CH, bending (gauche)
1004 m C-O stretching (trans)
964 m 974 sh C-O stretching (gauche)
931 sh 931s 917s 0O=C-O out-of-plane bending
916s
822 m CHj, rocking (amorphous)
838 m, 811 m 832m CHj; rocking (crystalline)

& Abbreviations: s = strong, m = medium, sh = shoulder
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(d) PEN/IMC16-MMT-2 and (e) PEN/IMC16 in the (A) melt state and after melt

crystallization at (B) 200°C and (C) 180°C: (i) 1485 — 1420 cm™; (ii) 1010 — 800 cm™.
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It is observed that as the polymer passes from the melt state to the crystal
phase, new absorption bands appear in the IR spectrum, or splitting occurs in the
bands present in the spectra of the melt. These changes arise because of the changes in
conformations and/or intermolecular interactions of the polymer chains as they pack
into the ordered crystal phase. In addition, the relative intensities of the a-phase
related bands at 1477, 1004, 931 and 811 cm™, together with the position of the
crystal band at ~832-838 cm™, confirms the x-ray diffraction results presented earlier,
that is, under melt crystallization at 200°C, the PB-phase is enhanced in

PEN/organoclay hybrids, but at 180°C, the a-phase is enhanced instead.

(1) In-situ Crystallization Behaviors of PEN and the Hybrids

To elucidate the underlying mechanisms for the unusual temperature-dependent
polymorphism behavior exhibited by the PEN/organoclay hybrids, the crystallization
process of the hybrids was monitored in-situ by high-temperature FTIR spectroscopy
and x-ray diffraction. (As similar trends were observed in the two organoclay hybrids,
only the crystallization behavior of PEN/IMC16-MMT-2 was investigated in detail in
the subsequent sections, however, the crystallization behavior of PEN/IM2C10-
MMT-2 is expected to follow a similar trend.)

High-temperature FTIR spectroscopy was used to probe the conformational
changes of the PEN chains during the course of crystallization. To monitor the
conformational changes, the evolution of the crystalline- and amorphous-dependent
bands in the region of 850 - 800 cm™ was plotted as a function of time during melt
crystallization at 200°C and 180°C (Figure 5.9). In this frequency range, the band
associated with the CH, rocking mode is split into two (for the B-crystal form) or

three (for the a-crystal form) bands. The additional bands are at around 832 cm™ (for
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the p-crystal form), and 838/811 cm™ (for the a-crystal form). Because the bands at
832 and 838 cm™ are located very close to each other, only one band is observed in
the FTIR spectra, even if the sample contains a mixture of o and 3 crystal forms,
however, the relative proportions of each phase can still be deduced from the position
of this band. To qualitatively compare the conformational changes in the polymer
backbone over the course of crystallization, the normalized peak heights of the
crystalline-sensitive band at ~832 - 838 cm™ are plotted as a function of crystallization

time (Figure 5.10).
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Figure 5.9 Time-resolved spectra of (a) PEN; (b) PEN/Na-MMT-2; (c) PEN/IMC16-
MMT-2 and (d) PEN/IMC16 in the range of 850 - 800 cm™ during melt crystallization at (i)

200°C and (ii) 180°C. The spectra were arranged with a 90 seconds interval.
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Normalized peak heights of the crystalline-sensitive band at ~ 832-838 cm™

To directly monitor the development of the two polymorphic forms during

crystallization, the melt crystallization of PEN and the hybrids was also followed in-

situ by high-temperature XRD. The development of the x-ray diffractograms with

time during the initial 2000 seconds of the melt crystallization is displayed in Figure
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The development of the a- and B-crystalline forms with time is followed by
monitoring the intensities of the (010) and (020) peaks of the a- and [-phase
respectively (Figure 5.12). The relative amounts of o- and B-phase formed at a

particular time t is measured by an index, y (t) where:

Z (t) — Ia(OlO) (t)

¢ L, 010 (o0) + L5020y ()
2.(t) = L5020y ()

5(t) =

L 010 (o0) + I 5020 (o0)
L(t) refers to the intensity of the respective peaks at time t, after subtraction of the
amorphous background and () refers to the final intensity of the peak after

crystallization has reached completion.
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Figure 5.12  Development of the a- and B-crystallinities with time for (a) PEN; (b)

PEN/Na-MMT-2; (c) PEN/IMC16-MMT-2 and (d) PEN/IMC16 melt crystallized at 200°C.
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In the following sections, the in-situ crystallization behaviors of each system
will be examined towards providing insights into the origin of the polymorphic

differences between the various systems.

PEN/IMC16

At the melt compounding temperature, the surfactant IMC16 exists in the liquid state
(Figure 5.13), and is able to mix with PEN at the molecular level. PEN/IMCL16 is
therefore a miscible blend, or better called plasticized PEN, as a reduction in T4 has

been observed in the blend (Table 5.4).
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Figure 5.13 DSC thermogram of 1-hexadecyl-2,3-dimethylimidazolium (IMC16)
chloride. The presence of two melting peaks can be attributed to the fusion of two crystalline

phases possessing different degrees of stability [101].
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Table 5.4 Glass transition temperatures (Ty) of PEN and its hybrids, as determined by

DSC in the second heating run at 5°C/min.

System PEN PEN/Na-MMT-2 | PEN/IMC16-MMT-2 PEN/IMC16

Temperature (T,) (°C)

Glass Transition 122 121 123 111

High-temperature XRD confirms that the a-crystalline phase is preferentially
formed in PEN/IMC16 during melt crystallization at 200°C. In addition, the XRD
results reveal that PEN/IMC16 exhibits the highest initial crystallinity at t = 0 seconds
(Figures 5.11 and 5.12). In-situ FTIR also shows that the system exhibits more rapid
conformational changes with respect to pure PEN at the two melt crystallization
temperatures (Figure 5.10). The faster crystallization rate in PEN/IMC16 observed
from in-situ XRD and FTIR is consistent with the higher hot crystallization
temperature observed from DSC cooling experiments (Table 5.5). The faster overall
crystallization rates observed in PEN/IMC16 can be attributed to the plasticizing
effect caused by the dispersion of the IMC16 molecules in the PEN matrix at the
molecular level. The plasticizing effect did not change the thermodynamics of the
system however (the B phase is still enhanced at higher temperatures and hence
remains as the more thermodynamically stable phase); rather, it has altered the
kinetics of the system such that the a-phase now grows much faster than the 3-phase
in comparison to pure PEN (Figure 5.12(a) and (d)). This is because the a-phase is the
kinetically favored phase with a smaller free energy of activation for a chain crossing
the phase boundary to the crystals [78]. The increase in chain mobility would

therefore increase the crystallization rate of the a.-phase to a greater extent than for the
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B-phase. The addition of IMC16 thus gives rise to an a-enhancement effect in the

PEN matrix.

Table 5.5 Hot crystallization temperatures of PEN and its hybrids, under dynamic

cooling at 5°C/min.

System PEN PEN/Na-MMT-2 | PEN/IMC16-MMT-2 PEN/IMC16

Hot Crystallization 224 232 217 235

Temperature (°C)

PEN/Na-MMT-2

The crystallization behavior of PEN/Na-MMT-2 reveals that pristine Na-MMT exerts
a heterogeneous nucleating effect on PEN, with the B-crystal phase being
preferentially nucleated at both crystallization temperatures. This is evidenced by the
rapid conformational changes PEN/Na-MMT-2 displayed in real-time FTIR
spectroscopy (Figure 5.10), as well as the fast initial crystallization rates exhibited by
PEN/Na-MMT-2 in high-temperature XRD (Figure 5.12(b)) and its higher hot
crystallization temperature observed from dynamic cooling DSC measurements
(Table 5.5). It is worth noting that heterogeneous nucleation-induced [-phase
enhancement in PEN has also been observed with other types of nucleating agents
[102]. The effect is believed to be related to the surface geometry of the nucleating
agent, although further studies are required to provide experimental evidence for this

claim.

PEN/IMC16-MMT-2
Figure 5.10 shows that the intensity of the crystalline-sensitive band increases most

rapidly in PEN/IMC16-MMT-2. This indicates that the presence of IMC16-MMT in
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the polymer matrix can induce rapid conformational changes in the PEN chains as
they pack into the ordered crystal phase. In addition, the polymer chain conformations
that are induced by the presence of IMC16-MMT tend to vary with temperature. At
200°C, the favored chain conformations are closer to that of the B-crystal form (as
indicated by the band position at 832 cm™ in Figure 5.9(c)(i)); at 180°C however, the
a-crystal conformations are favored instead (as suggested by the band position at 838
cm™ in Figure 5.9(c)(ii)).

High-temperature XRD confirms that the formation of the B-crystalline phase
is favored during melt crystallization at 200°C. In contrast to the case of PEN/Na-
MMT-2 or PEN/IMC16 however, the rapid conformational changes observed in real-
time FTIR spectroscopy are not accompanied by a corresponding appearance of
Bragg peaks in the XRD diagrams, as no significant peaks are observed in the x-ray
diffractograms during the very initial stage of the crystallization process (at t = 0
second). The slower overall rate at which crystals develop in PEN/IMC16-MMT-2 is
also supported by its lower hot crystallization temperature during dynamic cooling on
the DSC. The apparent different observations obtained with in-situ FTIR
spectroscopy, and XRD/DSC measurements can be rationalized by understanding that
the “crystallinity” detectable by the three techniques is in fact different. FTIR
measures the concentration of the “crystalline isomer”, which could be a short-range
order or intramolecular phenomenon. In contrast, XRD measures intermolecular order
as a result of chain packing, while DSC measures crystallinity based on the
“meltable” portion of the polymer — both methods thus require order to be present on
a longer range. Although short-range order is a necessary condition for long-range
order to be present, it is also possible for short-range order to exist without any long-

range order [103]. The results thus indicate that although local skeletal conformational
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changes are induced much earlier in PEN/IMC16-MMT-2, the development of long-
range order is somehow hindered on the organically modified clay surface in
comparison to the untreated clay surface. A similar paradoxical result has also been
reported on an exfoliated poly(L-lactic acid)/clay nanocomposite [104], in which
intrachain interactions corresponding to PLLA 103 helix formation have been found to
occur earlier than interchain interactions. The nanocomposite exhibits a slower
nucleation rate, as interchain interactions are the dominant factor for the creation of
stable nuclei from the highly entangled melt.

As the initial conformational changes observed in PEN/IMC16-MMT-2 are
not accompanied by the formation of three-dimensional order, they in fact indicate the
ordering present in the PEN chains during the induction period of crystallization. The
abrupt change in the concentration of o and B “crystalline conformers” between
200°C and 180°C thus reflects a change in the equilibrium nuclei distribution for the
two phases. To investigate the origins of this phenomenon, the thermally-induced
structural changes of IMC16-MMT and their influences on clay surface and

polymer/clay interface were further examined.

(1) Effect of Melt Crystallization Temperature on Surfactant
Conformation in IMC16-MMT
To understand how the structure of IMC16-MMT changes with temperature, high-
temperature FTIR was employed to probe the molecular conformation of IMC16
surfactant molecules at the various melt crystallization temperatures [105].
Figure 5.14 shows the high wavenumber CH stretching region of IMC16-
MMT at various temperatures of the melt crystallization process. The band at ~2920

cm™ arises from the CH, asymmetric, vss (CHy) stretch. In general, the band width
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and position of vgs (CH2) are sensitive to the trans/gauche conformer ratio, as well as
the packing density of methylene chains. A broadening and shift of this band to a
higher frequency signify that the intercalated methylene chains change from a more
ordered structure with more trans conformations to a more disordered structure with
more gauche conformations [106]. The frequencies of the IMC16-MMT v, (CH,)
band at the various temperatures are summarized in Table 5.6. The significantly
higher wavenumber of v, (CH,) at temperatures > 180°C (relative to that at 25°C) is
due to the occurrence of a melting-like order-disorder transition at ~48°C (Figure
5.15), which drastically increases the gauche conformer ratio in the intercalated
surfactant molecules [107]. As this transition occurs at a temperature way below the
melt crystallization temperatures however, it is not expected to affect the melt

crystallization behavior of PEN in any way.
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Figure 5.14  Representative FTIR spectra of IMC16-MMT in the region 2950 - 2900 cm™
acquired at (a) 25°C; (b) 280°C and subsequent cooling to (c) 200°C and (d) 180°C. The
approximate peak positions of the v, (CH) band, as determined by the Perkin Elmer

Spectrum software are indicated.
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Table 5.6 Wavenumber of v, (CH;) in IMC16-MMT and IMC16 at various
temperature points of the melt crystallization process. (Errors given represent one standard

deviation from the mean, based on 3 independent measurements.)

Temperature (°C) Vas (cm™)
IMC16-MMT IMC16
25°C 2916.3+ 0.3 29154 +0.2
180°C 29275104 2925.4+0.2
200°C 29276 +0.3 2925.1+0.2
280°C 2927.3+0.2 -
-0.10
-0.12 4
-0.14 4
\E’ -0.16 4
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Figure 5.15  DSC thermogram for IMC16-MMT during heating at 5°C/min.

Table 5.6 shows that there exists no significant difference in the conformations
of the surfactant molecules in IMC16-MMT at 200°C and 180°C. To ascertain
whether the minimal conformational change experienced by the surfactant molecules

at these two temperatures is due to their restricted conformational freedom, as a result
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of their confinement within the clay galleries (before the galleries are expanded by the
intercalation of the polymer chains), the FTIR spectra of the IMC16 salt were also
acquired at 200°C and 180°C, and listed in Table 5.6. From Table 5.6, it is observed
that even without the geometric constraining effect of the clay layers, the IMC16
chains still undergo very little conformational changes between 200°C and 180°C.
This indicates that the conformational changes of PEN chains observed in
PEN/IMC16-MMT-2 between the two melt crystallization temperatures were not
induced by the conformational changes experienced by the surfactant chains, as has

been previously suspected [108].

(1V) Thermal Degradation Behaviors of IMC16-MMT

To examine the weight loss behaviors of IMC16-MMT under the melt compounding
and melt crystallization conditions, TGA was performed, simulating the temperature
profiles of these two processes (Figure 5.16). Table 5.7 summarizes the extent of
degradation that was observed in IMC16-MMT under the simulated melt

compounding and melt crystallization conditions.
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Table 5.7

compounding and melt crystallization conditions, as evaluated by TGA.
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TGA profiles of IMC16-MMT under the simulated conditions of (a) melt
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Extent of thermal degradation in IMC16-MMT during the simulated melt

Condition Weight Loss (%)?
Melt compounding 59
Melt crystallization 200°C 4.7
180°C 4.6

# The amount of degradation is expressed in terms of the % weight loss in the original IMC16-

MMT. All values stated are the average obtained from 3 independent measurements.
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From Table 5.7, it is observed that significant degradation has occurred in
IMC16-MMT, both during melt compounding and melt crystallization. There is
however, no significant difference in the extent of degradation between melt
crystallization at 200°C and 180°C. In fact, the degradation that occurs during melt
crystallization takes place during the melting process, and no further degradation
occurs during the crystallization process at 200°C or 180°C (Figure 5.16(b)). The
finding thus rules out the possibility that the abrupt change in the concentration of a
and B “crystalline conformers” formed between 200°C and 180°C is due to a

difference in the degradation behavior of IMC16-MMT at these two temperatures.

(V) Role of the Clay Surface Modification

As discussed earlier, although short-range molecular ordering is induced very quickly
during the induction period in PEN/IMC16-MMT-2, the development of long-range
order is somehow hindered - this implies that the formation of stable nuclei is more
difficult at the PEN/IMC16-MMT interface than at the PEN/Na-MMT interface. The
hindered formation of stable nuclei is likely to be the major cause for the large change
in equilibrium nuclei distribution for the two phases between 200° and 180°C, as this
effect may tend to have a more pronounced influence on the thermodynamically less
stable a-phase. At 200°C, the nearly absence of the 811 cm™ band at the initial stage
of crystallization (Figure 5.9(c)(i)) indicates that most “crystalline conformers” of the
less stable a-phase are unable to develop into stable nuclei of a critical size at the
PEN/IMC16-MMT interface, so that its concentration remains extremely low. At
180°C on the other hand, both types of nuclei could reach their critical size, diffusion
thus becomes the controlling factor, and so the kinetically favored a-phase becomes

dominant.
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The above discussion opens up an important question as to what constrains the
formation of stable nuclei at the PEN/IMC16-MMT interface. One hypothesis is that
the crystals are initiated from polymer chains which are intercalated in clay galleries
of nanometer thicknesses [109]. To clarify the possible role that the intercalated
polymer chains may play in the nucleation of the PEN crystallites, a comparison can
be made between the morphologies and polymorphism behaviors exhibited by
PEN/IMC16-MMT-2 and PEN/IM2C10-MMT-2. As discussed in Section 3.5.3(1),
surfactant IM2C10 is less compatible with PEN than IMC16; it is thus unable to
provide sufficient driving force for PEN to diffuse into the intergallery spaces and so
the clay basal spacing in PEN/IM2C10-MMT-2 remained relatively unchanged after
melt compounding with PEN. The Kg of PEN/IM2C10-MMT-2 is however, even
more sensitive to the crystallization temperature (it changes from 78% at 200°C to ~
0% at 180°C). This indicates that the hindered formation of stable nuclei at the
PEN/IMC16-MMT-2 interface does not originate from the constrained polymer
chains which are intercalated between the clay layers. The hindrance to the formation
of stable nuclei should thus come from the unique nature of the polymer/organoclay
interface.

In polymer/clay nanocomposites, the cationic surfactants typically reside at (1)
the intergallery spaces (intercalated) or (2) are ionically bound on the surface of the
clay layers. Based on the results presented above however, it is found that significant
degradation and/or desorption of the surfactants has occurred during both melt
compounding and melt crystallization. As a result, significant amounts of small
molecular products from the degradation of the surfactants may also be found in (3)
the bulk of the polymer matrix (mainly from the surfactants that degrade during the

melt compounding process) and (4) at close vicinity to the clay surface (mainly from
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the surfactants that degrade during melt crystallization). The concentration of the
small molecules (either the surfactants or their degradation products) in the bulk of
PEN/IMC16-MMT-2 might be much lower than that found in the bulk of the
PEN/IMC16 blend, however, their concentration at the polymer/clay interfacial
regions could be fairly significant.

The effect of the intercalated surfactant molecules (1) on the polymorphism
behavior of PEN may be ignored, while the small molecules in the bulk (3) may lead
to a plasticizing effect in the bulk of the PEN matrix. On the other hand, the
combination of the small molecules located at (2) and (4) may give rise to a unique
interface, which is different from the interface formed by the untreated Na-MMT
surface and the unplasticized melt. Firstly, on the organically modified clay surface,
although the nucleation is still “heterogeneous” in nature, the thermodynamics of the
system is different (the formation of stable nuclei is hindered). Secondly, with a
highly plasticized interfacial region, the kinetics of the system is different (the
difference between the crystallization rates of the two phases is larger). The
combination of the heterogeneous nucleating and plasticizing effects causes the
interface to be more sensitive to temperature changes than the interface formed by
Na-MMT and the unplasticized melt. At a melt crystallization temperature of 200°C,
the heterogeneous nucleating effect is dominant, but the a-phase nuclei are largely
unstable at the interface due to the flexible nature of the surfactant. This is supported
by the fact that increasing the flexibility of the surfactant, for example, in the case of
PEN/IM2C10-MMT-2, results in an increase in K at 200°C. At 180°C on the other
hand, both types of nuclei are stable, and so the plasticizing effect becomes dominant.
The kinetically favored a-crystal phase thus preferentially forms at both the interface

and the bulk.
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56 Summary and Conclusions

In this chapter, the effect of the melt crystallization temperature on the polymorphic
behavior of the PEN/clay nanocomposites was evaluated. It was found that pristine
Na-MMT enhances the formation of the B-crystal phase, over the more common a-
crystal form, at all melt crystallization temperatures. For the PEN/organoclay hybrids
however, the polymorphism behavior was found to vary with the crystallization
temperature, with the pB-crystal form being enhanced at higher temperatures, but the
a-crystal phase being more favored instead at lower temperatures. This is also the first
time that such a temperature-dependent polymorphism behavior has been observed in
polymer/clay nanocomposites.

In-situ FTIR spectroscopy and XRD was employed to elucidate the underlying
mechanisms for the unusual temperature-dependent polymorphism behaviors
exhibited by the PEN/organoclay nanocomposites. Real-time FTIR spectroscopy of
PEN/IMC16-MMT-2 reveals an abrupt change in the concentration of o and
“crystalline conformers” at the initial stage of crystallization with crystallization
temperature. The development of short-range order occurs prior to the development of
three-dimensional order, which implies that the formation of stable nuclei is hindered
at the PEN and IMC16-MMT interface. In addition, surfactant degradation also
caused the interface between PEN and IMC16-MMT to be highly plasticized, which
could increase the crystallization rate of the kinetically-favored o-phase more, in
comparison to the B-phase. It is this combination of the hindered heterogeneous
nucleating and plasticizing effects which cause the PEN/organoclay interface to be
more sensitive to temperature: at 200°C, the heterogeneous nucleation effect is

dominant, which cause the B-phase to be favored; at 180°C, stable nuclei of both
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crystal phases are able to form, diffusion thus becomes the controlling factor, and the
kinetically favored a-phase is preferentially formed instead.

The findings of this work thus provide new insights on the role that the clay
surface modification can play in affecting the type of crystal structure developed in
the matrix polymer, which may not only be relevant for the PEN system, but may also
be applicable to other semicrystalline polymer/clay nanocomposites exhibiting

different polymorphic forms as well.
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CHAPTER 6

Summary and Conclusions

In this work, a novel system of polymer/clay nanocomposites based on poly(ethylene
naphthalate) (PEN) was developed. The properties of the nanocomposites were
examined and correlated with their structures. In addition, the polymorphism behavior
of the nanocomposites was studied and the underlying mechanism governing the type
of crystal phase formed in the nanocomposites was investigated. In this chapter, the
major findings of this work, as well as the important contributions that this work has

made in the field of polymer/clay nanocomposites will be reviewed.

6.1 Preparation of PEN/Clay Nanocomposites

Two routes for the preparation of PEN/clay nanocomposites, namely in-situ
polymerization and melt intercalation, have been explored. Through the investigation
of these two routes of preparation, the critical factors that affect the dispersion of clay
in the PEN matrix were evaluated.

In-situ polymerization, traditionally viewed as the preparation route that would
achieve the best clay dispersion, was found to provide only limited clay dispersion in
this case due to the high temperature and long-time exposure required for the
polymerization of PEN, which often results in degradation of the organically-
modified clay. Nevertheless, the potential of this method in peeling the clay tactoids

into individual sheets was demonstrated with the use of a mixed intercalant system, in
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which the clay was modified with a combination of catalytic ions and organic
surfactants.

For the melt intercalation method, it was found that the shear force applied via
a twin-screw extruder is able to break the micron-sized clay agglomerates into
submicron- or even smaller-sized clay tactoids. The success of this method is also
contingent on the initial homogeneity of the starting materials, the thermal stability of
the organoclay, as well as the compatibility of the modifier with the PEN matrix.
When all the above conditions have been fulfilled, effective dispersion of the clay in
the PEN matrix, at both the nano- as well as the micron-scale can be achieved.
Specifically, the use of a newly developed 1-hexadecyl-2,3-dimethylimidazolium-
modified clay, which possesses considerably greater thermal stability than the
traditional alkylammonium clays, has resulted in a nanocomposite possessing an
intercalated structure. This is also one of the first reported PEN/clay nanocomposite

systems.

6.2 Structure-Property Relationship in PEN/Clay Nanocomposites

The dynamic mechanical behaviors and thermal stability of the PEN/clay hybrids
were examined. The results indicate that the property enhancements exhibited by the
hybrids are related to the level of clay dispersion (at both the nano- and micron-scale)
in the PEN matrix.

Comparison of the modulus enhancements exhibited by the largely amorphous
as-molded and annealed specimens also reveals that the nanocomposite displays a
greater modulus enhancement with respect to the neat PEN after both materials were
allowed to crystallize. The result indicates that the mechanical reinforcement in the

PEN/clay nanocomposite can arise not only from the high modulus and high aspect
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ratio of the dispersed clay phase, but may also contain an important contribution from
the clay-induced modifications to the PEN crystalline phase. In particular, the
additional reinforcement observed in the nanocomposite after crystallization was
attributed to the preferred alignment of the high-aspect-ratio polymer lamellae (along
with the clay sheets) in the injection direction, and the orientation correlation that

exists between the clay platelets and the PEN naphthalene rings.

6.3 Polymorphism Behavior of PEN/Clay Nanocomposites

The crystal forms developed in the PEN/clay nanocomposites under melt
crystallization at different temperatures were investigated. Unmodified Na-MMT was
found to exert a heterogeneous nucleating effect on PEN, enhancing the formation of
the B-phase, while the organoclays exhibit a strong temperature-dependent
polymorphic behavior, with the B-phase being more favored at higher temperatures,
but the a-crystal being preferentially formed at lower temperatures.

Real-time FTIR spectroscopy of PEN/IMC16-MMT-2 reveals an abrupt
change in the concentration of o and 8 “crystalline conformers” at the initial stage of
crystallization with crystallization temperature. In addition, the formation of stable
nuclei at the PEN and IMC16-MMT interface was found to be hindered, as evidenced
by the development of three-dimensional order long after the existence of short-range
order. The occurrence of significant surfactant degradation during melt compounding
and melt crystallization could also cause the interface between PEN and IMC16-
MMT to be highly plasticized, which could increase the crystallization rate of the
kinetically-favored a-phase to a greater extent than for the 3-phase.

It was postulated that the strong temperature dependence of the polymorphism

behavior of the PEN/organoclay hybrids arises due to this combination of the
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hindered heterogeneous nucleating and plasticizing effects: at 200°C, the hindered
heterogeneous nucleation effect is dominant, which cause the B-phase to be favored;
at 180°C, stable nuclei of both crystal phases are able to form, the plasticizing effect
thus becomes dominant and the kinetically favored a-phase is preferentially formed

instead.
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CHAPTER 7

Recommendations for Future Research

The investigations performed in this work have established a foundation from which
future work in the development of PEN/clay nanocomposites, or other semi-rigid
polyester/clay nanocomposite systems can build upon. At the same time, the study has
revealed some interesting aspects of the PEN/clay nanocomposite system which are
worth further exploration. The major directions which future efforts can be focused on

are discussed below.

7.1 Preparation of PEN/Clay Nanocomposites

Although limited success has been attained in this work with the in-situ
polymerization technique, the potential of this strategy in dispersing clay at the single-
layer level has been demonstrated with the mixed intercalant clay system. Further
efforts can be based on a similar clay modification procedure, but with the use of a
more thermally stable organic modifier (a promising candidate is the
trialkylimidazolium salt derivatives that have been employed for the melt intercalation
route in this work), as well as an improved polymerization set-up (which is able to
provide a higher shear force to break up the clay agglomerates at the micron level).
For the melt intercalation route, the dispersion and homogeneity of the
nanocomposites can be further optimized by systematically studying the effects of the

various processing conditions (such as the processing temperatures, screw speeds,
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residence times, and screw geometries) on the morphologies exhibited by the resulting

nanocomposites.

7.2  Characterization of Nanocomposite Properties

In this work, the effects of nanoclay on the dynamic mechanical behaviors and
thermal stability of PEN have been investigated. In addition to the above properties,
the determination of the other properties of the nanocomposites [such as their tensile
properties (for example, Young’s modulus, ultimate strengths and elongation at
break), barrier properties, toughness and optical transparency] is also necessary in

order to have a better assessment of their performance in their potential applications.

7.3  Effect of B-phase Formation on Properties

In this work, the addition of clay has been found to enhance the formation of the j3-
crystal phase in PEN over the more common a-crystal form under certain conditions.
The effect of B-phase formation on the properties of the PEN/clay nanocomposites
has not been studied however, but it is expected that the B-crystal form, which
possesses a different molecular conformation and a higher density than the o-phase
will exhibit different properties (stiffness, toughness, barrier properties etc). In this
respect, the conditions for preferential B-phase formation, as documented in this
thesis, shall serve as a useful process guideline for this aspect of the structure-property

studies of PEN/clay nanocomposites.
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7.4  Impact of Crystallite Orientation on Modulus

In Chapter 4, the additional modulus enhancement observed in PEN/IMC16-MMT-2
after annealing has been attributed to the preferred alignment of the polymer lamellae
along the flow direction. Since this phenomenon implies extensive anisotropy of the
modulus, the transverse modulus of the specimens (i.e. the modulus perpendicular to

the flow direction) can be measured to confirm this phenomenon.

7.5 TEM Observations of Polymer Crystalline Morphology

AFM studies performed in the course of this work have provided significant insights
on the subspherulitic features that developed in PEN under the influence of nanoclay.
The AFM technique is limited to thin films however, while it is also of interest to
visualize the mesoscopic arrangement of the crystallites in the bulk samples. In this
context, the direct observation of the lamellar morphology of the PEN/clay
nanocomposites by TEM offers much interest. Selective staining of the amorphous
phase can be achieved by ruthenium tetraoxide to obtain a contrast between the
crystalline polymer lamellae and the amorphous regions [110]. The lamellar scale
contrast will allow the direct visualization of the lamellar organization in the
nanocomposites, as well as provide information about the orientation of the polymer
lamellae with respect to the clay platelets. The ability to observe the crystalline
organization in the PEN matrix formed in the presence of nanoclay at the high
resolution offered by TEM will yield additional insights on the correlation between

the mesoscale arrangement in the nanocomposites and its mechanical behavior.
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7.6 SAXS Analysis of Nanocomposite Hierarchical Structure

In this work, the information on the hierarchical organization of the PEN/clay hybrids
is primarily derived from AFM observations and 2-dimensional x-ray diffraction. To
obtain a more complete understanding of the morphological organization in the
nanocomposites, small-angle x-ray scattering (SAXS) is necessary to determine the
orientation of the clay layers and PEN crystallites. From SAXS, structural information
on the lamellar organization of the PEN crystallites (specifically, the long spacing,
lamellar crystal thickness and the amorphous layer thickness) may also be determined.
With this information, the effect of the spatial arrangement of the clay layers on the

PEN lamellar superstructure can be better ascertained.
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