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The surge of interest in and scientific publications on the structure and properties of
nanocomposites has made it rather difficult for the novice to comprehend the physical structure of
these new materials and the relationship between their properties and those of the conventional

range of composite materials. Some of the questions that arise are: How should the reinforcement

volume fraction be calculated? How can the clay gallery contents be assessed? How can the ratio

of intercalate to exfoliate be found? Does polymerization occur in the clay galleries? How is the
crystallinity of semi-crystalline polymers affected by intercalation? What role do the mobilities of
adsorbed molecules and clay platelets have? How much information can conventional X-ray
diffraction offer? What is the thermodynamic driving force for intercalation and exfoliation?
What is the elastic modulus of clay platelets? The growth of computer simulation techniques
applied to clay materials has been rapid, with insight gained into the structure, dynamics and
reactivity of polymer—clay systems. However these techniques operate on the basis of
approximations, which may not be clear to the non-specialist. This critical review attempts to
assess these issues from the viewpoint of traditional composites thereby embedding these new
materials in a wider context to which conventional composite theory can be applied. (210
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1. Introduction

This review focuses on polymer—clay nanocomposites for
which the number of published scientific papers has grown
dramatically from a few papers in the early 1990s to about 770
in 2006. It is a salutary lesson that interest in polymer—clay
nanocomposites did not emerge from the far-sightedness of the
academic community but from a brave commercial initiative.'
These studies reflect a response to that initiative that has
grown in opposition to the earlier prevailing wisdom that
research into clays was largely complete and little new
materials science was to be found therein. Some of that
literature is difficult to interpret because the characterization
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of materials was incomplete or ambiguous. Thus the relation-
ship between permeation or mechanical properties and volume
fraction is poorly understood because it is not clear how the
actual volume fraction of reinforcement, a principal parameter
in composite materials, should be calculated. Evidence for
intercalation is complicated by the fact that swelling effects
detectable by X-ray diffraction (XRD) might result from
impurities or adsorption at the edge of tactoids. Since XRD
cannot detect exfoliation, a partially exfoliated composite can
pass for an intercalated composite.

In general, the properties of polymers are largely improved
and new unexpected features may appear after the addition of
clay. As a result, some nanocomposites have been used as auto-
mobile components, packaging materials, construction materi-
als, flame retardants, protective films and so on. Applications for
most nanocomposites can be divided into two broad categories
that relate to engineering or barrier properties, with electrical
properties and biodegradability featuring in some cases. The
pioneering use of a nylon—clay nanocomposite was in Toyota
cars in 1989.! Unlike conventional composites, they offered
substantial increases in tensile strength, tensile modulus and
storage modulus, with little or no loss in impact resistance.
Impact strength is not universally reported for polymer—clay
nanocomposites, which is surprising in view of the importance of
this property for design and use. Some polymers retain impact
strength when clay is dispersed'” but for others toughness is
reduced.®* Improvements in barrier properties, such as solvent,
moisture or gas permeation and flame resistance, are normally
gained without loss of optical clarity in these composites at levels
of clay addition of 1-5 vol%.>

Polymers and clays do not always form nanocomposites and
modification of either the clay or the polymer is sometimes
necessary. Such modifications can change a conventional
composite to a nanocomposite or make an intercalated
nanocomposite exfoliate. For example, the modification of
montmorillonite (MMT) by quaternary ammonium
compounds changes a conventional composite of poly-
(e-caprolactone) (PCL)-montmorillonite to an intercalated
nanocomposite.®’ Clays are also susceptible to modification
by cation exchange (vide infra). The treatment of polyethylene
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(PE) with maleic anhydride allows it to form an exfoliated
nanocomposite® by changing its polarity whereas unmodified
PE produces a conventional composite with clay, in which the
clay particles are simply interspersed with the layered structure
intact within the polymer.

This review examines the relationship between nano-
composites and conventional composites. It notes that the
surge of interest in any subject with the prefix “nano’ tends to
create a separate identity for the subject matter, particularly in
the mind of the novice, that may not be fully justified by
observation and experiment.

2. Definitions of terms

Composite materials can be defined as a combination of two
or more materials which are physically distinct, readily
distinguished by microscopy, dispersed in a controlled way
to achieve optimum properties and in which the properties are
superior to those of the individual components.” The
International Union of Pure and Applied Chemistry specifica-
tion'® defines a composite as “A multicomponent material
comprising multiple different (non-gaseous) phase domains in
which at least one type of phase domain is a continuous
phase”. It also defines nanocomposites as composite materials
“in which at least one of the phases has at least one dimension
of the order of nanometres™. In this class of materials are to be
found dispersions of nanoparticles in a continuous matrix,
dispersions of nanometre fibres, principally carbon nanotubes
in a matrix, and the intercalation and/or exfoliation of smectite
minerals within a continuous phase. Polymer—clay nanocom-
posites fall in the last category and owe their prominence
largely to the rapid commercial exploitation of nylon—clay
composites for engine components by Toyota automotive
corporation.

Polymer—clay composites based on layered silicates can be
classified into three types depending on the extent of
separation of the silicate layers: conventional composites,
intercalated nanocomposites and exfoliated nanocomposites,’
shown schematically in Fig. 1. The distance between a plane in
the unit layer and the corresponding plane in the next unit
layer is defined as the basal plane spacing, dy;. If the polymer
does not enter the galleries, dyy; of clay remains unchanged

==

Fig. 1 Schematic representation of different types of composite (a)
conventional composite; (b) intercalated nanocomposite; and (c)
exfoliated nanocomposite.
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and the composite is “‘conventional”. If an organic species
enters the galleries causing an increase in dyo;, but the clay
layers remain stacked, the composite is ‘intercalated’. The
value of dyp; is a witness to the fact that organic matter has
swollen the clay but it is silent on the amount of intercalated
matter, on the extent of partial exfoliation that may have
accompanied this change and on the identity of the guest
species in the galleries.

If the clay layers are completely pushed apart to create a
disordered array, the composite is considered to be
‘exfoliated’. For some authors,>!' a composite for which
dooy > 10 nm, a spacing that cannot be determined by a
conventional X-ray diffractometer, is designated as exfoliated.
As a result, there are two types of exfoliation; ordered and
disordered. Recently Ray et al defined another type of
nanocomposite within the set of ‘intercalated nanocomposites’,
namely intercalated-and-flocculated nanocomposites which
contain flocculated intercalated silicate layers due to the
hydroxylated edge-edge interaction of the silicate layers.'* In
fact, most intercalated tactoids include both single stacks and
several connected stacks of clay layers so the distinction
between flocculation and intercalation rests on electron
microscopic analysis of the structure. Moreover, the ‘floccula-
tion’ could be attributed to the long molecular chains that
intercalate into two or more clay galleries and play a bridging
role.*'* Electron microscopy often shows that most nano-
composites are both intercalated and exfoliated'® but this is
not readily deduced from X-ray diffraction. This may occur
because the preparation method has not allowed sufficient
time for adsorption and penetration of the galleries to be
completed or that dispersive mixing has been insufficient and
that if more time is given, the polymer—clay system might
develop either fully intercalated or exfoliated structures. The
extent of dispersion of clay in polymer depends on intrinsic
properties of polymer and clay including aspect ratio of clay
platelets, volume fraction of clay, interactions between
polymer, clay and clay modifier if present, and processing
conditions.>!'® Generally fully exfoliated polymer—clay nano-
composites are only found in volume fractions of clay lower
than 3% due to the small size of clay platelets.'>!?

3. Properties and applications of nanocomposites

The justification for researches in polymer—clay nanocompo-
sites rests on enhancement of polymer properties in five main
property areas: mechanical, barrier, flame retardant, electrical,
and biodegradable. These have been reviewed widely'” and are
treated concisely here.

Modest additions of clay (4.2 wt%) increased the tensile
strength of nylon 6 from 69 MPa to 107 MPa, and the tensile
modulus was doubled while retaining impact strength at the

level for nylon 6. The heat distortion temperature of the
composite was 87 °C higher than that of nylon 6. This
significant improvement in mechanical properties of nylon
6-clay nanocomposite was considered to have its origin in the
existence of an exceptionally high interfacial surface area and
the formation of ionic and/or hydrogen bonds between the
organic polymer and inorganic silicate."'® Rao and Pochan
have reported the importance of the volume fraction of the
constrained polymer phase, which serves as an unmeltable
crystalline phase that results in improvement in mechanical
properties as well thermal properties.!” The flexibility and
mobility of clay platelets should also be taken into account
when interpreting mechanical properties results. For example,
when a nanocomposite is under an external stress, the clay
platelets contained could bend'>* or orient.® More detailed
discussions on mobility of clay platelets can be found in
Section 7.6.

Table 1 shows the mechanical properties of an exfoliated
epoxy—clay nanocomposite with only 10 wt% organically-
modified magadiite.’ For an exfoliated epoxy—clay nanocom-
posite containing 5 wt% clay there was a 25% increase in
storage modulus in both glass and rubbery regions.?! These
nanocomposites have been studied for applications as
adhesives, coatings, electrical, automotive and aircraft
components.“’22

Unmodified polyolefin composites are less easy to incorpo-
rate in nanocomposites but the Young’s modulus of exfoliated
clay (5 wt%) with maleated polyethylene was increased by 30%
compared to a 9% increase for the corresponding conventional
composite.”® Storage modulus, representing the elastic, stored,
strain energy of a viscoelastic material, below the glass
transition temperature (7) of soft segments in a polyurethane
was increased by more than 350% for an addition of 21.5 wt%
organically-modified clay.?* In a silicone elastomer, both the
strain at break in tensile mode and toughness of the pristine
polymer were increased considerably with clay addition.>

The biodegradable polymers such as PCL, polylactic acid
(PLA) and thermoplastic starch (TPS) are also reinforced by
clay. Young’s modulus of PCL was increased from 216 MPa to
390 MPa with 10 wt% of ammonium-treated montmorillo-
nite.” Storage modulus of PLA—clay nanocomposite contain-
ing 3 wt% organically-treated montmorillonite was increased
to more than twice that for the unfilled PLA at all
temperatures above and below Tg.26 Below the T, increase
in storage modulus is due to clay reinforcement only; while
above T, the enhancement is due to both reinforcement and
extended intercalation at higher temperatures. However, it is
often found that storage modulus increases with clay additions
more when the test temperature is above 7, than in the lower
temperature region.”’ Table 2 summarizes some mechanical
properties of these polymer—clay nanocomposites.>*3! A

Table 1 Mechanical properties of an epoxy-clay nanocomposite” and pristine polymer®

Tensile Tensile Strain at Yield Compressive Storage modulus
Material strength/MPa modulus/MPa break/% strength/MPa modulus/GPa at 120 °C/MPa
Polymer 0.5 3.8 23 75.1 1.4 22
Composite 6.0 16.5 48 87.8 1.8 80

“ Containing 10 wt% organically-modified magadiite.
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Table 2 Mechanical properties of biodegradable polymer—clay nanocomposites

TPS/NaMMT PLA/Organo-mica PCL/NH,MMT
Properties TPS (5 wt%) PLA (4 wt%) PCL (4 wt%)
Tensile strength/MPa 2.6 33 19 44 17 32
Young’s modulus/MPa 4500 8400 208 252 439 540
Elongation at break/% 47 57 845 1150 165 522
Flexural strength/MPa — — 86 94 23° 30°
References 28,29 27,31 6

“ Measured using the ultrasonic pulse-echo method. ? Yield strength.

small amount of clay substantially improves tensile strength,
tensile modulus, flexural strength and flexural modulus with-
out loss of elongation at break. For example, with presence of
4 wt% organomica, the elongation at break of PLA increased
from 845% to 1150%.

An increase in elongation at break often results in an
increased energy at break.”*>3* Shah er al found a dramatic
increase up to 700% higher than in the neat polymer in
toughness and 70% higher in elongation at break of
polyvinylidene fluoride nanocomposite with 5 wt% organoclay
based on the energy represented by the area under the tensile
stress—strain curves.’?> The enhanced toughness was attributed
to the structural and morphological changes induced by the
clay particles, including the transition of a-spherulites to thin
fibre-like B-crystallites which are re-oriented in the strain field.

Similarly, studies on polymer blend—clay nanocomposites
show that the presence of clays has resulted in considerable
improvement of the mechanical properties. Wang et al. show
that the peel strength, expressed a force per unit length in a ‘T’
peel test, of polypropylene/polystyrene (PP/PS) was increased
from 523 N m~' to 1768 N m~! and the adhesive fracture
energy was increased from 1046 J m > to 3536 J m > with
0.5 wt% organically-modified clay.** Li et al added 18 wt%
organically-modified clay to syndiotactic PS/nylon 6 blends
containing 5 wt% sulfonated syndiotactic PS as compatibilizer
and found there were considerable improvements in impact,
flexural and tensile strengths without loss of elongation at
break.

Enhancement of mechanical properties depends on
the structure of nanocomposites formed and many papers
[e.g. > have reported comparative results based on
intercalated and exfoliated structures. At the same or very
similar clay loading, an exfoliated nanocomposite often gives a
higher elastic modulus and tensile strength because of the high
stiffness of clay platelets and good dispersion.>® However a
nanocomposite with an exfoliated structure could have a lower
toughness than that with an intercalated structure: Dasari et al.
found a decrease in the Izod impact strength of nylon 6 with
the inclusion of 10 wt% nanoclay from 7.1kJ m~?to 3.2kJ m >
and 4.3 kJ m~? for the exfoliated and intercalated structures
respectively.?” This was attributed to little or no delamination
associated with exfoliated clay platelets, and delamination and
the formation of submicron voids associated with intercalated
clay tactoids.

Barrier properties are also significantly improved by clay
dispersions. The rate of water absorption in nylon nanocom-
posites was lowered by 40% compared with nylon 6.° Poly-
imides used for microelectronics showed reduced coefficient of

thermal expansion by 21% and permeation coefficient of water
vapour by 54% with only 2 wt% montmorillonite, retaining the
optical clarity of the unfilled polymer.*® The scattering size of
montmorillonite (200 nm) is smaller than the wavelength of
visible light (400-700 nm). Nielson’s tortuous path model*’
was often used to explain the reduced permeability with
presence of clay in polymer.*®#° Recently this model has been
modified by several groups by taking into account the
polymer/clay interface® and layer aggregation.*! Nazarenko
et al found lower permeability of intercalated PS-clay
nanocomposites to oxygen than in intercalated-exfoliated
nanocomposites, which was attributed to layer aggregation
effects.*! However, Osman et al. claimed that exfoliated clay
layers are able to build a barrier for the permeating gas
molecules, while the intercalated tactoids do not contribute
greatly to the barrier properties.*® Further work is needed to
understand better the mechanisms underpinning the enhance-
ment of barrier properties. As with polyimide—clay nanocom-
posites, exfoliated epoxy nanocomposites also have a
comparable optical clarity to that of the pristine epoxy and
their chemical resistance is increased.’

Oxygen permeability of the biodegradable polymer PLA was
decreased to 35% of its original value in the presence of 4 wt%
organically modified mica.*® The water vapour diffusion
coefficient of TPS was decreased to 65% and the temperature
at which the composite lost 50% of its mass was increased from
305 °C to 336 °C after the addition of 5 wt% montmorillo-
nite.”® The zero-concentration diffusion coefficient of water
vapour for PCL was also significantly decreased by the
presence of montmorillonite.*? Clay also increases resistance
to degradation by light and solvents. The avoidance of struc-
tural damage caused by exposure to solvents may represent
one of the most important benefits of clay reinforcement in
elastomeric polymer technology.?® The addition of clay to
poly(p-phenylene vinylene) increased the environmental stabi-
lity against photodegradation under ambient air conditions,
providing this nanocomposite with uses such as light-emitting
diodes, photovoltaic and photorefractive devices.**

Enhanced flame retardancy is generally found for polymer—
clay nanocomposites.>** This is associated with char forma-
tion resulting from ceramic clay platelets and the barrier effect
of clay platelets to the diffusion of the volatile products formed
by thermal degradation. Zheng and Wilkie found that with
10 wt% organoclay, the average heat release rate of
polystyrene was decreased by 21% of the value for the pristine
polymer.** Bourbigot ez al. found that the heat release rate of
nylon 6-made fabric was reduced by 40% with addition of
5 wt% organoclay.*® However it should be noted that presence

This journal is © The Royal Society of Chemistry 2008
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of organic clay modifier could catalyze thermal degradation
which somewhat compensates these two effects.*’

Hydrated gallery cations provide ionic conductivity.® The
intercalation of polyethylene oxide (PEO) in layered silicates
can provide polyelectrolytes that exhibit mixed ionic-electronic
conductivity.*® Thus while conductivity was only detected in
Li"-montmorillonite at temperatures higher than 350 °C, for a
Li"-montmorillonite/PEO nanocomposite, significant conduc-
tivity can be measured above 150 °C.*° Electrical conductivity
has been studied in the polyaniline—dodecyl benzenesulfonic
acid/clay system.*® The conductivity increased when the weight
ratio of aniline to clay was 1 : 3 because the intercalating
polymer adopted a more extended conformation which
enhances the free motion of the charge carriers.

Biodegradation of PLA nanocomposites was improved in
nanocomposites,’' a result also found by Ray et al. for PLA-
clay®® and poly(butylene succinate)—clay®> nanocomposites
which also showed improved mechanical properties. The
combination of improved mechanical and barrier properties,
together with controlled biodegradability makes these materi-
als uniquely attractive for biomedical and biodegradable
packaging applications. Indeed there is growing interest in
using clay to enhance biopolymers such as gelatine,
chitosan,**  poly(N-isopropylacrylamide),® and poly(D.L-
lactide-co-glycolide)®® for medical applications as well as an
explosion of studies on using clays in environmentally-
acceptable packaging materials.’>>’

4. Structure of clays

Clay minerals are an example of a wider class of compounds
known as layered materials, which may be defined as
“crystalline material wherein the atoms in the layers are
cross-linked by chemical bonds, while the atoms of adjacent
layers interact by physical forces”.® Both clay sheets and
interlayer space have widths in the nanometre range. The
predominant naturally occurring cationic clay minerals have
alumino-silicate sheets that carry a negative charge, which
means that the interlayer guest species must be positively
charged (cationic).>

4.1 Clay types

Clays are generally classified by structure as allophane,
kaolinite, halloysite, smectite, illite, chlorite, vermiculite,
attapulgite—palygorskite-sepiolite and mixed layered miner-
als.®® Polymer—clay nanocomposites are mainly based on
smectite clays because of their swelling properties which result
from their capacity to host water and organic molecules
between silicate layers, high cation exchange capacities, high
aspect ratio and large surface area.>®""%> The surface area of a
mineral when measured using an adsorption method depends
on access to the internal surfaces so that the N, BET
method generally returns the external area which is typically
15-50 m* g~ ! for smectite clays.’>** The internal surface area
is better calculated and is about 620 m? g~ 1.°*** Smectite clays
consist of units in the form of “‘sheets” or “platelets”, made up
of two silica tetrahedral layers with a central alumina or
magnesia octahedral layer. Hydrated exchangeable cations are
found in the spaces between lattices, as shown in Fig. 2.%° The
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Fig. 2 The structure of 2 : 1 smectite clays; dyg; refers to basal plane
spacing. (Adapted from ref. 65 with kind permission of Springer
Science and Business Media. Copyright 1992 The Minerals, Metals,
and Materials Society).

layers are held together by van der Waals and electrostatic
forces and the absence of primary chemical bonds allows the
intercalation of water or polar organic molecules, causing the
lattice to expand in the ¢ direction.®

Montmorillonite and hectorite are commonly used in
nanocomposites. They belong to the dioctahedral and triocta-
hedral groups (two or three aluminium-centred octahedrons in
the unit cell respectively) and have ideal chemical formulae of
A128i4010(OH)2~yH20 and Mg3314010(OH)2szO respec-
tively.% Some AI** cations in montmorillonite are substituted
by Mg®* and similarly some Mg®* cations in hectorite are
substituted by Li*. These substitutions cause charge deficiency
and are balanced by external cations present in the
galleries such as Na' producing chemical formulae
M., yH,0[Aly o Mg, (Si5 0)020(OH)4] and M,;,""-yH,0-
[Mge.o<LiA(Sis o) Oz (OH.F),].%2

If natural montmorillonite is heated to 600 °C or above,
interlayer water is lost and there is a reduction in the number
of hydroxyl groups in the lattice. The platelets stack together
and, at higher temperatures, the structure is disrupted.®® These
changes can be detected by measurement of the basal plane
spacing by XRD which collapses to approximately 1 nm®*°°
and by Fourier transform infrared spectroscopy (FT-IR) for
loss of the ~OH vibrational absorption. Concurrently, step
changes in mass and two pronounced endotherms appear in
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) respectively. The third endotherm typically
starts at about 1000 °C*® and its completion signifies the onset
of irreversible crystallographic changes in the clay to form
spinel, quartz, cristobalite or mullite. Thus heat treatment can
be used to control intercalation in experimental design by
producing a clay which has similar chemical constitution but
cannot act as a host for intercalated species.

Another potential clay that can act as a control in
experiments to compare the properties of hosting and non-
hosting particles is kaolinite, which is generally considered as
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‘non-swelling’.”%® It thus provides an experimental resource
for comparing the property enhancement provided by nano-
composites to those offered by conventional composites.®’
Kaolinite is a 1 : 1 dioctahedral clay mineral with ideal
composition of AlzsiOS(OH)4~yH20.60 The lattice structure of
kaolinite is composed of a single silica tetrahedral sheet joined
to a single alumina octahedral sheet with the oxygen planes
exposed on one side and hydroxyls on the other. Unusually,
compared to other clay systems, organic compounds are not so
easily intercalated into kaolinite because of the presence of
strong hydrogen bonding between the hydroxyls and the
oxygens in the two neighbouring layers. Only if it is pre-treated
with polar guest species such as dimethyl sulfoxide and
N,N-dimethylformamide can it be intercalated.”®”!

4.2 Cation exchange

The cation exchange capacity of a clay depends on its crystal
size, the pH and the type of exchangeable cation.®”> The
exchangeable cation affects the interaction between organic
molecules and clay, particularly the likelihood of intercalation
or exfoliation, and so provides opportunities to adjust the
surface energy and the interaction with organic species by
judicious choice of the exchangeable cation.®’*> Cation-
exchanged montmorillonite clays are widely studied’>’* but
the influence on the guest depends on the preparation
conditions.®%!

4.3 Clay modifiers

Natural montmorillonite is hydrophilic and is generally
considered unsuitable for hosting non-polar organic molecules
without prior treatment. Interlayer cations can be exchanged
with organic cations to obtain organophilic montmorillonite
producing an ‘organoclay’, which has an expanded interlayer
spacing and more readily produces a polymer—clay nano-
composite by intercalation and/or exfoliation. Traditional
modification agents behave as surfactants such as alkyl and
quaternary ammonium halides (e.g. dimethyl di(hydrogenated
tallow) quaternary ammonium chloride), mainly following the
Toyota research group who used a solution of 12-aminolauric
acid in concentrated hydrochloric acid as the modifier for
montmorillonite to reinforce nylon 6.' Similarly, modification
is necessary for hectorite to make it organophilic.

The nylon-clay nanocomposites have promoted widespread
interest because of their outstanding properties in comparison
with the pristine nylon 6. Okamoto et al. point out that the
reason nylon 6-clay nanocomposites offer substantial property
enhancement is that there is a very strong interaction between
the matrix and silicate layers through the formation of strong
hydrogen bonds.”” Indeed the Toyota Group claim that
increased modulus, sustained strength and impact properties
are due to formation of ionic bond between NH,— and clay
sheet.! Both hydrogen and ionic bond explanations for the
changed properties depend on the amine group that is present
in the polymer.

Judicious choice of modifier is central to the development
of polymer—clay nanocomposites with high performance.
Wilkie et al. recently developed new organoclays that
were treated with tropylium’® or triphenylhexadecylstibonium

trifluoromethylsulfonate,”” or that contained oligomeric
styrene,*> methyl methacrylate’® or e-caprolactone” for
reinforcing PS, PE, PP, polymethyl methacrylate and acrylo-
nitrile-butadiene—styrene (ABS). The authors found that these
novel organoclays are more stable than the quaternary
ammonium treated clays during melt processing with poly-
mers. They are more compatible with the polymers studied and
hence better clay dispersion was achieved. Shin ez al also
introduced bifunctional organic modifiers, alkylaluminium
vinyl alcohol to treat clay and found that in situ polymerisation
of PE with such organoclay led to effective exfoliation of clay
platelets and chemical bonding of PE chains to silicate surfaces
as assessed by TEM, SEM and DSC.%® Recently Okamoto and
co-workers found that the interlayer expansion of organoclay
by intercalation of polymer depends on the initial interlayer
opening of the clay, and a small initial interlayer opening leads
to a greater interlayer expansion regardless of the polymer
matrices, the miscibility between polymer and intercalants, and
Lewis-acid strength of the intercalants.®'-3

It is noted that alkyl or quaternary ammonium-treated clays
often decompose at a temperature lower than 200 °C while
engineering plastics such as ABS and PET often require
processing temperatures close to or higher than 200 °C. Thus
development of surfactants with a higher decomposition
temperature forms an important part of nanocomposite
research as evidenced by many recent studies.”®®® Zhang
et al. found that clay modified with styrene, lauryl acrylate and
vinylbenzene chloride only has 10% weight loss at 370 °C.%*
Hedley et al. found that the clays modified with tetrabutylpho-
sphonium and butyltriphenylphosphonium provide an onset
decomposition temperature of approximately 300 °C.*°

The surfactant used to modify the clay may also have other
uses. Thus nanocomposite foams can be produced by reaction
between thermoplastic starch (as the matrix) and a quaternary
ammonium compound (as the clay modifier) to yield ammonia
which acts as a blowing agent.®® This approach could have
wider applications for functional intercalation providing a
‘Trojan horse’ approach to materials formulation; an idea that
parallels the concealment of medicants in the galleries for the
purpose of slow or controlled release. Lately Harikrishnan
et al. found that clays can act as cell openers in polyurethane
foam formation.®” It is widely accepted that carbon nanotubes
can also be used as a filler for polymers.®% As a result, there
have been attempts to nucleate and grow carbon nanotubes on
clay surfaces for this purpose’® and on incorporating mixtures
of nanotubes and clay®! to enhance polymer properties, with
the aim of combining the outstanding properties of both fillers.

5. Preparation methods of nanocomposites

There are three main methods for preparing polymer—clay
nanocomposites. They are in sifu polymerisation,®>”> solution
methods® and melt-processing methods.*’

A wide range of polymers is known to form clay nanocompo-
sites: thermoplastic and thermoset, water soluble and organic
solvent soluble. The commonly studied polymers include poly-
glycols,”* polyethylene oxide,*®* polyvinyl chloride,” polyole-
fins,*? polystyrene,”® polyamides,'* polymethyl methacrylate,®”
polyesters,”® urethanes,?® epoxies” and polylactic acid.*
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5.1 In situ polymerisation

For in situ polymerisation, clay (in suspension) is directly
added to a monomer (in solution), followed by dispersive
mixing and heating where appropriate, mostly in the presence
of an initiator."*> Okada and Usuki successfully obtained
exfoliated nanocomposites of nylon 6 and montmorillonite
from the polymerisation of e-caprolactam in the interlayer
space of montmorillonite and dispersion of clay platelets into a
nylon 6 matrix.! n situ polymerisation makes thermosetting
polymer—clay nanocomposites possible. For example, poly-
[oligo(ethylene glycol) diacrylate] (POEGDA)-clay” and
epoxy—clay nanocomposites” have been prepared using this
method.

5.2 Solution methods

In the solution methods, generally the clay (in suspension) is
added to a polymer solution, followed by dispersing and
heating if appropriate. This method is often used for water-
soluble polymers such as PEO, poly(vinyl alcohol) and
poly(vinyl pyrolidone) but other solvents such as toluene,'®
chloroform,'®! acetonitrile,*** dimethylacetamide102 and tet-
rahydrofuran’® have also been used. Aranda and Ruiz-Hitzky
intercalated PEO into montmorillonite in the presence of
different polar solvents and showed that the nature of the
solvent is crucial in facilitating the intercalation of polymer
into clay galleries, the polarity of the solvent being a
determining factor for intercalation.*®* Much of the current
literature is concerned with the preparation of clay—polymer
systems where the volume of clay present in the polymer is
fairly low, in the region of 5%, however the present authors
have a long-standing interest in materials where the clay
fraction is substantially higher, an area of research of
particular interest to the oilfield industry.!%3104

5.3 Melt processing methods

The use of some solvents in a production environment often
incurs higher costs and environmentally benign and easily-
removed solvents are not always available. Sometimes small
solvent molecules rather than the desired macromolecule
intercalate into the host clay galleries,'® a form of molecular
gate-crashing! Vaia et al. developed simple and direct melt
intercalation by pressing the composite at room temperature
and annealing at a temperature above 7, to complete the
diffusion of macromolecules into the galleries.”® Direct mixing
of polymer melt with clay to allow the migration of
macromolecules into clay galleries was also explored.'® The
latter is preferred for bulk processing and makes use of
conventional and readily available mixing equipment such as
twin-roll mills,® extruders'®” and blenders.”> Thus Zhang
et al.'® prepared maleic anhydride-modified polypropylene/
organoclay nanocomposites using a conventional twin-screw
extruder, and Chen and Evans® prepared thermoplastic
starch—clay nancomposites using a twin roll mill.

Besides these three methods, others include co-vulcaniza-
tion,>1%  solid-state intercalation,'%>!° solfgel,111 emul-
sion''? and supercritical CO, fluid'"® methods. Usuki er al.
found that co-vulcanization of nitrile rubber can produce

2

elastomer—clay nanocomposites with surprising proper-
ties."'>!1%® Usually, the addition of a particulate filler to a
polymer increases the viscosity but these authors found that
the viscosity of the liquid rubber-montmorillonite system
decreased with the clay mineral content and was lower than
that of the unfilled system, in sharp contrast to carbon black
and other mineral fillers which increase viscosity according to
well-known volumetric rules.''* The rate of the cross-linking
reaction was unaffected and was comparable to those rubbers
filled with carbon black.'

Khaorapapong et al. reported solid-state intercalation of
two diimines into the interlayer spaces of copper-, nickel- and
cobalt-montmorillonites by mixing the diimines and mon-
tmorillonites at room temperature. The intercalated molecules
of the diimines are thought to form (ML,),- type coordination
polymers (where M and L represent metal and ligand
respectively) in the interlayer spacing of the montmorillo-
nite.!'® Gao et al found that it is possible to expand the
interlayer distance of either a hydrophilic untreated layered-
silicate or an organophilic clay in a polymer (i.e. PEO or PS)
simply by blending and compression of the solid mixture.!®

6. Modelling of nanocomposite structures

There are some situations where the best characterisation
equipment available cannot easily access material structures.
The occlusion of polymer molecules by clay platelets makes it
difficult to access the polymer conformation, adsorption and
uniformity of occupancy experimentally. With the disordered
and dynamic interlayer present in organoclay systems,
computer simulation has become a valuable tool for gaining
insight into the structure and behaviour of polymer—clay
nanocomposites. Furthermore, since the form of the inter-
calated/adsorbed polymer is unknown, it becomes very
difficult to extract meaningful mechanical properties of the
polymer—clay system based on measurements of the phase pure
separate clay and polymer systems. As a result, a substantial
body of literature is available where computer simulation
techniques have been applied to organoclay based material
systems; Greenwell ez al. have recently reviewed the use of
computer simulations of clay minerals in a materials chemistry
setting,''> and Boulet e7 al. have recently reviewed the use of
electronic structure methods for investigating clay minerals.''®
Here we consider the burgeoning literature, which covers the
application of computer simulation techniques, at a variety of
length and time scales, to polymer—clay nanocomposite
materials. Though these computer simulation techniques can
often add valuable information to the description we have of
organoclay systems, certain assumptions are generally
employed, which may have implications for the conclusions
that can be drawn from the results, as shall now be discussed.

In order to understand areas where the underlying assump-
tions may give rise to misunderstandings during the simulation
of polymer—clay systems it is necessary to understand some-
thing of the history and development of modelling methods in
this area. Many of the approximations and assumptions arise
from the scientific approach adopted — it is convenient to
reduce the problem to a small size and employ accurate
calculations to arrive at structures that conform to chemical
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intuition without recourse to considering the structures
observed at larger length scales. An example would be that
in many molecular dynamics (MD) simulation cells the clay
layers are constrained to being rigid. In reality, micrographs of
exfoliated and partially exfoliated clay tactoids show the clay
sheets to be far from rigid, often adopting fluted or crumpled
structures. The failure of rigid clay sheet models to capture the
migration of K* cations into the tetrahedral layer sites, when
there is clear experimental evidence for this, illustrates the
problems faced.''” A further limitation of MD simulations is
that the time-scales accessible to simulation are far shorter
than that used for many analytical techniques, meaning that
unless the system is well equilibrated, comparison with
experimental data is difficult.

6.1 Simulation methods and forcefield derivation

The complexity and size of the organic molecules in polymer—
clay nanocomposite systems precludes the use of ab initio
methods, as a rule, other than to understand the interactions
between reactive groups, and the interactions between small
components and the clay sheets. These electronic methods are,
however, very much essential for gaining insight into under-
standing the role of clays as catalysts.!'®!'"® As such, the
majority of computer simulations of polymer—clay systems are
carried out using forcefield based methods, whereby the
interactions between the clay, polymer, cations and water
molecules are based on a combination of empirical forcefield
terms describing bond vibrations, angles, torsions, short- and
long-range electrostatic interactions. A problem arises in that
very few forcefields exist which can adequately describe the
interactions of both inorganic frameworks, especially two-
dimensional structures (as opposed to zeolite-type materials)
and organic molecules simultaneously. The majority of
forcefields have been parameterised to describe either a
discrete set of organic molecules, or inorganic frameworks;
one such forcefield is the consistent valence forcefield
(CVFF).""® A number of universal forcefields which attempt
to describe, at a much more approximate level, the interactions
between a wide number of different atom types, for example
the Dreiding forcefield.'?° Recently, there have been a number
of forcefields explicitly designed to replicate the interactions
between clay sheets and associated organic molecules.!?!!??
Owing to the lack of detailed structural information about
organoclay systems many of the atomistic forcefields employed
are parameterised on the basis of information obtained from
electronic structure calculations of small fragments of a clay
sheet. In initial simulations these fragments were non-periodic
clusters of atoms. Improvements arose when the super-cell
periodic boundary condition (PBC) approximation was
employed.

All of the atomistic molecular dynamics (MD) and Monte
Carlo (MC) methods employed today use the super-cell and
PBC conditions. The PBC approximation assumes that a small
number of atoms, contained in a super-cell (a small number of
repeated unit cells) of adequate size to remove symmetry
imposed self-interaction effects, sufficient replicated infinitely
in all three orthogonal space directions will be an adequate
representation of the bulk material. Though it works well for

small models, this approach has three main drawbacks; it
assumes: (i) that the distribution of interlayer material is
homogenous for a given d-spacing; (ii) there are no dynamic
phenomena larger than the simulation cell; (iii) the effect of
edges is minimal and that there is no problem with having the
clay sheet constrained by the symmetry of having PBC.

Even with the largest polymer—clay atomistic simulations, of
up to several million atoms, it is only just becoming possible
to simulate a life-sized clay particle (approximately 50 nm x
50 nm),'* including the edges in non-periodic clay sheets, and
modelling the behaviour of a clay tactoid surrounded by
polymer, or actual intercalation, which is a long time-scale
process, is still in the future. In order to achieve larger length
and time scales, even coarser approximations are made
involving approximating several atoms to one “bead”. The
covalently bonded atoms are described by beads linked with
simple harmonic functions, whilst non-bonded beads interact
through Lennard-Jones type interactions. Such coarse-grained
simulations, though not able to capture the atomic structure
and interactions, can be used to model systems of real size and
time scales, capturing phenomena such as composite failure
modes and intercalation.

6.2 Interlayer structure and dynamics in polymer—clay
nanocomposites

Generally speaking, organoclay models are built on the
basis of data gained from two experimental analytical
techniques — XRD and TGA. The XRD gives the averaged
spacing between successive clay sheets, while the TGA gives
the amount of organic material and water present in the
sample. It should be noted that XRD cannot give accurate
information on the degree of sample that is exfoliated as
mentioned above, or the conformation of the clay sheets,
though lack of registry between successive layers is often
inferred from the shape of the peaks in the XRD pattern.
Small angle X-ray scattering (SAXS) is an analogous method
to XRD, however SAXS patterns are collected at very small
angles (less than a degree) and are capable of delivering
increased structural information on clay—polymer nanocom-
posites with a resolution of between 1 and 25 nm.'**
Conceptually, SAXS differs from XRD in that the measure-
ments are done very close to the primary beam, i.e. at small
angles, and as such the technique is usually carried out using
X-ray photon beams provided by synchrotron sources. TGA
only gives the sample averaged data and cannot readily
distinguish between the surface adsorbed and intercalated
organic material. The simulation supercell is then set up with
the experimentally observed d-spacing and the organic content
as determined by TGA.

However, it should be noted that coarse-grained mesoscopic
simulations show that intercalation of polar organic material
may not be homogeneous.'”® The effect of clay edges on
polymer intercalation has only been investigated using coarse-
grain molecular dynamics, thus far, though ongoing work by
the present authors is examining this using large-scale
atomistic MD. The results from the simulations show that
polymer molecules with head groups that strongly interact
with the clay sheets, tend to interact strongly with the clay
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sheet edges and, as a consequence do not intercalate readily
into the centre of the interlayer. The study found that using a
binary polymer mixture, consisting of some strongly interact-
ing, and some weakly interacting, polymer head groups
resulted in a more homogenous distribution of intercalated
material with the strongly bound material at the clay interlayer
periphery, while the weaker interacting material diffused into
the inner regions of the interlayer.'?

6.2.1 Cation dynamics in polymer—clay nanocomposites:
lithium ion conduction. Intercalated or non-exfoliated poly-
mer—clay nanocomposites comprise polymer chains sat
between clay mineral layers stacked together in a regular
arrangement. The study of the dynamics of interlayer cations
has been prompted by the postulated use of Li*—clay polymer
systems as a composite polymer electrolyte.'*® Additionally,
the dynamics of interlayer cations is accessible through both
solid-state nuclear magnetic resonance (NMR) experiment and
simulation, thereby providing validation for simulation
methods, allowing for the different time regimes.

An initial simulation study of the dynamics of Li" in a PEO-
montmorillonite system was carried out by Yang and Zax,
who used spectral simulation methods to elucidate the line
shape of the "Li NMR spectra.'?’” The study concluded that the
main limitation on diffusion in the polymer—clay system was
the inefficient coordination of the cations to the PEO
backbone oxygen atoms, which resulted in the Li* moving
along the clay sheets in short jumps, or “hops”. This study was
followed by two studies by Giannelis and co-workers, who
performed MC and MD simulations to examine the dynamics
of Li" and PEO intercalated between layers of the clay mineral
montmorillonite, under conditions of varying hydration and
layer charge."”®'? These studies showed that the polymer
chains form a bilayer structure, but are relatively disordered in
the plane parallel to the interlayer surface. The authors also
examined the effect of the presence of a small amount of water
in the nanocomposite. It was observed that in the absence of
water the cations bind to the interlayer surface, but that when
water is present two types of cation environment are
discernible, those bound to the interlayer surface, as before,
and those hydrated by water in the interlayer region. In both
cases, coordination of cations by PEO was minimal. In
addition, the calculated diffusion coefficients showed that
cations bound to the interlayer surface diffused much more
slowly than those hydrated in the interlayer. By examining
varying charge (and hence cation content) the authors show
that the degree of intercalation of polymer was lower in
systems with high cation content as these restricted coordina-
tion of the PEO to the clay surface, which is driven by
replacement of weakly bound water.

Kuppa and Manias went on to look at the dynamics of Li*
in both bulk polymer and when confined in the nanometre
range galleries of montmorillonite using MD simulation.'*® As
in the previous studies, the authors showed that the motion of
the lithium cations in the nanocomposites was temperature
independent and followed a hopping mechanism, whereby they
go from one ditrigonal cavity to another. This is in contrast to
what was observed in simulations of lithium cations in bulk
PEO, reported in the same paper, which showed a hopping

motion at low temperatures and random Brownian-like
diffusion at higher temperatures. In contrast to the previous
studies, the authors found in their simulations that the Li*
dynamics was driven by competitive adsorption of the Li*
between the PEO chains and the clay surface, with correlation
between the Li* dynamics and the PEO segment dynamics.'*
This study was backed by further experimental studies of "Li
and ?Na NMR by Reinholdt ez a/., which confirmed that the
dynamics of Li" described a hopping type motion, and also
suggested that the Li* hydration state is unaffected by
intercalation of PEO polymers.'*!

Further studies have addressed the interlayer structure, and
hence cation arrangements, in polymer—clay systems, however
these have not explicitly set out to study the cation dynamics.
In the studies reported in this section, the clay sheets have been
artificially constrained to rigid structures. As we shall see, this
is not necessarily the case, and holding the layer atoms fixed
has implications for the transfer of energy in the system.

6.2.2 Structure of interlayer in polymer—organoclay nano-
composites. In many application areas, delaminated or
exfoliated nanocomposite are preferred. These comprise of clay
mineral layers disordered and dispersed in a continuous
polymer matrix. In the synthesis of such polymer—clay
nanocomposites it is often necessary to pre-treat the clay
mineral by exchange of the natural cations with long-chain
alkylammonium ions. This renders the hydrophilic clay mineral
layers organophilic, which increases favourable enthalpic
interactions with the intercalating polymer and promotes
exfoliation. The selection of a suitable alkylammonium ion,
that will provide a high interfacial strength between the clay
mineral layers and polymer matrix, is however, not always so
straightforward. The bulk of simulations of polymer—clay
systems address organoclays and the literature in this area
may be separated into two groups, (i) those papers addressing
the structure of the organoclay only, and (ii) those papers
considering the interaction of the organoclay with the polymer.

6.2.2.1 Structure of organoclays. Again using classical MD,
Pospisil et al. compared the interlayer structure of organo-
ammonium surfactants with cetyl pyridinium and cetyltri-
methyl ammonium headgroups.'*? These both are of the same
length, and form disordered liquid like arrangements; how-
ever, the cetyltrimethyl ammonium had far stronger electro-
static interactions with the montmorillonite clay sheets. Zeng
et al. went on to examine the interlayer structure and dynamics
of a range of organo-ammonium surfactants in the interlayer
of montmorillonite.'** The length and number of the hydro-
carbon tails were varied. It was found that the ammonium
head-group of the surfactants tended to align adjacent to the
clay surface, and, depending on the varied parameters, the
aliphatic tails formed mono-layers, bi-layers, tri-layers and
even pseudo-quadrilayer between the clay sheets.'* In
following work, the structure of the dioctadecyldimethylam-
monium surfactants in the quadrilayer were further investi-
gated.'** The difference in diffusion properties of the alkyl
chains was monitored; it was found that the diffusion
increased towards the tail of the molecules, suggesting
more liquid and disordered behaviour. Again, the atomic
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coordinates in the clay sheets were fixed during MD in these
early studies.

In direct comparison with experimental work, Heinz et al.
used MD simulations to gain insight into the phase transitions
observed in alkylammonium mica, gaining good quantitative
agreement.'* The authors investigated systems at less than
100% cation exchange capacity, and proposed a geometric
parameter for the clay surface saturation by the alkyl chains.
This study necessitated some forcefield development, particu-
larly with respect to the charges assigned to the system.'®

In order to determine the suitability of surfactant modified
clays for preparing fully exfoliated nanocomposites, Pospisil
et al. attempted MD simulations to calculate the sublimation
energy, interaction energy and the exfoliation energy of
simulated  octadecylammonium-montmorillonite  systems
further intercalated with alkyl amine species.'”’ Results
suggested that the presence of Na*, and shorter chain length
alkyl amines both have a detrimental effect on the exfoliation
energy. In a combined experimental/MD simulation study,
Paul et al determined that a linear relationship existed
between d-spacing increase and the mass ratio between organic
and clay.'®® Where surfactants had hydroxyl-ethyl units,
increased packing density occurred attributed to increase
hydrogen bonding between these units and the clay sheets.
The authors also identify that the structure of the interlayer in
surfactant modified clays is significantly more disordered than
many models with parallel alkyl chains, or precisely inclined
monomers, might suggest. A forcefield based energy optimisa-
tion route was chosen to determine the variation in total
energy versus the basal spacing for a selection of organo-
modified montmorillonite, with the resulting curves being
fitted to Morse potentials.'*® Agreement with experimental
d-spacings was found with three of the surfactants, dimethyl-2-
ethylhexyloctadecyl ammonium, bis(2-hydroxyethyl) octadecyl
ammonium, benzyl dimethyloctadecyl ammonium salts, but a
poor fit was found for the dimethyl dioctadecyl ammonium
salt. This study used rigid layers, and did not include thermal
effects, so the discrepancy may be due to the lack of molecular
motion resulting in the surfactant molecules becoming trapped
in local energy minima.''?

6.2.2.2 Interactions of polymer with organoclays. Tanaka et al.
performed molecular dynamics and energy minimisation
simulations to investigate the interaction of nylon 6,6 with
an isolated layer of the clay mineral montmorillonite, treated
with alkylammonium ions. These showed that as the molecular
volume of the alkylammonium ions increases the binding
energy between nylon 6,6 and the clay mineral decreases, while
that between nylon 6,6 and the alkylammonium ions increases.
In addition, they indicated that the presence of polar
functional groups, such as -OH and —COOH, in the alkyl
chain of the ammonium ions, increases binding energies with
nylon 6,6."*° Also investigating quaternary ammonium mod-
ified montmorillonite nylon 6 composites with atomistic MD
simulations, Fermeglia et al. showed that the binding energy of
the polymer matrix with the clay sheets showed a decrease, as
the volume fraction of surfactant was increased. However, the
binding between the components, i.e. polymer—-ammonium salt
and ammonium salt-clay increased with increasing ammonium

salt content. Again, the presence of polar groups increased the
interaction energy between the ammonium salts and the
polymer.'*!

Subsequent studies moved away from the nylon 6 systems.
Polypropylene organoclay systems have been investigated
using MD simulations by Toth er al.'** and Minisini and
Tsobnang.!* In the former work, similar trends as those
identified in the study on nylon 6-organoclay, by Fermeglia
et al.,'*' were found. Minisini and Tsobang examined the
interactions between octadecyldimethyl 2-ethylhexyl ammo-
nium montmorillonite and polypropylene using classical MD
and showed the presence of maleic anhydride as an additive
improved the interactions between polypropylene and the
organoclay.'*® The structure and energetics of the biodegrad-
able PCL-organoclay composites have been simulated by
Katti and co-workers,"**'* and by Gardebien er al '
Gardebien ef al. systematically varied the amount of PCL
and observed that the interlayer adopted a quadriclayer, with a
greater portion of extended chain structures relative to a bulk
polymer. Examination of the energetics by the authors showed
that both polar, and non-polar interactions played a sig-
nificant role in nanocomposite formation.'*® Similar results
were noted for the energetics of caprolactam in 12-aminolauric
acid modified montmorillonite by Sikdar et al. The organic
modifier was found to lie parallel to the clay sheet, and strong
non-bonded interactions occurred between the modifier and
the polymer. The authors also quantified the relative surface
coverage of modifier and intercalated polymer on the clay
surface, calculating 54% : 46% respectively.'*® In this study
constraints were again placed on the boundaries of the clay
sheet, though the boundary perpendicular to the clay sheet was
allowed to vary. In a follow-up study, Katti et al used
photoacoustic FTIR to gain high-resolution insight into
bonding modes within the nylon 6-organoclay nanocomposite,
which was then compared with the atomic level detail available
from the MD-simulations.'** Sikdar e a/ undertook a
comprehensive MD simulation examination of the interaction
energetics in these systems.'** It was found that energetically,
the polymer organoclay nanocomposite system was more
favourable than a mixture of the polymer and clay surfactant
and, as previously discussed, non-polar interactions by
polymer backbone atoms played a significant role in nano-
composite structure.

Other composite systems have also been investigated,
Aleperstein et al. used a generic forcefield to energy minimise
ethylene—vinyl alcohol copolymer organoclay nanocomposites.
The simulations used fixed atomic coordinates in the clay
sheets and constrained interlayer separations to examine the
interactions between the copolymer and clay surfactant, giving
insight to aid interpretation of experimental data, including
viscosity measurements.'#’

6.2.3 Simulation of polymer unmodified clay systems.
Following on from their earlier work, which addressed the
dynamics of Li* cations in the clay interlayer, Kuppa et al.
went on to use MD simulations to examine the structure and
dynamics of polymer segments when confined in the clay-
interlayer. An initial study compared the behaviour of PEO
in Li*-montmorillonite with that of polystyrene in an
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organo-modified octadecyl-ammonium fluorohectorite model;
in both cases physisorption of polymer segments to the clay
surface resulted in slower segment dynamics.'*® In a further
study, the authors examined the effect of the geometric
confinement on polymer structure and dynamics, through
varying the cation exchange content, and hence number of Li*
ions in the interlayer. Results showed that increasing cation
content had considerable effect owing to the strong interac-
tions between PEO backbone oxygen atoms and the Li*.!#

Though long chain alkyl ammonium species can be used to
render the clay interlayer more organophilic for intercalating
polymers, in instances where low molecular weight primary
amines are used, the only interlayer spacing observed
corresponds to a monolayer arrangement of organic material.
FT-IR analysis of these materials indicated that increased
hydrogen bonding was occurring within the interlayer region
relative to an analogous primary ammonium intercalated clay,
similar to systems where a mixture of ammonium and amine
species were co-intercalated.’”

Simulation studies using large-scale MD methods, with non-
rigid clay sheets, showed that at the experimental organic
loadings a monolayer of the poly(propylene oxide) diamine
monomer forms.!* If the amine groups are protonated, i.e. to
form ammonium groups, a conformational change in the
monomers occurs, whereby the ammonium cations strongly
coordinate with the surface oxygen atoms of the tetrahedral clay
sheet and a slight increase in basal spacing occurs in models in
which only some of the amine groups are protonated to form the
ammonium species, both intra- and inter-molecular H-bonds
form between amine N atoms and ammonium H atoms,
accounting for the increased H-bonding observed in the FTIR
spectra and indicating that a mixture of ammonium and amine
species were present in the interlayer of the experimental system,
as suggested by the experimental evidence.

During offshore oil well drilling operations, drilling fluids
are used to lubricate the drill bit, maintain hydrostatic
pressure, suspend cuttings and transfer data readings back to
the surface.'®'%* The fluid, which is often water based,
contains numerous additives including swelling inhibitors. The
latter are used to prevent clay formations, encountered while
drilling, from swelling and then either trapping the drill bit or
modifying the drilling fluid viscosity through water loss. The
swelling inhibitor is often a water soluble oligomer that hinders
clay swelling;'*® it is conceivable that, in future, small
molecules that polymerise in situ may be utilised, creating in
the clay what is in effect a high clay fraction clay—polymer
composite.'”! Recently, this work has been developed into a
new synthetic route for polymer—clay nanocomposites with a
high clay fraction by Coveney and co-workers, known as self-
catalysed in situ intercalative polymerisation, in which two
monomers are intercalated between the clay mineral layers,
which then spontaneously copolymerise.”*°> In a series of
combined experimental and theoretical studies, MC, energy
minimisation and MD simulations were performed to model
the sorption of pairs of organic monomers into the interlayer
of the clay mineral montmorillonite. Again, a non-rigid clay
model was used. These showed that small organic molecules
are easily sorbed into the interlayer. In addition, the observed
arrangement of molecules within the interlayer indicated the

clay mineral may play the role of an active template that aligns
the molecules in a favourable orientation for in situ poly-
merisation. Some evidence for cross-linking between molecular
bilayers was also seen. In order to further carry on this work,
Boulet er al. implemented the clay-organic forcefield, devel-
oped by Teppen,'*? within the highly scalable Large Atomistic/
Molecularly Massive Parallel Simulator (LAMMPS) MD
code, developing parameters for the Li* cation.'”?

In order to rationalize reactivity in these systems it is
necessary to understand the interlayer arrangement of the
reactive centres, where polymerization or cross-linking occurs.
Forcefield based simulations have been used to examine issues
such as how the nature of the monomer backbone, monomer
head-group and identity of interlayer cations affect the
arrangement of intercalated monomers.”**> For simulated
poly(ethylene glycol) (PEG) nanocomposites no evidence was
observed for hydrogen-bond interactions between the protons
of the PEG alcohol groups and the tetrahedral oxygen atoms
of the clay surface.” It seems therefore that, in the presence of
water and cations, poly(ethylene glycol) is unlikely to form
strong H-bonds to the clay surface.

The choice of monomer was also found to affect the cation
distribution across the composite interlayer. In the poly(ethy-
lene glycol) composites hydroxyl groups retained some of the
cations and associated hydration shells within the mid-plane of
the interlayer region. The magnitude of this effect was
dependent upon the cation present in the simulated clay
composite, with the high surface charge density Li* more
susceptible than Na®, while the majority of the K* ions
migrated to the face of the clay sheet. Snapshots of these
systems after 1 ns of MD simulation and the derived
I-dimensional atom density plots, which show the time
averaged atom density for the cations relative to the mid
plane of the interlayer region, are shown in Fig. 3. Since the
cations are retained in the interlayer region they are also more
closely associated with the monomer backbone O atoms.
Therefore, in the radial distribution functions, the order of
interaction for both the poly(ethylene glycol) hydroxyl O
atoms and the backbone O atoms with the cations is: Li* >
Na* > K*'.* Conversely, the authors showed that the
poly(ethylene oxide) diacrylate monomers, having no hydroxyl
groups, are unable to retain the cations in the interlayer region,
resulting in the vast majority of the Li" and Na® cations
migrating into vacancies on the tetrahedral layer of the clay
sheet, with the K" cations migrating to the face of the clay
sheets. This results in the Li" cations, effectively charge-
shielded by the O atoms at the clay surface and associated
water molecules, from interacting with the monomer oxygen
atoms. Comparison of the interaction between the different
cations and the poly(ethylene oxide) diacrylate backbone and
endgroup O atoms confirms this, showing preferential inter-
action with the low surface charge density cations, i.e. in the
order: K* > Na* > Li*.”*

Poly(e-caprolactone) intercalated clays are of interest since
PCL is a biodegradable polymer, and composites containing it
have potential applications in coatings, packaging and tissue
engineering as previously mentioned. In a classical MD
study, Gaudel-Siri et al. examined the interlayer arrangement
in Na'-montmorillonite caprolactone composites. In this
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Fig. 3 Snapshots taken after 1 ns of NPT MD simulation showing the interlayer arrangement in poly(ethylene glycol) montmorillonite composites
for (a) K* is the exchangeable cation; (c) Na™ is the exchangeable cation; (e) Li* is the exchangeable cation; (b, d, f) show the time averaged
1-dimensional atom density plot across the interlayer region for the respective cations, dashed line = poly(ethylene glycol) and solid line =
poly(ethylene oxide) diacrylate for comparison. The vertical axes represents relative atom density at any point. Organic material and water content

used in the simulations is based on experimental measurements.

study, the clay atoms were constrained. The caprolactone
oxygen atoms were observed to replace water in the coordina-
tion spheres of Na* in the dry clay systems.'”?

There have been studies on clay minerals other than layered
silicates. In an unusual study, which looked at organoclay
interactions of bulky molecular species, Fois et al. examined
why the pigments in Maya blue paint are extremely stable.
They showed that the indigo dye molecules were incorporated
and able to diffuse within the channelled palygorskite clay

used within the pigment; however after a period of simulation
time the dye molecules reached sites where they became locked
into the clay structure and diffusion ceased.'*

6.3 Electronic structure studies of reactivity in polymer—clay
nanocomposites

Interest in the catalytic properties of clay minerals has also
arisen out of a desire to better understand and control new
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synthetic ~ routes to  polymer-clay = nanocomposites.
Experimental work by Coveney et al indicated that when
the natural and unmodified montmorillonite is treated with a
solution of methanal and ethylenediamine under mild condi-
tions, the monomers spontaneously copolymerise to form an
intercalated polymer—clay nanocomposite material with desir-
able properties.!®*!!® In this context Stackhouse er al.
performed quantum mechanical density functional theory
(DFT) calculations on a periodic montmorillonite model to
investigate the catalytic role played by the clay mineral in the
reaction.!'® A variety of possible Bronsted and Lewis acid sites
were investigated to understand their role in increasing the
susceptibility of the methanal C=O carbonyl towards nucleo-
philic attack. Initial simulations indicated that methanal could
only undergo nucleophilic attack by ethylenediamine when
suitably activated either by protonation or coordination to a
suitable Lewis acid. These studies considered only the
interlayer species of the natural clay, various cations and
water molecules, and showed that the interlayer cation, when
modelled in vacuo with the two organic species, could feasibly
be sufficiently activating to promote the reaction.'> Having
noted that the interlayer cations and water may have a limited
role in clay catalysis, the effect of the structure of the clay sheet
was considered. The effect of isomorphous substitution (AI**
by Mg*" or Si*" by AI**) upon Bronsted acidity of hydroxyl
groups located in the octahedral layer, the tetrahedral layer
and at edge sites was investigated. Protonation of the methanol
molecule was not observed in any of these scenarios,
suggesting that the initial step in the in situ polymerization
reaction was unlikely to be Bronsted acid catalysed. The Lewis
acidity of exposed Al atoms at edge sites on the clay sheets was
therefore considered. These were shown to exhibit a catalytic
effect, the magnitude of which was found to be strongly
dependent upon the degree of substitution of AI** by Mg”>* in
the octahedral layer of the clay sheets.

There have been other studies where clay—organic interac-
tions have been investigated using electronic structure calcula-
tions, but these have not explicitly been aimed at polymer—clay
nanocomposites. Aquino and co-workers have looked at the
role of cationic clays for the adsorption of organic matter, and
also clay catalysed peptide formation.'*>!'*® The former study
was motivated by environmental chemistry considerations,
while the latter was driven by prebiotic chemistry. Greenwell
et al. used DFT and periodic cells to examine the reactivity
of tert-butoxide intercalated LDHs in trans-esterification
reactions.'>’

6.4 Accessing material properties and phase-diagrams of
polymer—clay nanocomposites using simulation methods

It has been shown that computer simulations can give
remarkable insight into the structure of polymer—clay systems.
Classical MC and MD simulations can be analysed to give
atom density profiles across the interlayer, the distribution of
atoms relative to each other and other atoms, power spectra
comparable to infra red spectra, diffusion coefficients and
visual images of the clay interlayer. All of these data are of
much interest to those studying the chemistry and interactions
occurring in the polymer—clay nanocomposite system, however

in order to design polymer—clay systems with desirable
properties in silico, it is necessary to be able to calculate the
materials properties of the polymer—clay system.

One method by which the elastic properties of polymer—clay
systems can be ascertained is by subjecting the cell to stress and
measuring the forces. This technique was employed by
Manevitch and Rutledge, who used MD to obtain the elastic
properties of a single infinite two-dimensional montmorillonite
sheets.!>® Katti et al. used MD simulations to investigate the
mechanical properties of amino acid modified montmorillonite
to ascertain their potential for use in polymer—clay nanocom-
posites. The simulations showed that the system is in the order
of three times stiffer when under tension, compared to when
placed under compression.'>’

In a recent very large-scale, molecular dynamics study in
which montmorillonite composites were modelled with all the
atoms allowed to move freely, Greenwell ez al. reported that
visible undulations arise owing to the flexible nature of the clay
sheets (Fig. 4).!°° The authors opined that the emergence of
these thermal undulations would allow the calculation of
materials properties which might be compared with those
determined experimentally.'®® Suter er al. have followed up
this work and utilised distributed high performance multi-
processor machines located within Europe and the USA
(exploiting grid computing techniques) to systematically vary
supercell sizes up to some 10 million atoms, to investigate these
effects in considerable detail within montmorillonite clays.'*
Their results indicate that thermal fluctuations only become
apparent in the clay-systems above a certain critical system
size, that is finite size effects limit the observation of emergent
properties. Direct analysis of the undulations (using methods
related to those previously employed for lipid bilayer
systems]23), and coupled stress-strain calculations, allowed
the determination of mechanical properties of the clay systems,
giving a bending modulus of 1.6 x 1077 J, which corresponds
to an in-plane Young’s modulus of ca 230 GPa. Using a
similar approach, Thyveetil ez al. also calculated the previously
undetermined materials properties of anionic clays (chloride
containing layered double hydroxides).'®" The layered hydro-
xides, having substantially thinner clay sheets, consisting of
only mono-octahedral layers, were found to have a bending
modulus of ca. 1.0 x 107! J, which corresponds to an in-
plane Young’s modulus of 90 GPa for the clay sheets, or
63 GPa for the hydrated system. These developments are
important given the current difficulty in determining such
materials properties of clay platelets by experimental means.

Fig. 4 Snapshot of 350,840 atom supercell (14 x 144 x 2 replication
of unit cell) of poly(propylene oxide) diammonium Na*-montmor-
illonite after 0.5 ns of MD simulation showing a perspective view of the
rectilinear supercell, the clay sheets exhibiting gentle undulations. The
colour scheme is: C gray, H white, O red, N blue, Si orange, Al green,
Mg magenta, and Na brown. Periodic boundary conditions are
imposed in all 3 orthogonal space directions.
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Recently, simulation across multiple time and length scales
(so called multi-scale modelling) has been employed to study
the materials properties of polymer—clay, and other compo-
sites. Sheng et al. used finite element method based micro-
mechanical calculations to investigate the behaviour and
structure of clays at a composite level and also at the level of
polymer—clay interactions.'®> Zhu and Narh developed a finite
element approach to simulate the tensile modulus of clay based
nanocomposites.'®® The authors investigated the effect of the
distribution of the clay platelets within the polymer matrix.
Results showed that maximum strain occurred in the interlayer
near the ends of the clay sheets and increased significantly
when the interlayer modulus decreased.

There have been a number of publications reviewing the use
of computer modelling at various length and time scales for
determining materials properties in nanocomposites in a
general sense.'® In a unique study, Ginzburg and Balazs used
a statistical mechanics density functional approach at a coarse
particle level to calculate phase diagrams of polymer—platelet
systems. The systems studied included both well dispersed
isotropic and nematic phases, as well as more ordered
intercalated smectic and crystal phases. The phase diagram
was determined to be highly dependent on the shape
anisotropy of the filler, the polymer chain length and the
strength of the interparticle interaction and the qualitative
understanding gained is useful for the design and development
of novel composites.'®>

6.5 Longer time and length-scales: understanding formation
mechanisms of polymer—clay nanocomposites using coarse-
grained simulations

As we have seen, simulations with an atomistic level of
accuracy can access in the order of a nanosecond timescale and
a size range in the order of tens of nanometres, at largest.'*
The molecular dynamics methodology can be extended to
include longer times and larger systems by introducing further
approximation, ie. coarse graining the parameter set of the
forcefields. In coarse grain simulations a number of atoms are
counted as one bead — the beads are then connected by simple
harmonic functions and inter-molecular interactions are based
on Lennard-Jones type functions. Using such methods, Smith
et al investigated the matrix-induced interaction between
nanoparticles in polymer—clay composites.'®® By assessing the
potential of mean force of the system, the authors found that

Silicate sheef

for weaker polymer-nanoparticle interactions, the polymer
matrix promoted aggregation, which was overcome when the
strength of the polymer—clay interaction was increased
resulting in dispersion occurring.

In a comprehensive series of coarse-grained studies, Farmer
and co-workers looked at the behaviour of stacks of clay
lamellae in both a polymer melt and in a binary fluid
(representing a curing agent and a monomer), thereby
simulating polymer melt preparation and in situ polymerisa-
tion preparation methods, respectively.'?>'%” Interestingly, the
results from the latter intercalation study showed that
completely intercalated structures may be formed by simply
adjusting the relative concentrations of the binary fluid, or the
pressure experienced by the nanocomposite system, with
increased swelling suggested by the authors to be indicative
of exfoliation observed in some cases.'®” In the simulated
polymer melt system, the interaction parameter between the
clay sheet and the polymer was adjusted to represent some
polymers strongly interacting with the sheet, others having
functionalised strongly interacting head groups but weakly
attractive (to the clay) polymer segments, and others having no
functionality. The studies showed that the strongly interacting
polymers “pinned” clay sheets together around the anterior,
impeding the fraction of intercalated material. Low intercala-
tion density, and decreased interaction between clay sheets was
observed for the end functionalised polymers, as shown in
Fig. 5. The highest intercalation density was found for
simulations containing a blend of end-functionalised and
non-functionalised polymers.'* As in large-scale molecular
dynamics studies, significant distortion of the clay sheets was
observed in all these studies.

7. Experimental methods for nanocomposite
characterisation

7.1 X-Ray diffraction and electron microscopy

XRD and transmission electron microscopy (TEM) are widely
used to assess the degree of swelling of clays and to monitor
the formation and structure of nanocomposites. Both have
disadvantages. The increase in dyg; of the clay is taken by most
authors as sufficient evidence of successful intercalation by a
polymer but it does not measure the amount of uptake
(saturation) and there is growing awareness that edge effects or
shallow intercalation might displace dyo;.'>

Fig. 5 Coarse-grain MD simulations show polymers with strongly interacting head groups becoming trapped along the edges of clay platelets
during intercalation. (Reproduced with permission from ref. 125. Copyright 2003 Wiley Publisher.)
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Fig. 6 XRD patterns of polystyrene/fluorohectorite and poly-
(3-bromostyrene)/fluorohectorite nanocomposites showing that the
(001) reflection shifts to a lower 20 angle after intercalation and
disappears after exfoliation. (Reproduced with permission from ref. 96.
Copyright 1996 American Chemical Society.)

The loss of the (001) peak in the XRD trace of the clay can be
attributed to the exfoliation of stacked clay layers. It may also be
due to low clay volume fraction or even to orientation effects, so
a comparison with the other reflections may sometimes be
necessary. Individual clay layers can be clearly identified in TEM
as having separated but it involves more arduous sample
preparation. Ultra-microtome has been widely used for specimen
preparation in this area. If TEM samples are too thick, which is
often the case when using conventional ultra-microtomes, then
the image obtained is very likely to contain overlapping clay
platelets or tactoids, making interpretation difficult.

Fig. 6 represents typical, unambiguous examples of what the
literature reports as evidence for intercalation/exfoliation. It

1800
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1400+

Intensity / a.u.

compares the XRD patterns of polystyrene/dodecylammo-
nium-exchanged fluorohectorite (PS/F12), and poly(3-bromos-
tyrene)  (PS3Br)/F12  nanocomposites.”® The PS/F12
nanocomposite represents an intercalated composite while
the latter demonstrates exfoliation. The (001) peaks for PS/F12
and F12 are located at 20 = 3.0° and 5.5° respectively,
corresponding to dyp; = 2.9 nm and 1.6 nm. The increase in
dooy indicates an increased gallery height, suggesting the
successful intercalation of polymer. In contrast to that of PS/
F12, the XRD pattern of PS3Br/F12 was almost featureless,
indicating almost full exfoliation has occurred in this
nanocomposite.

It is customary to present XRD results as evidence of
successful intercalation or exfoliation. Problems can arise in
XRD due to the low starting measurement angle, which is often
set at 2° of 26. For conventional diffractometers using CuKa;
(2 = 0.15406 nm), this corresponds to dyo; = 4.4 nm although
modern instruments can start at about 1.5° 20 corresponding to
5.9 nm. The disappearance of the (001) peak of clay can easily be
caused by the misalignment of sample holders, wrong slit setting
or orientation rather than the exfoliation of the clay layers. So
caution should be taken when carrying out these measurements
and interpreting the traces. Although XRD is a standard
procedure and many operators use CuKao; instead of other
radiation sources with larger wavelengths such as Co, it is often
used at its limits for nanocomposite characterisation. The upper
limit on dyy; should be stated for given instrument settings.
According to Jenkins,'®® eqn (1) can be used to select suitable
divergence slits:

2R tan(6/2)
L= —_—
sin 6

(M

when the divergence angle 0 is lower than 4°. L is the illuminated

length; 0 is the incident angle and R is the goniometer radius.
The problem is illustrated in Fig. 7. In each example, trace 1

is the XRD trace obtained with a well-aligned instrument. A
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Fig. 7 XRD traces of a) as-received clay with KBr as internal standard; and b) PEG1500-clay nanocomposite showing the effect of placement of
sample holders: A slight misalignment of sample holder can lead to disappearance of the (001) peak at these low angles.
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slight misalignment is then deliberately introduced (trace 2).
The (001) reflection disappears but it would be wrong to infer
that the clay had exfoliated. The misalignment does not affect
reflections at higher incident angles, which remain but such
experiments often collect only the low angles peaks because the
interest is in (001). These problems can be avoided with
modern SAXS instruments.

TEM is wisely used as a complementary tool to XRD to
help determine the nature of nanocomposites. Fig. 8 shows
typical images of an intercalated and an exfoliated nanocom-
posite.G’169 Under TEM, an intercalated nanocomposite has
ordered stacks of layers, which disperse in the polymer matrix
as shown in Fig. 8(a). By measuring the minimum distance
between layers, corresponding to tactoids perpendicular to the
beam, the gallery height can be estimated. For an exfoliated
nanocomposite as shown in Fig. 8(b), almost all the clay
platelets disperse homogeneously in the continuous polymer

Fig. 8 TEM images of (a) an intercalated nanocomposite in which
the clay is present as stacks of several platelets (reproduced from ref. 6.
Copyright 2006 American Chemical Society), and (b) a nearly fully
exfoliated nanocomposite in which the clay is almost wholly present as
single clay platelets (reproduced with permission from ref. 169.
Copyright 2001 Elsevier).

phase, presenting as single lines. Also worthy of mention is
that shear force was introduced during preparing the sample
for Fig. 8(a) while it was absent for Fig. 8(b). The consequence
is that one shows orientation and the other is randomly
dispersed.

Complete intercalation or complete exfoliation is not often
seen in nanocomposites. TEM work suggests that most are a
mixture of intercalation and exfoliation. An XRD trace which
does not employ standards cannot therefore characterise the
material and is silent concerning the extent of exfoliation in
partially exfoliated systems.

Most “intercalated” polymer—clay nanocomposites contain
a low (<0.1) volume fraction of clay filler; they comprise both
free bulk polymer and nanocomposite reinforcement. It
therefore seems important to characterise them by determining
the maximum intercalation amount of polymer in clay as
defined by the saturation of the gallery and the maximum
loading of clay that polymer can sustain in order to explore the
high volume fraction end of the composite range. Also since
most nanocomposites include both intercalation and exfolia-
tion, to distinguish these is of great importance for studies on
structure—property relationships.

7.2 Measurement of exfoliated fraction

Three principal methods are available to determine exfoliated
fraction. Quantitative XRD using a strong and independent
reflection from an internal standard can potentially be used to
track the decrease in the ratio dy, for the clay to the standard
peak as exfoliation proceeds. Recently a method based on
NMR has been established.'” Finally, TEM provides an
indication but is difficult to use for precise measurement unless
very thin specimens are prepared, a large number of images are
captured and quantitative microscopy coupled with stereology
is used. Recently Vermogen et al'”' developed a statistical
TEM image analysis methodology to evaluate the dispersion
parameters, which they proposed to couple with optical
microscopy for large mapping areas. Rheological testing might
also be developed for measurement of degree of exfoliation'”?
but at present it can only be used semi-quantitatively.

Since exfoliation does not yield a (001) peak, the change in
the peak area after calibration of montmorillonite concentra-
tion and sample misalignment should be attributed to
exfoliation. Internal standards such as silicon and potassium
bromide can be used for calibration. A difficulty is that the
initial clay might not be sufficiently well-ordered to give the
reference value of peak area for 100% intercalation.

Bourbigot et al. developed a method for calculating the
dispersion for glassy polystyrene-montmorillonite nanocom-
posites using solid state NMR based on the proton long-
itudinal relaxation time (7)) measurement.!’® It uses two
effects: firstly the paramagnetic character of the montmor-
illonite that directly reduces 7 of nearby protons, and
secondly spin diffusion, whereby the locally enhanced relaxa-
tion propagates to more distant protons. The fraction, f, of the
actual polymer—clay interfacial area, relative to the maximum
possible polymer—clay interfacial area can be determined if a
fully exfoliated nanocomposite is also measured. The AI*"
cations in the octahedral sheet of montmorillonite are
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sometimes substituted by Fe** which is strongly paramagnetic.
The spin—exchange interaction between the unpaired electrons
on different Fe atoms produces magnetic fluctuations within
about 1.0 nm of the clay surface and the effect on 7'} depends
both on the Fe and montmorillonite concentration and on the
average distance between the nearest polymer—clay interfaces.
Clay layers without polymer interfaces have little influence on
T so for more dispersion of platelets, the shorter is the average
T1."7° When recovering magnetization is plotted against square
root of time, the initial slope, when corrected for the
contribution from the intrinsic 7' of the polymer, is propor-

tional to the total polymer—clay interfacial area. Therefore, f

can be calculated according to eqn (2).

S Rexf
= X
S’ R

exf

f

(@)

where S' and S’ are the initial slopes (corrected point by
point for the intrinsic relaxation of pure polymer) of a given
sample and fully exfoliated sample respectively. R and R, are
the montmorillonite concentrations in the unknown sample
and the exfoliated sample respectively.!’”® The method is
limited to amorphous polymer—clay nanocomposites in which
there is no possibility of change in crystallinity which would
affect the relaxation time.

7.3 Differential scanning calorimetry: nucleation effects

It is already clear that clay platelets can have several influences
on composite properties that extend conventional volume-
fraction rules. Where the polymer is semi-crystalline, a fine
dispersion of high surface energy platelets can provide hetero-
geneous nucleation sites. Such nucleating agents, in the form of
talc,!” finely ground phosphate ester salts, carboxylates or
adipic acid'” are routinely added to semi-crystalline polymers to
refine spherulite size and increase overall crystallinity. These
changes could have a significant effect on elastic modulus that
may inadvertently be attributed to mineral reinforcement.

The conventional way to measure crystallinity is to compare
the melting enthalpy with that for a notional fully crystalline
polymer. The fractional crystallinity is proportional to the
measured enthalpy after correction for the mineral mass
fraction.® The problem is: what change in crystallinity results
from the absorption of a significant polymer fraction into the
galleries? It is found that the intercalated polymer fraction is
often amorphous.'” Indeed this method has been used to
calculate saturation of the galleries.®®'® Two competing
factors influence the DSC result, crystallinity is reduced by
intercalation and may be increased by exfoliation. An increase
of crystalline fraction from 40% to 45% has been found for
PCL organoclay nanocomposites and slightly less for another
nanocomposite with a similar clay loading but different
organic surfactant.® Exfoliated nylon 6-montmorillonite did
not exhibit an increase in crystallinity.! The contribution to
modulus from this source may thus not be as high as expected.

7.4 Analysis of the gallery contents

In an intercalated polymer—clay nanocomposite, the maximum
capacity of the clay for intercalation determines the amount of

“free” polymer in particle interstices and hence the phase
volume distribution. This quantity can easily be found in
solution preparation methods by centrifuging, decanting and
gravimetric analysis of the supernatant. Even with polymer
(e.g. PEG) concentrations of 0.01 g ml™ !, free PEG was
obtained after 5 h treatment time (Fig. 9) suggesting
partitioning between gallery surfaces and solution; a phenom-
enon well known in adsorption studies. The uptake remained
approximately constant at 19 wt% when the concentration was
higher than 0.023 g ml~'. This trend is consistent with Parffit
and Greenland’s study'’’ which showed that the uptake of
PEG by clay follows an L-type isotherm and the timescale of
measurement (5 h) corresponds to typical preparation times'’®
whereas equilibrium uptake may need longer periods.!”” For
example after 168 h, an equilibrium uptake of 33 wt%
PEG1500 (molecular weight = 1500) was recorded for PEG
concentration of 0.035 g ml™! in water.

The amount intercalated, m; can also be estimated from
DSC measurements for semi-crystalline polymers®® by
judicious use of multiple runs. When a mixture of clay and
polymer is run on the DSC twice, the first run allows the
polymer to intercalate and the second run only gives the
endotherm for melting the excess or “free” polymer since
the gallery contents behave as if they are amorphous.®® This
endotherm AQ is subtracted from the melting enthalpy AH,,
corresponding to the initial mass of polymer m,, to provide the
amount of amorphous intercalated polymer m;. The value of
m; is found from AQ for the second run (Fig. 10) as follows:

mp AHy, —AQ
m=————

= 3

Examples of successive DSC traces are shown in Fig. 10 for
a mixture of PEG and clay. The first run shows an endotherm
(melting) and the overlapping but slightly delayed exotherm
(adsorption and intercalation), but the second run only shows
a melting endotherm. The third run confirms that the melting
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Fig. 9 Curve for the uptake of polyethylene glycol with a molecular
weight of 1500 (PEG1500) by clay (¢ = 18 ks). The line of best fit shows
that the uptake of PEG increases with the concentration of PEG in
solution and stays constant when the concentration reaches 0.025 gml ™!
(Reproduced from ref. 94. Copyright 2005 Wiley Publisher.)
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Fig. 10 DSC traces of PEG1500 and a mixture of PEG1500 and clay
(MMTO refers to natural MMT without heat treatment). (Reproduced
from ref. 66. Copyright 2005 Taylor & Francis.)

peak area is independent of cooling rate. It should be noted
that the intercalation amount is also affected by polymer
molecular weight and processing conditions.”*

Since the polymer—clay interaction involves adsorption,
both the intercalation and adsorption of PEG by clay may
follow the well-known molecular weight dependence for high
molecular weight polymers from solution on high energy
surfaces'” which is expressed as:

A=KM* 4)

where A4 is the specific adsorption, M is molecular weight, K is
a constant and the index is 0 < « < 0.3. The results of Parfitt
and Greenland'”’ for equilibrium uptake of different mole-
cular weight PEG in calcium montmorillonite yield K = 0.08
and o« = 0.137 from which the equilibrium uptakes of PEG with
other molecular weights can be inferred.

The exchangeable cation also influences intercalation. For
example, the ratio of the uptake of PEG1500 by sodium
montmorillonite to that by calcium montmorillonite is about
232177 Therefore the equilibrium total uptakes of PEG with
other molecular weights by sodium montmorillonite can be
estimated. Nelson and Cosgrove found that the adsorbed
amount of PEO by laponite (a synthetic hectorite with a
specific surface area of ~900 m? g ') also increases with
molecular weight with a power law relationship, 4 ~ M
from small angle neutron scattering studies.'®® They also
found that the additional polymer segments accumulate
around the edge of the particle rather than on the face; the
thickness of polymer layer on the edge being higher than that
on the surface. Thus the specific adsorption on the external
surfaces (edge and face) should be greater than the intercala-
tion amount on the internal surface (face). This raises
interesting questions about the intercalation of high polymers
as distinct from water and low molecular mass organic
molecules. It is possible that polymers are partially confined
at the edges with low gallery saturation and that this is
sufficient to cause the swelling detected by XRD. This is

supported by simulation work from Sinsawat et al as
discussed in Section 6.2.'% Acosta er al proposed a
“frustrated” intercalated structure for the clays modified with
large dendritic surfactants, in which the basal plane spacing of
clay is not greatly increased and the branched section of the
molecules remains outside of the galleries.'®!

7.5 Thermodynamic aspects of intercalation

The general view is that the intercalation of an uncharged
polymer in an untreated smectite clay is driven by the entropic
increase that results from displacement of adsorbed water as
suggested by Theng®' and reiterated by many other investiga-
tors (e.g.'"'"®). This is consistent with the experimental
observations that water is displaced from the galleries that
host the polym(=,r.48’49’101 Ruiz-Hitzky and Aranda observed
that the absorption infrared peaks for hydroxyls and interlayer
water in the original clay disappeared on intercalation,
indicating loss of these groups and replacement with inter-
calated PEO, which is supported by TGA results.**
Similarly, Bujdak er al found from TGA and differential
thermogravimetry measurements coupled with computer
simulations that PEO chains replaced weakly adsorbed water
and filled the space between exchangeable cations when using
either the melt or the solution methods.'”

However, experiments on intercalation of dehydrated clays
show that without inter-gallery water, PEG can still intercalate
into these clays, giving the same dyo; as that for untreated clay
nanocomposites. DSC (Fig. 11) showed that the intercalation
of PEG into montmorillonite is exothermic with an enthalpy
change of —153 J g~ ! based on the intercalated polymer and
the heat of wetting for the internal surfaces of montmorillonite
by PEG is —0.08 J m > assuming the external surfaces are
filled.®® For the intercalation of PEG into as-received sodium
montmorillonite during melting, the enthalpy change
(—49 J g~ ! clay) makes a comparable contribution as entropy
change (—45 J g~ ! clay) to the free energy change. These
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Fig. 11 DSC traces of polyethylene glycol (PEG1500) and clay
mixtures during heating: a lid with a hole is placed between the
polymer and clay to control the flow of the polymer melt to the clay
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results confirm the observation of re-expansion of heat-treated
clays and imply that the reduction in free energy on
intercalation results from a significant enthalpic change as
well as an entropic change for clays with interlayer water, and
primarily from an enthalpic change for clay in the absence of
water.

This work is consistent with the hypothesis that the
thermodynamic driving force for polystyrene to enter into
ammonium-treated clays is the enthalpy change as pointed by
Giannelis ez al.,”*'®* who claimed that a favourable enthalpy
change can be achieved by maximizing the magnitude and
number of favourable polymer—surface interactions.

7.6 Polymer and platelet mobilities

Without computer simulation methods, much of the discussion
of the mobility of adsorbed polymer on high energy, high
surface area fillers and of the mobility of the filler themselves
in a strain field in a nanocomposite is relegated to the status of
speculation. The MD simulation work of Gersappe'®® was
stimulated by the observation that in some of the literature,
addition of nanoparticles to a polymer results in substantial
increases in yield stress and energy to break only if the matrix
is above the glass transition temperature, 7,. Improvements in
polymers below T, are modest. The nanoparticle dimensions
are comparable to the radius of gyration of the polymer
molecule and the timescales for motion of polymer and
nanoparticle are similar. Gersappe suggests that the improved
mechanical properties result more from the mobility of
the particles during deformation than from the stiffening
effect of the matrix by the reinforcement as in conventional
composites.'®3

Shah et al. seem to confirm this modelling by experiments on
polyvinylidene fluoride, a piezoelectric polymer, which show
pronounced increases in energy absorbed (area under stress—
strain curve) when 5 wt% of a clay treated with an ammonium
terminated surfactant was added although this is not
accompanied by significant increase in yield stress.” This
improvement only occurred above 7,. Orientation of the
tactoids was detected by SAXS and TEM after deformation.
In this semicrystalline polymer, the silicate also changes the
spherulitic morphology into thin fibre-like crystallites which
are also re-oriented in a strain field so there are potentially two
toughening mechanisms.

A contrasting idea of a three dimensional network of
platelets which forms above a certain percolation threshold is
supported by the rheological measurements of Wang et al. on
maleated polypropylene with up to 5 wt% organoclay.'®*
There is an increase in fluidity with clay addition below 2 wt%
clay (attributable to the plasticizing effect of the surfactant or
to chain scission during processing) followed by a decrease in
melt flow index accompanied by an upturn in the molten state
storage modulus at low frequencies apparently due to a
network of physically jammed tactoids which also restrict
molecular motion, in turn retarding crystallisation and thermal
degradation and enhancing modulus. In a similar system,
Zhong et al. show that modulus and restriction on polymer
segment mobility both peak at 5 wt% clay but reduce
dramatically at higher additions possibly due to loss of

exfoliation at higher clay levels as detected by XRD.'*> The
role of particle dispersion in controlling mechanical properties
in conventional composites is well known; large particles act as
crack nucleation sites, very fine particles tend to agglomerate
and also behave as critical defects. Thus Thio et al, for
example, find that 0.7 pm particles increase toughness by four
times while 3.5 um and 70 nm particles effect no change; all,
however, increase Young’s modulus which is relatively
insensitive to particle dispersion.'®¢

There is a general view alluded to above, that the polymer
segment mobility is restricted in the region of the matrix
adjacent to the reinforcing filler surface. In the case of
poly(dimethylsiloxiane)-SiO,  nanocomposites,  dielectric
relaxation spectroscopy and DSC show an increase in
glass transition temperature and an interfacial layer that is
2.1-2.4 nm in thickness.'®” In a poly(methyl acrylate)-
synthetic fluromica nanocomposite, spin—label electron spin
resonance shows that the mobility of polymer chains is
constrained and the thickness of the rigid interface region is
5-15 nm.'*®

7.7 Effective volume fractions

In a conventional binary polymer—clay composite the volume
fraction of the dispersed phase is given by:

Upe =1+ p1 — po)lppite (5)

where p is density and u is mass fraction. The subscripts ¢ and
p refer to clay and polymer.

However if particle size is sufficiently small, polymer
adsorption contributes to the effective volume fraction of the
dispersed phase due to a spherical shell of thickness kR, where
R, is the radius of gyration of the polymer random coil in a
good solvent or a melt'® and k is the fraction of the thickness
that behaves effectively as solid. The effective volume fraction
of clay, ¢.' is then,

¢ = e (1 + kRy Ay pe) (6)

For a clay with specific surface area 38 m> g~ ! and density
2600 kg m 3 a polymer with radius of gyration 10 nm
effectively doubles the volume fraction of dispersed phase.
Viscosity measurement can sometimes be used to estimate k. If
the adsorption energy is high, leading to a “flatter”
conformation, then the thickness is less than R, and if the
adsorbate is amphipathic and densely packed leading to a
“brush-like” conformation it can be higher.'”®

In such materials, T, sometimes retains the same value as
that for pristine polymer.'”! In other cases, there is a
systematic increase in 7, with nano-sized filler loading."”* A
linear increase in T, with filler loading was seen in the case of
rubber-montmorillonite nanocomposites.'** Similarly in poly-
vinyl chloride-CaCO; nanocomposites 7, is shifted towards
higher temperatures and thermal decomposition temperatures
are increased, further evidence of restriction of segmental and
long-range chain mobility due to the large area of high energy
filler surface.'” The elastic modulus of the immobilized
polymer may also be influenced. Similarly, diffusion of lower
molecular mass organic molecules in the polymer and
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permeation of gases are expected to be reduced by the lower
mobility of adsorbate as reflected in its higher glass transition
temperature. Clearly, since packaging applications are a target
for polymer—clay nanocomposites,®>® these transport proper-
ties are likely to be influenced by adsorption. Bansal et al.
draw attention to the similarity of constrained polymer
between two nanoparticles and thin planar polymer films
and suggest that the changes in 7, observed can only be
explained by interaction of adjacent interphase layers'®® rather
than an adsorbed “third phase” as suggested by eqn (6).

In the case of complete exfoliation, the composite can be
treated as a conventional composite for the purpose of finding
the phase volume fractions. The main difference from a
conventional composite is the adsorption effect. In eqn (6), 4,
becomes A, the total specific surface area of the platelets
and can take values between 658 m*> g~ ! (experimental)®® and
760 m* g~ ! (theoretical).®! Also p. becomes pcP (the density of
clay platelet). The mass and volume fractions of the platelets in
bulk clay are 0.94 and 0.80 respectively and the density of bulk
clay is 2600 kg m>.!%® Thus the density of the platelets p.P is
3067 kg m>. The platelet density can also be approached in an
independent way from experimentally measured gallery area,
which is 310 m? g~ '.!%® This gives p’ = 1/(310 x 10° x h)
where / is the thickness of platelet. When 4 = 0.98 nm, p’ =
3292 kg m~* comparable to that calculated from the density of
bulk clay as just discussed. Theoretically, the density of clay
platelets can also be calculated from the parameters of the
ideal crystal structure and the chemical formula, which gives a
density of 2520 kg m 3.7 However this calculation does not
take into account the impurities such as Fe**, Ca®", Mg®" and
the substituent Na® which can account for 11% or more
depending on the clay®* and would increase the true density of
clay platelets. Thus eqn (6) becomes:

(Pc' = ¢c (1 + kRgATpcp) (7)

This means the effective solid volume fraction is doubled for
the same conditions described above (i.e. R, = 10 nm) if k is
only 0.05. This partly explains why a small amount of clay can
have strong effect on properties, particularly the transport
properties.

In the case of organoclay, the effective volume fraction of
exfoliated clay platelets also follows eqn (7) but ¢, is then ,u; wlp?
where 1. is the mass fraction of the organoclay in the composite
and g is the mass fraction of clay platelets in the organoclay. To
apply eqn (7) in real cases, the value of the coefficient k& needs to be
found and in exfoliated nanocomposites, where surfactant
molecules are adsorbed on the external surfaces of platelets,'*
both competitive adsorption and surfactant—polymer interaction
influence the degree of polymer immobilisation.

Comprehensive information is available for the nylon
6 systems as used by Fornes et al which are nearly fully
exfoliated and this allows estimates of adsorbed volume
fraction to be made.'® The molecular weight was 29,300 and
clay levels were 1.6 wt% to 7.2 wt%. The density of nylon 6 is
1080 kg m~* and R, is about 7.8 nm based on the bond lengths
of C-N of 0.138 nm and C-C of 0.154 nm. Since At =
658 m> g !, Ry At.pl is equal to 15.91. This suggests a
substantial volume fraction of adsorbate.

A further problem emerges in defining effective volume
fraction if the composite is not fully exfoliated. It has been
argued that almost all polymer—clay nanocomposites include
domains of intercalation among dispersed platelets!>!” and
TEM confirms this®'® For an intercalated nanocomposite, the
effective volume fraction is influenced mainly by three factors;
the absorption of polymer by the clay which increases effective
volume fraction of reinforcement, the expansion (reduction in
density) of the clay tactoids and the adsorption on the external
surface of particles. The last contribution is much lower than
the gallery area and is in the region of 15-50 m” g~ ' depending
on the clay as previously mentioned. This effect can be
relatively small as in conventional composites.'*®

Intercalated nanocomposites usually consist of intercalated
clay tactoids and “free” polymer but it is not clear how “free”
this polymer is. The R, is large enough in comparison with the
diameter of tactoids for there to be a tie-chain network which
would limit segment mobility between clay tactoids and might
even be regarded as a form of physical cross-linking which
would be expected to affect mechanical properties. However
this effect has not been well understood and it is therefore not
considered in the following calculations. In these systems, it is
the intercalated clay tactoids that play the role of reinforce-
ment rather than clay particles. The volume fraction of the
intercalated phase ¢, is given by:

1 [1—uc(1+9)](N-1)

o oo AL — 1)+ 1] ®

where u. is the mass fraction of clay, s is the mass ratio of
the intercalating polymer to clay under saturation and A
is the specific gallery area of clay. By considering the density
of the composite p, the volume fraction of intercalated
reinforcement is:

b= prpte A [y (N —1) +h]
¢ N—1
An alternative approach considers the densities of the

nanocomposite and the polymer. The volume fraction of free
polymer can then be expressed as:

&)

¢y = pll = n1 + 5)py (10)

In the case of organoclay, the reinforcement filler is the
organoclay intercalated with polymer, namely the intercalated
organoclay tactoids. Thus the effective volume fraction of the
reinforcement is given by:

1 Pe(1—pe— Heuds) [dy (N —1) + ]
=1 11
AT b (V1) 4] (an

C

where p; refers to the density of the organoclay; and d,’ is the
basal plane spacing of the organoclay. The problem here is
that the saturation, s, is not readily accessible. Independent
experimental methods are needed to estimate this because it is
clear from the swelling characteristics of clays that a single
value of basal plane spacing from X-ray diffraction may be
returned for a wide range of saturation values (vide supra).
Examples from the literature indicate the difference between
nominal and effective volume fractions. For a predominantly

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev.,, 2008, 37, 568-594 | 587



intercalated nanocomposite” using eqn (8) with N = 8 and d» =
1.73 nm (XRD and TEM), 4 =310m* g~ ', p, = 1220 kgm ™ °,
s =0.18 and /2 = 0.98 nm, the nominal volume fractions of clay
(0.017 to 0.22) correspond to effective volume fractions of
0.026 to 0.32 respectively. Lepoittevin et al.” studied PCL-
organoclay nanocomposites which are mainly intercalated. In
eqn (11) using N = 5 (TEM), d, = 2.77 nm and d," = 1.86 nm
(XRD), p. = 1870 kg m?; p, = 1140 kg m?; u.° = 0.66 for
the organoclay and taking s as 0.18 g g ' clay, the effective
volume fractions are 0.013 to 0.137 for clay platelet contents of
1 wt%, to 10 wt% respectively.

In related work on PCL® and assuming the polymer occupies
the increased gallery spacing of an organoclay based on the
models proposed by Okada et al.! and LeBaron et al.,>® the
effective volume fractions of reinforcement can be found from
eqn (11). The parameters are 7 = 0.98 nm, p, and p.' are
the densities of PCL and the organoclay which are 1140 and
1700 kg m~* respectively. The mass fraction of inorganic
component in the organoclay, u.°, is 62.2 wt% for the treated
clay according to loss on ignition; . is the original mass fraction
of the organoclay in the mixture and N = 5 from TEM. Even
though the uptake is unknown, ¢ turns out to be insensitive to s
so that when s = 0.06 or 0.2 g g~ ! clay per layer, the effective
volume fractions of reinforcement were unchanged for all but the
highest loadings. Making the assumption that s is proportional
to the polymer layer number, s = 0.06 and 0.2 g g~ ! per layer are
the minimum and maximum bilayer data respectively according
to the literature for PEOs,°®!"® je 0.11 g g ! for PEO-
organoclay nanocomposites and 0.39 (by XRD and DSC) g g~ !
for PEO-natural clay nanocomposites. Indeed, a deviation of
5 vol% for the highest loading is produced only if s is increased
to 0.35 g g ! clay per layer. Taking s = 0.06 g g~ ' per layer
for the calculation and an increment in dyy of 0.4 nm
(monolayer), the calculated effective volume fractions are shown
in Fig. 12. This approximation allows volume fractions to be
found when s is unknown.

The problem is complicated when the clay is partially
intercalated and partially exfoliated. In this case, the compo-
site is composed of intercalated clay tactoids and exfoliated
nanocomposites. If the fractional intercalation f; is known then
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Fig. 12 Effective volume fraction versus mass fraction of poly-
(e-caprolactone) (PCL)-clay composites.

the volume fraction of the intercalated phase ' can be found
from:'%¢

i Bl (N —1)+1]
N—1

(12)

7.8 Elastic modulus—volume fraction relationships

The elastic moduli of traditional composites are related to
volume fraction of reinforcement and to the moduli of the
reinforcement and matrix by a range of theoretical and semi-
empirical theories.'”®2% To implement these, the modulus of
the platelet is needed both for exfoliated nanocomposites and
for finding the effective modulus of reinforcing intercalated
tactoids.

The elastic moduli of clay platelets have not been measured
directly. A review of approaches to this problem indicates that
reasonable values can be found by selecting analogous
minerals or from numerical modelling.!”” The modelling
work!3® gives a relationship between platelet thickness (and
hence density) and effective modulus which fits reasonably well
to a plot of density versus modulus for range of aluminosilicate
minerals (Fig. 13). Based on the density dependence, values in
the range 178-265 GPa are likely and many investigators have
used 178 GPa®!® which corresponds to the measured value
for muscovite. Provided the clay volume fraction is low
(typically < 5 vol%), the value taken for platelet modulus,
provided it is in the range 178-265 GPa does not affect the
predicted modulus significantly.'”” The Poisson’s ratio for
montmorillonite can be taken as 0.28 based on literature
values for aluminosilicates.'®’

Applying composite volume fraction rules to polymer—clay
nanocomposites involves several steps. When the system is
predominantly intercalated,” the reinforcing “phase” com-
prises intercalated nanocomposite tactoids. Young’s and shear
moduli for bulk polymer, gallery saturation (i) are needed
but the density exerted by the intercalated polymer may be
much lower than that of the free polymer.!*® Two approaches
are then possible, neither being entirely satisfactory: one is to
assume the intercalating polymer still exerts its “free’ elastic
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Fig. 13 Young’s modulus versus density of silica, alumina and
aluminosilicates. (Reproduced from ref. 197. Copyright 2006 Elsevier.)
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properties. The other is to assume the intercalating polymer
exerts its bulk density but leaves a “porous structure’ in the
galleries. Gibson and Ashby’s®”' model for a sandwich foam

structure can then be applied:

2
E;=CE, (%) (13)

N

where Er and Ej refer to the Young’s moduli of the foamed core
and the solid structure, and pf and p; refer to the densities of the
foam and solid. C is a constant including all of the geometric
constants of proportionality and it approximates to unity.?!

Christensen’s equations for platelet-filled composites in the
two-dimensional case'®® can be used to calculate the elastic
modulus of the clay tactoids:

1
G=;(t1G1+l2G2) (14)

102 E1 Ex(v1 —12)°

Bt bt 6 + b Er(1=07)

(15)

where G is shear modulus, ¢ is thickness of the alternating
material, v is Poisson’s ratio and ¢ is volume fraction.
Subscripts 1 and 2 refer to the clay and polymer respectively.
This approach is quite forgiving because when platelet moduli
in the range 178 GPa-265 GPa are inserted, eqn (13) and (15)
give values of modulus for the intercalated tactoid which differ
by no more than 1 GPa for the two approaches.'®® Thus the
elastic modulus for the intercalating polymer at reduced
saturation in the galleries may not affect the modulus of the
nanocomposite very much because of the large difference
between the moduli of clay platelets and polymer. In other
respects, the inaccessibility of this problem invites a molecular
modelling approach.'*

The final stage is to apply the calculated properties of the
intercalated reinforcement in the Hashin—Shtrikman (H-S)
bounds.?® For a two-phase material, the H-S lower and upper
bounds for the effective bulk modulus (Ky and Ky) and shear
modulus (G and Gy) are given by:**

(K2—Kp)-(1—¢)

1+(K2—K1).¢1/(K1+§Gl)

K=K, + (K1 —K>) ¢, y (17)

1+ (K —Ky) (1 —¢1)/<K2+ §G2>
Gu=Gi+ (G—G)-(1-¢1) —

14+2(Ki +2G1)(Gr— Gi)-¢, /3Gy <K1 + §Gl)
GL=Gx+

(G —G2) ¢y (19)

14+2(K2+2Gy) (G — Gy)(1 —¢1)/5G2 (K2+ ?Gz)

Fig. 14 shows that the experimental data are very close to
the lower bounds when the platelet modulus is in the range
178 GPa-265 GPa. Indeed, it is usual for the elastic modulus
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Fig. 14 Elastic modulus versus effective volume fraction of reinforce-
ment for poly[oligo(ethylene glycol) diacrylate]-clay nanocomposites
showing the experimental data tend to follow the Hashin—Shtrikman
lower bound for composite materials.

of reinforced composites to be close to the lower H-S bound
[e.g. ref. 202]. The variation in platelet modulus does not seem
to affect the predicted results due to the large difference in the
modulus of the filler and matrix. Hence Fig. 14 implies that the
elastic modulus of nanocomposites can be interpreted using
well-established theory provided that the effective reinforce-
ment volume fraction is found.

Following a similar procedure for a PCL biodegradable
nanocomposite with a surfactant treated clay and treating the
modulus of the surfactant as that for PCL, Christensen’s
equations for two-dimensional platelet-filled systems as given
by eqn (14) and (15), provide the elastic modulus of the
reinforcing tactoids in PCL-clay nanocomposites, assuming
full saturation. When using this value in the lower H-S bound
(cf- eqn 17 and 19) the experimental data are very close to the
lower bound as shown in Fig. 15 as is often true for binary-
phase composites with fillers having much higher moduli**?
and therefore follow the same volume-fraction dependence of
properties as other particle-filled composites.

The data for conventional PCL-MMT nanocomposites can
be used as a comparison. Since polymer does not enter the clay

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 568-594 | 589



60 ®  Experimental data

Hashin-Shrikman lower bound

Young's modulus / GPa
w
o
1

20
10

0 e ———————— : —

0.0 0.2 0.4 0.6 0.8 1.0

Effective volume fraction of reinforcement

Fig. 15 Young’s modulus versus effective volume fraction of reinfor-
cement for PCL-NH4;MMT nanocomposites.

galleries, the equi-axed bulk clay particles act as the reinforce-
ment filler. Shear and bulk moduli of the conventional
composites were calculated using Benveniste’s model*** which
is identical to Christensen’s model*** for bulk modulus K:

P (K1 —K2)y Z (20)
T (Ki = Ka)-(1 —¢1>/(K2+ 302)
(G1—G) ¢,
- (21)
1+(Gi—Gy) (1 *¢1)/{G2+ %]

These two equations are the lower Hashin—Shtrikman
bounds,”’® as already noted by Christensen.’™ Young’s
moduli were calculated using the relation £ = 9KG/(3K + G)
and plotted as a function of volume fraction in Fig. 16 where
they fall between the Hashin—Shtrikman bounds.>*® The H-S—
Lielens method®* applies a coefficient, which is a function of

Hashin-Shtrikman lower bound;

6 Mori-Tanaka theory, Benveniste method
--------- Hashin-Shtrikman upper bound

-~ Hashin-Shtrikman, Lielens' method
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Fig. 16 Young’s modulus versus volume fraction of clay for PCL-

MMT conventional composites. (Reproduced from ref. 6. Copyright
2006 American Chemical Society.)

the volume fraction of the reinforcement filler, (¢; + ¢12)/2, to
the upper and lower Hashin—Shtrikman bounds: the values of
the moduli for composites determined in this way agree with
the experimental data very well. This method has been deemed
successful by others.*® The fact that nanocomposites fit the
behaviour of other “conventional” composite materials with
large-scale reinforcement means that the established equations
for composite properties can be used for prediction of
nanocomposite properties.

8. Summary and conclusions

Polymer-clay nanocomposites provide a new and important
category of polymeric composites. With excellent mechanical
and transport properties, they not only have the potential to
enhance the performance of pristine polymeric materials but
could also replace some of the existing metallic or other
composite materials. A small addition of an appropriately pre-
treated clay, typically less than 5 vol%, substantially enhances
mechanical and barrier properties of polymers with little loss
of optical clarity. Ionic and electrical conductivity of conduct-
ing polymers and biodegradability of polymers can also be
improved by the addition of clay. Moreover, the presence of
small amounts of clay produces nanocomposites which can be
processed in the same way as the unfilled polymer.

Natural smectite clays are hydrophilic and are traditionally
treated with quaternary ammonium salts to render them
organophilic. In this way, they are compatible with most
hydrophobic polymers and make intercalated and exfoliated
nanocomposites. There is an ongoing quest for thermally
stable surfactants which will sustain melt processing at the
temperatures used for processing thermoplastics. Polymer—clay
nanocomposites are prepared mainly by in situ polymerisation,
melt processing and solution methods. Their structure and
morphology is generally characterised by XRD and TEM and
there is growing awareness that TEM studies are needed to
augment XRD because the latter does not disclose the extent
of exfoliation.

Clay often acts as a nucleating agent for crystallization of
semi-crystalline polymers. However the intercalating polymers
tend to become amorphous and, if their elastic modulus
thereby decreases, this would compensate for the increase in
crystallinity, and hence modulus of the bulk polymers
remaining outside of clay galleries. The amount of polymer
absorbed within clay galleries increases with polymer mole-
cular weight. It is also affected by the type of exchangeable
cations in clay galleries. Thermodynamic driving forces for
intercalation of polymer into clay involves both entropic and
enthalpic contributions as determined using DSC, FTIR, TGA
and molecular simulations.

Taking into account the immobilization of macromolecules
on large clay surfaces, the effective volume fractions of clay
filler are much greater than the nominal volume fractions
which are directly calculated from masses and densities of
polymers and clays. This accounts for changes in viscosity and
in the diffusion and permeation of gases and liquids in the
nanocomposite. If the redefined volume fraction and corrected
modulus of intercalated clay filler are used, elastic modulus—
volume fraction relationships in nanocomposites can actually
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be understood using theories for traditional composites. This
may imply that other properties could also be interpreted using
abundantly available and well-established theories for tradi-
tional composites thus assisting in the understanding of these
new and promising materials. However changes in polymer
and clay mobilities as well as polymer structure still need
consideration when using these theories.

The main directions for current research include: 1)
preparation of organoclays that are stable at high processing
temperatures especially for engineering plastics; ii) synthesis of
appropriate surfactants and discovery of well-dispersed poly-
mer—clay nanocomposites, preferably by full exfoliation in
most cases; iii) gaining a full understanding of nanocomposite
formation, thus allowing the tailoring of structure; iv) the
ability to assess quantitatively and quickly the degree of
intercalation and exfoliation in nanocomposites providing
more comprehensive information on the structure and hence
enabling studies of structure—property relationships; v) to
improve or retain toughness of polymers after addition of clay;
an increasingly important issue since impact strength, in
particular, is a primary selection criterion for engineering
applications of industrial polymers and presently addition of
clay does not always promote toughness whilst enhancing
stiffness.

Biodegradable polymer—clay nanocomposites have recently
attracted great interest since they are environmentally accep-
table; some of the biodegradable polymers are deemed too
compliant and therefore benefit from clay reinforcement. This
area is expected to expand further in biodegradable packaging
and medical applications such as drug delivery and scaffolds
for tissue engineering. Such biodegradable composites could
also be developed to replace existing engineering plastic
materials, for example by conferring enhanced toughness and
stiffness via addition of clay as well as where appropriate,
drawing on biodegradable polymer copolymers and blends.

Computer simulation has provided insight into the inter-
layer structure, dynamics and reactivity of polymer—clay
systems, each of the simulation techniques has an inherent
set of approximations and underlying assumptions. Often
these approximations and assumptions are not clearly defined
for the non-specialist and this article has sought to fill this
lack. A move away from MD simulations where the atoms in
the clay sheet are fixed has resulted in further insight gained
from simulation through the dynamical motion of the clay
sheets and, recently, the calculation of mechanical properties.

Current advances in the computer simulation of polymer—
clay nanocomposite systems are arising through the increasing
amount of computational power available to researchers.
These increases do not just arise through faster processors, but
also the development of high-end multi-processor computing
systems with fast inter-processor communication. These high-
end facilities are now being further expanded through grid
computing infrastructure, for which novel software now exists
to facilitate user uptake®®” Such approaches allow the length
and time-scales of any level of description to be significantly
extended. Simultaneous with advances in computing technol-
ogy come advances in theory, allowing different levels of
simulation to be “coupled” together not just in a hierarchical
fashion, where only the end output from one level is fed to the

next,”®® but also dynamically,”® whereby more accurate

simulations are ‘“‘called” as required. As simulation size
increases, analysis becomes more difficult and visualisation
of the simulation becomes ever more desirable, albeit challen-
ging. One of the challenges facing scientists will be to develop
methods to analyse the large-scale simulations fully; interactive
“steered”” simulations and immersive visualisation are likely to
be employed.>'®

In conclusion, the last 20 years has seen an explosion of
interest in lightweight materials based around nanocomposite
technology. Owing to the increase in desirable materials
performance for smaller filler volumes, and corresponding
lower weights, these nanocomposite materials have found uses
in weight critical applications such as those in the automotive
and space industries. Understanding of polymer—clay (and
other) nanocomposite materials at both the molecular level
and the composites theory levels not only allows the prediction
of materials properties in a given system, but also permits the
non-destructive prediction of modes of failure — a very
important consideration given the uses these materials are
currently put to.
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