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ABSTRACT

ORGANIC-MODIFIER-FREE PATHWAYS FOR THE PREPARATION OF
POLYMER - METAL OXIDE NANOCOMPOSITES

By
Siqi Xue

Novel preparation strategies for the formation of polymer — metal oxide
nanocomposites have been developed to eliminate the need for surface organic-
modifiers and thereby to avoid the disadvantages of the modifiers, such as their
plasticizer effects and low thermal stabilities. The success of these strategies
relies on the smart design of the synthetic or naturally occurring metal oxides and
the composite preparation methodology.

Synthetic clay materials exhibit high purity, uniform surface properties and
composition, and are promising substitutes for natural clay minerals with more
variable properties. We synthesized three types of saponite-like silicates with
different octahedral sheet compositions and different layer stacking orders
depending on synthesis methodology. When bis(triethoxylsilyl) methane was
used as the Si source, an inorganic-organic hybrid clay material, which had -CH,-
tetrahedra bridging groups in the basal plane, was achieved.

Among the synthetic saponites, an irregularly stacked derivative (denoted
SAP) was examined as an epoxy polymer reinforcing agent. SAP exhibited a
large surface area (920 m?/g), small lateral dimension (20 - 30 nm), irregularly

stacked layered morphology with porous surfaces, which allowed polymer



intercalation without any surface modifications. A Uniform dispersion of SAP
nano-aggregates was achieved for the epoxy — SAP nanocomposites, providing
improved strength, modulus and toughness of the polymer. For example, for a
glassy epoxy system, a 10% by weight loading of SAP provided a 10% increase
in strength, 30% increase in modulus and 45% increase in toughness, compared
with the pristine polymer. In addition, the nanocomposites had the same glass
transition temperature as the pristine epoxy, because the plasticizer effects of the
organic modifiers were avoided.

Palygorskite, a silicate clay with a pleated 2:1 layered structure, has a
lath-like particle morphology, and low surface charges that make it an attractive
candidate for the formation of polymer nanocomposites. The pristine clay mineral
provided reinforcement to epoxy matrix without organic modification. The
silylated derivatives of palygorskite provided better dispersions in rubbery epoxy
matricx than the pristine mineral, affording further improvements in mechanical
properties, especially at low loadings levels of 2 and 5 % (w/w).

Mesostructured silicas with pore sizes larger than 20 nm allowed
polyethylene intercalation in the porous regions without silica surface
modifications. Even with an inhomogeneous dispersion of mesoporous silica, the
polymer mesocomposites exhibited improvement in tensile strength and modulus
that were analogous with those achieved in polyethylene — clay systems where

extensive modifications were required.



Copyright by
SlQl XUE
2007



ACKNOWLEDGEMENT

| would first like to express my appreciation to Prof. Thomas J. Pinnavaia
for his thoughtful guidance during the five years of my Ph.D. study. Prof.
Pinnavaia has been my role model of not only an erudite scientist, but also a
great person. | feel extremely lucky to be his student.

| would also like to thank former and current group members. Discussions
with Dr. Kim, Dr. Liu, Dr. Reinholdt and Dr. Zhang have always been very
inspiring and h elpful whenever | met problems during research. Dr. Park had
great patience in teaching me various techniques to get started in research when
I just joined the group. My friendship with Emily, Hua, Jainisha and Xin extended
outside the lab, and we went for movies, dinners and shopping together.
Christian, D.K., Hui, Joel are all great person to work with. My close friend
Shujuan has been like my sister. | am also very grateful for the staff members in
the Composite Materials and Structure Center and Microcopy Center at Michigan
State University for teaching me how to use their facilities.

| would like to dedicate this humble thesis to my parents, Mr. Ligen Xue
and Mrs. Xue, Xiuhua Shi. | could not have completed my Ph.D. degree without

their love and support.



TABLE OF CONTENTS

CHAPTER 1
AN OVERVIEW OF POLYMER — CLAY NANOCOMPOSITES

1.1 INtrodUCHION..........oiiiireeeceec e eer e s e
1.2 Clay Surface Modification..............ccoviiiiiiiiiiiiiii e,
1.3 PCN Preparation Technology...........cccccuieiiiiiiiiiiiieiiiiieneennen.
1.4 Characterization of Clay Nanolayer Dispersion.........................
1.5 Nanolayer Orientation............cc.cccoviiiiiiiiiiiic e,
1.6 Synthetic Materials for Polymer Reinforcement.........................
A O o 4 Te: (1T Lo o DO P
RefEreNCes. ......c..vnieiiiie e

CHAPTER 2
SYNTHESIS OF SAPONITE-LIKE PLATEY SILICATES AND THEIR
INORGANIC-ORGANIC HYBRID DERIVATIVES

2% I 14 (oo [ ox (o) o TR PP

2.2 Experimental

221 Materials......ccooeiiniiiii e,
2.2.2 Saponite synthesis...........ccoveveiiiiiiiiiiiiiiieee e,
2.2.3 lon exchange for Mg-SAP.........ccccciiiiiiciiieiiee e,
2.2.4 Hybrid saponite synthesis.............cccceviiiiiniiiiiiininn..
2.2.5 Characterization.............cc.ccviviiiiiiiiiiiiiiie e

2.3 Results

2.3.1 Inorganic saponite derivatives..............c....cceeeeeninnnen.
2.3.2 Hybrid organo-saponite derivatives.............................

2.4 Discussion

2.4.1 Inorganic saponite derivatives..............c.ccoceveeeiienennnn.
2.4.2 Hybrid organo-saponite derivatives................c............
2.5 CONCIUSION. ....couinieiiiiiiiiiiieeee e er e eree e e e rasearnrennennans
RefEreNCEeS. .....ccuviieiieii e e

CHAPTER 3
Porous Synthetic Smectic Clay for the Reinforcement of Epoxy Polymers

vi

-----------------------------------------------------------------------------



.1 INtrodUCHION........ceeiiiei 84
3.2 Experimental

3.2 AMaterials.......ccoeuieiniii e 86
3.2.2 Saponite Synthesis............ccueieiiiiiiieiie e, 86
3.2.3 Composite preparation.............c..ccceeeeiiiiieiieiieice e 87
3.2.4 Characterization..............ccoceeieiiiiinie e 88
3.3 Results
3.3.1 Epoxy — saponite nanocomposites.............ccccceevreerniereeennnen. 89
3.3.2 Composite Properties...........cccceeviiviiiiiiiiiiiniieeeieeeee e, 91
3.4 DiSCUSSION. ....uuiitiiiiiiiiiiie e e eee e eeee e e e e eeeeaeen s 96
3.5 CONCIUSION. ... ..ot e eeereeeer e e eeeeneanas 98
REfEreNCES. .......eeiiiii e 99
CHAPTER 4
PALYGORSKITE AS AN EPOXY POLYMER REINFORCING AGENT
4.1 INtrodUCtioN........coiiiiii e 101
4.2 Experimental
42 1Matenials......ccoouiiiiniiiiii e 102
4.2.2 Palygorskite purification.............ccceiiiiiiiiiiiiiiiiininnane. 103
4.2.3 Palygorskite silylation.................c.ooiiiiiiii 104
4.2.4 Composites Preparation............cccocevvveeniniiiineneneiennnnnn. 104
4.2.5 Characterization Methods............cccccoiviiiiiiiiniiinininnne. 105

4.3 Results
4 3.1 Characterization and Purification of Palygorskite..............106

4.3.2 Silylated Palygorskite............ccocviiiiiiiiiiiiiiiiiiieiicciene, 110

4.3.3 Epoxy NanoCOMPpPOSItes..........coeueriiiniueinininiiinineeiiinenns 111

4.4 DiSCUSSION......vieniitieieiereinieeererrreenrereraeeaereraaeraneeaeaeseenseseses 114

4.5 CONCIUSION. ... .ottt e ettt e eeer e e eae e eearenanes 120

REfErENCES. .....c.cniiiiei e eeee e e e e e 122
CHAPTER 5

FOAM-STRCTURED MESOPOROUS SILICAS FOR POLYETHYLENE
REINFORCEMENT

5.1 INtrodUCION. ... 124
5.2 Experimental
5.2 1 Matenials........ccoveeiiiiiii s 127
5.2.2 Mesoporous silica synthesis..............ccceveiiiiiiiiiiiiiinnn 127
5.2.3 Mesocomposites preparation..............ccccoveviieiiiiiiiinnen. 128
5.2.4 Charactenzation............cccceeeiiiiiiiiiiiiiii e 128
5.3 Results and DiSCUSSION.........c.ccovveiiiiiiiiiiiiieeiieee e eee e aeaes 130
5.4 CONCIUSION. ....cciuinitiitieieni ittt eeeenenenearaeeeeareaanenees 139

vii



REFEIENCES. ...ttt ettt e et e e ee e e e e e arne e e reenan 140

CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Comparison of Various Polymer Reinforcing Agents

6.1.1 Nanoparticles for Epoxy Reinforcement......................... 142
6.1.2 Nanoparticles for Polyethylene Reinforcement................ 145
6.2 Future DireCtions.........ccoouviniuiiiiiiiiiiieiieee e e e e 147
ReEfEreNCES. ... c.eiiiiiiiiiii e e 1561

viii



LIST OF TABLES

Table 1.1 Thermal stability date for imidazolium- and alkylammonium-MMT.......9

Table 2.1 The BET surface areas and pore volumes of Mg-SAP, Zn-SAP, and
SAP-200 and the Ca®*-, Cs*-, and K*- exchanged forms of Mg-SAP................61

Table 2.2 E lemental atomic ratios for Mg-SAP and its exchanged derivatives
obtained from quantitative SEM-EDS analysis............c..cccoviviiiiiiiiniiininnnnen. 7

Table 3.1 Tensile properties of glassy epoxy composites reinforced by SAP and
NaMMT clay nanoparticles.............c..oeiiiiiiiiiiii e eeeneaes 92

Table 3.2 D ynamic mechanical analysis (40 °C) of glassy epoxy composites
filled with SAP and C16-SAP Clay.........ccoiuiiiiiiiiiii e erer e 94

Table 3.3 Tensile properties of rubbery epoxy composites reinforced by SAP clay
NANOPANICIES. ... et er e ee et s aee e e e e e e e e et s e serrensneannnenns 95

Table 4.1 The tensile properties of rubbery palygorskite-epoxy composites.
Numbers in the parentheses are relative standard deviations....................... 115

Table 4.2 Tensile properties of glassy epoxy reinforced by silylated palygorskite
HMSZ-PLG. Numbers in the parentheses are relative standard deviations......117

Table 5.1 The extrusion and injection molding conditions for pure polymers and

their M esSOCOMPOSILES. .......coiiiiiiiiii e e e ea e 128
Table 5.2 The surface properties of MSU-F and MSU-F2........................... 133
Table 5.3 The crystallinity of HDPE and LDPE mesocomposites.................. 136
Table 5.4 The mechanical properties and oxygen permeabilities of LDPE — silica
MESOCOMPOSIEES. ...euiiunieiiitiiiiiiiiieiiiieeetirterereeeaeraeseereenrassnseaerensnnns 138
Table 5.5 The mechanical properties of HDPE - silica mesocomposites........139

Table 6.1 Comparison of various inorganic particles for PE reinforcement......146

ix



LIST OF FIGURES

Figure 1.1 The number of publications on “polymer — clay/layered silicate
composites” from the year 1990 t0 2006...........c.ccoeveiiiiiiriiiiiiiiie e eneaees 2

Figure 1.2 Structure of 2:1 phyllosilicates..............c..ccoooiiiiiiin, 3

Figure 1.3 Nanoscale arrangements of layered silicates in polymer
(gF=TgleTote) 4] o T L] - SR 6

Figure 1.4 Cryo-TEM image of styrene-butyl acrylate particles coated by
monofunctional silane-treated Laponite clay nanolayers, as obtained by emulsion
polymerization in the presence of 10 wt% Laponite clay platelets................... 13

Figure 1.5 Schematic illustration of the intercalated state the exfoliation process
showing the forces acting on a pair of clay layers: (a) organically modified clay; (b)
epoxy-intercalated state; (c) forces acting on a two-particle clay tactoids......... 17

Figure 1.6 TEM images of an epoxy nanocomposite (2.5 wt% clay) prepared by
SIUITY COMPOUNAING. ... ceieiiiiiiiiieie et e e eees e seneneneanans 19

Figure 1.7 (a) WAXD patterns and (b) TEM images of three different types of

Figure 1.8 A phase contrast AFM image of an epoxy/synthetic fluoromica
(1E=TaTeTele]1 o1 o To LT | (- YOO PP 24

Figure 1.9 (a) FTIR spectrum of hectorite powder and delaminated hectorite in
water; (b) a calibration curve of clay in-plane Si-O bandwidth vs. percent activator
added and percent diSpersion............cccceviiiiiiiiiiiiiei e e 27

Figure 1.10 z-axis polarized FTIR spectra of a LDPE film containing oriented
BentoneTM clay layers, with different tilt angle. Inset: schematic representation of
clay in-plane and out-of-pane Si-O bonds............cc.cceeeiiiiiiiiiiiiiiinn e, 28

Figure 1.11 Hermans orientation parameter, Sd (squares), and layer s pacing
(circles) determined from in-situ scattering (3 °C/min). Note that the intensity of
the basal reflection (d001=36A) rapidly decreases above 120 °C, effectively



disappearing by 180 °C. Orientation parameter above 120 °C was estimated from
the featureless scattering around the beam stop...........cccccuveeennnnnnnnnn.eenee.....30

Figure 1.12 XRD pattemns of (a) natural Na-hectorite, herein the peaks labeled
by * are due to (Mg, Fe)SiO3 and CaCOj; impurities; (b) synthetic Li-hectorite, and
(c) synthetic PVP-hectorite. Typical clay hkl reflections are identified............... 31

Figure 1.13 Proposed schematic structures of the functionalized clays. Two
possible structures for C 16-LMS include a single |ayer structure and a double
layer structure which is shown in (A). The proposed structure of C16-LMAS (b)
with both tetrahedral and octahedral Al present in the octahedral layer. In C16-
SiO-LMAS (C) additional silicate groups without alkyl chains are present and
tetrahedral Al is likely to occupy some of the sites in tetrahedral layer............. 35

Figure 1.14 Elastic moduli of PS/clay nanocomposites using (a) C16-SiO>-LMAS,
(b) C16-LMAS, (c) C16-LMS, and (d) Cloisite 20A from melt rheology data
obtained at T=150 °C, and 6.3 wt% inorganic material.................c..ccceeeevnnene. 36

Figure 1.15 DSC traces of the organosilicate. Inset shows the phase transition
from solid to liquid upon heating.............ccccooiiiiiiiiiiii e 37

Figure 1.16 (a) Tensile modulus, (b) tensile strength, (c)strain-at-break, (d)
toughness, and (e) oxygen permeabilities epoxy composites containing different
loadings of as-made MSU-J (solid circles), and calcined MSU-J (open circles)
mesostructured SiliCa..........c.coviiiiiiii e 40

Figure 2.1 Schemes illustrating the difference in tetrahedral sheet structure for (a)
an inorganic clay and (b) an organo hybrid clay made from BTESM................ 54

Figure 2.2 Wide angle hkl X-ray diffractions of (a) pressed Mg-SAP, (b) as-made
Mg-SAP, (c) Zn-SAP and (d) SAP-200.........c.ccccetriiiininiiiierieieeeieaneeneee 60

Figure 2.3 TEM images of the synthetic saponites: (a) Mg-SAP; (b) Zn-SAP and
(C) SAP-200.......cciiiiiiieiiiiiteetieer et et st st enere it e aetaraesreaetentrsesnnenns 62

Figure 2.4 (a) Nitrogen adsorption-desorption curves and (b) BJH adsorption
pore size distributions (off set by 0.1 for clarification) of as-made Mg-SAP and its
Ca®'-, Cs*-, and K*- exchanged derivatives...............cccuvveveeeeeieieiereeeiiieeens 64

Figure 2.5 The FTIR spectrum of Mg-SAP........ccccoeiiiiiiiiiiiiieeecc e, 66

Xi



Figure 2.6 (a) >°Si MAS NMR and (b) #Al MAS NMR spectra for Mg-SAP.......68

Figure 2.7 Wide angle hkl X-ray diffractions of the Ca?*-, Cs*-, and K*-
exchanged Mg-SAPs, compared with that of as-made Mg-SAP...................... 70

Figure 2.8 XRD patterns of Mg-SAP, C1-SAP and C2-SAP reaction products..72
Figure 2.9 The nitrogen adsorption-desorption isotherms for C1-SAP............. 73

Figure 2.10 The (a) *Si MAS NMR, (b) '*C MAS NMR and (c) Al MAS NMR
SPECEra Of CA-SAP......oe i e e er e e e e e neeee e 76

Figure 2.11 FTIR spectrum of C1-SAP. The circled regions in the spectrum of
C1-SAP indicate the incorporation of methylene groups in C1-SAP structure....77

Figure 2.12 TEM images of C1-SAP showing its platy morphology................. 77

Figure 3.1 The XRD patterns of the topside and bottom of an epoxy — SAP 5.4%
composite, both showing 060 clay diffraction peak of similar intensity.............. 90

Figure 3.2 A TEM image of thin-sections of a glassy epoxy — SAP 5.4 wt%
COMPOSITE. ... ee ettt et ee ettt et se s ensassaaaenanennns 90

Figure 3 .3 Representative stress - strain curves for glassy e poxy — SAP clay
nanocomposites at the wt % clay loadings indicated...............c.cccceevviennnnne. 93

Figure 3.4 Pictures of (a) a pristine glassy epoxy polymer and (b) the
corresponding epoxy - SAP nanocomposite containing 5.4 wt% clay.............. 95

Figure 4.1 A schematic [100] projection of palygorskite structure..................107
Figure 4.2 The hkl X-ray reflections of as-received palygorskite and of the
edimented fractions obtained upon aging a 10% (w/w) aqueous slurry of the
mineral. Q and C mark diffraction peaks indicative of quartz and carbonate
mineral impurities, respectively........ccov i 108
Figure 4.3 TEM images of as-received palygorskite..............c..ccccecveniinnne 110
Figure 4.4 FTIR spectra (KBr) of as-received palygorskite and the HMSZ

silylation product. The inset shows an expansion of the C-H stretching region
between 2800-3000 cm™ for HMSZ-palygorskite..............ccuvveveeereeeneneenn. 11

Xii



Figure 4.5 XRD patterns of the bottom sides of epoxy nanocomposite specimens
prepared from as-received and silylated palygorskite.................cc.ceneeneen.e. 112

Figure 4.6 TEM image of a thin section of a glassy epoxy nanocomposite
containing 5% (W/W) of HMSZ-PLG........cccciiiiiiiiiirr e ceveeee 112

Figure 4.7 Representative strain-stress curves for rubbery epoxy composites
containing different loadings of silylated palygorskite HMSZ-PLG................. 114

Figure 5.1 (a) The N, adsorption-desorption isotherms of MSU-F and MSU-F2.
The curves were offset by 200 for clarity. (b) Cell size (solid lines) and window
size (dash lines) distributions of MSU-F and MSU-F2 obtained from the
adsorption and desorption isotherm curves, respectively. The distributions were
determined by applying BJH model............cocooiiiiiiiiiiiiiiiincee e 132

Figure 5.2 The TEM images of (a) MSU-F and (b) MSU-F2......................... 133

Figure 5.3 TEM images of thin-sections of a HDPE — MSU-F 4.2 wt%
MESOCOMPOSIEES ... .i ittt e ettt e eeetseeeneeanseaeeaeasennannns 134

Figure 5.4 PLM images of (a) LDPE and (b) a LDPE — MSU-F 5.5 wt% loaded
MESOCOMPOSIEE. .. euiiititiieiiiiit i eeiiteen et reeeeeencnrasesanensenseraesnsnsnsnsans 137

xiii



CHAPTER 1

AN OVERVIEW OF POLYMER - CLAY NANOCOMPOSITES

1.1 Introduction

When a polymer materials is reinforced by a particle that is nanometric in
at least one dimension, the resulting polymer composite usually exhibits
remarkable improvements in material properties relative to the pristine polymers
or conventional composites. Nanocomposites can be divided into three
categories depending on whether the filler has one, two, or three dimensions in
the nanometer range. @ Smectic clay minerals in exfoliated form are
representative of the first type of nanoparticle filler, since the silicate sheets are
1-nm thickness, but up to several microns in diameter.

Polymer - clay nanocomposites (PCNs) have been extensively studied
ever since Toyota researchers first reported the nylon - exfoliated montmorillonite
(MMT) nanocomposites with improved mechanical properties (Figure 1.1) [1-14].
What makes clay minerals promising fillers to complement the drawbacks of
conventional polymer materials is the unique combination of the properties of
clay, such as the high stiffness and modulus, thermal stabilities, and low gas
permeabilities.  Additionally, clays are inexpensive and abundant natural
minerals. The unique properties of clay can be transferred into polymer

1



composites only when clay sheets are uniformly dispersed in polymer materials
on a nanometer length scale. The resulting nanocomposites usually exhibit
improved mechanical properties, better thermal stabilities, reduced gas

permeability and flammability at clay loadings below 10 wt%, and even below 5

500
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Figure 1.1 The number of publications on “polymer — clay/layered silicate

composites” from the year 1990 to 2006.

The commonly used clays for the preparation of PCNs belong to the
smectite family, which possesses a layered structure where silicate sheets stack

due to the electrostatic interactions between negatively charged silicate sheets



and exchangeable gallery alkaline or alkaline earth cations (Figure 1.2). Simply
adding clays to polymers results in the formation of conventional composites (or
microcomposites) that have micrometer-sized clay tactoids dispersed in the
polymer phase. However, when clay surfaces are modified and made
compatible with polymers, the polymer chains can wet the clay basal surfaces,
penetrate into clay galleries and exfoliate the tactoids into nanolayers, forming

nanocomposites.

—=0=%

SR
7\

O Oxygen atoms
® Hydroxyl atoms

Figure 1.2 Structure of 2:1 phyllosilicates [14].



Two types of dispersed clay structures have been recognized in PCN
formation. One is the intercalated state, where the clay gallery heights are
expanded to a substantial extend (usually 10 A or more) by the polymer, but the
parallel orientation of the silicate layer, which is characteristic of the initial
tactoids, remains in registry upon composites. Such composites generally are
referred to as “intercalated nanocomposites”, particularly if the clay phase in the
nanocomposite exhibits a 001 X-ray reflection indicative of layer stacking. Even
when Bragg scattering is not observed due to irregular or very large spacings
between nanolayers, transmission electron microscopy can reveal the parallel
orientation of the expanded clay galleries, in which case the term “intercalated
nanocomposite” may still be appropriate. The other state of clay particle
dispersion is the exfoliated state, in which the average separation between
nanolayers is very large, usually up to 100 A or more. An exfoliated clay
nanocomposite does not exhibit any X-ray evidence for layer stacking and,
ideally, the parallel registry of the nanolayers is lost upon nanocomposites
formation, as evidenced by transmission electron microscopy. That is, there are
no remnants of the initial tactoid structure of the clay. The distinction between
intercalated and exfoliated states is difficult to establish, much less quantify,
particularly if the composite provides no X-ray diffraction evidence for layer
stacking. In many PCN systems that do not exhibit Bragg scattering for clay, a
combination of intercalated and exfoliated clay structures usually are present.

4



Vaia has suggested an expanded classification to describe PCN
morphologies on the basis of (1) relative changes in layer spacing and correlation
(d and dd, respectively); (2) the relative volume fraction of single layers and layer
stacks; (3) the dependence of single-layer separation on silicate volume fraction
(p) above a critical volume fraction for ordering (¢*) (Figure 1.3) [19]. However,
quantifying these states of clay particle dispersion for a particular polymer-clay
generally is experimentally difficult, though some progress is being made in this
direction.

Extensive experimental and theoretic studies have been carried out on
PCNs for engineering applications. The most successful examples of exfoliated
PCN are for nylon-6 and epoxy clay nanocomposites prepared via in-situ
polymerization [2, 3]. Nylon-clay nanocomposites have been used in under the
hood applications in Toyota automobiles. Although great improvements have
been made in PCN performance properties, realizing the full potential of these
remarkable materials and achieving their commercialization are still challenging
tasks. For some non-polar polymers, such as polyolefins, achieving facile
exfoliation of clay nanoparticles in the polymer matrix on a commercial scale still
is a challenging problem [15-18]. The complexity of PCN systems and the
limitations of quantitative structural characterization methods make it difficult to
establish mérphology — processing — structure — property relationships [1].
Nevertheless, researchers have been developing new strategies in PCN

5
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chemistry to reach a better understanding in this field. Several of these emerging

advances, along with additional technical problems facing the field, are outlined

below.

1.2 Clay Surface Modification

Smectites are hydrophilic materials, immiscible with most of engineering
polymers that are hydrophobic. Additionally, clay layers are closely stacked
through electrostatic interactions, with galleries occupied by hydrated alkaline or
alkaline earth cations, making it difficult for macromolecule diffusion. Therefore,
clays usually require organic modifications prior to the preparation of PCNs. The
most commonly used modification method is alkyl-ammonium-ion-exchange.
When the inorganic gallery cations are replaced by long-chain alkyl-ammonium
cations, not only the clay surfaces become more hydrophobic and, consequently,
more compatible with polymers, but also the gallery spaces expand, readily for
the intercalation of polymer chains. Depending on the cation exchange
capacities (CEC) of clays, the alkyl chain length, alkyl ammonium cations in clay
galleries may adopt structures that vary from lateral monolayer-, lateral bilayer-,
paraffin-, or lipid-type orientations, in the order of increasing gallery height [20].

While the onium-ion-exchange is widely used as a convenient and
effective clay surface modification method, it has several disadvantages. First,
the plasticizing effect of the alkylammonium cations may compromise the

7



benefits of clay nanolayer reinforcement [21, 22]. Second, ammonium cations
are susceptible to thermal decompose via Hoffmann degradation mechanism at
temperatures above 200 °C, which ares the processing temperature of some
engineering polymers, such as polyamide. The degradation of the organic cation
will cause the re-stacking of clay nanolayers and a loss of potential benefits [23,
24). Third, during the preparation of PCN, the gallery alkyl ammonium cations
interact with the polymer matrices and clay layers, adding complexicity to the
nanocomposite systems [25]. Okamoto and coworkers argued that, in a
polylactide (PLA) — clay system that involves organo-clay with a large platelet
diameter and CEC value, the alkylammonium surfactant ions on the basal
surfaces of the clay form a restricted conformation due to steric limitations and,
consequently, hinder polymer intercalation [26].

Alkylimidazolium, a lkylphosphonium and alkylpyridinum ions have been
used as clay modifiers for the reinforcement of high-melt-temperature
engineering polymers, such as polyamide-6 (PA-6), PA-6,6, polyethylene
terephthalate (PET) and polycarbonate (PC), as well as polymers bearing
medium-melt temperatures, such as polystyrene (PS) and polypropylene (PP)
[27-36]. Gilman and coworkers have used different dimethyl alkylimidazolium
salts to modify MMT, proving a higher thermal stability of the alkylimidazolium-
MMTs compared with alkylammonium-MMTs (Table 1) [34, 36]. The 1,2-
dimethyl-3-hexadecyl-imidazolium-MMT was exfoliated in PA-6 via melt-blending

8
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processes at 300 °C. Dong and coworkers compared the stability of imidazolium-
MMT (I-MMT) and ammonium-MMT (A-MMT) as reinforcement agents for PP
[29]). Both I-MMT and A-MMT exfoliated in PP upon in-situ polymerization.
However, I-MMT exhibited higher thermal stability than A-MMT, whether
analyzed as the pristine clay or as the composite form. The phase-structure
stability of the nanocomposite was investigated by melt-extrusion at 200 °C for
durations varying from 2-10 min. Re-stacking of clay layers was observed for PP
— A-MMT nanocomposites, due to the decomposition of alkylammonium modifier,
leading to inferior incompatibility between PP and MMT. The structure integrity
of PP - I-MMT nanocomposites was maintained during the extrusion.
Pyridinium- and imidazolium-based ionic liquids also have been used to modify
clay [37, 38].

Silylation of surface silanol groups is a common method to modify glasses
and silicates for use in polymer composite formulations. Silylation has also been
used for the polymer compatiblilization of smectite clays, layered silicic acids,
and silica materials [39, 40]. But this method is seldom used as the sole surface
modification technique in PCN studies, because only a small fraction of the
hydroxyl groups of a smectite clay are found at the surfaces of the platelet edges.
The remaining hydroxyl groups are buried in the second and third atomic planes
of the 2:1 layered structure and are unavailable for coupling reactions with silane
modifiers. On the other hand, one of the advantages of silylation is that the
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treated clay contains less organic components (less than 5 wt%) than organicly
exchanged clay (25-45 wt%). Silylation has been used to graft functional groups
to organo-clay to improve clay dispersion and material properties of the
nanocomposites [40-45]. Bourgeat-Lami and coworkers synthesized organic-
inorganic nanocomposite colloids containing Laponite, which was modified by
either a monofunctional (y-methacryloxy propyl dimethyl ethoxylsilane) or a
trifunctional (y-methacryloxy propyl trimethoxysilane) silane coupling agent, via
emulsion polymerization [42]. Their results showed that trifunctional silane
coupling agents chemically locked the clay platelets into irreversibly stacked
nanolayers in tactoid form. However, the Laponite modified by monofunctional
silane derivatives can be satisfactorily dispersed in water and was found to cover
the styrene-butyl acrylate copolymer latex surface during the preparation of
colloids, as shown in Figure 1.4.

It has been realized that unmodified, purely inorganic clays are able to
disperse homogeneously in polymers and provide reinforcement, once the
surface properties of clays are compatible with polymers. Synthetic clays are
commonly used in this area since they usually possess lower aspect ratio than
natural clays. Haraguchi and coworkers reported nanocomposite hydrogels
containing rubbery poly(2-methoxyethyl acrylate) (PMEA), which is a
biocompatible polymer material, and inorganic clay (Laponite) [46]. The
composites were made via in-situ polymerization of MEA monomer and Laponite
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in aqueous solution. The resulting composites were completely transparent and
had unique mechanical properties that they can undergo reversible necking
deformation of more than 1000%. The authors claimed that, during the
polymerization, PMEA monomers aggregated and excluded the hydrophilic clay
platelets so that the nanocomposite products were composed of PMEA
nanospheres that were covered by clay from the outside. When the composites
were under stress, the PMEA core provided the high elongation while clay
provided stiffness. More recently, McKinley and coworkers reported high-
performance elastomeric nanocomposites of polyurethane-polyether copolymer
and Laponite via solvent exchange processing technique [47]. Laponite
preferentially dispersed in and interact with the hard microdomains of
polyurethane, and, consequently, improved stiff, toughness and heat distortion
temperature of the polymer, especially when it reaches the weight loading to form
a percolative network. Pinnavaia and coworkers developed a strategy to prepare
a porous saponite-like silicate material and to use it to reinforce epoxy polymers
[48). Due to its porous surfaces and irregularly stacked morphology, the
synthetic saponite dispersed uniformly in epoxy in the form of nanometric
tactoids. The nanocomposites exhibited improved strength, modulus, elongation

and toughness.
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Figure 1.4 Cryo-TEM image of styrene-butyl acrylate particles coated by
monofunctional silane-treated Laponite clay nanolayers, as obtained by emulsion

polymerization in the presence of 10 wt% Laponite clay platelets [42].

1.3 PCN Preparation Technology

Three main methods have been used for the preparation of PCNs, namely,
solvent intercalation, in-situ polymerization, and melt blending. The solvent
intercalation method requires the polymer or pre-polymer to be soluble in a
solvent that also is capable of swelling the clay galleries. Polymer chains are
allowed to access the clay galleries, thereby, promoting the formation of either an
intercalated or exfoliated nanocomposites upon the removal of the solvent. This
method is commonly used for water-soluble polymers, and for composite film
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fabrication [49-55]. For hydrophobic polymers, solvent intercalation methods
require the use of organic solvents, such as chloroform [56, 57]. From practical
point of view, organic solvent processing is environmentally challenging.

PCNs also can be prepared via in-situ polymerization of monomers in the
presence of the modified clay. The in-situ polymerization methodology is
particularly useful for the preparation of thermoset PCNs and for thermoplastics
that can be readily prepared under near-ambient conditions. Nylon-6 — exfoliated
MMT nanocomposites, the first example of an exfoliated PCN, were prepared by
polymerization of a mixture of e-caprolactam and MMT modified by the onium ion
of a a, w-amino acid [8, 9]. This method has also been applied to epoxy,
polyolefin, PS, PA, and polyimides (Pl) systems [22, 58-63]. The advantage of
the in-situ polymerization approach is the ease of clay — pre-polymer processing.
It is usually much easier to pre-intercalate or to pre-exfoliate a clay with a
polymer precursor than the polymer itself.

The melt-blending method blends a mixture of polymer and clay at a
temperature above the softening point of the polymer [34, 64-68). This method
has been identified as the most desired approach to the preparation of
thermoplastic PCNs because it does not require the use of solvents or the re-
tooling of processing equipment and conforms to standard industrial methods for
polymer processing. However, thermoplastic polymers, especially non-polar
polymers are not good wetting agents for organoclays. Moreover, many
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organoclays are not stable under melt processing conditions due to the low
thermal stability of the organic modifiers. Thus, it generally is difficult to achieve
organoclay nanolayer exfoliation under common melt processing conditions. To
overcome these limitations, extra modification of the polymer needs to be carried
out to achieve compatibility with the clay and to facilitate intercalation.
Commonly used technique in the preparation of polyolefin — clay nanocomposites
is to incorporate maleic anhydride grafted polyolefin as a compatibilizer, although
the addition of the lower molecular weight component lowers the mechanical
properties of the polymer matrix [13-18, 69].

The mechanism of polymer intercalation in clay has been studied
extensively. At thermodynamic equilibrium, the dispersion of the platelets in
polymer matrix is favored only if the enthalpy changes overcome the entropy loss
of the confined polymer chains within the clay galleries [70]. Vaia and Giannelis
studied the polymer melt intercalation in organo-clay using a mean-field, lattice-
based model, and pointed out that the entropic penalty of polymer confinement
may be compensated by the increased conformational freedom of surfactant
chains as the |ayers separate. The dispersion of clay was e nergy favored by
maximizing the polymer-surface interactions and minimizing the unfavorable
apolar interactions between polymer and surfactants [25].

Epoxy-based PCNs prepared via in-situ polymerization method provide
examples for clay exfoliation mechanism research. Pinnavaia and coworkers
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pointed out that the exfoliation of clay is possible when comparable intra- and
extragallery polymerization rates were achieved by incorporating acidic exchange
cation as both a clay surface modifier and a catalyst for intergallery epoxide
polymerization [71]. Chen et al. divided the interlayer expansion process into
three stages: initial interlayer expansion due to the monomer and curing agent
diffusion, steady-state interlayer expansion due to the intergallery polymerization,
and the cessation of interlayer expansion [72]. More recently, Jana and
coworkers argued that the elastic force exerted by cross-linked epoxy molecules
inside the clay galleries was the primary force for exfoliation [73]. The elastic
force pushed the outermost clay layers out from the tactoids against the
opposing forces arising from electrostatic and van der Waals attraction and shear
until gelation of the system occurs (Figure 1.5). Complete exfoliation can occur if
the ratio of shear modulus to complex viscosity was maintained at or above 2-4
1/s, so that the elastic forces inside the galleries outweighed the viscous forces
of the extragallery epoxy.

Organic solvents have been used to assist in the preswelling of an
organo-clay in the presence of a prepolymer [22, 74]. Hasegawa reported the
preparation of a PCN by compounding nylon-6 with a Na*-MMT aqueous slurry
[75). After the evaporation of water, Na*-MMT layers were found to be exfoliated
and dispersed homogeneously in the nanocomposites. The properties of these
novel nanocomposites were nearly equal to those of conventional nylon-organo-
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clay nanocomposites. Also, Mai and coworkers synthesized exfoliated silicone
rubber — clay nanocomposites based on a siloxane surfactant modified clay

aqueous suspension [76].
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More recently, He and co-workers developed a so-called ‘slurry
compounding’ process to prepare exfoliated epoxy-clay nanocomposites [44, 45].
The exfoliated morphology of the clay in aqueous suspension can be transferred
to the epoxy matrix. The mechanism of exfoliation was believed to involve the
silylation of hydroxyl groups on the basal planes of the clay structure. However,
since the hydroxyl groups are buried in the second and third planes of oxygen
atoms and are inaccessible for reaction, the proposed mechanism is unlikely.
Instead, silylation most likely occurred only at the edges of the clay platelets.
This would be consistent with the observation that the method required only
small amounts of silane as a surface modifier. Figure 1.6 shows TEM images of
the exfoliated clay nanolayers in the epoxy matrix. The same group also
reported preparing PP — clay nanocomposites by reactive compounding PP with
an epoxy — clay master batch made via “slurry compounding” [77]. Because
epoxy and PP are immiscible, maleic anhydride grafted PP was incorporated as
both a compatiblizer and an epoxy curing agent. Most clay particles were
exfoliated or dispersed into small stacks clay layers in the resulting
nanocomposites. The slurry compounding approach for nanocomposite
formation is deserving of verification and extension to other polymer — clay

systems.
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Figure 1.6 TEM images of an epoxy nanocomposite (2.5 wt% clay) prepared by

slurry compounding [45].

Supercritical carbon dioxide fluid, as an environmentally friendly,
inexpensive, low-viscosity and nonflammable liquid, has been used to replace
conventional solvents in the preparation of PCN compositions based PS,
Poly(ethylene oxide) and poly(methyl methacrylate) matrices [78-80]. Manke and
coworkers patented a unique technique using supercritical fluid to delaminate
clay [81]. A catastrophic depressurization of a supercritical — clay system and
the associated catastrophic volume change of the fluid caused the clay layers to
exfoliate, as judged by XRD patterns of the solids. The inventors claimed that
the treated silicate particles were ready for polymer reinforcement purposes.
More recently, Gulari and coworkers patented a technique to exfoliate contacted
particles and reduce reaggregation of the structures by supercritical fluid diffused
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with coating agents, such as polydimethyisiloxane [82]. These techniques
eliminate the use of any clay surface modifiers. However, they require high-

pressure environments.

1.4 Characterization of Clay Nanolayer Dispersion

PCN studies rely on accurate characterization of the nanometer-scaled
clay morphology in polymer matrices. The most commonly used methods are
wide-angel X-ray diffraction (WAXD) and transmission electron microscopy
(TEM). WAXD has been used to measure the position, shape and intensity of
the basal reflection of both initial clay particles and clay layers dispersed in
polymers (Figure 1.7a). An increase in interlayer spacing due to the intercalation
of polymer results in a lower-angle shift of the 001 peak, compared with the basal
reflection of the initial clay particles. The peak also broadens when the layer
orientation is disordered. The disappearance of the 001 reflection indicates the
formation of some form of an exfoliated morphology. Small angle X-ray
scattering (SAXS) technique can be used to detect interlayer spacings of 200 A
and beyond. SAXS has also been used to determine three-dimensional clay
layer orientation in PCNs [83]. Although WAXD has been a convenient method
to determine the d-spacing, the X-ray line broadening is directed relative to the
crystal size and number of diffracting layers. Therefore, the d-spacing of only a
few stacked layers or a relatively disordered intercalated structure may not
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be detected using WAXD. Additionally, WAXD does not provide information on

structure homogeneities throughout the composites.
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High magnification and high resolution TEM has been a powerful
technique for PCN characterization. The edge of individual clay layer can be
directly imaged (Figure 1.7b). However, the sample preparation of TEM requires
ultrathin-sectioning of the composite into 70-nm thick slices, which is a delicate
and time-consuming process. To determine the overall homogeneity, a large
number of TEM images must be taken from different regions of the composite
sample. Quantitative analysis of a large number of images can be carried out by
enumerating the interlayer spacing and layer aspect ratios of the platelets [84,
85]. The combination of WAXD and TEM usually provides an reasonable
representation of PCN morphologies.

Optical microscopy and scanning electron microscopy (SEM) have been
used to investigate clay dispersion on a micrometer scale, and can be
complementary methods to WAXD and TEM. SEM is also a useful tool to
investigate the fracture surfaces of the composites [44].

Vanderhart and coworkers first used *C solid state NMR to determine
clay dispersion in polymers [86). The spin-exchange interaction between the
unpaired electrons of paramagnetic Fe atoms in clay particles shortens the
longitudinal relaxation time (T:") of protons within 1 nm of clay surfaces, and,
further, contributes to the T4 of bulk composite by spin diffusion. Better clay
dispersion leads to greater average paramagnetic contribution to T;". The
success of this method depends on two factors: the paramagnetic components of
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the clay, such as Fe* in MMT, and an efficient spin diffusion processes. NMR
has been an effective quantitative method to characterize polymer — MMT
nanocomposites based on PS [87], nylon [86, 88, 89], styrene-acrylonitrile
copolymer [90] and poly(e-caprolactone) [91]. However, in rubbery polymers,
where the dipolar interactions are too weak, NMR cannot be applied [90].

Atomic Force Microscopy (AFM) has also been used to investigate clay
dispersion in PCNs. After chemical etching, the silicate particles were detectable
on the composite surfaces. AFM can also be applied directly to the composite
thin-sections [92-94]. Figure 1.8 shows a phase contrast AFM image of an epoxy
— fluromica nanocomposite, where the intercalated morphology can be clearly
seen. AFM has been found to be especially useful in mapping the heterogeneity
of polymer blends [95-97]. Karger-Kocsis and coworkers studied polyamide-6 —
PP - organo-clay nanocomposites by AFM and found that organoclay was
located only in the PA-6 phase of the uncompatibilized blends [97]. When maleic
anhydride grafted PP (MAH-g-PP) was added as a compatiblizer, the clay
became embedded in the PA6-g-PP phase only.

Lo’'pez-Manchado and coworkers introduced a novel PCN
characterization method by measuring the freezing-point depression of a solvent
encapsulated the swollen composite [99]. It has been found that vulcanizates
containing highly dispersed clay particles exhibited a larger freezing point
depression for the encapsulated solvent than the pristine rubber matrix. The
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difference in freezing point depressions was attributed to a tighter network and
smaller solvent cages for the composite. However, the change in the freezing
point depression was comparatively small, and this method cannot reliably

provide quantitative information on the degree of clay particle dispersion.
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Figure 1.8 A phase contrast AFM image of an epoxy - synthetic fluoromica

nanocomposite [92].

Researchers at Elementis Specialties, Inc. recently developed a technique
to use FTIR to characterize the exfoliation and alignment of clay layers in
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polymer matrices (W. ljdo, personal communication). The bandwidth of the
silicate vibrations of an organo-hectorite was found to narrow significantly upon
layer delamination (Figure 1.9 a). It was possible to construct a calibration curve
relating the bandwidth for the in-plane Si-O vibration vs. the fraction of nanolayer
dispersion. A solvent containing different amounts of a chemical activator, such
as propylene carbonate, was used to control the level of clay delamination
(Figure 1.9 b). When other clays were used to reinforce polymers, the dispersion
could be determined by measuring the in-plane Si-O bandwidth in comparison to
the hectorite calibration curve. The same researchers also have used polarized
FTIR to evaluate clay alignment in PNC films. Since the polarized FTIR
absorbance changes with the electron density in the polarized direction, tilting a
PNC film sample containing oriented clay particles in the path of a z-axis
polarized IR beam will cause a decrease in the intensity of the in-plane Si-O
absorbance and an increase in the out-plane Si-O absorbance (Figure 1.10).
This phenomena was not observed in composite films with randomly orientated

clay layers.
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Figure 1.9 (a) FTIR spectrum of hectorite powder and delaminated hectorite in
water; (b) a calibration curve of clay in-plane Si-O bandwidth vs. percent activator
added and percent dispersion. (Figures provided by W. ljdo, Elementis

Specialties, Inc.)
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Figure 1.10 z-axis polarized FTIR spectra of a LDPE film containing oriented
BentoneTM clay layers, with different tilt angle. Inset: schematic representation of
clay in-plane and out-of-pane Si-O bonds. (Figure provided by W. ljdo, Elementis

Specialties, Inc.)

1.5 Nanolayer Orientation

To achieve control on the orientation of anisotropic fillers has been a
challenge in nanocomposite studies. Conventional techniques, such as fiber
weaving, obviously are not feasible for clay nanoparticles. Theoretical modeling
studies of PCN composition have shown that substantial improvements in
mechanical and barrier properties are possible for a composite reinforced by

28



aligned clay layers, compared with those containing random clay dispersions
[100-103]. It has also been predicted that the enhanced mechanical properties
observed for PCNs based on elastomers are due to the ability of realignment of
clay layers under stress [61]. Relatively fewer experimental studies have been
carried out on achieving good alignment of clay layers in PCNs. Vaia and
coworkers applied AC electric field during the curing of epoxy-organo-clay
nanocomposites [104]. The in-situ SAXS showed that the clay layers reoriented
parallel to the electric field, and that, upon thermal curing, the complete
development of alignment occurred before the onset of chemical crosslinking
(~80 °C). At the same time, the clay layers swelled toward an exfoliated
morphology (Figure 1.11). The driving force for clay particle alignment was
possibly the induced dipole of the ‘mobile’ exchangeable organic cations on clay
surfaces. Compared with epoxy — clay nanocomposite with random clay
morphology, those with aligned morphology exhibited lower coefficient of thermal
expansion, higher modulus and better optical clarity. More recently, Vaia and
coworkers reported using a magnetic field > 1 T to align clay in an epoxy matrix
before curing [105]. Clays, particulaly MMT that contains antiferro- or
ferrimagnetic impurities, were able to align parallel or perpendicular to the
magnetic field respectively, indicating that the composition of the clay has great
impact on the alignment, presaging the design of triaxial nanoparticle
reinforcement on the basis of magnetic properties.
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the featureless scattering around the beam stop [104].

1.6 Synthetic Materials for Polymer Reinforcement
Although naturally occurring clays are inexpensive and readily available,
they have certain disadvantages for PCN applications, including the difficulty of

purification and the need for organic modification. Researchers have been
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looking for alternative synthetic clay-like materials for polymer reinforcing
purposes. Clay materials can be synthesized under various laboratory conditions,
ranging from ambient pressure and temperature to extreme hydrothermal
conditions [106]. The products usually exhibit high purity and uniform particle
morphology and charge distribution. More importantly, a well designed synthesis
strategy raises the possibilities of tailoring clay properties to meet certain

research requirements.

Relataive Intensity
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Figure 1.12 XRD patterns of (a) natural Na-hectorite, herein the peaks labeled
by * are due to (Mg, Fe)SiO; and CaCOj; impurities; (b) synthetic Li-hectorite, and

(c) synthetic PVP-hectorite. Typical clay hkl reflections are identified [107].
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Carrado and coworkers have developed a general technique to
synthesize hectorite-like clay materials by refluxing a freshly precipitated brucite
in solutions containing LiF and silica precursors [107]. A series of water-soluble,
cationic or electrically neutral organics, varying from small molecules like
tetramethyl ammonium to large polymer molecules like polyvinylpyrrolidone (PVP)
can be present in the course of hectorite synthesis. When cationic organics were
present, they ended up as the interlayer cations. The presence of neutral
organic molecules during synthesis required larger amounts of LiF for successful
hectorite synthesis, and both the neutral organic and Li* were incorporated into
the interlayer s paces [107]. Figure 1.12 shows the XRD p atterns of a natural
Na‘-hectorite, synthetic Li*-hectorite and a PVP-hectorite, showing the
characteristic XRD diffraction peaks and higher level of purity of the synthetic
hectorites. PVP-hectorite composites exhibited an increase in basal spacing with
polymer uptake from 16.5 to 23.5 A. The authors proposed two potential
applications for synthetic-hectorite [107]. One was for the preparation of porous
materials for potential use as catalysts or catalyst supports upon the removal of
the organic polymer phase by combustion. A correlation was observed between
catalyst mesoporous size and the size and concentration of a polymer used in
the synthesis. The other potential application was for the preparation of organic-
inorganic composites through a one-step process by allowing more polymer
intercalation during the hectorite synthesis. The highest organic loadings, up to
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86%, were observed for the polyaniline-hectorite composites. These composites
had a so-called semi-exfoliated structure, in which small clay crystallites were
intercalated by polymer and well-dispersed within a continuous polymer matrix.
Carrado and coworkers also reported a one-step synthesis strategy of organo-
smectite clays with organics grafted on the interlayer surfaces by using
organotrialkylisilane as the silica sources [108]. These synthetic clay may be an
interesting substitute for conventional organo-clay prepared from ion-exchange of
natural clay.

Chastek, Stein and coworkers synthesized hexadecyl-functionalized
lamellar silicates C16-LMS, aluminosilicates C16-LMAS and C16-SiO,-LMAS by
sol-gel synthesis, whose structures are shown in Figure 1.13 [109]. C16-LMS
consisted of single or double layers of tetrahedral silicates. C16-LMAS had a
pyrophyllite-type structure with an octahedral aluminum layer sandwiched
between two tetrahedral silicate layers. C16-SiO.-LMAS had additional silicate
groups in the structure, compared with C16-LMAS and, thus, had a larger
inorganic layer thickness and greater structural disorder. Hexadecyl groups were
covalently attached to the inorganic layers in all three synthetic silicates, as
verified via 2°Si-NMR. In a subsequent report, Stein and his coworkers
investigated the dispersion of C16-LMS, C16-LMAS and C16-SiO.-LMAS in
different organic solvents and in polystyrene [110]. The solvent study showed
that the synthetic clays formed stronger gels with aromatic solvents, such as

33



toluene, than with linear, branched or cyclic alkyl solvents, indicating that the
synthetic clays were more suited for dispersion in polystyrene, which has a
similar structure as the aromatic solvents. The clay — toluene gel strength
increased with increasing clay concentration, although SAXS showed no
intercalation of toluene in clay galleries. These three synthetic clays and Cloisite
20A (an organo-MMT) were compared in polystyrene — clay nanocomposites
prepared from melt-blending process. The rheology study showed that, at the
same inorganic content, composites made from C16-LMAS and C16-SiO>-LMAS
had higher elastic moduli (G’) than from C16-LMS, due to the higher aspect ratio
and better dispersion of the former two clays in polystyrene. However, SAXS
showed that no polymer intercalation occurred in the composites. The
flocculation of clay caused by the interactions of hydroxyl groups on clay
surfaces, and the strong interactions between the interlayer covalently bonded
alkyl groups made the polymer intercalation more difficult. Polystyrene-Cloisite
20A exhibited highest G’, attributed to the better dispersion and possibly higher

layer stiffness of Cloisite 20A (Figure 1.14).
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possible structures for C16-LMS include a single layer structure and a double
layer structure which is shown in (A). The proposed structure of C16-LMAS (b)
with both tetrahedral and octahedral Al present in the octahedral layer. In C16-
SiO2-LMAS (C) additional silicate groups without alkyl chains are present and

tetrahedral Al is likely to occupy some of the sites in tetrahedral layer [109].
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Figure 1.14 Elastic moduli of PS - clay nanocomposites using (a) C16-SiO,-
LMAS, (b) C16-LMAS, (c) C16-LMS, and (d) Cloisite 20A from melt rheology

data obtained at T=150 °C, and 6.3 wt% inorganic material [110].

Clearfield and coworkers have used synthetic a-zirconium phosphate (a-
ZrP) to make epoxy nanocomposites [111, 112]). The a-ZrP had a higher ion
exchange capacity and narrower particle size distribution than MMT. The size
and aspect ratio of a-ZrP can be controlled by varying the reaction time and
reactant concentrations. A monoamine modified a-ZrP (M-a-ZrP) has been
readily exfoliated in epoxy, while a-ZrP remained unswelled. A 1.9 vol% M-a-ZrP
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loaded epoxy nanocomposite showed 50% increase in tensile modulus and 10%
increase in yield strength. However, the ductility was dramatically reduced. a-
ZrP has also been used to study the fracture behavior of epoxy nanocomposites

[113].

Heat flow/W/g

20 0 20 40 60 80 100
T°C

Figure 1.15 DSC traces of the organosilicate. Inset shows the phase transition

from solid to liquid upon heating [114].

Giannelis and coworkers have reported surface-functionalized
nanoparticles with liquid-like behavior [115]. For instance,
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[(CH30)3Si(CH2)sN"(CH3)(C1oH21)2JCI"  functionalized silica nanoparticle with
sulfonate anion R(OCH,CH;);O(CH.)3SO3 as counterion appeared as a clear
liquid at room temperature. This concept has been extended to various
nanoparticles, including magnetic iron oxide nanoparticles, layer-like
organosilicate, polyoxometalate cluster, anatase nanoparticles, and DNA
oligonucleotide [116]. Layered organosilicate nanoparticles have been
synthesized by refluxing octadecyitrichlorosilane in toluene with the presence of
a small amount of water [114]. The solid product can be readily dispersed in
various organo solvent, and exhibit reversible solid-liquid transition upon heating
(Figure 1.15). These solvent-free, zero-vapor pressure, liquid-like nanostructures
circumvent toxic solvents, possess unique conducting, magnetic or
electrorheological properties, and exhibit low dimension restrictions, bringing new
scientific and technological opportunities.

Meso-structured silica with large mesopore size has been a promising
reinforcing agent for polymer materials. Improvement in mechanical properties
have been reported based on nylon-6,6 [117], poly(vinyl acetate) [118], poly((3-
trimethoxysilyl)propyl methacrylate) [119] etc. Very recently, Pinnavaia and
coworkers reported epoxy - silica mesocomposites with enhanced tensile
properties and oxygen permeability [120]. The mesoporous silica, denoted MSU-
J, was synthesized using a a,w-diamine polypropylene oxide (Jeffamine D2000).
It had a wormhole framework structure with a pore diameter of 5.3 nm, a pore
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volume 1.41 cm®g and a surface area 974 m?/g. Both as-made MSU-J and
calcined MSU-J, where the Jeffamine D2000 was removed in the latter case,
dispersed uniformly in a rubbery epoxy matrix. Compared with epoxy — organo-
clay nanocomposites, epoxy — silica mesocomposites exhibited comparable
improvement in mechanical properties and thermal stability (Figure 1.16). The
tensile modulus, strength, toughness, and elongation-at-break for the
mesocomposites were systematically reinforced by up to 4.8, 5.7, 1.6, and 8.5
times, respectively, in comparison to the pure epoxy polymer. Additionally, no
organic modification was needed for MSU-J, and the composites were prepared
with a simple mix and cure method. Another remarkable property of the epoxy —
as-made MSU-J mesocomposites is that the oxygen permeability increased
dramatically at loadings 25 wt% due to the partitioning of curing agent between
the as-made mesostructure and the liquid prepolymer, and, consequently,
reduced chain cross-linking in the vicinity of the silica particles. Such
phenomenon was not observed in epoxy — calcined MSU-J mesocomposites
since the curing agent p artitioning was not allowed (Figure 1.16). Balkus and
coworkers have also reported improved gas permeability in polysulfone — MCM-
41 membranes prepared by a solvent-blending method. A 30 wt% MSM-41
loaded polysulfone membrane had the oxygen, nitrogen, carbon dioxide,

methane permeability increased by 2.5, 2.9, 2.7, and 2.6 times respectively [121].
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Figure 1.16 (a) Tensile modulus, (b) tensile strength, (c)strain-at-break, (d)
toughness, and (e) oxygen permeabilities epoxy composites containing different
loadings of as-made MSU-J (solid circles), and calcined MSU-J (open circles)

mesostructured silica [120].
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1.7 Conclusion

This chapter has reviewed certain aspects of PCN chemistry, particularly
clay nanolayer modification, PCN preparation and characterization, nanolayer
alignment and alternatives to natural clays as polymer reinforcement agents.
Conventional techniques, such as onium-ion exchange, WAXD, TEM, have been
and will continue to be effective for PNC study. New techniques and concepts
are rising everyday, and holding additional promise for routine use in future PCN
studies.

Despite all the efforts, it is still a great challenge to establish the
morphology — processing — structure — property relationships of polymer - clay
nanocomposites. To reach this goal, it is important to understand and evaluate
the necessity of clay organic modification, considering the advantages of the
modifiers as surface compatibilizers and their disadvantages in causing
plasticizer effects and low thermal stability. It is also important to further develop
polyolefin nanocomposites, since polyolefins have a wide range of commercial
applications. Current techniques in forming polyolefin — clay nanocomposites
requires extensive organic modifications and has not yet given satisfactory
results on commercial scales. This thesis aims at developing organic-modifier-
free preparation pathways for the formation of polymer — metal oxide

nanocomposites to prove the feasibility of the proposed study, to discover novel

41



inorganic metal oxides for polymer reinforcement purposes and to attract more
research interest in this area.

In the following chapters, both thermoset polymer epoxy and thermoplastic
polyolefins are chosen as polymer matrices. Three different metal oxides with
unique morphology and surface properties are studied: synthetic saponite,
palygorskite, and mesoporous silicas. Specific research interests include:

o Synthesis of clay-like silicate materials in order to control the
morphology and composition of the products by choice of synthesis
conditions.

e Develop strategies for using inorganic metal oxides as polymer
reinforcing agents. The inorganic metal oxides include synthetic
saponite, palygorskite, and mesoporous silicas. The polymer
matrices include epoxy and polyethylene.

e Compare the properties of nanocomposites reinforced by inorganic

metal oxides with those of nanocomposites formed from organo-clay.
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