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Abstract

Synthesis of Layered-Silica/Polymer
Nanocomposites

by

Xue Tian
Advisors: Dr. Nan-Loh Yang, Dr. Michal Kruk

This dissertation includes four chapters. Chapter 1 is the introduction of nanocomposite
materials, the traditional synthesis methods are discussed and the properties of the

nanocomposites are reviewed.

Chapter Il provides a general introduction of mesoporous silicas, and introduces the synthesis
of two lamellar phase silicas template by different surfactant mixtures based on published
literature procesures. The preparation was successful, as confirmed by small-angle X-ray

scattering (SAXS).

Chapter I11 describes the synthesis of nanocomposites by surface-initiated atom transfer radical
polymerization (ATRP) and Chapter IV introduces the synthesis of nanocomposites by activators
regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP). The
mechanism and components of the reaction mixtures in the living ATRP are discussed. It is

shown that 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate is a suitable initiator



grafted on the surface of the layered silicas. It is described that polymerization of methyl
methacrylate (MMA), styrene (St) and acrylonitrile (AN) was carried out by using ATRP or
ARGET ATRP. The polymer loadings were accessed by thermogravimetric analysis (TGA),
morphologies of the nanocomposites were examined by SAXS and transmission electron
microscopy (TEM), and their thermal properties were accessed by using differential scanning
calorimetry (DSC). Generally, normal ATRP was found to allow for better retention of lamellar
(intercalated) morphology. However, ARGET ATRP also worked well and allowed us to lower

the copper catalyst content to several ppm, that is, by about two orders of magnatitude.
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Chapter I.

Introduction to Nanocomposites



1.1. Definition, Classification and Preparation of Nanoscale Polymer-Inorganic

Nanocomposites

Organic-inorganic nanocomposites have generated much interest, * principally because of the
potential they offer for applications in tough, high-temperature-compatible particle reinforced
polymers, 3 coatings, # electronics, # and in the study of polymers in confined environments. °
Toyota’s pioneering work on polymer-clay nanocomposites two decades ago®® 5 has generated
great interest in the materials science community. & ” Because of the nanoscale dispersion of the
clay layers, this new family of materials exhibits properties that are completely different from

those properties of composites with microscale level dispersed inorganic component.

Polymer-inorganic nanocomposites are defined as composites having inorganic particles
dispersed in a polymer matrix, differing from traditional composites, in that the dispersed
particles have at least one dimension (length or / and width or / and height) on the nanometer
lengthscale. % Nanoscale fillers can be classified into three types, depending on how many
dimensions of the dispersed particles are in the nanometer range. % The first type includes
isodimensional particles, such as spherical silica nanoparticles, 8 8for which all of the three
dimensions are the same and are on the order of nanometers. The second type is illustrated by
nanofibers and nanotubes, such as carbon nanotubes in polymer matrix, ° for which two
dimensions are at nanometer scale and the third dimension is larger. The third type is
exemplified by polymer-(layered material) nanocomposite, for which only one dimension of the
filler particles is in the nanometer range, and the dispersed particles are sheets. These
nanocomposites are typically obtained by the intercalation of polymers between the layers of

layered host materials. The layred host materials can be synthetic or of natural origin.



There are three main types of architecture of the composites that could be achieved with a
layered nanoscale inorganic material (such as a clay) and a polymer (Scheme 1.1).%¢ A phase-
separated composite (Scheme 1.1.(a)) is the first type, for which the polymer chains cannot be
intercalated between nanoscale sheets, and the sheets keep their original aggregation state. The
properties of such a type of composites remain the same as those of microcomposites, which
usually are not as good as the properties of nanocomposite. For instance the
epoxy/montmorillonite nanocomposites shows better anticorrosion and physical properties
comparing with epoxy/barium sulfate microcomposites in coating applications.® The other two
types belong to the nanocomposites family. When the polymer chains are intercalated between
the inorganic layers, but a well ordered arrangement of the layers is maintained, the resulting
structure is called an intercalated structure (Scheme 1.1.(b)). An exfoliated or delaminated
structure (Scheme 1.1.(c)) is obtained when the inorganic layers are completely dispersed inside
the polymer matrix and the ordering between the layers is not maintained. Small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM) are the techniques to identify
those structures. The well ordered morphology of the intercalated structure can be recognized by
SAXS, for which the interlayer spacing usually will be increased by the polymer chains
intercalated between the silicate sheets when compared to the interplanar spacing of the original
inorganic layers. The exfoliated structure is difficult to be recognized in SAXS, because either
the spacing might be too large or the ordered structure is lost. In such cases, TEM is helpful to

identify the morphology.



Scheme 1.1. (a) Phase-separated Microcomposite; (b) Intercalated Nanocomposite and (c)

Exfoliated Nanocomposite.

(c) Exfoliated nanocomposite

4



To prepare polymer/layered-material nanocomposites, four traditional processes were used: *

Exfoliation-adsorption: In this process, a solvent is used to disperse the layered silicates
into single layers. If the polymer is also soluble in the solvent and it added, it can adsorb
on the silicate layers. After the solvent is evaporated, the polymer chains are located
between the aggregated silicate sheets, possibly forming an ordered intercalated structure.
This method is used to obtain intercalated nanocomposites of water-soluble polymers,
including poly(vinyl alcohol), > 13 poly(ethylene oxide), *> poly(vinylpyrrolidone) 8
and poly(acrylic acid)’. The method can also be used with solvents other than water,
which allowed one to obtain nanocomposites consisting of nitrile-based copolymer
(Barex 210 E) and polyethylene-based polymer.t® Ogata et al. used this technique to
produce biodegradable polylactide ?° and poly(e-caprolactone) nanocomposites. 2* For
insoluble polymers (polyimide), Toyota research group has been the first one to report the
possible route to produce nanocomposites, in which the soluble polymeric precursors
were intercalated in the layered silicate. The subsequent polymerization rendered the
nanocomposite product. 3@ Poly(methyl methacrylate) based nanocomposites have been
produced first by using methyl methacylate added to delaminated Na-montmorillonite

aqueous dispersion, which was followed by the emulsion polymerization. ??

In situ intercalative polymerization: In this process, the polymers are formed between the
silicate layers by the polymerization initiated, for instance, by an initiator inside the
interlayer space. Various thermoplastic nanocomposites can be prepared by in situ
intercalative polymerization, such as nylon-6-based nanocomposites, 5% °°
polyurethane/clay nanocomposites 2 and polystyrene-based nanocomposites. 2* In the

study of polystyrene-based nanocomposites, Akelah and Moet modified the clays by
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cation-exchange with (vinylbenzyl)trimethyl ammonium to increase the interlayer
spacing. 2* Doh and Cho extended this approach on the use of other modified
montmorillonites and evaluated its effectiveness. 2° Tudor et al. have produced the
polyolefin-based nanocomposites by coordination polymerization of propylene. 2
Polymerization-filling technique (PFT) has also been used to produce
intercalated/exfoliated nanocomposites based on high density polyethylene. 27 In addition
to the above thermoplastic nanocomposites, thermoset nanocomposites (such as epoxy-
based nanocomposites) can also be produced by in situ intercalative polymerization.
Messersmith and Giannelis have explored the formation of nanocomposites based on the
diglycidyl ether of bisphenol A and a cation modified montmorillonite. 2 The synthesis
of nanocomposites based on montmorillonite and unsaturated polyester was also
demonstrated. 2° Elastomeric nanocomposites can also be obtained by this technique.
Wang and Pinnavaia have obtained another type of an exfoliated structure where the
layers were still organized in the elastomeric epoxy matrix. *° They also developed the
synthesis of intercalated elastomeric polyurethane/clay nanocomposites. 3! It should be
noted that the nanocomposites synthesized during my PhD work were prepared through
an in situ intercalative polymerization approach. The relevant literature will be

overviewed in subsequent chapters.

Melt intercalation: In melt intercalation, the layered silicates are heated to appropriately
high temperatures and mixed with polymer in molten state. The process of formation of
polystyrene-based or polystyrene derivatives-based nanocomposites by melt intercalation
has been well studied in terms of thermodynamics, kinetics and morphologies. 3>2* The

preparation of nylon-6 based nanocomposites have been also investigated by melt



intercalation, ° although in situ intercalation is more commonly employed in this case.
The other polymer/copolymer-based nanocomposites have been explored were
polypropylene, 363 ethylene-vinyl acetate copolymers, ° poly(styrene-b-butadiene)

copolymers *'and elastomers. #?

Template synthesis: In this case, the silicates are formed in situ in an aqueous solution in
the presence of a polymer. The polymer facilitate the formation of the inorganic phase
and is entrapped as the component grows. “This technique can be used for water soluble
polymers but can also be implemented for other polymers such as poly(vinylpyrrolidone),
hydroxyl-propylmethylcellulose, polyacrylonitrile, poly(dimethyldiallylammonium), and

polyaniline”. 3



1.2. Properties of Nanoscale Organic-Inorganic Nanocomposites

Organic-inorganic nanocomposites often have improved properties even if a small proportion
of the inorganic component is mixed with the organic matrix. Increases of modulus (tensile or
flexural modulus) are observed for nanocomposites materials. Thermal stability and fire
retardancy improvements have drawn a lot of attention, too. The layered-silica/polymer
nanocomposite materials also attracted interests because of their barrier properties with respect to

vapor/gas diffusion. Some nanocomposites also exhibit ionic conductivity.

The hydrogels containing silicate nanoparticles (Laponite) showed higher elongations and
improved toughness when compared with the polymer part. ¢ A dramatic increase of toughness
and stiffness in poly(vinylidene fluoride) was also reported. *° In a starch/poly(vinyl
alcohol)/sodium montmorillonite nanocomposite, the increase of sodium montmorillonite
content (0-20%) enhanced the tensile strength, but decreased elongation at break. %6 The
relationship between the modulus enhancement and clay volume, as well as constrained polymer
volume in nanocomposite has been investigated. *’ For the nanocomposite containing only 2.0
wt % montmorillonite, the tensile strength, Young’s modulus and elongation at break increased

markedly. 48

Both intercalated and exfoliated poly(e-caprolactone)/clay nanocomposites were degraded at
higher temperature when compared with poly(e-caprolactone) or poly(e-caprolactone)/clay
microcomposite. At 50% weight loss in thermal degradation patterns, a nanocomposite
containing 5 wt % clay showed 25<C higher temperature than the polymer degradation
temperature. ° Polystyrene/montmorillonite nanocomposite showed increased onset degradation

temperature compared with polystyrene. *° Glass transition temperature (Tg4) change was



complicated in the nanocomposites. For exfoliated polyamide/organoclay nanocomposite, Tq
increased when inorganic filler content was low, then T4 decreased with increasing filler content;
however, intercalated polyamide/organoclay nanocomposite exhibited a linear T4 decrease with
increasing inorganic filler content. 5! Polystyrene/montmorillonite nanocomposites showed a
higher Ty when montmorillonite content was 1 or 3 or 5 wt %. *° Intercalated
polystyrene/lipophilized smectic clay nanocomposite displayed a 10<C increase in Tq. %2 The

glass transition temperature change will be discussed further in a subsequent chapter.

Some other interesting properties have been observed as well. Solvent uptake (swelling) in
dispersed polysilozane/layered silicate nanocomposite was dramatically decreased when
compared with conventional composites. > By using the quaternary alkylphosphonium salt,
poly(methyl methacrylate)/clay nanocomposites showed enhanced anticorrosive property. >* In
coating applications, polymer/sodium montmorillonite nanocomposites exhibited an increase in
the surface hardness, scratch resistance and flexibility. > Water vapor permeability was
decreased in starch/poly(vinyl alcohol)/sodium montmorillonite nanocomposite when the

inorganic filler content was increased from 0 to 20%. °

In general, the improved properties for nanocomposite materials family attract much more

attention. The relationship between the structure and properties is worth further investigation.



1.3. Inorganic Fillers in Nanocomposites
1.3.1. Natural Inorganic Fillers

There is a variety of different types of inorganic fillers that can be used to prepare
nanocomposites. Most of the fillers are natural materials, but some are synthetic materials. Some
viable natural layered materials are: graphite °, metal chalcogenides ((PbS)11s(TiSz2)2 *, MoS:
58), metal phosphates (ZrHPO4 ®1), clays and layered silicates (montmorillonite, hectorite,
saponite, fluoromica, fluorohectorite, vermiculite, kaolinite, magadiite) and layered double

hydroxides (MeAl2(OH)16C0s 1H20; M=Mg 2, or Zn %).%

The nanocomposites based on clays or layered silicates (the type of nanocomposites with one
dimension of the filler within the nanoscale range) have been well investigated. This is because
the clay materials are commercially available of low cost and their intercalation mechanism is
well known. 5 8 The layered silicates typically used to prepare nanocomposites belong to the
2:1 phyllosilicate family (2:1 refers to two tetrahedral sheets and one octahedral sheet within the
layer structure). In their crystal lattice, a central octahedral sheet (in which alumina or magnesia
occupies the center space) is stacked between two silica tetrahedral sheets (one on the top, and
one on the bottom). ® The structure is shown in Scheme 1.2. ®© The most commonly used
commercial layered silicates, such as montmorillonite, hectorite and saponite, belong to this
family, and montmorillonite is the most popular clay to prepare nanocomposite via cation
exchange 49 °0. 54 672.68-5 anq covalent bonding "®2 (see chapter 1.5). The chemical formulas of
the commonly used 2:1 phyllosilicates are: (a) montmorillonite (Mx(Als-xMgx)SigO20(OH)a), (b)
hectorite (Mx(Mgs-xLix)SigO20(OH)4) and (c) saponite (MxMgs(Sis-xAlx)O20(0OH)s), where M is

monovalent cation and x is the degree of isomorphous substitution (between 0.5 and 1.3). &
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Scheme 1.2. Structure of 2:1 Phyllosilicates.
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1.3.2. Synthetic Inorganic Fillers
1.3.2.1. Synthetic Clay

In addition to natural clays, a synthetic silicate is also a possible choice for serving as an
inorganic filler to prepare nanocomposites. Laponite is a commercial available synthetic clay,
which is uniform, disc-shaped, with discs of 25 nm in diameter and about 1 nm thickness. /’ The
formula of laponite is Na*o.7[(SisMgssLio.3)O20(0H)4] . 77 Several research works have
investigated the polymer-laponite nanocomposites. 4+ 880 Unlike the cations on the clay surface,
the silanol groups on the laponite disc edge provide possibility of covalent bonding using
chlorosilanes or alkoxysilanes that react with silanol groups (-SiOH) on the clay edge. ’® Organic
functional groups in the organosilane moiety such as primary amines, methacrylates,
benzophenones, and tertiary bromines can serve as active sites for grafting polymer chains to or

from the clay edge. "*8
1.3.2.2. Mesoporous Silica MCM-50 with Lamellar Structures

Laponite clay has only small amount of silanol group on the edge, which limits the surface
modification with organic molecules. Some work has been done to overcome the low reactivity
by sol-gel process to synthesize organoclays using organoalkoxysilanes as silica source. 788184

But it may cause structure defects with the clay sheets or distortion. '8

The surfactant-templated layered silica (lamellar phase) is a member in surfactant-templated
nanostructured silica materials family. It can provide large amount of silanol groups on the
surface, and it is the inorganic filler we have chosen in this dissertation. Ordered mesoporous
materials have been developed two decades ago. In the early 1990s, the synthesis of
mesostructured silicates was announced by Japanese scientists and later by U.S. scientists

12



working for Mobile Company. 8587 Mobil’s scientists prepared highly ordered
mesoporous/mesostructured silicates under hydrothermal and basic conditions, which were
referred to as M41S materials. Cationic quaternary ammonium surfactants such as
cetyltrimethylammonium bromide (C1sH33N(CHz)3Br, CTAB) were first used as surfactant
templates. M41S materials broadened the achievable uniform pore size in periodic porous
materials from the micropore-range (pore diameter less than 2 nm) to the mesoporous range
(pore diameter between 2 to 50 nm). And the concept of “the template” was introduced in the

synthesis of mesoporous silicate materials for the first time. %

Mesoporous molecular sieves (as they were often referred to after their discovery) or ordered
mesoporous materials (as they are referred to in the current literature) are obtained via the
organic-inorganic assembly process. The assembly is mediated by either weak noncovalent
interactions such as hydrogen bondings and van der Waals forces or by the electrostatic
interactions between inorganic species and the surfactant. After the assembly process is
completed, OMMs with accessible pores could be obtained by removing the surfactants.
Therefore, for the formation of highly ordered mesostructures, self-assembly with the surfactants
is the key procedure. The mesoporous materials could be designed and the synthesis could be

controlled based on current knowledge and technique of surfactants self-assembly. 88

A large variety of mesoporous or nanostructured materials with different mesostructures
(lamellar, 888 two-dimensional (2D) hexagonal of space group pémm, three-dimensional (3D)
hexagonal, 3D cubic close packed, bicontinuous cubic, 88 etc) and compostions (silica, metal
oxides, 8% metal sulfides, %" % metals, %1% and polymers and carbons %% 1%4) have been

investigated. Some of the mesostructures are showed in Scheme 1.3.
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Scheme 1.3. Structures of Mesoporous Materials: a) MCM-41 (2D hexagonal, space group
p6émm; b) MCM-48 (cubic); c) MCM-50 (lamellar, space group p2).
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1.3.2.2.1. Surfactants

There are three types of surfactants frequently used: cationic, anionic and nonionic surfactants.
8 Some cationic quaternary ammonium surfactants are listed in Scheme 1.4. 8 Commercially
available cetyltrimethylammonium bromide (CTAB) has been often used for the synthesis of
ordered mesoporous silicate materials. Anionic salt surfactants includes carboxylates, sulfates,
sulfonates, and phosphates. Nonionic surfactants are commercially available in a wide range of
different structures. They are very attractive nowadays because of low cost, nontoxicity,
biodegradability and possibilities of generating different geometries by self-assembly. Scheme
1.5 8 jllustrates some typical commercial nonionic surfactants. The main members are
oligomeric alkyl poly(ethylene oxide) (PEO) surfactants (Brij family), amphiphilic block
copolymers (Pluronic family, e.g., poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene

oxide) (PEO-PPO-PEQ)), sorbitan esters, etc.
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Scheme 1.4. Formula of Alkyltrimethyl Ammonium Surfactant. 88
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Scheme 1.5. Commercially Available Nonionic Surfactants.
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1.3.2.2.2. Cooperative Self-Assembly of Surfactants and Silica Source to Form

Mesostructure

The self-assembly is established through the interactions between silicates and surfactants to
form inorganic-organic mesostructured composites. 8 Among several mechanisms, the
cooperative formation mechanism (Scheme 1.6 and 1.7 ) is accepted by most researchers,

following Stucky and co-workers. & 1%

The interactions between the surfactants and silicates are typically classified as follows
(Scheme 1.6 %): &) under basic conditions, the synthetic pathway is termed S*I" (S*: cationic
surfactant; I": inorganic precursor), and involves the assembly of polyacid anions and surfactant
cations; b) under acidic conditions, the inorganic precursors are positively charged to interact
with surfactant cations with the existence of a mediator ion X~ (CI-, Br, I, SO+, NOs’, etc), this
pathway is called S*XI*; c) for pathway S'M*I", to ensure the interactions between negatively
charged surfactants and inorganic precursors, it is necessary to add a mediator ion M*; d) in
contrast to pathway S*I', S°I* interactions also occurs between cationic precursors and surfactant
anions such as the assembly of Keggin ion (Al13’*) and dodecyl benzenesulfonate; e) except
electrostatic mechanism above, hydrogen bonding interactions between nonionic surfactants and
uncharged inorganic precursors is termed S°1° pathway (e.g., assembly with a long-chain amines
or with poly(ethylene oxide)-based surfactants); f) S°(X1) is the pathway when the uncharged

inorganic species are ion pairs. 88 106
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Scheme 1.6. Common Synthetic Pathways for the Assembly of Surfactants and Inorganic

Precursors under Basic, Acidic or Neutral Media (Adapted from Ref. 106).
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1.3.2.2.3. Liquid-Crystal Template Pathway

In addition to the cooperative self-assembly mechanism, the “true” liquid-crystal templating
process (Scheme 1.7 8) is also considered as another possible pathway in the synthesis of

ordered mesostructures. 107110

In “true” liquid-crystal templating processes, the surfactant concentration is very high, so a
lyotropic liquid-crystalline phase is formed under specific conditions (temperature, pH) before
the addition of the inorganic precursor (normally tetraethyl orthosilicate (TEOS) or

tetramethylorthosilica (TMOS)). 1!

Scheme 1.7. Synthetic Strategies of Mesoporous Materials: (A) cooperative self-assembly; (B)

“true” liquid-crystal templating process (Adapted from Ref. 88).
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1.4. Polymerization Method in Nanocomposites Preparation

The interesting properties of nanocomposites have attracted a lot of attention from scientists;
various polymers have been studied to prepare the nanocomposites with different types of
layered inorganic fillers as mentioned in Chapter 1.1. The silanol groups on layered silica surface
can be used to attach other functional moiety, which can serve as active sites for in situ
polymerization. Comparing with other polymerization methods, controlled/living radical
polymerization (CRP) can provide excellent molecular weight control and potentially well-
defined nanocomposite architecture. It offers more freedom to adjust the loading of covalently
bonded polymers in the nanocomposites. Therefore, the well-known living polymerization
technique, atom transfer radical polymerization (ATRP), is further discussed here as a means for
the controlled grafting of polymer from the surface of layered materials, which was explored in

our study.
1.4.1. Normal Atom Transfer Radical Polymerization

A living polymerization is defined as the polymerization technique without irreversible chain
transfer and chain termination.t*21# Anionic, cationic, radical, coordination, and ring-opening
polymerizations have all been explored in living polymerization research, both academic and
industrial. Radical polymerizations are particularly attractive due to convenient conditions and
wide variety of available monomers. 1** One of the methods of a controlled radical
polymerization is atom transfer radical polymerization (ATRP) that involves transition metal
catalysts. 1*> ATRP has become very popular because of the use of common chemicals,

convenient setup and its suitability for various well-defined macromolecular architectures. *°
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A general mechanism for atom transfer radical polymerization (ATRP) is shown in Scheme
1.8. 1 The radicals, or the active species, are generated through a reversible redox process
catalyzed by a transition metal complex (M¢"-Y/Ligand, where My" is a transition metal and Y
may be another ligand or a counterion), which undergoes a one electron oxidation with the
abstraction of a halogen atom or pseudo-halogen atom (X) from a growing polymer chain in
dormant form or from an initiator (R-X). This process builds equilibrium with an activation step
(kact) and a backward deactivation step (Kdeact). The growth of polymer chains is similar as in a
conventional radical polymerization which proceeds by adding the growing radicals to
monomers, with the rate constant of propagation kp. Termination reactions through radical
coupling and disproportionation (k:) also occur in ATRP, but in a well-controlled ATRP, no
more than a few percent of the polymer chains undergo termination (at low or moderate extents
of conversion). Some chains may terminate during the initial period of the polymerization before
the concentration of deactivating species X-M™!-Y becomes sufficiently high (see below). This
process leads to build-up of oxidized metal complexes, X-M"*!, which reduces the concentration
of growing radicals through deactivation process and thus minimizes termination.!® A successful
ATRP will not only result in a small portion of terminated chains, but also in a uniform growth

of all the chains, which relies on fast initiation and rapid reversible deactivation. 1%°

Scheme 1.8. Transition-Metal-Catalyzed ATRP. 1°
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1.4.1.1. Components

The components in the ATRP system include monomers, an initiator with a transferable
halogen or pseudo-halogen, and a catalyst (transition metal species combined with suitable
ligand). They all affect the polymerization rate of ATRP (Equation 1.1 11°), where k, is the
polymerization rate of monomers, Keq is the rate constant of equilibrium in Scheme 1.8, [M] is
the monomer concentration, [1]o is the initial initiator concentration, [Cu'] and [X-Cu'"] refer to
the catalyst and deactivating species concentration, respectively. For successful ATRP, in
addition to the above main components, other factors such as additives, solvent and temperature

also affect the system. 11°

Equation 1.1. Equation of Rate Law of ATRP. 115

Rp B kP[M][P*] - kaeq[M][I]() X [CU.I] / [X—CuH]

1.4.1.1.1. Monomers

ATRP has been successfully used to synthesize polymers from a lot of monomers. These
monomers include styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile, which have
substituent groups in the structure to stabilize the propagating radicals.’*’-*® Scheme 1.9 and
1.10 illustrate some styrene and methacrylate derivatives polymerized by ATRP.!°> ATRP of
styrene can be performed with different catalyst systems. It is often carried out in high
temperature (>100 <C) usually either in bulk or in a solvent, and styrenes with electron-
withdrawing groups polymerize faster. 1> ATRP of methyl methacrylate (MMA) is usually

carried out in a solution at 70-90 <C, and it is also successful in many catalyst systems. 1%°
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Scheme 1.10. Various Methacrylates Polymerized by ATRP. 1
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1.4.1.1.2. Initiators

The main function of an initiator is to initiate the polymerization, preferably in such a way that
the growth of all chains is initiated at early stage of the polymerization when the propagation
have not progressed to a considerable extent. The concentration of the initiator may determine
the number of growing polymer chains. If the initiation is quantitative, the degree of
polymerization (DP) is inversely proportional to the initial concentration of initiator [initiator]o in

a living polymerization of polymeric species with a single initiator moiety (Equation 1.2).1%°
Equation 1.2. Equation for Degree of Polymerization. 1°

DP = [M],, / [Initiator], x conversion

where [M]o is the initial concentration of the monomer, and “conversion” is the extent of
conversion defined as a fraction of monomer that has been consumed in the polymerization
process, [M]o x conversion is the concentration of monomer already consumed in the

polymerization process.

Various a-haloesters have been successfully used to initiate controlled ATRP. End-group
functionalized a-haloesters can easily be synthesized through an esterification reaction of
appropriate acid halides. As ATRP can tolerate various functional groups, well-defined polymers
with functional end groups have been prepared without any protecting processes. Various
functionalities, such as hydroxy, epoxy, allyl, vinyl, y-lactone, and carboxylic acid have been

attached onto the a-end of the polymer by using a functional initiator (Scheme 1.11),115 120-122
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Scheme 1.11. Representative Functional Initiators Derived from o-Haloesters. 1%°
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1.4.1.1.3. Catalysts

Copper catalysts are the most broadly used transition metal catalysts in ATRP. The catalyst
consists of copper at the oxidation state of +1 complexed by an appropriate ligand (or ligands).
In the case of copper, the ligands are typically bi, tri or tetradentate nitrogen-containing ligands.
Styrenes, (meth)acrylate esters, amides, and acrylonitriles have all been successfully
polymerized via copper-based ATRP.!7 118123 Scheme 1.12 % jllustrates some copper complex

structures.
Scheme 1.12. Copper Complexes used as ATRP Catalysts. 11°
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1.4.1.1.4. Ligands

The main function of the ligand in ATRP is to make the transition-metal salt soluble in organic
media, to tune the redox potential of the metal center for proper reactivity and dynamics and to
ensure the stability of the catalyst complex.'?* Nitrogen ligands have been used with copper- and
iron-based catalysts.'?* 125 For copper-catalyzed ATRP, nitrogen-based ligands work very well.
Examples of some N-based ligands used successfully in Cu-based ATRP are shown in Scheme

1.13. 1%

Scheme 1.13. Examples of Ligands Used in Copper-Mediated ATRP. 11°
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1.4.1.1.5. Solvents, Temperature, Reaction Time and Additives

ATRP can be carried out in bulk, solution, or heterogeneous systems (e.g., emulsion,
suspension). Different solvents, such as benzene, toluene, anisole, diphenyl ether, ethyl acetate,
acetone, dimethyl formamide (DMF), ethylene carbonate, alcohol, water, carbon dioxide, and
many others, have been used for various monomers. A proper solvent is necessary especially

when the obtained polymer is insoluble in its monomer (e.g., polyacrylonitrile). 1%°

Higher temperature leads to higher rate of polymerization in ATRP, but chain transfer and
other side reactions are more obvious at higher temperature, t00.1%% 2" Generally speaking,
temperature increase leads to increasing solubility of the catalyst, but catalyst decomposition
may occur at the same time.1?812° The optimum temperature depends on several factors, such as

the monomer, the catalyst, and the targeted molecular weight.*®

When monomer conversions are high, the rate of propagation slows down, but the rate of any
side reaction does not change too much. Longer reaction times leading to nearly complete
monomer conversion may not increase the polydispersity of the final polymer to any appreciable

extent, but will cause the loss of halogen-containing end groups.**°
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1.4.1.2. Molecular Weight and Molecular Weight Distribution

The average molecular weight of the polymer made by a well-controlled ATRP can be
predicted by the ratio of consumed monomer and the initiator (DP, = A[M]/[1]o, DP = degree of
polymerization). A relatively narrow molecular weight distribution (1.0 < Mw/M, < 1.5) is often

observed.11®

Scheme 1.14 5 jllustrates a linear relationship of molecular weights with conversion. At the
same time, polydispersity (Mw/Mn) decreases with the conversion increase, depending on the

relative rate of deactivation (Equation 1.3 1%°).

Scheme 1.14. Relationships of the Molecular Weight and Polydispersity with Conversion for a

Living Polymerization. 1%°

Mn My / Ma

Conversion

30



Polydispersity index (PDI, Mw/My) is the index indicating the breadth of the polymer molecular
weight distribution. In a well-controlled polymerization, Mw/Mn can be 1.10 or even lower.
Equation 1.3 shows how the polydispersity index in ATRP relates to the concentrations of
initiator (RX) and deactivator (D) (such as Cu'' complex in copper catalyst system), the rate
constants of propagation (kp) and deactivation (Kgeact), and the monomer conversion (p) in the
absence of significant chain termination and transfer. ! In ATRP, a small amount of Cu (I1)
complex (deactivator) can reduce the proportion of terminated chains and help in establishing the

atom transfer equilibrium if added at the beginning of the polymerization.*®

Equation 1.3. Equation that Describes Polydispersity in ATRP. 11

[RX]ok,
M M, =1+ ) 2/p -1)
k deact[D]
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1.4.2. Activators ReGenerated by Electron Transfer Atom Transfer Radical

Polymerization

In normal ATRP, as the propagating radicals can be rapidly trapped by oxygen, reaction
mixtures must be rigorously deoxygenated to achieve successful polymerization. An additional
problem is that copper (I) catalyst can be oxidized to copper (I1) deactivator, causing a slow
polymerization. The required procedure to get rid of oxygen in ATRP is by freeze-pump-thaw
cycles, which not only requires special air-tight glassware, but also involves more effort to
proceed. An alternative procedure is the passing of an inert gas (such as nitrogen) through the
liquid reagents/solvents, the reaction mixture, which may involve the loss of volatile

reagents/solvents and complicates the polymerization procedure.

Oxygen can be consumed by introducing a sufficient amount of reducing agents, such as tin(I1)
2-ethylhexanoate (FDA approved) in an organic system or ascorbic acid in an aqueous system,
in a process called activators generated by electron transfer (AGET) (Scheme 1.15).119.132,133 |
AGET, all Cu(ll) species are quickly reduced to a Cu(l) state by the reducing agent, and normal
ATRP takes place in the presence of more than 1000 ppm (>0.1 % ) catalyst.®*® Unfortunately, it
IS not easy to estimate how much reducing agent is needed. If the amount is excessive, then the
control over polymerization will be lost because nearly all of the deactivator (Cu(ll) species) is
reduced and at the same time a relatively large amount of activator (Cu(l)) exists in the system,
leading to uncontrolled ATRP. On the other hand, an insufficient amount of reducing agent is not

enough to consume all of the air and the polymerization will not start.*3*
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Scheme 1.15. Proposed Mechanism for the AGET Process in ATRP. 19
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In an improved process, the catalyst amount can be lowered to several or several tens of ppm
level while adding excess amount of reducing agent such as (tin(Il) 2-ethylhexanoate). The
activator (Cu(l) species) is regenerated continuously by electron transfer (this is why the process
is referred to as activators regenerated by electron transfer, ARGET).'® It is reported that
ARGET ATRP can be successfully carried out in the presence of initial limited amounts of
oxygen with an appropriate amount of a reducing agent. The oxygen is depleted in the
polymerization mixture, as it oxidizes Cu (1) to Cu (1), which is reduced to Cu (I) by the -
reducing agent. This oxidation-reduction cycle continues until concentration of oxygen is
significantly decreased. Reactions can be carried out in flasks fitted with rubber septum or even
in closed jars without any deoxygenation step other than that caused by the addition of the
reducing agent.®** The mechanism of ARGET ATRP is illustrated in Scheme. 1.16, while the

redox process of Cu (I1) to Cu (I) by tin(ll) 2-ethylhexanoate is showed in Scheme 1.17.1%°
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Scheme 1.16. Mechanism for Activators Regenerated by Electron Transfer Atom Transfer

Radical Polymerization (ARGET ATRP). 1%
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Scheme 1.17. Reduction of Cu(ll) to Cu(l) by Tin(lI) 2-Ethylhexanoate. **°
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ARGET ATRP provides a convenient technique for living radical polymerization with low
level of catalyst (10-100 ppm level). It is also proved that ARGET ATRP can be used to
synthesize copolymers with much higher molecular weight, but with retained chain end

functionality. 136 137
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1.5. Recent Works on Preparation of Polymer- Inorganic Layered Filler Nanocomposites

via Living Polymerization
1.5.1. Initiation Sites Introduced by Cation Exchange

The advantage of in-situ living polymerization to prepare polymer-(inorganic layered filler)
nanocomposites is that the polymer chain length is controllable and the distance between

inorganic filler layers is also under control.

The cation exchange is a well-known technique to graft initiator cations onto the surface of
layered silicate. In 1999, it was reported that mica surface can be ion-exchanged to introduce
peroxide radical initiator, thus allowing one to synthesize mica-polystyrene nanocomposite via
uncontrolled radical polymerization. Also in 1999, the Sogah group reported the delaminated
polystyrene/montmorillonite nanocomposite synthesis via living nitroxide-mediated free radical
polymerization (NMP). 872 After introducing the initiator cations, the interlayer spacing was
enlarged from 1.26 nm to 2.35 nm. The fully dispersed architecture was confirmed by the
absence of x-ray diffraction peak after polymerization and by the TEM images, which showed
that the silicates were randomly dispersed. No glass transition temperature was detected by
differential scanning calorimetry (DSC) for the nanocomposite. These results were noted to be
the first example of a dispersed polystyrene/silicate nanocomposite. 672 Later, Ha et al. 67
showed that the aforementioned synthesis method is capable of affording intercalated
polystyrene-clay nanocomposite with the interplanar spacing of 4.2 and 12.6 nm, suggesting an
excellent ability to retain the ordered structure even with an appreciable polystyrene loading. It

should be noted that NMP with TEMPO as an initiator is primarily suitable for styrene-type
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monomers and some of their random copolymers, ¢ so an extension of this methodology on
other polymer-clay compositions would require the use of a different initiator. Sogah and
coworkers reported the exfoliated poly(styrene-b-caprolactone)/silicate nanocomposites later via
one-pot, one-step in situ living polymerization by introducing the bifunctional initiator cations
into silicate layers. XRD did not show any ordering pattern for this nanocomposite, and the
dispersed silicates layers in the polymer matrix were observed in scanning transmission electron
microscopy (STEM) image. DSC only showed the melting point for the polycaprolactone (PCL)
segment, but no glass transition temperature was detected. " Behrens group applied ATRP
method to synthesize the poly(methyl methacrylate)/montmorillonite nanocomposite. The
cationic initiator was synthesized by a two-step procedure. The initiator-modified silica had an
interlayer distance of 1.88 nm (which is significantly larger than 1.16 nm for the original clay).
They reported a fully dispersed architecture as no X-ray diffraction peaks were seen for the
nanocomposites after 1-4 hours of polymerization. There was only a weak diffraction peak at a
260 angle smaller to that for the initiator in XRD pattern of the material obtained after 0.5 hour of
polymerization for their nanocomposite. % The Shipp group has also done works on atom
transfer radical polymerization initiated from the clay surface. In their research, the initiators
were grafted via cation exchange. For the polystyrene/silicate nanocomposites, doo1 peak in XRD
patterns moved slightly to smaller angles (down to 26 = ~3< with increasing monomer
conversion and it disappeared after 6 hours of polymerization. Large clay particles and their
aggregation were still present in the nanocomposites after 40 minutes of polymerization, as
observed in TEM image. Even after 6 hours of polymerization, some areas in TEM image
showed a relative high concentration of silicate, although some silicate layers were exfoliated in

the polymer. Based on these results, mixed intercalated/exfoliated polystyrene/montmorillonite
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nanocomposites were reported.  On the other hand, poly(methyl methacrylate)/montmorillonite
nanocomposite was claimed to be more exfoliated than the polystyrene/montmorillonite
nanocomposite, which was confirmed by TEM.  However, in both cases, intercalated structures
with uniform doo1 Spacing giving rise to low angle peaks were not observed. Poly(styrene-block-
butyl acrylate) copolymer/montmorillonite nanocomposite were also achieved, although it was
not a completely homogenous dispersion of the silicate layers, which was showed in TEM. 7% 7
Shipp group also applied reversible addition-fragmentation chain transfer polymerization
(RAFT), which is another controlled radical polymerization technique, to produce exfoliated
polystyrene, poly(butyl acrylate), poly(methyl methacrylate)/montmorillonite nanocomposites
via grafting through method. "2 An interesting hierarchical self-assembly phenomenon was found
in poly(styrene-block-tert-butyl acrylate)/montmorillonite nanocomposites, which showed
different architectures (layered or ellipsoidal), as seen from transmission electron microscopy
(TEM). ® To some extent, the silicate layers appeared to be bent, this also had been reported by
Vaia group. 13 The graft density of polymer chains affected the kinetics of surface-initiated
ATRP of polystyrene from montmorillonite. The Cochran group observed a seven-fold increase
in the polymerization rate when the polymer chain graft density reached ~1 chain/nm?. When the
graft density was reduced, the polymerization process exhibited the same kinetics as in bulk
system. " In this case, the initiator was introduced by cation-exchange and polydispersities of the

graft polymer were found to be low.

While radical polymerization is particularly convenient in the synthesis of polymer-clay
nanocomposites via surface-initiated polymerization, other methods, such as living anionic

polymerization ¢7% 57 and ring opening polymerization ®'f can also be used.
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1.5.2. Initiation Sites Introduced By Covalent Bonding

Due to the surface nature of clay silicate, the initiation sites appear to be more easily
introduced by cation-exchange than covalently grafted on the surface. However, the covalent
bonding would be more attractive from the point of view of stability, if it can uniformly modify

the surface of the layered material.

In the research by Wei group, *°* ATRP initiation sites were introduced via a reaction of
silanols on the clay surface with aminopropyl dimethyl ethoxysilane, which was then reacted
with 2-bromopropionyl bromide. The resulting polystyrene/silicate nanocomposites were
reported to be a mixed intercalated/exfoliated structure. The diffraction peak disappeared after 6
hours of polymerization, and the d-spacing was slightly enlarged to about 2.23 nm (26 = 3.96°)
after 3 hours of polymerization (initiator-modified silicates had a d-spacing equaled to 1.64 nm).
139 As the silanol groups were located on the edge of clay, Mathias group investigated the
synthesis of covalently functionalized laponites, which were capable of polymerization,
photoinitiation and ATRP. ’° In other cases, the polymer was reported to be grafted on the edges
of the clay layers. Lin group also modified the edge of montmorillonite with synthesized a-
bromoester derivative moiety to produce poly(N-isopropylacrylamide)/montmorillonite
nanocomposite. "% ATRP grafting from covalently bonded initiators on mica surface was also

explored.”6 76¢

From these previous research works on the preparation of polymer/silicate nanocomposites, the
challenge is to maintain a homogenous architecture. The ordering of intercalated morphology is
easily destroyed during polymerization, which means that a uniformly periodic intercalated

architecture is not easy to achieve. If the ordering is lost at early stages of the polymer grafting, it
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is more difficult to understand the relation between the polymer loading and the interlayer
distance and make inferences about uniformity of the polymer growth on the surface. The
dispersion (exfoliation) of inorganic fillers (silicates) is not completely homogenous in most
cases. The investigation of a new methodology that can control the architecture and achieve a
homogenous dispersion of inorganic components in the nanocomposites is a very meaningful

project.
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Chapter I1.

Synthesis of Surfactant-Templated
Silica with Lamellar Structures
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2.1. Lamellar Silica Synthesis Based on Cationic/Neutral Surfactants Mixture

The preparation was based on the method reported by Ryoo et al. **° The silica source was an
aqueous solution of sodium tetrasilicate (11.3 wt.% Na>SisOg and 88.6 wt.% H»0), which was
prepared with colloidal silica Ludox HS40 (Sigma Aldrich) (22.9 wt.%), distilled water (74.2
wt.%), and NaOH (Acros Organics) (2.9 wt.%). 1*! The mixture was magnetically stirred
overnight at room temperature. The surfactant mixture was prepared by dissolving a cationic
surfactant (hexadecyltrimethylammonium bromide, HTMABr (Alfa Aesar)) and a neutral
surfactant (Brij ® 30, C12(EO)4 (Acros Organics)) simultaneously in distilled water (weight
percentages were: 5.92 % cationic surfactant, 1.97 % neutral surfactant and 92.11 % distilled
water in solution mixture) at 60<C, and then the surfactant solution was cooled to room
temperature. At room temperature, the silica source was drop-wise added into the surfactant
solution under stirring and the mixture was magnetically stirred vigorously overnight. The gel
mixture thus obtained was hydrothermally treated under static conditions at 373 K in a closed
polypropylene bottle in the oven for one day. The precipitated product (denoted “1”) from the
reaction mixture was then filtered, and dried in a vacuum oven at 333 K. The molar ratios in the

synthesis mixture were: 5.0 SiO2/1.25 Na20/0.25 C12(EO)4/0.75 HTMABT/400 H20.

Small-angle X-ray scattering (SAXS) patterns were acquired using a Bruker Nanostar U
SAXS/wide-angle X-ray scattering (WAXS) system with a rotating anode X-ray source and
Vantec-2000 area detector. The Nanostar U system had a sample-to-detector distance of 72 cm
and was in high-flux configuration. The powder samples were secured in a hole of a sample
holder plate by a Kapton or Scotch tape and put in a sample holder. The thermogravimetry was
performed on TA Instruments 2950 Thermogravimetric Analyzer (TGA) under N2 gas flow at

5<C/min with heating up to 800<C. FEI TECNAI Spirit Transmission Electron Microscopy
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(TEM) instrument was used to examine the morphology of samples. The examined samples were
dispersed in ethanol by sonication for an hour and deposited on a carbon-coated copper grid

before imaging in TEM.

The weight loss of the surfactant-containing layered silica 1 powder was 65%, and the two
degradation steps were around 213 °C (43% weight loss) and around 414 °C (15% weight loss)
(Figure 2.1). It is suggested that these two steps corresponded to the weight loss of cationic
surfactant (HTMA®) and the neutral surfactant (C12(EQ)4). The ordered lamellar structure was

confirmed by SAXS pattern shown in Figure 2.2. Inter-layer spacing (001) was about 3.5 nm

_ 0.15418

with the main peak at 20 = 2.5°(doo1 = nm). After calcination under air at 550 <C, the

2sinX)
ordering features (001 and 002 peaks) were lost in the SAXS pattern (Figure 2.2), which meant
that the lamellar structure collapsed during calcinations when the surfactants were removed from
the space between silica layers. TEM image (Figure 2.3) provided some insight into the
architecture of the layered silica, because some contrast differences in the edge area suggested
the presence of overlapping plates. Based on the SAXS results, surfactant-templated layered

silica 1 with 3.5 nm interlayer spacing was successfully synthesized.
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Figure 2.1. Thermogravimetric Weight Change Curve of As-Synthesized Surfactant-Templated
Layered Silica 1 under N2 Atmosphere.
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Figure 2.2. Small-Angle X-ray Scattering Patterns of As-Synthesized Surfactant-Templated

Layered Silica 1 and Same Sample after Calcination under Air at 550 <C.
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Figure 2.3. TEM Image of As-Synthesized Surfactant-Containing Layered Silica 1.
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2.2. Lamellar Silica Synthesis Based on Neutral Surfactants Mixture

The preparation was performed as described in the literature. 142 In a typical synthesis, a 3.0 g
mixture (Brij®(30) : dodecanol = 2.56 g : 0.45 g, molar ratio = 3 : 1) was dissolved in 57.4 g
distilled water and stirred for 2 hours at room temperature. 8.80 g of sodium metasilicate was
added under stirring, and the solution was stirred for another hour to achieve a clear solution.
17.7 g (15 ml) of concentrated HCI was quickly added under vigorous magnetic stirring. The
reaction mixture was stirred for 24 hours at room temperature and was heated under static
condition at 373 K for 24 hours in the oven. White silica product (denoted “2”") was filtered and

dried in a vacuum oven at 333 K. The material was characterized as described in chapter 2.1.

The weight loss of as-synthesized surfactant-templated layered silica 2 powder was 58%
(Figure 2.4). The ordered lamellar structure was confirmed by SAXS pattern in Figure 2.5. Inter-
layer spacing was about 5.4 nm because the main (001) peak was at 26 = 1.63< The morphology
of layered silica 2 was illustrated in Figure 2.6 and 2.7, and the areas indicated by arrows
illustrated ordering. Based on the scale bar in TEM images, the interplanar spacing was not
constant (about 6-10 nm), which might be due to the surfactants between silica layers being
washed out during one-hour sonication in ethanol before TEM imaging, resulting in a looser and
less regular arrangement of the layers. TGA pattern showed that the weight loss for layered silica
2 after sonication dropped to only 21% (Figure 2.8). It is also possible that ethanol swelled the
layered material. Based on SAXS, knowing the interlayer spacing of as-synthesized material
from SAXS prior to sonication, one can conclude that the interplanar spacing was enlarged
somewhat as a result of sonication as showed in TEM images. The details in the part of TEM

image (Figure 2.7) clearly illustrated the ordering in layered silica 2.
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Figure 2.4. Thermogravimetric Weight Change Curve under N2> Atmosphere of As-Synthesized

Surfactant-Templated Layered Silica 2.
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Figure 2.5. Small-Angle X-ray Scattering Pattern of As-Synthesized Surfactant-Templated

Layered Silica 2.

3e+5 oo

3e+5 4

2e+5 -

Ze+5

Intensity

1e+H

Se+4 H

49



Figure 2.6. TEM Images of As-Synthesized Surfactant-Containing Layered Silica 2 (The Sample

was Sonicated in Ethanol prior to Imaging).
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Figure 2.7. Enlarged Part of TEM Image of Layered Silica 2 (The Sample was Sonicated in

Ethanol prior to Imaging).
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Figure 2.8. Thermogravimetric Weight Change Curves of Layered Silica 2 and after One-Hour

Sonication in Ethanol.
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The results presented above show that layered silicas 1 and 2 were successfully prepared using
cationic/nonionic surfactant mixture and neutral surfactant mixture following the literature
procedures. The lamellar morphology was confirmed by SAXS and TEM. The interlayer spacing
of silica/surfactant composites was 3.5 nm and 5.4 nm for layered silicas 1 and 2, respectively.
The surfactants were sandwiched between the silica layers, and they contributed to about 65%

(layered silica 1) and 58% (layered silica 2) weight of the whole structure.
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Chapter IlI1.

Synthesis of Nanocomposites Using
Surface-Initiated Normal Atom
Transfer Radical Polymerization
(ATRP)
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3.1. Layered-Silica/Polymer Nanocomposite Synthesis Outline

Surface-initiated atom transfer radical polymerization (ATRP) was used to graft uniform layers
of various polymers on concave surfaces of cylindrical silica mesopores (diameter 11 nm) and
spherical silica mesopores (diameter ~14 nm). As shown in Scheme 3.1, a mesoporous silica
support was modified by initiator (3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate)
and “inert” silane trimethylchlorosilane, and ATRP of different monomers was carried out. As a

result, polymer chains were grafted on the surface of the mesopores.*®

Scheme 3.1. Surface-Initiated Atom Transfer Radical Polymerization in Ordered Nanopores

(reproduced from Reference 143 with permission). 143
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Although the polymerization in the mesopores appears at first to be very different from the
polymerization on the surface of layered materials used to prepare the nanocomposites with
nanoscale silica layers in the polymer matrix, the proposed synthetic route was similar, as
illustrated in Scheme 3.2. First, a surfactant-templated nanoscale layered silica precursor was
prepared as described in Chapter 1l; then the initiator (organosilane) was attached to the surface
of the layered silica while removing (displacing) the surfactants; finally, polymer chains were
grafted on the surface of layered silicas to achieve intercalated or exfoliated silica/polymer
architectures. Despite the clear similarity in the synthesis approach, there are some important
differences between the preparation of silica/polymer composites based on porous silicas and
those involving layered materials. The first one is the need for the surface modification of the
surfactant-containing layered silica, because if the surfactant is removed, the silica layers would
collapse on one another and possibly covalently cross-link. The subsequent surface modifications
would not be expected to result in efficient separation of the silica layers. The methods to modify
surfactant-containing ordered mesoporous silicas have been established. 144 144® The methods of
surface modification of surfactant-intercalated clays are also known. 145-145¢ The method has
been extended on surfactant-templated lamellar silicas that were successfully modified with
trimethyl silyl, 2-glycidoxypropyl silyl and 2-(methoxy(polyethyleneoxy)propyl silyl groups.
145¢-1450 Herein, we successfully implemented this method to functionalize surfactant-templated
layered silicas with ATRP initiator. The second difference is that when polymer chains grow
from the surface of ordered mesoporous silica support, typically the polymerization takes place
in the pores (or outside particles of the material), without the change in the morphology of the

silica structure. However, the surface-initiated polymerization on the surface of layers changes
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their distance and may change their relative arrangement, because the silica layers do not

constitute a continuous framework, but rather are separate nanoobjects.

Scheme 3.2. Proposed Synthetic Route to Prepare Well-Defined Layered-Silica/Polymer

Nanocomposites.
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3.2. Functionalization of Silica Layers with Initiator

The following general surface modification procedure was used with all of organosilanes. In
a typical synthesis, the surfactant-containing layered silica was dispersed in toluene (extra dry)
under magnetic stirring. Pyridine was added (toluene/pyridine volume ratio 7:1), and then the
organosilane in excess amount was introduced. The mixture was refluxed at 90 <C for 1 day
under magnetic stirring. *4¢ The product was isolated by filtering and washing several times with
ethanol. Then, the sample was dried in a vacuum oven at 60<C. The initiator-modified layered
silicas used for polymerizations were denoted as 1-CDMSPBMP (for layered silica 1) and 2-

CDMSPBMP (for layered silica 2).

The organosilanes (trimethylchlorosilane, n-butyldimethylchlorosilane,
dimethyloctylchlorosilane, chloromethyl phenylethyl trichlorosilane, 2-(4-chlorosulfonyl phenyl)
ethyl trichlorosilane) used to modify the surface of layered silica were used as received except 3-
(chlorodimethylsilyl)propyl-2-bromo-2-methylpropanoate, which was synthesized as described
elsewhere. 146

The modification of silica surface is illustrated in Scheme 3.3. The procedure was to attach
the initiator onto the layered silica surface via covalent bonding without loss of the layered
morphology. To select a proper initiator to be attached on the surface of layered silica, a series of
organosilanes were examined. Trimethylchlorosilane (TMCS), n-butyldimethylchlorosilane
(BDMCS), dimethyloctylchlorosilane (DMOCS), chloromethyl phenylethyl trichlorosilane
(CMPETS), 2-(4-chlorosulfonyl phenyl) ethyl trichlorosilane (CSPETCYS), 3-
(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (CDMSPBMP) (structures in Scheme

3.4) were used to modify layered silica 1. Selected properties of the modified silicas were

compared with those of unmodified layered silica 1 in Table 3.1. After the modification, the
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weight loss and interlayer spacing decreased, indicating that the organosilanes replaced the

surfactants and attached onto the silica surface with covalent bonds.

Scheme 3.3. Surface Modification of Surfactant-Templated Layered Silica.
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Scheme 3.4. Structures of Organosilanes Used in the Study.
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Table 3.1. Comparison of Organosilane-Modified Layered Silicas and Layered Silica 1 from
Where They Were Derived.

Name Organosilane 20 | dooa/nm | Weight loss % (TGA)
Layered silica 1 n/a 2.50 3.5 63
1-TMCS Trimethylchlorosilane 4.73 1.87 15 (maybe some
surfactant was present)
n_
1-BDMCS Butyldimethylchlorosilane 4.56 1.94 23
1-DMOCS Dimethyloctylchlorosilane | 3.54 2.5 35
1-CMPETS Chloror_nethyl p_henylethyl 306 29 45
trichlorosilane
2-(4-Chlorosulfonyl
1-CSPETCS phenyl) ethyl 3.15 2.8 45
trichlorosilane
3-
1-CDMSPBMP (Chlorodimethylsilyl)prop 462 19 35
yl 2-bromo-2-

methylpropanoate

TGA showed that the weight losses of the modified silicas increased with the increase of alkyl

chain length of the organosilanes (Figure 3.1). 1-TMCS sample modified with the smallest

organosilane showed the lowest weight loss % at 800 <C, that is 15% (which in part can be

related with residual surfactant). 1-BDMCS, 1-DMOCS samples with larger surface-bound

organosilane groups showed increased weight loss. With the assumption that 1-TMCS, 1-

BDMCS, 1-DMOCS had 3, 6, 10 carbons in the structure, the TGA weight loss % / residue %

ratio gave good linear fit line, in which weight loss % mostly came from organic part and

residue % came from inorganic part in the materials (Figure 3.2).
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Figure 3.1. Thermogravimetric Weight Change Curves under N> for VVarious Organosilane-

Modified Layered Silica 1.
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Figure 3.2. Number of Carbons of Surface-Grafted Organosilanes vs. Weight Loss %.
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The interplanar spacing doo: values ranged from about 1.9 nm to 2.9 nm for organosilane-
modified layered silicas (based on SAXS patterns shown in Figure 3.3). It should be noted that
the variable interplanar spacing is a characteristic feature of layered materials. In contrast,
ordered mesoporous silicas, whether surfactant-containing or surfactant-free, typically do not
exhibit any major changes of the interplanar spacing after the surface modification, as expected
from 3-dimensionally cross-linked nature of their frameworks. 1#4* 1-CMPETS (chloromethyl
phenylethyl trichlorosilane modified layered silica 1) and 1-CSPETCS (2-(4-chlorosulfonyl
phenyl) ethyl trichlorosilane modified layered silica 1) had the largest distance between layers
due to their bulky phenyl groups and perhaps also due to the presence of residual amounts of
surfactant. Including the original layered silica 1, doo: Showed good linear relationship versus the
TGA weight loss % (Figure 3.4). 1-CDMSPBM (3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate modified layered silica 1) showed some deviation from the straight line,
possibly because the presence of heavy bromine atom that contributed to a higher density of the

groups (smaller volume occupied by a particular mass of the groups).
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Figure 3.3. Small-Angle X-Ray Scattering Patterns of Organosilane-Modified Layered Silica.
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Figure 3.4. Interlayer Spacing vs. Weight Loss % for Organosilane-Modified Silicas.
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After modification, the peak intensity in SAXS of layered silica with surface-bonded
organosilanes decreased a lot when compared with the original layered silica 1. Our results
confirmed that the layered structure can be modified by introducing organosilyl groups through
the replacement of the surfactant. Also the good agreement between doo1 and weight loss %
supported the possibility for further modification (polymerization) to achieve the intercalated or
exfoliated architectures. The halogen atoms at the end of the organosilanes (1-CMPETS
(chloromethyl phenylethyl trichlorosilane modified layered silica 1), 1-CSPETCS (2-(4-
chlorosulfonyl phenyl) ethyl trichlorosilane modified layered silica 1), 1-CDMSPBMP (3-
(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate modified layered silica 1)) might serve
as initiating centers for ATRP.

Based on the TGA weight loss patterns of 1-CMPETS and 1-CSPETCS (Figure 3.1), some
surfactant might have remained in the materials, because the weight change patterns appeared to
show multiple decomposition events. In the silica modified with trichloroorganosilanes (such as
1-CMPETS and 1-CSPETCS), the organosilane might be attached to the silica surface not only
directly through one or more Si-O-Si bonds, but it is also possible for these organosilanes to be
connected to each other with Si-O-Si bridging. As a result, some of the organosilane groups may
be connected to other groups rather than to the surface, which could diminish the propensity of
these organosilanes to replace the surfactant from layered silica 1. Moreover, the cross-linking of
organosilane molecules might have introduced a cross-linking between the silica layers, which
may also hinder a complete surfactant displacement. 1-CDMSPBMP (3-
(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate modified layered silica 1) showed a
different behavior with a single step of degradation (Figure 3.5), which suggested that surfactant

on the surface of layered silica 1 was displaced successfully by the organosilane with the
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bromide end group. Therefore, the surface-initiated polymerization was performed using 1-
CDMSPBMP (3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate modified layered
silica 1), whereas 1-CMPETS and 1-CSPETCS were not used further.

2-CDMSPBMP (3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate modified layered
silica 2) was prepared similarly to 1-CDMSPBMP (3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate modified layered silica 1). Its dooz was 2.6 nm (260 angle= 3.4, and it

exhibited 36% weight loss (Figure 3.6 & 3.7).

Figure 3.5. Thermogravimetric Weight Change Curve of Initiator-Modified Layered Silica 1-
CDMSPBMP.
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Figure 3.6. Small-Angle X-Ray Scattering Pattern of Initiator-Modified Layered Silica 2-

CDMSPBMP.
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Figure 3.7. Thermogravimetric Weight Change Curve of Initiator-Modified Layered Silica 2-
CDMSPBMP.
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3.3. Surface-Initiated Atom Transfer Radical Polymerization
3.3.1. Experimental Section

Methyl methacrylate (MMA, 99%), Styrene (St) and acrylonitrile (AN) were purchased from
Aldrich and purified by passing through a column filled with basic alumina. The ligands (tris[(2-
pyridyl)methyl]amine (TPMA) (ATRP Solutions, Inc.) and 1, 1, 4, 7, 7-pentamethyl-
diethylenetriamine (PMDETA) (Acros Organics)) were used as received. All other chemicals
such as solvents (anisole, dimethyl sulfoxide (DMSO)), copper (1)/ (11) salts, pyridine, ethanol,
and methanol were used as received.

In a typical normal ATRP, the initiator-modified layered silica (20 mg), monomers (1 ml
MMA, 1 ml St or 615 4 AN), CuBr (0.54 mg; CuBr2 was dissolved in DMSO to be 10 mg/ml
solution taken by micro-liter syringe as 54 pi solution contained 0.54 mg CuBr»), ligand (5.4
PMDETA or 7.8 mg TPMA) and solvent (2.25 ml anisole for MMA and St or 2.25 ml DMSO
for AN) were charged in Schlenk flask, followed by three freeze-pump-thaw cycles to get rid of
oxygen dissolved in the reaction mixture. CuBr (about 3.7 mg) was introduced quickly to the
system before the Schlenk flask was sealed with a rubber septum. The system was back-filled
with N2 gas, and stirred at a desired temperature (60 <C for MMA and AN, 90 <C for St). The
polymerization was terminated by removing the rubber septum to expose the reaction mixture to
the oxygen from the air, which converts Cu (I) catalyst complex to Cu (I1) deactivator complex.
The product was isolated by filtering and washing with toluene and methanol, and dried in a
vacuum oven at 60 C.

The samples were characterized as described in chapter 2.1. In addition, the glass transition
temperature of silica/polymer nanocomposite product was measured by TA Instruments Q100

Differential Scanning Calorimeter (DSC) under N2 flow at 3 <T/min heating up to 150 <C.
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3.3.2. Methyl Methacrylate Polymerization

Table 3.2 shows the reactant molar ratios for normal ATRP of methyl methacrylate using
bromoisobutyrate-based initiator 1-CDMSPBMP, along with some characterization data for each
sample. With the same composition of the polymerization mixture, samples 1-P1 and 1-P2 were
collected after 4 and 17.5 hours since the reaction had started. With longer reaction time, 1-P1
showed higher polymer loading (27.49% vs. 47.78% silica residue, see Figure 3.8). The doo1
spacing was enlarged from 1.9 nm (1-CDMSPBMP) to 3.2 nm for 1-P2 (Figure 3.9) and as high
as 6.3 nm for 1-P1 (see SAXS data in Figure 3.10). While the formation of intercalated
architectures with significantly enlarged interplanar spacing was sometimes reported earlier in
the case of surface-initiated polymerization, 87 1472 such results have been uncommon. Also, we
are not aware of achieving these kinds of architectures for PMMA/layered silica nanocomposites,
as the above examples pertain to polystyrene. Polymer/Silica mass ratio was also calculated
based on the residue % in TGA and subtracting the initiator weight percentage in the weight loss
part. PMMAV/silica ratios were 0.57:1 and 2.12:1 after the polymerization time 4 and 17.5 hours
respectively. Figure 3.11 and Figure 3.12 showed the morphology of samples 1-P1 and 1-P2
observed by TEM. Although the layered structure is not immediately obvious, significant
changes in degree of darkness along sharply defined lines could be easily explained if we assume
that the images show platelets lying flat on the grid (perpendicular to electron beam). The
changes in darkness would result from the changes in number of plates that stack on one another.
The regions with the lowest number of plates (perhaps one plate) would be the lightest and as the
number of plates in the stacks increases, the region would be darker. It should be noted that
similar TEM images were reported by others for layered materials, 7> 147 additionally supporting

our interpretation of TEM images. As seen from SAXS, we achieved the intercalated
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organic/inorganic nanocomposites, because the periodicity was retained after the polymer

grafting, but the repeating distance significantly increased.

Table 3.2. Atom Transfer Radical Polymerization (ATRP) of Methyl Methacrylate (MMA)

Initiated from Initiator-Modified Layered Silica 1-CDMSPBMP.

CDMéI-:'BMP CuBr, | CuBr | PMDETA | MMA t'hnr]:/ residue%o pos?lliT;r/ dooa/nm 20 (degree)
1-P1 1 0.1 1 1.1 100 175 27.49 2.12 6.3 1.40
1-P2 1 0.1 1 11 100 4 47.78 0.57 3.2 2.72
1-P3 1 0.1 1 1.1 400 15 9.440 9.07 n/a n/a
1-P4 1 0.1 1 1.1 400 22 3.510 27.0 n/a n/a
0.7 (001, very
weak);
1-P5 1 0.1 1 11 400 6 17.32 4.25 ~12 1.405 (302’
weak)

Figure 3.8. Thermogravimetric Weight Change Curves of PMMA/Silica Composites 1-P1 to 1-

P5.
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Figure 3.9. Small-Angle X-Ray Scattering Pattern of PMMA/Silica Composite 1-P2.
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Figure 3.10. Small-Angle X-Ray Scattering Pattern of PMMA/Silica Composite 1-P1.
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Figure 3.11. TEM Image of PMMA/Silica Nanocomposite 1-P1.
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Figure 3.12. TEM Image of PMMA/Silica Nanocomposite 1-P2.
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Not only the reaction time, but also the monomer concentration and/or monomer/initiator ratio
affects the polymer loading. With a higher monomer concentration and higher monomer/initiator
ratio (for 1-P1 and 1-P2, the initial molar concentration of MMA was about 2.35 mol/L; for 1-P3,
1-P4 and 1-P5, the initial molar concentration of MMA was about 2.89 mol/L (which is about 23%
higher than 1-P1 and 1-P2)), 1-P4 showed increased polymer loading (3.510% residue,
PMMA/Silica ratio of 27:1) after 22 hours reaction. This was the highest polymer/silica mass
ratio in all normal ATRP polymerization products obtained in the current study, although longer
polymerization times can be used to further increase the polymer loading. The morphology of the
nanocomposite 1-P4 was investigated by TEM (Figure 3.13), showing features that can be
attributed to the collection of layered structures, mostly seen from the side.

At higher monomer concentration and the resulting higher polymer loading, the ordered
structure was no longer seen clearly by SAXS. 1-P3 and 1-P4 (PMMA/silica weight ratio =
9.07:1 and 27.0:1) did not show any features in their SAXS patterns, whereas 1-P5
(PMMAV/silica weight ratio = 4.25:1) had a weak signal exhibiting two shoulders that suggest the
interlayer spacing of 12.6 nm (Figure 3.14). As a result, higher polymer loading would result in a
loss of an ordered architecture of organic/inorganic nanocomposites. Lower polymer loading
needs to be selected if the intercalated structure of the product is preferred.

By comparing with literature results, Bottcher group witnessed a weak peak in X-ray
diffraction (XRD) pattern for the poly(methyl methacrylate) (PMMA)/silicate nanocomposites
prepared by surface-initiated atom transfer radical polymerization after 0.5 hour (5% conversion)
reaction, and it disappeared after 1 hour (13% conversion) and 4 hours (52% conversion)
reaction. They reported that they achieved fully exfoliated polymer silicate nanocomposites.

The PMMAVsilicate prepared by Shipp group via surface-initiated atom transfer radical
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polymerization exhibited a fully exfoliated architecture (no features indicating ordering in the
XRD pattern) even when the molecular weight of PMMA was low (M, = 4400). % In our
methodology, based on the results shown above, the ordering feature of the PMMAV/silica
nanocomposites can be maintained to an extent that the interlayer spacing was 6.3 nm (1-P1) or
even about 12 nm (1-P5). The architecture of the nanocomposites was controlled to achieve
either an intercalated structure (for low polymer loading) or an exfoliated structure (for high

polymer loading).
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Figure 3.13. TEM Images of PMMA/Silica Nanocomposite 1-P4.

80



Figure 3.14. Small-Angle X-ray Scattering Pattern of PMMA/Silica Nanocomposite 1-P5.
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The glass transition temperatures (T4) of the nanocomposites were examined by differential

scanning calorimeter (DSC) (Figure 3.15). 1-P2, which had the lowest polymer loading, did not

show any clear glass transition step, whereas Tg was 115.2, 125.5, 130.8 and 123.1 <C for 1-P1,

1-P3, 1-P4 and 1-P5. The T4 changed systematically with residue % for the nanocomposites,

indicating that the glass transition temperature was increased by increasing the polymer loading,

but the 1-P2 sample with the lowest polymer mass percentage had no observable glass transition.

Figure 3.15. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposites 1-P1 to

1-P5.
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The glass transition temperature is a very important thermal property of a polymer. For
poly(methyl methacrylate) (PMMA), Tq is highly depending on the tacticity. The glass transition
temperatures of pure isotactic and syndiotactic PMMA were reported to be 52 “and 126 <C. 48
ATRP operates via a radical mechanism and it behaves similarly as conventional radical
polymerization. 148148 The T, of PMMA prepared by free radical polymerization have been
established as around 105 <C. $*° Because of the fact that there was no means of controlling the
tacticity in our living polymerization and all polymerizations were carried in a similar manner,
we can conclude that there was no difference in tacticity between 1-P1 to 1-P5 and the tacticity

was not the reason why these nanocomposites had different glass transition temperatures.

In nanocomposites based on PMMA, a Tg increase was reported in PMMA-clay
nanocomposites. When the clay weight % was increased from 0 to 1, 3, 5 wt. %, the T4 changed
from 109.7 <€ (PMMA) to 111.0, 117.7 and 120.4 <C. This T4 change trend is reverse to what is
showed for 1-P1 to 1-P5 samples, but in their study, there was no covalent bonding between the
layered material (clay) and PMMA. Other interesting results are that when the clay weight %
increased to 18 and 22 wt. %, Tq was 124.5 and 122.5 <C respectively, which was different from
the nanocomposites with lower clay weight %. The reason here may be due to the morphology,
as in this report, their nanocomposites exhibited a combination of interacted and exfoliated
structures, so it was not a homogeneous architecture, and some galleries of clay still existed in
the nanocomposite (no polymer chains were sandwiched inside), leading to the complication of

the thermal behavior for the nanocomposites. >

A nanocomposite consisting of spherical silica particles and PMMA showed a T increase from

91 <€ (PMMA with COOH end group in polymer chain) to 104 <C. The silica particles had a
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mean size of 40 nm and the polymer chains were grafted to the surface of silica by ester bonds.

151

When considering the glass transition temperature of layered silica/PMMA nanocomposites,
we can compare it with the T in polymer thin films on a substrate. As for each silica platelet, the
polymer chains were grafted onto both sides forming a thin polymer film, as inferred from the
successful formation of intercalated nanocomposite architectures. Ultrathin polymer films (less
than 100 nm) on a solid substrate have been investigated by many research groups. The glass
transition temperatures for polymer thin films can increase or decrease, which is highly
dependent on the interactions between the polymer chains and the solid substrate. *°2-161 \When
polymer chains are freely standing (no interaction between the polymer chains and the substrate
surface) on the substrate surface or contacting repulsive surface (repulsive interaction between
the polymer chains and the substrate surface), the glass transition temperature will be lower than
the one in bulk. **>%7 In contrast, if the interactions/attractions between polymer film and the
substrate are strong, a Tq increase will be observed. 12 Thus for PMMA on a substrate, a stronger
interaction between PMMA and substrate leads to a Tq increase, 152 whereas a weaker interaction
leads to a T4 decrease. % Therefore, as the interactions between PMMA and layered silica in the

nanocomposites were covalent bonds, an increased Ty is reasonable.

The thickness dependence of PMMA films/brushes on T4 on a substrate has been investigated.
180 The high-density PMMA brushes were grafted from a silicon wafer, and also PMMA films
were spin-coated on a hydrophobically treated silicon wafer. Because the interactions between
polymer chains and the silicon wafer were different (covalent vs. noncovalent), the thickness
dependence of T4 exhibited opposite trends in these two cases, as shown in Figure 3.16. 1° The

Tg of high-density PMMA brushes increased sharply with decreasing thickness when the
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thickness was less than 50 nm, and T4 was almost constant when the thickness was larger than 50
nm. Our PMMA thin surface films appear to behave in an opposite way (Figure 3.16). At first,
the high-density PMMA brushes on a silicon wafer appear to be very similar to our
nanocomposites, but T¢ of our nanocomposites increased with increasing thickness (as inferred
on the basis of the polymer loading). However, the polymer brushes on a silicon wafer have the
outer surface of the brush exposed to the air, whereas in our case, the brushes are sandwiched
between the silica layers. The brushes grown on two different platelets may interpenetrate or
exclude one another (or a combination thereof). So in fact, the environment of the brushes on a
single flat surface and on multiple layers may be different. Moreover, the brush thickness studied
in both cases may be quite different. If we assume: i) the silica density of 2.2 g/cm?; ii) PMMA

density of 1.2 g/cm?; 84 ii) the thickness of silica platelet of 1 nm and iv) the coverage of both

sides of the platelet with polymer, then average polymer film thickness = % x thickness of silica

mass of PMMA

d it PMMA mass of PMMA mass of PMMA
et mass of PMMZ - 0,92 nm x ol FHMA

2.2
=0.5nm x = X — —
mass of silica mass of silica

mass of silica 1.2
density of silica

X . Using the

polymer/silica ratios from Table 3.2, one can obtain PMMA film thickness values 0.52 nm for 1-
P2, 1.95 nm for 1-P1, 3.9 nm for 1-P5, 8.3 nm for 1-P3 and 24.8 nm for 1-P4 (Figure 3.17). Only
the last two values of the thickness fall within the range considered in Figure 3.16. Moreover,
some cross-linking can develop at later stage of the synthesis (especially for 1-P4). If any cross-
linking developed, a T4 increase could be expected. Such Tg increase in high-degree cross-
linking polystyrene was reported by 70 <C. 1% So it is difficult to conclusively compare the
literature data with our results. It is notable that the above PMMA film thickness estimates for

our samples are quite consistent with the (001) interplanar spacing from SAXS, because dooz is
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expected to be equal to the platelet thickness + 2 times the polymer layer thickness + 2 times the

thickness of initiator layer on the silica surface.

Figure 3.16. Plots of Tg vs Ls (PMMA layer thickness). The solid triangles and open circles
represent the data for the polymer brushes and the polymer cast films, respectively, on a silicon

wafer surface (reproduced from Reference 160 with permission). 16
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Figure 3.17. Tq vs. Estimated PMMA Layer Thickness of PMMA/Silica Nanocomposites.

30

25 ®

)]
o
1

PMMA layer thickness/nm
o o

0 I 1 I I I 1 1 1
114 116 118 120 122 124 126 128 130 132

0
T/ C

87



Normal ATRP of MMA from initiator-modified silica layers 2-CDMSPBMP (Table 3.3) was
also successful. 2-P1 had 35% residue (Figure 3.18) and dooz = 8.4 nm (Figure 3.19). The glass
transition temperature was 113.4 <C from the DSC pattern (Figure 3.20). Comparing with glass
transition temperatures of 1-P1 to 1-P5 samples, 2-P1 has similar T4 to 1-P1, which has a similar
polymer layer thickness, as inferred from (001) interplanar spacing of these materials. TEM
image (Figure 3.21) illustrated some details on the edge, which can be explained as a result of an

overlap of several layers.

Table 3.3. Atom Transfer Radical Polymerization of Methyl Methacrylate Initiated from

Initiator-Modified Layered Silica 2-CDMSPBMP.

2- time/ P polymer 20
CDMSPBMP CuBr2 | CuBr | PMDETA | MMA hrs residue%o silica door/nm (degree)
2-P1 1 0.1 1 1.1 400 18 35 1.0 8.4 1.06
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Figure 3.18. Thermogravimetric Weight Change Curve of PMMA/Silica Nanocomposite 2-P1.
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Figure 3.19. Small-Angle X-ray Scattering Pattern of PMMA/Silica Nanocomposite 2-P1.

60000

50000 -

40000 —

30000 -

Intensity

20000 001

10000

002

20

90



Figure 3.20. Differential Scanning Calorimetry Trace of PMMA/Silica Nanocomposite 2-P1.
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Figure 3.21. TEM Image of PMMA/Silica Nanocomposite 2-P1.
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3.3.3. Acrylonitrile Polymerization

The series of acrylonitrile (AN) surface-initiated polymerizations by normal ATRP based on 2-
CDMDPBMP initiator material is described in Table 3.4. The reactions were carried out in
DMSO at 60°C. Figure 3.22 shows the TGA weight change patterns under air flow for these
samples. The air was chosen for thermogravimetric measurements, because PAN readily
carbonizes under nitrogen atmosphere, 46 thus the weight loss under N, for PAN/silica
composites may underestimate the PAN loading. After 44 hours of reaction, the weight loss %
reached about 62% for 2-P4. The morphology of 2-P4 was illustrated by TEM image in Figure
3.23. The left side of the image appears to show twisted layers.

As shown in Figure 3.24, 3.25 and 3.26, doo: increased from 3.4 nm up to about 5 nm for
PAN/silica nanocomposites. For 2-P4, there were two shoulders on the SAXS pattern (Figure
3.26). These shoulders are positioned in a way which suggests that they correspond to (001) and
(002) reflections, but the resulting interplanar spacing appears to be too large (~10 nm) for a
moderate polymer loading. Therefore, the feature of 20 =~ ~0.9° may be due to contamination and
the actual interplanar spacing is likely to be ~5 nm.

Table 3.4. Atom Transfer Radical Polymerization of Acrylonitrile Initiated from Initiator-

Modified Layered Silica 2-CDMSPBMP.

2- . idue% d
Cubr, | cusr | TPMA AN time/ re5|fiue/ poIYTner/ 001 20
CDMDPBMP hrs (Si0,) silica (nm)

2-P2 1 0.1 1 1.1 400 22 61.70% 0.1 3.4 2.56
2-P3 1 0.1 1 1.1 400 28 44.13% 0.75 4.6 1.92
5.2 or 1.7 or

2- 1 0.1 1 1.1 400 .54Y .
P4 44 37.54% 1.17 10.4 0.9
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Figure 3.22. Thermogravimetric Weight Change Curves of PAN/Silica Nanocomposites 2-P2, 2-
P3 and 2-P4 under Air.
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Figure 3.23. TEM Image of PAN/Silica Nanocomposite 2-P4.
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Figure 3.24. Small-Angle X-ray Scattering Pattern of PAN/Silica Nanocomposite 2-P2.
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Figure 3.25. Small-Angle X-ray Scattering Pattern of PAN/Silica Nanocomposite 2-P3.
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Figure 3.26. Small-Angle X-ray Scattering Pattern of PAN/Silica Nanocomposite 2-P4.

1e+5

8e+4 -

Ge+4 -

Intensity

4e+4

001(002?)

2e+4

20

98



3.3.4. Styrene Polymerization

Styrene polymerization results obtained using normal ATRP are summarized in Table 3.5.

After almost two days of the reaction, doo: Was enlarged to 5.3 nm (Figure 3.27) with 31.40%

silica residue (Figure 3.28). It should be noted that nitroxide-mediated polymerization was

already shown to afford similar or even larger d-spacing in PS-clay hanocomposites.

67b

Table 3.5. Atom Transfer Radical Polymerization of Styrene Initiated from Initiator-Modified

Layered Silica 1-CDMSPBMP.

time/

polymer/

1- .

CDMSPBMP CuBr, | CuBr | PMDETA St hrs residue%o silica door/nM 20 (degree)
1-P6 1 0.1 1 1.1 370 25,5 43.31 0.79 34 2.61
1-P7 1 0.1 1 1.1 370 47 31.40 1.66 5.3 1.66

Figure 3.27. Small-Angle X-ray Scattering Patterns of PS/Silica Nanocomposites 1-P6 and 1-P7.
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Figure 3.28. Thermogravimetric Weight Change Curves of PS/Silica Nanocomposites 1-P6 and

1-P7.
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Glass transition temperature of 1-P7 was 102 °C (Figure 3.29), which is 2 <T higher than bulk

polystyrene Tg, 1°° and 1-P6 did not have an indication of the transition. TEM image in Figure

3.30 exhibited features that suggest a layered structure of the material.

Figure 3.29. Differential Scanning Calorimetry Trace of PS/Silica Nanocomposite 1-P7.
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Figure 3.30. TEM Image of PS/Silica Nanocomposite 1-P7.
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When compared with the literature results, the polystyrene (PS)/silicate nanocomposite
prepared by Sogah group via nitroxide-mediated radical polymerization initiated from silicate-
anchored initiator was identified as exfoliated architecture, which did not show any X-ray
diffraction (XRD) peaks. This PS/silicate nanocomposite did not exhibit glass transition behavior
observable in DSC. 57 Shipp group investigated the PS/silicate nanocomposites prepared by
atom transfer radical polymerization. Their results indicated that the polymer loading was
controlled by reaction duration and the molecular weight increased with reaction time, while the
polydispersity decreased. From XRD patterns for their samples, doo1 peak moved slightly to
smaller angles with increasing monomer conversion, which meant the interplanar spacing was
slightly increased. doo1 peak was lost after 81.8% conversion (360 min reaction), but TEM
images showed some domains containing high concentration of silicate, which meant it may not
be a fully exfoliated nanocomposite. ® Our PS/silica nanocomposites had ordered intercalated
architectures, and the interplanar spacing was significantly enlarged by polymer loading.
PS/silica nanocomposite 1-P7 showed glass transition temperature of 102 <C, which meant that

sufficiently large PS domains existed in the dispersed nanocomposite architecture.

It can be concluded that normal atom transfer radical polymerization (ATRP) can be
successfully used in the synthesis of intercalated and exfoliated nanocomposites with nanoscale
silica layers dispersed in different polymer matrixes (PMMA, PAN, PS). The loading of the
polymer grafted from the silica surface can be controlled. The ordering that the periodic layered
intercalated architecture can be maintained to some loading level (polymer/silica at least 1:1, but
sometimes even 4:1) until the exfoliated structure forms, but the impurities (copper species) level

is high for the nanocomposites prepared via normal ATRP (because one recovers colorful
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products, as seen in Figure 3.31). MMA-based nanocomposites exhibited interesting glass

transition trend, where Ty was increased with increasing polymer loading.

Figure 3.31. Appearance of PMMA/Silica nanocomposite 1-P5 Prepared via Normal ATRP.
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Chapter IV.

Synthesis of Nanocomposites Using
Surface-Initiated Activators
Regenerated by Electron Transfer
Atom Transfer Radical Polymerization
(ARGET ATRP)
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4.1. Experimental Section

A typical ARGET ATRP reaction was carried out in a 4 ml vial without prior deoxygenation.
The initiator-modified layered silica (1-CDMSPBMP or 2-CDMSPBMP, about 10-30 mg),
ligand (3.6 ul 1, 1, 4, 7, 7-pentamethyl-diethylenetriamine (PMDETA) for MMA or St, 5 mg
tris[(2-pyridyl)methylJamine (TPMA) for AN), 0.094 or 0.032 mg CuCl; (CuCl; was dissolved
in DMSO to be 10 mg/ml solution taken by micro-liter syringe (3.2 | solution contained 0.032
mg CuCly) ), monomer (MMA, St or AN), and solvent (0.6 ml anisole for MMA or St, 0.62 ml
DMSO for AN) were charged to the vial, finally the reducing agent solution (50 mg tin (1) 2-
ethylhexanoate (Sn(EH).) dissolved in 1.0 ml anisole for MMA or St, or 1.0 ml DMSO for AN)
was transferred into the vial. The vial was capped and stirred in the oil bath at 60 °C for MMA or

AN, 90 °C for St.

The reaction was terminated at a selected time by opening the cap to expose the polymerization
mixture to oxygen from the air (to convert ATRP catalyst to deactivator). The polymerization
product was filtered and washed with methanol and toluene, dried in a vacuum oven at 60 °C

overnight. The samples were characterized as described in Chapter 2.1 and 3.3.
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4.2. Methyl Methacrylate Polymerization by ARGET ATRP

Table 4.1 shows two series of MMA ARGET ATRP results based on initiator-modified layered
silica 1-CDMSPBM. Samples 1-P8~1-P12 synthesized with initiator/MMA molar ratio of 1:90
series reached residue% as low as 11.53% (1-P12) after 24 hours of reaction (Figure 4.1), which
corresponds to PMMA/silica weight ratio of 7.2:1. Samples 1-P8 and 1-P9 with low or moderate
polymer loading obtained after 4 and 6 hours reaction showed ordered structures with the (001)
interplanar spacings of 2.1 nm and 4.6 nm (Figure 4.2). The polymer loadings for samples 1-P8
to 1-P12 indicate that there might be an “induction” period in which oxygen was depleted in the
polymerization mixture, after which the polymerization started. This might have been 3-4 hours
for this series, because the polymer loading in 1-P8 was very low as seen in Figure 4.3. From
SAXS patterns (Figure 4.2), the interlayer spacing was enlarged for 1-P10 sample (residue of
22.98%) in comparison to samples 1-P8 and 1-P9, but the SAXS pattern for 1-P10 featured a
broad shoulder, which does not provide good basis to calculate the interplanar spacing. For a
higher polymer loading, 1-P11 and 1-P12 samples did not have clear peaks or shoulders on

SAXS patterns.

For 1-P13~1-P18 samples, the polymerizations were carried with larger monomer/initiator
molar ratio (270:1, which is threefold higher comparing with the previous series) and a higher
reducing agent molar ratio, which increased the propagation rate compared to the products
discussed above. The PMMA/silica weight ratio reached 22.9 for sample 1-P18 after 41 hours
polymerization reaction (Table 4.1, Figure 4.4). The higher amount the polymer loaded, the
higher the viscosity of the crude product appeared to be, and the purified products had different

physical properties changing from fine powders to rock-like crystals. This series of products
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showed featureless SAXS patterns, which was similar as in the case of normal ATRP

PMMA/silica products with high polymer loading.

When comparing PMMAV/silica nanocomposites with similar polymer loadings synthesized via
normal ATRP and ARGET ATRP, 1-P1 (normal ATRP, residue = 27.49%) had a quite narrow
peak on the SAXS pattern, but 1-P9 and 1-P10 (ARGET ATRP, residue = 28.53% and 22.98%)
exhibited either broad peak or a broad shoulder. The interplanar spacings for these samples were
similar (4.6-6.3 nm). When considering polydispersity index (PDI) difference for polymers
prepared from normal ATRP and ARGET ATRP, as described in Chapter I, normal ATRP offers
lower PDI comparing to ARGET ATRP. This was also confirmed by studies of ATRP and
ARGET ATRP initiated from surfaces of mesopores. 16-16” Therefore, the polymer growth in
ARGET ATRP was apparently less controlled, which led to a less uniform growth of the
polymer initiated from the surface of the layers, making it more difficult to preserve their parallel
orientation as the polymer chains grow. This led to broader features (peaks or shoulders) in

SAXS patterns.
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Table 4.1. ARGET ATRP of Methyl Methacrylate Initiated from Initiator-Modified Layered

Silica 1-CDMSPBMP.

CDM;;BMP CuCl, | PMDETA | MMA | Sn(ll) | time/hrs | residue% P;;;;::r dy,(nm) 20 (degree)
1-P8 1 0.02 0.4 90 3 4 58.01% 0.20 2.1 4.3
1-P9 1 0.02 0.4 90 3 6 28.53% 2.0 4.6 2.0
1-P10 1 0.02 0.4 90 3 8 22.98% 2.8 n/a 1.2-2.5
(weak and
broad)
1-P11 1 0.02 0.4 90 3 18 13.49% 5.9 n/a n/a
1-P12 1 0.02 0.4 90 3 24 11.53% 7.2 n/a n/a
1-P13 1 0.02 1.2 270 9 6 23.57% 2.7 n/a n/a
1-P14 1 0.02 1.2 270 9 8 17.41% 4.2 n/a n/a
1-P15 1 0.02 1.2 270 9 15 9.491% 9.0 n/a n/a
1-P16 1 0.02 1.2 270 9 22 6.790% 13.2 n/a n/a
1-P17 1 0.02 1.2 270 9 30 4.695% 19.8 n/a n/a
1-P18 1 0.02 1.2 270 9 41 4.088% 22.9 n/a n/a
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Figure 4.1. Thermogravimetric Weight Change Curves of PMMA/Silica Nanocomposites 1-P8 to

1-P12.
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Figure 4.2. Small-Angle X-ray Scattering Patterns of PMMA/Silica Nanocomposites 1-P8, 1-P9

and 1-P10.
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Figure 4.3. Polymer/Silica Mass Ratio vs. Polymerization Time of PMMA/Silica

Nanocomposites 1-P8 to 1-P12.
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Figure 4.4. Thermogravimetric Weight Change Curves of PMMA/Silica Nanocomposites 1-P13

to 1-P18.
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Glass transition temperatures for ARGET ATRP PMMAV/silica nanocomposites were
interesting (Table 4.2, Figure 4.5, and Figure 4.6). Generally, there was no clear trend in Tq as a
function of the polymer loading, in contrast to the results from normal ATRP. The glass
transition temperatures were about 122-129 <C for the current series of samples. The reason
might be due to the lower ordering of nanocomposites synthesized by ARGET ATRP, which
made the environment of polymer chains less homogenous. 1-P17 and 1-P18 samples exhibited
unusually low temperatures at which glass transition was indicated by DSC (99 and 86 <C), and
the possible reason might be some monomers left in the system during the isolation of the
product. In the synthesis, the reaction mixture turned to gel (via crosslinking of the polymer), and
monomer might have been trapped inside the materials. The morphologies of 1-P8 and 1-P18
nanocomposites were illustrated in Figure 4.7 and Figure 4.8. The details in the edge of 1-P8

sample seemed like a stacking of several platelets, which was more obvious in sample 1-P18.

Table 4.2. Glass Transition Temperatures of PMMA/Silica Nanocomposites 1-P8 to 1-P18.

1-P8 1-P9 1-P10 1-P11 1-P12 1-P13 1-P14 1-P15 1-P16 1-P17 1-P18

Tg/°C | none | 125.4 | 122.1 | 1275 | 1273 | 1279 | n/a® | 1285 | 125.1 | 98.9° | 86.4°

&The sample amount for 1-P14 was not enough to complete the DSC test, so no DSC test was
performed.

b Possibly, these thermal event may be related to the monomer left in the apparently cross-linked
matrix.

114



Figure 4.5. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposites 1-P8 to

1-P12.
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Figure 4.6. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposites 1-P13,

and 1-P15 to 1-P18.
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Figure 4.7. TEM Image of PMMA/Silica Nanocomposite 1-P8.
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Figure 4.8. TEM Image of PMMA/Silica Nanocomposite 1-P18.
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The results of MMA polymerizations by ARGET ATRP based on initiator-modified layered

silica 2-CDMSPBMP are shown in Table 4.3. SAXS pattern did not have any peaks for this

series of products. The weight change patterns are shown in Figures 4.9, and the polymer

loadings reached high levels, as there was only 5.23% residue of silica for PMMA/silica

nanocomposite 2-P9.

Table 4.3. ARGET ATRP of Methyl Methacrylate Initiated from Initiator-Modified Layered

Silica 2-CDMSPBMP.

2- Cudl, PMDETA MMA Sn(ll) time/hrs | residue% | Polymer dom(nm) 20

CDMDPBMP /Silica (degree)
2-P5 1 0.02 1.2 270 9 8 22.59% 2.6 n/a n/a
2-P6 1 0.02 1.2 270 9 15.5 8.42% 10.0 n/a n/a
2-P7 1 0.02 1.2 270 9 18 7.95% 10.7 n/a n/a
2-P8 1 0.02 1.2 270 9 21 5.85% 15.2 n/a n/a
2-P9 1 0.02 1.2 270 9 25 5.23% 17.3 n/a n/a

The results for 2-CDMSPBMP initiator-functionalized layers are comparable to those for 1-

CDMSPBMP initiator-functionalized layers (Table 4.1, entries of 1-P13 to 1-P18), suggesting

the facile reproducibility of the method for different layered silica starting materials.
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Figure 4.9. Thermogravimetric Weight Change Curves of PMMA/Silica Nanocomposites 2-P5 to
2-P9.
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DSC results for the considered series of samples were similar to those for ARGET ATRP
series prepared using initiator-modified layered silica 1-CDMSPBM. No major change of Tg
with the polymer loading (Figure 4.10, Table 4.4) was observed. The glass transition
temperatures were about 123-127 <C for this series of samples, and they were very close to those
for 1-P8 to 1-P16 series of samples (122-129 <C), which meant the PMMA/silica
nanocomposites prepared via ARGET ATRP exhibited similar glass transition behavior even
though two different layered silica sources were used. TEM images of sample 2-P5 are shown in
Figure 4.11. Some details on the first image suggest the overlap of several layers, whereas the
second image shows morphologies similar to those seen in the layered silica 2 and initiator-
modified layered silica 2- CDMDPBMP, which can be interpreted as layers parallel to the

electron beam.

Table 4.4. Glass Transition Temperatures of PMMA/Silica Nanocomposites 2-P5 to 2-P9.

2-P5

2-P6

2-P7

2-P8

2-P9

Tg/°C

123.0

125.7

126.9

126.0

126.0

121




Figure 4.10. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposites 2-P5 to

2-P9.
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Figure 4.11. TEM Images of PMMA/Silica Nanocomposite 2-P5.
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4.3. Styrene Polymerization by ARGET ATRP

The series of styrene (St) polymerizations by ARGET ATRP initiated by initiator-modified

layered silica 1-CDMDPBMP is presented in Table 4.5. The ordered architecture was apparently

still maintained after 3 hours polymerization with doo1 =~ 6 nm for 1-P19, but the SAXS showed

a weak shoulder (Figure 4.12), which meant the structure was weakly ordered. For higher

polystyrene loading (up to residue=1.63%), the ordered architecture was no longer evident from

SAXS patterns. Figure 4.13 shows the weight changes upon the thermal degradation of the

nanocomposites under N2. The polymer/silica mass ratio vs. reaction time (Figure 4.14) indicated

that the “induction” period was ~2.5 hours in which oxygen dissolved in the reaction mixture

was depleted.

Table 4.5. ARGET ATRP of Styrene Initiated from Initiator-Modified Layered Silica 1-

CDMSPBMP.
1- time/ residue% polymer/ door
CuCl; PMDETA St Sn(ll) 20 (degree)

CDMDPBMP hrs (Si0z2) silica (nm)
1-P19 1 0.02 1.2 270 9 3 24.75% 2.52 ~6 ~1.4
1-P20 1 0.02 1.2 270 9 5 8.02% 10.9 n/a n/a
1-P21 1 0.02 1.2 270 9 7 6.12% 14.8 n/a n/a
1-P22 1 0.02 1.2 270 9 19 2.21% 43.7 n/a n/a
1-P23 1 0.02 1.2 270 9 24 1.63% 59.8 n/a n/a
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Figure 4.12. Small-Angle X-ray Scattering Pattern of PS/Silica Nanocomposite 1-P19.
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Figure 4.13. Thermogravimetric Weight Change Curves of PS/Silica Nanocomposites 1-P19 to
1-P23.
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Figure 4.14. Polymer/Silica Mass Ratio vs. Polymerization Time of PS/Silica Nanocomposites 1-

P19 to 1-P23.
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Glass transition temperatures for polystyrene-based nanocomposites synthesized via ARGET
ATRP were from 100 to 106 °C (Table 4.6., Figure 4.15), T4 was several degrees higher for
samples with higher polymer loading when comparing with the lowest loading sample 1-P19.
The PS/silica nanocomposites 1-P20 to 1-P23 exhibited about 5-6 <C higher T than that of bulk
polystyrene (100 <T 1*°). The morphologies of 1-P19 and 1-P23 were seen in TEM images in

Figures 4.16 and 4.17. The stacki of several layers were observed at the edges.

Table 4.6. Glass Transition Temperatures of PS/Silica Nanocomposites 1-P19 to 1-P23.

1-P19 1-P20 1-P21 1-pP22 1-pP23

Tg/°C 100 105 106 106 106
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Figure 4.15. Differential Scanning Calorimetry Traces of PS/Silica Nanocomposites 1-P19 to 1-

P23.
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Figure 4.16. TEM Image of PS/Silica Nanocomposite 1-P19.
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Figure 4.17. TEM Image of PS/Silica Nanocomposite 1-P23.

132



The results of styrene polymerizations by ARGET ATRP based on initiator-modified layered
silica 2-CDMDPBMP are shown in Table 4.7. The SAXS pattern for the resulting materials did
not have any features, indicating that these are exfoliated nanocomposites. The weight change
curves are shown in Figures 4.18. If we compare the polymer loadings for the considered series
of samples and for the previously discussed series synthesized samples using initiator-
functionalized silica layers 1-CDMSPBMP, one can see that in the present case, the loading of
polymer increased with time about two times slower. However, in both cases, the loading
systematically increased with time and was high after about one day of polymerization. DSC
patterns are shown in Figure 4.19, the glass transition temperatures were in range 104-106°C
(Table 4.8). Considering T4 for 1-P20 to 1-P23 samples prepared using the other initiator-
functionalized silica layers (1-CDMSPBMP), the results indicate that the glass transition
temperatures for polystyrene-based exfoliated nanocomposites prepared by surface initiatied
ARGET ATREP are essentially constant if the polymer loading is high enough (for silica residues
from 17.85% (2-P10) to 1.63% (1-P23)). The morphology of 2-P10 sample is shown in TEM

images (Figure 4.20). Several layers seemed to overlap at the particle edges.

Table 4.7. ARGET ATRP of Styrene Initiated from Initiator-Modified Layered Silica 2-

CDMSPBMP.
2z CuCl, | PMDETA St Sn(ll) | time/hrs resifiue% poIYTTIer/ d°°1 26
CDMDPBMP (Si0,) Silica (nm) (degree)
2-P10 1 0.02 1.2 270 9 6 17.85% 2.7 n/a n/a
2-P11 1 0.02 1.2 270 9 17 5.02% 17.1 n/a n/a
2-P12 1 0.02 1.2 270 9 18.5 3.83% 23.2 n/a n/a
2-P13 1 0.02 1.2 270 9 20 3.55% 25.3 n/a n/a
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Table 4.8. Glass Transition Temperatures of PS/Silica Nanocomposites 2-P10 to 2-P13.

2-P10

2-P11

2-P12

2-P13

Tg/°

C

104

106

106

106

Figure 4.18. Thermogravimetric Weight Change Curves of PS/Silica Nanocomposites 2-P10 to

2-P13.
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Figure 4.19. Differential Scanning Calorimetry Traces of PS/Silica Nanocomposites 2-P10 to 2-

P13.
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Figure 4.20. TEM Images of PS/Silica Nanocomposite 2-P10.
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4.4. Acrylonitrile Polymerization by ARGET ATRP

The polymerization conditions and characterization data for the series of acrylonitrile (AN)
polymerizations by ARGET ATRP initiated by initiator-modified layered silica 1-CDMDPBMP
are presented in Table 4.9. The ordered structure was lost even after 6 hours of polymerization,
with no peaks or shoulders observed in the SAXS pattern. The ordering was lost with such a low
loading for 1-P24 sample that the grafting of polymer chains had to be very nonuniform in the
early stages of polymerization. Perhaps the process led to some cross-linking between the layers
of an early stage, which made it impossible to stack the silica layers even for a low polymer
loading. Alternatively, the spatial distribution of grafted polymer chains might have been highly
nonuniform and the PAN tendency to crystallize might have created local “bumps” of polymer,
which made it impossible for the layers to pack. Figure 4.21 shows the degradation curves under
air for the products. The glass transition temperatures were about 97-98 °C for 1-P26 and 1-P27
samples (Table 4.10), and 1-P24 sample did not have a thermal event in DSC pattern that could
be related to the glass transition, which was possibly due to too low polymer loading in the
sample (Figure 4.22). Due to the very limited amount for isolated 1-P25 sample, DSC trace was
not acquired for this sample. The morphology of PAN/silica nanocomposite 1-P27 is illustrated

in Figure 4.23. Some fragments of layers were apparently seen for this sample on its TEM image.

Table 4.9. ARGET ATRP of Acrylonitrile Initiated from Initiator-Modified Layered Silica 1-

CDMSPBMP.
1 CuCl, | TPMA | AN | sn(l) | time/hrs reSifjue% pol?'f"er/ Toos 20
CDMDPBMP (Si0,) silica (nm)
1-P24 1 0.02 1.2 270 9 6 60.14% 0.14 n/a n/a
1-P25 1 0.02 1.2 270 9 16.5 36.35% 1.23 n/a n/a
1-P26 1 0.02 1.2 270 9 20 23.79% 2.65 n/a n/a
1-P27 1 0.02 1.2 270 9 24.5 19.85% 3.52 n/a n/a
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Table 4.10. Glass Transition Temperatures of PAN/Silica Nanocomposites 1-P24 to 1-P27.

1-P24 1-P25 1-P26 1-P27

Tg/°C none n/a 98 97

Figure 4.21. Thermogravimetric Weight Change Curves of PAN/Silica Nanocomposites 1-P24 to

1-P27 under Air.
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Figure 4.22. Differential Scanning Calorimetry Traces of PAN/Silica Nanocomposites 1-P24, 1-

P26 and 1-P27.
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Figure 4.23. TEM Image of PAN/Silica Nanocomposite 1-P27.
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The conditions and results of AN polymerizations by ARGET ATRP based on initiator-
modified layered silica 2-CDMDPBMP are shown in Table 4.11. SAXS patterns did not have
any peaks or shoulders for this series of products. The weight change curves are shown in
Figures 4.24. The DSC patterns are shown in Figure 4.25, and the thermal events related to the
glass transition are listed in Table 4.12. The transition at 97 °C in DSC pattern was clearly
observed only for 2-P17 sample. Although the DSC pattern of 2-P16 seemed to have a transition
feature around the same temperature, but it was not well visible. The determination of the glass
transition temperature of PAN is complicated and its estimated value depends on the
instrumentation used and crystallinity of the samples. Ty of PAN was reported to be 82 and
140 <T for paracrystalline and amorphous region for PAN fibres. **® The commercial available
PAN powder from Sigma Aldrich has a T4 of 85 <C for 150,000 molecular weight. When
comparing with the PAN/silica nanocomposite samples prepared using initiator-modified layered
silica 1-CDMSPBMP and 2-CDMSPBMP, they showed very similar properties, which meant the

synthetic procedures worked well with different layered silica precursors.

Table 4.11. ARGET ATRP of Acrylonitrile Initiated from Initiator-Modified Layered Silica 2-

CDMSPBMP.
- idue% I d
2 CuCl, | TPMA | AN sn(ll) | time/hrs res'_ ue po Yf"er/ oo 20
CDMDPBMP (Si0,) silica (nm)

2-P14 1 0.02 1.2 270 9 6 45.86% 0.69 n/a n/a
2-P15 1 0.02 1.2 270 9 19 26.27% 2.32 n/a n/a
2-P16 1 0.02 1.2 270 9 23 21.63% 3.13 n/a n/a
2-P17 1 0.02 1.2 270 9 44 17.33% 4.28 n/a n/a
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Table 4.12. Glass Transition Temperatures of PAN/Silica Nanocomposites 2-P14 to 2-P17.

2-P14 2-P15 2-P16 2-P17

Tg/°C n/a none none 97

Figure 4.24. Thermogravimetric Weight Change Curves under Air of PAN/Silica

Nanocomposites 2-P14 to 2-P17.
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Figure 4.25. Differential Scanning Calorimetry Traces of PAN/Silica Nanocomposites 2-P15 to

2-P17.
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4.5. Block Copolymerization by ARGET ATRP

Copolymers (or mixed brushes) grafted on silica layers were also prepared. Table 4.13 shows
the types of (co)polymer products and the silica/polymer 1/polymer 2 mass ratio (polymer 1
refers to the polymer grafted first (PMMA or PAN); polymer 2 refers to the second grafted
polymer, which was polystyrene) based on TGA results. The glass transition temperatures were
around 105-106<C as seen from DSC patterns and these can be attributed to the polystyrene
component. The corresponding molar ratios of the reagents are shown in Table 4.14. Figures
4.26, 4.27 and 4.28 show the weight change patterns of the copolymer/silica nanocomposites
compared with the starting homopolymer/silica nanocomposites. The residue percentages for 1-
P10, 1-P16 and 1-P26 samples were 22.98%, 6.79% and 23.79% under air. Based on the weight
loss increases (and silica residue decreases), the second block (polystyrene), was most likely
introduced. In principle, the polymerization may be initiated from: (i) the halogen-containing
chain end of the homopolymer initially grafted on the surface, giving rise to a block copolymer,
or (i) the unreacted initiator on the surface. The second possibility arises, because the surface-
initiated polymerization usually has a moderate efficiency, which is lower than 100%, 43 and
thus some unreacted initiator is expected to remain on the surface after the grafting of the first
polymer. However, it is not clear whether these initiating sites are accessible in the second
polymerization process if the layer of the first polymer is sufficiently thick. Therefore, one can
expect the formation of block copolymers or block copolymers mixed with surface-initiated
homopolymer. This primarily pertains to the use of PMMA/silica nanocomposites as initiators.
However, in the case of PAN/silica nanocomposites, the evidence of nonuniform distribution of
PAN was discussed earlier, and thus the chances for initiation of styrene polymerization from

residual initiator on the silica surface are higher.
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Table 4.13. Characterizations of Copolymer (or Mixed Brush)/Silica Nanocomposites 1-CP1 to

1-CP3.
2nd
Initiator Monomer residue% Silica Polymer 1 Polymer 2 Tg/°C
1-CP1 1-P10(MMA) St 1.42% 1 2.8 65 105
1-CP2 1-P16(MMA) St 2.41% 1 13 27 106
1-CP3 1-P26(AN) St 7.64% 1 2.6 8.7 105

Table 4.14. Conditions of ARGET ATRP Used for Copolymer (or Mixed Brush)/Silica

Nanocomposites 1-CP1 to 1-CP3.

Initiator CuCl, PMDETA St Sn(ll) time/hours
1-CP1 1 0.2 14 6000 50 23
1-CP2 1 0.8 55 22000 200 24
1-CP3 1 0.2 16 6300 56 24

146




Figure 4.26. Thermogravimetric Weight Change Curve of Copolymer (or Mixed Brush)/Silica
Nanocomposite 1-CP1 in Comparison to the Curve for the Starting PMMA/Silica

Nanocomposite 1-P10.
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Figure 4.27. Thermogravimetric Weight Change Curve of Copolymer (or Mixed Brush)/Silica

Nanocomposite 1-CP2 in Comparison to the Curve for the Starting PMMA/Silica
Nanocomposite 1-P16.
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Figure 4.28. Thermogravimetric Weight Change Curve of Copolymer (or Mixed Brush)/Silica
Nanocomposite 1-CP3 in Comparison to the Curve for the Starting PAN/Silica Nanocomposite

1-P26.
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DSC patterns of the resulting samples are shown in Figure 4.29, and the comparison figures of
DSC patterns for homopolymer/silica nanocomposites and copolymer/silica nanocomposites are
showed in Figures 4.30, 4.31 and 4.32. The observed thermal event at 105-106 <C corresponds to
Tg of polystyrene (PS) block. This indicates that PS (or at least part of it) is separated from
PMMA or PAN matrix. This is consistent with the block extension model for second polymer
grafting (otherwise a mixed brush may have no Tg). The DSC curves at Figure 4.29 show no
strong evidence of Tg of PMMA or PAN, although weak indications of thermal events in the
temperature range 120-140 <C can be observed. It is not fully clear whether the lack of clearly
visible thermal event related to Tq of PMMA is due to the formation of a mixed PMMA/PS brush
or due to low loading of PMMA or restrictions on the mobility of PMMA blocks after grafting of

PS. (see discussion of Ref. 70 below)

The morphologies of PMMA-PS/silica nanocomposite 1-CP1 and PAN-PS/silica
nanocomposite 1-CP3 are reflected on TEM images in Figures 4.33 and 4.34. Figure 4.33 can be
interpreted as the evidence of stacking of many layers for 1-CP1. Figure 4.34 (1-CP3) also
appears to show stacks layers, with some darker edges potentially arising from curved layers and

their outer part parallel to the electron beam.

When comparing with literature results, Shipp group claimed a mixed exfoliated/intercalated
architecture of poly(styrene-block-butyl acrylate) block copolymer (PSBA)/silicate
nanocomposites. The polystyrene (PS) block was grafted on the silicate surface first via atom
transfer radical polymerization (ATRP), and poly(butyl acrylate) (PBA) block was attached to
PS block via ATRP. The free block copolymer (PSBA) detached from the silicate surface
showed two glass transition temperatures (-40 <C and 93 <C corresponding to PBA and PS

blocks) in DSC pattern, but the PSBA/silica nanocomposite showed a Tq at -40 <C and a shallow
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hump around 93 <C. The thermal transition behavior of PS block in the nanocomposites was
explained as the limiting movement of PS segments due to the direct linkage of polystyrene
chains and the silicate surface. In the contrast, PBA block in the nanocomposites had some

freedom to show the characteristic glass transition. "

Sogah group had investigated the preparation of exfoliated block copolymer/silicate
nanocomposites by one-pot, one-step living polymerization from a silicate anchored bifunctional
initiator. Polystyrene (PS) and polycaprolactone (PCL) chains were attached to the silicate
surface at the junction (initiator) between the two blocks. There was no glass transition
temperature visible in DSC patterns for their nanocomposites, only the melting point of PCL

block was shown. "3

Based on these literature results, the glass transition behavior of our block copolymer (or
mixed brush)/silica nanocomposites was very similar to that of the copolymer/silicate

nanocomposite prepared by Shipp group.
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Figure 4.29. Differential Scanning Calorimetry Traces of Copolymer/Silica Nanocomposites 1-

CP1, 1-CP2 and 1-CP3.
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Figure 4.30. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposite1-P10

and PMMA-PS/Silica Nanocomposite 1-CP1.
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Figure 4.31. Differential Scanning Calorimetry Traces of PMMA/Silica Nanocomposite 1-P16

and PMMA-PS/Silica Nanocomposite 1-CP2.
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Figure 4.32. Differential Scanning Calorimetry Traces of PAN/Silica Nanocomposite 1-P26 and

PAN-PS/Silica Nanocomposite 1-CP3.
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Figure 4.33. TEM Images of PMMA-PS/Silica Nanocomposite 1-CP1.
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Figure 4.34. TEM Images of PAN-PS/Silica Nanocomposite 1-CP3.
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The polymerization on the surface of mesopores via ARGET ATRP were investigated by other
lab members in our research group. Poly(methyl methacrylate), 1% polystyrene, ¢ poly(N-
isopropylacrylamide) 8 and poly(2-(dimethylamino)ethyl methacrylate) 1°8 were attached onto
the surface of SBA-15 successfully. From all these results, it can be concluded that activators
regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP) can be
successfully used in the synthesis of nanocomposites with different silica precursors (including

nanoscale-dispersed layered silicas) in different polymer matrixes (including copolymers).

TGA and SAXS confirmed the loading of polymer on the layered silica surface, but the
ordering was difficult to preserve (more difficult than in normal ATRP). At the same time, the
nanocomposites prepared via ARGET ATRP had very low level of impurities (they were white
products, as seen in Figure 4.35), which is an advantage over ATRP (Figure 3.31) if one is
concerned about the copper impurity level in the product. There was evidence of glass transition

of the second block (PS) in copolymer/silica nanocomposite.
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Figure 4.35. Appearance of PS/Silica Nanocomposite 1-P21 via ARGET ATRP.
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4.6. Summary and Conclusions

The organic-inorganic nanocomposites with silica layers dispersed in polymer matrixes were
successfully prepared. Our new synthesis route involved the atom transfer radical polymerization
initiator covalently attached on the surfaces of lamellar (layered) silicas, the latter being prepared
through surfactant templating. The covalent bonding between the layered silica surface and the
initiator provided a strong interaction between the surface of inorganic substrate and the polymer
chains, thus providing a way to improve thermal stability comparing with the ionic interactions
between the quaternary ammonium cation initiators grafted via cation exchange to the silicate
surface in many other polymer/clay nanocomposites. This methodology was expected to provide
us with the opportunity to better control the architecture of the polymer/silica nanocomposites,
and indeed in many cases we were able to obtain either intercalated or exfoliated structures by

controlling the polymer loading.

The layered silica precursors were prepared successfully following the literature procedures,
using a mixture of cationic and neutral surfactants (precursor 1), or a mixture of neutral
surfactants (precursor 2). Both SAXS and TEM confirmed the lamellar morphology of these
silica precursors, whose interlayer spacings were 3.5 nm (layered silica 1) and 5.4 nm (layered
silica 2). The templating surfactants were present in the samples, and they were sandwiched

between the silica layers.

A series of organosilanes were examined to understand the organic group grafting with
concomitant surfactant displacement and to select a proper initiator for the surface-initiated
polymerization. Trimethylchlorosilane (TMCS), n-butyldimethylchlorosilane (BDMCS),

dimethyloctylchlorosilane (DMOCS), (chloromethyl-phenyl)ethyl trichlorosilane (CMPETS), 2-
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(4-chlorosulfonyl phenyl) ethyl trichlorosilane (CSPETCS), and 3-(chlorodimethylsilyl)propyl 2-
bromo-2-methylpropanoate (CDMSPBMP) were used to modify the layered silica 1. The weight
loss changes and the interlayer spacing changes to 1.9 nm and 2.9 nm for the
organomonochlorosilane-modified layered silica samples 1 and 2, indicating the surfactants were
displaced by the organomonochlorosilanes. (3-(Chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate modified layered silica 1was successfully prepared, because the organosilane
displaced the surfactant. However, the weight change patterns of 1-CMPETS (chloromethyl
phenylethyl trichlorosilane modified layered silica 1) and 1-CSPETCS (2-(4-chlorosulfonyl
phenyl) ethyl trichlorosilane modified layered silica 1) indicated that some surfactants remained
in the structure after the reaction with the silane. For the trichloroorganosilane-modified layered
silicas (1-CMPETS and 1-CSPETCS), these organosilanes might not only be attached on the
silica surface via Si-O-Si bonds, but also connected to each other via Si-O-Si bridges. Moreover,
the cross-linking of organosilane molecules might have introduced a cross-linking between the
silica layers, which also might have hindered a complete surfactant displacement. 3-
(Chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (CDMSPBMP) was selected as an
initiator to modify the layered silica 1 and 2, and the corresponding initiator-modified layered
silicas had interplanar spacings of 1.9 nm (for 1-CDMSPBMP) and 2.6 nm (for 2-CDMSPBMP).
It was thus demonstrated that the reaction of surfactant-templated layered silicas with suitable

organosilanes provides general avenue to obtain initiator-functionalized silica layers.

The polymerizations of methyl methacrylate, styrene and acrylonitrile via atom transfer radical
polymerization (ATRP) and activators regenerated by electron transfer (ARGET) ATRP were
successful. In PMMAV/silica nanocomposites preparation via ATRP from initiator-functionalized

layered silica 1-CDMSPBMP, the polymer loading can be controlled by adjusting

163



polymerization time and initial monomer concentration. The intercalated architecture can be
maintained to an appreciable extent, reaching interplanar spacing of 6 nm, or perhaps even about
12 nm for sample with 17% of silica residue. At a higher polymer loading, no ordering was
evident from SAXS patterns, and we can conclude that the exfoliated architectures for
PMMA/silica nanocomposites were achieved. The glass transition temperatures evaluated by
DSC of the intercalated PMMA/silica nanocomposites showed an increase with increasing
polymer loading. These glass transition temperatures were higher than T4 of PMMA prepared via
conventional free radical polymerization (105 <C). The Tg differences are likely to be related to
the covalent bonding of polymer chains to the surface and possibly to the interactions between
the polymer chains and the surface of silica layers. If the interactions are strong, glass transition
temperatures are expected to increase, which was observed in our nanocomposites perhaps due to
the covalent interactions between the polymer chains and the silica surface. The Tg trend for our
PMMA/silica nanocomposites was opposite comparing with literature results. However, the
difference of the architecture from our intercalated nanocomposites and the possible cross-
linkings in the structure of the polymer layer make the comparison difficult. The PMMA/silica
nanocomposite prepared via ATRP from initiator-functionalized layered silica 2-CDMSPBMP
had an intercalated architecture with interplanar spacing of 8.4 nm (with 35% silica residue), and
the Ty of this sample was about 113 <T (higher than PMMA Tg in bulk). This confirms that the
present method can readily afford intercalated PMMA-silica nanocomposites with quite large

interplanar spacings, thus suggesting the PMMA grafting uniformity.

The interplanar spacing of the PAN/silica nanocomposites prepared via ATRP from initiator-
functionalized layered silica 2-CDMSPBMP was about 5 nm (38% silica residue) after 44 hours

polymerization. With about 31% silica residue, the PS/silica nanocomposite (prepared from 1-
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CDMSPBMP) had an interplanar spacing of about 5 nm. The glass transition temperature for this
nanocomposite was about 102 <C in DSC pattern, which is slightly higher than the T of bulk

polystyrene. The results for PAN and PS suggest the good ability of ATRP to render intercalated
nanocomposites of silica lay9layereders with different grafted polymers with controlled polymer

loading.

These finding for PMMA-(layered silica) and PAN-(layered silica) nanocomposites are
particularly notable, because we are not aware of prior successful synthesis of such ordered
intercalated composites. PAN-(layered silica) nanocomposites have not been reported earlier as

far as we know.

ARGET ATRP was found suitable to synthesize well-defined polymer-(layered silica)
nanocomposites with controlled polymer loading. We are not aware of any prior demonstration
of that in the scientific literature. In general, ARGET ATRP led to higher polymer loadings in
the polymer/silica nanocomposites. However, as normal ATRP is known to offer lower
polydispersity index (PDI) than ARGET ATRP, the polymer growth in ARGET ATRP was
apparently less uniform. In particular, ordering was lost at lower polymer loadings for composite
samples prepared via ARGET ATRP, and the peaks/shoulders in SAXS patterns were broader
when compared to the SAXS patterns of the nanocomposites prepared via normal ATRP with
similar polymer loading. On the other hand, ARGET ATRP greatly decreased copper content in

the products.

The silica residue of the PMMAV/silica nanocomposites prepared via ARGET ATRP from
initiator-functionalized layered silica 1-CDMSPBMP reached as low as about 4%. The glass

transition temperatures of these nanocomposites were in the range of 122-129 <C, and there was
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no Tg trend in contrast to the results from normal ATRP, which is possibly due to the less
homogeneous polymer chains in the nanocomposites. In the preparation of PMMA/silica
nanocomposites via ARGET ATRP, the results for 2-CDMSPBMP initiator-functionalized layers
are comparable to those for 1-CDMSPBMP initiator-functionalized layers, suggesting the facile

reproducibility of the method for different layered silica starting materials.

The PS/silica nanocomposites initiated from 1-CDMSPBMP and 2-CDMSPBMP via ARGET
ATRP were comparable. At high polystyrene loadings (about 1-18% silica residue), these
nanocomposites exhibited similar T4 of about 104-106 <C, which suggests essentially glass
transition temperatures of exfoliated PS/silica nanocomposites are constant if the polymer

loading is high enough.

PAN/silica nanocomposite samples prepared using initiator-modified layered silicas 1-
CDMSPBMP or 2-CDMSPBMP via ARGET ATRP showed very similar properties, which
meant that the synthetic procedure worked well with different layered silica precursors. The
ordering was lost at very low PAN loading for these nanocomposites. Perhaps the process led to
some cross-linking between the layers at an early stage, which made it impossible to stack the
silica layers even for a low polymer loading. Alternatively, the spatial distribution of grafted
polymer chains might have been highly nonuniform and the PAN tendency to crystallize might
have created local “bumps” of polymer, which made it impossible for the layers to pack. Some of
the PAN/silica nanocomposites with high PAN loadings prepared via ARGET ATRP exhibited
Tg around 97-98 <C, which is higher than the T4 (85 <C) of the commercially available PAN

powders.
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The copolymers were also synthesized by ARGET ATRP, although the exact nature of the

polymer layer requires further studies.

It was thus demonstrated that surface-initiated ATRP and ARGET ATRP allows one to obtain
intercalated and/or exfoliated polymer-(layered silica) architectures with controlled polymer
loading. The layered silica materials can be synthesized via surfactant templating and
functionalized with initiator through a reaction with a suitable organosilane. The strategy offers

flexibility in choice of the polymer matrix and layered silica component.
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