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PREFACE

Polymer-clay nanocomposites (PCNs) have attracted great interest during the
past two decades because they often exhibit remarkable thermal. mechanical and
barrier properties for replacing conventional polymer composites for  several
applications. These properties have been attributed to dispersion of clay Jayers having
thickness ol one nanometer and lateral dimensions of several nanometers in polymer
matrix. Generally hydrophilic clays are made organophilic by cation-exchange of
interlayer alkali metal ions with long-chain alkylammonium ions. Recently. Polyhedral
Oligomeric Silsesquioxane (POSS) have been used as an organomodilicr tor clay due
to its high thermal stability and synergic benefits from dual nano-reinforcements.
POSS-modified organoclay with reactive lunctional groups such as vinyl can be useful
for the synthesis of novel PCNs, but are not currently available in the literature. The
thests 1s locused an the lollowing major aspects: (i) synthesis and properties of
organoclays using novel hetero-substituted POSS with vinyl and aminopropyl groups
(i) polystyrenc-POSS-clay nanocomposite particles and their solvent-assisted self-
assembling to produce microvesicles and microporous film (iii) guest-cncapsulated
microvesicles and their properties in different solvents. The thesis is divided into six

chapters.

The chapter 1 presents a brief introduction to the synthesis. structure and
properties of PCNs. limitation of conventional organoclays and recent interest in
POSS-modified organoclays. The chapter 2 deals with synthesis of organoclays using

hetero-substituted POSS from hydrolytic co-condensation of 3-



aminopropyltriethoxysilane (AS) and vinyltriethoxysilane (VS). Eflect ol AS:VS mole

ratio on the structure and properties of POSS-modified organoclays is presented.

The chapter 3 presents a detailed investigation on synthesis of polystyrene-
POSS-clay nanocomposite particles and their solvent-assisted  sell-assembling
properties in tetrahydrofuran (THF). Concentration dependent morphological wransition
of nanocomposite particles (~ 200 nm) into microvesicles (~ 2.3-3.5 pm) and
microporous [ilm have been observed. Suucture of particle and plausible mechanism

for the observed morphological transitions are explained.

The chapter 4 presents preparation of guest-encapsulated microvesicles and
their properties in water, aleohol and toluene. Vesicles were encapsulated  with
fluorescent probes- Rhodamine 6G, 8-Anilinonaphthalene sulfonic acid {ANS) and 4
triglyceride oil in which ANS was dispersed. The vesicles were found stable in aqueous
media, exhibited slow release of encapsulated dye molecules in alcohol and
spontancous release in tolucne.

The POSS <olution from AS:VS mole ratio of 1:3 was found usctul for the
synthesis of bifunctionalized hybrid silica spheres (HS) having size in the range ol 250
nm to 2.5 pm. The chapter S presents the mechanism of formation of HS comtaining
POSS-bilayer and siloxane network and its application for synthesizing polystyrene

composite with low diclectric constant.

The chapter 6 summarizes the outcome of the research work carried out in the

thesis andl the scope for future work.

Vi
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Chapter 1

Introduction to Polymer-Clay Nanocomposites

Chapter 1 presents introduction to polymer-clay nanocomposites including structure
of clays, organoclays, synthesis and characterization techniques, need of novel
organoclays, chemically significant morphologies from polymer-clay nanocomposites

and scope and objectives of the present research work.
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1.1. Introduction

Pulymer nanocomposites are a new class of composites that wre particle lilled
systems for which at least one dimension of the dispersed particles is in the nanometer
range. They often exhibit physical and chemical properties that are dramatically
different from pure polymers and conventional microcomposites and gencrale nterest
principally because of their wide potential for applications as high perlorming
structural materials. Nanofillers, because ot their smallness, can effectively be agitated
by thermal motion that helps to evenly disperse them mn polymer matrix. As a result, by
embedding just a few volume percent of such nano-fillers, one can significantly modity
the mechanical, thermal, transport. electrical, optical. and other propertics ol matrix
polymcr."2 Added advantage is that one can stll conveniently mold them into complex
shapes with pre-existing industrial equipment. There already exist applications of such
nanocomposites, as well as many appealing cxpectations regarding their potential. ™
Clays, carbon nanotubes, silica, alumina etc are potential nanofillers that have been in
the focus of current research interest.”'' Among these nanofillers, clays have been
widely used as fillers for thermoplastics like polypropylene, polycthylene. polystyrene
and nylon due to its natural abundance. low cost and broadest commercial viability,
Although the intercalation chemistry of polymers when mixed with appropriately
modified clays has long been known, the ticld of polymer-clay nanocomposites (PCNs)
gained nmomentum following two major findings. First. the report from Toyota Central
Research Laboratory that very moderate clay loading resulted in concomitant
enhancement in thermal and mechanical properties of the muatrix polymer. Nylon 6.
Second, Giannelis et al." found that it was possible to melt-mix polymers with clays

without the use of organic solvents. The improved properties of PCNs were atiributed
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to the dispersion of clay layers having thickness of one nanometer and lateral
dimensions of several nanometers in the polymer matrix. Extensive reviews e

available in literature on the preparation, structure and properties of PCNs.''

1.2. Structure of Clays

Clays. alternatively referred as layered silicates are comprised of stacks of
hydrated aluminosilicate with thickness of minimum | nm and lateral dimension of 30-
1000 nm.”* Framework layers of clays are generated by a combination of tetrahedral and
octahedral sheets. Silica 1s the major component of tetrahedral sheet whereas octahedral
sheet comprises diverse clements such as Al, Mg and Fe. Tetrahedral and octahedral
sheets stack naturally in specific ratios and modes, leading to the formation of 1:1. 2:1
or 2:1:1 layered silicates or phyllosilicates. Among these, 2:1 phyllosilicates have been
used for PCNs due to the case of separation of individual silicate layers owing to its
structural features. The crystal lattice of 2:1 phyllosilicate consists of 1 nm thick
aluminosilicate layers, with an octahedral alumina sheet sandwiched between two
tetrahedral silica sheets (Figure 1.1). The stacking ol the platelets leads to Van der
Waals gap or gallery between the platelets. Isomorphic substitution of Al*' in the
alumina sheet with cations such as M\,gl+ or Fe** produces negative charge to e lavers.
This negative charge is balanced by alkali cations (Na®, Li* or Ca™) positioned in the
gallery between the aluminosilicate Tayers which are exchangeable with other inorganic
and organic cations and the cation exchange capacity (CEC) is expressed s
mequiv/100 g clay. Clays having high CEC arc generally used for PCNs. The type of
cations positioned in the gallery and its degree of hydration determmes the gallery
height of pristine clay. 2:1 phyllosilicate include mica, smectite, vermiculite, and

chlorite. Smectite group can be [urther divided into montmorillonite (MMT).
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nontronite, saponite and hectorile species. Typical CEC values of sclected 2:1

phyllosilicates are listed in table 1.1.
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Figure 1.1. Structure of 2:1 aluminosilicate.”

Table 1.1. Chemical formula and cation exchange capacity of 2:1 phyvllosilicares””

Silicate Formula CEC (mequiv/ 100 g)
Monlmr)_rili()nite M (AlixMgy)Si5020(0OH)4 _ 92.6-1 é()
Hectorite M (Mge-« Li)S130:0(OH), 120
Saponite M, Mge(SizAL)SisOx(QOH)4 86.6
Vermiculite (Mg, Fe, Al)i[(Al Si)1010)(OH):M, ., H0 150

M represents exchangeable cation and X is the layer charge.
1.3. Organoclays

In its pristine statc, clay is hydrophilic and miscible only with hydrophilic
polymers whereas most of the polymers are organophilic. Therefore, the clay surface
often requires organomodificalion to make the platelets compatible with organophilic

polymer matrix. Clay can be organomodified via cation exchange of Nua® with
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alkylammonium  ions including  primary,  sccondary. tertiary  and  quaternary
alkylammonium cations under proper conditions.” The space between the silicate
layers in the organoclay depends greatly on the length of the alkyl chan of
organomodilier and the ratio of cross-sectional area 10 availuble ares per cation.”™

Organomaodification of clays improves the interfacial adhesion properties between the

inorganic phase and hydrophobic polymer matrix.

The key issue in the design of PCNs is how to monitor the dispersion ol clay
platelets at nanometer scale in a polymer matrix. Accordingly. it is necessary fo
understand the interaction between the clay surfaces and the intercalants. In other
words, understanding the structure ol organoclays and the mteraction of surfactant in
clays is of crucial importance in design, fabrication and characterization of PCNs.
Proper sclection of organoclays depends mainly on the type of polymer matrix used.
When the hydrated cations are ion-exchanged with organic cations such as bulky alkyl
ammoniums including primary, secondary. tertiary. and quaternary alkylammonium or
alkylphosphonium  cations, it gencerally results  in larger interlayer  spacing.
Alkylammonium or alkylphosphonium cations in the organosilicates lower the surlace
energy of the inorganic host and improve the wetting characteristics ol polymier miatrix,
and result in larger interlayer spacing. Additionally, the alkylammonium or
alkylphosphonium cations can provide functional groups that can react with the
polymer matrix, or in some cases initiate the polymerization of monomers to improve
the strength of the interface between the inorganic and the polviner matrix.”
Traditional structural characterization to determine the orientation and arrangement of
the alkyl chain was performed using Wide Angle X-ray diffraction (WAXD).

Depending on the packing density, temperature and alkyl chain length, the chains were

o
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thought to lay either parallel to the silicate layers forming mono or bilayers. or radiate

away from the silicate layers forming mono or bimolecular arrangements (Figure 1.2).7

Figure 1.2. Arrangements of alkylammonium ions in mica-type layered silicates with
e e 27
different laver charges. Hatch areas are silicate layers.

Figure 1.3. Alkyl chain aggregation models (a) short chain length, the molecules are
effectively isolaied from each viher. (b) medium lengths, quasi-silicate layvers form
with various degree of in plane disorder and interdigitation benveen the layers
and(c) long lengths, interlayer order increases leading 1o liquid-crystalline
polymer environment. Open circle represent the CHs segments while
cationic head groups are represented by filled circles.”™
However, these idealized structures have been shown to be unrealistic by Vaia et al.™
using FTIR experiments. They showed that alky!l chains could vary from liquid-like to
solid-like. with the liquid-like structure dominating as the interlayer density or chain
length decreases, or as the temperature increases. This occurs because of the relatively

small energy differences between the trans and gauche conformers: the idealized

models described carlier assume all trans conlormations. In addition. for longer chain

6
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length surfactants, the surfactants in the layered silicate can show thermal transition

akin to melting or liquid-crystalline to liquid-like transitions upon heating (Figure [.3).
1.4. Preparative Methods for PCNs

The preparative methods are divided into three main groups depending on the

starting materials and processing technigues:
1.4.1. Intercalation of Polymer or Pre-polymer from Solution

This is based on a solvent system in which the polymer or pre polymer is
soluble and the silicate layers are swellable. The layered silicate is lirst swollen in a
solvent, such as water, chloroform, or tolucne. When the polymer and the layered
silicate solutions are mixed. the polymer chains intercalate and displace the solvent
within the interlayer of the silicate. Upon solvent removal, the intercalaled structure
remains. resulting in nanocomposite.

Water-soluble polymers, such as poly(ethyelene oxide),” poly(vinyl alcohol).™

poly(viny! pyrolidone),"" and poly(cthylene vinyl alcohol),™ have been intercalated into
the clay galleries using this method. Examples from non-aqueous solvents are
nanocomposites of poly(capro lactone)” and polylactide™ in chlorolom as a co-
solvent, and high-density polyethylene with xylene and benzonitrile.”®  The
thermodynamics involved in this method are when the polymer is exchanged with the
previously intercalated solvent in the gallery, a negative vanation in the Gibbs free
energy is required. The driving force for the polymer intercalation into layered silicate
from solution is the entropy gained by desorption of solvent molecules, which
compensales lor the decreased entropy of the confined. inlercalated chains.”® Using this

method, intercalation only occurs for certain polymer/solvent pairs. This method is
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good for the intercalation of polymers with little or no polarity into layered structures.
and facilitates production of thin films with polymer-oriented clay intercalated layers.
However, from commercial point of view, this method involves the copious use of

organic solvents, which is usually environmentally unfriendly.
1.4.2. In situ Tntercalative Polymerization

In this method, the layered silicate i1s swollen within the hquid monomer or a
monomer solution so the polymer formation can occur within the interlamellar region.
Polymerization can be initiated either by heat or radiation, by the diffusion of a suitable
initiator, or by an organic initiator or catalyst fixed through cation exchange before the

- o , 12 ) ¥ , 38.39 i a0
swelling  step.  l-caprolactam, ” polyurethane,” polystyrene, polypropylene,
polyethylene.'' poly(cthylene terephthalate)”” and cpoxy resin® wre examples of

polymers used for in situ intercalation.
1.4.3. Mell Intercalation

This method involves annealing, statistically or under shear. a mixture of the
polymer and organoclay above the softening point of the polymer. Nowadays, the melt
intercalation technique has become widely accepled method for the preparation of
PCNs. This method has greal advantages over either in situ intercalative polymerization
or polymer solution intercalation. For cxample, direct melt intercalation is highly
specific for the polymer, Icading to new hybrids that were previously maccessible. In
addition, the absence of a solvent makes direct melt intercalation an environmentally
sound and an economically favorable method for industries. Also it 1s compatible with

current industrial processes, such as extrusion and injection molding.

Vaia and Giannelis have developed mean field, lattice-based thermodynamic

model for polymer melt intercalation in organically modified mica type silicates.”
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They reported that the outcome of polymer intercalation is determined by interplay of
entropy and encrgy change in the system. During polymer melt intercalation. the
entropy loss of polymer confinement in the gallery space can be compensated tor by
the increased conformational freedom of the surfactant chains as the layers separate due
to the less confined environment. The entropy change associated with the surfactant
increases until the inlerlayer separation is equal to the fully extended length of the
surfactant chains. On the other hand, as the interlayer separation increases. more
polymers are conlined und the total penalty of polymer confinement per unit arca
continuously increases. Thus, the penalty for polymer confinement is compensated only
up to a critical gallery height. The extent of intermolecular interactions would
determine the amount of the intercalated polymer, beyond this critical gallery height.
Al this stage, the penalty of polymer confinement dominates and strong energetic
molecular interactions are needed to overcome the unfavourable entropy changes in the
system. When the total entropy change is small, small changes in the (ree energy of the
system determine whether intercalation is thermodynamically stable.  For
alkylammonium-modified silicates, the free energy change is rendered favourable by
maximizing the magnitude and number of favourable polymer-surface interaction while
minimizing the mugnilude of the number of unfavourable apolar interactions between
the polymer and functionalizing alkyl surfactants. For most  conventional
organosilicates. the tethered surfactant chains arc apolar, thus the dispersion forces
dominate the polymer-surfactant interactions. In an earlier stage of melt intercalation
process. polymer chains from bulk polymer need 1o be transported Irom the bulk melt
into the expanded clay galleries. This process does not require high shear force. The

driving force is the affinity of the polymer chains for the organoclay surtaces. The

Y
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enthalpy of mixing could be rendered favourable by maximizing the polymer-clay
interactions. At later stage. the clay tactoids are extoliated under shew and stacks of
clay platelets tend to slide apart from each other. High shear intensity would assist the
formation of PCNs by breaking up the clay platelets and increasing sample
uniformity."* The process is thus facilitated by both residence time and screw

conliguration i the extruder.
L5. Classification of PCNs
Depending on the strength of interfacial mteractions between the polymer

matrix and layered silicate, three different types of PCNs are thermodynamically

achievable (Figure 1.4).
1.5.1. Intercalated Nanocomposites

In intercalated nanocomposites, the insertion ol polymer matrix into the layered
silicate structure occurs in a crystallographically regular lashion, regardiess ol the clay
to polymer ratio. Properties ol the composites typically resemble those of cerumic
materials.

1.5.2. Flocculated Nanocomposites

Conceptually this i1s same as intercalated nanocomposites. However, silicate
layers are sometimes flocculated due o hydroxylated edge-edge interaction of the
silicate layers.

1.5.3. Exfoliated Nanocomposites

In an exfoliated nanocomposite. the individual clay layers are separated i a

continuous polymer matrix by an average distance that depends on clay loading,

10
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Usually. the clay content of an exfoliated nanocomposite is much lower than that of an

intercalated nanocomposite.

ol 2= BhN
(N NG

Qg

Lolercalated latercalated-and-flecculated Exfolisted

Figure 1.4. Schematic illustration of three different types of thermodynamically
. nr 16
achievable PCN.

1.6. Techniques used for the Characterization of PCNs

In addition to the techniques used for the characterization of the respective
polymers, the structure of nanocomposiles has typically been established using wide
Angle X-ray Diffraction (WAXD) analysis and transmission electron micrographic
(TEM) observation (Iigure 1.5). Due to its easiness and availability, WAXD is most
commonly used to probe nanocomposite structure™ and occasionally to study the
kinetics of the polymer melt intercalation.™" By monitoring the position. shape. and
intensity of the basal rellections trom the distributed silicate layers, the nanocomposite
structure (intercalated or exfoliated) may be identified. For example. in an exfohated
nanocomposite, the exiensive layer separation associated with the delamination of the
original silicate layers in the polymer matrix results in the cventual disappearance of
any coherent X-ray diffraction from the distributed silicate layers. On the other hand.
for intercalated nanocomposites. the finite layer expansion associated with the polymer
intercalation results in the appearance of a new basal reflection corresponding to the

larger gallery height.
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Figure 1.5. WAXD patterns and TEM images of three different
tpes of nanocomposires.”

Although WAXD offers a convenient method to determine the interlayer
spacing of the silicate layers in the original layered silicates and in the intercalated
nanocomposites (within 1-4 nm). spatial distribution of the silicate layers or any
structural non-homogeneities in nanocomposites cannot be predicted. Also. some
layered silicates initially do not exhibit well-defined basal reflections which make
systematic analysis of peak broadening and intensity decreases very difficult. Only
tentative conclusions concerning the mechanism of nanocomposite tormation and their

structure can be made based on WAXD patterns alone. TEM allows a qualitative
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understanding of the internal structure, spatial distribution of the various phases, and
views of the defect structure through direct visualization. However, special carc must
be made to make a representative cross-section of the sample. TEM is time-intensive,
and only gives qualitative information on the sample as a whole, while low-angle peaks

in WAXD allow quantification of changes in layer spacing, "
1.7. Properties of PCNs

Nanocomposites consisting of a polymer and layered silicate (modified or not)
frequently exhibit remarkably improved mechanical and material properties when
compared lo those of pristine polymers. Improvements include a higher modulus.
increased strength and heat resistance, decreased gas permeability and {lammability and
increased biodegradability of biodegradable polymers. The main reason for (hese
improvements is the stronger interfacial interaction between the matrix and the layered

silicate, compared with conventional filler-reinforced systems.
1.7.1. Mechanical Properties

Dynamic mechanical, tensile and flexural properties of pelymeric materials
showed remarkable improvemenl when nanocomposites are formed with layered

silicates. "

1,7.2. Thermal Stability

Generally, the incorporation of clay into the polymer matrix was found o
enhance the thermal stability by acting as a superior insulator and mass transport barrier
to the volatile products produced during decomposition, In some cases, though the clay
was found to shift the early stages of thermal decomposition to higher temperature, a

reversal in thermal stability due to the heat barrier effect of the stacked silicate layers

13
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holding accumulated hecat that could be used as a heat source to accelerate the
decomposition process in conjunction with the heat flow supplicd by the outside heat

5
source, was also observed 2!

1.7.3. Fire Retardant Properties

The nanocomposites’ flame retardant mechanism mvolves a high-performance
carbonaceous-silicate char, which builds up on the surface during burning. This
insulates the underlying muaterial and slows the mass loss rate of decomposition

products.™
1.7.4. Heat Distortion Temperature (HDT)

HDT of a polymeric material is an index of heat resistance towards applied
load. The increase of HDT due 10 clay dispersion is a very important property
improvement for any polymeric material, not only from application or industrial point
of view, but also because it is very difficult to achieve similar HDT enhancements by

. . s . . 53.54
chemical modification or reinforcement by conventional filler.

1.7.5. Gas Barrier Properties

Conventional composite Tortuous path in PCNs

Figure 1.6. Tortuous path for penetrants in PCNs.”"

Clays are believed to increase the barrer properties by creating a maze or
‘tortuous path’ that retard the progress of gas molecules through the matrix resin. The

reduction in permeability arises from the longer diffusive path that the penetrants must
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travel in the presence of filler, as shown below. A sheet-like morphology is particularly
efficient in maximizing the path length due to the large length to width ratio when

compared to other filler shapes such as spheres or cubes (Figure 1.6)."*

1.7.6. Optical Properties

Although layered silicates are microns in lateral size. they are just 1 nm thick.
Thus, when single layers are dispersed in a polymer malrix. the resulting

nanocomposite is optically clear in visible light."”
1.7.7. Bio Degradability

Another interesting and exciting aspect of PCNs is the significant improvement
of biodegradability after nanocomposite preparation with organoclay. The improved
biodegradability of nunocomposites may be due to a catalytic role of the organoclay in

the biodegradation mechanism.”’**

1.7.8. Other Properties

Polymer-clay nanocomposites also show improvement in most gencral polymeric
properties. For example, in addition to the decreased permeability of liquids and gases,
nanocomposites also show significant improvement in solvent uptake. Scratch
resistance is another property that is strongly enhanced by the incorporation of layered
silicates.™ The potential use of PANI-based nanocomposites as electrorheologically
sensitive fluids or the combination of dispersed layered silicates in a liquid crystal
medium is also an attractive application. This could result in a stable electro-optical
device that is capable of exhibiting a bistable and reversible clectro-optical effect
between an opaque and transparent state. In addition, nanocomposites have been in the

improvement of ablative properties in aeronautics.*®
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1.8. Morphology Control through Clay-Polymer Interaction

Research over the last three decades on PCNs have been successiul in
synthesizing nanocomposites with improved physical properties or other material
properties like biodegradability, Name retardation cte. when comparad 10 the matrix
polymer. Recent studies have shown that, control of organizalion of nanometer sized
clay plateiets at larger scale can be used 1o extend the range ot availuble morphotogics.
Fine interaction with the nanoctay can influence the morphology of the matrix polymer

ang reports available in literature are summarized below.

Zeng et al.®' synthesized polystyrene and poly (methyl methacrylate)- clay
nanocomposile foams using super critical CO; as the foaming agent. Thev found that
presence of small amount of clay particles greatly reduces foumn cell size and increase
the cell density. Cell morphology can be further manipulaled by adjustment of
polymer-clay-CO» interaction and foaming condition to achieve microcellular and
submicrocellular foams. The high nucleation efficicncy can produce microcetlular

nanocomposile foams at less stringent processing conditions. leading 1o cosl-savings

and processing flexibility.

Khakhar et a1.® found that both unmodified clay and organoclays can act as
efficient cell openers in both rigid and flexible polyurethane foams and a greater
fraction of open cells was obtained with increasing clay concentration. The capacity of
modified clays 10 open the cells was found to be much grealer thun that of unmodified
clay, Both unmodified clay and organoclays were found o be superior o the
conventional liquid chemical cell openers in opening the cells. A study of the [oaming

Kinetics indicates that the addition of unmodified clay results in an increase in the risc
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lime but the cream time and gel time remain unchanged. The increase in rise time is .
attributed to hydrogen bonding of water with the hydroxyl groups on the clay. The
bound water is released only when the temperature becomes high enough. resulting in a
slower blowing reaction. In the case of modified clays the gel time is reduced but the
cream time and rise time remain the same as that for the foam without ¢lay. Hydrogen
bonding of water with the clay is thus not significant. and the accelerated gelling
reaction may be due to the catalytic activity of the surfactants used for modilying the
clay. In this case cell opening may be due to rupture of toam lamellae by hquid matrix

phobic clay particles.

(1) as-prepared (I1) Elongation () Recovery

Figure 1.7. Schematic representation of the structural model for nunocomposite
. . . N4
gels in the course of elongation process.

. 3 .
Recently, Haraguchi et al.® developed a breakthrough method by making

hydrogels of an organic-inorganic network using laponite clay. They used nanoclay

instead of the chemical cross-linker. These nanocomposite gels arc novel. and destroy
the prevailing common sense on conventional gels. It was found that mechanical
properties of the nanocomposite gels were improving with clay content. For gels with
low clay content. the clay platelets may be aligned perpendicular to the stretch

direction. However, in nanocomposite gels with high clay content, it was cstimated

from the changes in mechanical properties that the clay platelets may be orientated
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parallel to the stretch direction. Because of the high concentration of clay and their
cooperative alignment toward the stretch direction on elongation, the oriemtation as
well as the sirain is partially retained, even after long relaxation times, resulting in

much-improved mechanical properties (Figure 1.7).%
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Figure 1.8. Scheme illustrating the svnthesis of poly (Sty-co-BuA ) /Laponite
. ~ . S
nanocomposite latexes and jzh71.ﬁ)mzauon.6'

Lami et al® rcported the formation of transparent polymer-laponite
nanocomposite  films, which contained an unconventional honeycomb  laponite
network. whose microstructure resulted [rom the original armored morphology of the
composite latex particles. The films were obtained by drying a suspension of latex

particles synthesized through emulsion polymerization of styrene and butyl acrylate

(BuA) in the presence of laponite clay particles intercalated with cationic initiator

18
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molecules. The different reaction steps are illustrated in (Figure 1.8) and involve (1)
initiator intercalation. (i) st free radical emulsion polymerization in the presence of
the functionalized clay plates. and (i) film Formation by water evaporation and
composite particles coalescence.

Using a similar approach Caruso et al.™ prepared laponite hollow spheres using
composite particles comprising a PS core and well detined laponite nuanoparticle/PE
multilayers fabricated by using the layer-by-layer approach. The hybrid core-shell
particles were subsequently calcined to creare well-defined hollow spheres with

predetermined diamerers (Figure 1.9).

Figure 1.9. SEM (a) and TEM (b)) images of holtow laponite spheres

. . L e , 66
obtained after calcinarion of PS spheres (640 nm).™

]

More recently. Weisner et al.”" observed hexagonally patierned lamellar
morphology in ABC wriblock copolvmer poly (ethylenc-a/r-propylene-block-ethylene
oxide-block-n-hexyl  methacrylate)-clay  panocomposites.  Level  set modelling
confirmed that this patterning ol the PEO-aluminosilicate sheets is consistent with

micellar PEP domains forming cither pillars through the sheet (Figure 1.10). The
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hybrid materials possess structure within the PHMA and PEO aluminosilicate domains
atthe 1-3 nm length-scale. These results establish that ABC triblock copolymers can be
used to direct the assembly of inorganic precursors into hybrid materials with complex.

hierarchical structures.

Figure 1.10. («) Hexagonal pattern. Scale bar represent 20 nm, and (h) structural
model for PEP-b-PEO-b-PHMA block copolyvmer-clay lamellar morphologies
with a small PEP block. The PEQ (red) and PHMA (green) chains stretch
into their respective domains while the aluminosilicare particles partition
into the hvdrophilic PEO domain and the small PEP block (biue)

Sforms round micellar domains. o7

1.9. Limitation of Conventional Organoclays

Melt intercalation is the broadly applicable method for the synthesis of many
commodity and engineering polymer nanocomposites. These polymers are produced on
a large scale and it is desirable to use these materials as they are currently produced.
Melt compounding 1s a flexible and commercial process capable of producing a variety
of products on large volume scales. Since Giannellis and co-workers conducted the
melt intercalation of PS with MMT. the melt intercalation method has become a
mainstream technique for the fabrication of PCNs in extrusion or injection molding.
Moreover. the high shear environment ot the melt extruder can assist the delamination

68

or exfoliation of clay platelets.”™ The disadvantage of melt intercalation is related o

20)
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low thermal stability of the organomodifiers. Although alkylammonim cations render
the layered silicates more organophilic, the main limitation of the organoclays is
derived from their low thermal stability during melt processing at high temperatures.
This situation becomes more serious for melt-compounding of many high performance
polymers such as polyetherimide with high melting point. Vanderhart ¢t 1" swdicd
the thermal stability of MMT modified with dimethyl, dehydrogenated-tallow
ammonium during melt blending with Nylon 6 at 240 °C. They reported that most of
the organic modifier on the clay surface decomposes, releasing a free amine with one
methyl and two tallow substituents. This was caused by the combined eftects of the
temperature and shear stress during melt blending.

Gelfer et al.™

studied the thermally induced phase transitions and
morphological changes in organoclays. Figure |.11 shows the proposed morphological
model for organoclays in three temperature zones. In zone 1 temperature range (room
temperature to about 40 °C). a hbimodal organic luyer thicknesses distribution exists in
organoclays. The thinner organic layer contains a monolayer with surfactant molecules
bound 1o the adjacent clay surfaces. The thicker layer contains two monolayers of
surfactant with only about half of them being bound to the clay surface. This assembly
was termed the double layer structure wilh a thickness of exactly (wice Lhat of the thin
layer thickness. The double layer conlent was found to increase with the overall
surfactant loading. In zone 2 temperature range (40-180 °C). the content of thicker
layers drastically decreases. Organoclays undergo a melting-like  order-disorder
transition, resulting in the randomization of surfactant conformation. The thickness of

the thinner organic layer is about the same as that of the thin layer in zone 1. In the

zone 3 (cmperature range (180-260 °C), the layer thickness distribution becomes

21
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bimodal again. organoclays containing disordered monolayers ol bound surfactant and
fused silicate layers. The drastic increase in the content of fused silicale layers above
200 °C can be attributed to thermal degradation and/or escape of bound surfactant

molecules.

: d 5.2 nm
NE3)
$3 0
TN
vy U
Ay )
3
1 nn
112 nm
Zone | Lone 2 Zoae 3
Bimodal Unimeds! thickness distributioa, Degradation, surfactant loss
thickness distribution doublke-laver collapse orgunlc Iayery collapse

Figure 1.11. The proposed morphological model for organociavs
in three remperalure JOReS. 0
Vaia et al. /' also studied thermal degradation chemistry of alkyl quaternary
ammonium montmorillonite including (1) the temperature regimes of thermal
degradation reactions within alkyl quaternary ammonium montmorillonite and natural
montmorillonite, (2) the onsel temperatures, stages, and products of organic
decomposition within organoclays (3) structural changes to the organoclay during the
initial stages of organic decomposition, and (4) the mechanism and pathways of organic
decomposition for organoclays. They found that onset temperature of decomposition of

these organoclays was approximately 180 °C. Analysis of decomposition products
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indicates thal the initial degradation of the surfactant in the organoclays follows a
Hoffmann elimination reaction and that the architecture {(trimethyl or dimethyl), chain
length, surfactant mixture, exchanged ratio, or preconditioning {washing) doces not alter
the initial onsct temperatures. However, these factors do affect the initial mass loss.
Relative to the parent alkyl quaternary ammonium salt, catalytic sites on the
aluminosilicate layer reduce the thermal stability of a fraction of the surtactants by an

average of 15-25 °C.
1.9.1. Alternatives for Conventional Organomodifier

Numerous concepts have been proposed that offer alternatives to conventional
organoclays when thermal limitations are a concern. These include emulsion and
suspension  polymerization in  which  unmodified  (alkalimetal-containing)
montmorillonite is used,” sol/gel technology which consists of a direct crystaliization
of organically modified layered silicates by hydrothermal treatment with a gel
containing organics and organomelallics,73 partially exchanged systems which decrcase
the volume fraction of surfactant needed,”* montmorillonite, charge balanced by
protons (so called proton clays),” alkyl imidazolium as the surfactant to increase the
initial decomposition temperature (Figure 1.12),"® phosphonium-based surfactants to

improve the thermal stability””

and Polyhedral oligomeric silsesequioxanes (POSS)
cations.””®' Other cations, such as pyridinium, and iminium, have also been used to
treat the layered silicate because of their greater thermal stabilities.”> New thermally
stable systems should enable the preparation of PCNs from thermoplastic engineering
polymers with high melt-processing temperatures and from thermoset resins with high

cure lemperatures without loss of properties due to the presence of degradation

products, loss of molecular mass, or network structural defects.
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montmorillonite,”® %

Among the alternatives for conventional organomodifiers, octameric POSS
have been of particular interest due to the synergic benefits that can expect for POSS-
modified clay filled nanocomposites. POSS are an interesting cluss of thermally stable
macromers derived from hydrolytic polycondensation of trifunctional organosilane
monomers RSiXs, where X being an easily hydrolyzable group, ¢.g. ~-OCHs or -ClL. A
variety of stoichiometrically well-defined POSS frameworks with synthetically usetul
functional groups are available in literature and also the number of available
frameworks arc expanding rapidly with the improvement in analytical instrumentation.
The term silsesquioxane is generally used to describe any substance that is derived
from the condensation of RSi(OH);, where R is an organic group attached to Si via Si-
C bond. Ideal empirical formula of [RSiQsn], are used to represent fully condensed
silsesquioxane frameworks and incompletely-condensed silsesquioxanes possess
reactive  Si-OH  groups which can form additional Si-O-Si  linkages.
Heterosilsesquioxanes are derived by substitution of a main group, lransition-metal

R . . . i4.%5
atom for onc or more Si aloms in a silsesquioxane.™*

The typical POSS octamers
consist of cube-octameric siloxane core of size of about 0.5 nm with the organic groups

attached to the corner Si atoms (Figure 1.13).
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R

Figure 1.13. Srructure of POSS.

POSS arc widely used as precursors to hybrid inorganic/organic materials.
Incompletely condensed POSS have been used as comonomers for silsesquioxane
based polymers and for network solids. Fully condensed POSS frameworks are
precursors to photocurable resins, liquid crystals, electroactive films, catalytically
active organometallic gels ctc. One of the most promising application of POSS is that
fully-condensed POSS with polymerizable pendant group can be used as comonomers
for excellent mechanical, thermal stability. flame retardation etc of the matrix polymer

(Figure 1.14). ™
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Figure 1.14. Nanocomposite formation from POSS via cross-linking
of functional groups with monomers.

POSS having cationic functional groups have long been used as intercalating

agent for layered materials through cation exchunge reactions. Thus octa-aminopropyl

[
L
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POSS has been known as ideal silica pillaring agent for clays because they can form
homogenously distributed pillars and the cubic geometry of the POSS cages oflers only
one possible orientation in the interlayer zone of the clay to produce controlled pore-
size and distribution. Petridis et al.*® studied the intercalation of a cubic octamer
derived from the controlled hydrolysis of 3-aminopropyltricthoxysilane with smectite
clays. The main conclusion of work was the high tendency of smectite clays to insert
into their surtaces three dimensional POSS in amounts excecding the CEC of the

mineral, the cxcess being in the form of physically adsorbed ion pairs.

POSS-modified clays have also been of particular interest in the preparation of
polymer nanocomposites for various reasons. First, high thermal stability ol POSS
monomers, up to 300 °C or higher for typical amino-functionalized POSS. muke them
ideal clay-modifiers for processing of composites, cspecially at clevated temperatures
at which the conventional low molecular weight organo-modifiers find limitations.
Second. the relatively large d-spacings and large organic surface wrca of POSS-
modified clay should facilitate their dispersion in a variety of polymers. Third. the
resulting composites containing two types of nano-reinforcements would show synergic

effects.

Epoxy and polysiyrene clay nanocomposites, respectively using octa-
aminopropyl POSS and (aminopropyl)iso-butyl POSS as clay-modifiers, were reported
recently.”** It was shown that intercalation of POSS in the clay facilitated the
formanion o exfoliated polymier-clay nanocomposites. The POSS-modificd clay
improved the thermal stability of polystyrene when conventional organo-moditied clay
did not show any improvement. Fox and coworkers reported the preparation of a new

iso-butyl POSS-imidazolium surfactant and its use as clay moditier.’ The modified-
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clay showed interesting features such as large d-spacing (3.6 nm) due 1o lormation of
bilayer of the POSS bearing surfactant in the clay-gallery and high thermal stability,
200 °C higher than of a conventional organo-modifier, uscetul for nanocomposites by

industry-preferred melt-process method (Figure 1.15).
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Figure 1.15. Bilayer structure of POSS-imidazolitm exchanged montmorillonite.”’

9t
More recently Wan et al. ”*

synthesized novel porous (3-aminopropyiso octyl
(POSS) modified montmorillonite clay complexes with large interlayer distance and
specilic surface arca via ion-exchange reaction, followed by freeze-drying procedure.
The morphology of the POSS-modificd clay 1s highly influenced by the POSS
concentration, suspension acidity and drying procedure, but the interlayer distance of
the POSS-moditied clays does not change much when the POSS concentration is above
0.4 CEC. The partial surface coverage ol POSS on the clay surface lcaves high-energy
surface uncovered, resulting in formation of card-house structure. The special texture
and properties of the POSS-modified clay was used as catalyst supporter for cyclic
butylene terephthalate oligomers (CBT) polymerization reaction. The POSS-modified

clay supported Sn catalyst is fully delaminated by the melted CBT oligomers. but it
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reorganizes  inlo  ordered structure after polymerization. IHowever, 1t can be

redelaminated alter melt compounding with commercial PBT resin.

1.10. Scope and Objectives of the Present Investigation

The use of reactive organomodificrs with unsaturated bonds or other reactive
functional groups for clay is a good strategy to improve the strength of the intertace
between he inorpanic and the polymer matrix. These groups are expected to react with
the growing polymer chains so that the polymer chains remain attached to the'clay
surface. POSS-modihicd  organoclays  with  reactive  functional  groups  will  be
particularly attractive in this regard. None of the POSS-modified clays reported in
literature contain reactive functional groups like vinyl. Also vinyl POSS can undergo a
wide range of useful reactions including free-radical addition reactions, catalytic
hydrogenation, Diels-Alder reactions, cross-metathesis with olefins, hydroboranon and
epoxidation ete.

Thus the objectives of the present work are

1) To prepare POSS-modified clay having vinyl functional groups so that the POSS
molecules intercalated in the clay cun take part in polymerization reactions or be
further modilied through the reactive vinyl group.

2) To study the structure and dispersibility of the POSS-modified clays and hence its

usefulness for the synthesis of polymer-clay nanocomposites.

3) To study the structurc and properties of polymer-clay nanocomposites from

POSS-modified clays.
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Chapter 2

Polyhedral Oligomeric Silsesquioxane (POSS)-Modified Organoclays
using POSS Solution from Hydrolytic Co-condensation of 3-
Aminopropyltriethoxysilane and Vinyltriethoxysilane

Chapter 2 presents synthesis of POSS-modified organoclays having reactive vinyl
groups using POSS derived from hydrolytic co-condensation of 3-aminopropyl
triethoxysilane (AS) and vinyltriethoxysilane (VS). Effect of AS:VS mole ratio on the

Structure and properties of POSS-modified organoclays is investigated.




Chapter 2 POSS-Madified Organoclays

2.1 Introduction

Hydrolytic condensation of trifunctional organosilanes XS81Y, where X being a
non-hydrolysable group and Y being an casily hydrolysable group. e.g. ~-OCH; or (11
is the widely accepted method for the synthesis of Polyhedral Oligomeric
Silsesquioxane (POSS).! Under controlled reaction conditions, the method yields
ectameric POSS cubes in good quantity. Synthesis of heterosubstituied POSS through
hydrolytic poly condensation from mixtures of silanes was described by Voronkov and
Larent’ev.” When hydrolytic condensation of XSiY: yield homosubstituted POSS.
having general formula of (RSiO)5)s, hydrolytic co-condensation of a m-ixturc of
XSiY; and X'S1Y: monomers usually gives heterosubstituted POSS. having general
formula of X, X'¢.{S10) 5)¢ where n vary from ¢ to & which depends muainly on the
molar ratio and reactivity of the initial organosilane monomer. In the case of an
equimolar ratio of both monoemers and similar rates of hydrolysis, POSS with an equal
number of X and X', X4X4'(Si0; 5)y, is formed in highest yicld. Variations in the molar
ratio of the organosilane monomers give rise to different products and yields. Thus. the
XSiY;-X'SiYs: co-hydrolysis in the molar ratio 1:7 leads to the forma(‘ion of

XX'2(SIO1.5)y in maximum yield.

In the present study. attempt has been made to produce POSS having both
amino and vinyl groups by hydrolytic co-condensation of a mixture of 3-
aminopropyltricthoxysilane  (AS) and vinyltriethoxysilane (VS) in  cthanol/water
mixture (14:1 v/v ratio). Aminopropyl groups on POSS ensure cationic centre esscntial
for exchange reaction with clay and vinyl groups will provide reactive groups towards
plelinic monomers. Effect of AS:VS mole ratio on the structure and properties of

POSS-modified organoclays is presented in chapter 2.
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2.2 Experimental

2.2.1. Materials

The clay used in this work was Cloisite-Na* (Cation exchange capacity (CEC)
92.6 mequiv/ 100g) from Southern Clay Products. 3-aminopropyltriethoxysilane (AS,
99%) and vinyltricthoxysilane (VS, 97%) were purchased from Aldrich Chemicals,
Polyester resin  (isophthalic, unsaturated). MEK-peroxide (initiutor) and Cobalt
naphthanate {accelerator) were purchased locally. Benzoyl peroxide and absolute
ethanol was purchased from S.d Fine Chem Limited, India. Millipore grade water was

used.
2.2.2. Preparation of POSS Solutions

POSS solutions from AS/VS compositions were prepared by following the
procedure reported for the preparation of octa-aminopropyl POSS." A premix of AS
and VS of desired composition was diluted with ethanol-water mixture (v/v = 14/1) to u
concentration of 0.45 M and Lhe solutions were aged at ambient conditions for at least
seven days. AS:VS mole ratio was varied between 1:0 and 1:7. The solutions [rom
VS/AS mole ratio >3 produced gels upon aging and hence omitted (rom further
analysis since it was not useful for inlercalation reactions in aqueous medium. The
POSS-organomodifiers were represented in general as Oxy where x represents number
of aminopropyl group on the POSS and y, the number of vinyl groups with
approximation that eight functional groups on the POSS is in the same ratio as in the
organosilane mixture.” The silane compositions obtained from AS:VS mole ratio of 3:1,
1.5:1, 1:1. 1:1.5, 1:3 are respectively designated as 062, 053, 044, 035 and 026. For

comparative purpose, octaaminopropyl POSS (080) from AS was also prepared.
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2.2.3. Synthesis of POSS-Modified Organoclay

POSS-modified organoclays were prepared by reacting aqueous clay suspension
(0.5 wt %) with calculated amount of POSS solution (equivalent to 2*CEC of the clay
with respect to amine content) at ambient conditions for 48 hrs, under stirring. The
POSS solutions were acidified with dilute HCl, sufficient for protonating the amino
groups. Modified clays were separated by centrifugation, washed with ethanol by re-
dispersing, separated by centrifugation and finally dried in vacuum at 80 °C. The
POSS-modified organoclays from the AS/VS compositions 080, 062, 053, 044, 035
and Q26 are referred, respectively as OCR0, OC62, OC53. OC44, OC35 and OC26 (in

general OCy).
2.2.4. Characterization

POSS-moditied clays were characterized using St and "¢ NMR, FT-IR, TGA,
XRD and CHN clemental analysis. Solid state *’Si and 'C NMR spectra were recarded
on a Bruker DRX-500 spectrometer operélcd at a frequency of 59 MHz and 75 MHz.
respectively using broad-band CP/MAS probe. Samples were spun at 8 or 10 kHz using
4 mm zirconia rotors. The spectra were referenced externally to TEOS at -82.4 ppm for
®Si and to methane carbon at 29.46 ppm of adamantine for “C NMR. FT-IR
measurcments were mmade on a Perkin-Elmer Spectrum one spectrophotometer in the
range of 4000-400 cm’' using KBr pellets containing ca. 2 wt % sample. X-ray powder
diffraction (XRD) data were collected on a Philips X'pert Pro X-ray diffractometer
equipped with graphite monochromator and X celerator detector, The tests were carried
out in reflection mode using nickel filtered CuKe, (A= 0.15405 nm) radiation. The

measurements were performed over a 20 range of 2° to 14° using a step size of 0.033°.

Thermogravimetric  analysis  was  performed on  a  TGA-50  (Shimadzu)
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thermogravimetric analyzer employing a heating ratc of 10 °C/min from 40 to 800 °C
under a nitrogen flow of 20 mL/min. Elemental analysis was performed on a Perkin
Elmer Series I CHN analyzer and the vinyl/aminopropyl ratio was calculated from the
CIN ratio. Dispersion characteristics of the POSS-modified clays were characterized by
preparing composite films (generally referred as ONCs) with polyester resin. Generally
composite films were prepared by soaking the modified clay (5 wi %) for overnight in
commercial unsaturated isophthalic polyester laminating resin. dispersing by vigorous
stirring and cured at room temperature after mixing with MEK- peroxide (initiator) and

cobalt naphthanate (accelerator). The films were post-cured at 100 °C for 2 hrs.
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23. Results and Discussion

2.3.1. Nature of POSS Solutions

AS/VS  compositions  in  alcohol-water mixture can undergo hydrolytic
condensation without an external catalyst. owing to the internal catalytic activity ot the
basic alkyl amino group of AS which upon reacting with water produces nuclcophilic
OH™. Hydrolytic co-condensation of a mixture of XSiY; and X'SiY: monomers usually
gives heterosubstituted POSS, having gencral formula of X X'so(S10 5}« where n vary
from O to & which depends mainly on the molar ratio and reactivity of the initial
monomers.” Therefore POSS cages produced from AS:VS mole ratio between 3:1 and
I:3 contain vinyl and aminopropyl groups predominantly in the same mole ratio. The
aged solutions of AS/VS compositions of AS:VS mole ratio up to 1:3 was stable when
neutralized with dilute HCI for producing POSS ammonium for facilitating cation
exchange reactions with the clay. The solutions of VS/AS ratio >3 produced gel upon
aging and hence omitted from further analysis as it was not useful for intercalation

reactions in aqueous media.

[However, drying of POSS solution yielded solids insoluble in common organic
solvents and showed TR spectral features of typical POSS containing siloxane polymer.
It indicates that the POSS molecules become unstable when the solvent is removed
under the given preparative mecthod, as reported for base-catalyzed hydrolytic
condensation mechanism. Base-catalyzed hydrolytic condensation reactions are
‘thermodyanamically controlled’ since the formation and hydrolytic cleavage of Si-O-
Si linkages are facile. This prevented the separation and identification of the POSS

molecules derived from the AS/VS compositions using common characterization
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techniques like GPC and **Si NMR. However, octaaminopropyl POSS was stable when
intercalated in the (;lay.3 Therefore, evidences for the formation of POSS molecules
from AS/VS compositions and the possible variations in their structure were derived

from the characierization of the POSS-modified clays.
2.3.2. Nature of the POSS-Modified Clays

POSS solutions from AS:VS mole ratio between 3:1 and 1:3 were used for
preparing POSS-modified cluys. When the hydrolyzed siloxane solutions were added 1o
aqueous clay suspension, the clay particles tended 1o flocculate in the medium. Upon
drying, OC80 formed hard agglomerate because tethering of the adjacent clay layers by
the amino groups around the POSS molecule prevented its dispersion in polymer.
Whereas OC44, OC35 and OC26 yielded soft powder, dispersible in common organic
solvents and monomers, OC62 and OC35 also resisted dispersion. Thus POSS-
modificd clays from VS&/AS ratio <l was not suitable for the preparation of
nanocomposite and OC44, OC35 and OC26 were characterized for its structure and

dispersibility. OC80 was analyzcd as the standard for comparison.
2.3.2.1. ®Si and 'C NMR

Figure 2.1 and 2.2, respectively show the *’Si and *C NMR spectra of OC26 as
a representative of POSS modified clays containing vinyl groups and OCR80. In Si
NMR spectra, OC8( showed two peazks, at -92.1 and -69 ppm, respectively from the
clay silicate layer and aminopropyl functionalized triply condensed Si of POSS.* In
0OC26. an additional peak at -81 ppm corresponds to vinyl functionalized triply
condensed $i.® A similar observation was made in the *C NMR spectra, wherein OC26
showed the peaks due to vinyl group at 131 and 135 ppm. in addition to the peaks due

to the aminopropyl group at {0, 22 and 44 ppm for 0CR0.>’

4



EChapter 2 POSS-Modified Organoclays

-81 ppm

0C26

-69 ppm

OC80

-92.1

Clay

¥ T T I [ | [ I
-20 -40 -60 -80 -100 -120 -140 -160 ppm

Figure 2.1. *°Si NMR spectra of Cloisite-Na*, OC80 and OC26.
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Figure 2.2. ’C NMR spectra of OC80 and OC26.
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2.3.2.2. FT-IR Speciroscopy

Figure 2.3 shows the FT-IR spectra of the pristine clay and the modified clays.
The unmoditied clay showed bands due to Si—O-81 asymmetric stretching of silicate
layer (1030 ¢m’'), structural hydroxyls and adsorbed water (3300-3600 cm! and 1650
cm™). For the modified clays, additional bands appeared due to the POSS cages (Si-O-
Si asymmetric stretching at 1130 ¢m™) and the organic functional groups. For QCRO.
two bands appeared due 10 -NH;* vibrations. These bands. at 1490 cm™ and 1574 cm™’
respectively were assigned 10 N-H bending vibrations of -NH;" interacting with the
clay surface and the anion, —NH;"CI™.® This phenomenon was observed when the
amount ¢l the intercalated O80 molecules exceeded the coverage imposed by the cation
exchange capacity (CEC) of the clay and intercalation ot Q80 by more than 1.8 times
of the CEC has been reported.” The free space, that was available afler saturation of the
exchange sites of the clay with OB0. could host additional molecules as physically
adsorbed 10n-pairs. However, IR spectra of the vinyl POSS-modified clays showed a
single band for —=NH:" at 1490 em’™, indicating the absence of such physically adsorbed
fon-pairs. The spectra also showed the bands duc to vinyl group (- CH=CH,). With
decreasing number of aminopropyl group. the intensity of the bands duc to C-H
stretching of alkyl (2931, 2873 and 1290-1370 ¢m™') and N-H bending of amino group
(1490 ¢cm’'y diminished and the bands due to the vinyl group (3062 and 3025 cm’ for
C-H stretching, 1603 em™' for C=C stretching and 1410 em” for C-H bending) became
prominent. From the intensitics of the corresponding peaks, amino/vinyl ratio was
found as 1:1.2, 1:1.8 and 1:2.8. respectively for OC44, OC35 and OC26. which is in

agrecement with the experimental ratio of 1:1, 1:1.5 and 1:3.
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Figure 2.3. FT-IR spectra of Clay, OC80, OC44, OC35 and OC206.
2.3.2.3. CHN Elemental Analysis

Table 2.1. CHN elemental analysis of QC44. OC35 and OC26.

Moditied clay | % (Experimental) C/IN Aminopropyl/Viny! |
4 Carbon Nltrogcn mole ratio ratio (calculated)
! 0C44 4.72 1.1 5 | 1:1
; 0C35 5.7 1.05 6.3 1:1.5
{ 0C26 1.9 1.51 99 133

Table 2.1 gives the CHN elemental analysis results of OC44, OC3S and OC26.
C/N mole ratio of 5, 6.3 and 9.9 was obtained respectively for OC44, OC35 and OC26.
The results also support that hydrolytic co-condensation of AS/VS mixtures at 1:1.
[:1.5 and 1:3 mole ratio yield predominantly POSS containing aminopropyl and vinyl

groups in the same molar ratio.
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23.24. Thermogravimetry

Figure 2.4 shows the thermogram of the POSS-modified clays. All the samples
were thermally stable up to about 270 °C. The decomposition path followed two-step
weight loss, one at 270-420 °C and the other at 420-630 *C. The former is causcd by
the sublimation of the POSS molecules and the latter by the production of volatiles
through C-C and Si-C bond cleavage.™ It can be seen that OC44, though contained
significantly lower amount of POSS as inferred from CHN analysis, showed distinctly
higher weight loss due to POSS sublimation when compared to OC35 and OC26. Vinyl
POSS aggregates were reported to resist sublimation due to thermal polymerization
through the viny!l groups leading to POSS cross-linking. Therefore, lower POSS
sublimation in OC335 and OC26 could be cuused by enhanced POSS-POSS interactions

due to high amount of POSS.
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Figure 2.4. TGA curves of OC44, OC35 and OC26.
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2.3.2.5. X-Ray Diffraction

Figure 2.5 shows the XRD patterns of the pristine clay and the modilied clays.
The pristine clay exhibited 001 reflection at 12.1 A, whereas the modified clays showed
a higher d-spacing due to inlercalation of POSS. OC8() exhibited a d-spacing of 21.6 A
with additional reflections at 10.8 A and 7.2 A. OC44 exhibited a pattern similar to that
observed for OC80, but with 001 reflection at a lower value of 2059 A and a
comresponding 002 reflection at 10.24 A. OC35 also showed 001 reflection at aboul
206 A, but the reflection broadened towards lower angle apparently due (o merging
with an additional reflection at around 26.5 A. In contrasl, QC26 exhibited a peak at

235 A.

Intensity (au)

2 4 6 8 10 12 14
Angle 28 Degree

Figure 2.5. Powder X-ray diffraction patterns of Cloisite- Na”,
OCE0, OC44, OC35 and OC26.

Depending on the amount intercalated in the clay, POSS can take horizontal or

vertical orientation, as shown in ligure 2.6 for octaaminopropyl POSS." For OC80, the
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d-spacing of 21.6 A is indicative of the clay galleries saturated with « monolayer of
vertically oriented POSS molecules along with physically adsorbed ion pairs. The
additional reflections observed at 10.8 A and 7.2 A are, respectively caused by 002 and
003 planes. Considering that the replacement of the aminopropyl groups with shorter
vinyl groups would reduce the lateral dimension of oriented POSS. the observed d-
spacing of 20.39 A for OC44 can be auributed o closely packed monolayer of
aminopropyl vinyl POSS. For OC26. the increase in d-spacing fram 20.6 1o 26.35 A
which is by morc than the size of the POSS cage (0.53 nm) is indicative of the
formation of POSS-bilayer m the clay gallery. The formation of POSS-bilayer in OC26
was also evidenced from the reflection at 10.14 A which was less than the value

expected (13 Ay for 002 reflection.

-
NH, " NH, ' !
(; NH, NH,
(LS
si o
,/ &(\)\ /OA\\ g [ 7
0 si” o] { A
!
) c/: /% |1.12nm HN S g7 \sn/\/\NH
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o .
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“ NH, NH,
== ]
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Figure 2.6. (a) Vertical and (h) horizontal orientation of octaaminopropyl
POSS molecules in the clay gallery.”

POSS in its pure will be highly crystalline and POSS cages cun be treated

as spheres which pack hexagonally in ABCA sequence in which spheres moone layer
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lie above the interstitial spaces in adjacent layers. Corner units occupy space in the
structure and prevent “close-packing™ of the spheres (Figure 2.7)."" POSS show four
strong reflections at 26 in the range of 8-20° where the reflection around &7 (d-spacing
around 10 f'\) is caused by size of the POSS and remaining peaks at higher 28's are
produced by the hexagonal or rhombohedral crystalline structure of the POSS

Il
aggregates.

\
\
/

Figure 2.7. Schematic of hexagonally packed POSS molecules.
The sequence of packing in adjacent layers is ABCA. H

These reflections, particularly the strongest peaks that observed around §°
and 19° were also seen in POSS-polymer nanocomposites where POSS formed two-
dimensional/bilayer assembly within the polymer matrix. In isobutyl POSS-polymer
nanocomposiles bilayer assembly was detected by the XRD reflection at 10.8 A and
4.66 A" The former was caused by the size of the POSS molecule and the later
by the two-dimensional crystal structure of the POSS aggregates.'' Recently. the
formation of POSS bilayer structure in iso-butyl POSS-imidazolium exchanged clay
was also confirmed by the presence of XRD reflection at 10.8 A."* Thercfore, the

reflection at 10.14 A for OC26 can be assigned o the reflection causced by POSS
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bilayer assembly. The reflection that was expected at about 197 for the POSS-
bilayer ass¢mbly could not be detected for further confirmation duc to the presence

of strong hk reflections of the clay.'*

[t is evident from CHN elemental analysis that the clay absorbed increasing
amounts of POSS with increase of vinyl concentration which promoted the tormation
of POSS-bilayer in the clay gallery. In order to confirm this, OC26 was also prepared at
lower concentration of POSS solution (equivalent to CEC with respect to amine
content). Figure 2.8 shows the XRD pattern obtained using POSS solution equivalent o
CEC and 2xCEC. The increase in d-spacing at lower concentration of POSS (~ CEC)
corresponds to the formation of POSS moenolayer in the clay gallery. with u dun
spacing of 20.25 A and dom spacing of 10.34 A. This again conlirms that the peak al
10.14 A for OC26 is due to POSS-bilayer arrangement. Beyond 2xCEC. no further

increase in d-spacing was observed.

Intensity (au)

T T T 1 v T T T T T T
2 q 6 8 10 12 14
Angle 29 Degree

Figure 2.8. XRD pattermn of OC26 treated with POSS equivalent 10 CEC and 2CEC.
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2.3.2.6. Dispersion Characteristics in Polyester Resin

29.1A
_ NOC26
=
3
2 NOC35
%
| =
Q
£ NOC44
0 T T T T T T T T T
2 4 6 8 10 12

Angle 20 Degree
Figure 2.9. XRD pattern of polyester composites NOC44, NOC35 and NOC26.

Dispersibility of OCs were further assessed by making composite with a
commercial polyester resin. OC80 was found not dispersible in polyester resin matrix
whereas OC44, OC35 and OC26 formed intercalated nanocomposites. Figure 2.9
shows the XRD patterns of OC/polyester resin nanocomposites (NOCs) from OC44,
0C35 and OC26. All the composites exhibited intercalated morphology with a d-
spacing of about 29.1 A. It indicated that both monolayer and bilayer POSS-modified
clays were equally successful for the synthesis of intercalated nanocomposites.
Intercalated or orderly exfoliated morphologies were generally obtained for thermoset
polymer nanocomposites, which were cured under quiescent conditions, where no
external force acted on the clay layers.”” However, expansion to higher d-spacing than

observed was expected because the POSS molecules provided large organic surface
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(vinyl group) for high order of interaction with styrene and the unsaturated polyester.
The equilibrium nature of polymer-clay nanocomposites is strongly related (o the
nature of the interactions occurring at the polymer-organoclay interface which depends
on the nature of the polymer (polar or apolar), surface polarity of the silicate layer and

~ 7
structure of the surfactant molecules.'®!

It was evident that under the given preparative
technique, the geometrical constraints imparted by the rigid POSS molecules in clay

gallery prevent effective polymer diffusion and complete exfoliation of the clay

platelets.

2.3.2.7. Structure of POSS and POSS-Modified Clays
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Figure 2.10. Possible structures of POSS.

OC44, OC35 and OC26 unlike OCB0 were equally dispersible n organic
solvents and polyester resin. This was possible when one face of the POSS cage was
modified with the vinyl groups which could prevent the adjacent clay platelets from
tethering together. Thus hydrolytic condensation reactions lead to the formation of

POSS having vinyl groups in one face of the cube and the vinyl and aminopropyl

. (\‘ clspye



Wpler 2 POSS-Madified Organoclays

#oups on the other face, however, do not prevent the formation ol a mixture of (etra,
#, di and mono-aminopropyl derivatives of vinyl-POSS octamers. Figure 2.10 shows

possible structures of POSS produced.
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Figure 2.12. Schematic representation of POSS bilayer in OC26.

The cation exchange reaction is followed by progressive depletion of Na® from
the clay. The tetra-aminopropyl POSS has exchange capacity four times higher than of
the mono-aminopropyl POSS. As a result, the abosrption of POSS from the tetra-
aminopropy! POSS enriched solution will be restricted to a lower amount than from the
solution enriched with the mono-aminopropyl POSS. Thus in OC44, the amount of
POSS absorbed might have been restricted to the formation of monolayer (Figure 2.11).

Apparently. the formation of the bilayer structure (Figure 2.12) in OC26 was promoted
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due to the absorption of POSS higher than the amount that could be accomodated as a
monolayer. However, CEC of the clay would play a major role in the formation of

POSS-bilayer structure by the above mechanism.

2.4. Conclusions

POSS-maodified  organoclays with reactive  vinyl  groups. uselul for the
preparation of polymer-clay nanocomposites were prepared using POSS solutions
derived from hydrolytic co-condensation of mixtures of 3-aminopropyltricthox ysilane
(AS) and vinyltriethoxysilane (VS). It is proposed that POSS synthesis from the AS/VS
compositions occurred in a defined manner leading to the formation of mixture of tetra,
tri, di and mono aminopropyl vinyl POSS. As a resuli, the clay absorbed increasing
amounts of POSS with the increase of vinyl concentration which promoted the
formation of POSS bilayer structure in the ¢lay gallery. Both the monolayer (d-spacing
2005 A) and POSS-bilayer modified clays (d-spacing 26.35 A) produced intercalated
polycsler resin-nanocomposites proving its non-tethered structure. The present study
was aimed (o provide insight into the structure of the POSS-modificd organoclays and

their general dispersion behaviour in polymer matrix.

A
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Chapter 3

Polystyrene-Clay Nanocomposite Exhibiting Solvent-assisted
Self-assembling Properties

In situ intercalative polymerization of styrene with the POSS-modified clays yielded
discrete nanocomposite particles which exhibited solvent-assisted self-assembling
properties in solvents like THF, Chapter 3 presents a detailed investigation on the
Jormation of nanocomposite particles, their self-assembling properties and the

resultant morphologies.




Chapter 3 Self-assembling PS-Clay Nanocomposite

3.1. Introduction

Dispersibility of POSS- monolayer and bilayer modificd clays in polyester resin
matrix gave insight into their structure as explained in chapter 2. The POSS-modified
clays with high vinyl content can graft large amount of polymer chains through
polymerization reactions involving olefinic monomers such as styrene. The use of
POSS with reactive functional groups as cores to produce spherically symmetric
dendrimers was reported in literature.”* POSS-cored dendrimers have a relatively
globular conformation and few entanglements of their branches with a high proportion
of terminal lunctional groups positioned on the external surface of the dendrimers.
Therefore the grafting of POSS-modified clays with polymer chains can produce
nanocomposite particles. Chapter 3 deals with the synthesis of polystyrene-POSS-
modified clay nanocomposite particles through in sitie intercalative polymerization of
styrene monomer. Interestingly the nanocomposite particles obtained after the removal
of cross-linked [raclion and frce polymer exhibited self-assembling propertics in
solvents like THF to give different morphologies. A delailed investigation on the
mechanism of observed concentration dependent morphological transitions is given in

chapter 3.
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3.2. Experimental
3.2.1. Materials

Styrenc monomer was purchased from Aldrich Chemicals and benzoyl peroxide
from S.d Fine Chem Lud, India. Toluene and methanol were of cxtra pure grade and
tetrahydrofuran of HPLC grade from Merck Specialties Pvt. Ltd, India. Styrene was
washed with 5 % sodium hydroxide solution to remove the inhibitor. followed by
repeated washing with distilled water to remove the alkali and finally distilled under

reduced pressure. The inhibitor free monomer was stored under ice-cold conditions,
3.2.2. Synthesis of Polystyrene-Clay Nanocomposite

Polystyrene-clay nanocompositc was synthesized by in situ intercalative
polymerization of styrene with the POSS modified organoclay. Nanocomposites using
difterent loading of the modified-clay (1. 5, 10 and 15 wt % of the monomer) were
synthesized by the following procedure. Desired amount of the modified-clay was
dispersed in styrene by sonication, added benzoyl peroxide (2 wt % of the monomer)
and, under nitrogen atmosphere and magnetic stirring (100 rpm). heated at 70 °C for
30-60 minutes to form a soft gel and then at 90 °C for 12 hours to obtain the
nanocomposile. Any free polymer present was removed by soxhlet extraction of the
nanocomposite using toluene. The residue was dispersed in toluene, centrifuged o
remove insoluble/suspended particles and the soluble fraction was then precipitated by

adding methanol, filtered and dried at 100 °C in vacuum.
3.2.3. Characterization

The nanocomposites were characterized using X-ray diffraction (XRD),

thermogravimetry (TG), dynamic light scattering (DLS), optical (ransmission
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microscopy (OTM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). Samples for SEM and OTM
were prepared by drop-casting dilute solutions of NC in THF with concentrations in the
range of 0.001-50 mgmL"’, on glass slides followed by evaporation of the xolvent at
ambient temperature. The samples were prepared on Formvar coated copper grid for
TEM analysis and on mica sheet for AFM. All the samples were dried at ambient
conditions for overnight. OTM pholographs were taken using Leica DMRX
Microscope. SEM images were taken in JEOL JSM-5600 LV scanning electron
microscope using samples provided with a thin gold coating using JEOL JFC-1200 fine
coater. TEM analysis was performed in FEI, TECNAI 30G* S-TWIN microscope at an
accelerating voltage of 100 kV. DLS measurements were done in Nano ZS Malvern
instrument employing a 4 mW He-Ne laser (A = 632.8 nm) and equipped with a
thermostated sample chamber. AFM images were rccorded under ambient conditions
using a Digital Instrument Ntegra operating in the tapping mode regime using
microfabricated silicon cantilever tops (MPP-11100-10) with a resonance frequency of
299 kHz and a spring constant of 20-80 Nm™'. TGA was pertormed on a TGA-50
(Shimadzu) thermogravimetric analyzer employing a heating rate of 10 °C/min. XRD
data were collected on a Philips X'pert Pro X-ray diffractometer equipped with
graphite monochromator and X'celerator detector. Differential scanning calorimetry
was performed using Perkin Elmer Pyris 6 DSC calibrated using indium as standard
and glass lransilion temperature was measured on second heating. Dye-encapsulated

vesicles were characterized using Leica DM LB2 fluorescence microscope.
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3.3. Results and Discussion

As experimentally observed. the nanocomposite by the fr situ intercalative
polymerization, after removing the free polymer, contained soluble and insoluble
fractions in toluenc. The nanocomposites nsing the POSS-bilayer modified clay when
compared to those from POSS-monolayer modified clay, showed relatively higher yield
of the soluble fraction, hereafter referred as NC, which ¢xhibited solvent-assisted self-
assembling properties. This can be due to high vinyl content of POSS-bilayer modified
clay. Hence, NC from the POSS-bilayer modified clay (OC26) was used for lurther
studies. Table 3.1 shows the variation in the yield of NC with the amount of POSS-
bilayer modified clay. The yield of NC increased with the modified-clay loading, to a
maximum of 73.3 % al 10 wt % loading, and then decreased at higher loading. It way
observed that the amount of free polymer decreased and the insoluble fraction
increased with the modified-clay loading. The low yield for 1 wt % loading was due to

free polymer whereus Lhe loss above 5 wt % loading was due to the insoluble fraction.

Table 3.1. Variation of yield and inorganic coatent of NC with modified-clay loading

Loading w.r.t Yield of .
weight ot"c styrene Nanocomposite ?}%2}:‘2;&1?2’:‘7(0\32?3
monomer (wl %) (%) )
] 432 ~2.5
3 50.1 ~2.69
10 " 733 ~32
! L5 56.3 ~33

Tuble 3.1 also shows the inorganic content of NCs, as measured from TGA
residue at 700 °C. A typical thermogram of NC is shown in Figure 3.1, The NC was

thermally stable up Lo 270 “C. Interestingly, the NCs prepared from different modified-
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clay loading showed inorganic content in a close range of 2.5 to 3.3 wt %.. NC showed

a glass transition temperature of 86.2 °C as measured from differential scanning

calorigram (Figure 3.2).
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Figure 3.1. A 1ypical thermogram of NC.
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Figure 3.2. Differential scanning calorigram of NC.
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Figure 3.3 shows the XRD patiern of NC. The NC exhibited intercalated
morphology. as observed earlier for polyester based nanocomposite. with a d-spacing

0f29.35 A, disrupting the crystalline nature of the POSS-bilayer assembly.
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Figure 3.3. XRD pattern of NC.
3.3.1. Particulate Nature of NC

NC exhibited particulate nature as characterized by SEM, TEM and AFM.
Figure 3.4a and b respectively show the SEM and TEM of samples prepared by drop-
casting and drying of a dilute solution of NC (0.001 mgmL") in tetrahydrofuran (THF).
The particle size varied in the range of 190-810 nm, as measured {rom the images. The
particles that appeared as spherical in nature in SEM appeared flat in TEM, possibly
due to the effcct of substrate surface used for the preparation of the samples. This
prompted us to examine the particle morphology by AFM. Figure 3.5 shows the AFM
image of NC particles. Cross-seclional analysis revealed anisotropic nature of the
particles with thickness significantly lower than the lateral dimension. A typical

particle having lateral dimension of 600 nm showed a thickness of 120 nm. Also, the
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particle on the mica surface showed surface contour resembling that of a deformed

spherical particlc.

Figure 3.4. (¢) SEM and th) TEM images of NC particles drop-cast from
THE of solution concentration of 0.001 mgmL'.
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Figure 3.5. Tapping mode AFM image and cross-sectional analysis of NC particles.

3.3.2. Concentration Dependent Self-assembling Properties of NC Particles

The residuc that was prepared by drop-casting solutions ol NC in THF at
different concentrations showed different dimensions and morphological features,
indicating the possibility of self-assembly of the particles in the solution or during
drying. Dynamic light scattering (DLS) provides a method for analyzing the association

of particles in solution. Figure 3.6 shows DLS histogram of NC solutions in THF ar two
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different concentrations. From the figure, it can be seen that the particles at solution
concentration of 0.001 mgmL™' showed an average hydrodynamic diameter of 550 nm.
On the other hand. the particles at higher solution concentration of 1 mgmL" showed
additional bands due to particle size of 2-3.5 pum, indicating its self-aggregation

properties in THF solution.
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Figure 3.6. DLS histograms of NC samples in THF at solution concentration
of (1) 0.00] mgmL" and (b) 1 mgmL’.

DLS measurements showed erratic results as the particle concentration
increased. Also, the aggregation property was solvent specific that the property was
observed in solvents such as tetrahydrofuran, but not in solvent like toluene. Therefore.
concentration dependent aggregation and morphological transitions were studied in
detail by observing the change in the microscopic features of drop-cast residues with
increasing concentrations of NC solutions in THF. The changes in features were
initially examined by Optical Transmission Microscopy (OTM). Figure 3.7 shows the
oplical micrographs of drop-cast residues from solutions of different concentrations.
Whereas the residue from solution concentration of 1 mgmL™' showed the presence of

sub-micrometer particles of different dimensions (Figure 3.7a), the residue from
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concentrations between 5 mgmL' and 20 mgmL"' showed distinctly different
aggregation patterns (Figures 3.7b-d) and finally a featureless film at high

concentration of 50 mgmL'I (Figure 3.7e) was observed.

C

10

Figure 3.7. Optical transmission micrographs of NC in THF of solution concentration
of (a) 1 mgmL’. (b) 5 mgmL’ (c) 10 mgmL”’ (d) 20 mgmLand (e) 50 mgmL’' in THF.
Scale bar represents (a & e) 20 um, (b, c &d) 10 um.
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Figure 3.8. SEM images of NC drop cust from THE solution of concentration
{a) 0.1 mgmL'/ (b) 1 mgmL" (c&d)2.5 mgm[,'/.

A clear picture of the aggregation patterns and morphological transition was
obtained by SEM and TEM. Figures 3.8 and 3.9 show the SEM images of drop-cast
residues from solutions of different concentrations. As mentioned earhier. the residue
from concentration of 0.001 mgmL™" showed particles of size 190-810 nm (Figure 3.4).
The particle size dramatically increased with increase in concentration at the expense of
primary particles and mucrospheres were found to form at concentrations between 1
mgmL ' and 2.5 mgmL". as shown in figure 3.8. At concentration of 2.5 mgmL'. the
residuc was consistent with esscnually microspheres of size in the range of 2.5-3.5 pm
consuming all the primary particles (Figure 3.8c & d). The spheres were found hollow
in nature as observed under TEM (discussed later). Mixed morphological features were
observed at concentrations between >5 mgmL™ and <20 mgmL" (Figures 3.9). a
mixture of near-to-circular platelets and giant spheres of size >10 ym at 5 mgmL"
(Figures 3.9a. b & ¢) and porous film and spherical particles at 10 mgmL" (Figure

3.9d). Howcver cvolution of more or less uniform microporous structure was observed
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in the concentration range of 20-40 mgmL™" (Figure 3.10) in which open pores formed

atwo-dimensional array over a solid film.

Figure 3.9. SEM images of NC from solution concentration of (a& b) 5 mgmL’
(c) 10 mgmL”_(d, e & b)20 mgmL".

2B 4315 NIISTSEM

Figure 3.10. SEM images of NC microporous film with long range order from THF of
solution concentration of 20 mgmL’'. Inset shows (a) high magnification image and (b)
broken edge of the film showing the solid film beneath the pores.

66



Chapter 3 Self-ussembling PS-Clay Nanocomposite

The micro-spheres (2.5-3.5 um) as shown in figure 3.8 were vesicles (hollow
spheres) as proved by TEM analysis (Figure 3.11). The vesicles showed an average
membrane thickness of about 85 nin as measured from the TEM image. The giant
spheres (Figure 3.9a-c) were also proved as vesicles by observing them in fluorescent
microscope (FM), Figure 3.12 shows the FM image of the giant vesicle. The sample
was prepared by drop-casting and drying of NC solution containing a fluorescent dye.
8-anilinonapthalene sulfonic acid. The giant-vesicle was appeared having large

membrane thickness possibly due to multilamellar assembly of the NC particles.

Figure 3.11. TEM image of microspheres showing hollow structure
with membrane thickness of ~85nm.

Figure 3.12. Fluorescent micrograph of giant hollow spheres encapsulated
with 8-anilinonaphthalene sulfonic acid.
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3.3.3. Structure of NC Particle and Mechanism of Morphological Transitions

As mentioned earlier. NC showed intercalated structure with a dog-spacing of
293 A due w polystyrene (PS) associated with POSS-intercalated parallel stack of
silicate layers. Thickness (D) of the stack of the silicate layers was calculated from 001
reflection using Scherrer equationS
kA
- PCos

where & 15 a constanl (the value generally = 0.9). & is the X-ray wavelength (0.154 nm),

D

p is the width of the XRD peak (in radian unit) and is measured by the full width at
half-maxiumum. and 6 is the WAXD peak position. D showed a value of 12.6 nm (126
/i\). For a d-spacing of 29.3 A, this value anses from stack of 4-5 individual clay layers
separated by a repeat distance of 19.3 A. Intercalated nanocomposites conlaining stacks
of 4-5 clay layers as fine dispersions in the matrix have been reported in literature.* 2
NC particle showed lateral dimension minimum of 190 nm (Figure 3.4) which was
found matching with the lateral dimension of silicate layers of the clay (Cloisite-Na')
that was used in the present study.'* The sizes of larger particles were close to multiples
of the size minimum. On the other hand, average membrane thickness of the vesicle
was 85 nm, which was far less than the lateral dimension of particles, but close to the
particic thickness. The above results suggested the {ollowing: (i) NC parlicles were
formed Irom parallel stack of silicate layers and its aggregates through edge to edge
association and (i) vesicle was also formed by edge to edge association of the particles

so that silicate layers lie flat along the vesicle membrane.

Formation of NC particle and vesicle can be explained by the following

plausible mechanism. In styrene monomer, POSS-modified clay disperses to produce
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domains (tactoids) containing individual stack of 4-5 clay layers. During intercalative
polymerization, the silicate layers are tethered together by cross-linking reactions
involving styrene and vinyl groups on the POSS within the clay galleries. On the other
hand. PS chains originating and growing from the un-intercalated monomer are grafted
to the tactoid surfaces through vinyl groups of POSS adsorbed on the tactoid surfaces.
This mechanism favours (he formation of NC particles having sandwich structure
consisting of stacked silicate layers at the core and PS layers on cither side, exposing
the hydroxylated edges of the silicate layers desired for inter-particle interaction
through H-bonding. The hydrophobic PS layers staying away from the hydrophilic
edges of the silicate layers may explain the particle thickness (120 nm) higher than of
vesicle membrane thickness (85 nm). Scheme of formation of NC particle is shown in

figure 3.13.

POSS

‘%
‘ @5@ g Styrene, BPO
H = & OH
%% e
HO O [a s OH Polymerization

--

~ 200 nm

POSS-modifled clay HC Particle

Figure 3.13. Scheme of formation of NC particle.
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Block-copolymers when dissolved in solvents for one of the blocks
spontaneously self-assemble into bilayer due to aggregation of the insoluble blocks
through coulombic interactions. -1 interactions, H-bonds, dipolar interactions etc !*%
As the bilayer grows in size, its closure to vesicle becomes the predominant
aggregation motif due to high surface tension. NC particle assumes the characteristic
features of bilayer from amphiphilic block copolymer due to core-shell structure from
stacked silicate layers bearing edge-hydroxyls sandwiched between hydrophobic PS
layers. THF acts as a good solvent for the PS surface layers, but a poor solvent for the
cross-linked silicate layers. Inter-particle interaction through the solvated PS layer is
prevented due to steric repulsion. Instead, H-bonding interactions between the particles

through hydroxylated edges of the silicate layers favour formation of extended bilayer.

which closes to form microvesicle. The particles failed to produce vesicle when

Sum SO67 MIISTSEM

Figure 3.14. SEM image of NC from THF containing vinyltriethoxysilane
(1 wt % of THF) for a solution concentration of 2.5 mgmL".

molecules such as long-chain carboxylic acids and alkyltriethoxysilane which can react

with the free edge hydroxyls and inhibit edge-edge interaction of NC particle was
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introduced in the solution (Figure 3.14) confirming the association of NC particles
through H-bonding. Figure 3.15 shows schematic of microvesicle by self-assembly of
NC particles. No vesicle formation was observed in toluene, possibly due to swelling of
the PS-POSS-intercalated stack of the silicate layers so that the PS chains extending

outward from the galleries inhibit association of the particles through their edges.

—

MN—_  Polystyrene —  Silicate layer ® POSS

Figure 3.15. Schematic representation of vesicle membrane cross-section showing PS-
POSS intercalated clay tactoids at the core and PS layers on either side of the tactoid.

The observed mixed morphologies for the residues from solution of
concentrations in the range between 5-20 mgmL'can be explained as following. As
described earlier, vesicle formation occurs by closure of the extended bilayer from
lateral association of NC particles. It becomes clear that as the concentration increases
beyond a critical value, closure of the extended bilayer becomes difficult due to volume
constraint, As a result, partially closed vesicles may collapse during drying to form
crcular discs. The formation of giant vesicle having large membrane thickness, could
be due to association of the extended bilayers and closure of resulting multi-lamellar
assembly during the drying process. Generally, size of the vesicle increases as the

bending modulus of the bilayer increases."* Multi-lamellar assembly should show
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higher bending modulus than of uni-lamellar assembly. When the  solution
concentration is increased further, volume constraint becomes too high that the two
dimensional assembly of the particles in the solution assumes close-packed lamellar
arrangement of long-range order. Bending of the individual lamella being restricted,
coalescence of the layers during drying of the solution leads to the formation of film,

and as observed, microporous or neat film depending on the concentration,

The occurrence of two/three-dimensional microporous film can be explained by
breath-figure (BF) mechanism as described below.”’* Duc to evaporative cooling,
water droplets nucleate on the surface of a polymer solution and grow subsequently.
After sometime, rafts of non-coalescing droplets form and organize on Lhe surltace into
hexagonally ordered and highly mobile array. These arrays do not coalesce, but slart to
sink into the solution. Now a second layer of droplets can be deposited on top of the
lirst one. Arrays of pores are formed when drying of the remaining solvent leaves the
iprint of the water droplets in the film. Pore-size greatly depends on the concentration
of the solution, evaporation rate of the solvent and the relative humidity. However, BF
does not form in an atmosphere that has less than 45-50 % relative humidity. In the
present case. microporous films were obtained at ambient humidity of over 80 %. BF
mechunism was further confirmed by the fact that porous film was not formed when
casting and drying of the solution was carried out under non-humid condition in a glove
box. Generally, the pore-size and strut-thickness does not vary significantly and the
pores form uniform hexagonally close-packed structure. However, in the present case,
the size of pores varied from 800 nm-1.3 ym and the thickness of strut varied from
210-750 nm. The strut thickness was of the order of the lateral dimension of the NC

particles. This implics that the water droplets were channeled through the hydrophilic
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interface between the NC particle as schematically shown in figure 3.16. Array of open
pores are formed during drying or coalescence of the remaining solvent or precipitation
of the particles around the water droplets. At very high concentration of 50 mgmL', the
formation of pore could be restricted due to high viscosity of the solution or formation
a solid film over the surface of the solution which prevents sinking of the water

droplets.

== — NC Particle

2D Microporous film

Figure 3.16. Scheme of formation of NC microporous film through
breath figure method.

3.4. Conclusions

In situ intercalative polymerization of styrene with POSS-modified clay having
reactive vinyl groups produced nanocomposite particles exhibiting solvent-assisted
self-assembling properties when dissolved in a highly volatile solvent followed by
drop-casting and drying of the solutions on a substrate. The particles having lateral
dimensions of 190-810 nm consisted of sandwich structure having polystyrene-POSS-
intercalated clay tactoid of thickness of 12.6 nm at the core and polystyrene layers of
thickness of 31.6 nm on either side of the core, exposing the hydroxylated edges of the

silicate layers. As a result, the particles resembled a bilayer assembly consisting of
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hydrophobic layers on either side of a hydrophilic rigid core from amphiphilic block
copolymers. The drop-cast residues of solutions of the nanocomposite particles in THF
showed concentration dependent well defined morphologies such as microvesicles of
the size of 2.5-3.5 pum at solution concentration ol 2.5 mgmL ™" and two-dimensional
microporous film of Jong range order at solution concentration ol 20-40 mgml.".
Microvesicles were tormed by closure ot the extended bilayer from lateral associaton
of the nanocomposite particles by H-bonding interactions between edge-hydroxyls of
the silicate layers. The breath figure mechanism has been proposed for the formation of
the two-dimensional microporous film {rom solutions in which the extended bilayers

formed closely packed lamellar arrangement.
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Chapter 4

Investigations on Guest-encapsulation and Release
Properties of Microvesicles

Chapter 4.presents preliminary studies on the gllest-erl(‘t;pSltI(;ti()_ll and release
properties of polystyrene-clay nanocomposite microvesicles. Vesicles were
encapsulated with fluorescent dyes and oil. They were found stable in aqueous
medium and unstable in solvents for PS which resulted in total release of the dye
molecules. Slow release of the encapsulated dye molecules were observed in alcoholic

solvents.
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4.1. Introduction

In recent years vesicles have been receiving intense research attention because
of their potential (or applications in encapsulation/delivery of drugs. cosmetically
active molecules, dyes and inks, catalysis, as micro-containers or reactors and sensors,'”
5 Various strategies have been adopted to synthesize polymer, inorganic and organic-
inorganic  hybrid vesicles. Amphiphile polymers.”” rod-coil diblock polymers,*”
Y11

! . I8 . 12 - . .
dendrimers. and foldamers ™ were shown to form vesicles through self-assembly in

selective  solvents.  Alternatively. polymer vesicles can be  synthesized  through

Is L. . 1617 .
and organic-inorganic hybndIhl vesicles

sacrificial template method."” Inorganic'®
show superior stability and resistance to many external stimuli when compared to
polvmer vesicles, but they often need tedious synthetic strategy involving sacrificial
lemplate and layer-by-layer sclf-assembly. Hybrid vesicles through the facile solvent-

assisted self-assembly is scant in literature.'* "

Polymeric and hybrid vesicles could be models for biological membranes and
can have many practical applications. Their high mechanical stability, resistance to
many external stimuli and ability to encapsulate both hydrophilic and hydrophabic
compounds make them excellent candidates for use in medical. pharmaceutical and
environmental fields.”' They have the capability to further release the encapsulated
molccules due to membrane diffusion, vesicle breaking, or afler the application of a
stmulus 1o the system. A continuous release of encapsulated substance can occur via
permeation through the vesicle bilayer which depends on the bilayer thickness and
vesicle radius, block lengths and vesicle preparation method. The vesicle can be
intelligent responding to changes in pH, temperature, or ionic strength (o encapsulate,

transport and rclease of drugs, or genes for use in chemo and gene therapy. It was
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necessary to  analyze the usefulness of polystyrene-clay nanocomposite (NC)
microvesicles for encapsulation and release applications. Preliminary investigation on

the use of NC microvesicles for encapsulation and release applications were carried out

and chapter 4 presents the results obtained.
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4.2. Experimental

4.2.1. Materials

Rhodamine 6G (R6G) and 8-anilinonaphthalene sulphonic acid (ANS) were
purchased from Aldrich Chemicals. Toluene and miethanol were ol extra pure grade and

tetrahvdrofuran ot HPLC grade from Merck Specialties Pvt. Lid. India,

4.2.2. Preparation of Guest-encapsulated Vesicles

In general guest-encapsulated vesicles were prepared by casting solutions of
polystyrene-clay nanocomposite (NC) in THF (2.5 mgmL™) containing  guest
molecules (ANS, R6G or oil) on a glass plate followed by evaporation of the solvent al
ambient temperature. R6G and ANS were taken 0.4 wt % and oil 1 wt % of NC. For
encapsulating the ANS and R6G simultancously, the dyes were dissolved in THF so
that the otal amount of dyes is 0.4 wt % to NC. Unencapsulated malecules were
removed by repeated washing using methanol. Dye-cncapsulated  vesicles  were
characterized using Leica DM LB2 tluorescence microscope. ANS epifluorescence was
obtained by using exciting light of wavelength 360 nm. For R6G. hght of wavelength

480 nm was used for irradiating the sample.
4.2.3. Release Properties of Encapsulated R6G in Selected Solvents

NC was dissolved in THF (2.5 mgmL"') containing R6G (0.4 wt % to NC).
Known volume ol NC solution was drop-cast on different glass plates and then whole
ol the dyc-encapsulated vesicles without removing the unencapsulated dye were
suspended 1na known volume of cthanol (5 mL). at regular time intervals. The vesicles
were not washed with methanol since the leaching away of a few vesicles along with

uncncapsulated dye molecules can aflect the quantitative analysis. The ethanol
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solutions were filtered 1o remove the suspended vesicles and release characteristics
were studied by measuring the {luorescence intensity using SPEX-TFluorolog F112X
spectroflourimeter using an excitation wavel. The fluorescence intensily measured
corresponds to released and unencapsulated dye molecules. Fluorescence intensity
obtained immediately after suspending the dye-encapsulated vesicles in ethanol was
considered (o be that from unencapsulated dye molecules alone and was used (o find
the fluorescence intensity from the dye molecules released alone. A standard plot of
concentration vs fluorescence intensity was also plotted to find the concentration of dye
released with time, using which release plot was drawn. Adopting a similar procedure,
release properties of the encapsulated dye molecules in water and toluene were also

investigated.
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4.3. Results and Discussion

4.3.1. Encapsulation of Gest-Molecules

Fluorescence microscopy is a very powerful 1o tool to characterize vesicles and
the guest-encapsulation ability of the polystyrene-clay nanocomposite (NC) vesicle was
proved by encapsulation with tluorescent probes 8-Anilinonaphthalene sulphonic acid
(ANS) and Rhodamine 6G (R6G). Figure 4.1a & b, respectively shows the fluorescent
micrograph (FM) of vesicles encapsulated with dyes ANS and Rhodamine 6G R6G.
The dricd vesicles appeared fluorescent due to dye molecules adhering to the inner
walls since unencapsulated dye molecules were washed off using methanol. This

further confirmed the uni-lamellar nature of the vesicle wall.

Figure 4.1. Fluorescence micrographs of NC vesicles containing fluorescent probe
{a) 8-Anilinonapthalene sulfonic acid and (b) Rhodamine 6G. Fluorescence
was due to dve adhering to the inner wall of the dried vesicles.
Vesicles were also encapsulated simultaneously with R6G and ANS by forming
them in THF containing both the dyes. Figure 4.2 shows the fluorescence micrograph
of the vesicles containing both the dyes and it was found that vesicles have no

particular affinity towards either R6G or ANS. The result indicated that NC vesicles are

useful for encapsulating two active molecules at the same time. The vesicles
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encapsulated with dye molecules appeared as ring due to the fast drying nature of THF
which causes the deposition of dye molecules on the inner walls of vesicles. Therefore
we have used a triglyceride oil in which ANS was dispersed as the guest-molecule to
observe the vesicles filled. Figure 4.3 shows fluorescent micrograph of the vesicles
containing triglyceride oil in which ANS was dispersed. Vesicle encapsulated with ol
appeared fully fluorescent due to slow drying nature of the solvent containing oil in

which ANS was dispersed.

Figure 4.2. Fluorescence micrograph of vesicles encapsulated simultaneously with
dyes Rhodamine 6G (a) and ANS (b). The sample was irradiated ar 480 nm

for R6G and 360 nm for ANS.

Figure 4.3. Fluorescence micrograph of vesicles encapsulated with
a triglyceride oil containing ANS.
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4.3.2. Release Properties of the Encapsulated R6G in Selected Solvents
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Figure 4.4. Fluorescence spectra of R6G at various time intervals and fluorescence
intensity corresponds to releused and unencapsulated dye.

The release properties of the encapsulated R6G from NC vesicles into ethanol,
water and toluene were investigated. Figure 4.4 and 4.5, respectively shows the
fluorescence spectra of the dye released at various time intervals and the release plot of
the dye into ethanol with time. In figure 4.4, fluorescence intensity corresponds to the
dye released and unencapsulated. The fluorescence intensity obtained immediately after
suspending the vesicles in ethanol (DO in figure 4.4) was subtracted from that obtained
at regular intervals to obtain the fluorescence intensity from the dye released. Dye
molecules showed gradual release into ethanol with time, which then stabilized after
period of 15 days. Though polystyrene has limited swelling in ethanol, the hydrophilic
dye molecules within the vesicle wall might have opened the path for diffusion of
ethanol and the release of dye molecules. In order to confirm this, vesicles without dyes
were put into ethanolic solution of R6G. Even after prolonged keeping for one month.,

no diffusion of ethanol/dye molecules inward to the vesicle was observed. In other
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words. diffusion of ethanol was not taking place due to the highly hydrophobic
polystyrene chains. The dyc molecules present in the wall of dye encapsulated vesicle

was necessary to facilitate the diffusion of ethanol inward Lo the vesicle.
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Figure 4.5. Release plot of R6G from vesicles into ethanol with time.
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Figure 4.6. Releuse plot of R6G from vesicles into water and toluene with time.
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Adopting a similar method used for ethanol. release property of encapsulated
dye melecules i water and toluene were also studied. It was found that in water no
releasc of dve molecules was observed with time (Figure 4.6) and the tluorescence
intensity obtained was from unencapsulated dye molecules. This could be due to the
high stability of vesicles with hydrophobic polystyrene chains in aqueous medium.
Whereas in toluene, complete dissolution of the vesicles with spontaneous release of
the dye molecules was observed (Figure 4.6). Interestingly, it was observed that the
vesicles can be broken to obtain the NC particles by sonication after suspending them
in cthanol. ANS-encapsulated vesicles were put in ethanol and sonicated to obtain the
NC particles and washed repeatedly with methanol. Figure 4.7 shows the fluorescence -
micrograph ot NC particles obtained by breaking of dye encapsulated vesicles. The
fluorescence was due to dye molecules intercalated in PS-POSS-clay tactoids since the

dye molecules encapsulated were removed by breaking the vesicles.

Figure 4.7. Fluorescent micrograph of NC particles obtained by breaking
the vesicles by sonication in methanol.

NC vesicle was thermally stable up to 270 °C in nitrogen atmosphere with a

glass transition temperature of 86.2 “C as described in chapter 3. Slow release of the
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encapsulated dye molecule was observed in ethanol which makes the vesicles useful for
alcohol assisted releasc applications. The vesicles were found stable in aqucous
medium and therefore excellent as storage system under humid conditions. When the
spontaneous release of the encapsulated molecules is required, solvent such as wluene

can be employed.
4.4. Conclusions

Prelimimary studies on the guest-cncapsulation and release properties of polymer-
clay nanocomposite vesicles were carricd out. Encapsulation with dye molecules
revealed uni-lamellar nature of vesicle wall. Vesicles were also encapsulated with
triglyceride oil. They were found stable in aqueous medium and unstable in toluene
which resulted in total dissolution and relcase of the dye molecules. Slow release of the
encapsulated dye molecules was observed in ethanol. The high thermal stability along
with barrier properties of polymer-clay nanocomposites may make the vesicle excellent
micro-storage and reactor system and can also be useful for solvent-assisted release

applications.
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Chapter 5

Bifunctionalized Hybrid Silica Spheres by Hydrolytic Co-condensation
of 3-Aminopropyltriethoxysilane and Vinyltriethoxysilane

Bifunctionalized hybrid silica spheres were prepared by casting and drying of stable
siloxane solution from hydrolytic co-condensation of 3-aminopropyltriethoxysilane
(AS) and vinyltriethoxysilane (VS) with AS:VS mole ratio of 1:3 in ethanol/water
mixture. HS was formed from co-precipitation of fully condensed polyhedral
oligomeric silsesquioxane (POSS)-bilayer and incompletely condensed siloxanes

(SIL) produced during drying.
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5.1. Introduction

In recent years, design and synthesis of organic-inorganic hybrid materials have
attracted considerable attention because of their potential applications in the area of
catalysis,' drug delivery,® sensors,’ separation® etc. Among these, hybrid silica have
attracted much interest due to ease of formation in a wide range of sizes and
morphologies, possibility of functionalization with a variety of organic groups and high

stability to find different applications.’

Different routes to synthesize hybrid silica have been reported. The widely
accepted method is by surface functionalization. In this procedure, pure silica particles
synthesized by hydrolysis of tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate
(TMOS), for example by Stéber method,® are organo-modified by reacting surface
silano! groups with organo-silane.” However, the approach does not allow high surface
coverage of organic groups and rarely spheres have been internally modified. [n a
different approach, hybrid silica have been prepared by co-condensation of
TEOS/TMOS and functionahzed trialkoxysilanes, although the reaction systems were
too complex in alcohol-water mixture with the use of surfactants.® Alternatively, hybrid
silica with organic moieties throughout the silica network have been possible by
hydrolysis of corresponding trialkoxy organosilane precursor.”'' However. hybrid

silica available in literature are limited with a few functional groups.'> "

During attempt to synthesize POSS with reactive vinyl and amino groups 4s an
organomodifier for clay by hydrolytic co-condensation of vinyl- and 3-
aminopropyltriethoxysilanes. it was found that the same POSS solution can be useful

for the synthesis of bifunctionalized hybrid silica spheres. Thus chapter 5 is a cognate
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work to the main research topic and explains the synthesis of bifunctionalized hybrid
silica spheres with vinyl and aminopropy! groups. The advantages of the method are as
follows; (1) nonsurfactant route though high concentration of organosilanes is used (2)
no external catalyst is required duc to the self-catalytic activity of aminopropyl groups
(3) use of organosilanes without other precursors such as TMOS or TEOS'' 4) hybrid
silica spheres will be having very high surface and internal organic content which can
be useful as precursors for mesostructured silica and for the preparation of hybrid silica

particles with complex structures'*.

92



Chapter 5 Hybrid Silica Spheres

5.2. Experimental

5.2.1. Materials

3-aminopropyltriethoxysilane (99%, AS) and vinyltriethoxysilane (97%, VS)
were purchased from Aldrich Chemicals and absolute ethanol (spectroscopic grade)

from s. d. Fine Chem Limited, India. Millipore-grade water was used.
5.2.2. Synthesis of Siloxane Solution and Hybrid Silica Spheres (HS)

Siloxane solution from AS/VS composition was prepared by following
procedure for the preparation of octaaminopropyl polyhedral oligomeric silsesquioxane
(POSS) solution from trialkoxyaminoproylsilane without using an external catalyst."
Typically, siloxane solution was prepared by diluting a mix of AS and VS with AS: VS
mole ratio of 1:3 using ethanol-water mixture {v/v = 14/]) to a silane concentration of
(.45 M and aging the solution in a closed container at ambient temperature for a period
over 7 days. HS was prepared by casting the solution on glass plate followed by

evaporation of the solvent at ambient temperature and then drying at 80 °C for 6 hrs.
5.2.3. Synthesis of Polystyrene-HS Composite

Polystyrene- hybrid silica sphere (PS-HS) composites were prepared through
solution-blending technique. Required amount of HS was dispersed 1n woluene, then
mixed with solution of polystyrene in toluene and mixed thoroughly. Solvent was

evaporated off at 90 °C under vacuum.
5.2.4. Characterization

Hybrid silica spheres (HS) were characterized using Fourier transform-Infrared
Spectroscopy (FT-IR), differential scanning calorimetry (DSC), thermogravimetric
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analysis (TGA), X-ray powder diffraction (XRD). scanning electron microscopy (SEM)
and high resolution transmission electron microscopy (HRTEM). FT-IR measurements
were made on Perkin-Elmer Spectrum one spectrophotometer in the range of 1000-400
em’ using KBr pellets containing ca. 2 wt % sample. TGA was performed on a TGA-
S0 (Shimadzu) Thermogravimetric Analyzer employing a heating rate ol 10 *C/min
from 30w 800 "C under a nitrogen flow of 20 mL/min. DSC analysis was performed
using Perkin Elmer Pyris 6 Differential Scanning Calorimeter calibrated using Indium
iy standard. Xeray powder diffruction (XRD) data at 20 between 27 and 2070 were
collected on a Philips X'pert Pro X-ray diffractometer equipped with graphite
monochromator and X'celerator detector. SEM images were taken in JI:OL JSM-5600
LV scanning clectron microscope using samples provided with a thin gold coating
using JEOL. JFC-1200 hne coater. TEM analysis was performed in FEI. TEC NAI
30G2 S-TWIN microscope with an accelerating voltage of 100 or 300 kV. Tor
dielectric measurements, polystyrene composite was hot pressed in to pellets at 170 °C
for 1 hour, Cylindrical pellets were electroded using silver-paste and dielectric
measurements were carried out using LCR meter (HIOKI 3532-30 Japan). SEM
Iructograph ol the composites were obtained by breaking the pellews atter dipping i

liquid nitrogen for 5 minutes.
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5.3. Results and Discussion

Figure 5.1. SEM images of HS obtained at siloxane:ethanol v/v ratio (ratio of reacted
siloxane to additional ethanol) of (a) 1:0 (b) 1: 1 (c) 1:5 and (d) 1:10, inset shows the
SEM images at higher magnification, scale bar represents 10 um.

.

L]
.I‘ - r“’i .
e

Figure 5.2. TEM image of HS proving dense nature. Scale bar represents 1 pm.
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The siloxane solution from the AS/VS composition was clear and stable even
atter a period of 60 days. And. as generally observed, a T-gel was obiained on
concentrating bulk of the solution by slow evaporation of the solvent.'® On the other
hand, the solution when cast on a glass plate and allowed to dry at ambient temperature
vielded white powder wmpos-ed of hybrid silica sphercs (HS) having diameter ranging
from 1-10 pm. as observed in SEM (Figure 5.1a). The aged siloxane solution upon
diluting with ethanol produced essentially spherical particles, the size of which showed
a decreasing trend with increasing amount of ethanol. While, the solution diluted with
equal volume of ethanol produced predominantly spheres having average diameter of
2.5 pm (Figure 5.1b), dilution by five times yielded spheres of size in the range of 0.8-
1.1 pym (Figure 5.1c¢) and dilution by ten times yielded spheres ol siz¢ in the runge of
250-37Q0 nm (Figure 5.1d). Dense nature of the HS was evident from TEM image

(Figure 5.2).
5.3.1. FT-IR Spectra

AS/VS composition in alcohol-water mixture undergoes hydrolytic co-
condensation without an external catalyst, owing to the internal catalytic activity of the
basic altkyl amino group of AS which upon reacting with water produces nucleophilic
OH". According to Voronkov,"” hydrolytic co-condensation of a mixture of
trifunctional silane monomers having similar reactivity usually gives hetero-substituted
fully condensed polyhedral oligomeric silsesquioxane (POSS) as the major product.
Thus, under the given experimental conditions, AS/VS composition was expected 10
yicld POSS having aminopropyl and vinyl groups. However, under basic conditions,
formation of POSS frameworks typically occurs with thermodynamic control because

both formation and hydrolytic cleavage of Si-O-Si linkages arc facile and precipitation
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Figure 5.3. FTIR spectra of HS showing peaks due to cage-structured polvhedral
oligomeric silsesquioxane (POSS) and branching/nerwork siloxanes.

of POSS is normally the driving force for separating them in quanutative yields. Where
precipitation of POSS does not occur, the siloxane solution at equilibrium will contain
predominantly fully condensed POSS together with incompletely condensed POSS.'"
Slow drying ot such solutions generally gives T-gels due to increase ol solution
concentration which promotes formation of incompletely condensed siloxanes (SIL)
followed by shifting of the equilibrium in a progressive manner to produce siloxane
network in the solution. However, m the present study, since the solvent was allowed to
evaporate olT fast, spontaneous precipitation of fully condensed POSS along with SIL
formed during drying can occur. FT-IR spectral features of HS support this (Figure
5.3). The spectrum showed bands due to vinyl groups 1600 em’! (C=C,). 1409 ¢m ]
(C-Hueni), 3062 and 3025 ecm™ (C-Hyo), and aminopropyl groups 1500 ¢cm ' (N-Hpu).

3400 em™ (N-1,0). 2866 ¢cm’™ and 2932 em™ (C-Huw). The peaks at 1130 cm™ and 1030
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em’ can be assigned due to Si-O-Sig,, respectively from cage-structured POSS and
incompletely condensed linear/network SIL.. The characteristic Si-O-Si band at 1130
cm’ for a cage would be due to its highly symmetric structure.'”"® The peak at 965 cm’
' confirmed the presence of Si-OH from incompletely condensed POSS/SIL. However,

peak at 3360 cm™' and 1650 cm™' suggest the presence of adsorbed water/ethanol.*’

5.3.2. Thermal Analysis
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Figure 5.4. Thermogram of HS. Gradual loss below 150 °C is due to elimination of
adsorbed water/ethanol and weight loss above 400 °C is associated with partial
cleavage of organic functional group with production of volatiles.

Figure 5.4 & 5.5, respectively shows the results of thermogravimetric (TGA)
and differential scanning calorimetry (DSC) analyses of HS. Thermogram showed
gradual loss of 3.4 wit % up to 150 °C and a more significant loss, slarting above 400 °C

leading to a final 83 wt % thermally stable residue at 800 °C. The gradual loss below

150 °C can be due to evaporation of adsorbed water/ethanol. The main weight loss at
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temperature above 400 °C is associated with partial cleavage of organic functional
group with production of volatiles. DSC (Figure 5.5) showed endothermic process
beiow 1530 °C and an exothermic process starting around 200 °C. HS showed softening
behay tor ab temperature above 120 "C and, under pressure, they tended (o form platewt
structure as confirmed from SEM (Figure 5.8a). POSS, in general, show melting point
above 200 “C and vinyl-substituted POSS decomposes without melting and cxhibits
cxothermic peak starting around 200 *C due thermal polymerization through vinyl

o

groups.”*" On the other hand. SIL can show low temperature melting characteristics.
Therefore, the endothermic peak at 120-150 °C can be originated from evaporation of

adsorbed water/ethano! and melting of SIL.
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Figure 5.5, Digferentiat Scanning Calorigram of HS. Endothermic peak ar 120-150°C
iy diue to evaporation of adsorbed water and ethanol and melting of SUL. Uxesthermice

peak starting around 200 °C due to thermal polymerization through vinvl groups.
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5.3.3. XRD of HS and Hot-pressed HS

30 A

NS

Intensity (au)

5 10 15 20 25
Angle 26 Degree

Figure 5.6. XRD of HS (a) as prepared (b) heated at 170 "C and
(c) hot pressed ar 170 °C.

The XRD of HS dried at 80 °C (Figure 5.6a) exhibited broad reflections at
around 20 of 8 and 22° which respectively correspond 1o d-values of 9.8 A und 4.4 A.
An additional reflection at 30 A (Figure 5.6b) appeared for HS heated at 170 °C. The
rellection became stronger (Figure 5.6¢) when the powder was hot-pressed to form a
petlet and XRD measurements were made on the pellet. POSS crystals generally show
lour strong retlections at 20 in the range of 8-20° where the retlection around 8% (d-
spacing around 10 A) is caused by size of the POSS and remaining peaks at higher 28°s
are produced by the hexagonal or rhombohedral crystalline structure of the POSS
ageregates.” These reflections, particularly the strongest peaks that obscrved around

8° and 19° were aiso seen in POSS-polymer nanocomposites where POSS formed
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bilayer assembly within the polymer matrix.***¢ The peak at 8° will appear only when
POSS-ussembly exhibit as a minimum two-dimensional ordering, indicating the
presence of POSS-bilayer assembly in HS. The broad peak centered at 22° for HS can
be due o merging of characteristic peak of POSS-bilayer arrangement with the
amorphous halo from SIL. The XRD reflection a1 30 A for the heated HS indicates
POSS-bilayer and SIL form ordered layered structure during melting and densification
ol SIL. FTIR spectra (Figure 5.7) of HS hot pressed at {70 °C showed intact vinyl
groups and increase in SIL/POSS Si-O-Siy. intensity ratio when compared to HS,
further supporting melting and densification of incompletely condensed POSS and SIL
during heating.?” Hot-pressing promotes formation of two-dimensional lamellar
structure by transforming spheres into plate-like structures (Figure 5.8a). causing the
reflection to become more intense. Lamellar structure was further confirmed by
HRTEM (Figure 5.8b-d) using sample which was prepared from hot-pressed pellets.
The pellet was ground well using agate moriar and pestle. The fine powder thus
obtained was ultrasenically dispersed in methanol and allowed the coarse particles to
seltle. The supernatant suspension was drop-cast on carbon-coated Cu grid and dried at
100 °C for viewing in HRTEM. The specimen appeared as produced by breaking and
cleaving of particle having layered structure and exhibited features of two-dimensional
lamellar structure. Also. disordered porous nature of the layers was confirmed from
HRTEM image. The above results and observations suggest a randomly ordered
structure for HS with POSS bilayers alternating with layers of SIL which rearrange on

heating to form layered structure.
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Figure 5.7. FTIR spectra of hvbrid silica spheres hot pressed at 170 °C showing
intact vinyl groups and increase in siloxane network/POSS Si-O-Si ¢,
intensity ratio when compared to HS.

Figure 5.8. (a) SEM (scale bar 1 um) and (b-d) TEM (scale bar 10 nm) images of
lamellar structures from HS hot pressed at 170 °C.
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5.3.4. Mechanism of formation of HS

As explained in Chapter 2, POSS-amine derived through hydrolytic
condensation in ethanol/water mixture can be intercalated in layered materials through
cation exchange mechanism.”*? Probable structure of POSS from AS/VS composition
was derived by intercalating and stabilizing them in clay and analyzing the structure
and behavior of the POSS-intercalated clay (For *Si and ""C NMR spectra. FT-IR
spectra, TGA, XRD, CHN elemental analysis and structure of POSS-bilayer moditied
cluy see chapter 2). Modified clay showed approximately two aminopropyl group and
six vinyl per POSS as was expected from co-condensation of AS and VS at 1:3 mole
ratio. The POSS-bilayer in clay gallery has aminopropy! groups interacting and facing

towards the clay surface with vinyl groups facing inward to the bilayer.

The effect of vinyl/amino ratio on the formation of HS was investigated by
preparing silica from stable siloxane solution with AS:VS mole ratio ol 3:1 and 1:I
under identical conditions. Interestingly, siloxane solution with 1:1 AS:VS mole ratio
produced platelet morphology and with 3:1 mole ratio produced rod like morpholopy
(Figure 5.9). It was evident that the aminopropyl:vinyl ratio and hence structure of
POSS influence the aggregation pattern and also the formation of spheres. Based on the
above observahons, plausible mechanism for the formation of HS from the siloxane
solution is proposed. During fast drying of the siloxane solution. self-assembly of
POSS into bilayers takes place through hydrophobic interaction between the vinvl
eroups. preferentdally with aninopropyl groups exposed outward to the bilayer and SIL
will simultancously self-assemble along with the POSS bilayers forming domains of
POSS-SIL aggregates with hydroxyl groups of SIL interacting with aminopropyl

groups. At lower concentration, number of adjacent domains will be less preventing
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further aggregation and smaller particles were formed. At higher siloxane solution
concentration these POSS-SIL domains will be in close proximity for further

aggregation and spheres of larger size were formed. Scheme of POSS bilayer-SIL

aggregate is shown in figure 5.10.

Figure 5.9. Hybrid silica obtained from siloxane solution with
AS:VS mole ratio (a) 1:1 (b)3:1.
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Figure 5.10. Scheme of POSS bilayer-siloxane aggregate.
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POSS has been used for preparing polymer-composites with low dielectric
constant, which can find application as packaging materials for microelectronic
industry.”™> The decrease in dielectric constant for POSS-polymer composite was due
to the structural porosity obtained through cross-linking of polymer segments with the
reactive functional groups on the POSS and the internal porosity of the POSS cubes.
Since HS contains POSS, we measured its dielectric constant and obtained a value of
3.5 when measurements were made on hot pressed pellets, compared to a value of 4 for
pure silica. In order to check the usefulness of HS for the synthesis of polymer
composite with low-dielectric constant. polystyrene-HS composite with different HS
loading was prepared. It was found that the composite with 10 wt 9% HS exhibited a
dielectric constant of 2.6 when compared to 3.1 for neat polystyrene. Figure 5.11 shbws
the SEM fractograph of polystyrene composite containing 10 wt % HS. Figure 5.12
shows the variation of dielectric constant with HS loading. A derailed investigation on

the observed dielectric properties is in progress.

Figure 5.11. SEM fractograph of polystyrene composite with 10 wt% HS.
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Figure 5.12. Variation of dielectric constant with HS loading for
polystyrene compousite.

5.4. Conclusions

In conclusion, synthesis of bifunctionalized hybrid silica spheres through
surfactant-free method, using only organosilanes is illustrated. Casting and drying of
siloxane solution from hydrolytic co-condensation of 3-aminopropyltriethoxysilane and
vinyltiiethoxysilane in ethanol/water mixture with 1:3 mole ratio produced hybrid silica
spheres by spontaneous precipitation of POSS and incompletely condensed siloxanes.
Control in the size of the spheres was achieved by dilution of the aged siloxune solution
with ethanol. The hybrid silica was found useful for the synthesis of  polymer-
composites with low dielectric constant and a detailed investigation has been

undertaken o explain the observed dielectric properties.
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Summary and Conclusions

i

Chapter 6 gives a brief summary of the thesis and future directions of the work:




Chapier 6 Summary and Conclusion

Among the alternatives tried for conventional oraganomodifiers for clays when
thermal limitations are a concern, Polyhedral Oligomeric Silsesquioxanes (POSS) have
been of particular interest due to its high thermal stability and synergic benefits from
dual nano-reinforcements. POSS-modified organoclays with reactive functional groups
such as vinyl can be useful for the synthesis of novel polymer-clay nanocomposite, but
werc not available in the literature. The main objective of the research was to prepare
POSS-modified organoclay having vinyl functional groups so that the POSS molecules
intercalated in the clay can take part in polymerization reactions or be further modified
through the reactive vinyl group. The other objective was to study the structure and
dispersibitity of the POSS-modified clays and hence its usefulness for the synthesis of

polymer-clay nanocomposites.

POSS-modified oraganoclays with reactive vinyl groups were synthesized by
using POSS solution from hydrolytic co-condensation of a mixture of 3-
aminopropyltriethoxysilane (AS) and vinyltriethoxysilane (VS). The POSS solutions
from VS/AS mole ratio >3 produced gels upon aging and was not useful for
intercalation reactions in aqueous medium. Effect of AS:VS mole ratio on the structure
of POSS-modified clay was also investigated. POSS-modified clays from VS/AS ratio
<l resisted dispersion in common organic solvents and was not suilable for the
preparation of nanocomposite. Modified clays from VS/AS mole ratio between ]:1 and
3:1 were characterized using >’Si and C NMR spectroscopy. FT-IR spectroscopy,
TGA., XRD and CHN elemental analysis. It was found that with increasing
concentration of vinyl group, clay adsorbed increasing amount of POSS, producing
POSS-monolayer (dog; spacing of 20.5 A) and POSS-bilayer modificd organoclays

(du spacing of 26.35 A). Dispersion characteristics of the modified clays in polyester
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resin matrix indicated equal dispersibility for both monolayer and bilayer modified clay

and produced intercalated nanocomposites proving its non-tethered structure.

In situ intercalative polymerization of styrene with POSS-modified clay
produced polystyrene-clay nanocomposite particles cxhibiting solvent-assisted self-
assembling properties when dissolved in highly volatile solvent like THF. The particles
having lateral dimensions of 190-810 nm consisted of sandwich structure having
polystyrene-POSS-intercalated clay tactoid with thickness of 12.6 nm at the core and
polystyrene layers of thickness of 31.6 nm on cither side of the core, exposing the
hydroxylated edges of the silicate layers. The particles resembled a bilayer assembly
consisting of hydrophobic layers on either side of a hydrophilic rigid core trom
amphiphilic block copolymers. The drop-cast residues of solutions of the
nanocomposite particles in THF showed concentration dependent well defined
morphologies such as microvesicles of the size of 2.5-3.5 pm at solution concentration
of 2.5 mgmL" and two-dimensional microporous film of long range order al solution
concentration of 20-40 mgmL"'. Microvesicles were formed by closure of the extended
bilayer from lateral association of the nanocomposite particles by H-bonding
interactions between edge-hydroxyls of the silicate layers. The breath figure
mechanism has been proposed for the formation of the two-dimensional microporous
lim from solutions in which the cxtended bilayers formed closely packed lumellar

arrangement.

Preliminary studies on the guest-encapsulation and release properties of polymer-
clay nanocomposite vesicles were carried out. Encapsulation with dye molecules
revealed um-lamellar nature of vesicle wall. Vesicles were also cncapsulated with

triglyceride oil. They were found stable in aqueous medium and unstable in toluene
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which resulled in total dissolution and release of the dye molecules. Slow release of the
cncapsulated dye molecules was observed in ethanol. The high thermal stability along
wilh barricr properties of polymer-clay nanocomposites may make the vesicle excellent
micra-storage and reactor system and can also be usecful for solvent-assisted release
applications.

The POSS solution from AS:VS mole ratio of 1:3 was found useful for the
synthesis  of  bitunctionalized hybrid silica spheres (HS). HS with vinyl and
aminopropyl groups was synthesized by casting and drying of stable siloxane solution
from hydrolytic co-condensation of AS and VS with AS:VS mole ratio of 1:3 in
ethanol/water mixture. No sphere formation was observed from siloxune solutions of
AS:VS mole ratio «1:3. Hybrid silica was formed from co-precipitation of fully
condensed polyhedral oligomeric silsesquioxane (POSS)-bilayer and incompletely
condensed siloxanes produced during drying. Control in the size of the spheres was
achieved by dilution of the aged siloxane solution with ethanol. The hybrid silica was

found useful for the synthesis of polymer-composites with low dielectric constant.

Scope for future work include

~ Synthesis of polymer-clay nanocomposite from vinyl-POSS modified clays using

olefime monomers such as methyl methacrylate.

» Synthesis of POSS-modified organoclays and hence vesicles of smaller size using

clays having very low aspect ratio like laponite,

~ Preliminary studies on the use of vesicles for encapsulation and release

application were carried out using fluorescent dyes. Future work includes
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encapsulation of the vesicles with active molecules such as drug or cosmetics and

to study its release properties in solvents.

» Vesicles can act as recoverable templates for producing hollow/spherical
morphologies of polymer or silica after leaching out the vesicle shell. Studies in

this respect have been in progress.

# Preliminary studies indicated the use of bifunctionalized hybrid silica for the
synthesis of low-diclectric constant polymer composite. Systematic analysis of

the observed reduction in dielectric constant is underway.
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