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ABSTRACT

SYNTHESIS AND STUDY OF HYBRID ORGANIC-INORGANIC
POLYHEDRAL OLIGOMERIC SILSESQUIOXANE (POSS)
BASED POLYMERS
SEPTEMBER 2009
GUNIJAN A. GADODIA, B.TECH., UNIVERISTY OF MUMBALI, INDIA
M.S., UNIVERISTY OF MASSACHUSETTS, AMHERST
Ph.D., UNIVERISTY OF MASSACHUSETTS, AMHERST

Directed by: Professor E. Bryan Coughlin

Hybrid organic-inorganic materials represent a new class of materials having
scientific and technological potential. In this thesis, Polyhedral Oligomeric
Silsesquioxanes (POSS) are used as an inorganic building block which has been tethered
to an organic polymer. POSS are silica precusors, having a well defined silsesquioxane
cental core surrounded by an organic periphery which makes them compatible with
monomers and possibly polymers. The objectives of this study are to (1) study the basic
structures of POSS homopolymers, (2) to incorporate POSS building blocks by a bottom-
up approach into polymer chains and study the resulting morphologies, and (3) to study
the thin film behavior of POSS block copolymers.

PMA and styryl POSS homopolymers of different peripheries were synthesized
by ATRP and mass spectrometry studies were carried out by MALDI-TOF and ESI.

PMA POSS chains undergo a number of fragmentations while styrly POSS chains have a

Vil



relatively robust backbone. Poly(ethylene-butylene-b-MAPOSS), AB type copolymers
and poly(MAPOSS-b-styrene-b-MAPOSS), ABA type copolymers were synthesized by a
combination of anionic and ATRP polymerization. Spheres, inverse cylinders, lamellar
and crystalline lamellar morphologies were observed for the poly(ethylene-butylene-b-
MAPOSS) copolymers. In the poly(MAPOSS-b-styrene-b-MAPOSS) copolymers,
cylindrical, lamellar and perforated lamellar morphologies were obtained. Beyond the
interaction parameter (), total degree of polymerization (N) and volume fraction (f), the
conformational asymmetry (&) also plays an important role in determining the
morphology of these block copolymer. Crystallization of the POSS phase and better
thermal properties were observed in the both block copolymers. Thin film studies of
poly(MAPOSS-b-styrene-b-MAPOSS) copolymers showed that the microdomains can be
oriented either parallel or perpendicular to the substrate depending upon the film
thickness, morphology and relative volume fractions of the connecting blocks. By
removal of the organic phase, ordered mesoporous low dielectric constant silica films
were obtained. These hybrid block copolymers are a potential candidate for

nanopatterning applications.
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CHAPTER 1

INTRODUCTION

1.1 Hybrid Organic — Inorganic Materials

Nature has combined organic and inorganic compounds to produce smart
materials with synergistic properties showing extraordinary strength, toughness, hardness
and functionality.’® Nacre of shell is one of the most studied materials displaying very
high strength, toughness and hardness due to the brick and mortar structural arrangement
of inorganic calcium carbonate platelets and organic proteins (see Fig. 1.1).* Other
examples include the skeletons of sponges and diatoms formed by the self-assembly of
organic —inorganic components that produce superior material properties for precise

functions.?*

Figure 1.1. (a) Nacre of a shell and (b) Brick and mortar structure having
alternating calcium carbonate and biopolymer layers giving hardness, strength and
toughness to the shell (fig. taken from reference [1]).

Material scientists, inspired by nature, are trying to combine dissimilar materials
which could lead to novel functions giving access to a wider spectrum of applications.>®
Traditionally inorganic materials, ceramics for example, have high temperature and
oxidation resistance but lack toughness and processability. On the other hand, organic

materials are tough, light weight and easy to process but lack high temperature and



oxidation resistance. Synergistic combination of the properties of organic and inorganic
materials could give hybrid materials with novel functionalities. These materials will
open new opportunities in existing areas of science and create new opportunities in

medicine, renewable energy and space technology.
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Figure 1.2. (a) Graph comparing the properties of inorganic ceramics, organic
polymers and hybrid organic-inorganic materials. Applications of inorganic
materials, (b) silsesquioxane based optically clear scratch free coatings, (c) artificial
bone made of hydroxyapatite-phosphazene, (d) titanium oxide based solar cells and
(e) clay nanocomposites based packaging material (fig. taken from references [4,6]).

Irrespective of the type of organic - inorganic material, the method of
combination of the components plays a very important role in the final structure, property
and application of the hybrid material. Various top-down and bottom-up approaches have
been developed to combine organic and inorganic materials.*”® Sanchez et al. have
reviewed different approaches to combine organic and inorganic components.* Top-down
approaches involve mixing mesoscopic organic and inorganic components with the
assistance of an external source of energy such as heat or mechanical work. Clay
composites produced by top-down approaches are one of the most widely studied hybrid
materials.’ Exfoliated structures of the composites lead to superior thermal and

mechanical properties.’® However, the top-down approach is an energy intensive



approach and does not offer control over the molecular and supramolecular architectures
which control the macroscopic properties of the polymer composites. It also suffers from
serious limitations of non-uniform dispersion of the clay in the organic matrix leading to
non-uniform properties. On the other hand, the bottom-up approach covalently combines
organic - inorganic materials to form truly molecular dispersed nanocomposites with
complete control over the molecular architecture. Organizing inorganic matter with
organic molecules at a mesoscale was first discovered by scientists at the Mobil
Corporation.™ Sol-gel the most widely used bottom-up approach is an extremely cost
effective technique leading to molecular dispersed nanocomposites.*? A variety of metal
alkoxides (Si, Ti, Al, Zr) have been used to generate inorganic networks. However sol-
gel does not offer complete control over the mesoscopic scale, length scales of tens to
hundreds of nanometers. Thus bottom-up approaches like self-assembly and templated-
assembly have gained importance as they offer control over mesoscopic length scales.’
Self-assembly of block copolymers offers control over nanometer length scales and
provides a mean to make hierarchical structures for various applications.**** Self-
assembly of block copolymers is driven by the weak non-covalent interactions between
the polymer segments of the block copolymer leading to phase segregation and thus

forming a range of morphologies in both bulk and solution (see Fig. 1.3).24*°
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Figure 1.3. Different morphologies formed by self-organization of block copolymers
in bulk and solution (fig. taken from reference [15]).

Inorganic building blocks (containing Si, P, Fe and other elements) have been
used as comonomers to synthesize block copolymers.®!” Different morphologies with
ordering from nano to mesoscale were obtained in these block copolymers. Templated
self-assembly approaches have also received considerable attention. Russell used a
combination of top-down and bottom up approaches by blending nanoparticles with
block copolymers to obtain ordered morphologies of the inorganic matter.*® Stucky,
Weisner, and others have combined sol-gel and self-assembly of block copolymers to
generate various nano-structures which were converted by calcination to inorganic
nanoobjects.’*% Thus self-assembly of block copolymers has become an important tool
to obtain hybrid materials with desired supramolecular structures. However, in order to

obtain the desired structure of the block copolymer, we need to understand the factors



governing the phase behavior of block copolymers. This topic is discussed in the next

section.

1.2 Self — Assembly of Block Copolymers

“Block copolymers are macromolecules composed of sequences, or blocks, of
chemically distinct repeat units.”** The weak non-covalent interactions between the
chemically distinct repeat units lead to phase separation in block copolymers. The phase
behavior of the copolymer is determined by the overall degree of polymerization N, the
composition f (volume fraction of one of the connecting blocks) and the segment-segment
interaction parameter . A number of theoretical approaches have been used by Leibler
and others to describe the phase behavior of block copolymers.>2® The weak Segregation
Limit (WSL) where composition fluctuations are represented by a single wave function,
and the strong segregation limit (SSL) where composition fluctuations are represented by
step wave functions are two of the most common approaches to describe the phase
behavior of block copolymers.?>?® Spheres (S or C), hexagonally packed cylinders (H),
gyroid (G) and lamellae (L) are various morphologies predicted by theory. The phase
diagram for a linear block copolymer as predicted by theory is shown at the top of Fig
1.4, this theoretical phase diagram is very similar to the experimentally determined phase
diagram of linear poly(styrene-b-isoprene) (middle of fig. 1.4).2*" The experimentally
observed perforated lamellae (PL) phase in poly(styrene-b-isoprene) diblock copolymer
was not predicted by theory and is a metastable state of the more stable bicontinuous

phase.
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Figure 1.4. (Top) Phase diagram of linear block copolymer predicted by self-
consistent mean field theory, (middle) Experimental phase diagram of linear
poly(styrene-b-isoprene) diblock copolymer and (bottom) Pictorial representation of
various phases of the block copolymer (fig. taken from reference [23, 27]).



When N < 10 entropic terms dominate and the chains are in a phase mixed state,
as N increases, enthalpic terms began to dominate and chains begin to phase separate.
is inversely proportional to temperature (T), by cooling a block copolymer from the melt
state the chains begin to phase separate and there is a loss of entropy as the chains begin
to order. The temperature at which phase separation occurs is called the order-disorder
temperature (Topt). The morphology obtained in block copolymers depends upon the
relative volume fractions of the phases. There are other factors like architecture,
conformational asymmetric, fluctuations and crystallization that also affect the phase
28-30

behavior of block copolymers.

1.3 Hybrid Organic - Inorganic Polymers Based on Polyhedral Oligomeric
Silsesquioxanes (POSS)

1.3.1 Synthesis and Properties of Polyhedral Oligomeric Silsesquioxanes (POSS)
Depending upon the degree of oxygen functionality around a silicon atom they are
M, D, T and Q resins where M, D, T and Q stand for mono, di, tri and quaternary oxygen
substitution around silicon. Silsesquioxanes are a class of organosilicon materials having
empirical formula RSiO3z;, where R is a hydrogen, alky or aryl substituent.
Silsesquioxanes have trifunctionality (T-type) and form cages, ladders or three

dimensional network structures (Figure 1.5).%
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Figure 1.5. Structures of Silsesquioxanes (fig. taken from reference [31]).

The structure of a silsesquioxane is dependent upon the process by which it is
prepared. The first oligomeric organosilsesquioxane was isolated by Scott in 1946 along
with other volatile compounds through thermolysis of the polymeric products obtained
from cohydrolysis of methyltricholorsilane and dimethylchlorosilane.*? Silsesquioxanes
are synthesized by acid or base catalyzed condensation of alkyl trichlorosilanes.
Chlorosilanes are hydrolysed to silanols which then undergo condensation to form

siloxane bonds represented by the general equations shown below.*



RSiCl; + 3H,0 —— RSi(OH); +  3HCI hydrolysis

catalyst

3RSi(OH)4 3RSIO3, + 1.5H,0 condensation
. . catalyst . )
RSi(OH);+ RSIiCl; ————> RSIiOg3p + 3HCI condensation

Figure 1.6 Basic reactions for silsesquioxane synthesis.

The ladder polysilsesquioxanes have outstanding thermal stability and exhibit
high temperature oxidation resistance.*! They also have good insulating properties and
high gas permeability. However in recent years greater attention has been paid to specific
cage structures, the so called polyhedral oligomeric silsesquioxane (POSS). POSS cubes
(Tg) can be obtained directly by hydrolysis and condensation of alkyl trichlorosilanes or
by corner capping reactions of non-fully condensed POSS cubes (T7) with alkyl

trichlorosilanes bearing a reactive/polymerization group (see Fig. 1.7).%*

R\%__OH Cla SI\/H/w R\ 0
RS% "‘Si;gHH R D% ES'\/?" E; ]
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Figure 1.7 Synthesis of silsesquioxane derivatives by acid or base hydrolytic
condensation.

The most common molecular formula of POSS is (R)7(SiO15)sX; where R is an
organic substituent which renders the cube soluble in common solvents and possibly
miscible with certain polymers. The lone reactive group (X) can be used for homo or co-
polymerization or grafting reactions. Depending upon the functionality of POSS, it can be
used either as a filler, comonomer or cross-linking agent. The choice of organic periphery

(R) and reactive group (X) depends upon the desired structure, property and application



of the material. Some of the commercially available peripheries and reactive groups are
shown in Fig. 1.8. Depending upon the organic periphery (R;) POSS is available either as
a solid or a viscous liquid. A number of reviews have been written on POSS based

materials 3333

Y
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Figure 1.8. Chemical structure of POSS monomer where X s the reactive group, R
is the organic periphery and Y is the site of attachment.

A POSS molecule with an isobutyl periphery and an isocyanate functional group
has a diameter of approximately 1.5 nm. POSS has an inorganic core with eight silicon
atoms bridged by twelve oxygen atoms and has dimensions comparable to polymer
segments and coils (~ 0.5 nm). POSS monomers arrange in planar hexagonal arrays and
these planes form a three dimensional structure by stacking in an ABCA sequence.*’
Depending upon the type of POSS used, amount of POSS and the polymer system, POSS
can enhance various properties of the host polymer viz. mechanical, thermal, optical and

other properties.**

10



A synopsis of POSS effect on material properties is given below;

Mechanical Properties

o] It can improve modulus of the material by several orders of magnitude
especially the high temperature modulus of the material

(o] It can improve the elongation at break

o] It improves the flow properties of the material leading to easier processing
of high Ty polymers

o] It lowers the friction of the material

Optical Properties

o] Due to it’s small size it maintains optical transparency

o] It can reduce or totally remove the color from the polymer

Thermal Properties

o] It can increase the thermal decomposition temperature of the material

o] It can increase the glass transition temperature of the polymer

o] It can lower the thermal conductivity of the material

Other properties

o] It can improve the oxidation resistance and reduce the flammability of the
material

o] It can improve the corrosion resistance of the material

o] It can lower the dielectric constant of the material and improve the

quantum efficiency.
o] It can selectively change the permeability of gases through the material

o] It can increase hydrophobicity and oleophobicity of the material

11



1.3.2 POSS as Fillers

Fillers are mixed in a number of polymeric systems to improve the mechanical,
physical, thermal and other properties of the polymeric matrix and to lower the cost of the
manufacture. Dispersed particles of fillers can be classified into three types depending
upon the number of dimensions (1, 2 or 3) in the nanometer scale.*?

Table 1.1. Classification of dispersed particles based on size scale.

Number of dimensions of dispersed Disperesed Examples
particle in the nanometer scale i.e. < particle
100 nm structure
1 Laminates, Clay sheets
Sheets
2 Nanotubes, Carbon nanotubes,
Whiskers cellulose whiskers
3 Isodimensional Silica particles, POSS
particles

When only one dimension of the dispersed particle is on the nanometer scale (i.e.
< 100 nm) and other dimensions are hundred to thousands of nanometers in size scales,
the dispersed particles form layers or sheets in the polymer matrix. When two dimensions
of the dispersed particles are on the nanometer scale and the third dimension is larger,
dispersed particles form elongated structures like nanotubes and whiskers. When all the
three dimensions of the dispersion are on the nanometer scale the dispersion particles are
considered to be “isodimensional” nanoparticles.* POSS are isodimensional spherical
particles which can form truly dispersed nancomposites and thus have been used as fillers
in a number of polymeric matrices. POSS have been added to epoxies and polycarbonates

to improve thermal and mechanical properties.*** When used as filler in polypropylene,

12



depending upon the amount of loading POSS influences the crystallization of the polymer
matrix thereby affecting the final microstructure and properties of the material.*® In
recent years, an important class of POSS nanoparticles i.e. fluoroPOSS nanoparticles
have gained a lot of attention.*® By mixing different amount of fluoroPOSS nanoparticles
in PMMA, the surface energy of the polymer composite film can be controlled. Different
processing conditions (e.g. spin coating and electrospraying) can change the roughness
and the curvature of the surface of the polymer composite. By electrospraying, the first
example of truly superoleophobic surface with low energy POSS particles at the PMMA-
air interface obtained.*® POSS nanoparticle reinforced polymers have also been used as

dental composites and high performance fibers.* %

Although POSS improves physical, mechanical, thermal and other properties,
formation of composites by melt blending or other means is an energy intensive process.
Also when used as filler POSS does not offer complete control over the mesoscopic
structure of the material. Therefore, it is better to use POSS as a comonomer in
thermoplastic and thermoset materials to obtain copolymer with superior properties, and

to have a degree of control on the mesoscopic structure of the material.

1.3.3 POSS as Comonomer
POSS is used as comonomer in a number of thermoset and thermoplastic
polymers leading to dramatic changes in the structure-property relationship of the final

copolymer.
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1.3.3.1 Thermosets Based on POSS

A number of studies have been performed on POSS incorporation into

36,46,49,50 51,52

epoxies, imides,”*? urethanes and other thermoset resins.**°3 Epoxy resins are
among the most commercially successful materials known, either as composite matrices,
adhesives, or coating materials. A number of publications dealing with incorporation of
POSS particles into epoxy resins have been published in the past few years. Abad et al.
synthesized an epoxy-POSS network and studied the thermal and mechanical properties
of the copolymer (see Fig. 1.9).*° Hindered motion of polymer chains led to an increase

in Tqwhich was due to the pendant POSS groups acting as anchors. A macrophase

separation between POSS-rich regions and epoxy-rich regions was observed by scanning
electron microscopy (SEM) and differential scanning calorimetry (DSC). Mechanical
properties (rubbery modulus, fracture toughness, tensile modulus) of POSS-modified
epoxy resins were found to be equivalent, or better than, non-modified epoxy resins. A
few general concepts can be taken from this above work. Incorporation of a POSS

particle into an organic polymeric system tends to increase the Tg of the polymer due the

size of a POSS particle and/or its crystallization behavior. The incompatibility between
organic segments and POSS particles tend to result in macrophase (or microphase)

separation.
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Figure 1.9. Chemical structure of components of epoxy-POSS copolymers (fig. taken
from reference [50]).

Another polymer-POSS composite which have attracted considerable interest in
recent years are polyimide-POSS composite. Polyimides are well-known for their high
temperature stability and are used as interlayer dielectrics in microelectronic applications.
POSS macromolecules due to their nano-porosity have low dielectric constants in the
range of 2.1 — 2.7 and thus have been used as comonomer in polyimides. Leu et al.
synthesized the polyimide-POSS copolymers and studied the morphology of these
materials.>*? POSS was incorporated in polyimides by two different methods, it was

added to the polyimide backbone as an end-capping unit with each polyimide chain
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having a one POSS unit, or as pendant units from the copolymer backbone. Transmission
electron microscopy (TEM) of POSS end-capped polyimide showed cylinders having a
persistence length of 60 nm. Pendant POSS did not aggregate as well as the POSS end-
capped polyimides due to the reduced mobility because of multiple bulky POSS units.
POSS lowered the dielectric constant of the copolymer by 28% compared to the dielectric
constant of a polyimide film. POSS also lowered the mechanical properties of the
polyimide i.e. Young’s modulus and maximum stress reduced in polyimide-POSS
copolymers as POSS screened the interactions between the polyimide chains.
Conclusions to be drawn from epoxy-POSS and polyimide-POSS studies would
be that final properties of the copolymers depend strongly on polymer-POSS interactions.
POSS incorporation in epoxy polymers improved the mechanical property of the
composite whereas in polyimides incorporation of POSS lowered the mechanical
property by screening the interaction between polyimide chains. The microstructure of
the copolymers depends on the amount of POSS units incorporated and how the POSS

units are attached to the polymer backbone.

1.3.3.2 Thermoplastics Based on POSS

POSS has also been incorporated into a number of thermoplastic polymers for

12,54-56 38,57 58-61

examples polyacrylates, polystyrenics,”™" polyethylene, polypropylene,®? and
polyoxazolines.®* It has been mainly incorporated in thermoplastics to improve their

mechanical, thermal and physical properties.
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1.3.3.2.1 Polyolefin Based Materials.

Extensive work has been carried out to incorporate POSS in polyethylene (PE).>®
® Due to a number of different reactive groups available on POSS, different chemistries
can be used to incorporate POSS. Random copolymers of POSS and PE have been
synthesized by metallocene catalyst and ring - opening metathesis polymerization

(ROMP) (see Fig. 1.10)
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Figure 1.10. Synthesis of polyethylene-POSS copolymer by (top) metallocene and
(bottom) ring-opening metathesis polymerization (ROMP) (fig. taken from
reference [60]).

The POSS loadings in the sample were varied from 0 to 56 wt%. Optically clear
films were obtained by melt pressing PE-POSS copolymers. POSS disrupted the

crystallization of PE leading to small PE crystals thereby giving transparent films.
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Processing conditions were seen to have profound effect on the microstructure,
thermal and optical properties of the copolymer films. Crystallization of PE-POSS
copolymer films were studied by casting films from xylene solution (solution
crystallization) and by cooling from the melt (melt crystallization). From solution PE —
POSS copolymers precipitated first laying a scaffold of PE crystallites, the POSS
components were then confined in the spatial environment between preexisting PE
crystals. The opposite of this situation was observed when the samples were melt
crystallized. POSS crystallized first and then crystallization of PE was subject to
geometric and topological constraint. Both cases lead to self-assembly of two distinct but
molecularly connected crystalline phases. The dramatic difference in structures in PE-
POSS copolymers gave rise to significantly different thermal properties. In melt
crystallized sample, significant weight loss (10%) was observed above ~ 400 °C, while
in xylene crystallized samples, the same weight loss occurred in the range of ~ 230-330

°C.

1.3.3.2.2 Raft Forming Polybutadiene-POSS Copolymers

Zheng et al. synthesized random copolymers of POSS and butadiene.®® In PE-
POSS composites, PE competes with POSS for crystallization, thus polybutadiene —
POSS composites were synthesized to study the POSS crystallization/aggregation
without the polymer host competing for crystallization. Also it was anticipated that POSS
hard blocks would reinforce the soft polybutadiene materials to give elastomeric
properties for PBD-POSS composites. Copolymerization of 1,5- cyclooctadiene and
norbornene-POSS (cyclopentyl) macromonomer was carried out using Grubbs First

Generation Catalyst. The POSS content was varied from 0 wt % to a maximum of 50 wt
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% and the PDI’s were obtained in the range of 1.7 to 2.0. The wide angle X-ray
scattering (WAXS) of PBD-POSS samples showed an amorphous halo of PBD and
crystalline peaks of POSS. As the content of POSS in the copolymer increases crystalline
peaks become more intense and sharp. Fig. 1.11 shows the TEM image of PBD-POSS
with 12 wt % (a) and 43 wt % POSS (c). In 1.11a POSS aggregates were directly
observed as short randomly oriented lamellae with the lateral dimensions of
approximately 50 nm. The thickness of the lamellae was found to be approximately 3-5
nm and corresponded to roughly twice the diameter of POSS nanoparticle. Increasing the
POSS ratio to 43 wt % resulted in continuous lamellae with lateral lengths on the order of
microns (Fig 1.11c). The morphology bears similarity to the lamellar morphology formed

by precise diblock copolymers.

Figure 1.11. (A) TEM of PBD-POSS. The copolymer of low POSS concentration
aggregate into short randomly oriented lamellae with lateral dimensions of
approximately 50nm (B) Schematic drawing of PBD-POSS assembly at low POSS
concentration. (C) TEM of PBD-POSS copolymer of high POSS concentration form
continuous lamellar morphology with lateral length on the order of microns (D)
Schematic drawing of PBD-POSS assembly at high POSS concentration (fig. taken
from reference [65]).
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The lamellar morphology was confirmed by SAXS where a broad maxima was
observed. The average distance between the POSS layers (d-spacing) is ~ 12 nm. The
spacing between the lamellar could be altered by changing the relative ratio between
POSS and PBD. Thus by incorporating POSS onto an amphorous polymer backbone
exfoliated structures similar to clay/nanocomposites could be obtained. The exfoliated
structures have shown substantial improvements in mechanical and thermal properties of
the composite materials and thus similar effect would be seen for POSS incorporation
into amphorous thermoplastic composites.

Computer simulation work has been done to study interaction of POSS with
polymer matrices and to understand, and perhaps predict, the experimental behavior of
polymer-POSS composites. Experimental work on random copolymers of PE-POSS and
PBD-POSS showed that POSS cubes tend to separate from the PE and PBD phases and
aggregate together. Atomistic simulation by Rutledge on blends of PE and POSS showed
attraction between the POSS cages leading to aggregation and possible phase
separation.®® Glotzer did Monte Carlo simulations of polymer-POSS systems and showed
strong face-face packing induced by bulkiness, cubic geometry and attraction of the
POSS cages.®” These simulation results explain the lamellar and the raft structures seen in
PE-POSS and PBD-POSS copolymers.®*6

In general we can conclude that irrespective of the nature of the copolymer, POSS
cubes tend to phase separate and aggregate. Mesoscopic ordering can be obtained at
sufficiently high POSS loadings. However long-range order was not observed in random

PE-POSS and PBD-POSS copolymers.
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1.3.3.2.3 Effect of Periphery on POSS Properties

POSS is a general class of material whose properties and interactions with the
polymer matrix depends upon on the functionality and periphery attached to the silicon
cage. The periphery of POSS occupies approximately 70% of the POSS molecule volume
and plays a very important role in determining the properties of the polymer-POSS
composites. Mather studied the effect of different peripheries (cyclopentyl and
cyclohexyl) of POSS by synthesizing random copolymers of norbornene and norbornyl-
POSS.**% Grey domains in 50 wt% POSS (cyclopentyl and cyclohexyl) correspond to
cylinders of POSS in a norbornene matrix (see Fig. 1.12). POSS (cyclopentyl) cylinders
were found to have a diameter of 6 nm and length 36 nm whereas POSS (cyclohexyl)
cylinders had a diameter of 12 nm and length 62 nm. Cyclopentyl-POSS packs better

than cyclohexyl-POSS, thus cyclopentyl-POSS show stronger crystallization peaks in

Wide Angle X-ray Scattering (WAXS) and better cylindrical order.

Figure 1.12. Transmission electron micrographs of (a) 50Cyclohexyl-POSS and (b)
50Cyclopentyl-POSS showing the different size of cylindrical structure depending
upon corner groups present in POSS monomer (fig. taken from reference [68]).

Slight changes in the domain size due to different periphery lead to dramatic

changes in the glass transition temperature (Tg) of the composite. There was also
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enhancement in the tensile modulus at the room temperature and significant enhancement
in storage modulus at low temperatures.

Berry et al. carried out simulation studies on norbornene-POSS copolymers and
showed an increase in Tybased on the volume-temperature curve obtained for these
polymer-POSS composites .%° Bizet et al. compared the effect of periphery on the
packing of POSS cages.”® They compared the packing of POSS with cyclohexyl and
isobutyl peripheries and observed that the smaller periphery group make it easier for the
chains to pack. Both results explain the increase in Ty observed by Mather et al. for the
norbonyl-POSS copolymers described in the previous section.**®® Bizet and Berry
claimed that the improvements in the properties of the copolymer were entirely due to the
presence of POSS and not due to aggregation. They showed that the pendant POSS acts
as anchor and reduces the overall mobility of the copolymer which causes improvement

in mechanical and thermal properties of the copolymer.

1.3.3.2.4 POSS Based Block Copolymers

All the systems described above are polymer-POSS random copolymers. POSS
tends to phase separate and form ordered structures. However to obtain complete control
over the mesoscopic structure of the material, well-defined POSS block copolymers need
to be synthesized and fully characterized.

Cardoen et al. synthesized POSS chain-end polystyrene by anionic
polymerization.”"? Hydroxyl end-capped polystyrene chains were obtained by end-
capping living polystyryl anion with ethylene oxide. Equimolar quantity of isocyanate-
POSS was reacted with hydroxyl-polystyrene to attach POSS to polystyrene chains with a

connecting urethane linkage. Small aggregates of POSS were seen in WAXS. For high
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molecular weight PS-POSS copolymer, (i.e. above 4,000 g/mol) diffraction peaks were
not observed by small angle X-ray scattering (SAXS). On the other hand, SAXS of a PS-

POSS sample with PS molecular weight 873 g/mol shows a diffraction pattern with a first

-1
and a second order peak (see fig. 1.13). The first order peak was found at g = 0.0769 A
which correspond to a long period L spacing of 8.17 nm. The long period found here is

equal to approximately two times the radius of gyration of a polystyrene polymer with Mn

=900 g/mol. From these dimensional considerations, a plausible model for the

organization of the hemi-telechelic PS-POSS polymer would be a head-to-head and tail-
to-tail aggregation. The second order peak offers some proof of the mesoscopic

organization of the system.
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Figure 1.13. Small angle X-ray scattering (SAXS) of PS-POSS copolymers, PS-POSS
2K shows mesoscopic ordering (fig. taken from reference [72]).

Glotzer has performed simulations to understand the self-assembly of mono-
tethered,” tetra-tethered and cyclic-tethered POSS nanocubes.’*” Studies on mono-
tethered POSS molecules show they can behave like surfactants or block copolymers

forming stable lamellae or cylindrical structures.” Formation of lamellae in POSS end-
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capped PS copolymers can be explained by both surfactant or block copolymer behavior
of PS-POSS chains. When the tether lengths are long, tethered-POSS molecules can be
considered as block copolymers. They demonstrated that thermodynamically driven
immiscibility of tethers and nanocubes can be used to self-assemble POSS cubes into
structures analogous to those observed in block copolymers.

In rest of this section we will discuss the behavior of POSS block copolymers
having multiple POSS units pendant from the chain. Matyjaszewski and Mather group
were the first to synthesize and study block copolymer of POSS.”*> They were also the
first to report living polymerization of POSS particles by Atom Transfer Radical
Polymerization (ATRP). Dimethyl 2,6-dibromoheptanedioate was used as a difunctional
initiator to polymerize n-butylacrylate (see fig. 1.14). The catalyst/ligand system has
Copper (I) Bromide (Cu()Br) and N,N,N’,N”,N”’-pentamethyldiethylenetriamine
(PMEDTA). The n-butylacrylate difunctional macroinitiator was then chain extended
with CpPOSS-MA (POSS bearing one methyl methacrylate unit and having a cyclopentyl
periphery). The resulting ABA triblock copolymer exhibited narrow molecular weight
distribution (PDI1=1.2). Surprisingly enough, the degree of polymerization of the POSS
block did not exceed 10, presumably because of the bulkiness of the POSS monomer.
Cylinders of poly(n-butyl acrylate) in a POSS matrix were observed by TEM for the
P(MA-POSS)10-b-p(BA)201-b-p(MA-POSS)1, polymer, where the subscripts indicate the
degree of polymerization of each block. The cylinders were locally well ordered but
macroscopically disordered. Matyjaszewski reviewed different architectures that can be

obtained using a similar strategy using a multifunctional initiator.”
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Figure 1.14 Synthetic methodology for the preparation of ABA triblocks containing
a poly(n-butyl acrylate) middle segments and outer segments of p(MAPOSS).

In the first step, difunctional pBA macroinitiator is prepared by the ATRP of BA
from a dimethyl 2,6-dibromoheptanedioate initiator. Subsequent chain
extension of the pBA macroinitiator with MA-POSS yielded the ABA triblock
copolymer (fig. taken from reference [55]).

Recently Hirai et al. synthesized PS-POSS and PMMA-POSS diblock copolymers
by anionic polymerization.”® Sec-butyl lithum was used as the initiator, PMMA or PS
block were first synthesized and POSS was added as the second block. The volume
fraction of PS:POSS and PMMA:POSS were maintained close to 0.5. The morphology of
the diblock copolymer was studied by SAXS, TEM and WAXS. Lamellae of POSS and

PS were obtained and the TEM images are shown in fig. 1.15
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Figure 1.15. (Right) Chemical structure of PMMA-POSS and PS-POSS copolymer
and (left) TEM image of the corresponding copolymer (fig. taken from reference

[76]).

1.4 Summary

POSS are unique hybrid organic — inorganic materials with excellent material
properties which can enhance mechanical, thermal, physical and other properties when
physically or chemically incorporated into a range of polymers. It is a general class of
materials having a number of different functionalities and different peripheries. Due to
various functionalities available on POSS, it can be chemically incorporated into
polymers by different reaction chemistries. The periphery occupies 70% volume of the
POSS molecule and plays an important role in determining the interactions of POSS with
the host polymer. Random copolymers of POSS with PE and PBD have better thermal
and mechanical properties compared to the host polymer and also exhibit mesoscopic
ordering. Cylinders and lamellae of POSS were observed when POSS was incorporated

in block copolymers either n-butyl acrylate or polystyrene as the other block.
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Although a great deal of work has been done, and is ongoing, on POSS based
materials there are a number of scientific questions that need to be answered. An
emphirical approach has been used to improve the properties of polymers by
incorporating POSS as fillers and comonomers. Structure — property studies of POSS
homopolymers have been restricted to dimers and trimers of POSS. In chapter 2, we
investigate the structure — property relationship of higher molecular weight POSS
homopolymers of different peripheries and backbones by matrix assisted laser desorption
— ionization (MALDI) and ion mobility experiments. MA-POSS-b-(n-butylacrylate)-b-
MA-POSS triblock copolymers and MA-POSS-b-styrene diblock copolymers are the
only block copolymers of POSS which have been synthesized and studied. A systematic
study by varying the volume fractions of the blocks has not been performed. Factors such
as the asymmetry of the blocks, crystallization and architecture have also not been
investigated. In chapter 3 we synthesize and study poly(ethylenebutylene-b-MA-POSS)
diblock copolymers. The poly(ethylenebutylene) block is a saturated hydrocarbon and
chemically distinct than previously studied POSS block copolymers. It has a low T4 and
potential to crystallize depending upon the ethylene content. Ethylene-butylene and MA-
POSS repeat units of different sizes and thus conformational asymmetry was also
considered as a factor affecting the observed morphologies of these block copolymers. In
chapter 4 we synthesize and study poly(MA-POSS(isobutyl)-b-styrene-b-MA-
POSS(isobutyl)) triblock copolymers. The polystyrene block is an amphorous, high Ty
block and the ABA architecture does have an affect on the morphology of the copolymer.
In chapter 5 we study the application of poly(MA-POSS(isobutyl)-b-styrene-b-MA.-

POSS(isobutyl)) triblock copolymers by spin coating the copolymers on different
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surfaces and patterning inorganic structures on the surface. Finally we summarize the

conclusions of our work and propose future studies in chapter 6.
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CHAPTER 2

SYNTHESIS, ELECTROSPRAY IONIZATION AND MALDI MASS
SPECTROMETRY STUDIES OF LARGE POSS OLIGOMERS

2.1 Introduction

Polyhedral Oligomeric Silsesquioxanes (POSS) are a class of important hybrid
organic - inorganic materials of the form (RSi1035,),, or R, T,,, where organic substituents
are attached to a silicon-oxygen cage.! The most common and stable POSS cage is the Ty
(a molecule with a cubic array of silicon atoms bridged by oxygen atoms with an R group
at each of the silicon vertices of the cube); other cages with well-defined geometries
include n=6, 10, 12, 14, 16 and 18.>> When these silsesquioxane cages are introduced
into organic polymers, new and useful materials are often realized,”” with enhanced
properties superior to the original organic polymer. Current research on POSS materials
has focused on developing new synthetic routes and creating POSS compounds with
different cage sizes and organic substituents to obtain tailor-designed physical properties
and to allow for the incorporation of POSS into a wide variety of polymer systems.
Therefore, the goal of specifying structure-property relationships for these materials has
important ramifications and significant applications.

The goal of this research has been to characterize the conformational preferences
of various R;Ts-POSS cages when coupled to oligomers in the N =2 to 20 range ( N =
degree of polymerization) and to determine conformer structures and isomer distributions
of new materials using ion mobility mass spectrometry. Our collaborators, the Bowers
group at UCSB has been successful in characterizing two oligomer systems, POSS

propylmethacrylates and siloxanes, but only up to species with three POSS cages,'*'!
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due to limitations in mass signal intensity. The ion mobility methodology is predicated on
obtaining strong signals in the mass spectrum.
There are to date only a few papers reporting mass spectra of POSS polymers and

1220 These studies all investigate systems, and especially synthetic

oligomers.
intermediates, in which there are a large number of -OH groups. In our experience, the
presence of such electronegative groups aids mass spectrometry by both MALDI and ESI
because they facilitate cationization. This condition is seldom met for most POSS
polymers and oligomers that do not have many electronegative groups. Another crucial
condition for studying large POSS ions in the gas phase is the absence of substantial
fragmentation. While ion formation mechanisms in MALDI have been extensively

d.2"?? The choice of an

reviewed, in general they are complicated and poorly understoo
appropriate matrix is critical to obtaining mass spectra, POSS materials have been
understudied because often there are not suitable matrices.

Ion mobility mass spectrometry has been quite successful in studying large

23-29

conventional polymers or biopolymers including DNA and peptides. Initial work

with POSS materials using MALDI techniques,’”"'

employed 2,5-dihydroxybenzoic acid
(DHB) as a matrix. The parent compounds are efficiently ionized due to electronegative
atoms or localized m-electron density in the R-groups and readily bind protons or alkali
metal cations to give abundant positive ions. Cage fragmentation does occur to some
extent in all of these systems, especially at high laser power, but that did not prevent
observation of a strong molecular ion peaks for monomers and dimers. Trimers of mass

~3000 g/mol were more of a challenge, particularly to obtain enough intensity for ion

mobility measurements. The nature of the cage R-group was found to be important.
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Bulky alkyl R-groups seem to inhibit the formation of positive ions and mass spectra for
such POSS species are difficult to obtain. We hypothesize that larger POSS oligomers
have lower ionization efficiencies than the monomers, most likely due to decreased
charge density, since the POSS cages seem to be efficient in delocalizing electron
density. Large systems also have an increased probability of fragmentation, e.g. loss of
POSS side-chains

For these reasons, the intensity of the “molecular ion” (generally, sodiated or
potassiated oligomer molecules) generally decreases with increasing oligomer size to the
point that it becomes impossible to obtain ion mobility data. To facilitate the
observation of higher POSS oligomers it has been necessary to develop new strategies to

3233 that

enhance cationization (or anionization) efficiency. The discovery by Bassingdale,
certain POSS monomers efficiently incorporate fluoride ion into the cage center
suggested using fluoride as a structural probe. This proved successful for POSS
monomers containing R-groups which are electron-withdrawing or have delocalized
7 electron density. Unfortunately, this approach was complicated by the fact that non-
aqueous F~ is a good nucleophile and degrades and/or isomerizes POSS cages. The

presence of even trace water enhances these processes. Fluoride incorporation therefore

was not as successful a probe for oligomers as we had hoped. **

R F

N OH

F F
Figure 2.1. 4,4’-dihydroxyoctofluoroazobenzene matrix.
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A remaining strategy is to find a better matrix for MALDI. Somogyi, et al. have recently
described a number of new matrices and especially the newly synthesized matrix 4,4’-
dihydroxyoctofluoroazobenzene (see Figure 2.1).%> It has prove successful for intractable
polyester polymers such as Vectra ® and this suggests it might be suitable for large
POSS oligomers. This matrix ostensibly works so well because the powerfully solvating
tetrafluorophenolic group is incorporated directly into the matrix structure as well as the
azobenzene functionality to impart appropriate UV-absorbing characteristics. We wish
to report MALDI studies using this matrix on a number of representative POSS PMA and
styryl systems that were difficult, or even impossible, to investigate using standard

matrices.

2.2 Experimental Section

2.2.1 Materials

Phthalic anhydride (99%+) , 2-(2-aminoethoxy) ethanol (98%) , N,N,N*,N",N""-
pentamethyldiethyltriamine (PMDETA) (99%+), Cu(I)Cl (99.99%+), hydrazine hydrate,
3-(3,5.7,9,11,13,15-Heptaiosbutylpentacyclo[9.5.1(3,9).1(5,15).1(7,13)]octasiloxan-1-
yl)propyl methacrylate [MA POSS(isobutyl)], azoisobutylnitrile (AIBN) and ethyl 2-
bromoisobutylrate (all from Aldrich) were used as received. Benzoyl chloride (from
Fluka) was used as received. Methylene chloride (from VWR) was used as received. 2-
bromoisobutyrylbromide, triethylamine both were dried over CaH; before distillation and
were stored and used under N, atmosphere after purification. THF and Toluene were

distilled over sodium/benzophenone mixture.
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2.2.2 Equipment

All NMR spectra were collected on a Bruker 300 MHz instrument and obtained in
either CDCl; or CD,Cl, solutions. 'H NMR spectra (reported in ppm using the & scale)
were referenced to either residual CHCls at 7.26 ppm or residual CH,Cl, at 5.3 ppm. Gel
Permeation Chromatography was performed with THF as mobile phase with a flow rate
of 1ml/min using Polymer Laboratories PL Gel Sum Mixed-D columns, Knauer K-501
HPLC Pump equipped with Knauer K-2301 differential refractometer detector and
Knauer K-2600 dual wavelength UV Detector. Molecular weights were calibrated versus
PMMA or PS standards. All FTIR spectra were obtained on a Perkin Elmer Spectrum
One.

Matrix assisted laser desorption/ionization (MALDI) spectra were recorded on
either a Bruker Reflex-I1II MALDI time-of-flight (TOF) instrument or on a Bruker
Ultraflex III MALDI-TOF-TOF tandem mass spectrometer (Bruker Daltonics, Billerica,
MA). These instruments are equipped with a N, and Nd:YAG laser, respectively. The
synthesis and other applications of the 4,4’-dihydroxyoctofluoroazobenzene (traditionally
denoted as M4) are discussed in detail in reference 35. The matrix was dissolved in THF
(ca. 10 mg/ml) and this matrix solution was mixed with THF solutions (ca. 1 mg/ml) of
the POSS polymer analytes in a 10:1 ratio. Both the linear (lower resolution but larger
mass range) and the reflectron (higher resolution but smaller mass range) ion detection
modes were applied. The laser power was varied to obtain the best quality spectra but
avoid significant fragmentation in the MS studies. The MS/MS tandem experiments were
performed on an Ultraflex IIIl MALDI TOF-TOF instrument by using the LIFT technique

and applying higher laser powers than for the MS studies.
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An extended m/z range Waters QToF was used to perform the ESI experiments
described. The instrument makes use of nanoelectrospray ionization. The extended m/z
range of the quad allows selection of very large oligomers which have m/z in excess of

20,000 g/mol.

2.2.3 ATRP Synthesis of POSS Oligomers

2.2.3.1 PMA-POSS Oligomers

To a heat-dried 10 mL Schlenk flask with a magnetic stir bar were added Cu(I)Cl
(10.5 mg, 0.106 mmol), THF (0.5 mL), and PMDETA (22.2 uL, 0.106 mmol). After the
mixture was stirred for 10 minutes, MAPOSS (isobutyl) (1.00 g, 1.06 mmol), ethyl 2-
bromoisobutyrate (15.55 uL, 0.106 mmol) and THF (1.0 mL) were added to the dark
green solution of the catalyst and stabilizing agent. Three freeze-pump-thaw cycles were
then performed to remove oxygen. After polymerization at 50 °C for 16 h, the reaction
was cooled to room temperature and diluted with THF and passed through a wet activated
neutral alumina column to remove the catalyst and stabilizing agent. The colorless and
transparent dilute solution was concentrated by evaporation and precipitated in methanol
and dried under vacuum overnight. Monomer residues were removed by Soxhlet
extraction in methanol or acetonitrile for 5 days. The white polymer powder was vacuum
dried.

'H NMR (CDCls, 300 MHz): & 0.54 (d, 14H, SiCH,CH(CHj3),), 0.58 (t, 2H
SiCH,CH,CH,0C(0)-), 1.01 (d, 42H, SiCH,CH(CHs)»), 1.29 (s, 6H, -(CH3),C), 1.34 (s,
3H, -CH,C(CH3)), 1.6 (m, 2H SiCH,CH,CH,OC(O)-), 1.8 (m 7H, SiCH,CH(CHs)»),

1.81 (t, 3H CH;CH,OC(0)-), 1.91 (s, 2H, -CH,C(CHs)), 3.9 (t, 2H
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SiCH,CH,CH,OC(0O)-), 4.27 (q, 2H, -CH,0OC(O)-) ppm. Gel permeation
chromatography using THF as mobile phase gave M, of 8,480 g/mol (degree of
polymerization (X) = 9) and PDI of 1.05.

Ethyl isobutyrate (phenyl) POSS PMA oligomers was synthesized under identical
reaction conditions and fully characterized. Ethyl isobutyrate (Ph) POSS PMA
oligomers, 'H NMR of PMA-POSS (phenyl) oligomer (CDCls, 300 MHz): & 0.58 (t,
18H SiCH,CH,CH,OC(0O)-), 1.29 (s, 6H, -(CH3),C), 1.34 (s, 27H, -CH,C(CH3)), 1.6
(m, 18H SiCH,CH,CH,0C(0)-), 1.81 (t, 3H CH3;CH,0C(0O)-), 1.91 (s, 18H, -
CH,C(CH3)), 3.9 (t, 18H SiCH,CH,CH,OC(O)-), 4.27 (q, 2H, -CH,OC(O)-), 7.0 - 7.8
(m, 378H aromatic protons) ppm. Gel permeation chromatography using THF as mobile

phase gave M, of 8,250 g/mol (X=9) and PDI of 1.05.

2.2.3.2 Synthesis of Phthalimide POSS PMA Samples and Derivatives

ATRP was carried out using N-2-(2-(2-bromoisobutyryloxy)ethoxy)ethyl
phthalimide (81.2 mg, 0.211 mmol) (synthesized as described by Lecolley et al.)’” as
initiator under similar conditions as described above. Yield: 1.65 g of a white powder
(85%, 0.12 mmol)."H NMR (CDCls, 300 MHz): & 0.54 (d, 8H, SiCH,CH(CH3),), 0.58 (t,
2H SiCH,CH,CH,0C(0)-), 1.01 (d, 42H, SiCH,CH(CHjs),), 1.29 (s, 6H, -(CH3),C), 1.34
(s, 3H, -CH,C(CHs3)), 1.6 (m, 2H SiCH,CH,CH,0C(0)-), 1.8 (m 7H, SiCH,CH(CHj3),),
1.91 (s, 2H, -CH,C(CH3)), 3.72 (t, 2H CH,CH,OC(O)-), 3.76 (t, 2H, -OCH,CH,N-), 3.90
(t, 2H, -NCH>-), 3.9 (t, 2H SiCH,CH,CH,OC(O)-), 4.27 (t, 2H, -CH,0C(0)-), 7.70 —
7.86 (m, 4H aromatic protons) ppm. Gel permeation chromatography using THF as
mobile phase gave M, of 6500 g/mol (X= 7) and PDI of 1.05. IR 2953, 1729 (ester C=0O

stretch), 1464,1383,1366,1332, 1228,1087 (Si-O stretch), 836, 739 cm’™.
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Scheme 2.1. Synthesis of isobutyl POSS PMA polymers using phthalimide initiator
by ATRP.

2.2.3.3 Conversion of Phthalimide (i-butyl) POSS PMA to Primary Amine
Phthalimide (i-butyl) POSS PMA oligomer (0.5 g, 76.9 umol) was dissolved in
THF (10 mL) to which was added hydrazine hydrate (5 mL, 100 mmol) . The solution
was refluxed for 40 h. Deprotection was accompanied by the formation of a white
precipitate of phthalhydrazide. The salt was separated by filtration and the polymer was
then precipitated in methanol. The removal of solvent in vacuo gave the desired product,
which was further dried under high vacuum. Yield: 0.281 g (57 %, 44.1 umol) white
powder. 'H NMR (CDCls, 300 MHz): & 0.54 (d, 14H, SiCH,CH(CHs),), 0.58 (t, 2H
SiCH,CH,CH,0C(0)-), 1.01 (d, 42H, SiCH,CH(CH3)>), 1.29 (s, 6H, -(CH3),C), 1.34 (s,

3H, -CH,C(CHs)), 1.6 (m, 2H SiCH,CH,CH,0C(0O)-), 1.8 (m 7H, SiCH,CH(CHs)»),
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1.91 (s, 2H, -CH,C(CHa)), 2.8 (t, 2H, NH>»), 3.72 (t, 2H CH,CH,OC(O)-), 3.76 (t, 2H, -
OCH,CH,N-), 3.90 (t, 2H, -NCH>-), 3.9 (t, 2H SiCH,CH,CH,OC(O)-), 4.27 (t, 2H, -
CH,0C(0O)-) ppm. Gel permeation chromatography using THF as mobile phase gave a
M, of 6200 g/mol (X=7) and PDI of 1.1, IR 2953 (N-H stretch), 1729 (ester C=0O stretch),

1459,1366,1266,1087 (Si —O stretch), 834, 735 cm™.

2.2.3.4 Reaction of Primary Amine with Benzoyl Chloride

H;,N (i-butyl) POSS PMA oligomer (50 mg, 7.6 umol) was dissolved in
methylene chloride and triethylamine was used as base. Benzoyl chloride (18uL, 153
umol) (Ratio polymer: benzoyl chloride 1:20) was added and reaction was continued for
6 h (see Scheme 2.2). The solution was washed with water (3 x 10 mL) and the solvent
was removed in vacuo. The white powder was washed with methanol to remove the
benzoic acid formed and then vacuum dried. Yield = 38 mg (76%, 5.7umol). '"H NMR
(CDyCl,, 300 MHz): 6 0.54 (d, 14H, SiCH,CH(CH3),), 0.58 (t, 2H SiCH,CH,CH,OC(O)-
), 1.01 (d, 42H, SiCH,CH(CHs)»), 1.29 (s, 6H, -(CH3),C), 1.34 (s, 3H, -CH,C(CHs»)),
1.6 (m, 2H SiCH,CH,CH,0C(O)-), 1.8 (m 7H, SiCH,CH(CHs),), 1.91 (s, 2H, -
CH,C(CH3)), 3.72 (t, 2H CH,CH,0OC(0O)-), 3.76 (t, 2H, -OCH,CH,N-), 3.90 (t, 2H, -
NCH-), 3.9 (t, 2H SiCH,CH,CH,OC(O)-), 4.27 (t, 2H, -CH,OC(0O)-), 7.4 (t, 1H,
NHCO), 7.70 — 7.8 (m, 4H aromatic protons) ppm. Gel permeation chromatography
using THF as mobile phase gave a M,, of 7000 g/mol (X=7) and PDI of 1.1. IR 2953,
2870, 1785 (amide C=O stretch), 1726 (ester C=O0 stretch), 1599 (amide -NHCO stretch)
1464, 1451, 1401, 1383, 1366, 1322, 1228, 1211, 1170, 1087 (Si-O stretch), 996, 836,

739, 702 cm™.

41



triethylamine,
R.T., 4 h, R

R (@]
S5~ Oy . >siT s
O’’o 7 077o ;
R..20-__ 4\ 0 R-gi 0 ~g;-0\
Sig SI\RO @) RO
/ \ [\ LR
drl o/ cl QRg_ Dy
\Q.SI\O,///Sl\R \/Or \O'/// ~R
R/ (@] \R \R
R = Isobutyl R = Isobutyl

Scheme 2.2. Synthesis of Benzoyl isobutyl POSS PMA oligomer.

To compare with ATRP synthesized oligomers, POSS oligomers were also
synthesized by conventional free radical polymerization using AIBN. To an oven dried
round bottom flask was added (i-butyl) MA POSS (0.210 g, 0.22 mmol), AIBN (3.1 mg,
0.018 mmol) and degassed toluene (1.7 mL). The reaction was carried out for 2 days at
60 °C. The polymer was then precipitated as a white powder in methanol and dried under

vacuum overnight.

Isobutylnitrile (Cp) POSS PMA oligomers were synthesized by identical reaction

and fully characterized.

2.2.3.5 ATRP synthesis of phthalimide Styryl-POSS oligomers

To an oven dried 10 mL Schlenk flask was added Cu(I)Br (7.79 mg, 54.3 pmol),
Anisole (3 mL) and PMDETA (11.39 uL, 54.3 umol). The mixture was stirred for 10
min. Styryl-Poss (isobutyl) (0.5 g, 0.54 mmol), initiator N-2-(2-(2-
bromoisobutyryloxy)ethoxy)ethyl phthalimide (20.8 mg, 54.3 umol) were added to the

flask and three freeze-pump-thaw cycles were performed (see Scheme 2.3).
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Polymerization was carried out for 16 h at 90 °C. The reaction solution was then diluted
with 10 mL THF and passed through a column of neutral alumina to remove excess
catalyst. The colorless and transparent solution was concentrated by evaporation. The
polymer was then precipitated in methanol. The polymer was vacuum dried. Yield: 0.290
g White powder (58%). 'H NMR (CDCl3, 300 MHz): § 0.54 (d, 14H, SiCH,CH(CHj),),
1.01 (d, 42H, SiCH,CH(CHs)»), 1.29 (s, 6H, -(CH3),C), 1.8 (m 7H, SiCH,CH(CH3)»),
1.91 (s, 2H, -CH,C), 2.9 (t, 2H, -NCH>-), 3.4 (t, 2H, -OCH,CH,N-), 3.6 (t, 2H
CH,CH,0C(0)-), 3.8 (t, 2H, -CH,0OC(0)-), 7.70 — 7.86 (m, 36H aromatic protons) ppm.
Gel permeation chromatography using THF as mobile phase gave a M,, of 7,200 g/mol
(X=8) and PDI of 1.07. IR 2953, 1729 (ester C=O0 stretch), 1464,1383,1366,1332,

1228,1087 (Si-O stretch), 836, 739 cm™.

\
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Scheme 2.3. Synthesis of isobutyl POSS Styryl polymers using phthalimide initiator
by ATRP and conversion of phthalimide group to primary amine.
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Conversion of phthalimide (i-butyl) Styryl-POSS to primary amine and reaction
of primary amine with benzoyl chloride was carried out in a procedure similar to the one
described for phthalimide POSS PMA oligomers.

Primary-amine (i-butyl) Styryl-POSS oligomer, Yield: 0.290g white powder
(58%). 'H NMR (CDCl;3, 300 MHz): & 0.54 (d, 112H, SiCH,CH(CH3),), 1.01 (d, 336H,
SiCH,CH(CHs)a2), 1.29 (s, 6H, -(CH3),C), 1.8 (m 42H, SiCH,CH(CHs),), 1.91 (s, 16H, -
CH,C), 2.8 (t, 2H, -NCH>-), 3.4 (t, 2H CH,CH,OC(0)-), 3.6 (t, 2H, -OCH,CH,N-), 3.8
(t, 2H, -CH,0C(0O)-), 6.4 (t, 2H, NH,), 7.70 — 7.86 (m, 32H aromatic protons) ppm. Gel
permeation chromatography using THF as mobile phase gave a M,, of 5,800 g/mol (X=5)
and PDI of 1.05. IR 3200-3000 (N-H stretch), 1650-1580 (N-H bending), 1459, 1366,
1266, 1087 (Si —O stretch), 834, 735 cm'™.

Benzoyl (i-butyl) Styryl-POSS oligomer, Yield = 38 mg (76%, 5.7umole) white
powder. IR 2953, 2870, 1730 (ester C = O stretch), 1670 (amide C=O0 stretch), 1464,
1451, 1401, 1383, 1366, 1322, 1228, 1211, 1170, 1087 ( Si-O stretch), 996, 836, 739, 702
cm™.

The cyclopentyl and cyclohexyl species were prepared by identical reaction
conditions and fully characterized. Phthalimide (Cy) Styryl-POSS oligomer, 'H NMR
(CDCls, 300 MHz): & 0.60 (t, 42H, SICHCH,CH,CH>), 1.24 (m, 168H,
SiCHCH,CH,CH>), 1.29 (s, 6H, -(CH3),C), 1.75 (m, 252H, SiCHCH,CH,CH>), 1.91 (s,
16H, -CH,C), 2.9 (t, 2H, -NCH>-), 3.4 (t, 2H, -OCH,CH,N-), 3.6 (t, 2H CH,CH,OC(O)-),
3.8 (t, 2H, -CH,0C(0)-), 7.70 — 7.86 (m, 28H aromatic protons) ppm. Gel permeation

chromatography using THF as mobile phase gave a M,, of 5,800 g/mol (X= 6) and PDI
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of 1.07. IR 2953, 1729 (ester C=O stretch), 1464,1383,1366,1332, 1228,1087 (Si-O
stretch), 836, 739 cm™.

Phthalimide Styryl-POSS (cyclohexyl) oligomer, 'H NMR (CDCls, 300 MHz): &
0.60 (t, 42H, SiCHCH,CH,CH>), 1.24 (m, 168H, SiCHCH,CH,CHy), 1.29 (s, 6H, -
(CH3),C), 1.75 (m, 252H, SiCHCH,CH,CH>»), 1.91 (s, 16H, -CH»C), 2.9 (t, 2H, -NCH>-
), 3.4 (t, 2H, -OCH,CH,N-~), 3.6 (t, 2H CH,CH,OC(0O)-), 3.8 (t, 2H, -CH,OC(0O)-), 7.70
— 7.86 (m, 28H aromatic protons) ppm. Gel permeation chromatography using THF as
mobile phase gave an M;, of 5,800 g/mol (X= 6) and PDI of 1.07. IR 2953, 1729 ( ester
C=0 stretch), 1464,1383,1366,1332, 1228,1087 (Si-O stretch), 836, 739 cm™.

The GPC data is summarized in Table 2.1.

Table 2.1. M, and PDI values of PMA and Styryl POSS Oligomers

R group Ethyl isobutyrate- | Phthalimide-POSS | Primary Amine —
(Periphery) POSS g/mol (PDI) POSS g/mol (PDI)
g/mol (PDI)
Isobutyl PMA 8,480 (1.05) - -
Phenyl PMA 8,250 (1.05) - -
Isobutyl PMA - 6,500 (1.05) 6,200 (1.10)
Isobutyl Styryl - 7,300 (1.07) 5,800 (1.05)
Cyclohexyl Styryl - 5,800 (1.08) 5,700 (1.08)
Cyclopentyl Styryl - 4,500 (1.08) 3,500 (1.07)
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2.3 Results and Discussion

2.3.1 POSS PMA Oligomers
CH3CH,COOC-C(CHg),-[(i-Butyl); T7propylmethacrylate], -Br

The generalized structure of the ethyl isobutyrate POSS PMA oligomer is given
in Figure 2.2. It is the product of an ATRP synthesis and is terminated with a bromine
atom. Analysis by 'H and °C NMR and GPC, coupled with mass spectrometry are
consistent with this structure. Focusing on the MALDI and ESI results, (see ESI
spectrum in Figure 2.3) different series in the mass spectra are clearly evident and give
evidence for the range of oligomers synthesized by the ATRP. In fact, this series
represents the molecular mass limit under the ATRP conditions employed. The repeat
unit mass of 944 g/mol is common to both and corresponds to the structure shown in the
fig. 2.2. In the ESI spectrum the two closely spaced most intense peaks can be assigned
to sodiated and potassiated parent species, formed by the presence of adventitious ions.
The terminal Br has been replaced by an —OH group. The third most intense peak to the
right of these in each series is simply the protonated parent ion. The MSMS of the 2042
g/mol peak shows fragmentation corresponding to two paths. The first path involves loss
of (i-butyl);Ts(CH,);0CO and the second to loss of (i-butyl);Ts(CH,);0 fragments. This

provided guidance in the interpretation of the MALDI spectra.
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Figure 2.3. ESI mass spectrum of [(i-butyl); T;propylmethacrylate],. Most intense
peaks are assigned to sodiated and potassiated parent species, the terminal Br
being replaced with OH.

Figure 2.4 gives the MALDI spectrum obtained in the linear mode and shows a
progression of peaks out to n = 12 with the terminal Br replaced by an H atom. The inset
is an expansion of the typical set of three peaks centered on m/z ~3,929 with clearly
defined isotope splitting. The peak at m/z = 3,913 is the sodiated species while the peak
at 3,929 is the potassiated species. The less intense third peak (e.g. m/z 3,997) of the
repeating series can be assigned to the sodiated n+1 oligomer minus a (i-bu); Tg(CH,)s3-
fragment which is replaced by a hydrogen. The fragmentation occurs due to the thermal
elimination reaction in esters at high temperature in the gaseous state. This assignment

has been confirmed by MSMS spectra of the m/z 3,929 and the analogous 2,982 peaks
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which show fragmentations corresponding to the loss of one or more (i-bu);Ts(CH,)s-
units from the PMA backbone. The theoretical isotope distribution pattern for these two

peaks fits the experimental exactly, further supporting our assignment.

2953 . _ 4 3929.1 (K*)
n=3
4869
n=4
n=5 3912.9 (Na*)
PaN
3997.0
2041
n=2
A 3§oo | 3940 | 3§80 | 4d20
6755
9585 10531
n=10 n=11
2000 4000 6000 8000 10000 12000 14000

m/z
Figure 2.4. Ethyl isobutyrate Isobutyl POSS PMA MALDI mass spectrum
using 4,4’-dihydroxyoctoflyoroazobenzene matrix. Typical series shown in
expansion in region of m/z = 3900 - 4040.
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Figure 2.5. Ethyl isobutyrate Phenyl POSS PMA mass spectrum
using 4,4’-dihydroxyoctafluoroazobenzene matrix. Typical series
shown in expansion region of m/z = 7800.

This closely related material again was well characterized by NMR, GPC and mass
spectrometry. The MALDI mass spectrum when R = phenyl is shown in Figure 2.5.*
The repeat unit mass is 1,083 amu. Clearly resolved series are again observed out to n =
12, even though the synthesis stoichiometry was targeted for an octamer. GPC data (see
Table 2.1) shows that the average molecular weight of ~ 8,250 does correspond to this
stoichiometry and this is roughly reflected in the MALDI mass distribution which has
maximum in the octamer region. Similar to the isobutyl POSS PMA species above, the
two most intense peaks is an n-mer set, such as depicted in the inset, can be assigned to
adventitious sodiated and potassiated parent species that have Br replaced by an H-atom.

The intense third peak of the repeating series (e.g. m/z ~7808) can be assigned to the
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sodiated (n+1) oligomer minus a (phenyl);Ts(CH,);- fragment with the terminal Br
replaced by an H-atom. Relative intensity of this peak compared with the parent ion
increases with chain length since the increasing number of POSS side chains increases
the probability of their loss by fragmentation. The fourth peak of each sub-series(e.g. m/z
~7960) grows in relative intensity and is best interpreted as the loss of a second

(phenyl); Tg(CH,)s- fragment from the (n + 2) oligomer.
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Figure 2.6. ESI mass spectrum of [(phenyl);T;propylmethacrylate], The largest
peak in each series up to n = 6 corresponds to protonation of the parent.

The ESI mass spectrum is shown in Figure 2.6. A somewhat different series of
mass peaks arises under electrospray conditions in contrast to the isobutyl case. The
major mass peaks at m/z 3,440, 4,524 and 5,607 can be accounted for by protonation of
the parent bromo species rather than replacement of the terminal Br by -OH. The best

explanation of the peaks at m/z 3,163 and 4,246 is the potassiated species accompanied
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by fragmentation involving loss of a PhSiO-OSiPh edge from one of the trimer or
tetramer Ty cages.
CeH4(CO),NCH,CH,0CH,CH,00C-C(CHzs),-(i-Butyl); T7propylmethacrylate] ,.—Br

In an attempt to obtain NH,- substituted series of oligomers, intermediate
phthalimido-POSS PMA materials were synthesized which showed interesting studies in

themselves because they gave

quite good MALDI mass spectra. _
MA-POSS (isobutyl)
Polymer
The phthalimido-POSS M_ = 6500 g/mol
_ PDI = 1.05
PMA (isobutyl) oligomer series E
were successfully synthesized %
x
using the initiator N-2-(2-(2-
bromoisobutyryloxy)ethoxy)
ethyl phthahmlde Gel 1ll.5 ' 12I.O ' 12I.5 ' l?:.O ' 13:.5 ' 14I.0 ' l4l.5
. Retention Time
permeation chromatography
Figure 2.7. GPC of MA-POSS(isobutyl)
(GPC) gave number average polymer.

molecular weight of 6,500 g/mol (degree of polymerization X=7) and PDI 1.05 (see
Figure 2.7). Reaction of the phthalimide-POSS PMA (isobutyl) polymer with hydrazine
hydrate in THF reduced the phthalimide group to the primary amine giving H,N-POSS
PMA (isobutyl). Conversion from phthalimide to primary amine was studied by GPC
with UV detector, "H NMR and IR spectroscopy (see Figure 2.8 & Figure 2.9). UV-
active phthalimide compounds were observed in GPC trace using the UV detector at 254
nm. After the deprotection, the disappearance of absorbance in the GPC trace at 254 nm

confirmed the removal of the protecting group. In "H NMR there was no resonance
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detected between & 7.00 to 8.00 ppm further confirming the removal of the protecting
phthalimide group. In "H NMR and the IR spectrum the primary amine signals were
observed at § 2.8 ppm and 3000 — 3300 cm™ respectively.

To further confirm the presence of the primary amine, primary amine PMA
POSS oligomer was reacted with benzoyl chloride in methylene chloride employing
triethylamine as a base (see Scheme 2.2). The benzoyl derivative of PMA POSS
(isobutyl) oligomer was observed in GPC at 254 nm having a M,, of 6,800 g/mol (X=7)
and PDI of 1.06. In '"H NMR, resonances at § 7.7 to 7.8 ppm showed the presence of the
benzoyl group. The newly formed amide linkage was observed both in the '"H NMR and
IR spectrums at 8 7.4 ppm and 1599 cm™ respectively. The detection of the amide bond
formed by the reaction of benzoyl chloride with primary amine confirmed the presence of
amine group in PMA POSS oligomers.

Aromatic Peaks
Disappear

?n'atic Peaks /

@ﬂ oJ/m

I T T S T S S S S S R R S S R R S T RS U TR T R S A R S R S SRR
pBM (t1) 7.0 6.0 5.0 4.0 3.0 2.0 pBA (1) 7.0 6.0 5.0 4.0 3.0 2.0

Figure 2.8. "H NMR spectrum of phthalimide PMA POSS (i-butyl) (left); NH,-PMA
POSS (i-butyl) (right).
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Figure 2.9. Phthalimide (i-butyl) POSS PMA oligomers, (left) GPC with UV detector
at 254 nm, (right) IR spectra.

The MALDI mass spectrum of this phthalimidoester oligomer is quite similar to
the ethyl isobutyrate (i-butyl)POSS and phenyl POSS PMA species already discussed.
The total spectrum is characterized by the isobutyl POSS repeat unit of 944 amu and
clearly resolved series of three peaks observed up to n = 10, for the nominal octamer.

The mass spectra of the phthalimidoesters do show some unique features due to
fragmentation of the parent ion.

Assignment of fragment peaks is illustrated in Figure 2.10 which displays the
MALDI MSMS spectrum of one the highest mass trimer fragments at m/z 2,397. The
m/z 1,541 peak corresponds to the loss of a (ibu);Ts(CH;)s- fragment from one of the side
chains. The broad hump at ~ 2,020 corresponds to the loss of the phthalimide ester end-
group from the parent 2,397 peak. This 2,397 peak itself by similar analysis is the
disodiated parent ion minus a (ibu);Ts(CH,)s- cage fragment, the terminal Br being

replaced by a hydrogen.
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Figure 2.10. MSMS MALDI spectrum of phthalimido-Isobutyl

POSS PMA using 4,4’-dihydroxyoctofluoroazobenzene matrix for
the m/z 2397 peak.

NH,CH,CH,OCH,CH,00CC(CHz3),-[(i-Butyl); T;propylmethacrylate], -Br

This series of oligomers is prepared by converting this phthalimide material to
the amine as described in the experimental section. The interpretation of the MALDI
spectrum is complicated due to ion chemistry, in which the terminal amine reacts with the
ester linkages of the oligomer backbone, perhaps producing a series of cyclic amides in
the process. Complex spectra result in which the dominant peaks seem to arise by loss of
cage fragments such as C4HoS1, C4HySiO, and C4HoSi10,.

A weak series of high m/z peaks can be observed, however, which represent the
oligomer series A potassiated parent ion can be confidently assigned with the terminal
bromine replaced with a hydrogen. Sodiated peaks are occasionally observed. The

spectra and assignments are tabulated in the Appendix A.
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Scheme 2.4. Free radical termination in cyclopentyl POSS PMAoligomers. Scheme
I: single i-butylInitrile; Scheme I1: two i-butylnitrile groups. Cp = cyclopentyl.

[(R);T;Propylmethacrylate],[(CH3).CCN]m=12; R = i-butyl and cyclopentyl(Cp)
Isobutylnitrile isobutyl and cyclopentyl (Cp) POSS PMA materials were

synthesized using a conventional free radical procedure employing various mole ratios of
azoisobutyronitrile (AIBN). Scheme 2.4 shows the variety of ways in which these
oligomers (Cp in this example) can be terminated, either by an H atom or the
isobutyronitrile radical. The mass spectra obtained for the range of syntheses were of
very good quality and give evidence for oligomers out to the pentamer with peaks clearly
assigned to one or two isobutylnitrile terminal groups. Both sodiated and potassiated
species are observed with no di-H termination evident except for the dimer. This is
expected for relatively large amounts of AIBN used in the synthesis. The mass spectrum
repeat unit is 1028 amu for the cyclopentyl materials and 944 amu for the isobutyl
species, based on the monomer stiochiometry.

The isobutyl oligomer also shows a series of very low intensity peaks evident for
masses corresponding to the presence of three isobutyl nitrile groups. This occurs when

higher concentration of the initiator is present and is due to abstraction of a hydrogen
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radical from the backbone or periphery (R) group and subsequent reaction with a third

AIBN radical. Spectra and assignments are tablulated in Appendix A.

2.3.2 POSS Styryl Oligomers

Synthesis of styryl oligomers by ATRP provided an important contrast to the
PMA POSS oligomers already described. The phthalimido-StyrylPOSS oligomers were
successfully synthesized using N-2-(2-(2-bromoisobutyryloxy)ethoxy)ethyl phthalimide
as the initiator. Gel permeation chromatography gave a number average molecular weight
of 7,200 g/mol for R = isobutyl (degree of polymerization X=8. PDI = 1.07). Traces of
unreacted monomer were seen in gel permeation chromatography.

The reaction of phthalimido-StyrylPOSS(R) oligomers, where R = isobutyl,
cyclopentyl and cyclohexyl with hydrazine hydrate in THF reduced pthtalimide to the
primary amine giving H,N-StyrylPOSS (isobutyl).”*** The reactions were characterized
using IR spectroscopy (see Figure 2.11). In IR spectra, the intensity of the carbonyl peak
of the phthalimido-StyrylPOSS (R) polymer at 1720 ppm decreased by 90-95% (relative
to bands at 1080 cm™ and 2000-2250 cm™) after reaction with hydrazine hydrate
confirming the deprotection of the protecting phthalimide group. The newly formed
primary amine peaks were observed in the IR spectrum at 3200-3000 cm™ (stretching)
and 1650-1580 cm™ (bending).

Similar to the PMA POSS oligomer series the presence of the primary amine
group was verified by the reaction of H,N-StyrylPOSS(R) oligomers with benzoyl

chloride. The success of the reaction was confirmed by the formation of an amide peak at
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1690 cm™ in the IR spectrum, see Fig. 2.11.

s
X
Phthalimide-POSS
Primary amine-POSS
Benzoyl-POSS
3500 3000 2500 2000 1500 1000

-1
cm

Figure 2.11. IR of phthalimide (green), primary amine (black) and
benzoyl (red) Isobutyl Styryl-POSS oligomers.

CeH4(CO),NCH,CH,0CH,CH,00C-C(CH3)2-R)7T7(CsHsCHCHy)]—Br ; R = i-Butyl,
Cp, and Cy

The phthalimidoester styrylPOSS intermediates gave very good to excellent mass
spectra, once again giving evidence for ion chemistry products rather than simple parent
ions. These species are characterized by oligomer repeat units of 919, 1003 and 1001
mass units for the i-butyl, cyclopentyl and cyclohexyl R-groups, respectively. Figure
2.12 shows a comparison between spectra obtained in the new matrix and the standard 2-
(4hydroxyphenylazo)benzoic acid (HABA). The signal-to-noise ratio and resolution
show a significant improvement compared to the standard matrix. In fact, this is one of
the few examples of POSS oligomers for which any MALDI spectrum could be obtained

with a standard matrix.
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Figure 2.12. MALDI mass spectra of (Cp) styryl POSS in dihydroxy-
octafluoroazobenzene. Inset shows spectrum in HABA matrix.

The spectra of the styryl species are similar to the PMA materials, but are more
complex and show some very interesting differences. These differences are primarily
due to two steric factors, namely the nature of the all carbon backbone of the styryl POSS
series versus the ester backbone of the POSS PMAs, and the effect of the R-group size on
the conformation of the backbone and ability to protect the terminus.

The styryl POSS oligomer spectrum (Figure 2.12) is typified by the cyclopentyl
phthalimidoester (see Appendix A). Potassiated parent ions (M + K") are observed, but
are of low intensity. Assigned peaks show multiplets corresponding to sodiated and
potassiated species (e.g. 2354, 3369 and 4357) which have lost the terminal Br atom and
added a H atom as in the PMA series. The most intense peaks cannot be assigned to

simple molecular ion derived species, but correspond to the products of ion chemistry in
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the source. For example, when a terminal Br atom is lost, it is possible for the radicals
produced to couple and we observe mass peaks consistent with head-to-head coupling of
these fragments to generate protonated, sodiated and potassiated dimers (peaks at 2637,
3660, 4646, 4660, 5642 and 6647) up to 6-mers. The cyclopentyl group seems to be of
optimum size to “straighten” out the backbone so that the terminus of separate fragments
are exposed and can bond. Since the presence of a cation will not influence the
conformation of the styryl backbone as happens in the case of the PMAs via coordination
to carbonyl groups, backbone extension would be facilitated. For the larger R =
cyclohexyl only dimer and trimer coupling products are observed and none of the higher
oligomers present in the Cp mass spectrum were observed. This is presumably due to
steric reasons. When R = Cy and n > 3, more crowded species result which “protect” the
terminus so that it cannot couple. Instead, it adds a small H atom. Assignments
involving analyte/matrix complexes can be ruled out for all R-groups since all mass

peaks are common to spectra obtained in both 4,4’-dihydroxyoctafluoroazobenzene and

HABA matrices.
R"
R n . .
termination
fhs
R o R'=N=—C and R"=
/S| Si CH
0" /o / 3
R/~ ./o\
i Si or
0 \\R 0

Series A Series B
mass = n(919.6) + 68.1 + 1 + 23.0 mass = n(919.6) + 136.2 + 23.0

Scheme 2.5. Free radical termination in i-butyl POSS styryl oligomers. Scheme I:
single i-butylnitrile; Scheme I1: two i-butylInitrile groups.
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In the case of R = i-butyl, only dimer and trimer coupling reaction products are
evident, similar to the R- cyclohexyl oligomers, but for different reasons. The i-butyl
group is much small than the cyclopentyl or cyclohexyl groups. We have previously
observed that cages have a tendency to cluster due to van der Waals interactions which
become more important as the oligomer get larger.'' A small R-group enables closer
association of the cages as shown by modeling, the effect of which is to cause the
backbone to wrap around rather than to“straighten” and the species to become very
compact. The over-all effect is the same as a large R = cyclohexyl group blocking the
terminus; if the terminus is buried in the center of compacted oligomer it cannot couple
with another radical. It will be less accessable, especially for longer chains. High
resolution ion mobility studies will allow us to further characterizes such structures.

[(i-Butyl);T7(CsHsCHCH2)]1[(CH3)2CCN]m=1.23
Isobutylnitrile styryl-POSS oligomers were synthesized in the same way as the
POSS-propylmethacrylates under free radical conditions with the initiator concentration
ranging from 2 — 30 mol %. Scheme 2.5 depicts the synthetic routes which give rise to
two isobutylnitrile terminated species corresponding to the most intense observed peak
(B) in the mass spectrum (see Figure 2.13). The same series of very low intensity peaks
corresponding to the presence of three isobutylnitrile groups similar to that seen

previously in the isobutylPOSS PMA spectra is evident.
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Figure 2.13. Isobutylnitrile (i-butyl)styryIPOSS MALDI mass spectrum using
4,4’-dihydroxyoctofluoroazobenzene matrix. Labels A, B, And C correspond
to 1-3 isobutyInitrile groups.

2.4 Conclusions

We have succeeded in obtaining ESI and MALDI mass spectra on a variety of
PMA and styryl POSS oligomers, in some cases out to mass ~16,000 g/mol. MALDI
spectra were greatly enhanced with the use of a new matrix, 4,4’-
dihydroxyoctafluoroazobenzene. ATRP syntheses were much more effective than free
radical procedures in creating oligomers with many repeat units. ESI and MALDI mass
spectra of the ATRP products rarely gave true molecular ion peaks for any oligomer;
rather the terminal halogen was invariably replaced with a hydroxyl or hydrogen atom,
respectively. Single atom substitutions are not expected to change the conformation
relative to the parent species.

For the PMA series, the most intense peaks observed in the mass spectra correspond

to simple sodiated or potassiated species related to the substituted parent ion. Less
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intense peaks arise from fragmentations (generally loss of one or more of the POSS side
chains) and recombinations, since these processes have relatively low probabilities.
These are not of primary structural interest since they represent degraded parent
oligomers, but may give insight into how side chains affect backbone conformation.
MSMS was used to assign the major peaks for several sets of oligomers, and by analogy,
to develop a consistent explanation of the observed spectra for the PMA oligomers
studied.

The all-carbon backbone of the styryl materials was resistant to fragmentation but
the mass spectra obtained did show recombinations arising from the loss of the terminal
Br atom not observed with the POSS PMAs. Coupling of radicals produced by Br atom
loss gave rise to multimers. Differences in these ion chemistry products allowed us to
draw conclusions about the structures of the styryl species.

Free radical methods did not give materials with more than seven repeat units in
any case studied. Termination occurs via a H atom and/or one or two isobutylnitrile
moieties from the initiator depending on the amount present in the synthesis. The
intensity of peaks in the MALDI spectra in most cases is sufficient to obtain ion mobility

data.
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CHAPTER 3
SYNTHESIS AND SELF-ASSEMBLY OF ORGANIC-INORGANIC POSS -

POLY (ETHYLENE - BUTYLENE) BASED POLYMERS.

3.1 Introduction

Self-assembly in nature produces hierarchical structured materials with order on
length scales of a few nanometers to micrometers that are capable of performing
extremely complex functions. Extraordinary toughness in shells, functionality in
echinoderms (sea cucumbers) and cell mitosis are some of the features made possible by
the self-assembly of biological components.'™ Self-assembly is defined as “creation of
material from its constituent components in a spontaneous 'natural’ manner, i.e. by an
interaction between the components or by specific rearrangement of them, that proceeds
naturally without any external impetus”.* Inspired by nature’s ability to combine
dissimilar materials in an ordered manner, similar process have been replicated to
produce materials for novel applications.” Composite materials are a form of materials
that combine two or more separate components into a form suitable for the required
application.® The components of the composite retain their individual identity but exhibit
superior properties as compared to either of the individual components. Different top-
down and bottom-up approaches can be used to combine materials. Because of the cost
advantage the top-down approaches are the most widely used approach, however this
approach does not always provide complete control over the microscopic structure of the
material.” The bottom-up approach using block copolymers has shown immense promise
as it provides control over the microscopic structure, and thus also offers control over the
macroscopic properties of the hybrid materials.”®
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In this thesis, a bottom-up approach was used to combine the newly emerging
class of Polyhedral Oligomeric Silsesquioxanes (POSS) with conventional polymers to
produce hybrid materials which can be used for novel applications. A POSS has a generic
formula of R,(Si0; 5), where R are alkyl groups used for polymerization, grafting or
solubility and n is an even integer with n > 4.” The POSS molecule has an inorganic
silicon-oxygen core which is surrounded by organic alkyl periphery. The periphery of the
POSS occupies 70% volume of the molecule and plays a very important role in
determining the physical properties of the molecule. A cubic POSS molecule with seven
non-reactive groups and one reactive group has been the most commonly used POSS

: : . 10,11
molecule. It has been incorporated into a number of polymers such as epoxy resins,

15,16

polyimidies,'*"? polyacrylates,'*'* polyethylene oxide,'>'® polyethylene and

17,18

polystyrene. ”° However, as of today, only a few reports are concerned with utilizing

POSS as a building block to generate mesoscopically - ordered stuctures. POSS lamellae

were observed in random copolymers of POSS with epoxy resins and polyimides.'*" T

n
both studies, POSS was attached as pendant group from the backbone, the formation of
lamellae was due to entropic and intermolecular interactions of the POSS groups. POSS
molecules with short peripheral groups act as spheres and pack in a hexagonal
arrangement.”” However, when POSS is attached to the backbone, the connecting linkage
restricts the mobility of the cage and imposes considerable spatial constraints on the
crystal shape.”” Zheng et al. synthesized and studied butadiene — POSS random
copolymers and experimentally observed raft structures due to face to face packing of

POSS spheres.'” In the above study, though the phase separation was observed in random

copolymers, no long range order was observed. There are very few examples of
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incorporating POSS molecules in block copolymers. Pyun et al. synthesized poly
(methylacrylate-POSS(isobutyl)-b-n-butylacrylate-b-methcrylate-POSS(isobutyl))
triblock copolymers with varying block lengths, and at higher POSS content observed
cylinders of POSS with fairly good order."” Recently, Hirai et al. synthesized POSS
diblocks with either poly(methyl methacrylate) or polystyrene and observed POSS
lamellae with very good long range order.”'

In the present work, the synthesis of poly(ethylene-butylene-b-MA-POSS
(isobutyl)) diblock copolymers has been achieved, and the study of the block copolymer
morphologies by varying the volume fractions of MA-POSS and poly(ethylene-butylene)
(PEB). Hemi-telechelic hydroxyl-terminated polybutadiene homopolymers were
synthesized by anionic polymerization and hydrogenated to poly(ethylene-butylene)
(PEB) homopolymers. These were subsequentially allowed to react with EB —
bromoisobutyryl bromide to obtain PEB macroinitiatators for ATRP. A methacrylate
functionalized POSS was then polymerized by ATRP. The resulting diblock copolymers

have been fully characterized and the resulting morphologies investigated.

3.2 Experimental Section

3.2.1 Materials

The purification of hexane (99.9%+) (from Aldrich) to the standards required for
anionic polymerization has been described elsewhere.”? n-butyl lithium (1.6 M) in
hexanes, N,N,N",N",N""-pentamethyldiethyltriamine (PMDETA) (99%+), Cu(I)Cl
(99.99%+), Cu(ID)Br (99.99%), 3-(3,5.7,9,11,13,15-heptaiosbutylpentacyclo[9.5.1(3,9).1

(5,15).1 (7,13)] octasiloxan-1-yl)propyl methacrylate [MaPOSS(isobutyl)] (all from
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Aldrich) were used as received. EB-bromoisobutyrylbromide, triethylamine were dried
over CaHy, distilled and stored under N, atmosphere, THF was distilled over
sodium/benzophenone mixture (all from Aldrich). Ethylene oxide and butadiene (both

from Aldrich) were purified over n-butyl lithium using a manifold as described earlier.*®

3.2.2 Synthesis

3.2.2.1 Hydroxyl terminated polybutadiene

Dry hexane (300 mL) was distilled into a round bottom flask. THF (0.72 mL, 10.2
mmol) and n-butyl lithium (1.2 mL, 2.0 mmol) were cannulae transferred into the flask.
Butadiene (11.1 g, 0.20 mol), purified over n-butyl lithium at -10 °C for 1 hour was
transferred into the reaction flask using a manifold as described earlier.”® The ratio of
THF : n-butyl lithium was 5 : 1. The reaction was performed at room temperature for 24
h. Ethylene oxide (0.44 g, 10.2 mmol), purified over n-butyl lithium was transferred into
the reaction flask using the same manifold. The reaction was continued for 30 min and
terminated by the addition of methanol. The polymer was precipitated in cold methanol,
filtered and vacuum dried. Yield 10 g of viscous clear liquid (90%). M,, 5,800 g/mol
against PS standards with THF as the mobile phase. "H NMR (CDCls, 400 MHz): & 0.8 —
2.2 (aliphatic protons of all trans, cis and vinyl), 3.5 (CH, —OH), 4.9 (CH; vinylic), 5.4
(CH trans and cis ), 5.5 — 5.6 (CH vinylic) ppm. C NMR (CDCls, 400 MHz): 24 — 45
(aliphatic protons of all trans, cis and vinyl), 50.85 (CH, —OH), 114 (CH; vinylic), 127-

133 (CH trans and cis), 143 (CH vinylic) ppm.
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Caution: Extreme care has to be taken during the purification of butadiene to maintain
the temperature at -10 °C, b.p. of butadiene is -4 °C. Polymerization of butadiene is an

extremely dangerous reaction.

3.2.2.2 Hydrogenation of polybutadiene to poly(ethylene-butylene)

Polybutadiene (3 g, 0.055 mol of butadiene), p-toluene sulfonyl hydrazide (11.3 g,
0.061 mol) and tripropyl amine (13.9 mL, 0.073 mol) were dissolved in o-xylene (75 mL)
and refluxed for 4 h. The color of the reaction solution changes from colorless to orange.
The reaction solution was then washed with deionized water (4 X 30 mL) and the organic
layer was passed through basic alumina layer till colorless solution was obtained. The
polymer was precipitated in cold methanol, filtered and vacuum dried. Yield 2.8 g of a
viscous clear liquid (93%). 'H NMR (CDCls, 400 MHz): § 0.8 (CH,CHCH,CH3) 1.1 —
2.0 (all methylene protons), 1.64 (CH,CHCH,CH3), 3.5 (CH, ~OH). *C NMR (CDCls,
400 MHz): 10-11 (CH,CHCH,CH3), 24 — 38 (all methylene protons), 35 - 39

(CH,CHCH,CH3) ppm.
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Scheme 3.1. Synthesis of polybutadiene and poly(ethylene-butylene).

3.2.2.3 Synthesis of poly(ethylene-butylene) macroinitiator

Poly(ethylene-butylene) homopolymer (3 g, 0.51 mmol) was dissolved in THF
(10 mL) containing triethylamine (2.22 mL, 1.61 g, 16 mmol), the temperature was
reduced to 0 °C and EB-bromoisobutyryl bromide (0.61 mL, 1.14 g, 5.0 mmol) was
added to the flask dropwise over 15 min. After stirring for 24 h, the reaction solution was
dissolved in 20 mL methylene chloride. The solution was washed with water (2 x 20
mL), 2% HCI solution (1 x 20 mL) and water (1 x 20 mL) and then filtered over a plug of
silica with dichloromethane as eluent. Column chromatography was carried out with

hexane : ethyl acetate (20 : 1) as eluent. The solution was precipitated in cold methanol,
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filtered and vacuum dried. Yield 1.00 g of a viscous clear liquid (33%). '"H NMR (CDCl;,
400 MHz): ¢ 0.8 (CH,CHCH,CH3) 1.1 — 2.0 (all methylene protons), 1.29 ((CH3),C),

1.64 (CH,CHCH,CHs), 4.2 (CH,CH,OCO).

3.2.2.4 Synthesis of poly(EB-b-MA-POSS (isobutyl)) diblock copolymers

To an oven dried 10 mL round bottom flask was added poly(ethylene-butylene)
macroinitiator (0.14 g, 0.0241 mmol), MA-POSS(isobutyl) (0.91 g, 0.96 mmol) (Ratio of
PEB macroinitiator : MA-POSS(isobutyl) 1 : 40), PMDETA (5.55 uL, 0.0265 mmol),
THF (1.0 mL). Three freeze-pump-thaw cycles were performed. CuCl (2.38 mg, 0.024
mmol), CuBr; (0.539 mg, 0.00241 mmol, 10 mol% relative to CuCl) were added to the
mixture and again three freeze-pump thaw cycles were performed. Polymerization was
carried out for 24 h at 50 °C. The reaction solution was then diluted with 10 mL THF and
passed through a column of neutral alumina to remove catalyst. The colorless transparent
solution was concentrated by evaporation. The polymer was then precipitated in
methanol. The polymer was vacuum dried. Yield 0.21 g of a white powder (19.0%). 'H
NMR (CDCl3, 400 MHz): 6 0.54 (SiCH,CH(CH3),), 0.58 (SiCH,CH,CH,OC(O)-), 6 0.8
(CH,CHCH,CH3), 1.01 (SiCH,CH(CHs),), 1.1 — 2.0 (all PEB methylene protons), 1.29
((CH»):C), 1.34 (CH,C(CH3)), 1.6 (SiCH,CH,CH,0OC(O)-), 1.64 (CH,CHCH,CH3), 1.8
(SiCH,CH(CH3)»), 1.91 (CH2C(CH3)), 3.9 (SiCH,CH,CH,OC(0)), 4.2 (CH,CH,OC(O))
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Scheme 3.2. Synthesis of PEB macroinitiator and p(EB-b-MA-POSS (isobutyl))
diblock copolymers.

3.2.3 Polymer Characterization

Gel permeation chromatography (GPC) measurements were performed in

tetrahydrofuran (THF) at 1.0 mL/min using a Knauer K-501 pump with a K-2301

refractive index detector and K-2600 UV detector, and a column bank consisting of two

Polymer Labs PLGel Mixed D columns at 40 °C. Molecular weights are reported relative

to polystyrene standards (Polymer Labs, Inc.). Nuclear magnetic resonance (NMR)

spectra were collected on Bruker 400 MHz instrument and obtained from CDCIl; solution.

"H NMR spectra were referenced to residual CHCl; at 7.26 ppm and °C NMR spectra

were referenced to residual CHCI; at 77.16 ppm. Infrared (IR) spectra were obtained on a
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Perkin-Elmer Spectrum One FTIR spectrometer equipped with an ATR accessory. The
spectra were obtained on vacuum dried bulk samples.

Thermogravimetric analysis (TGA) was carried out using a TA Instruments TGA
2950 thermogravimetric analyzer with a heating rate of 10° C/min from room
temperature to 700° C under air. (40 mL/min). Samples for Differential Scanning
Calorimetry (DSC) were thermally annealed at 150 °C and allowed to cool to room
temperature over a period of 3 h. DSC was performed on TA Instruments DSC Q1000
and the heating and cooling rates of the sample were 10 °C / min.

Samples for Small angle X-ray scattering (SAXS), Wide angle X-ray scattering
(WAXS) and Transmissions electron microscopy (TEM) were cast from concentrated
solutions of polymer in toluene and then thermally annealed at 150 °C under vacuum for
48 h. SAXS was performed using Ni-filtered Cu Ko radiation (A=1.54 A) from a Rigaku
rotating anode (operated at 60 kV, 45 mA). The X-ray was collimated by a set of three
pinholes. A CCD detector (Siemens Hi-Star), located at a camera length of 1192.5 mm,
was used to record scattering patterns. WAXS was carried out on the thermally annealed
materials with a Siemens D500 diffractometer in transmission mode and Cu KEB
radiation. MA POSS (isobutyl) monomer was studied as received. The scan range of 20
was 5°- 30° with a step interval of 0.1°. A photographic plate was used as detector kept at
a distance of 119 mm from the sample. Samples for electron microscopy were prepared
by microtoming the annealed samples at different temperature (-60° to -30°) using a
diamond knife. Approximately 50-100 nm thick sections were collected. TEM studies
were performed using a JEOL 1000CX transmission electron microscope operated at 100

kV. No staining of the samples was performed.
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Diblock samples for tensile testing were prepared by compression molding at 130
°C under a pressure of 5 metric ton for 20 mins. The temperature was allowed to
gradually cool down to room temperature. Mechanical properties were measured using an
Instron 4411 series tensile tester equipped with a 100 N load cell and data was collected
with LabView software. Tests were conducted on specimens of width and thickness equal
to approximately 0.4 — 0.8 mm and 0.17 mm respectively, using a crosshead velocity of
10 mm/minute and a gauge length of the samples were 4mm and 8mm. The tensile
specimens were prepared according the methods suggested in ASTM standards C 1557-
03 and D 3379-75. Though these standards have been developed for single filament
materials, we have applied the same technique to test a small quantity of synthesized
polymer. The method involved gluing the specimens at each end to a cardboard backing
using Devcon five-minute epoxy. Two holes in the cardboard backing were used to
ensure a consistent gauge length. The center section of the backing was removed after the
sample was fixed in the Instron grips. The grips were arranged with pin ends between the
Instron foundation and the gripping surface so the direction of applied force and vertical

axis of the specimen were coincident.

3.3 Results and Discussions

3.3.1 Synthesis and Hydrogenation of Polybutadiene

Anionic polymerization is the preferred technique for synthesis of polybutadiene
of desired molecular weights with low polydispersity indexes.** The reactions were
carried out in hexane and n—butyl lithium was used as the initiator. A stoichiometric

amount of THF relative to n-butyl lithium was used to control the 1,4 and 1,2 content in
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the polymer.*>*°

The 1,2 content in the polybutadiene backbone can be increased, by
increasing the amount of THF added to the reaction solution. 'H NMR and quantitative
C NMR were used to quantitatively determine the amount of 1,2 content in the
polybutadiene homopolymer.?” The use of THF also helps in lowering the reaction time
of the polymerization by breaking the hexameric aggregates of n — butyl lithium in
hexane to dimeric aggregates. Smaller aggregates lead to faster initiation and also help in
lowering the PDI of the polymer.”® The reaction was end capped with ethylene oxide and
then terminated with methanol. During the ethylene oxide transfer a small oxygen leak
leads to radical-radical coupling which can be seen by the presence of a high molecular
weight shoulder in the GPC. Four different molecular weights of polybutadiene were

synthesized with varying 1,2 content from 56% to 28% as shown in table 3.1.

Table 3.1. Molecular weights of poly(ethylenebutylene) and p(EB-b-MA-
POSS(isobutyl)) diblock copolymers.

No. Copolymer M, PEB| % 14 M, p(EB-b- | Niethylene- | Neposs) | fe)
g/mol | content MA-POSS butylene)
(PDI)* (isobutyl))

g/mol (PDI)

1 | E(44)B,p7POSSy | 5,800 44 14,200 107 9 0.46
(1.04) (1.05)

2 | E(65)B350POSS;7 | 19,000 65 35,000 350 17 10.60
(1.14) (1.1)

3 | E(63)Bs3:,POSS,s | 34,200 63 60,600 632 28 10.62
(1.09) (1.08)

4 | E(72)B1972POSS;5 | 56,000 72 70,100 1072 15 10.84
(1.05) (1.06)

a - Molecular weight determined by GPC against PS standard, b - Molecular weight determined by 'H
NMR, N - number of repeat units, f - volume fraction, assuming density of poly(ethylene-butylene) 0.91
g/cm’® and density of poly(MA-POSS (isobutyl)) 1.15 g/em’® (by ASTM D792-00).
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Hydrogenation of the butadiene samples was carried out using the procedure
developed by Hahn.*” Poly(ethylene—butylene) formed by hydrogenation of
polybutadiene has an apparently slightly lower molecular weight than the corresponding

polybutadiene as determined by GPC (Fig. 3.1).

Polybutadiene Poly(ethylene-
M, 4,800 g/mol, butylene)
PDI 1.05 M_4,000 g/mol

PDI 1.05

Response (mV)

Time (mins)
Figure 3.1 GPC of poly(butadiene), M, — 5,800 g/mol and PDI 1.05 and
poly(ethylenebutylene), M, — 5,000 g/mol and PDI 1.05.

The saturated hydrocarbon backbone formed after hydrogenation increases the
flexibility of the backbone, thereby reducing the radius of gyration (R,) of the polymer
thus apparently lowering the molecular weight of the polymer. No significant change is
observed in the PDI of the polymer after hydrogenation. In 'H and >C NMR spectra, the
resonances corresponding to the unsaturated protons in the region & 4.9-6.0 and the
unsaturated carbon peaks at 6 114-143 either completely disappear or are reduced by over
99% confirming nearly quantitative hydrogenation.”® The hydrogenation reaction was

also characterized by IR spectroscopy, absorbance of alkene stretching at 1630 cm™
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disappears after hydrogenation and new peak at 720 cm™ appears due to CH, rocking

vibration in PEB.

3.3.2 Synthesis of PEB Macroinitiator and p(EB-b-MA-POSS(isobutyl)) Diblock
Copolymer

The hydroxyl terminated PEB was reacted with a-bromoisobutyryl bromide in the
presence of triethylamine to obtain PEB macroinitiators for atom transfer radical
polymerization (ATRP) (Scheme 3.2). The macroinitiator synthesis was monitored by 'H
NMR, the resonances corresponding to methylene protons a to the hydroxyl group in
PEB shift downfield from & = 3.4 ppm to 6 = 4.2 ppm indicating the formation of an ester
bond and no residual resonance is observed at 6 3.4 ppm after the reaction indicating
complete consumption of the starting material. Methacrylate functionalized POSS
monomer was polymerized by ATRP using standard conditions and the PEB
macroinitiator (Scheme 3.2). Unreacted monomer was removed either by precipitation or
by Soxhlet extraction in methanol for 2 — 7 days. The GPC traces of PEB of molecular
weight M;, 19,000 g/mol and p(EB-b-MAPOSS (isobutyl)) of molecular weight M,

35,000 g/mol are shown in Fig. 3.2.
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Response (mV)

T T T T T T T T
13 17 20 23 27

Figure 3.2. GPC of (a) PEB, 19,000 g/rTr;r:)(Ie ;?I;Szb) p(EB-b-MA-PQOSS (isobutyl))
diblock copolymer (E(65)B350POSS;7), 35,000 g/mol.

A clear shift in the peak to higher molecular weight and very little overlap with
the peak corresponding to the macroinitiator clearly shows the incorporation of the POSS
block. The PDI of the p(EB-b-MA-POSS (isobutyl)) diblock copolymers was fairly
narrow (PDI < 1.14). The number of units of POSS attached to PEB backbone were
calculated by comparing the methyl peak integrations of the butylene units at 5 = 0.8 to
the integration of methyl peaks of the isobutyl periphery of POSS at 6 = 1.01. The
maximum number of units of POSS attached to PEB backbone was 28. Various
compositions of the diblocks synthesized are listed in Table 1. The nomenclature of the
diblock copolymers is on the basis of number of repeat units of EB and POSS and %
ethylene content in PEB block, copolymer 1 with 107 units of EB, 9 units of POSS and a

ethylene content of 44% is thus named E(44)B¢7POSSo.
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3.3.3 Polymer Characterization

3.3.3.1 Thermal Stability

The thermal stability of the polymers under atmospheric conditions was studied
using TGA. MA-POSS (isobutyl) homopolymer (PMAPOSS) having 10 repeat units
were synthesized by ATRP as a control sample. Decomposition temperatures (5 wt %
loss temperature) of PMAPOSS and PEB under air are 324 °C and 311 °C respectively

(Fig. 3.3).

100 4
90
80

70

2 .
& 60
%, 50
© ]
= 404 poly(MA-POSS)
& (a)
09 —— ()
] (c)
20
| —@)
104 poly(ethylenebutylene)
0 T T T T T T T T T T T T T
0 100 200 300 400 500 600 700

Temperature (OC)

Figure 3.3. TGA of poly(MA-POSS (isobutyl)), a)E(44)B1,7POSSg, b)
E(65)B350P08817, C)E(63)BG32POSSZB, d)E(72)81072P08815 and
poly(ethylenebutylene).
The decomposition temperatures of the copolymers vary from 279 °C to 377 °C
and are reported in table 3.2. The char yield percentages of the homopolymers and the

diblock copolymers are also reported in table 3.2. As anticipated, as the amount of POSS

is reduced, the char yield of the copolymer also reduces.
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Table 3.2. TGA and DSC data for p(EB-b-MA-POSS(isobutyl)) diblock copolymers.

No Copolymer Decomp. % Te@n) | Tmes) | Teross)| Tmeposs) |[AHposs)
Temp. |Char| cC) [ cO | CO | O | Jg
©C) | yield

1 | E(44)B,p7POSS, 279 38.9 -58 - 80 118 0.18

2 | E(65)B350POSSy7 326 18.1 -44 15 69 113 0.03

3 | E(63)Bs32,POSSys 309 7.4 -44 16 85 105 2.77

4 1 E(72)B1972POSS;5 377 53 -32 43 - - -

T, — glass temperature transition, T, — Melting point, AH — endothermic heat of melting, Decomp.
Temp. — Decomposition Temperature

3.3.3.2 DSC Studies

The thermal behavior, phase separation and crystallization in p(EB-b-MA POSS
(isobutyl)) block copolymers was studied by DSC. The DSC results for the diblock
copolymers are shown in Table 3.2 and Fig. 3.4. Diblock copolymer E(44)B;¢;POSSo has
two different glass transition temperatures. The first Tyxp) at -58 °C corresponds to the
glass transition temperature of the EB phase and the second Tywmaross) at 80 °C
corresponds to the glass transition temperature of the MAPOSS phase. This sample has a
melting point Tmaross) at 118 °C which corresponds to the melting of POSS crystals.
The presence of two glass transitions in the copolymer indicates that the chains of the
POSS and EB phase are immiscible and are phase separated. The weak melting peak at
118 °C with a heat of melting (AH) of 0.18 J/g shows that the POSS crystals are very

small and ill-defined. Copolymer E(44)B;¢;POSSo has more butylene segments than
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ethylene segments which prevents the crystallization of ethylene chains and thus we do

no observe a melting point corresponding to the EB phase .

0.0
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Figure 3.4. DSC of a)E(44)B1¢7POSSy, b) E(65)B350POSS17, C)E(63)Bs3,POSS,5 and
d)E(72)B1972,POSS;s.

Two glass transition temperatures and two melting points were observed for
E(65)B350POSS;7 diblock copolymer. As the EB phase in these diblock copolymers has
higher ethylene content, the Ty«p) increases to — 44 °C. The Tymaross) 18 at 69 °C. The
melting point Ty of the ethylene crystals in the EB phase is observed around 15 °C
and the Trmaross) is at 113 °C. Both EB and MAPOSS phases crystallize and are phase
separated.

Two glass transition temperatures and two melting points were also observed for

diblock copolymer E(63)Bg32.POSS;s. The thermal transitions corresponding to the EB
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phase are similar to the thermal transitions observed in diblock copolymer
E(65)B350POSS7. The Tymaross) s at 89 °C. The difference in T, of the MAPOSS phase
in all three diblock copolymers is due to the different morphologies of the diblock
copolymers (as discussed below) and due to the different crystalline content of POSS in
the MAPOSS phase. Copolymer E(63)Bg3,POSS,s with maximum 28 units of POSS
shows the highest AH of 2.7 J/g.

Copolymer E(72)B;97,POSS;5 with the highest ethylene content has the highest
Tyep) at -32 °C and highest Trykp) at 43 °C. Due to the low weight percent of POSS (20
wt %) in the copolymer, the thermal transitions corresponding to the POSS phase could
not be detected by DSC.

Based on the thermal data from the DSC, both phases of the p(EB-b-MAPOSS
(isobutyl)) copolymers are semi-crystalline. There are only a few studies on the
morphological behavior of diblock copolymers with two semi-crystalline phases.*'** The
crystallization of the phases can significantly affect the phase separation of the block

copolymer and can lead to unexpected non-equilibrium structures.

3.3.3.3 WAXS Studies

The crystallization behavior of the diblock copolymer was studied using Wide
angle X-ray scattering (Fig. 3.5). The MAPOSS monomer is a highly crystalline material,
where POSS packs as spheres or cubes in an hexagonal arrangement.”” However, when
POSS is covalently attached to a polymer backbone their crystallization is restricted to
2D sheets due to the geometric constraints of attaching POSS to the polymer chain.'” The
WAXS profile of PMAPOSS and PEB are shown in Fig. 3.5. The WAXS of the

PMAPOSS (Fig. 3.5a) has two broad peaks centered at 20 = 8.61° and 18.36°. There was
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no crystallization observed in the homopolymer, the attachment of POSS spheres to the
backbone and the short propyl acrylate chain joining the POSS cubes to the backbone
restricts the mobility of the cubes and presumably prevents crystallization. In figure 3.5f,
the top trace of PEB homopolymer of molecular weight 34,200 g/mol shows two broad
peaks centered at two theta values of 11.0° and 19.0°. The broad peaks observed in
WAXS profile of PEB indicate that the 37% butylene content in PEB homopolymer

prevents crystallization of the ethylene segments in the EB phase.

10.76 A° 8.10 A° 478 A° 4.66 A°

Intensity (a.u.)

2 theta (degrees)
Figure 3.5. (left) WAXS of (a) poly (MA-POSS (isobutyl)) homopolymer, (b)

E(44)Blo7POSSQ, C) E(65)B350P05817, d) E(63)8632POSSZS, e) E(72)Blo72POSS;L5 and
f) E(63)Bg32 homopolymer.

The WAXS profile of the p(EB-b-MA-POSS (isobutyl) copolymers also do not

show sharp crystalline peaks. The positions of the peaks in the diblocks are summarized
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in Table 3.3. All of the diblock copolymer samples have peaks centered at 26 around 8.4°
and 18.8°. As the number of POSS units are increased, an additional peak centered at 20
=11.01° is observed. With increasing POSS content, the position of the peak shift to
lower 20 values indicating an increase in d-spacing of the crystal. The absence of the
sharp peaks in the WAXS profile of the diblock copolymers along with the presence of
melting transitions in the DSC suggests that both the ethylene and POSS crystals formed
in the diblock copolymer are very small and ill-defined.

Table 3.3. Summarized WAXS results of the homopolymers and diblock

copolymers.
No. Copolymer 20 values
(degrees)
(a) Poly (MA-POSS 8.61, 18.36
(isobutyl))
(b) E(44)B;¢7POSS, 8.67, 18.52

(©) E(65)B35,POSS7 8.34, 11.01, 18.79

() E(63)Bg32POSS:s 8.23, 10.90, 18.98

(e) E(72)B1072POSS15 8.83,19.01

(f) E(63)Bé32 11.17, 19.06

3.3.3.4 Morphology Studies

Small angle X-ray scattering (SAXS) was used to study the phase separation of
the diblock copolymers. Intensity (I) versus scattering vector (q) plots are shown in Fig.
3.6, where q is defined as the scattering vector of the Bragg peak with the lowest
scattering angle. The TEM images of p(EB-b-MAPOSS (isobutyl)) diblock copolymers

are shown in fig. 3.7. Diblock copolymers were not stained since the silicon in the POSS
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phase provides sufficient mass contrast. The black domains in the TEM images
correspond to the POSS phase while the white phase corresponds to the PEB phase.
Diblock copolymer E(44)B;¢;POSSy has a number average molecular weight of 14,200
g/mol with relative volume fraction of EB:POSS of 0.44:0.56. The SAXS profile of
E(44)B(7;POSSy shows only one broad peaks with a maximum at g* = 0. 43 nm™ and a
corresponding d-spacing of 14.6 nm. The broad shape of the peak indicates that the
copolymer is in a phase-mixed state. The corresponding TEM image (not shown here)
also does not show a phase separated block copolymer morphology. Copolymer
E(44)B;(7;POSSy has low total degree of polymerization (N) and thus it does not phase
separate. By increasing the total number of repeat units in the copolymer, phase

separation would be expected.

Intensity (a.u.)

(@)

: : : : :

0.0 0.5 1.0 1.5 2.C
-1

q(nm’)

Figure 3.6. SAXS of p(EB-b-MA-POSS (isobutyl)) diblock copolymers
a)E(44)Blo7POSSQ, b) E(65)8350P08817, C)E(63)8632POSSQS and d)E(72)Bm72POSSl5.
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Diblock copolymer E(65)B350POSS;7 has a total molecular weight of 35,000
g/mol with relative volume fraction of EB:POSS of 0.60:0.40. The SAXS profile of
E(65)B350POSS,7 has three peaks in scattering ratio of q* : \/3q* : 2q* with a d-spacing of
31.7 nm. The scattering profile of the sample indicates a cylindrical morphology. The
TEM image of the corresponding sample shows white cylinders of EB phase hexagonally
packed in black POSS phase. The average of 10 images of the hexagonally packed
cylinders shows that the volume occupied by the EB cylinders is 60 % of the total volume
of the hexagons. The SAXS profile and the TEM image suggests an inverse cylindrical
morphology where the majority volume EB phase packs as cylindrical structures and the
minority MAPOSS phases occupies the matrix around the cylinders.

The formation of inverse cylindrical morphology can be explained based on two
factors; conformational asymmetry (&) and/or the flexibilty of the connecting blocks.
Milner, Matsen and others have independently predicated that there is a shift of order —
order transition towards the compositions richer in the segments possessing longer
statistical segment length and away from the segment possessing higher segmental
volume.***’ The backbone of PMAPOSS copolymer would have comparable statistical
segment length to the PMMA homopolymer but due to the size of the POSS cage
attached to the back bone the segmental volume of the PMAPOSS copolymer would be
very large. The diameter of a single POSS molecule with an isobutyl periphery is around
1.5 nm, the difference in segmental length and segmental volume can lead to an
asymmetry in the block copolymers. This would shift the phase diagram away from the
MAPOSS segments and towards the EB segments. Even at higher POSS fractions, the

morphologies rich in EB segments would be obtained and would explain the formation of
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EB cylinders in the POSS matrix at the relative volume fractions of EB:POSS at

0.60:0.40.

Figure 3.7. TEM of p(EB-b-MA-POSS (isobutyl)) diblock copolymers a)
E(65)8350POSS17, b) E(63)BG32P08823 and C)E(72)81072P08815.

Another factor which can lead to inverse cylindrical morphology is the relative
flexibility of the EB and MAPOSS chains. In the cylindrical morphology, the chains in

the core of the cylinder are more stretched than the chains which occupy the matrix
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around the cylindrical domains.”® Thus, the flexible chains tend to occupy the center of
the cylinders while the stiffer chains occupy the matrix surrounding the cylinder.”® It is
observed in coil-comb copolymers, where flexible coils occupy the center of the
cylindrical morphology and the comb phase occupies the matrix around the cylinders.*
The bulky POSS groups attached to methacrylate backbone can act as anchors and
prevent the stretching of the MAPOSS chains. Thus the MAPOSS segments could
occupy the periphery of the cylinder and the flexible EB segments would occupy the core

of the cylinder. In figure 3.8, a wedge of the cylinder shows that the chains in the core

are more stretched than the chains in the periphery of the cylinder.

Figure 3.8. Wedge of a cylinder with the chains in the core being more stretched

than the chains in the periphery. The shaqled plane shows the interface between the
To determine the order-disorder tr(:r]::;‘gf)ln temperature (Topr) of the diblock

copolymer, the SAXS profiles of the diblock copolymer were obtained at temperature
intervals of 10 °C from 150 °C to 270 °C. Above 200 °C, the V3q* peak in SAXS begins
to diminish and a new peak appears at the scattering ratio of 3q*. The cylindrical
morphology of the diblock copolymer transforms to lamellar morphology with three
Bragg peaks in the scattering ratio g*: 2q*: 3q* (Fig 3.9). The d-spacing of the lamellae
is 26.9 nm which is lower than the d-spacing of the corresponding cylinders (31.7 nm).

Transformation of the cylindrical to lamellae morphology by annealing at higher

temperature and reduction in d-spacing indicates that the cylindrical morphology is an

90



intermediate morphology and lamellae is the equilibrium morphology for the
E(65)B350POSS;7block copolymer. The Topr of the diblock copolymer is greater than

270 °C, which is the upper temperature limit of our SAXS instrument.

d-26.9nm @ 275 °C

Intensity (a.u.)

d-31.7nm @ 150 °C

0.0 I OI.5 I 11!0 I 1.5
q(nm”)
Figure 3.9. SAXS of E(65)B350POSS;7 at different temperatures

Diblock copolymer E(63)Bg3,POSSys has a total molecular weight of 60,600
g/mol with relative volume fraction of EB:POSS of 0.62:0.38. The SAXS profile of
E(63)Bg3,POSS,5 has two peaks, the first peak at q" = 0.128 nm™' with a d-spacing of 49.6
nm and second broad peak around 1.8q* (Fig. 3.6¢). The scattering profile of the sample
does not clearly indicate the morphology of the block copolymer. The TEM image of the
corresponding sample shows random lamellae of POSS in the PEB matrix (Fig. 3.7b).

The sample was again annealed at 150 °C for 48 h and quenched to room
temperature. The quenched sample E(63)Bg3,POSS,sis called q-E(63)Bg3,POSS,s. The
SAXS profile of copolymer q-E(63)Bs3,POSSys has scattering ratio q* : 2q™* and a d-
spacing of 46.8 nm (Fig. 3.10A). The TEM image of the sample shows lamellae

morphology with good long range order (Fig. 3.10B).
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Figure 3.10. (A) SAXS of diblock copolymer (a) E(63)Bs3,POSS,s and (b) quenched-
E(63)Bs3,POSS,s and (B) TEM image of quenched-E(63)Bs3,POSSs.

The quenched sample has better order than the sample which was allowed to
slowly cool to room temperature. The DSC result of slowly cooled diblock copolymer
E(63)Bg32POSSys (Fig. 3.11a) showed a melting peak of POSS at 105 °C and heat of
melting AH 2.76 J/g whereas no melting point was observed for quenched copolymer g-

2.05
210
215 (b)
220
225
2304
235
240
245 (@)

Heat Flow (W/g)

-2.50—-
-2.55
1 T, -105°C

2607 AH =278 J/g

-2.65

T T T T T T T T
90 100 110 120 130
Temperature (°C)

Figure 3.11. DSC plots of (a) E(63)Bes3,POSS2s and (b) quenched - E(63)Bg3,POSS2s
diblock copolymer.
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Formation of highly ordered lamellar structure at high temperature and random
lamellar structure at room temperature can be explained by the crystallization in the
POSS phase and dependence of morphology on y of the polymer. During the slow
cooling of the block copolymer, crystallization occurs in the phase separated melt
domains of MAPOSS and EB phases. Due to the lower Gibbs free energy associated with
crystallization, the crystallization is favored over the block copolymer morphologies. The
block copolymer lamellar domains are disrupted by the crystallization, leading to
formation of random lamellar structures in the slowly cooled samples.

Diblock copolymer E(72)B;¢7,POSS;s has a molecular weight of 70,100 g/mol
with relative volume fraction of EB:POSS of 0.84:0.16. The SAXS profile of
E(72)B1072POSS ;5 has only one peak with the maximum at q* = 0.129 nm’' and the
corresponding d-spacing is 48.6 nm (Fig. 3.6d). The TEM image of the corresponding
sample shows the block copolymer has POSS spheres confined in a EB matrix (Fig.
3.7¢). Due to the spherical shape of the POSS cage, it is difficult for POSS cubes to pack
into spherical geometry. The absence of higher order peaks in the SAXS profile and the
TEM image shows that the spheres do not pack in body centered cubic or face centered
cubic arrangements.

Confirmation asymmetry (g) can be estimated using the formula € = BA/Bg where
B = vo/b® (v, = statistical segmental volume and b = statistical segmental length).* In EB
chain, the ethylene segment has 4 carbon units in the backbone and thus the segmental
length (betyiene) Would be approximately 0.5 nm whereas in the butylene segments there
are 2 carbon units in the backbone and the segmental length (bpygyiene) Would be

approximately 0.25 nm. The average segmental length of EB unit (bgg) would be 0.375
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nm. The POSS repeat unit with 2 carbon atoms would have byaposs of approximately
0.25 nm. Assuming that the statistical segmental volume is proportional to the length of
the pendant unit, the length of EB unit with pendant butylene units would be
approximately 0.25 nm and the length of MAPOSS unit would be 1.5 nm. Thus the ¢ for
the diblock copolymer would be & = (Vopossy/ Vo) (b s/ b’poss), € =

(1.5/0.25)(0.375%/0.25%) i.e. € = 13.5.

3.3.3.5 Tensile testing

Mechanical studies were performed on copolymer E(72)B;¢7,POSS;s using a
Instron 4411. Copolymer E(72)B972POSS;s contains flexible PEB block and hard MA-
POSS (isobutyl) (block) and thus can be expected to show elastomeric character. Figure
3.12 shows the tensile test of three different samples of copolymer E(72)B;¢72POSS;5s
having slightly different thickness and width and two different gauge lengths (4 mm and
8 mm).

The tensile testing result of copolymer E(72)B¢72POSS;s shows that the
copolymer has ultimate tensile strength on the order of ~ 1 MPa and elongation at break
in the range 40 - 52% (see Fig. 3.12). The modulus of the material is in the range 3.6 —
5.2 MPa. Modulus and tensile strength are both comparable to conventional SEBS
polymers. The elongation of the copolymer E(72)B;¢72POSSs is lower at 50% which
could be due to high ethylene content and crystallinity in PEB block. Preliminary
mechanical results for copolymer E(72)B;¢7,POSS;5s look promising even though the
samples were not annealed nor were the processing conditions optimized. Systematic
mechanical studies will be carried to study the mechanical response of these materials

comparing them with conventional thermoplastic elastomers.
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Figure 3.12. Tensile test of E(72)B107,POSS;5 sample.

3.4 Summary

Low PDI poly(ethylene-butylene) homopolymers and p(EB-b-MA-
POSS(isobutyl)) diblock copolymers were synthesized by a combination of anionic
polymerization and ATRP. Both phases of MA-POSS and EB crystallize depending upon
the number of repeat units of MAPOSS and 1,4-content in the EB chains. Three different
morphologies i.e. cylinders, lamellae and spheres of the semicrystalline diblock
copolymer were obtained by changing the relative volume fractions of EB and POSS
phases. Inverse cylindrical morphology was observed, with majority 60 volume % EB
block forming the cylindrical phase while the minor MAPOSS phase occupies the
periphery around the cylinder. This is presumably was due to conformational asymmetry
or relative flexibility of the phases. Crystalline lamellar morphology was obtained due to
the crystallization of the POSS cubes or due to high  values. Further investigations are
ongoing to study the morphology of the block copolymers under different annealing

conditions, different crystalline content and lowering EB volume fractions.
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CHAPTER 4
SYNTHESIS AND MORPHOLOGICAL STUDIES OF POSS CONTAINING

ORGANIC - INORGANIC TRIBLOCK COPOLYMERS

4.1 Introduction

Nature has combined organic and inorganic compounds to produce materials with
synergistic properties showing extraordinary strength, toughness, hardness and
functionality.'” Nacre of shell is one of the most studied material displaying very high
strength, toughness and hardness due to the brick and mortar structural arrangement of
inorganic calcium carbonate platelets and organic proteins.' Other examples include the
skeleton of sponge and diatoms formed by the self-assembly of organic—inorganic

components and produce superior material properties for precise functions.”*

Material scientist, inspired by nature, are trying to combine dissimilar materials
which could lead to novel functions giving access to a wider spectrum of applications.” A
number of approaches (bottom-up and top-down) have been developed to combine
organic and inorganic materials.*’ Clay composites produced by top-down approaches
are one of the most widely studied hybrid materials.® Exfoliated structures of the
composites lead to superior thermal and mechanical properties.” However, the top-down
approach is an energy intensive approach and does not offer control over the molecular
and supramolecular architectures which control the macroscopic properties of the
nanocomposites. It also suffers from serious limitations of non-uniform dispersion of the
clay in the organic matrix leading to non-uniform properties. On the other hand, the
bottom-up approach covalently combines organic-inorganic materials to form truly

molecular dispersed nanocomposites with complete control over the molecular
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architecture. Sol-gel the most widely used bottom-up approach is an extremely cost
effective technique leading to molecular dispersed nanocomposites.'’ However it does
not offer complete control over the mesoscopic scale that is at length scale of tens to
hundreds of nanometers. Other bottom-up approaches like self-assembly and templated-
assembly have gained importance as they offer control over mesoscopic length scales.”
Self-assembly of block copolymers offer control over the nanometer length scales and
provides a mean to make hierarchical structures for various applications.'"'? Self-
assembly of block copolymers is formed by weak non-covalent interactions between the
polymer segments of the block copolymer leading to phase segregation and thus forming

different morphologies in both bulk and solution.'*"

In this thesis, we describe the use of Polyhedral Oligomeric Silsesquioxanes
(POSS) as nanoscopic inorganic building blocks in triblock copolymers to generate
hybrid organic-inorganic materials. Silsesquioxanes are regarded as one of the most
promising and rapidly emerging nanobuilding blocks in the field of organic-inorganic
nanocornposites.14 A common molecular formula of POSS is R7(SiO; 5)sX. It has an
inorganic core that resembles silica with eight silicon atoms bridged by twelve oxygen
atoms; core has dimensions comparable to polymer segments and coils. It has seven
organic substituents which make it compatible with monomers/polymers and one reactive
group (X) which can be used for polymerization or grafting. POSS monomers act as
spheres or cubes and arrange in one plane on hexagonal arrays.'>'® POSS has been
successfully incorporated as filler for material reinforcement in several different

17,18

polymeric systems to improve the mechanical, thermal and other properties. >~ However

it is difficult to obtain uniform dispersion of POSS in the matrix and this leads to non—
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uniform macroscopic properties. POSS has also been covalently bonded to polymers such
as epoxy resins,® polyimides,”” polyethylenes,” polystyrenes *' and polynorbornenes.®
However, as of today, only a few reports are concerned with utilizing POSS as a building

6,22

block to generate mesoscopically-ordered structures.”” POSS lamellae were observed in

19,20
““ However, the

random copolymers of POSS with epoxy resins and polyimides.
lamellae were not continuous and their length was less than 100 nm. Formation of
lamellae as explained by simulations was due to strong face-to-face packing of bulky
POSS groups.” Zheng et al. have synthesized random copolymers of POSS and
butadiene by ring-opening metathesis polymerization (ROMP) and experimentally
observed raft structures due to the tendency of POSS particles to pack face-to-face.”'
Pyun et al. have used atom transfer radical polymerization (ATRP) to synthesize p[(MA-
POSS)-b-(n-butylacrylate)-b-(MA-POSS)] (ABA) triblock copolymers.® Microphase
separation and cylindrical structures could be observed for samples with a higher POSS
content. A similar synthetic strategy was adopted by Intasanta et al. to synthesize diblock
copolymers of POSS and poly(methyl methacrylate).>* It was hypothesized that because
of the steric hindrance of bulky POSS group, maximum number of repeat units of POSS
that can be polymerized by ATRP is 10. Recently, Hirai et al. synthesized POSS diblocks

with either poly(methyl methacrylate) or polystyrene and observed POSS lamellae with

very good long range order.*

In the present work, we report the synthesis of a series of p(MA-POSS(isobutyl)-
b-Styrene-b-MA-POSS(isobutyl)) triblock copolymers and study the block copolymer
morphologies by varying the volume fractions of MA-POSS and polystyrene (PS).

Telechelic hydroxyl-terminated polystyrene homopolymers for the central block were
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synthesized by anionic polymerization. These were subsequentially allowed to react with
a-bromoisobutyryl bromide to form o—® difunctional macroinitiators for ATRP. A
methacrylate functionalized POSS was then polymerized by ATRP. The resulting
triblock copolymers have been fully characterized and the resulting morphologies

investigated.

4.2 Experimental Section

4.2.1 Materials

The purification of styrene (99%), benzene (99.9%+) (both from Aldrich) to the
standards required for anionic polymerization has been described elsewhere.” t-
Butyldimethylsiloxypropyl lithium (0.5 M) in hexane (from FMC Lithium) was used as
received. Tetrabutyl ammonium fluoride (1.0 M) (TBAF) in THF, pyridine,
N,N,N",N",N""-pentamethyldiethyltriamine (PMDETA) (99%+), Cu(I)Cl1 (99.99%+),
Cu(ID)Br (99.99%), 3-(3,5.7,9,11,13,15-heptaiosbutylpentacyclo[9.5.1(3,9).1 (5,15).1
(7,13)] octasiloxan-1-yl)propyl methacrylate [Ma-POSS (isobutyl)] (all from Aldrich)
were used as received. a.-Bromoisobutyrylbromide, triethylamine were dried over CaH,,
distilled and stored under N, atmosphere, THF was distilled over sodium/benzophenone
mixture (all from Aldrich). Ethylene oxide (from Fluka) was purified over n-butyl lithium

. . . .2
using a manifold as described earlier.”
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4.2.2 Synthesis

4.2.2.1 Synthesis of Hemi-telechelic Polystyrene

Dry benzene (300 mL) was cannulae transferred into a 500 mL round bottom
flask under dry nitrogen. Dry THF (2.2 mL, 0.027 mol) and styrene (30 mL, 0.260 mol)
were then cannulae transferred into the flask. The reaction solution was titrated with t-
butyldimethylsiloxylpropyl lithium initiator until a light yellow color appeared followed
by immediate addition of the desired quantity of t-butyldimethylsiloxypropyl lithium
(5.32 mL, 2.71 mmol) to achieve the target molecular weight. The molar ratio of
THF:initiator was 10:1. The reaction was performed at room temperature for 4 hours.
Ethylene oxide (0.59 g, 13.58 mmol), purified over n-butyl lithium, was transferred into
the reaction flask using a manifold as described earlier.”® The reaction was continued for
30 min and terminated by addition of methanol. The polymer was precipitated in cold
methanol, filtered and vacuum dried. Yield 26 g of a white powder (96%). '"H NMR
(CDCl3, 400 MHz): 6 0.2 (s, 6H, Si(CH3),C(CHj3)s, 0.9 (s, 9H, Si(CH3),C(CHzs);, 1.1
(m, 2H, SiOCH,CH,CH>), 1.2 — 2.2 (m, 3H, -CH,CH(C4Hs)), 1.48 (m, 2H,
SiOCH,CH»CH,), 1.77 (m, 2H, CH,CH,0OH), 3.4 (t, I1H, CH,CH,OH), 3.5 (m, 2H,

CH,CH,OH), 3.5 (m, 2H, SiOCH,CH,CH,), 6.3 — 7.4 (m, SH, aromatic protons).

4.2.2.2 Deprotection of Siloxyl group

Hemi-telechelic polystyrene (M, 5,000 g/mol, 10 g, 2.0 mmol) was dissolved in
THF (50 mL). TBAF (2 mL, 2.0 mmol) was added and the cleavage reaction was
conducted at room temperature for 24 hours. The reaction product was then passed

through the column of silica with THF as solvent and then precipitated in cold methanol.
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Yield 9.3 g of a white powder (93%). "H NMR (CDCls, 400 MHz): & 1.1 (m, 2H,
HOCH,CH,CH>), 1.2 — 2.2 (m, 3H, -CH,CH(C4Hs)), 1.48 (m, 2H, HOCH,CH,CH>),
1.77 (m, 2H, CH,CH,OH), 3.5 (m, 2H, CH,CH,OH), 3.5 (m, 2H, HOCH,CH,CH>), 3.7

(t, 2H, HOCH,CH,CH,), 3.7 (t, IH, CH,CH,OH), 6.3 — 7.4 (m, 5H aromatic protons)

X
\Y n \‘\‘\
>\ O .~ _ > >.\Si/O L
Si VRN n-1

VAR

CgHg , THF
RT.3h N, O O

G 2 | (i) MeOH

H H
O - 0 TBAF >~\Si/o OH
THF, 24 h 7N "

Scheme 4.1. Synthesis of hemi-telechelic and telechelic polystyrene.

4.2.2.3 Synthesis of Polystyrene Macroinitiator

Telechelic polystyrene (M, 5000 g/mol, 1 g, 0.2 mmol) was dissolved in pyridine
(50 mL), the temperature was reduced to 0 °C and a-bromoisobutyryl bromide (4.6 mL,
0.2 mol) was added dropwise to the flask over 15 min. The contents of the flask
immediately turned milky yellow. After stirring for 24 hours, the reaction solution was
dissolved in 100 mL methylene chloride. The solution was washed with water (2 x 25
mL), 1% HCI solution (2 x 25mL) and water (1 x 20 mL) and then filtered over a plug of

silica with THF as eluent. The product was precipitated in cold methanol and vacuum
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dried. Yield 0.71 g of a white powder (71%). '"H NMR (CDCl;, 400 MHz): & 1.1 (m, 2H,
OCOCH,CH,CH>), 1.2 - 2.2 (m, 3H, -CH,CH(C¢Hs)), 1.29 (s, 6H, -(CH3),CBr), 1.48
(m, 2H, OCOCH,CH»CH,), 1.77 (m, 2H, CH,CH,OCO), 3.5 (m, 2H, CH,CH,OCO), 3.5

(m, 2H, OCOCH,CH,CH,), 6.3 — 7.4 (m, 5H aromatic protons) ppm.

4.2.2.4 Synthesis of p(MA-POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl)) triblock
copolymers

To an oven dried 10 mL round bottom flask was added polystyrene macroinitiator
(M, 5,000 g/mol, 0.2 g, 0.04 mmol), MA-POSS(isobutyl) (1.509 g, 1.6 mmol), PMDETA
(16.72 pL, 0.08 mmol) and THF (1.5 ml). Three freeze-pump-thaw cycles were
performed. CuCl (7.9 mg, 0.08 mmol), CuBr; (1.7 mg, 10 mol% relative to CuCl) were
added to the mixture and again three freeze-pump thaw cycles were performed.
Polymerization was carried out for 24 hours at 50 °C. The reaction solution was then
diluted with 10 ml THF and passed through a column of neutral alumina to remove
excess catalyst. The colorless transparent solution was concentrated by evaporation. The
polymer was then precipitated in methanol. The polymer was vacuum dried. Yield 0.95 g
of a white powder (52.7%)."H NMR (CD,Cl,, 400 MHz): & 0.54 (d, 112H,
SiCH>CH(CHs;),), 0.58 (t, 16H SiCH,CH,CH,OC(O)-), 1.01 (d, 336H,
SiCH,CH(CHs)2), 1.29 (s, 6H, -(CH3),C), 1.34 (s, 24H, -CH,C(CH3)), 1.6 (m, 16H
SiCH,CH,>CH,OC(0)-), 1.8 (m 42H, SiCH,CH(CHs),), 1.91 (s, 16H, -CH>C(CHs)), 3.72
(t, 2H CH,CH,OC(0O)-), 3.76 (t, 2H, -OCH,CH,N-), 3.90 (t, 2H, -NCH>»-), 3.9 (t, 16H
SiCH,CH,CH»,OC(0)-), 4.27 (t, 2H, -CH,OC(0O)-), 7.70 — 7.86 (m, 4H, aromatic

protons) ppm.
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Scheme 4.2. Synthesis of polystyrene macroinitiator and p(MA-POSS(isobutyl)-b-

Styrene-b-MA-POSS(isobutyl)) triblock copolymers.

4.2.2.5 Synthesis of PMMA-POSS samples

To an oven dried 10 ml Schlenk flask was added Cu(I)CI (20.4 mg, 0.211 mmol),

THF (0.5ml) and PMDETA (44 pl, 0.211 mmol). The mixture was stirred for 10 min.

MAPoss(isobutyl) (2.00 g, 2.12 mmol), initiator N-2-(2-(2-

bromoisobutyryloxy)ethoxy)ethyl phthalimide (81.2mg, 0.211 mmol) (synthesized as

described by Lecolley et al.) and THF (1mL) were added to the flask and three freeze-

pump thaw cycles were performed.*’ Polymerization was carried out for 16 hours at 50

°C. The reaction solution was then diluted with 10 mL THF and passed through a column
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of neutral alumina to remove catalyst. The colorless and transparent solution was
concentrated by evaporation. The polymer was then precipitated in methanol. Unreacted
monomer was then removed by Soxhlet extraction in methanol for 3 days. The polymer
was vacuum dried. Yield: 1.65g of a white powder (85%, 0.12 mmol).

'H NMR (CDCls, 300 MHz): & 0.54 (d, 112H, SiCH,CH(CHj3),), 0.58 (t, 16H
SiCH,CH,CH,0C(0O)-), 1.01 (d, 336H, SiCH,CH(CHjs),), 1.29 (s, 6H, -(CH3),C), 1.34
(s, 24H, -CH,C(CH,)), 1.6 (m, 16H SiCH,CH,CH,OC(O)-), 1.8 (m 42H,
SiCH,CH(CHs),), 1.91 (s, 16H, -CH,C(CH3)), 3.72 (t, 2H CH,CH,OC(O)-), 3.76 (t, 2H,
-OCH,CH,N-), 3.90 (t, 2H, -NCH>-), 3.9 (t, 16H SiCH,CH,CH,OC(O)-), 4.27 (t, 2H, -
CH,0C(0)-), 7.70 — 7.86 (m, 4H aromatic protons) ppm. Gel permeation
chromatography using THF as mobile phase gave M, of 6500 g/mol (X= 7) and PDI of
1.05. IR 2953, 1729 (ester C=0 stretch), 1464,1383,1366,1332, 1228,1087 (Si-O stretch),

836, 739 cm’.

4.2.3 Polymer Characterization

Gel permeation chromatography (GPC): GPC measurements were performed
in tetrahydrofuran (THF) at 1.0 mL/min using a Knauer K-501 pump with a K-2301
refractive index detector and K-2600 UV detector, and a column bank consisting of two
Polymer Labs PLGel Mixed D columns at 40°C. Molecular weights are reported relative
to polystyrene standards (Polymer Labs, Inc.). Preparative GPC was carried out in THF at
5 mL/min using a pump (HP Series 1050) with a refractive index detector (HP 1047A)
and one Polymer Labs ResiPore 3 um (300 x 7.5 mm) columns. THF solutions containing

25 mg/mL of polymers were used.
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Nuclear magnetic resonance (NMR): All NMR spectra were collected on
Bruker 400 MHz instrument and obtained from either CDCl; solutions or CD,Cl,
solutions. "H NMR spectra were referenced to either residual CHCl; at 7.26 ppm or
residual CHDCL at 5.30 ppm. *C NMR spectra were recorded on 400 MHz and were
referenced to residual CHCl; at 77.16 ppm

Infrared (IR) spectroscopy: Infrared spectra were obtained on a Perkin-Elmer
Spectrum One FTIR spectrometer equipped with an ATR accessory. The spectra were

obtained on vacuum dried bulk samples.

Thermogravimetric analysis (TGA): TGA was carried out using a TA
Instruments TGA 2950 thermogravimetric analyzer with a heating rate of 10° C/min from

room temperature to 800° C or 750° C under air at a flow rate of 40 mL/min.

Differential Scanning Calorimetry (DSC): Samples for DSC were thermally
annealed at 150 °C and allowed to cool to room temperature over a period of 3h. DSC
was performed on TA Instruments DSC Q1000 and the heating and cooling rates of the
sample were 10 °C / min.

Small angle X-ray scattering (SAXS), wide angle X-ray scattering (WAXS)
and Transmission Electron Microscopy (TEM): Samples for SAXS, WAXS and TEM
were cast from concentrated solutions of polymer in toluene and then thermally annealed
at 150 °C under vacuum for two days. SAXS and WAXS were performed using Ni-
filtered Cu Ko radiation (A=1.54 A) from a Rigaku rotating anode (operated at 60 kV, 45
mA). The X-ray was collimated by a set of three pinholes. A CCD detector (Siemens Hi-
Star), located at a camera length of 1192.5 mm was used to record SAXS patterns. A

photographic plate kept at a distance of 139 mm was used to collect WAXS patterns.
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Samples for electron microscopy were prepared by microtoming the annealed samples at
room temperature using a diamond knife. Approximately 50-100 nm thick sections were
collected. TEM studies were performed using a JEOL 2000CX transmission electron
microscope operated at 200 kV. No staining of the samples was performed.

Static Light Scattering (SLS): SLS experiments were performed at room
temperature using an ALV unit equipped with an ALV/SP-125 precision goniometer
(ALV-Laser Vertiebsgellschaft m.b.h., Langen, Germany), an Innova 70 argon laser (A =
514.5 nm, maximum power 3 W, Coherent Inc.) operated at 300 mW, and a
photomultiplier detector (Thorn EMI Electron Tubes). Signal from the detector was
processed by an ALV5000 Multiple Tau Digital Correlator board and associated
software. The sample was vacuum dried prior to use. Four different samples having
different concentrations (2.0, 3.0, 4.0 and 5.0 mg/mL) were prepared by using HPLC
grade toluene as solvent. Each sample was analyzed at eight different angles (40°, 50°,
60°, 70°, 80°, 90°, 100° and 110°).

Determination of Specific Refractive Index Increments (dn/dc): The specific
refractive index measurement of MA-POSS (isobutyl) homopolymer was determined on
a Wyatt Optilab rEX refractive index detector, operating at laser wavelength of 685.0 nm
and 25 °C. The sample was vacuum dried prior to use. Five different concentrations (1.0,
2.0, 3.0, 4.0, and 5.0 mg/mL) were prepared using toluene as solvent. Sample preparation
was done according to the same procedure used for the SLS experiment. Samples were
introduced at 1.0 ml/min rate to the RI detector at ambient conditions using a syringe

pump. The dn/dc values were determined by using Wyatt Astra V software.
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4.3 Results and Discussions

4.3.1 Synthesis of Hemi-telechelic & Telechelic Polystyrene

Anionic polymerization was chosen to synthesize hemi-telechelic polystyrene
because of the ability to precisely control the molecular weight and obtain narrow
polydispersities. A common method to synthesize difunctional monomodal polymers by
anionic polymer require difunctional initiators and high vacuum polymerization
techniques.**® An alternative approach was used, in which monofunctional t-
butyldimethylsiloxy propyl lithium was used as the initiator and the polymerization of
styrene was performed under an inert atmosphere. The polystyryl anion was end-capped
with ethylene oxide and then terminated with methanol. This procedure provides a hemi-
telechelic polystyrene block with the t-butyldimethylsiloxy (TBDMS) protecting group
on one end and a hydroxyl group on the other end (Scheme 1).

To accelerate the initiation step, THF was added to the reaction, the hexameric
aggregates of n-butyllithium in benzene are broken into dimeric aggregates in the
presence of THF thereby lowering both reaction times and polydispersity.”’ Three
different samples of hemi-telechelic-polystyrene i.e. M, 5,000, 15,000 and 40,000 g/mol
with low polydispersities (PDI<1.1) were obtained (Table 4.1). The hemi-telechelic
polystyrenes were reacted with tetrabutyl ammonium fluoride (TBAF) to cleave the
TBDMS protecting group (Scheme 4.1). The deprotection of hemi-telechelic PS to
telechelic PS was confirmed by IR and '"H NMR spectroscopy. In IR spectroscopy (Fig.
4.1) the Si-CHj stretching band at 840 cm™ and in "H NMR (Fig. 4.2) the t-butyl peaks at

d = 0.9 ppm and dimethyl peaks at 6 = 0.3 ppm of hemi-telechelic polystyrene disappear
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after the deprotection with TBAF indicating complete deprotection of the protecting

group.
/ L
W/
Hemitelechelic PS M/
Si-CH; stretch 840
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Si-O-Si stretch 1083 —
/L

1 7/ 1 1
3500 3000 1500 1000
cm-1

Figure 4.1. IR of (top to bottom) hemi-telechelic polystyrene, telechelic polystyrene,
polystyrene macroinitiator and p(MA-POSS(isobutyl)-b-Styrene-b-MA-
POSS(isobutyl)) triblock copolymers.

Figure 4.2. 'H NMR of (left) hemi-telechelic (PS) and (right) telechelic PS.
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Table 4.1. Molecular weights of polystyrene and p(MA-POSS(isobutyl)-b-Styrene-b-
MA-POSS(isobutyl)) triblock copolymers.

No. Sample M, M, Nistyrene) | Nposs) | fpolystyrene)
Polystyrene p(MA-
g/mol POSS(isobutyl)
(PDI)* -b-Styrene-b-
MA-
POSS(isobutyl)
) (PDI)"
1 POSS¢-Sus- 5,000 16,320 48 12 0.32
POSS; (1.1) (1.2)
2 | POSS;0-Si30- 13,500 32,370 130 20 0.43
POSS (1.06) (1.1)
3 | POSSs-Si30- 13,500 28,600 130 16 0.49
POSS; (1.06) (1.1)
4 POSS35- 40,000 65,480 384 27 0.63
S3g4- (1.03) (1.04)
POSSi35

a: Molecular weight determined by GPC, b: Molecular weight determined by 'H NMR, N is number of
repeat units, f is the volume fraction, assuming a density of polystyrene — 1.05 g/cc and density of MA-
POSS (isobutyl) — 1.15 g/cc (by ASTM D792-00).

4.3.2 Synthesis of Polystyrene Macroinitiator and p(MA-POSS(isobutyl)-b-Styrene-
b-MA-POSS(isobutyl)) Triblock Copolymer

The hydroxyl terminated telechelic polystyrene was allowed to react with a.-
bromoisobutyryl bromide in pyridine to obtain a a— difunctional polystyrene ATRP

macroinitiators (Scheme 4.2).

The formation of macroinitiators were monitored by 'H NMR, the resonances for
the methylene protons a to the hydroxyl group in telechelic PS shift from 6 3.4 to 6 4.0

ppm indicating the formation of an ester bond and no peak is observed at 6 3.4 ppm after
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the reaction indicating consumption of the starting material. The formation of the
difunctional macroinitiators was further confirmed by IR spectroscopy, the band at 1735
cm’’ confirmed the presence of the newly formed carbonyl (C=0) groups (Fig. 4.1).
Methacrylate functionalized POSS monomer was polymerized by ATRP using standard
conditions and the a— difunctional macroinitiator. Previous work in our group,24 and by
others have shown that due to the steric hindrance, the number of repeat units of MA-
POSS that can be attached by ATRP is limited to approximately 10.° However, we have
now found that the use of copper(Il) bromide as a co-catalyst in ATRP allows for an
increase of the number of repeat units of POSS above 10 and also results in a lowering of
the PDI. Triblock copolymers of p(MA-POSS(isobutyl)-b-Styrene-b-MA -
POSS(isobutyl)) were obtained that have PDI values lower than 1.3. The ATRP reactions
were monitored by 'H NMR, as the reaction progressed, the intensity of the vinyl protons
of the MA-POSS monomer at 6 5.6 ppm and o 6.1 ppm decreased, thus by comparing the
vinyl resonances of the monomer with the aromatic resonances of PS macro-double
initiator the percentage of monomer consumption was calculated. The GPC traces of
polystyrene of molecular weight M, 5,000 g/mol and p(MA-POSS(isobutyl)-b-Styrene-b-

MA-POSS(isobutyl)) of molecular weight M,, 16,500 g/mol are shown in Fig. 4.3.
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Figure 4.3. GPC of (a) PS homopolymer (5,000 g/mol) and (b) POSSg-S45-POSSs
triblock copolymer (16,500 g/mol).

A clear shift in the peak to higher molecular weight and very little overlap with
the peak corresponding to the macroinitiator clearly shows the incorporation of the POSS
block. Unreacted monomer was removed either by precipitation, Soxhlet extraction or
preparative GPC. The number of POSS units attached to the polystyrene backbone were
calculated by comparing the integrations of the methylene resonances o to the acrylate
bond in MA-POSS (isobutyl) to the aromatic polystyrene resonances in 'H NMR spectra.
Various compositions of the triblock copolymers synthesized are listed in Table 4.1. The
nomenclature of the triblock copolymers is on the basis of number of repeat units of
styrene and POSS, copolymer 1 with 48 units of styrene and 12 units of POSS is named
POSS6-S43-POSS¢. We have assumed equal distribution of POSS units on both sides of

the central PS block.
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4.3.3 Polymer Characterization

4.3.3.1 Morphology

The morphology and aggregation of POSS triblock copolymers were studied by
WAXS, SAXS and TEM. The samples were thermally annealed at 150 °C for 2 days
which is well above the glass transition temperature (T,) of either blocks (PS ~ 100 °C
and MA-POSS (isobutyl) homopolymer ~ 30 °C). The annealing temperature was
selected to be below the order-to-disorder transition (ODT) temperature (185 °C as
determined by SAXS shown in Fig 4.4 ) as well as the decomposition temperature of the
triblocks (230 °C under N, atmosphere). It is expected that after thermal annealing, the
copolymers would reach their thermal equilibrium states. Fig. 4.5 shows WAXS profile

of the triblock copolymers and MA-POSS (isobutyl) monomer and PS homopolymers.
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Figure 4.4. SAXS of copolymer POSS;9-S130-POSS;p at different temperatures to
determine the order-disorder temperature of the triblock copolymer.
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Going from bottom to top POSS content reduces, with bottom trace of MA-POSS
isobutyl monomer and top trace of PS homopolymer. WAXS of MA-POSS monomer
shows that it is a highly crystalline material with scattering peaks at two theta values of
7.3,8.0,8.6,9.1, 11.6, 18.5, 19.6, 19.8 and 24.2 degrees. POSS monomers are known to
pack as spheres or cubes in a hexagonal arrangement.'® However when POSS is
covalently attached to the polymer backbone their crystallization is restricted to 2D sheets
due to the geometric constraints of attaching POSS to the polymer chain.”' MA-POSS
(isobutyl) homopolymer having 10 repeat units was synthesized by ATRP. There was no
crystallization observed in the homopolymer, the attachment of POSS spheres to the
backbone and the short propyl acrylate chain joining the POSS cubes to the backbone
restricts the mobility of the cubes and presumably prevents crystallization. Similarly it
would be expected that in triblock copolymers POSS would not be able to act as
independent sphere and attachment to the polymeric backbone will restrict crystallization.
The top trace of Figure 4.5 is PS has two scattering peaks centered at 20 values of 10.28°
and 19.53° corresponding to lattice spacing of 8.5 A° and 4.51 A°. The scattering peaks
are not sharp which indicates amphorous character. Triblock copolymer POSS4-S4s-
POSS¢ has two scattering peaks centered at 20 values of 8.0° and 18.0°. These scattering
peaks are fairly broad and indicate that either POSS does not crystallize, or forms very
small crystallites. Triblocks POSSs-S;30-POSSs, POSS;0-S130-POSS 9 and POSS 3 5-S34s-
POSS, 3 s have three scattering peaks centered at 20 value of 8.0°, 11.0° and 18.0°. The

scattering peaks correspond to lattice spacings of 10.83, 8.06 and 4.67 A° which are

signature spacing of POSS crystallization corresponding to lattice planes (lOl)/(T 11),

(110)/(2 1 0)/( 2 10) and (113)/( 2 13)/( 1 23) or (300)/(330) respectively.'® Intensity of
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the scatterings peaks in three triblock copolymers differ depending upon the number of
repeat units of POSS. As the number of units of POSS increases the intensity of
scattering peaks becomes stronger which indicate stronger crystallization. Copolymer
POSS|35-S343-POSS; 3 s with a total of 27 units of POSS shows the strongest evidence of
crystallization.

Crystallization in block copolymers depends upon the nature of the other
connecting block and the annealing temperature.’ In p(MA-POSS(isobutyl)-b-Styrene-b-
MA-POSS(isobutyl)) triblock copolymer, the polystyrene phase is the amphorous block
and POSS is the crystalline block. During the annealing at 150 °C, polystyrene and POSS
are in a phase—separated amphorous melt state. As the samples are cooled POSS cubes
start to crystallize and pack in hexagonal arrays. However below T, of PS, the rigid PS
domains restrict the crystallization of POSS cubes resulting in small crystallites. The size
of the POSS crystals was calculated using Scherrer equation L = 0.9A/BcosO where L is
the domain length, A is the wavelength of the X-ray, B is the peak width at half
maximum, and 0 is the angle. For POSS3 5-S343-POSS3 5, B is selected at half-width of
the crystalline peak at lattice spacing 10.8 A° and 8.06 A° and the calculated L are 7.8
nm and 3.5 nm respectively. Assuming the size of each POSS molecule is ~ 1.5 nm, an
average of 5-6 units of POSS molecules aggregate in each crystal of POSS. The value of
L is not calculated for copolymers POSS¢-S45-POSS¢, POSS 0-S130-POSS 9 and POSSs-
S130-POSSg as the scattering peaks are very broad or the intensity of the peaks is very

weak.
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Figure 4.5. WAXS of (a) MA-POSS (isobutyl) monomer as received from Aldrich ,
(b) POSS-S4g-POSSs, (€) POSS;0-S130-POSS10, (d) POSSg-S130-POSSs, () POSS;35-
S348-POSS135 and (f) Polystyrene homopolymer.

The SAXS profiles of different compositions of the block copolymers are shown
in Fig 4.6. For POSS¢-S45-POSSe, the SAXS profile shows a single, broad peak with a
maximum at q* = 0.532 nm' (q* = primary scattering wave vector), which is attributed to
the correlation hole effect, indicating the copolymer is in a phase-mixed state. For TEM
measurements, no staining was required since the silicon in POSS provides sufficient
mass contrast. The black domains in the TEM images correspond to the POSS phase
while the white domains correspond to the polystyrene. The corresponding TEM image
(Fig. 4.7a) shows a typical morphology of a phase-mixed block copolymer, in agreement

with the SAXS result. Copolymer POSS¢-S45-POSS¢ having a low total degree of
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polymerization (N) and especially very few repeat units of POSS i.e. 12 and thus it does
not phase separate. Pyun et al. had reported that p[(MA-POSS)s-b-(n-butylacrylate)ss;-b-
(MA-POSS)s] copolymers containing only a few units of POSS do not phase separate
while copolymers with a greater number of POSS units, i.e. p[(MA-POSS)o-b-(n-
butylacrylate),;-b-(MA-POSS);¢] phase separated into a cylindrical microstructure.®
Thus by increasing the number of repeat units of POSS in the copolymer, phase

separation would be expected.

Intensity (a.u.)

L I L I L I L
0.0 0.5 10, 15 20
q(hm’)

Figure 4.6. Small angle X-ray Scattering (SAXS) of as cast triblock copolymer films
(a) POSSg-S4s-POSSs, (b) POSS10-S130-POSS10, (€) POSSg-S130-POSSg, (d) POSS;35-
S348-POSS1355.

Triblock POSS;¢-S130-POSS| has a higher molecular weight of 32,370 g/mol

with total number of 20 repeat units of POSS and relatively volume fraction of POSS:PS

at 57:43. The TEM image shows the formation of hexagonally perforated lamellae (PL)
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morphology (Fig. 4.7b). It has alternate POSS-PS lamellae with perforations of the
majority phase POSS in the lamellae of the minority PS layer. The perforations provide
the three dimensional continuity of the majority phase POSS and hence is considered as
the monocontinuous morphology.’' Perforate lamellae is a metastable state of the more
stable bicontinuous gyroid state.’ Stable perforated lamellae phases are formed when the
connecting blocks are in the intermediate or weak segregation limit or have a higher
packing frustration due to asymmetric connecting blocks.”'

It can be expected that the two blocks of PS and POSS are asymmetric and given
the low values of N, they reside in the weak (YN ~ 10) or intermediate (yN ~ 15 - 30)
segregation regime.> Previous reports of SAXS of perforated lamellae have observed
Bragg peaks at ratio q* : 1.8q*, ** however the SAXS profile of POSS(-S130-POSS; has
three Bragg peaks in ratio of q* : V3q* : 2q* and a d-spacing of 18.7 nm. The ratio of the
peaks in SAXS indicates that the peaks are deconvoluted and the presence of higher order

peaks indicates that there is have a fairly good long-range order in the sample.
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Figure 4.7. Transmission Electron Microscopy (TEM) of p(MA-POSS(isobutyl)-b-
Styrene-b-MA-POSS(isobutyl)) triblock copolymers (a) POSSs-S4s-POSS;, (b)
POSS10-S130-POSS10, (¢) POSSs-S130-POSSs, (d) POSS135-S345-POSS13 5.

In order to obtain the lamellae morphology, the molecular weight of PS was kept
constant as in POSS(-S130-POSS;p and the amount of POSS was reduced. POSS;-S;30-
POSS; has a total molecular weight of 28,600 g/mol and a POSS:PS volume fraction of
0.51:0.49. TEM shows a lamellar morphology with alternating layers of PS and POSS

(Fig. 4.7¢c). Only one Bragg peak is observed in SAXS profile (d-spacing of 18.2 nm). As
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the relative volume fraction of the connecting blocks is almost 0.50, the flory interaction
— parameter () for the block copolymer can be estimated using equation yoprN = 10.5.
The estimated y of the triblock copolymer at ODT (190 °C) is 0.0719. The estimated
value of  at 190 °C is approximately 18 times the value of y for poly(styrene-b-
butadiene). Previous studies on silicon containing polydimethylsiloxane (PDMS) —
polystyrene block copolymers show that the calculated and estimated values of y are very

333 The solubility parameter of Si containing polymers like PDMS (7.3 cal?cm™"

large.
and POSS could be very different than the solubility parameter of polystyrene (9.1
cal"?*cm™?),*” this difference in solubility parameter leads to high y values. High y values
also explain the phase separation observed in POSS;¢-S;30-POSS; triblock copolymers
with only 20 repeat units.

The fourth copolymer POSS;3 5-S343-POSS 3 5 was synthesized using PS of
molecular weight M,, 40,000 g/mol and has total molecular weight of 65,480 g/mol with
PS:POSS volume fraction of 63:37 and displays cylinders of POSS confined in a PS
matrix as observed by TEM. As shown in Fig. 4.7d, clear grain boundaries are observed
with POSS cylinders parallel to the z-axis and cylinders aligned horizontally. The
corresponding SAXS profile showed a d-spacing of 28.2 nm with two scattering peaks at
ratio q*: 2q*. The absence of the scattering peak at \/3q* might be due to the cylindrical
form factor of the sample. Thus by varying the volume fractions of both PS and POSS

blocks, three different morphologies have been observed and the d-spacing of the

polymers can be controlled by changing the molecular weight.
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4.3.3.2 Thermal stability
The thermal stability of the polymers under atmospheric conditions was studied
using TGA. Decomposition temperatures (5 wt% loss temperature) of the MA-POSS
(isobutyl) homopolymer, styrene homopolymer and p(MA-POSS(isobutyl)-b-Styrene-b-
MA-POSS(isobutyl)) triblock copolymers are reported in Table 4.2 and the plots are
shown in Fig 4.8.
Table 4.2. DSC and TGA data of MA-POSS (isobutyl) homopolymer, styrene

homopolymers and p(MA-POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl))
triblock copolymers.

Sample Tyross) | Terpsy | Tm | Decomposition % %
(°O) (°C) | (°C) | Temperature | Theoretical | Experimental
(°C) char yield char yield
MA —-POSS 30 - - 324 50 45
(isobutyl)
homopolymer
POSS¢-Sas- 49 94 - 336 34 44
POSSs
POSS0-S130- 67 75 - 331 29 25
POSSio
POSSs-S130- 50 88 - 304 26 22
POSS;
POSS13.5-S345- 77 99 126 330 19 18
POSS 135
Polystyrene - 91 - 280 0 0
homopolymer 100
105

T, — glass transition temperature, Ty, — melting point

The decomposition temperature of the homopolymer of styrene is lowest at 280

°C and that of homopolymer of MA-POSS (isobutyl) is 320 °C. The decomposition
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temperature of the triblock copolymers are in the range of 303 °C and 336 °C with
copolymers POSS¢-S43-POSS6, POSS10-S130-POSS ;¢ and POSS 3 5-S343-POSS ;3 s having
decomposition temperatures higher than the decomposition temperatures of either PS and
MA-POSS (isobutyl) homopolymer. High decomposition temperatures in block
copolymers compared to both the blocks may be due to crystallization of the POSS and
confinement effects of different morphologies.38 Phase-mixed POSSg-S45-POSS¢ with
maximum 69 wt% POSS shows the highest decomposition temperature at 336 °C. In
general with the decreasing weight percentage of POSS the decomposition temperature of
the copolymer reduces with the exception of copolymer POSS 3 5-S345-POSS3 5.
Copolymers POSS¢-S130-POSS ;o and POSS;3 5-S343-POSS,3 s having cylindrical
morphology and 59 wt% and 39 wt% of POSS have comparable decomposition
temperature at 331 °C and 330 °C whereas copolymer POSS;-S30-POSS;g having
lamellae morphology and 52 wt% of POSS shows the lowest thermal decomposition
temperature at 303 °C. POSS crystallization in POSS 3 5-S343-POSS ;3 5 and confinement
effects of cylindrical POSS domains lead to a higher decomposition temperature than
POSS;-S130-POSSg which does not show crystallization and has lamellar morphology.
The percent char yields of the homopolymers and triblocks is also reported in Table 4.2.
As the amount of POSS decreases the percent char yield also decreases. There is a slight
increase in the mass of sample during the burning process due to the oxidation of the

POSS cage to silica.
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Figure 4.8. TGA graph of p(MA-POSS)-b-p(PS)-b-p(MA-POSS), MA-POSS (char
yield 45%, top), (a) POSSe-Sas-POSSg, (b) POSS10-S130-POSS10, (€) POSSs-S130-
POSSs, (d) POSS;35-S348-POSS135 and PS homopolymer (char yield 0%, bottom).

The DSC results of the first heating cycle for the triblock copolymers are shown
in Table 4.2. The DSC plots are shown in Fig. 4.9 and 4.10. The glass transition
temperature of MA-POSS (isobutyl) homopolymer is 30 °C whereas the T, of
polystyrene of M, 5,000, 15,000 and 40,000 g/mol are 91 °C, 100 °C and 105 °C
respectively. The phase-mix POSS¢-S43-POSSg sample, shows two thermal transitions,
first a strong endothermic thermal transition at 50 °C and second a step glass transition at

94 °C. Even though we do not obtain a phase-separated block copolymer morphology the

chains are not completely miscible and thus two T, are observed.
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Figure 4.9. DSC of MAPOSS isobutyl monomer.
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Figure 4.10. DSC of p(MA-POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl))
triblock copolymers, (a) POSSg-S4s-POSSs, (b) POSS10-S130-POSS10, (¢) POSSg-S130-

POSSs, (d) POSS13.5-Sass-POSS:35.
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The endothermic thermal transition observed at 50 °C is due to overlap of the
enthalpy relaxation endotherm and the glass transition of the POSS phase. During the
second heating relaxation endothern is not observed and only the step glass transition is
observed. Enthalpy relaxation endotherm is a non-reversible transition which depends
upon the thermal history of the sample and is caused due to slower cooling rate compared
to the faster heating rate during DSC.*** There is a 20 °C increase in the T, of the MA-
POSS phase in the block copolymer compared to the homopolymer of MA-POSS and is
discussed further in the next section.

Copolymers POSS¢-S130-POSS 9, POSSg-S130-POSSg and POSS 3 5-S343-POSS; 3 5
each have two glass transition temperatures at 67 °C and 80 °C, 50 °C and 88 °C and 77
°C and 94 °C respectively. Copolymer POSS |3 5-S345-POSS 3 5 also has a melting point at
126 °C. There is increase in the T, of the lower glass transition temperature MA-POSS
block and decrease in the the T, of the higher glass transition temperature polystyrene
block. When flexible and hard blocks are connected to each other the hard block restricts
the mobility of the flexible block thereby increasing the T, of the flexible block and the
flexible block lowers the T, of the hard block. The increase and the decrease in the T, of
the two blocks is also due to crystallization. Crystalline domains restrict the mobility of
the chains increasing the T, of the material.

The degree of increase and decrease of the T, depends upon the relative fractions
of the connecting blocks, morphology and the degree of crystallization of the polymer. In
cylindrical morphology there is a huge change in the T, of the confined block due to large

area of contact with the surrounding matrix. This is observed by the huge decrease in the
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T, of PS phase in POSS¢-S130-POSS; copolymers and a huge increase in the T, of MA-
POSS block in POSS; 3 5-S343-POSS3 5 copolymer. Likewise crystallization of POSS in
POSS0-S130-POSS 9 and POSS;3 5-S343-POSS3 s also leads to an increase in T, of MA-
POSS. In triblock copolymers asymmetric broadening is observed in T,’s of PS phase. At
the interface of the POSS and PS, PS chains are stretched forming an interlayer of PS
which has a different density of styrene chains compared to the density of chains in the
PS domain. Due to the PS density gradient and stretching, this interlayer has T, different
than the T, of the PS domain which leads to asymmetric broadening. Thus DSC data
provides important information about the thermal behavior, crystallization and the phase

separated structure of the block copolymer.

4.3.3.3 Conformational Asymmetry

Conformational asymmetry () was calculated using the density and the
persistence length (I,) of polystyrene and MA-POSS (isobutyl) homopolymers.*' The
density of MA-POSS (isobutyl) homopolymer was calculated using the ATSM D749-00
standard and the persistence length was calculated by the random-walk like model and
static light scattering.** For SLS, high molecular weight MA-POSS homopolymer were
synthesized by free radical polymerization with AIBN as the initiator.

lp = 3Rgw™M, / Mylo

where Ry, 1s the weight average radius of gyration, M, is the monomer molecular weight,
M,, is the weight average molecular weight and |, is the length of the repeat unit. The
differential index of refraction (dn/dc) for the MA-POSS (isobutyl) homopolymer was
calculated as -0.028 g/mL with toluene as the reference solvent (Fig. 4.12). The z —

average radius of gyration and M, were obtained by Zimm plots and |, for the C-C-C
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bond was estimated at 0.253 nm (Fig. 4.11). The weight average molecular weight (Rgy)
was estimated using the Schulz-Zimm distribution. The calculated Ip of the MA-POSS
(isobutyl) homopolymer is 4.4 nm which is 3 - 4 times the persistence length of PS (1.2
nm). Thus the conformational asymmetry of the PS-POSS block copolymer is 13.8.
Though the random-walk model is a simplified approach to calculate the persistence
length of a polymer, it does show that the PS-POSS polymers are very asymmetric which

could lead to a shift in the phase diagram.
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Figure 4.11. Static light scattering of MA-POSS (isobutyl) homopolymers at four
different concentrations (2.0, 3.0, 4.0 and 5.0 g/L) and eight different angles (40°,

50°, 60°, 70°, 80°, 90°, 100° and 110°).
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Figure 4.12. Differential refractive index of MA-POSS (isobutyl) homopolymers at
five different concentrations (1.0, 2.0, 3.0, 4.0 and 5.0 g/L) in toluene as the solvent.
Confirmation asymmetry (¢) can also be estimated using the formula € = BA/Ps

where B = vo/b” (v, = statistical segmental volume and b = statistical segmental length).*!
In both PS and POSS, the number of carbon atoms in the repeat units is the same i.e. 2,
thus we assume that the statistical segmental length (b) for both PS and POSS is same i.e.
bposs = bps. Assuming that the statistical segmental volume is proportional to the length
of the pendant unit, the length of styrene unit with phenyl ring (0.5 nm) would be

approximately 0.6 nm and the length of MAPOSS unit would be 1.5 nm. Thus the ¢ for

the triblock copolymer would be &€ = voposs)/Vops) 1.€. € = 2.5.

4.4 Conclusion

Precise molecular weight and low PDI polystyrene homopolymers and p(MA-
POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl)) triblock copolymers were synthesized
by a combination of anionic polymerization and ATRP. The use of CuBr; as co-catalyst

increased the number of POSS units that can be attached by ATRP. Hierarchical
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nanostructures of the inorganic POSS block were observed in the block copolymers with
POSS crystals of the size 7 — 8 nm inside the phase separated block copolymer POSS
domains. The triblock copolymer was in a phase mixed state at lower molecular weights,
and by increasing the molecular weight, phase separated morphologies were obtained.
Three different morphologies, i.e. lamellae, cylinders and perforated lamellae have been
observed by changing the relative volume fractions of POSS and PS. The phase diagram
was slightly shifted due to the conformational asymmetry of the PS and POSS blocks.
The length of the crystal and the d-spacing of the block copolymer could be controlled by
varying the molecular weight of the copolymers. Further studies are ongoing to study the
thin film morphologies of the copolymers and to fabricate mesoporous silica using the

triblock copolymers.
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CHAPTER 5
ORGANIZING SILICA NANOSTRUCTURES ON SURFACES USING
POLYHEDRAL OLIGOMERIC SILSESQUIOXANE (POSS) BASED BLOCK

COPOLYMERS

5.1 Introduction

Fabricating small feature sizes with conventional photolithography is increasingly
becoming more difficult and expensive. Different novel lithography techniques have been
proposed to obtain feature sizes below 30 nm."” Self-assembly in synthetic materials is
emerging as a procedure to fabricate sub-30 nm size features. These nanopatterned
surfaces can also be used for fabrication of semiconductors,** quantum dots or antidots,’
the synthesis of DNA electrophoresis media,®”’ fabrication of magnetic recording devices,
data storage devices and as filters with nanometer pore sizes.* '’ Block copolymers have
been successfully used as templates to pattern nano-scale features on surfaces.'""'> By
controlling the molecular weight, chemical composition and the molecular architecture a
number of different morphologies of block copolymer can be obtained in both bulk and
solution."*'* Commonly observed microdomain morphologies in the bulk are periodic
arrangements of lamellae, cylinders and spheres. By selective plasma or chemical
treatment, one of the two domains can be etched to obtain features of sub-30 nm size
scale. Park et al. coated polystyrene-b-polybutadiene copolymers on silicon nitride
surface and then selectively etched one of the two blocks to generate holes and islands in
the silicon nitride surface."” In another report, Kim et al. deposited silica on polystyrene-
b-poly(methyl methacrylate) copolymer and used them as templates to obtain vertically

standing silica cylinders.'® Due to the organic nature of the polymers, most block
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copolymers that have been studied give poor plasma etch contrast. A robust, self-
assembled inorganic nanostructure will be ideal to simplify the patterning process as it
can be used as hard mask to generate sub-30 nm size features.

There are only few reports of organizing inorganic nanostructures with organic

1718 1 in et al. oriented

self-assembled structures to produce functional hybrid materials.
cadmium selenide particles by blending them with polystyrene-b-poly(2-vinylpyridine)
copolymers, the inorganic particles arranged on the interface of the connecting blocks
and lead to oriented inorganic structures on the surface. In another example, Templin et
al. performed sol-gel chemistries in polyisoprene-b-poly(ethylene oxide) copolymers and
using them as templates to generate inorganic silica rich lamellar domains.'® Other than
being used as hard mask, inorganic silica is also an optimal material in silicon
microelectronic applications. Silica is used as an insulator in microelectronics, and as
the size scales of device features are reduced there is a need to lower the dielectric
constant (k) of silica.”” By generating pores in silica structures, the dielectric constant can
be lowered for insulating applications.”' Thus the combination of inorganic silica with
block copolymers represents an opportunity to generate an inorganic mask for patterning
applications, and mesoporous silica for ultra-low k applications. Other potential

applications of mesoporous silica include nanoreactors, sensors, storage devices and

filters.

Polyhedral Oligomeric Silsesquioxane (POSS) is a silica precursor, which can be
incorporated in block copolymers to generate mesoscopically-ordered structures. A
common molecular formula of POSS is R7(S10; 5)sX. It has a silsesquioxane core which

is a sub-oxide of silica, with a base stiochiometry of SiO; 5. The central core has eight
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silicon atoms bridged by twelve oxygen atoms and organic substituents (R) which make
it compatible with monomers and possibly polymers. It has a reactive group (X) which
can be used for polymerization or grafting. POSS has been covalently bonded to
polymers such as epoxy resins,*? polyimides,” polyethylenes,** polystyrenes and

226 Duye to the strong face-to-face packing of POSS cubes, lamellae of

polynorbornenes.
POSS were observed in random copolymers of POSS with epoxy resins and polyimides
and raft structures of POSS were formed in random copolymers of POSS with
butadiene.”*>**” The first synthesized block copolymer of POSS was poly[(methacrylate-
POSS)-b-(n-butylacrylate)-b-(methacrylate-POSS)] (ABA) triblock copolymers where
cylinders of POSS were confined in a poly(n-butylacrylate) matrix.”® Recently diblock
copolymers of POSS were synthesized with PS or PMMA and lamellae structures with
good long range order were obtained.”’

In chapter 4 we synthesized a series of poly(methacrylate-POSS(isobutyl)-b-
styrene-b-methacrylate-POSS(isobutyl)) triblock copolymers by an combination of
anionic polymerization and atom transfer radical polymerization (ATRP). We observed
three different morphologies i.e. cylindrical, perforated lamellae and lamellae by varying
the volume fractions of the connecting blocks. The objective of this study is to examine
the thin film behavior of p(MA-POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl))
triblock copolymers. Triblock copolymers of different bulk morphologies were spun
coated on silicon oxide and gold substrates to investigate the orientation and the order of
the resulting morphologies. The triblock copolymers were subsequently thermally

annealed to remove the organic phase and to oxidize POSS to obtain ordered mesoporous

silica.
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5.2 Experimental

5.2.1 Materials

Two different poly(methacrylate-POSS(isobutyl)-b-styrene-b-methacrylate-

POSS(isobutyl)) triblock copolymer having lamellae and hexagonal perforated lamellae

morphologies were used for thin film studies. The bulk morphologies of the triblock were

characterized by transmission electron microscopy (TEM) and small angle X-ray

scattering (SAXS). The molecular weights of the individual blocks and volume fractions

are shown in Table 5.1.

Table 5.1. Molecular weights of polystyrene and p(MA-POSS(isobutyl)-b-styrene-b-
MA-POSS(isobutyl)) triblock copolymers.

No | Sample M, M, fepolystyrene) Bulk Surface
Polystyrene p(MA- Morphology | Morphology
g/mol POSS(isobu
(PDI)* tyl)-b-
styrene-b-
MA-
POSS(isobu
tyl)) (PDI)°
1 | POSSs- 13,500 28,600 0.49 Lamellae Lamellae
Si30- (1.06) (1.1)
POSSg
2 | POSSo- 13,500 32,370 0.43 Hexagonal Perforated
S130- (1.06) (1.1) Perforated Lamellae
POSSo Lamellae

a: Molecular weight determined by GPC, b: Molecular weight determined by "H NMR, N is number of
repeat units, f is the volume fraction, assuming density of polystyrene — 1.05 g/cc and density of MA-POSS
(isobutyl) — 1.15 g/ce (by ASTM D792-00)
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The nomenclature of the triblock copolymers is on the basis of number of repeat
units of styrene and POSS, triblock copolymer with 130 repeat units of styrene and 16
units of POSS is thus POSSg-S;30-POSSgs. We have assumed equal distribution of POSS
units on both sides of the central PS block. Triblock copolymer POSSsg-S130-POSSg has a
total molecular weight of 28,600 g/mol with POSS:PS volume fraction of 51:49. The
SAXS of the bulk sample has one peak with a d-spacing of 18.2 nm and the TEM image
shows a lamellar morphology. Triblock copolymer POSS;-S130-POSS; has a total
molecular weight of 32,370 g/mol with POSS:PS volume fraction of 57:43. The SAXS of
the bulk sample has three peaks with the scattering ratio of the peaks q*: \/3q*: 2q* and
has a d-spacing of 18.7 nm. The TEM image of the bulk sample shows mono-continuous
hexagonal perforated lamellae morphology with alternating lamellae of PS and POSS and

hexagonally arranged perforations of the POSS phase through the PS domains.

5.2.2 Thin Film Preparation and Characterization

Silicon wafers were cleaned by dipping in H,O,/H,SO4 solution and were then
washed under R.O. water. Gold surfaces were prepared by vapor depositing gold on
silicon wafers. Solutions of triblock copolymers (2-5 wt %) were prepared in toluene and
were spin coated at 2000 - 4000 rpm using a Headway Research Inc. spin coater. Film
thickness was controlled by adjusting the solution concentration and the spinning speed.
The spin coated samples were thermally annealed in a vacuum oven at 150 °C for 48 h.
The thickness of the film was calculated by Filmetrics (F20 thin film analyzer) and
Ellipsometry. The film thickness was confirmed by Grazing incident angle small angle

X-ray scattering (GISAXS). GISAXS measurements were performed at the 8-ID-E
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beamline at the Advanced Photon Source (Argonne National Laboratory) with X-ray
wavelength of 1.68 A. The sample to detector distance was 2056 mm.

Ultraviolet (UV) crosslinking of the polymer thin films were carried out under
vacuum at 254 nm for 1 h using two 15 W UV lamps. Thermal treatment was performed
in a high temperature furnace (1500 Thermolyne) in air at 375 °C. The temperature was

raised from room temperature at rate of 25 °C/min.

Scanning force microscopy (SFM) was done on Digital Instrument, Dimension
TM 3100) using Nanoscope ® Illa version 5.12r3 software. In the tapping mode, height
and phase images were collected. X-ray Photoelectron Spectroscopy (XPS) was
performed on Physical Electronics, Quantum 2000, Scanning ESCA Microscope at two
different angles 15° and 75°. The data was analyzed using Multipak software. The

analysis at 15° has a penetration depth of ~10 A and that at 75° corresponds to a

penetration depth of ~40 A.

Dynamic Contact Angle measurements were made with a Rame-Hart telescopic
goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle. Milli-Q water was
used as a probe liquid. Advancing and receding contact angles were recorded while the
water was added and withdrawn from the drop, respectively. The values are averages of
4-5 measurements made on different areas of samples.

Variable Angle Spectrometric Ellipsometry (VASE) were carried out on Sopra Inc.,

GESS Ellipsometer.
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5.3 Results and Discussion

5.3.1 Thin Film Studies of Hybrid Organic-Inorganic Block Copolymers

For simplicity, first the triblock copolymer POSSg-S30-POSSg with a lamellar
morphology was used to investigate surface-induced orientation. Thick films of 185 nm
thickness were spin coated from 5 wt% toluene solutions at 25000 rpm. After spin
coating, the block copolymer was thermally annealed at 150 °C; above T, of both the
blocks, for 48 h. It is expected that after annealing the thin film will reach its thermal
equilibrium structure. Scanning Force Microscopy (SFM) studies showed that the surface
of the film has isolated islands and holes (Fig. 5.1a and 5.1b) with a step-height of 18.6
nm (Fig. 5.1c), comparable to the bulk long period, across the film surface. This indicates
that the microdomains of the block copolymer are oriented parallel to the surface. From
the SFM result (Fig. 5.1a and 5.1b), it can be seen that the topographic features are of
micrometer length scales. However, SFM provides information only about the surface of
the thin film. Grazing incident small angle X-ray scattering (GISAXS) was used to
investigate the entire thickness of the thin film, and was performed on films with similar
thickness where the incident X-ray beam was delivered onto the film surface at shallow
incidence angles and the scattering profiles were collected. In the scattering profiles (Fig.
5.1d), the streaks along the qy axis can be observed. These long streaks are Bragg rods
and the relative scattering wave vector profile is q*: 2q*, where q* is the primary
scattering vector. The position and the scattering ratio of the peaks indicate that POSSs-
S130-POSSs triblock copolymer has lamellae morphology and the lamellae microdomains

are oriented parallel to the substrate throughout the thickness of the film.
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Figure 5.1. Surface analysis of POSSg-S130-POSSg triblock copolymer spin-coated on
silicon with native silicon oxide layer. SFM (25 um x 25 um) height image (a)
revealed interconnected-island formation. As can be seen from the phase image (c),
the template was covered with one phase (one of the block copolymer domain). (b)
Scanning across these islands and holes resulted in step heights of 18.6 nm which
was comparable to the bulk long period of the triblock. (d) GISAXS pattern of the
film shows parallel orientation of the microdomains throughout the thickness of the
film.

Dynamic contact angle measurements on the film’s surface with water yielded
advancing and receding angles (04/0r) of 110°/94°, close to the contact angle of
poly(methacrylate-POSS isobutyl) (PMAPOSS) homopolymer (65 ~109° for PMAPOSS

(isobutyl) and 64 ~ 99° for PS film’s surface). Therefore, it is likely that PMAPOSS is at
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the polymer/air interface. X-ray photoelectron spectroscopy (XPS) was performed on the
thin film samples to obtain the composition of the film at the surface. At 15°, the
elemental composition of the surface is carbon (53%), oxygen (31%) and silicon (16%)
which corresponds to the composition of the elements in the PMAPOSS calculated
(percentage of C, O and Si are 55, 28 and 16 respectively). From the surface analysis we
can conclude that PMAPOSS phase forms an interface with air at the top of the film. The
triblock copolymer POSSs-S;39-POSS;g has a lamellar morphology on the silicon oxide
surface with lamellae orientated parallel to the substrate and POSS phase occupying the
polymer/air interface.

Thick films of triblock copolymer POSS¢-S;30-POSS;¢ of 100 nm thickness were
spin coated from a 5 wt % toluene solutions at 4000 rpm. The films were thermally
annealed as previously described. The SFM phase image (Fig. 5.2a) showed a phase
contrast between the micodomains of the block copolymer indicating a difference in
moduli of the two blocks. For the phase contrast to be detected by SFM analysis, both the
PMAPOSS and PS microdomains must be located at, or near, the surface. The phase
contrast suggests that there was an alignment of the block copolymer microdomains
normal to the surface near the polymer/air interface. Fast Fourier Transform of the SFM
phase image (Figure 5.2a Inset) yielded a ring corresponding to 21.1 nm, which is greater
than bulk long period as measured by SAXS (18.7 nm). Perpendicular alignment of the
microdomains was confirmed by GISAXS, Fig. 5.2c shows a typical 2D GISAXS pattern
obtained at the incident angle (a) of 0.14° which is lower than the critical angle (o =
0.17°) of the film and investigates only the top surface of the film. In the scattering

profile, Bragg rods were observed along the q, axis at 20¢value of 0.48° which
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corresponds to a d - spacing of 20.1 nm. The vertical Bragg rods indicate that the

microdomains on the surface are normal to the polymer/air interface.
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Figure 5.2. Surface analysis of POSS;0-S130-POSS; triblock copolymer spin-coated
on silicon with native silicon oxide layer. SFM (2 um x 2 um) phase image (a)
revealed phase contrast with FFT (inset) of a ring that corresponds to 21.1 nm

which is comparable to the bulk long period of the triblock. (b), GISAXS pattern of

the thin film obtained at incident angle (a; = 0.14°) probing only the surface of the
film, scattering profile suggest that the microdomains are oriented perpendicular to
the polymer/air interface. (c), GISAXS pattern of the thin film obtained at incident
angle (o= 0.21°) probing the entire thickness of the film, scattering profile suggest
that the lamellae microdomains are oriented perpendicular to the subtrate and
perforations layers are present parallel to the substrate. (d) 1-dimensional SAXS
profile of the triblock sample obtained from the GISAXS pattern shown in 2c.
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Fig. 5.2b shows the GISAXS pattern of the entire thickness of the thin film
obtained at a; = 0.21°. The scattering profile shows Bragg rods along the q, axis and a
number of sharp scattering reflections over a wide range of scattering angles. The
absence of ring structures in the scattering profile shows the microdomains are orientated
either along the q, axis or the qy axis. The 1-dimensional SAXS profile (Fig. 5.2d) of
intensity versus scattering wave vector (qy) showed that the relative scattering wave
vector profile of the Bragg rods is q*: 2q™* indicating lamellae morphology. The relative
positions of the scattering peaks indicate that the lamellae throughout the thickness of the
film are orientated perpendicular to the substrate. Scattering peaks along the qy or 20 axis
are due to the cylinders observed in the lamellae microdomains and are oriented parallel
to the substrate of the film. Based on the bulk morphology and the volume fraction of the
triblock copolymer, POSS cylinders perforate through the PS microdomains. Similar
GISAXS pattern was observed by Lee et al. for hexagonally perforated lamellae of
polystyrene-b-polyisoprene diblock copolymer.*® The strong reflections at 26 = 0.48° are
due to the reflected beam and weak reflections can be assigned to the transmitted beam.
These perforations provide a 3-dimensional structure of the POSS phase in the thin films.

Typically, external stimuli an electric field, shear force or treatment of the surface
is required to obtain the perpendicular orientation of the block copolymer domains. PS
and POSS microdomains with perpendicular orientation are obtained on native silicon
oxide layer without any treatment of the surface. The triblock copolymers were also spin
coated on high surface energy gold substrate to understand the effect of the substrate on
the orientation of the microdomains. The scattering profile obtained from the GISAXS

image of the thin film (Fig. 5.3) is similar to the scattering profile of the triblock on a
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native silicon oxide surface. Thus the orientation of the microdomains on both the silicon
oxide surface and the gold surface is the same i.e. PS and POSS lamellae are
perpendicular to the substrate and POSS cylinders are parallel to the substrate through the

PS microdomains.
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Figure 5.3. Surface analysis of POSS;0-S130-POSS; triblock copolymer spin-
coated on gold substrate. (left), GISAXS pattern of the thin film obtained at incident
angle (ai = 0.14°) probing only the surface of the film, scattering profile suggest that

the microdomains are oriented perpendicular to the polymer/air interface. (right),
GISAXS pattern of the thin film obtained at incident angle (o= 0.20°) probing the
entire thickness of the film, scattering profile suggest that the lamellae
microdomains are oriented perpendicular to the subtrate and perforations layers
are present parallel to the substrate.

The perpendicular orientation of the block copolymer microdomains are obtained
if differences in the surface energy of the connecting blocks is zero or is very small.
However, factors such as the surface energy of the substrate and the architecture of the
block copolymer chains strongly influence the orientation of the microdomains. Khanna

et al. investigated the effect of the chain architecture of AB diblock and ABA triblock

copolymers on the orientation of the microdomains in thin films.*' In the AB diblock
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copolymer parallel orientations are favored because there is a gain in the surface energy
due to the lower energy block occupying the polymer/air interface. However, in ABA
triblock copolymers, there is a loss in entropy due to the looping of the chains at the
interfaces, thus parallel orientations are obtained, if the gain in surface energy is greater
than the loss in entropy. The opposing energy contributions stabilize the perpendicular
orientation of the microdomains for the blocks having non-zero surface energy
differences. Thus the ABA architecture can explain the perpendicular orientation of
PMAPOSS and PS domains.

However, unlike in POSS(-S130-POSS ) triblock copolymer, lamellae in POSSg-
S130-POSSg triblock copolymer have microdomains parallel to the substrate. Other factors
like thickness of the films, relative volume fractions and morphology of the block
copolymer also influence the orientation of the microdomains in the block copolymers.*>
The thickness of the POSSg-S130-POSSs thin films is twice the thickness of the POSS;o-
S130-POSS thin films and ten times the long range period of the microdomains. When
the thickness of the film is close to the period of the microdomains, due to the stretching
imposed on the chains, the orientation of chains is parallel to the substrate and thus the

3233 Morphology and relative

resulting microdomains are perpendicular to the substrate.
volume fractions of the blocks also affect the stretching in the chains and hence influence

the orientation of the domains.”* Thus the lamellae in triblock copolymers POSSg-S30-

POSSg and POSS9-S130-POSS ¢ are oriented in different directions.

5.3.2 Transformation of POSS to Silica
The perpendicularly oriented domains of POSS and PS can be used to generate

ordered mesoporus silica structures. The triblock copolymers were thermally annealed at
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375 °C in air to remove polystyrene (decomposition temperature of PS is 290 °C) and to
oxidize the POSS cages to silica. The order-to-disorder temperature (Topr) of POSS;o-
S130-POSS triblock copolymer is 185 °C (as estimated by SAXS), above which the
polymer is in a phase-mix state. To avoid phase mixing, the PS phase was UV
crosslinked at 254 nm for 1 h and then the thin films were thermally annealed at 375 °C
for 24 h. For the POSS0-S130-POSS,¢ films, XPS results before and after the thermal
annealing are tabulated in table 5.2. The binding energy value of Si in POSS¢-S30-
POSS, before thermal annealing is 102.5 eV which corresponds to the literature value
for the binding energy of Si in POSS and after the thermal annealing the binding energy
of Si changes to 103.7 eV which is the binding energy of Si in silica.** During thermal
annealing, the binding energy of the silicon increases due to the oxidation of silicon from
the lower oxidation state in POSS to higher oxidation state in SiO,. By XPS we also
observe that the percentage of C at 15° and 75° take off angles before annealing are 62 %
and 51 % respectively which reduce to 9 % and 5 % after the annealing process. The
residual carbon after the annealing process could be due to silicon carbide, other
inorganic carbon char formations, or organic impurities from the atmosphere.

Table 5.2. X-ray photoelectron spectroscopy (XPS) results of POSS;0-S130-POSS1o
triblock copolymer before and after thermal annealing.

Before Annealing After Annealing
Binding energy of Si 102.5 103.7
(eV)
% C % Si % O % C % Si % O
Incident Angle 15° 62 13 24 9 24 66
Incident Angle 75° 51 19 28 5 25 69
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The surface of the thin film after the thermal annealing was investigated by SFM.
The SFM phase image (Fig. 5.4a) showed strong phase contrast between the
microdomains on the surface of the thin film. The phase contrast to be detected by SFM
analysis indicates that both silica and air must be located at, or near, the surface. The
phase contrast suggests that even after the thermal annealing process microdomains of
silica are aligned normal to the surface. Fast Fourier Transform of the SFM phase image
(Figure 5.4a Inset) yielded a ring corresponding to 20 nm, which is comparable to the
period before the thermal annealing. Fig 5.4b shows the GISAXS scattering profile of the
silica thin film after thermal annealing. In the scattering profile, Bragg rods were
observed along the q, axis with the scattering ratio q*: 2q* indicating lamellar
morphology. The position and the scattering pattern of the Bragg rods indicate that the
silica microdomains are oriented normal to the substrate. During the annealing, the
adhesion of the thin film to the substrate prevents the removal of the silica layer. Weak
scattering peaks are observed along the q, axis which suggest that the perforation are still
present and are oriented parallel to the substrate. The diffused scattering peaks indicate
that the microdomains are not sharp because of the accumulation of residual char. After
the annealing process the thickness of the film reduces from 95 nm to 20 nm. This
reduction in the thickness of the film is due to the loss of 90% organic content and the
change of density of the microdomains (0ps — 1.05 g/cm3, dpmaross — 1.15 g/crn3 and
Ssilica — 2.26 g/cm’). Thus the poly(MAPOSS(isobutyl)-b-styrene-b-MAPOSS(isobutyl))

triblock copolymers offer an elegant route to make ordered silica structures on surfaces.
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Figure 5.4. Surface analysis of POSS;0-S130-POSS; triblock copolymer after thermal
annealing at 375 °C. SFM (2 um x 2 um) phase image (a) revealed phase contrast
with FFT (inset) of a ring that corresponds to 20 nm which is comparable to the long
period of the triblock before thermal annealing. (b), GISAXS pattern of the
thermally annealed thin film which suggests that the silica microdomains are
perpendicular to the substrate.

5.3.3 Dielectric Constant of Silica Thin Film

In order to measure the dielectric constant (K) of the thin film by dielectric
spectroscopy the minimum desired thickness of the film is 300 — 400 nm. Due to
reduction in thickness of the film during the thermal annealing process it was difficult to
obtain silica films of 300 — 400 nm. Thus the k values of the thin film was estimated
using the Maxwell equation (k ~ n%), where n is the refractive index of the material.”> The
refractive indexes (n) of the thin films before and after the thermal annealing were
measured by Variable Angle Spectrometry Ellipsometry (VASE). The calculated n of the
triblock copolymer before thermal annealing was 1.5 and after annealing n reduced to
1.24. The drop in n is attributed to the porosity created due to the removal of the organic

phase during the thermal annealing process. The estimated dielectric constant of the silica
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film using Maxwell equation is 1.53. The dielectric constant from Maxwell equation is
generally lower than the dielectric constant calculated by dielectric spectroscopy.” This
is due to the difference in frequency of the ellipsometry (10'* Hz) and frequency of
dielectric spectroscopy (10° Hz). The dielectric constant depends linearly upon the
permittivity of the material which is a frequency dependent property. At higher
frequencies the permittivity is lower and thus the dielectric constant is also lower. Thus
the dielectric constant calculated using Maxwell equation at higher frequency (10 Hz) is
generally lower than the dielectric constant calculated using dielectric spectroscopy (10°
Hz).

The porosity of the annealed film was calculated using the Lorentz-Lorenz

equation (equation (1)).*

ng=1 nE=1
1 -P)==—— 1
ng+2 (1=-P) nE+2 W)

where N, is the refractive index of silica, n is the refractive index of the silica film and P
is the porosity of the film. The porosity of the film is 44% due to removal of polystyrene
organic phase and organic POSS peripheries. Thus ordered silica structures generated by
poly(MAPOSS(isobutyl)-b-styrene-b-MAPOSS(isobutyl)) triblock copolymers have

ultra-low dielectric constant and large porosity.

5.4 Summary

Thin film behavior of poly(MA-POSS(isobutyl)-b-Styrene-b-MA-
POSS(isobutyl)) triblock copolymers of lamellae and hexagonal perforated lamellae bulk
morphologies were studied on silicon oxide and gold substrates. Thin films of the triblock

copolymers have similar morphologies on the substrates as in bulk. Lamellar triblock
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copolymers with film thickness ten times the period of the microdomains align parallel to
the substrate of the film while the lamellae in the perforated lamellae morphology orient
perpendicular to the substrate. Chain architecture, film thickness, morphology and
relative volume fractions affect the orientation of the microdomains. The cylinders of
POSS lie parallel to the substrate and perforate through the PS lamellae. Due to
perforated lamellae morphology, a 3-dimensional continuous structure of POSS is
obtained on the surface. Ordered silica with 20 nm size features were obtained by thermal
oxidation of POSS and removal of the organic phase. Silica generated by the oxidation of
POSS has ultra low dielectric constant, high porosity and can be used as an insulator in
microelectronic applications. Further work is on going to study the thin film morphology
of the triblock copolymers on other substrates, and to use hybrid block copolymers for

patterning applications.
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CHAPTER 6

SUMMARY AND FUTURE OUTLOOK
This final chapter is comprised of two parts. The first part provides an overview
of the studies described in chapters 2 through 5. In the second part, each chapter is
revisited individually, providing an outline of future directions for the projects and

suggesting some possible project extensions.

6.1 Summary
The goals of this thesis were to;
e Study the structure property relationship in POSS based polymer
e Incorporate POSS building blocks into polymers by a bottom-up approach
o Study the resulting microscopic structures of the novel hybrid block copolymers
o Understand the surface interactions of the hybrid block copolymers and to utilize

them for patterning and low k application

In chapter 2 we studied the structure property relationship of PMA and styryl
POSS homopolymers synthesized by ATRP and conventional free radical
polymerization. The mass spectrometry data was obtained by electrospray ionization
(ESI) and matrix assisted laser desorption-ionization (MALDI). We have succeeded in
obtaining ESI and MALDI mass spectra on a variety of PMA and styryl POSS oligomers,
in some cases as great as to masses ~16,000 g/mol. MALDI spectra were greatly
enhanced with the use of a new matrix, 4,4’-dihydroxyoctafluoroazobenzene. ATRP

syntheses were much more effective than conventional free radical procedures in creating
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oligomers with a specified number of repeat units. ESI and MALDI mass spectra of the
PMA POSS ATRP products showed the most intense peaks in the mass spectra
corresponding to simple sodiated or potassiated species related to the substituted parent
ion and less intense peaks arise from fragmentations (generally loss of one or more of the
POSS side chains). The all-carbon backbone of the styryl materials was resistant to
fragmentation, but the mass spectra obtained did show recombinations arising from the
loss of the terminal Br atom not observed with the POSS PMAs. Differences in these ion
chemistry products allowed us to draw conclusions about the structures of the styryl
species.

In chapter 3, POSS building blocks were incorporated by a bottom-up approach in
to low glass transition temperature, semi-crystalline poly(ethylene-buylene) based p(EB-
b-MA-POSS(isobutyl)) diblock copolymers. Low PDI poly(ethylene-butylene)
homopolymers and p(EB-b-MA-POSS(isobutyl)) diblock copolymers were synthesized
by a combination of anionic polymerization and ATRP. Both phases of MA-POSS and
EB crystallize depending upon the number of repeat units of MAPOSS and ethylene
content in the EB chains. As both the phases are semi-crystalline interesting
morphological behaviors were observed in these block copolymers. Three different
morphologies i.e. cylinders, lamellae and spheres of the semicrystalline diblock
copolymer were obtained by changing the relative volume fractions of EB and POSS
phases. The cylindrical morphology which was obtained had a majority (60 volume %)
EB block forming the cylindrical phase while the minor MAPOSS phase occupies the
periphery around these cylinder. This inverse cylindrical morphology was observed

presumably due to conformational asymmetry of the diblock copolymers and relative
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flexibility of the connecting blocks. Order-order transitions from cylinders to lamellae
morphology was observed in these diblock copolymers. Crystalline lamellae
morphologies were formed due to crystallization of POSS cubes.

In chapter 4, POSS was incorporated as a building blocks by bottom-up approach
in high glass transition temperature, amorphous polystyrene to obtain p(MA-
POSS(isobutyl)-b-Styrene-b-MA-POSS(isobutyl)) triblock copolymers. Precise
molecular weight and low PDI polystyrene homopolymers and p(MA-POSS(isobutyl)-b-
Styrene-b-MA-POSS(isobutyl)) triblock copolymers were synthesized by a combination
of anionic polymerization and ATRP. The use of CuBr;as co-catalyst increased the
number of POSS units that can be attached by ATRP. Crystallization of POSS was
confined in the hard domains of phase separated block copolymer. Three different
morphologies, i.e. lamellae, cylinders and perforated lamellae have been observed by
changing the relative volume fractions of POSS and PS. Perforated lamellae are a 3-
dimensional monocontinuous morphology, were found with the lamellae of the minor
component the PS phase were interrupted by POSS perforations connecting the majority
phase. The phase diagram was slightly shifted due to the conformational asymmetry of
the PS and POSS blocks. The size of the crystals and the d-spacing of the block
copolymer could be controlled by varying the molecular weight of the copolymers.

In chapter 5, the thin film behavior of poly(MA-POSS(isobutyl)-b-Styrene-b-MA.-
POSS(isobutyl)) triblock copolymers of lamellae and hexagonal perforated lamellae bulk
morphologies were studied on silicon oxide and gold substrates. Thin films of the triblock
copolymers have similar morphologies on these substrates as in bulk. The microdomains

can be oriented either parallel or perpendicular to the substrate. Chain architecture, film
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thickness, morphology and relative volume fractions affect the orientation of the
microdomains. Due to the perforated lamellae morphology, a 3-dimensional continuous
structure of POSS was obtained on the surface. Ordered silica with 20 nm size features
were obtained by thermal oxidation of POSS and removal of the organic phase. Silica
generated by the oxidation of POSS has ultra low dielectric constant, high porosity and

could be used as an insulator in microelectronic applications.

6.2 Future Outlook

Our study in chapters 2 — 5 have lead to many interesting results but have also
raised some intriguing questions. In chapter 2, we have investigated POSS
homopolymers by mass spectrometric studies using MALDI and ESI. The intensity of
peaks in the MALDI spectra in most cases is sufficient to obtain ion mobility data. The
structure property relationship of the homopolymers can be investigated ion mobility
experiements.”™ A mass spectrometry and ion mobility setup at University of California,
Santa Barbara can separate polymer chains based on conformations of the chains (Fig.
6.1). These studies will provide information about the structure and the conformation of
the POSS molecules. The results from this study will minimize the experimental effort
required to synthesize POSS molecules for specific applications. lon mobility studies can

be extended to complex structures for example block copolymers.
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Figure 6.1 Study of conformation of polymers using MALDI-TOF and helium filled
drift cell.

The results in chapter 3 have been the most intriguing. The combination of two
semi-crystalline blocks has led to interesting morphological results. We have investigated
a certain region of the phase diagram; further synthesis needs to be done to complete the
study of the entire phase diagram. There is limited physical characterization data
available for POSS molecules; to understand the phase behavior of these polymers it is
necessary to obtain statistical segmental length, segmental volume of POSS molecules.
On the morphological side it is essential to determinate of y of these diblock copolymers.
Factors such as annealing conditions, crystalline content can also affect the phase
behavior and need to be investigated. Conformational asymmetry of the diblock
copolymer needs to be determined experimentally and possibly theoretically or in
conjunction with simulations. Based on the order-order transition from cylinders to
lamellar morphology and lower d-spacing at high temperature, the possibility of an

inverted phase diagram (i.e. lower y at lower temperature) needs to be investigated.
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In chapter 4 we have investigated POSS triblock copolymers with a high Ty
polystyrene block. Perforated lamellar morphology obtained in this triblock studies,
provides immense opportunity for further work. Further studies can be carried out to
obtain bicontinuous gyroid morphology. Accurate determination of x and conformational
asymmetry would provide a better understanding of the phase diagram. Triblock
copolymers with central POSS block and polystyrene end blocks can be synthesized for
thin film studies.

In chapter 5 thin film behaviors of POSS triblock copolymer was studied on silica
and gold surface and ordered low k silica was fabricated by thermal annealing of triblock
copolymer. These investigations have shown that POSS has immense potential for
application in nanopatterning as templates and in microelectronics as low k materials.
Instead of thermal annealing, a technique like plasma oxidation needs to be investigated
for nanopatterning applications. The orientations of the microdomains on other substrates
also need to be studied. One of the limitations for large scale application is lack of long-
range order of the microdomains. To induce long range order technigues such as
shearing, zone annealing, chemical modification and trenches should be investigated.>°
There is immense scope for basic scientific and application driven research on POSS

molecules.
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APPENDIX
A. MALDI AND ESI DATA OF POSS OLIGOMERS

Table. MALDI SPECTRA
Al. M = CH3;CH,COOC-C(CHp3s),-R;T;propylmethacrylate], -Br

R = i-Butyl
linear® refl M-Br+H+Na M -Br+H+K M +2H+Na-Br-F
A B C
1079.3
1081.3
1093.3 1086
1097.3
1165.4 1166
1167.4
1173.2
1175.2

1996.2 1995.6

2023.5 2023.7 2026.4

2040.6 2040.6 2042.5

2109.4 2108.7 2110
2965.8

2968.9 2970.1
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2967.1

2983.1

3052.3

3910.2

3926.8

3995.2

4852.9

4869.5

4937.4

5796.0

5811.9

5829.0

5882.5

6739.5

2981.8

2984.8

3050.8

3907.9

3912

3924.9

3929.1

4854.3

4868.2

4873.3

5815.8

2986.7
3054
3913.7
3929.8
3998.8
4857.3
4873.4
4942 .4
5886.1
5800.9
5817.1
6744.6

165



6755.5

6772.0

6823.2

7682.8

7698.7

7715.2

7768.8

7788.0

8625.0

8642.1

8661.0

8709.8

9573.1

9585.3

9604.4

9644.2

9753.3

10488.9

10512.2

10530.8

10595.9

10643.6

6760.4
7688.3
7704
8620
9575.5
10519.2

10598.1 (M+Na)
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6760.7

7704.4

8636

9591.6

10535.3

6829.7

7773.3

8718

9639.6 (C-Br+3H-F)

10605.3

10643.3 (C-H+K)



11473.9 11478.9
12437.8 12422.5
13341.5 13350.1
13507.6
E = CH3CH,OCOC(CHa)y-; F = ibu7 SigO12(CHo)s™ ; G = ibusSigO1(CH,)s
a. Alternatively, G' = ibu;cage(CH,)3;0O" for M+2H+K-Br-G'

b. blue = TOF linear mode
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A2. M = CH3CH,COOC-C(CHpg),-R;T7propylmethacrylate], -Br
R = Phenyl

M -Br+H+NaM -Br+H+KM +2H+Na-Br-F M +Na+K-Br-F+E M +3Na+H-Br-2F
m/z
2064
2079
2190
2305 2306.3
~2322
2390 2392.4
3390 3389.8
3406 3405.9
3474 3475.9
3650 3644.3 3654.3
4473 4474.4
4489 4489.5
4558 4559.5
4687 4689.6
5557 5557
5572 5573.1
5641 5643.1
5768 5773.1

5800 5795.3
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6641

6656

6725

68477

6880

7725

7739

7808

79307

7962

8823

8892

9043

9906

9975

10122

6640.5

77241

8807.77

6656.6
6726.6
6856.7
6878.9
7740.2
7810.2
7962.4 7956.4
8823.8
8893.8
9046
10129.6

F = Phenyl;SigO12(CH2)3’
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A3. M = CgH4(CO),NCH,CH,0OCH,CH,00C-C(CHp3),-R;T;propylmethacrylate],-

R = i-Butyl

m/z

2215

2231

2300

2316

2400

2415

3159

3175

3244

3259

3344

3359

4103

4119

4135

4187

4203

M -

2215.6

3159.2

4102.9

M -

Br+H+Na Br+H+K

2231.7

3175.3

4119

M +2H+Na-

Br-G?

2302.7

3246.3

4190

Br

M - M

M +Na+K-

Br+2H+K-G +H+K-G M +2Na-G G

2318.8

2396.7
3262.4

3340.3
4206.1
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2402.6

2418.7

3346.1

3362.3



4288

4303

5047

5063

5132

5148

5232

5248

5991

6007

76

6092

75

6192

6935

6951

7021

7034

7071

7120

5046.5

5990.1

6933.8

5062.6

6006.2

6949.9

5133.6

6077.2

7020.9

4284
5149.7
5227.6
6093.4
6171.2
7037
7114.9

171

4289.8

4305.9
5233.5

5249.6
6177.1

6193.2
7120.8



7136 7136.9
7165
7878 7877.4
7894 7893.5
7964.57?

7978 7980.6
8078 8080.5
8108
8821

? 88215
8837 8837.2

G = ibu7SigO12(CH2)3

a. Alternatively, G' = ibu;cage(CH,);O" for M+2H+K-Br-G'
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A4. M =NH,CH,CH,0OCH,CH,00C-C(CHj3),-[R7T7propylmethacrylate], -Br
R = i-Butyl

M -Br+H+K
m/z
2240
2340
2440
2458
2558
2659
2676
2777
2794
2801
2878
2895
2913
2977
2996
3013
3020
3096

3113
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3131

3214

3232

3314

3332

3432

3532

3550

3650

3669

3750

3769

3869

3886

3969

3989

4087

4207

4307

4932

5876

6819

174

3988.7

4932.5

5876.2

6819.8



6898

7032

7763

7982

8708

8920

9652

9861

175

7763.4

9650.7



A5. M = [R;T;Propylmethacrylate],[(CH3)2CCN]m=12
R = Cyclopentyl

M+Na+H+
ibuCN M+ Na+ 2ibuCN M + K + 2ibuCN
m/z
1794
1927
2148 2147.5
2184
2234 2230.7
2294
2374
3176 3175.2
3194
3243 3242.3
3261 3258.4
4204 4203
4220
4272 4270
4292 4286.1
5232 5230.7
5320 5297.8? 5313.9

6262 6258.4
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~6349 6341.6
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A6. M = R;T;Propylmethacrylate],[(CH3),CCN]mn=12
R = i-Butyl
M +Na + 2ibuCN M +Na + ibuCN

m/z

1160

1173

1225

1232

1297

1340

1441

1532

1539

1576

1604

1906

1911

1913

1977 1979.4
2045 2046.6

2116

2288

178



2353

2422

2661

2921

2992

3057

3865

3937

4003

4811

4878

5753

5824

6694

6766

7640

n/a

2990.1

3933.7

4877.4

5821

6764.6

7708.3
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2923

3866.6

4810.3

5753.9

6697.6

7641.2



A7. M = R;T7(CsH4CHCH)]n[(CH3)2CCN]m=123
R = i-Butyl
M +Na+H + M +Na + M +Na +
M +Na+H ibuCN 2ibuCN 3ibuCN
m/z
1224
1316
1390
1414
1417
1575
1930 1931.3
1943
1998 1998.4
2783 2783
2824
2851 2850.9
2865
2904
2919 2918
3771 3770.5

3783
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3786

3839

4623

4692

4759

5611

5678

6531

6599

~7455

7518

7584

8384

8442

9293

9361

10282

11201

4623

4690.1

5609.8

6529.4

7449
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3837.7

4757.3

5676.9

6596.5

7516.1

8435.7

9355.4

10275

11194.6

7584.2



A8. M = CgH4(CO),NCH,CH,0CH,CH,00C-C(CH3),-R;T7(CsHsCHCH,)]1-Br

R = i-Butyl
Refl mode
m/z
1159
1555.5
2174
2467.8 2469.1
~2777 2781.2
2978.3
3096.1 3097.4
3362.5
3388.2 3388.5
4016.5 4005.9
4017.9
4618.3
4924.7
4935 4939.6
5853

2465.4

2778.2

2974.8

3094.4

3357.7

4011.8

4403.3

4611.1

4810.4

4931

5188.3

5850.4

M-Br+H+K
M-Br+H+Na?
2167.6 2183.7
3087.2
4006.8
4022.8
4926.4
4942 .5
5846

182

M-Br+H+Na-

phth

2782.9

4622.1



6771

7692

8599

9528

a. m/z =919 repeat monomer unit.

b. red = interpolated from spectrum

6443.8

6770

7674.1

8598.1

9524.3

10445.5

11369.3

12293.5

13225.5

14156.2

15072.2

15997.5

16939.7

c. blue = TOF linear mode

6765.6

7685.3

8604.9

9524.5

10444.1

11363.7

12283.3

13203

14122.6

183

6781.7



A9. M =CH4(CO),N CH,CH,0CH,CH,00C-C(CHs)z-R7T7(CsHsCHCH,)]o-Br

R = Cyclopentyl

m/z

1048.3°

~2340

2636.8

3029

~3350

3640.2

Refl mode

2333

2347.1

2354

2363.9

2637.1

2640

2657.1

3337.4

3350.3

3369.3

3436.4

3541.5

3660.5

2043.2

2341.3

2631.7

3025.8

3332.9

3345.4

3362.5

3430.2

3625

M-Br+H+Na?

2335.7

3339.9

184

M-Br+H+K-

M-Br+H+K M+K Mj,+Na X

1043.7

2047.4
2351.7

2639

3051.1

3354.9
3434.4
3658.8
K



4053

~4325

5339

~5650

6343

7364

4341.8

4354.8

4358

4374.9

4387.1

4440

4645

4664.1

4351

4636

5352.8

5642

6336.2

6647.3

7346.2

8351.7

4343.1

4359.2
5346.8 5362.8
6350.5 6366.5
7354.2 7370.2

a. m/z =1003 monomer repeat unit

b. blue = TOF linear mode

C. X = CgHa(CO)N CH,CH,OCH,CH,00C-C(CHs),-

185

4438

S5441.7

6445.4

4646.4

4662.4

5650.1

6653.8

4054.8

5058.5

6062.2

7065.9



Al10. M = CgH4(CO);NCH,CH,0OCH,CH,00C-C(CH3),-R;T7(C¢HsCHCHy,)].-Br
R = Cyclohexyl

refl M-Br+H+K
m/z ~ mode M+K®  M-Br+H+Na M-Br+H+K-X
1442.6° 1440.9 1444.5
2079.8 2077

2096.9 2096.9 2093

2113.8 2111
22458 22449 2230 2244
2542.9 2539 2544.9
~2850 2828 2627
3194
3322
~3350 3338 3345
3644.6 3638

3733 3743.6 3735 3729

4300 4298.1 4295

4446.3 4447.6
47315 4739 4736
47454 4752
4828  4832.6 4830.8
4844.5
4923

186



5936 5928  5932.7
7051
a. m/z = 1101 monomer repeat unit. b. TOF linear mode

c. X= C6H4(CO)2NCH2CH20CH2CHzOOC-C(CHg)z-

187



All. M = NH,CH,CH;0CH,CH,00C-C(CHs),-(Cyclohexyl); T-(CsHsCHCH,)]a-Br

R = Cyclohexyl
M-
M-Br+* M-Br+ Br+H+ M-  M-Br+H+
H+Na H+K Na-et Br+2H K-X
m/z

1059.4 1057°

1125.8
1124 7
11435 1142 1141.98
11455
1215
12915 1290 1300.1 1278.11
1321 1316.2
1337 1345
1439 1437
1625
2079 2077
2081
2084 2096
2100
2116
2227.7
2228 2225 5
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2246 2244 2243.86
2418.0
2391 2402 8 2379.99
3328 3323 3329.6
a. m/z =1101 monomer repeat unit.
b. TOF linear mode

C. X= NH2CH2CHzOCHzCHzOOC-C(CHg)z-
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