CHAPTER 1 Introduction

The protection of cobalt nanoparticles against surface oxidation has been a focus
in our labs for many years. Many methods have been employed to stabilize these
particles in organic media making them available for many bioapplications. Such
methods include siloxane pendent nitrile complexation with the cobalt nanoparticles.'”

Silicones or siloxanes are widely produced by anionic ring-opening
polymerization of cyclic trimers such as hexamethylcyclotrisiloxane (D3). However, the
anionic ring-opening copolymerizations of vinyl substituted cyclic trimers (D5") along
with D3 have not been widely studied. It is known that the reactivity ratios between the
two monomers are quite different.’ Therefore, investigating the copolymerization of
these two monomers to prepare well-defined poly(dimethylsiloxane-b-
methylvinylsiloxane) (PDMS-b-PMVS) diblock copolymers has been one goal of this
research (figure 1.1). Also, investigating the thermal properties of these materials is key
in understanding phase behavior of these copolysiloxanes. This will be discussed in

chapter 3.
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Figure 1.1 Chemical structure of PDMS-PMVS diblock copolymers

Another goal of this research has been to functionalize copolysiloxanes with

triethoxysilyl and trimethoxysilyl pendent groups (figure 1.2). This will be discussed in



detail in chapter 4. The thermal and solution properties of these functionalized materials
were investigated. It is believed that micellar solutions of these block copolymers may
serve as “nanoreactors” for the thermal decomposition and precipitation of cobalt

nanoparticles.
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Figure 1.2 Chemical structure of PDMS-PMVS-PMTMS

Previous work in this area has investigated forming “silica-like” thin shells
around the cobalt nanoparticles as a possible method to protect against surface oxidation.
However, these materials were hydrolyzed and condensed utilizing rather high
concentrations of dibutyltin diacetate as the catalyst and this proved to be cytotoxic.'*
Therefore, one goal of the present research was to develop a methodology for hydrolysis
and condensation without added catalyst was needed. Chapter 5 dicusses these sol-gel
reactions of triethoxysilyl and trimethoxysilyl functionalized copolysiloxanes.

Cobalt nanoparticles have been prepared by the thermolysis of dicobalt
octacarbonyl in toluene in the presence of a poly(dimethylsiloxane)-b-
[poly(methylvinylsiloxane-co-(methyl-[trimethoxysilyl-2-ethyl]siloxane)] (PDMS-b-
[PMVS-co-PMTMS]) as well as a poly(dimethylsiloxane)-b-[poly(methylvinylsiloxane--

co-(methyl-[triethoxysilyl-2-ethyl]siloxane)] (PDMS-b-[PMVS-co-PMTES]) copolymers



serving as steric stabilizers (figure 1.3). These reactions produced narrow size
distributions of approximately 10 nm diameter particles with high saturation
magnetization. It is proposed that the [PMVS-co-PMTMS] or [PMVS-co-PMTES] form
anchor blocks whereas the PDMS tails protrude into toluene providing dispersion
stability. The preparation and characterization of these magnetic fluids are discussed in

chapter 6.
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Figure 1.3 Cobalt nanoparticles stabilized with PDMS-b-[PMVS-co-PMTMS]
copolymer.




CHAPTER 2. Literature Review

2.1 Overview

This chapter will discuss areas directly related to the research topic and is divided
into five sections. The first section presents an overview of polysiloxane chemistry
including physical properties, synthesis of cyclosiloxane monomers including a detailed
discussion of the synthesis of vinyl substituted D; monomers as it directly applies to this
research. The synthesis of polysiloxanes via thermodynamic and kinetic control will be
included as well. Siloxane block copolymers and their ability to form micelles in
solution will be discussed in detail in the second section. The third section covers sol-gel
chemistry due to its implementation in this research as a possible method to inhibit
oxidative degradation of stabilized cobalt nanoparticles. In the fourth section, magnetic
materials and their properties will be discussed. The final section will discuss the
preparation of stable cobalt dispersions via the reduction of CoCl, and the thermolysis of

COQ(CO)S.



2.2 Introduction to polysiloxane synthesis

2.2.1 Overview of polysiloxanes

Polysiloxanes have been extensively studied over many years. They are
comprised of silicon atoms bonded to oxygen. Silicones are intermediates between
organic and inorganic compounds, specifically between silicates and organic polymers.
The term “silicones” was first coined due to the structural resemblance between R,Si0
and those of “ketones” (R,CO). However, the Si=0O bond is very unstable unlike the
C=0 bond in ketones.” The term “polysiloxane” was proposed based on the structure of
the repeating unit in the polymer backbone (Si-O-Si). Silicones can, therefore, be

categorized based on their structure:

Table 2.1 Structural Units of Polysiloxanes®

Structural Formula | Composition Functionality Symbol
R
|
—S|i—o— R;Si0y) Monofunctional M
R
|
—o—Sli—o— R,Si0,, Difunctional D
R
R
J
—o0—Ssi—o— .
RSiO3) Trifunctional T
0

O

—0—Si—o0— SiOsp Tetrafunctional Q




Silicones bring together properties of inorganic and organic materials which give

rise to the vast array of industrial applications ranging from aircraft gaskets to auto

polishes to construction sealants.” Other applications include silicone resins, silicone

fluids, siloxane room-temperature-vulcanized (RTV’s) rubbers, and siloxane heat-cured

rubbers.”® The wide range of applications is summarized in table 2.2.

Table 2.2 Silicones and their applications

Silicone Fluids

Silicone Resins

Plastic adhesives

Hydraulic fluids

Vibration damping

Release agents

Anti-foamers

Dielectric media

Cosmetic and health product additives
Surfactants

Varnishes
Protective coatings
Electric insulations
Adhesives
Laminates
Encapsulants
Release coatings
Junction coatings

Greases Paints
Polishes
RTV Rubbers Heat-Cured Rubbers
Sealants Wire-cable insulation
Adhesives Belting
Gaskets Tubing and hoses
Foams Fabric coating
Surgical aids Extruding
Glazing Fuel-resistant rubber parts

Medical implants

Medical implants




This wide range of applications is attributable to the unique properties of polysiloxanes

table 2.3).” These properties result from its inherent chemical structure and, thus,
prop

require a detailed discussion of the basic structure/property relationships of

polysiloxanes.

Table 2.3 Unique Properties of Polysiloxanes

Properties

1.) Thermal and oxidative stability
2.) Low temperature properties. Retention of flexibility,
elasticity, or flow at temperatures as low as or even

lower than -110 °C.

3.) Low surface tension and high surface hydrophobicity
4.) Inertness and biocompatibility
5.) Good electrical insulators and resistance.

Silicon is an amphoteric element and is also known to be one of the most

abundant elements at 27.5% of the earth’s crust following oxygen at 46.4%.” The silicon

atom occurs in nature in three isotopic forms. Their natural abundance are listed in table

24.

Table 2.4 Silicon Isotope Abundance'”

Isotope Abundance Spin quantum number, |
g4 92.18 0
284 4.71 A
30g4 3.21 0




In addition, the silicon atom possesses d-orbitals which can accept electron
density from other atoms, giving the bonds some double bond character.>"'* The
resulting bond is more covalent in nature than ionic. For example, an oxygen atom in an
ether shows more basic character than the oxygen in silicones. It also supports the
enhanced electrophilicity of a vinyl substituted silicon atom.”"> The polarity of the Si-H
bond is higher than that of a C-H bond, therefore making it quite susceptible to
nucleophilic attack. This has resulted in a wide array of substituted silicon-containing
compounds. The Si-O bond has substantial ionic character and has a higher bond
strength than that of Si-H or Si-C bonds.” This accounts for the high thermal stability of
polysiloxanes. For example, the degradation of polydimethylsiloxane, PDMS, begins at
350 °C which is higher than for most organic compounds. This high degradation
temperature of polysiloxanes may also be attributed to the higher bond disassociation

energies of the Si-O bonds in comparison to the C-C or C-O bonds.

Table 2.5 Mean bond energies in kJ/mol of several bonds of carbon and silicon'*

Bond C Si

X-X 346 222

X-0O 358 452

X-H 413 318




The Si-O skeleton bond is 1.64 A which is significantly longer than the 1.53 A
C-C single bond. The siloxane bond rotates easily about the Si-O axis, especially when
small substituents are present such as a methyl group.'® This rotational ability creates
larger intermolecular distances between dimethylsiloxane chains and smaller
intermolecular forces.'® It has also been shown that these polymers exist in a-helical
configurations which allow them to retain their size upon absorbtion of heat. This results
in little variation of physical properties such as viscosity with temperature.

In PDMS, the bond angles of 143° in Si-O-Si and 110° in O-Si-O are significantly
more than the tetrahedral bond angle of 109.5° of hydrocarbon chains. This gives rise to
an open structure and low rotational barrier. This accounts for their low glass transition

temperature (=125 °C for PDMS) and low surface tension (20 mN/m for PDMS).""'®

Table 2.6 Silicon and Carbon Rotational Barriers” '’

Bond Energy (kJ/mole)
Si-O <0.8
C-O 11.3
Si-CHj; 6.7
C-CH; 15.1
1o  Oo——
~
o~ S O Si
) O .,
S \_/\ / l ///CH
e o Si H,C 3
CH. 143 L 3
CH; 3 2
H;C CH;

Figure 2.1 PDMS chains indicating bond angles of the siloxane backbone.
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Polysiloxanes also possess other highly desirable properties such as electrical
resistance. Therefore, these polymers offer great advantages in the electrical industry due
to the low relative permittivity of PDMS fluids of approximately 2.75. This is
significantly lower than 20.7 and 78.5 for acetone and water, respectively.”” Along with
the low permittivity of PDMS, it also exhibits high hydrophobicity. This property may
be altered or enhanced by incorporating different moieties on the backbone. PDMS with
pendent methyl groups is a perfect example of hydrophobic groups on the siloxane

backbone.

2.2.2. Preparation of Cyclosiloxanes

Cyclosiloxanes can be prepared via several different methodologies. Ladenburg
first reported the preparation of a mixture of siloxanes in 1872 after studying the reaction
between acidified water and diethyldiethoxysilane.21 Stock and Somieski, in 1919, were
the first reported investigators to obtain a very small amount of liquid,
polydimethylsiloxane (PDMS). However, it was Kipping and Lloyd who carried out a
systematic study of organosilicon chemistry. They resolved that each silicon was shared
by two oxygens and that each oxygen by two silicons.

Hyde and DeLong reported a method by which certain cyclosiloxanes could be
converted into industrially useful compounds.”* The most common method derived from
these earlier studies involved the hydrolysis of a reactive silane. This method is still
utilized due to the commercial availability of diorganodichlorosilanes. Hydrolysis of a

diorganodichlorosilane yields a diol which undergoes condensation to produce mixtures
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of cyclosiloxanes and linear polysiloxanes. Dichlorodimethylsilane, for example, can be
hydrolyzed to yield an unstable diol which immediately undergoes condensation to yield
a mixture of polydimethylsiloxanes and dimethylsiloxane cyclics (Figure 2.2).>> The

cyclics are easily recovered by fractional distillation.

CH, CH;,

o—Si—a + Ho —— C——§—OH

CH, CH,

CH, (|3H3

c—si—cl  +  2H,0 —— HO—$—OH

CH; CH;

r r
HO— Si— OH Sli—o
| b,

CH,4 X

Figure 2.2 Hydrolysis of dichloromethylsilane to produce linear PDMS and
dimethylsiloxane cyclics. >

However, it is the reaction conditions that dictate the proportion of cyclic to linear
species. The distribution of cyclosiloxanes also depends upon the nature of the
hydrolyzed compound. It was found that the yield of cyclosiloxanes was optimized when
the extent of intermolecular condensation was limited, and intramolecular condensation
was induced when the degree of condensation equaled or exceeded 3. Low
concentrations of reactants favored intramolecular condensation over intermolecular
condensation, and lower temperatures and bulky organic substituents on silicon limited
the extent of condensation.**

It was also reported that the pH of the reaction medium had significant effects on

the product composition. Hydrolysis in strongly acidic media favored the production of
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cyclics and low molecular weight polysiloxanes. Hydrolysis in basic media, however,
had the opposite effect.”

Solvent interactions were investigated as possible methods to control the
condensation to form cyclosiloxanes. It was believed that the solvent used in hydrolysis
may markedly affect the product composition. Water-miscible solvents favored the
formation of cyclic compounds.”® However, a very polar solvent may increase the
amount of ring-opening reactions of the cyclic trimer. For example, the condensation of
diethyldichlorosilane in ether yielded the trimer, (Et,Si0O)s, and the tetramer, (Et,SiO)4 in
41 and 31% yields, respectively. However, the same condensation in methanol yielded
70% tetramer.>’

The thermodynamically favored product, D, is typically synthesized
commercially by the process discussed above. Due to its cost-effectiveness, the most
common method to produce linear PDMS is via equilibration reactions. However, the
more reactive trimer, D3, used for living polymerizations, is produced by several different
methodologies. Commercial production of Ds typically involves 1,3-dihydroxy-1,1,3,3-
tetramethyldisiloxane and dichlorodimethylsilane in the presence of pyridine.***
Hexamethylcyclotrisiloxane can also be prepared by using 10% excess zinc oxide in the

presence of dichlorodimethylsilane (figure 2.3).*"!
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Figure 2.3 Preparation of hexamethylcyclotrisiloxane

In more recent years, various new synthetic approaches have been reported for
preparing the reactive trimer. These novel methods involved reaction of
dimethylsulfoxide with a dichlorodialkylsilane (figure 2.4). Weber et. al reported higher

yields of cyclic trimers in this manner.***>*

The deoxygenation of sulfoxide to sulfide is
an important synthetic reaction in organic chemistry and was found to be an efficient
method for preparing cyclotrisiloxanes of varying functionality including 1,3,5-trivinyl-
1,3,5-trimethylcyclotrisiloxane.” These syntheses were usually conducted in chloroform
utilizing triethylamine as a proton scavenger. There are other methods involving

chlorosilanes and metals, such as Zn, that involve deoxygenation of sulfoxides. These

methods have expanded the range of accessible cyclosiloxanes.™
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Figure 2.4 Preparation of 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane™*

2.2.3. Ring-Chain Equilibria : Thermodynamic Control

Siloxanes are known for their thermal stability, but in the presence of strong acids
and bases a mixture of cyclic and linear polysiloxanes will be obtained. The equilibrium
concentration of cyclics is strongly dependent upon the change in both enthalpy and
entropy of polymerization. The polymerization enthalpy change is close to zero since no
net changes of chemical bonding occur. The polymerization of unstrained cyclics such as
D4, however, is driven by a positive change in entropy that is a summation of entropy
changes due to mixing, configurational, and translational entropies.’® There have also
been some reports of using the strained trimer, D3, in equilibrium reactions.”’

Equilibration polymerization is dependent on the Gibbs free energy change, AG.
The Gibbs free energy equation describes this dependency by using fundamental
thermodynamic quantities: polymerization enthalpy change (AH) and polymerization
38,39

entropy change (AS) with respect to temperature.

AG = AH - TAS
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The AG must be a negative value for the polymerization to occur or to transform cyclics
to linear species. As mentioned, there is no net bonding change for the polymerization of
Dg. Therefore, the reaction is driven by entropy changes alone yielding a negative AG.*’
Rearrangement or so-called “redistribution” or “equilibration” of the siloxane
bonds occur in the presence of strong acids or bases.”! The siloxane bonds are
continuously broken and reformed until the reaction reaches thermodynamic equilibrium.
A distribution of cyclics and linear polymers are produced at equilibrium. The
equilibrium composition is dependent on the cyclic monomer. A Gaussian distribution of

molecular weights for the linear polymers is obtained.**

ki
— D, + D, _— D,y
k;
—D— 4 MM > MD M
ks
MD M + MM —_— MD, .M
ks
MD,M + MD,M MD,,,M + MD, M

where k; >> kj, k;
ky>ky, k3
ky = ks

Figure 2.5 Equilibration reaction of siloxanes”'
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The equilibrium concentration also depends strongly on the substituents. Longer
and more bulky substituents tend to lead to higher equilibrium concentrations of cyclics.
Equilibrium concentrations of common cyclic siloxanes are listed in table 2.7. The
percentages of cyclics and linear polymers at equilibrium are also dependent upon the

reaction conditions as listed in table 2.8.

Table 2.7 Yields of linear polymers in undiluted equilibrates of siloxanes®’

R R’ Approximate Yield %
Me Me 82
Me Et 74
Me CF;CH,CH; 17
Ph Me 70
Ph Me 0

Table 2.8 Reaction conditions and their influence on equilibrium position

Conditions Linear Polymers Dy Ds-Dy
135 °C, toluene, KOH" 29 33 31
20 °C, benzene, Li cryptate44 70 2.7 11.5

o, 45
20 °C, CH,Cl,, CF5SO;H 28 32 27

20 °C, CH,Cl,, CF3SO;H-(CF;S0,),0%
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Another common approach to control the molecular weight of the polymers

prepared by the polymerization of unstrained cyclics involves end-blocking reagents. A

disiloxane end-block (see general structure in figure 2.6) behaves as a monofucntional

monomer in condensation polymerization. It is important that these endblockers contain

not only Si-O bonds but also Si-C bonds to prevent any interchange reactions in the

equilibration. This method, figure 2.7, is an efficient way to target and control the

molecular weights of these polymers. In addition, functional polydimethylsiloxanes may

be obtained in this manner to produce siloxane-containing block copolymers or

networks.***’
EEDZN
CH3 (.jH3 X= OH’ NHZ’ COZH’
X—R—Si—O0 Si R X
| halogen, ——NCO, ——NRH
CH; CH;

Figure 2.6 End-blocking disiloxanes

R = alkyl, aryl, aralkyl

42,48
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7N\
H;C CH;4
80 °C
siloxanolate catalyst
CH;4 |CH3 CH;4
H,N—(H,0); S|i 0] |Si Si (CH,);—/NH, +
CH; CH;4 CH;

Si——(CH,);—NH,

cyclics

Figure 2.7 Preparation of aminopropyl terminated polydimethylsiloxane via an end-

44,4748
block procedure***”

2.2.4 Ring Opening Anionic polymerization : kinetic control

2.2.4.1 Introduction to ring opening anionic polymerization

Several catalysts have been reported for ring opening polymerizations of

cyclosiloxanes including strong organic and inorganic acids or bases* and metal

oxides™. Depending on the type of catalyst, the ring opening polymerization can be

classified into acid/base polymerization or cationic/anionic polymerization. This section

will focus only on anionic polymerization as it pertains to this thesis.
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Telechelic polymers with various functional groups are produced by anionic
polymerization with exclusively kinetically controlled polymerization and narrow
molecular weight distributions.”’ Several catalysts are used in these anionic systems such
as alkaline metal hydroxides or silanolates, alkyllithiums, ammonium hydroxides, and
phosphonium hydroxides. Cyclic trimers are much preferred to cyclic tetramers due to
their higher reactivity attributable to greater ring strain (kinetically favored). For
example, the catalyst reacts with the cyclic siloxane to yield oligomeric silanolate chains
(chain initiation). It is thought that the silanolate ions then attack the cyclic trimer to
form pentacoordinated silicon complexes. These subsequently open to form longer
chains. Higher molecular weight polysiloxane chains are produced by propagation; the
continuous repeating reaction of chain ends with cyclic timer.

In addition to the ring opening of the cylic monomers, the chain ends also
have a reactive aftinity towards polymer chains. Backbiting, or reacting on the host chain,
occurs in such systems, causes depolymerization, and yields various sized cyclics.
However, when the silanolate ions attack other chains, a redistribution of chains occurs
(figure 2.8).>* A reaction that takes place between two silanolate ions is known as specific
redistribution. This reaction is faster than a reaction between a siloxane unit in a linear
polysiloxane and a silanolate; known as normal reshuffling reactions.’® The unusual
reactivity of the specific redistribution can be explained by the transition state. There is a
silicone resonance structure which stabilizes this transition state (figure 2.9).54’55

The amount of backbiting, redistribution, and reshuftling is dependent upon the
concentration of cyclics in solution. At initial stages of the reaction, the concentration of

cyclics is high, therefore, polymerization predominates. However, as the concentration of
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cyclics steadily decreases over time, redistribution and reshuffling become important
finally reaching an equilibrium between rings and chains. The polysiloxanes produced

upon polymerization may be isolated by the addition terminating agents such as

chlorosilanes.
o 2 P
initiation
Mt OH + ————— > HO { Si—O} Sl—(g>GL> M
| x-1
CH; CH;
|CH3 CH3 CH3
HO { Ti_o} polymerization HO S:i—o S:i—g)G-)M
CH3 CH; e CH;
depolymerization
CH, CHm CH, CH,
N oo | 0w
HO Si—O S|1—O S|1—O S|1—O " HO%T_O%T_(@ M
CH; “ CH3 y-2 CHj CH, “! CH,
1|CH3 2 CH; 2 CHs redistribution | |CH3 2 CHs 2 |CH3
\/\/\/‘Si—OGEM + wAASi—0 S v Si—0 Sy " \/\/\/‘Si—OGEM
CHj3 CHj3 CHj3 CH; CH; CH;

Figure 2.8 Anionic polymerization mechanism of cyclosiloxanes’*
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1|CH3 2 CHs 2 CHy redistribution | |CH3 2 CH 2 |CH3
\/vv\Si—OGEM + AASF—0 SN AASI—0 Sirnvwy i \/vv\Si—OGEM
CH; CH; CHy CH; CH; CH;

silicone resonance structure

JCHy  ,CHy

@ Si—0 M

WAAS—0

CH, CH,

Figure 2.9 Specific redistribution mechanism

The active propagating center for anionic polymerization is an ionic aggregate of
silanolate ions rather than free ions. This was determined from various studies including

3736 The rate law suggests

polymerization reaction kinetics and conductivity experiments.
that there is an equilibrium established between free silanolate ions and ionic aggregates

which lies in favor of aggregates (figure 2.10)

d [monomer] = [Silanolate]"" (kp[monomer] — Kgepolym.)
dt (nK,)""

Figure 2.10 Rate law of anionic polymerization of cyclosiloxanes®’
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Ionic systems are unique from other polymerization mechanisms in that a variety
of species may co-exist and simultaneously contribute to polymerization.”” These ion
pairs will have their own characteristic behavior and exist as free ions, ion pairs, triple
ions, and ion pair dimers (figure 2.11).°® The contributions of aggregates and free ions in
solution as well as the rate of polymerization are attributed to the reactivity differences
between their counter-ions. The reactivity of counter-ions increases as size of the cation
increases.

Cs'> Rb" > K" > Na" > Li’
The ionic equilibria are influenced by many factors including concentration, cationic or
anionic strength, dielectric constant, presence of salts or cation binding ligands, pressure,

temperature, and solvent.

© ® SN
A+ M A@ M® A M Ion Pairs
TS
v+ P VIS
Triple lon Pairs
®
AOT M® + M M,®A,®M®
n Ae, M® (A(? M®) N Ion Pair Aggregates
AC? M® + L g? 1\? L Externally Complexed Tight lon Pairs
© @ Solvent-or Ligand Separated lon Pairs
A(? L, M® A+ ML and Free Ions

Figure 2.11 Ionic Species present during polymerization®®
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Solvents play an important role in the contributions of these species. Highly polar
solvents are not appropriate for these polymerizations for many reasons. Firstly, polar
protic solvents such as HO, CH;0H, CH3CH,OH, etc., will donate protons and terminate
the propagating anionic species, and, secondly, ethers and acetone can form highly stable
complexes with the initiator. Therefore, these polymerizations are usually conducted in
hydrocarbon solvents of low polarity.

Electron donating compounds increase the rate of polymerization attributed to
solvating the cations and increasing the concentration of free silanolate anions. The
resulting silanolates are solvent-separated or loose ion pairs. These promoters have large
dipole moments and include elements such as oxygen and nitrogen. Monodentate
promoters, e.g., tetrahydrofuran (THF), dimethylether®, hexamethylphosphoramide
(HMPA)®, dimethylsulfoxide (DMSO)®'and triglyme® are typically utilized. It has been
reported that multidentate promoters such as poly(ethylene glycol), cryptands® and

64 . -
crown ethers® can be more effective promoters than the aforementioned monodentates*

CH2CH2(OCH2CH2)H’1
B—CH,CH,(OCH,CH,)n-N

CH,CH,(OCH,CH,)p

Figure 2.12 Crytate [2,2,1] where m=n=2 and p=1
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2.2.4.2 Living Anionic Polymerization

Living anionic polymerization is defined as a base initiated polymerization
without any chain transfer or termination reactions.*” In the mid 1950’s, Szwarc et. al.
demonstrated that carbanionic polymerizations could be prepared using electron transfer
initiation and coined the term “living” for these termination free processes.”’ Stavely and
co-workers utilized an alkyllithium initiator to polymerize isoprene with 90% cis-1,4
units.” What were essentially living polymerizations were reported earlier by Ziegler®
in 1929 and later by Mark and Dostal®®, and Flory®’. Anionic living polymerizations

have the following ideal features :

1.) The rate constant of initiation (k;) is greater than or equal to the
propagation rate constant (k).

2)) The initiator participates only in reactions involving the formation of
active centers.

3) Termination reactions are excluded (termination rate constant, £, is 0).

4.) Chain transfer reactions are excluded as well (ki = 0).

These active chain ends are known to have indefinite lifetimes.” Living
polymerizations are often carried out in solvent of low to moderate polarity such as
cyclohexane or hexane. These polymerizations also exhibit a linear increase in molecular
weight with percent conversion attributable to the fast initiation process in tandem with

the absence of termination reactions (figure 2.13.)
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Termination of the living chain can occur by introducing suitable materials such
as water, methanol, chlorosilanes. Tailoring block copolymer architecture is achieved by

terminating these living polymerizations with functional end groups.

Molecular Weight

% Conversion

Figure 2.12 Variation of molecular weight with conversion for living anionic
polymerizations.
2.2.4.3 Living anionic polymerization of D3

In the 1980’s two groups, Sigwalt and Chojnowski studied the mechanism of

376870 1t was believed that there is a multiplicity of

cyclic siloxane polymerization.
species responsible for chain formation. However, mechanism elucidation is difficult due
to the short lifetime of active species due to fast exchange reactions.

Polysiloxane polymerizations rely greatly on the cyclic monomers that exhibit

high ring strain as it minimizes side reactions such as redistribution. It has been reported

that these monomers, such as Dj, are more reactive in such systems. Ds, in particular,
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contains highly reactive Si-O bonds, is somewhat strained, and has a significantly

exothermic polymerization (figure 2.13) >

H c
o/ \o O® @
HSC\S|. S|i/CH3 + nBuli Sl— Li
|
VAR 3
C|3H3 CHy
SI—O (CH3)351C1 n-Bu S|i—o S|i—CH3
—_—
Chs 3CH;

Figure 2.13 Living anionic polymerization of D3*

@)

Organolithium initiators, specifically n-butyllithium and sec-butyllithium, are the
most common initiators for these systems.’* Sec-butyllithium forms tetramer aggregates
in cyclohexane whereas n-butyllithium forms hexamer aggregates in the same solvent.”!

Precedence was established for the anionic polymerization of D3 by Sylvie
Boileau.”” She found that D5 in benzene disappears according to a first-order rate law at
least up to 80% conversion. The kinetics of propagation were studied by dilatometry
under high vacuum.”” The R, (rate of propagation)/ [M] plotted versus [C] was
linear(figure 2.14). Therefore, the reaction order in active centers was equal to 1. Two

conclusions that can be drawn from this data: one type of active species is present such as
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cryptated ion pairs and it may be that there are different types of active centers which
may have the same reactivity.

Boileau et. al. also demonstrated that the addition of a promoter or cryptad
accelerated the propagation rate of Ds;. The polymerization was initiated with n-BuLi in
benzene. This further supported the idea that electron donating agents, especially

multidentate promoters, aid in reaction rates (figure 2.15)

Table 2.9 Polymerization of D; initiated by n-BuL4i, in benzene at room temperature’

D;(g) nBulLi (10° mol) Benzene/THF (v/v) [2,1,1] Propagation Time (hr.)
5.1 3.95 27/26 0 7
6.0 4.27 26/0 11 1

Viscosity measurements were conducted to clarify the reaction kinetics. Living
and deactivated solutions of PDMS were performed in toluene with Li" and [2,1,1] as
counterion. There was no significant change observed, therefore, the fraction of
aggregates was negligible. Conductance experiments of model silanolates in THF
determined that the fraction of free aggregates was low. Therefore, the main ionic

species is cryptated ion pairs and k, can be defined as follows :

kp =_7I4{p_ = ke = 1.41 mol” sec™

In addition, cyclic oligomers are formed as by-products through redistribution and

backbiting during propagation. The cyclic concentrations have been determined via GLC
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analysis. The conversion of D3 monomers and the formation of linear polymers, D4, Ds,
and Dg as a function of time was determined. Showing the formating of polymer to be

quite significant.

23 Preparation of Block Copolymers

Block copolymers have offered several advantages to typical polymer blends.
Firstly, they contain different segments that are covalently bonded together eliminating
interfacial problems. Secondly, the molecular architecture can be controlled, and they
also serve to strengthen immiscible blends improving interfacial adhesion.

The potential of block copolymers was realized in the late 1950’s by
Schollenberger who prepared linear polyurethanes composed of “soft” polyester
segments and “hard” polyurethane segments.” These polymers were found to be soluble
in organic solvents even though these materials behaved as crosslinked rubbers.

The development of controlled living anionic polymerization also aided in the
development of well-defined block copolymers. This technique was successful in
producing diblock and multiblock structures.”® Polymer properties were found to be
dependent on the molecular architecture of the resulting polymer. Milkovich reported
that there is a significant difference between diblock and triblock copolymers and their

properties (figure 2.14).”
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AN~ soft
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Figure 2.14 Triblock and diblock copolymer architectures.

He also found that the triblock copolymer behaved as a crosslinked elastomers unlike the
diblock copolymers. This prompted many investigations and developments of new
materials consisting of multiblock copolymers for high performance materials.”

Block copolymers show unique properties including transition and elastomeric
behavior. Phase separated block copolymers may have two glass transition temperatures,
T,’s, corresponding to the two respective blocks. The modulus-temperature behavior of
homogeneous and microphase separated systems illustrate this phenomenon.

The elastomeric behavior of block copolymers is characterized by a number of
features including thermoplasticity and rubbery behavior. These materials must be two-
phase physical networks that evolves the thermoplastic elastomeric behavior. In other
words, these systems contain a small fraction of hard block and a large fraction of soft
block where the hard blocks aggregate to create microdomains that serve as physical
crosslinks. It should be noted that these sites are thermally reversible unlike chemically
crosslinked materials. All thermoplastic elastomers are based on the A-B-A, (A-B),, or

(AB)y star architectures.”’
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As mentioned, the living anionic polymerization technique has allowed for the
advancement of block copolymer technology. McGrath et. al. have led this area of
polymer chemistry. This technique produces controlled architectures which is critical to
develop desired properties. Anionic polymerization is preferred due to its freedom from
termination reactions and side products. Living techniques employed are usually
alkyllithium initiated polymerizations. It was first developed for the sequential

copolymerization of styrene and diene monomers (figure 2.15).
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Figure 2.15 Sequential polymerization of styrene and 1,3 butadiene’®

2.3.1 Siloxane-containing block copolymers

Block copolymers can be prepared with cyclic monomers to form well-defined
structures. Examples of these materials include polysiloxanes, polylactones, and
poly(alkylene sulfides). Specifically, block copolymers with well-defined siloxane
segments have been prepared anionically utilizing the cyclic trimer of dimethylsiloxane.
These cyclics can be polymerized with controlled molecular weight and narrow
molecular weight distributions. Polysiloxane-polysiloxane copolymers have been
prepared with a wide variety of blocks such as polysiloxane with poly(oxyalkylene),
polyolefin, polycarbonate, and poly(silphenylenesiloxane).”

Polysiloxane-polysiloxane block copolymers have been focused upon in recent
years."™®" Sequential anionic copolymerization of different cyclotrisiloxanes using
lithium silanolates or organolithium initiators yield well-defined block copolymers.

Chojnowski has investigated the controlled synthesis of poly(dimethylsiloxane-b-

1 .
These reactions were

vinylmethylsiloxane) block copolymers via sequential addition.>®
done in cyclohexane at room temperature using zn-butyllithium as the initiator. The first

monomer, D3, was polymerized until 90% conversion was reached and then the addition
of the second monomer, D3’ followed (figure 2.16). It was found that there was little to
no contamination of the second block formation if sequential polymerization was carried

1

out. These materials are well-defined diblock copolymers.™®' It is necessary to

polymerize the D; first in these reactions. This may be due to the alkyllithium species
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reacting with the vinyl moiety on the cyclic trimer versus initiating polymerization.
However, if a propagating siloxanolate is present addition of the vinyl monomer, no
reaction of the strong basic butyllithium with the vinyl group occurs. Chojnowski’,
Weber™?, and Kickelbick™ support the validity of this hypothesis. They utilized lithium

siloxanolate and n-butyl initiators to polymerize D5".

Hjy CHj
C\Si/
O/ \O
Hac\l |/CH3 + nBuLi
Si Si
"
O
H30/ \CHa
cyclohexane
THF
CHj
| ©le
nB S|i—O Li
CHs; X
" Si
N
| CH
7\0 /Sl/ 8

Si——CHj

CHj CH3 CHj
L1
|

Figure 2.16 Sequential copolymerization of D3 and D;"
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In addition, these copolymers may be functionalized.* These materials may be
further functionalized via hydrosilation reactions to create polymers with pendant
carboxyl, organosulfur, phosphine, etc. groups. Functionalization of
poly(dimethylsiloxane-b-methylvinylsiloxane) has been reported by Kickelbick™,
Chonjowski®', and Weber’”. Specifically, functionalized polysiloxane-polysiloxane

copolymers are attractive materials in biomedical applications.'

2.3.2 Micelle Formation

Micelle formation occurs when amphiphilic molecules are placed in aqueous
environments. Their hydrophobic regions segregate from the water by associating into
aggregate structures known as micelles.* Block copolymers can often times function as
amphiphilic molecules where one block is preferentially solvated to form aggregates
(micelles) in solution.*” These micelles are non-covalently bonded macromolecular
aggregates which dynamically exchange polymer amphilphiles in solution.”** This
dynamic aggregation process depends on the amphiphilic species and the solution
conditions. When a specific concentration of amphiphilic molecules or surfactants is
exceeded, the formation of oriented colloidal aggregates or micelles occurs. The narrow
concentration range in which this micellization occurs is called the critical micelle
concentration or CMC.}" At concentrations below the CMC, insoluble blocks in block
copolymer surfactants migrate to the surface of the solution in an attempt to leave the
medium while the soluble block protrudes down into the solution (figure 2.17). This

concentration of surface aggregated blocks is dependent on pressure, temperature, pH,
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type of copolymer/surfactant and solvent.*® At concentrations above the CMC, sudden
changes occur in solution that cause a change in properties such as surface tension,

. . . ., 89
osmotic pressure, and electrical conductivity.

| |

o uﬂ}& n%%} >

Low Concentration High Concentration

Figure 2.17 Increasing concentration of surfactant in solution

There are two theories that treat micellar behavior depending on whether the
micelle is regarded as a chemical species or as a separate phase.”’ The first model, the
mass action model, depicts the micelles as a chemical species. However, this model
assumes constant numerical values for each micelle association or employs the

monodispersity of the micelle aggregation number.**”!

The second model, the phase
separation model, regards micelles as a separate phase’” and assumes that the surface
tension or surfactant activity remains constant above the CMC.”*"

The macromolecular aggregate structures have aided in understanding micellar
solution behavior.” Several people have proposed aggregate morphologies such as

Hartley’, Harkins et. al’’>, and McBain®. Hartley proposed that micelles are spherical

having charged groups located at the surface of the micelles. McBain determined that
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there is a coexistence of spherical forms with lamellar structures. However, X-ray
studies by Harkins et. al. suggested that the micellar aggregates exist only as lamellae.
Debye and Anacker later proposed rod-shaped micelles versus the previously accepted
spherical aggregates.”’

Techniques such as NMR, ESR, and neutron scattering have aided in elucidating
the real structures of micelles. Hartley’s theory of spherical micelles has been upheld for

9899 1t was determined that the ion

ionic surfactants such as sodium dodecyl sulfate.
concentration greatly affected the morphology of the micelles. As the concentration
increased the ionic micelles changed from spherical to cylindrical to hexagonal to

lamellar. However, for nonionic surfactants, the shape changed from spherical directly to

lamellar (figure 2.18).'"

Spherical Cylindrical Hexagonal Lamellar

Increasing ionic surfactant concentration

Spherical Lamellar

Increasing non-ionic surfactant concentration

Figure 2.18 Micellar morphology as concentration of surfactant increases
Block copolymers are known to self-associate in solution leading to very useful

microstructures analogous to colloids formed by short-chain surfactants.”® A diblock
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copolymer of polymethylbutene and polyethylbutene produces a variety of morphologies
in solution such as cylindrical and lamellar. Recent investigations have shown that
polysiloxane block copolymers form micelles in solution as determined by surface
tension measurements and dynamic light scattering. Nose et. al. have studied the micelle
formation of polystyrene-b-polydimethylsiloxane (PS-b-PDMS) in hexane as a function

191 The PS existed as the micelle core

of temperature using dynamic light scattering.
whereas the PDMS was the micelle corona. At high temperatures, the copolymer formed
spherical domains, but as the temperature was decreased the copolymer formed hollow
cylinder morphologies.

Riffle et. al. have investigated triblock copolymers comprised of a
polycyanopropylmethylsiloxane center block with PDMS chains as tail blocks (PDMS-b-
PCPMS-bH-PDMS) (figure 2.19). Both dynamic light scattering and surface tension
measurements were performed on these polymers in toluene solutions.” Toluene is
known to be a good solvent for PDMS, but a poor solvent for the central PCPMS block,
allowing the PCMPS block to form the micelle cores and the PDMS tail blocks protrude
outward into the toluene to form micelle coronas. At significantly low concentrations, the
surface tension of the copolymer solution was that of the value for pure toluene, 28 mN
m™. However, as the concentration of copolymer was increased to values dropped
indicating the presence of a surface active agent. The critical micelle concentration were
calculated to be about 0.01-0.1 g 1. ' Experiments evaluating the change in CMC as a
function of temperature were also performed. The CMC’s of each copolymer run were

significantly lower as a function of temperature.”'*
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Figure 2.19 PDMS-b-PCPMS-b-PDMS triblock copolymer

Dynamic light scattering data further supported the formation of micellar
structures for these polysiloxanes. At low molecular weight PDMS blocks the
hydrodynamic radii increased from = 3-4 nm at 0.001 g I"' to approximately 11-12 nm at
0.01 g 1. The smaller hydrodynamic radii is indicative of small molecules whereas the
larger domain sizes indicate the presence of macromolecular aggregates. These changes

were observed in the concentrations of the CMC’s determined by surface tension.'
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2.4 Sol-gel chemistry

2.4.1 An introduction

Brinker and Scherer defined sol-gel as the fabrication of ceramic materials by the
preparation a sol, gelation of the sol, and the removal of the solvent.'” They have also
defined a sol as being a colloidal suspension of solid particles in a liquid analogous to an
aerosol which is a colloidal suspension of particles in a gas such as fog. The sol-gel
process involves precursors for the preparation of colloids that consist of metal or
metalloid elements surrounded by various types of ligands. Metal alkoxides belong to a
family of metalorganic compounds which contain an organic ligand attached to the metal
or metalloid element. The most common example of metal alkoxides is the
tetracthoxysilane (TEOS), Si(OC,Hs)4.'™

The earliest report of using TEOS in a sol-gel process came from Ebelman in
1846."" He observed monolithic products resulting from the hydrolysis and
condensation of TEOS over several months. In the 1930’s, Geffcken recognized that
alkoxides could be employed for the preparation of oxide films.'*® Schroeder further
supported this in his reviews of Geffcken’s work in the late 60’s.'"’

During the 1960°s and 1970’s, the ceramics industry focused on gels formed
from the controlled hydrolysis and condensation of alkoxides. Multicomponent glasses
were independently developed by Levene and Thomas'®, and Dislich'®”. Developing an
understanding of the sol-gel mechanisms technology has been the focus of academic and

industrial research.
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Sol-gel reactions using the class of organometallic precursors are usually
performed in an inert solvent such as ethanol due to incompatibility of TEOS with H,O.

1% The concentrations of

However, the reaction media produce several different products.
catalyst, solvent, water, and TEOS influence the product structure.'®
The sol-gel process for siloxane and silicate formation proceeds via

hydrolytic polycondensation of an alkoxysilane performed the parent alcohol of the

alkoxysilane. There are six exchange reactions that are possible in these systems (figure

2.20).M!



Hydrolysis
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==Si—OR + H,0

Esterification

Si—OH + ROH

Si—OH + ROH

Water Condensation

==Si—OR + H,0

Ky
Si—OH + HO Si—= > Si—O—Si=—= + H,O
Alcohol Condensation
kac
Si—OH + RO—Si== > —Si—0O0—Si=—= + ROH
Siloxane Hydrolysis
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—Si—0—Si=—= + H,0 » —=Si—OH +  HO—Si=
Siloxane Alcoholysis
k

Si—O—Si= + ROH

sa

==Si—OH + RO—Si==
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Figure 2.20 Exchange reactions in the hydrolytic polycondensation of alkoxysilanes
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Theoretically, the tetravalent silicon monomer may begin with one to four
hydrolysable OR groups. The process occurs via two main pathways, hydrolysis and
condensation, to produce the desired silica network. The reaction proceeds by producing
trialkoxysilanols, dialkoxysilanediols, and alkoxysilanetriols for the TEOS system.
Finally, the processing of these materials involves densifying these gels by heating them

to a higher temperature (figure 2.21)

Catalysts
TEOS + Ethanol + H,O

Y

Sol ~—> C(asting

— >  Gelation @ —  Drying —> Densification

Figure 2.21 Processing for the TEOS-ethanol-water system''?

2.4.2 Acid- and base- catalyzed sol-gel reactions

Alkyltrialkoxysilanes are known to undergo hydrolysis and condensation
reactions in aqueous solution.'> These hydrolytic condensations are catalyzed by metal
salts, acids, or bases. Acid- and base-catalyzed reactions are more common than those
catalyzed by metal salts. However, when room-temperature, mild, neutral reaction
conditions are needed, metal salts such as dibutyltin diacetate or dibutyltin dilaurate is

used.
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There have been several studies in an attempt to understand hydrolysis and

. : . . 114,115
condensation reactions in aqueous media.”

These investigations were not conclusive
due to the difficulty in separating the hydrolysis from the condensation reactions.
Therefore, Pohl and Osterholtz et. al., utilized fundamental Sy1 and Sy2 mechanism to
elucidate the hydrolytic condensation mechanisms. In an effort to understand these sol-

gel mechanisms, only two key steps, hydrolysis and condensation, will be considered

here.

2.4.2.1 Hydrolysis reactions

The experiments performed with aryl- and alkyltrialkoxysilanes by McNeil and
Pohl suggested that hydrolysis must proceed in a step-wise manner. The first step of the
hydrolysis formed aryl- or dialkylalkoxysilanols and was rate-determining step due to the
faster hydrolysis reactions forming silanediols and silanetriols. It was found that the
hydrolysis in dilute aqueous solution occurred via pseudofirst order kinetics and are
general base and specific acid catalyzed.''® Pohl examined the effect of pH on the
hydrolysis of y-glycidoxypropyltrimethoxysilane in aqueous solution. This study also
aided in determining kinetics and mechanisms for acid and base catalyzed hydrolysis.

His experiments determined, that under acidic environments, the hydrolysis rates
of y-glycidoxypropyltrimethoxysilane was ten times faster than n-propyl-tris-(2-
methoxyethoxy)silane. The rate equation for the disappearance of the y-

glycidoxypropyltrimethoxysilane was determined by the extraction method which was
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able to monitor solely the first step of hydrolysis. The rate of disappearance of the y-

glycidoxypropyltrimethoxysilane followed this equation :

- dJsilane] = Kk°"[OH][silane] + k" [H'][silane] + ko[B][silane]
dt

where [B] is the concentration of the conjugate base which is calculated from the pH,
pK, and total buffer concentration.

Acid-catalyzed hydrolysis is proposed to proceed via a bimolecular nucleophilic
substitution mechanism which involves a pentacoordinate intermediate catalyzed via the
hydronium ion. The rate of hydrolysis is, therefore, increased if the steric hindrance
around the silicon atom is decreased. Substituents which stabilize the negative charge
developed in the transition state also increase the hydrolysis rate which suggests that
smaller substituents such as methoxy groups are more labile and have faster reaction
rates.

The first step of the reaction involves the protonation of the alkoxy group to form
an oxonium ion intermediate (figure 2.22). This protonation converts the —OR group into
a good leaving group (weak base), -ROH. Water subsequently attacks the oxonium ion
intermediate, displaces the alcohol and generates a protonated silanol intermediate. This
reaction proceeds through a pentacoordinate transition state followed by the removal of
the proton from the protonated silanol species resulting in a dialkoxylsilanol and the

parent alcohol.
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The base-catalyzed reactions is catalyzed by the hydroxide anion and proceeds via

a bimolecular nucleophilic substitution reaction (Sn2) with a pentacoordinate

intermediate (figure 2.23).

116

the electropositive silicon atom. It proceeds through a transition state yielding a

pentacoordinate intermediate where the silicon adopts a negative charge. The

The hydrolysis is initiated by attack of the hydroxide ion on

intermediate then breaks down through another transition state where the alkoxide anion

is cleaved resulting in a dialkoxysilanol and an alkoxide ion. The hydroxide anion

catalyst can be re-generated by proton abstraction of water by the alkoxide ion (forming

the parent alcoho

1).
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As with the acid-catalyzed mechanisms, the substituents play a large role in the

reaction kinetics. The rate is enhanced when substituents that stabilize the negative

charge on the pentacoordinate intermediate are bonded to the silicon atom. Also, a rate

enhancement is observed when these substituents are sterically unhindered, e.g.

trimethoxy groups.
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2.4.2.2 Condensation reactions

Condensation reactions, acid- and base-catalyzed, are not as understood as their
hydrolyses counterparts due to the difficulty in studying these reactions. There have been
studies performed on silanols to form siloxanes specifically y-
methacryloxypropylsilanetriol and y-glycidoxypropylsilanetriol using deuterium labeling.
The reaction rates for condensation, determined by Pohl et. al., were first order in the

catalyst concentration and second order in the silanetriol concentration as shown below.

- _d [silanetriol] = k° [DOT[silanetriol]* + k. [D'][silanetriol]®
dt

Base-catalyzed condensation reactions were proposed to undergo an Sx2
mechanism whereby the deutroxide anion begins by abstracting a deuterium from the
trialkoxysilane yielding a silanolate ion. This silanolate ion functions as the nucleophile
as it attacks a secondary trialkoxysilane or neutral silanol to produce a siloxane dimer and
a deutroxide anion. Swain et. al. proposed that the reaction proceeds through yet another
negatively charged pentacoordinate intermediate with the first reaction step faster than
the second (figure 2.24).""" Grubbs et. al. proposed that the condensation of
trimethylsilanol in methanol occurred by backside attack of an electron donor molecule
and displacing one of the substituents on the silicon.''® The resulting siloxane dimer did

not undergo further condensation due to the increased steric hindrance at the reaction site.
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Pohl et. al. reasoned that base-catalyzed condensations are reversible reactions of
silanetriols with deutroxide anion and is assumed to be rapid in accordance with

1% This leads to an equilibrium concentration of silanolate anion. The second step

Swain.
is slower and yields an equilibrium concentration of silanolate anion and siloxane dimer.

No further condensation of the alkoxy groups was observed.
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Figure 2.24 Base-catalyzed condensation mechanism''®'"”
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Bimolecular nucleophilic substitution reactions are also utilized to explain acid-
catalyzed condensation reactions. The reaction rate is second order in silanetriol
concentration and first order in deuterium ion concentration. The protonated species
involved in the reaction are assumed to be in a non-rate determining equilibrium. The
results from studies performed by Pohl et. al. are consistent with either an Sx2**-Si or an
Sx2-Si mechanism.''*!!

The reaction begins by the protonation of the deuterated alkoxy group on the
silicon yielding a deuterated water leaving group (figure 2.25). This reaction is fast and
non-rate determining. Another neutral trialkoxysilane acts as a nucleophile and attacks
the deuterated silanol, proceeding through a triangular bipyramidal transition state which
is slow and rate determining. Upon decomposition of the transition state, a protonated
siloxane dimer is produced. D,O abstracts the deuterium ion from the protonated siloxane

dimer which regenerates the acid catalyst. These reactions are assumed to be in dynamic

equilibrium.
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Figure 2.25 Acid-catalyzed condensation mechanism

2.5  Magnetic materials and their properties

2.5.1 Overview of magnetic materials

The earliest reports of magnetic materials involved magnetite, an iron oxide or
Fe;04. These iron ore materials were fundamental in defining modern day magnetic
materials. It is said if two objects attract each other and also repel each other, depending
on orientation, that they are magnets. However, objects that are attracted to but not
repelled by magnets are magnetic materials. These materials also must not be attracted or
repelled by each other.'”

Magnetic materials are classified by various terms. These terms are important in
revealing the magnetic behavior of several materials. The magnetization of an object can
be expressed in terms of dipole strength or magnetic moment. For magnetic fields arising

from small magnetized objects, the magnetic field strength, H at large distances of »
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3120

varies inversely with 7°."~" The magnetic field strength of an object can therefore be

defined tangentially or radially :

Ho = 2M cos 0
3
r

The magnetic field strength is measured in A/m for SI units (International System of
Units) and Oersteds in cgs units (a system based on centimeters, grams, and seconds).
The intensity of magnetization or magnetization, M, is defined as the magnetic moment,
m, per unit volume; M = m/V. The permeability of the medium, 4, is important to
define the magnetic induction, B, which is the net magnetic response of a medium to an
applied field. The permeability in free space is equal to 4n x 107 H/m. The relationship

is given by the following equations depending on units used.

B = p, (H+ M) [SIunits]
The magnetic induction is measured in Tesla (T) for SI units and based on the
permeability of a medium. The magnetic induction may be defined in terms of intensity

of magnetization with B, H, and M all co-directional.

B = H + 4nM [cgs units]
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.. . . . .. 120
Here, magnetic induction is measured in gauss (G) for cgs units.

However, when the magnetic material has zero magnetic moment (M) where B =

H, the magnetic permeability is redefined as shown in the following equation :

n = B/H

and the susceptibility

Kk = M/H (emu/cm’ Og)

The magnetic susceptibility, k ,also characterize magnetic materials by varying M with
H. Being that M is the magnetic moment, « also refers to unit volume and is sometimes

referred to as volume susceptibility. '*'Other susceptibilities are defined as follows:

¥ = k/p = mass susceptibility (emu/g Oe), where p is density,

Ya = YA = atomic susceptibility (emu/g atom Oe), where A is atomic weight,
i = ¥M’ = molecular susceptibility (emu/g mol Oe), where M’ is molecular weight

Both y and p are important parameters in describing magnetic materials.

Magnetic materials having large values of  and p are desirable as they show high

response to an external magnetic field.

Another important parameter in characterizing magnetic materials are the
magnetization curves generated from magnetic measurements. Typical curves vary M vs.

H. At large values of H, the magnetization, M, becomes constant and is known as its
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saturation magnetization, M,. Also, the curves demonstrate the degree of irreversibility.
In other words, the curve shows whether the magnetic material may still retain magnetic
properties even after the field strength, H, is reduced to zero. Also, if the applied field is
reversed, the induction will decrease to zero when the negative applied field equals
coercivity or H.. This is defined as the field necessary to force or coerce the magnetic
material back to zero induction.

Magnetic materials are classified into different categories based on their values of
x and p. To further the understanding of magnetic materials, separating these materials
on the basis of negative and positive values of x is necessary. Large positive values of'y
are categorized separately.

Classifications are also based on critical temperatures, the temperature at which
the susceptibility changes. As the temperature increases, the susceptibility decreases and
their magnetic moments randomize. For materials at sufficiently high temperatures, they

follow the following relationship :

where 0 and C are positive constants and vary for each material.'*
Therefore, materials can be classified into five different categories depending on
the aforementioned values. Materials are usually categorized as diamagnetic,

. . . - . 119,121
paramagnetic, ferromagnetic, antiferromagnetic, and ferromagnetic.”

Diamagnetic
materials possess atoms that have no net permanent dipole or magnetic moments. In

other words, two electrons that have two distinct dipole moments cancel each other since

their spins align in opposite directions. However, the other categories exhibit net
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magnetization due to only partial cancellation of their magnetic dipoles. Paramagnetic

materials have atoms that do permanent dipoles and are randomly oriented at any

temperature in the absence of an external magnetic field. In ferromagnetic materials, the

moments align parallel to each other whereas the moments in antiferromagnetic

materials, the moments align anti-parallel. Ferrimagnetic materials also exhibit anti-

parallel alignment of dipoles, however, the magnitude of the moments are unequal. Table

2.10 depicts these descriptions as well as examples of compounds exhibiting these

magnetic characteristics.

Table 2.10 Classification of magnetic materials based on magnetic properties

Paramagnetic

Atoms have permanent dipole

Class Critical Temperature Structure Examples
. . None . .
Diamagnetic Atoms have no permanent dipole Inert gases, Cu, Hg, Si, P, S, salts
None

Cr, Mn, NO, rare earth metals

Ferromagnetic

Below @ :yes, follows universal
curve. Abowe : none

Atoms have permanent dipoles with parallel
alignment

Co, Fe, Ni

Antiferromagnetic

None

Anti-parallel alignment of dipoles

MnO, CoO, NiO, MnS

Ferrimagnetic

Below Q : yes, but doesn't follow

universal curve. Above : none

Unequal moment magnitude with anti-parallel

alignment

Fe30, (magnetite), y -Fe,O3 (maghemite)

2.5.2 Magnetic Fluids

Magnetic fluids are stable suspensions of solid particles in liquid or colloidal

solutions. Their stability is dependent and ensured by the Brownian motion of the

particles which must be small to experience this motion. Ferromagnetic particles are

known to coalesce due to attractive forces, however, this aggregation can be prevented by
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coating the surface of the particle with a surfactant.'”* Therefore, a magnetic fluid is
usually a stable colloidal solution with small (30 — 100 A) coated ferromagnetic particles
dispersed in a carrier fluid. Table 2.11 lists common carrier fluids and surfactants used in
this technology.

Table 2.11 Common surfactants and carrier fluids'*>

Carrier Surfactant
Oleic Acid, Aerosol
Hydrocarbons TR
Polyphosphoric
Aromatic hydrocarbons |acid derivative
Perfluoropolyether
Perfluoropolyethers acid

Kerosene polyisobutene

Career fluids are important in creating stable magnetic fluids, therefore, must
possess certain desired properties. These properties include low evaporation rate, low
melting point and viscosity, inertness, high thermal stability, and high dispersing
capability. However, all of these characteristics are not fulfilled by one single carrier
fluid. For example, hydrocarbons have excellent chemical and dispersive stability,
however, their high viscosities, high melting temperatures, and/or high vapor pressures
limit their applications.'” Silicone fluids present promising results as potential fluids for
magnetic particles. Silicone is preferred especially for its high thermal stability. Riffle et.

al. have prepared silicone magnetic fluids with polysiloxanes as steric stabilizers.'”



Magnetic fluids sometimes possess special magnetic properties. The magnetic
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moments are completely randomized in the absence of an external magnetic field and are

not magnetized. The magnetic moments of small particles have the ability to rotate along

the gradient of the applied field and have the ability to increase the overall magnetic

strength. Superparamagnetic fluids possess magnetic moments that completely

randomize once the field is removed (figure 2.26). These materials usually exhibit high

magnetic susceptibility, and they do not show magnetic hysteresis.
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Figure 2.26 Superparamagnetic fluid properties

2.5.3 Magnetic Fluid Stabilization
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As previously mentioned, ferrofluids are colloidal suspensions of small particles

on that order of nanometers. It is necessary to sustain the dispersive capability of the

magnetic fluid. It is possible to find an upper limit of particle size in which aggregation

stability of a colloidal solution is maintained. This is defined as the following equation :
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(Ap)VgL = kT
where Ap is the density difference of solid and liquid phases (kg/m’); V =r d*/6 and is
the volume of a spherical particle of diameter d (m’); g is the acceleration due to gravity
(m/s%); L is the liquid layer height at which the number of particles per unit volume
decreases as compared to the layer at the bottom of the vessel; k is the Botlzman
constant, and T is the temperature.'** For example, the upper limit to particle size for

uncoated magnetite is approximately 5.5 nm.'**

This estimate is acquired assuming
monodispersed spherical non-interacting particles. In addition, particle interactions such

as attractive and repulsive forces play an important role in dispersive stability. Therefore,

a detailed discussion of these interactions will be provided.

2.5.3.1 Particle Interactions — Attractive Forces

Stability of magnetic fluids is largely dependent on particle size. Magnetic fluids
are stable if the particle size is small and less than its critical value such that the particles

125 The critical size is around 3-10 nanometers for the

are of single domain structure.
majority of magnetic materials. Single domain structure is defined as each particle
having one single dipole of a particular magnitude. These dipoles induce magnetic
dipole-dipole interactions or E. As the size of particles increase, the magnetic moment of
each particle increases and the dipolar interaction is also increased.'*® Dipolar
interactions may be estimated using an equation based on the distance between particles,

r, and the magnetic moments, p. The value of £ is usually negative for attractive dipolar

interactions. Figure 2.27 describes two situations where attractive forces are experienced.
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Figure 2.27 Dipolar interaction energy E between two spheres of equal magnetic
moment. Attractive interaction is experienced.'*®

As mentioned in the introduction to this section, Brownian motion also plays an
important role in the stability of magnetic particle suspensions. Brownian motion,
thermal motion, can not prevent the agglomeration of magnetic particles or the formation
of chains if the mean particle size is above its critical value.'”* Therefore, the particles
must obey the following equation relating dipolar interaction energy to that of thermal

energy.

| Ei + Eq| < kT

If the dipolar interactions are less than the energy of thermal motion, the particles will

124 1n addition to Brownian

remain as non-interacting particles and prevent sedimentation.
motion and dipolar interactions, London-type van der Waal’s forces also exist as

attractive forces in magnetic colloids. This attractive force is a result of the interaction

between instantaneous electric dipoles or dispersion forces. These forces may not be
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overcome by thermal motion due to the large negative potential energy experienced when
particles are in close contact. In the early 1930’s London found that the attraction energy
decreased proportional to 1° with increasing distance, 1, between the dipoles. It is

important, then, to have repulsive forces that prevent agglomeration.124

2.5.3.2 Particle interactions - repulsive forces

There are several ways to induce repulsive forces in magnetic fluids. Electrostatic
repulsion may be used where each particle contains the same surface charge.
Electrostatic repulsion results because the particle surfaces tend to adsorb ions of
different charge and repel ions of the same charge (figure 2.28). This is also known as
the Coulomb repulsion of charged surfaces. It is dependent upon the surface potential,
particle size, and concentration of ions or salts in the liquid.'*’ This ion exchange and
adsorption leads to an electric double layer where the inner layer is the Stern layer
consisting of tightly bound ions. The diffusion layer or outside layer is comprised of

scattered ions of opposite charge.
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Figure 2.28 Electrostatic stabilization'*’

Moreover, the stability of magnetic colloids may be achieved by coating the
spherical particles with a surfactant. This induces steric repulsion. The adsorbed
surfactant inhibits the approach to each other so that the attractive energy distance is
larger in comparison to the disordering energy of thermal motion.'** Generally,
surfactants are long flexible molecules attached to the surface of the particle. These
molecules are usually linear chains with anchor blocks or groups at one end such as fatty
acids or long polymers or copolymers. The anchor section functions in binding the
surfactant to the particle surface whereas the rest of the chain extends out into the fluid
performing thermal motion. Therefore, their stability is determined by an entropic
mechanism. When two particles approach each other, the chains have to bend and restrict
their motions which decreases disorder and ultimately decreases the entropy or negative
AS. This negative entropy influences the Gibbs free energy around the particle. The
enthalpic effect is negligible, therefore, the Gibbs free energy has a positive value,

preventing particle agglomeration (figure 2.29).'*’
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Figure 2.29 Steric repulsion'?’

2.6 Cobalt magnetic fluids

In recent years, solid state chemistry has been presented with a new challenge; the
synthesis of nanoparticles with low size distributions. These materials show novel
properties that are different from the bulk or atomic structures.'*® Since the 1980’s
scientists have been able to obtain and exhibit some control the characteristic sizes of

inorganic particles.'*’

These nanoparticles have shown great promise as they are
desirable for many applications such as data storage devices and sensors. The production
of controlled nanometer sized magnetic particles is a goal of modern research.
Specifically, cobalt nanoparticles are of great interest due to their high spin density
resulting in their excellent magnetic properties. Colloidal chemistry is well suited to

129,130

synthesize nanoparticles. There are two very well known synthetic methodologies

for preparing cobalt nanoparticle dispersions; the reduction of cobalt salts and the
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thermolysis of cobalt carbonyls. These two reactions occur within micelles or colloids in
solution. Generally, these reactions must have a suitable polymer stabilizer, cobalt
precursor, and inert solvent. Riffle et. al. have lead the investigations of amphiphilic
block copolymers as steric stabilizers for the thermal decomposition of dicobalt
octacarbonyl. It is believed that the cobalt precursor decompose in the cores of micelles
as long as the polymer solution is above the critical micelle concentration or CMC. ' In
addition, these polymers must be soluble in the selective solvent and both ambient and
high temperatures.

It has been established that PDMS-5-PCPMS-bH-PDMS triblock copolymers
function well stabilizing cobalt nanoparticles of uniform size distributions. These
triblock copolymers contain a nitrile containing anchor block, PCPMS, that adsorbs onto
the particle surface. The tail blocks, PDMS, protrude out into the solvent and provide

steric stability."” They also have been shown to form micelles in toluene and Ds.

2.6.1 CoClL

The preparation of cobalt magnetic fluids has been reported using a variety of
methods. One method in particular, the reduction of CoCl,, has drawn great attention in
recent years for its synthetic feasibility. This method is known to produce stable cobalt

dispersions with narrow size distributions. The reduction of CoCl, reduction involves the

131

use of reducing salts such as borohydride (eg. sodium borohydride ”" and

134

superhydride'**, alkaline metals'>®, and polyols'**). Hoffman et. al. has reported reducing

cobalt salts to cobalt nanoparticles via electrochemical methods.'*
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The most common approach to the reduction of cobalt salts is the inverse micelle
technique. This reaction normally involves the use of a surfactant, usually
didodecyldimethylammonium bromide (DDAB), CoCl,:6H,0, and NaBH4. The DDAB is
dissolved in toluene or another appropriate organic solvent to create the inverse micellar
solution.”! The inverse micelle reactions produce narrow size distributions of particles.
It is thought that the particle sizes are controlled by the amount of water/surfactant ratio
in the system. However, this is not entirely correct. Higher concentrations lead to the
formation of Co,B instead of Co metal inside the micelles. Sorenson et. al. found the
germ-growth method better controlled the particle size as well as ensured the production
of cobalt metal while keeping the water/surfactant ratio constant. The cobalt particles are
germinated in the first stages of the reaction and serve as nucleation sites for larger
particles to grow."

Pileni et. al. have investigated the use of surfactants such as sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) to produce controlled sized nanocobalt particles.'*
Pileni reported that ternary systems such as hydrocarbon/AOT/water systems present
better advantages than the normal approaches previously described. The particles are
spherical and monodisperse. He found that the addition of the AOT surfactant along with
the water, DDAB, and hydrocarbon solvent, produced superparamagnetic nanoparticles
of 3-4 nm in diameter coated with a monolayer of AOT. The volume of solubilized
water in the system controlled the size inverse micelles (water-in-oil) and thus controlled
the size of the particles produced.

The mechanism of cobalt salt reductions via borohydrides is unclear. The reaction

is dependent upon the reactions conditions especially the amount of water, pH, and
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7138 Borohydrides are known to be very reactive to oxygen and water

oxygen present.
as they are used extensively in the organic reduction reactions to produce alcohols.

. . . 139
Mochalov et. al. presented a concise overall reaction for these reductions.

2BH, + 2Co**+ 9H,0 ———  Co,B + 3H;BO; + 125H,

Later studies by Pileni et. al'*” and Gomez-Lahoz et. al '*' elucidated other reactions that

attempt to solidify the molar ration of borohydride to cobalt salts.

2.6.2 Thermal decomposition of Co,(CO)s

Magnetic fluids can also be prepared by the thermal decomposition of metal
carbonyls to form magnetic particles in various organic media such as esters or benzene.
Carbonyls are carbon oxide compounds complexed with transition metals. They are
usually comprised of iron or cobalt with a varying number of carbon monoxide groups
forming ligands to the metal. Table 2.12 shows common carbonyls along with their

decomposition temperatures and suitable reaction solvents.'*
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Table 2.12 Common carbonyls and decomposition temperatures142

Carbonyl Decomposition Temp. °C Density, g/cm’ Solvent
Fe(CO)s 60-250 1.47 Ester, benzene
Fey(CO)o 95-100 2.08 Ester, benzene
Fe3(CO)y2 140 2.00 Ester, benzene
Coy(CO)s 25-52 1.82 Benzene, alcohol
Co4(CO)12 60 - Pentane, benzene

The implementation of carbonyls created a feasible methodology to create
magnetic particles with a diameter of several fractions of a micron. As mentioned, a
stable magnetic fluid must possess particles that do not aggregate or settle out of solution.
The particle size ranges have been achieved by thermolyzing metal carbonyls in polymer
solutions.'* The polymer prevents aggregation of the particles due to steric repulsion
and stabilization. It also facilitates in producing nano-sized cobalt particles. It has been
reported that particle size can be controlled by varying the molecular weight and/or
composition of the polymer. Also, the formation of single-domain cobalt particles is
sensitive to the ratio of [polymer] : [solvent] : [metal]. More importantly, as it pertains to
this thesis, the size of the cobalt particles is dependent on the concentration of polar
groups in the polymer. Large concentrations of polar groups have been show to produce

cobalt nanoparticles with diameters less than 10nm.'*
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Cobalt magnetic fluids may also be prepared via thermolysis in toluene. These
magnetic fluids have been studied by various groups. Firstly, a Russian group studied the
effects of different stabilizers, polystyrene and polybutylmethacrylate, on the
magnetization and sizes of cobalt nanoparticles. They employed molecular weights of
300, 000 g/mol and 100, 000 g/mol respectively for the polymer surfactants. Table 2.13

lists the results of these experiments.

Table 2.13 Cobalt thermolysis in the presence of polymer stabilizers in toluene

Characteristics Stabilizer

polystyrene polybutylmethacrylate
Polymer content g/cn’ 0.0006 0.005
Magnetization, Gs 0.63 0.3
Particle radius, nm 7.5 5
Viscosity, cP 3 1.7

Riffle et. al. have extensively studied the use of polysiloxanes as stabilizers in
thermolysis reactions of Co(CO)s. They have shown that triblock copolymers of PDMS-
PCPMS-PDMS form stable superparamagnetic fluids with size ranges of 10 nm and high

saturation magnetization values.'"'**

The thermal decomposition under inert atmospheres
has been documented for many years. It is believed that at temperatures below 90 °C, the
decomposition occurs in two separate steps (figure 2.30). Many investigators have

reported an initial and rapid CO gas evolution that corresponds to the transformation of

Co,(CO)g into Cos(CO) o'+
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2 Coy(CO)g Coy(CO), + 4CO |

ColCO), —> 4Co + 12 COT

Figure 2.30 Decomposition of Co,(CO)s below 90 °C.

The rate of decomposition slowly decreases and becomes equal to a constant. After some
time, the rate of production of CO rises again which is owed to the metal formation. The
end of the reaction is marked by a cessation in CO gas evolution."'*?

The reaction and the products are affected by temperature of decomposition,
solvent, composition and concentration of surfactant, gas pressure, and concentration of
carbonyl. The most appropriate solvents are organic aromatic compounds. Aliphatic
solvents fail to produce stable magnetic fluids.'** These solvents also must be able to
dissolve the cobalt carbonyl precursor as well as the polymer stabilizer. In addition they

must be chemically unreactive towards the cobalt carbonyl and polymer.'*® Typical

chemically inert solvents are listed in Table 2.14.
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Table 2.14 Common classes of solvents for cobalt carbonyl thermolysis'*®

Classes

Examples

Benzene and alkyl derivatives

monoalkyl benzene, dialkyl benzene

Halogenated derivatives of benzene

chlorobenzene, o-dichlorobenzene, p-

dichlorobenzene

Aliphatic and cyclic hydrocarbons

decane, octane, pentane, hexadecane,
isooctane, neopentane, cyclohexane, decalin,

and tetraline

Ethers and alcohols

THEF, dialkyl ether,
ethyleneglycolmonomethylether, butanol,

hexanol, cyclohexanol

Esters

alkyl acetate, alkyl propionate, alkylbutyrate

Ketones

cyclohexanone, mesityl oxide

As previously described, surfactants play key roles in these reactions. These surfactants

are commercially available and affect the sizes of nanoparticles produced, however, in all

cases the surfactant achieved size ranges lower than 10 nm (table 2.15).
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Table 2.15 Colloidal stability influenced by commercial surfactants for the thermolysis
of Co»(CO)s in toluene.'*?

Surfactants Commercial Colloid Size range, nm
Names Stability
Sodium sulfosuccinate AOQOT-Na + 6.8+0.8
Cesium sulfosuccinate AOT-Cs + 92+12
4-(1-butyloctyl)-2-ethylbenzoyl-1- Texas-2 + 6.7+ 0.8
sodium sulfonate

octyl-benzoyl sodium sulfonate OBS - -
dodecyl benzoyl sodium sulfonate DDBS + 7.1+ 1.6
dodecyl ammonium propionate DAP + 10.1£1.9

octyl sodium sulfate - - -
octyl sodium sulfonate - - -

octyl phenolpolyethoxyethanol Triton X-45 - -
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CHAPTER 3. Synthesis and characterization polysiloxane diblock copolymers

3.1 Synopsis

This chapter describes the synthesis and characterization of diblock
copolysiloxanes comprised of poly(dimethylsiloxane-b-methylvinylsiloxane)
(PDMS-H-PMVS). These diblock copolymers served as the precursors for polymer
modifications, then the modified polymers were used as dispersion stabilizers for
cobalt nanoparticles in toluene.

Sequential living polymerizations to form well-defined, diblock copolysiloxanes
were carried out by first ring-opening D3, then polymerizing D" (figure 3.1).
Molecular weights and molecular weight distributions were analyzed by GPC with a

universal calibration, and their thermal transitions were determined by DSC.
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Figure 3.1 Diblock copolymers were formed by anionic polymerization of D3 (1a.)
followed by living anionic polymerization of D;" (1b.), then termination with
trimethychlorosilane.
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3.2 Experimental

Hexamethylcyclotrisiloxane (D3, Gelest, Inc., FW 222.47 g mol”, mp 64-66 °C, bp
134 °C, d 1.02 g mL™) was purified by stirring over calcium hydride at 80 °C overnight,
then fractionally distilled under nitrogen into a pre-weighed flame dried flask. The
initiator, n-butyllithium (FW 64.06 g mol”, bp 80° C, d 0.775 g mL™"), was kindly
donated by FMC Corporation and was approximately 2.45M in cyclohexane. It was
titrated with diphenylacetic acid in THF to determine the molar concentration and used as
received. 1,3,5-Trivinyl-1,3,5-trimethylcyclotrisiloxane (D3V, Gelest, Inc., FW 258.50 g
mol, 80 °C/20 mTorr, d 0.9669 g mL™") was fractionally distilled under vacuum into a
pre-dried flask, purged with nitrogen, sealed with a septum, and stored in a dessicator.
Dichlorovinylmethylsilane (Gelest, Inc., FW 153.09 g mol”, bp 118-119 °C, d 1.0813)
was used as received. Dimethylsulfoxide (Aldrich, 99.9%, FW 78.13 g mol”, mp 18.4
°C, bp 189 °C,d 1.4790 g mL'l), was dried over MgSO, for 24 h and then fractionally
distilled just prior to use. Triethylamine (Aldrich, 99.5%, FW 101.49 g mol”, mp -115
°C, bp 88.8 °C, d 0.726 g mL™") was dried over calcium hydride for 24 h and then
fractionally distilled. It was maintained in a dark dessicator until used to prevent
degradation. Chloroform (Aldrich, 98%, FW 119.38 g mol”, mp -63 °C, bp 60.5-61.5 °C,
d 1.492) was washed with concentrated sulfuric acid and dried over MgSOj, for 24 h. It
was distilled just prior to use. Cyclohexane (Aldrich, 99%, FW 84.16 g mol ™, mp 6.5 °C,
bp 80.7 °C, d 0.779 g mL™) was stirred with concentrated sulfuric acid for 48 h, washed
with water, dried over MgSQy, then over sodium, and distilled just prior to use.
Tetrahydrofuran (THF, 99.5%, E.M. Sciences, FW 72.11 g mol™, mp -108 °C, bp 65-67

°C, d 0.889 g mL™) was dried over calcium hydride overnight, then refluxed over sodium
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in the presence of benzophenone until the solution was a deep purple. The THF was
distilled just prior to use. Trimethylchlorosilane (Gelest, Inc.) used as the terminating
reagent for the diblock copolymers was distilled before use. A Pt0[1,3-diviny1-l,l,3,3-
tetramethyldisiloxane]; s complex catalyst in xylene (2.1-2.4 wt % Pt) (Gelest, Inc., FW
389.49 g mol”, mp 12-13 °C, bp 138 °C, d 0.885 g mL™") was used as received.
Triethoxysilane and trimethoxysilane (Gelest, Inc.) were used as received. Toluene
(Aldrich, 99.8%, FW 92.14 g mol”, mp -93 °C, bp 110.6 °C, d 0.865 g mL™") was washed
twice with concentrated sulfuric acid and neutralized with water. It was dried over

MgSO; for one hour, then over calcium hydride overnight and distilled just before use.

3.2.1 Synthesis of 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane

This synthetic procedure was based on that provided previously by Chojnowski *and
Weber **and was modified to increase product yield. Dichlorovinylmethylsilane
(DVMS) (20g, 0.14 mol) was added via glass syringe to a flame dried, three-neck, 250-
mL, round bottom flask equipped with a magnetic stir bar, nitrogen inlet, an addition
funnel, and a condenser. Triethylamine (TEA) (28g, 0.28 mol) and 80 mL chloroform
were also charged via glass syringe to the reaction vessel. This solution was stirred for
approximately 15 minutes. The TEA functioned as an HCI scavenger to prevent acid
degradation of the cyclosiloxane product. A solution of dimethylsulfoxide (DMSO)(12g,
0.15 mol) in 50 mL chloroform was prepared separately and added to the addition funnel.
The DMSO solution was added dropwise over 1.5 h to the reaction mixture. The reaction
was stirred at 25 °C for an additional 3 h. A white solid precipitated as the reaction

proceeded. The reaction mixture was purified and recovered by washing several times
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with water, then dried over MgSOy for approximately 1.5 h. It was then filtered to
remove precipitates and the solvents were removed by rotary evaporation. The product

was fractionally distilled at 72 °C under vacuum at 11 mm Hg. The yield was 40%.

3.2.2 Characterization of 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane

3.2.2.1 'HNMR

All "H NMR spectra were obtained on a Varian Unity 400 MHz NMR
spectrometer operating at 400 MHz. The NMR parameters included a pulse width of
28.6° and a relaxation delay of 1.000 sec at ambient temperature. The samples were

dissolved in d-CHCl; for obtaining the spectra.

3.2.2.2 Gas Chromatography

All GC samples were run on a Hewlett Packard 5890A Gas Chromatograph
equipped with a non-polar short column and a He mobile phase. The samples were
ramped from room temperature to 250 °C at 10 °C per minute. The GC was equipped

with an FID detector.

3.2.3 Synthesis of poly(dimethylsiloxane-b-methylvinylsiloxane) (PDMS-b-PMVS)

A synthetic procedure for preparing a diblock copolymer with a targeted number
average molecular weight of 7000 g mol” comprised of 5000 g mol”' PDMS and 2000 g
mol! PMVS is provided. A series of diblock copolymers with different molecular

weights were prepared by varying the ratio of n-butyllithium to D; to control the M, of
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the PDMS block, and by varying the amounts of D5" relative to Ds to control the M, of
the PMVS block (table 3.1). The first part of the synthesis involved preparing a
controlled PDMS block with one terminal lithium siloxanolate. D3 (15.64, 0.003 mol)
was distilled into a flame dried, 250-mL, round bottom flask equipped with a magnetic
stir bar, which had been purged with dry nitrogen and sealed with a septum.
Cyclohexane (18 mL) was added via syringe as a solvent to dissolve the D;. Once
dissolved, 1.26 mL of'a 2.45 M solution of n-butyllithium (0.003 mol) in cyclohexane
was charged to the reaction flask via syringe, and stirred for 15 minutes at 25 °C. THF
(18 mL) was added as a promoter and the reaction was allowed to proceed at room
temperature until the complete conversion of D3 monomer to polymer, as determined by
"H NMR. This required approximately 8 h reaction time for this composition. D;" (6.2
mL, 0.003 mol) was charged to the reaction flask and the copolymerization was allowed
to proceed at room temperature until conversion reached approximately 95% (=8 h), as
measured by 'H NMR. The diblock copolymer was terminated with an excess of
trimethylchlorosilane (0.76 mL, 0.006 mol) via syringe and stirred for approximately 30
minutes. The solution clouded upon adding the trimethylchlorosilane due to the
precipitation of insoluble LiCl salt. The polymer solution was diluted with chloroform
(300 mL) and placed in a separatory funnel. It was washed with water several times to
remove LiCl. Approximately 80% of the chloroform was removed by rotary evaporation,
then the polymer was precipitated and purified by pouring the remaining solution into
stirring methanol (200 mL) twice. The clear liquid copolymer sank to the bottom of the
vessel. The methanol was decanted and the polymer was dried under vacuum at

approximately 500 mTorr at 60 °C for 24 h.
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Table 3.1 Concentrations of initiator, monomer, and endcapping reagent utilized to
synthesize a series of diblock PDMS-PMVS copolymers with systematically varied block

lengths.
Target MW D,
PDMS-b-PMVS D; n-butyllithium D; trimethylchlorosilane

(2 mol") (® (mol) moy | "™ (mL)
5000 — 2000 15.64 0.0031 0.003 0.003 6.21 0.76
5000 — 2000 14.87 0.0029 0.0029 | 0.0029 | 6.00 0.73
5000 — 3000 10.12 0.0020 0.0020 | 0.0020 | 4.14 0.51
10000 — 2000 10.42 0.0010 0.0010 | 0.0010 | 2.07 0.25
10000 — 2000 20.20 0.0020 0.0020 | 0.0020 | 4.14 0.51
14000 — 2000 10.72 0.0011 0.0011 | 0.0011 | 2.28 0.28
16000 — 2000 17.28 0.0011 0.0011 | 0.0011 | 2.28 0.28
16000 — 2000 11.20 0.0007 0.0007 | 0.0007 1.45 0.18
16000 — 2000 14.20 0.0009 0.0009 | 0.0009 1.86 0.23

3.3 Molecular weight determination

3.3.1 Nuclear magnetic resonance spectroscopy

3.3.1.1 'H NMR

All "H NMR spectra were obtained on a Varian Unity 400 MHz NMR

spectrometer operating at 400 MHz. The NMR parameters included a pulse width of

28.6° and a relaxation delay of 1.000 sec at ambient temperature. The samples were all

dissolved in d-CHCl; for obtaining the spectra.
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3.3.1.2 Si NMR

All *’Si NMR spectra were obtained on a Varian Unity 400 MHz NMR
spectrometer operating at 80 MHz. The samples for ’Si NMR were prepared with 0.63g
copolymer, 0.52 g Cr(Acac)s, and 2.4 mL d-CHCl;. Quantitative silicon NMR spectra
were obtained with the aid of the relaxation agent, Cr(Acac); with a pulse width of 168.0°

and a relaxation delay of 10.000 sec.

3.3.2  Gel permeation chromatography

Gel permeation chromatograms were obtained in chloroform at 30 °C on a Waters
Alliance Model 2690 chromatograph equipped with a Waters HR 0.5+ HR 2+ HR 3 +
HR 4 styragel column set. A Viscotek viscosity detector and a refractive index detector
were utilized with polystyrene calibration standards to generate a universal molecular
weight calibration curve for absolute molecular weight analyses. Samples were prepared

by dissolving 15-20 mg sample in 10 mL HPLC grade chloroform.

3.3.3 Differential Scanning Calorimetry

DSC scans were performed on a TA Instruments DSC Q1000 under constant flow
of Helium. The samples (10-15 mg) were ramped from -150 to 25 °C using hermetically
sealed DSC pans. Two scans were performed on each sample and the T,’s were take

from the inflection points on the second scans.
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3.4 Results and Discussion

3.4.1 Synthesis of 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane

Syntheses of the strained cyclosiloxane trimers such as D;" have been of great
interest in recent years due to their utility for preparing homopolymers and block

3,32,82 . s
=272, This synthesis involves

copolymers with narrow molecular weight distributions
deoxygenation of dimethylsulfoxide by reaction with a dichlorosilane, and ring-closure of
the six-membered ring. Triethylamine functions as an acid scavenger to prevent any
degradation of the cyclosiloxane product and triethylammonium chloride salt precipitates

during the reaction. The procedure also yields larger cyclosiloxanes and the eight and ten

membered rings (i.e., D4' and Ds") can be separated by fractional distillation (figure 3.2).

H,CH,C, =
Ne Cl—Si—Cl Both in 80 mL CHCI
HyCH,CT ) + ot etm 3
H;CH,C CH;
0.28 mol 0.14 mol
o 1.) RT, Argon purge

Sl 2.) The DMSO is added dropwise for 1.5 hrs.
/
H,C \CH3 o .
3.) The reaction is then stirred for 3 hrs.

0.15 mmol in 50 mL CHCl, 4.) Monitored by GC or ' H NMR
H,C —_—
3 \S
1
‘ o7 o cH
_ | Hs + DuV

Figure 3.2 Synthesis of D3"
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Sulfoxides are known to undergo oxygen transfer reactions'*’'**, The
electrophilic silicon of the dichlorosilane accepts the oxygen with elimination of chloride.
This may be followed by substitution of the remaining chlorine with the Si-O, and ring
closure. Ring-closure of the six-membered ring is disfavored thermodynamically due to
the strain energy of the resultant cyclic. Its yield was approximately 40% which was
similar to previously report yields (30-35%).>* The reaction forms a mixture of
cyclosiloxanes of different sizes and linear species with cyclics being the major products.
The methylvinyldichlorosilane was diluted with chloroform to enhance the cyclic yields.
The low molecular weight cyclosiloxanes were separated from the mixture by fractional
vacuum distillation.

These reactions were kept under nitrogen to prevent contamination with water.
When the exothermic reaction commenced, the temperature rose from room temperature
to approximately 60 °C, and this temperature was maintained for the duration of the
reaction by controlling the rate of addition of the DMSO.

Formation of D;" in the reaction was monitored by gas chromatography and
compared with a known standard (figure 3.3). The standard was separated/purified by
fractional distillation (b.p. of D;" at 11 mmHg 72 °C) from a mixture of cyclics. It is
important to note that higher membered cyclics have increased boiling points, and it was
therefore easy to obtain a pure sample of the D;* GC standard. The retention time was
4.45 minutes for D3" and 6.09 minutes for D4". GC of the purified product showed no

peaks after 4.45 minutes.
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Figure 3.3. Gas chromatogram of D3" obtained after purification.

As the reaction proceeded, the retention peak at 4.45 minutes increased in area
corresponding to the formation of D;" (figure 3.4). The reaction was considered
complete when this peak area became constant (=3 hours). The product structure and
composition were confirmed by comparing the 'H NMR spectra to those previously
reported by Weber et al. (figure 3.5).”> The —CH, on the vinyl moiety resonated at 5.95
ppm and the —CH resonated at 6.11 ppm. The methyl resonances appeared at three
distinct chemical shifts corresponding to cis or trans stereochemistry. The trans methyl
protons resonated at 0.24 ppm and 0.26 ppm whereas the cis methyl protons resonated at
0.28 ppm. It is important to note that the methyl resonances of the D4 cyclics and higher
were shifted further upfield to approximately 0.18 ppm. In addition, the vinyl D4" —CH,
protons were shifted upfield to approximately 5.79 ppm and the —CH protons resonated at

6.00 ppm. ** This allowed for quantitative characterization of the cyclic trimer.
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Figure 3.5 Comparison of the 'H NMR spectra of the Ds;' monomer (1) to the standard
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3.4.2 Synthesis of poly(dimethylsiloxane-b-methylvinylsiloxane)

It is well-known that the polymerization of D3 can be living under the conditions

utilized in this work. 7>'¥

The PDMS-b-PMVS copolymers were prepared at room
temperature in cyclohexane utilizing THF as a co-solvent (figure 3.7). THF was added as
a promoter to aid in disassociating the tight ion-ion interactions and to increase the
reaction rates. The synthesis of these PDMS-h-PMVS diblocks produced copolymers
with narrow molecular weight distributions, suggesting that the polymerization of the
PMVS block was also living. Data reported in recent work by Kickelbick supports this
premise by demonstrating a linear dependence of molecular weight with monomer
conversion. *>

The reactions to open cyclosiloxane trimers are promoted by enthalpic and
entropic mechanisms. The enthalpic contribution to ring opening D3 has been attributed

to relief of ring strain, *>'>°

and it is reasonable to hypothesize that the 1,3,5-trimethyl-
1,3,5-trivinylcyclotrisiloxane is also strained. The entropy also increases as the reaction

proceeds, resulting in an overall —AG (figure 3.6).
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Figure 3.6 Anionic block copolymerization to obtain diblock PDMS-5-PMVS
copolymers.

The diblock copolymers were prepared by sequential anionic ring opening
polymerizations of D3 and Dj’, respectively. The synthesis of the PDMS block first was
important for controlling the chemical structure of these polymers. Chojnowski et al.
analyzed the reaction kinetics of the two monomers and found that the rate of ring
opening of 1,1,3,5-tetramethyl-3,5-divinylcyclotrisiloxane was faster than for Ds. > The
polymerization wherein Ds;" was polymerized first produced multi-modal GPC peaks.
This may be due a side reaction of the alkyllithium initiator reacting with the vinyl silane.
By constrast, when Dj then D3;" were polymerized sequentially, narrow molecular weight
distributions suggested well-defined polymers. Weber ** and Kickelbick®
homopolymerized D5’ by intiating the reactions with a weakly basic lithium silanolate,

thus avoiding any reaction of an alkyllithium with the vinyl moieties.*

(|3H3 c|;H3 c|;H3 /\?Ha (|3H3 c|;H3 (|:H3
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N CH3 CHy Jdg K « CH
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The copolymerizations were conducted under rigorously anhydrous conditions to
prevent any reaction of the strongly basic initiator with water (which would form LiOH
and n-butane). Lithium hydroxide can initiate ring-opening of D3 and form two
siloxanolate chain ends. This would result in undesirable triblock copolymers with
central PDMS blocks and terminal PMVS blocks, which would complicate our analysis
of the metal-polymer suspensions. This would also give rise to lower average molecular
weights of the PMVS components. The molar ratio of n-butyllithium to the weight of D3
controlled the polymer molecular weights. One mole of n-BuLi was used for one mole of
endgroups. The use of Li" as the counterion, rather than Na" or K, was to take
advantage of more closely associated ion pairs and preserve the living nature of these
reactions.

Djs ring-opening was closely monitored with 'H NMR by observing the decrease
of the methyl peak of the cyclic monomer at 0.14 ppm and the concurrent increase of the
resonance peak corresponding to the methyl protons of the linear species at 0.06 ppm
(figure 3.7). The D; was allowed to react until nearly 100% conversion was achieved.
This ensured no contamination of the second block with Ds.

Ds" was charged to the same reaction vessel sequentially in a “one-pot”
copolymerization. The molar ratios of linear PDMS to grams of D;" controlled the
PMVS block molecular weights. This reaction was also monitored via 'H NMR. The
diblock copolymers were terminated by adding trimethylchlorosilane at approximately
90% conversion of the D;". This somewhat early termination was done to avoid any

backbiting or intermolecular chain-chain substitutions which might have occurred at
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extremely low monomer concentrations. The end-capping reagent was added in excess to

ensure complete termination of all the chains.

Protons on
hexamethylcyclotrisiloxane

_—

Protons

on PDMS

L

0.4 0.3 0.2 0.1 0.0 -0.1 PPM

Figure 3.7 The living anionic polymerization of D3 and the formation of PDMS blocks
was monitored by 'H NMR.
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3.4.2.1 Characterization of PDMS-5-PMVS
3.4.2.1.1 Molecular weight and molecular weight distribution

The copolymers were rigorously extracted to remove unreacted monomer,
promoter, and solvent. The relative compositions of each block in the diblock
copolymers were determined by a combination of 'H and *Si NMR. In the '"H NMR
spectra, the integrals from the poly(dimethylsiloxane) methyl resonances at 0.06 ppm
were compared to the methyl resonances of the poly(methylvinylsiloxane) at 0.08 ppm.
The number average molecular weights were determined by ratioing the butyl endgroup
integrals to the methyl resonance integrals. In all cases, the calculated M,,’s paralleled the
targeted values (Table 3.2), confirming good control over the chemistry. An 'H NMR

spectrum of an exemplary block copolymer is depicted in figure 3.8.

Table 3.2 Comparisons of targeted vs. experimental number average molecular weights
(M,) of the PDMS-PMVS diblock copolymers determined via 'H NMR.

Targeted M, of 1
PDMS-5-PMVS Ma by HIMR
(gmol”) (g mol')
5000 — 2000 4200 — 1800
5000 — 2000 4900 — 2100
5000 — 2000 5300 — 2000
10,000 — 2000 10,500 — 2200
10,000 — 2000 11,000 — 2000
14,000 — 2000 13,000 — 2000
16,000 — 2000 13,200 — 2100
16,000 — 2000 17,000 — 3000
16,000 - 2000 15,900 - 1700
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Figure 3.8 "H NMR spectrum of a PDMS-h-PMVS diblock copolymer

*’Si NMR was utilized to aid in determining the block compositions as well as to
yield block number average molecular weights. *’Si NMR provides a valuable tool for
characterizing siloxanes because of its wide frequency range. The PDMS silicons are
well-separated from the PMVS silicons in the *’Si NMR. The diblock copolymers should
possess one silicon per butyl endgroup and one silicon per trimethylsilyl endgroup. The
endgroup peaks were observed at 8.59 ppm and 7.86 ppm, respectively (figure 3.9).
Accurate determination of block composition was obtained by ratioing the repeat unit
integrals corresponding to each block to the end groups. In all cases, the block M,,’s
derived from *’Si NMR paralleled the targeted M,’s and those determined via 'H NMR

(table 3.3).
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Figure 3.9 *Si NMR of a PDMS-5-PMVS diblock copolymer.

Molecular weight distributions were determined by Gel Permeation
Chromatography using polystyrene standards and a universal calibration. For each
diblock copolymer, the molecular weight distribution was close to 1(figure 3.10). A
summary of all number average molecular weights from 'H and *’Si NMR as well as
molecular weight distributions are listed in table 3.4.

Table 3.3 Targeted M,’s of the PDMS-b-PMVS diblock copolymers as compared to
experimental values.

87

(& o) (g mol™) (g mol')
5000 - 2000 4200 — 1800 4200 — 1800
5000 - 2000 4900 — 2100 5000 - 2000
5000 - 2000 5500 - 2500 5200 - 2900

10,000 — 2000 10,500 — 2200 10,500 — 2000
10,000 — 2000 11,000 — 2000 11,000 — 1500
14,000 — 2000 13,000 — 2000 14,000 — 2000
16,000 — 2000 13,200 — 2100 16,200 — 2200
16,000 — 2000 17,000 — 3000 16,000 — 3000
16,000 - 2000 15,900 - 1700 14,500 - 2000
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Figure 3.10 Gel permeation chromatogram of a PDMS-b-PMVS diblock copolymer

Table 3.4 M,’s and molecular weight distributions of PDMS-b-PMVS diblock

copolymers.
Targeted M, | M, by 'HNMR | M, by >SiNMR | M, by GPC M\;fi;‘ﬁfr
-1 -1 -1 -1
(g mol’) (g mol’) (g mol’) (g mol) Distribution
7000 6000 6000 7800 1.03
7000 7000 6300 9000 1.05
8000 8500 9000 8700 1.01
12,000 12,700 12,500 13,000 1.02
12,000 13,000 12,500 14,700 1.01
16,000 15,000 16,000 13,700 1.06
18,000 15,200 18,500 17,500 1.01
18,000 20,000 19,000 22,000 1.09
18,000 17,000 16,500 17,200 1.03
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3.4.2.3 Characterization of thermal properties

Bulk thermal properties of each diblock copolymer were measured via
Differential Scanning Calorimetry. The PMVS block molecular weight was constant in
this experiment at approximately 2000 g mol™ and the PDMS block molecular weights
ranged from 5000 to 16,000 g mol™. For each copolymer, only one glass transition
temperature (Ty) was observed at approximately -126 °C (figure 3.11 and table 3.5).
Since two T,’s would be expected for microphase separated block copolymers, this
suggested that the PDMS and PMVS blocks were miscible.

Literature has reported similar T,’s for PDMS homopolymers. 3211 The Tyofa
1000 g mol”" PMVS homopolymer was observed at approximately -137 °C (figure 3.12).
These low Tg’s reflect the mobility of both siloxane backbones and the absence of long
range order in the PMVS. Semlyen et al., "*' Riffle et al., "> and Weber et. al. **have also
reported low glass transition temperatures of PMVS homopolymers. The atactic nature
of the stereocenters in the PMVS blocks prevents any crystallization of the PMVS

homopolymers.
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Figure 3.11 DSC thermograms of PDMS-b-PMVS diblock copolymers; a.) 5000 g mol’!
PDMS-5-2000 g mol” PMVS, b.) 10000 g mol”" PDMS-5-2000 g mol”’ PMVS, c.)
13,000 g mol” PDMS-5-2000 g mol”" PMVS, d.) 16,000 g mol" PDMS-5-2000 g mol”
PMVS, ¢.) 18000 g mol”" PDMS-5-2000 g mol! PMVS
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Figure 3.12 DSC thermogram of a 1000 g mol’ PMVS homopolymer

Table 3.5 Glass transition temperatures of a PDMS-b-PMVS series

M, PDMS M,PMVS M, Total o
(g mol™) (g mol™) (g mol™) T (°C)
4200 1800 6000 -129
5000 2000 7000 -129
5000 2900 8000 -129
10,500 2200 12,700 -128
11,000 2000 13,000 -128
13,000 2000 15,000 -127
16,200 2200 18,400 -127
17,000 2500 19,500 -127
14,500 2000 16,500 -127
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CHAPTER 4 Functionalization of Poly(dimethylsiloxane-b-methylvinylsiloxane)

Diblock Copolymers with Trialkoxysilethyl Substituents

4.1 Synopsis

Poly(dimethylsiloxane-b-methylvinylsiloxane) (PDMS-5-PMVS) diblock
copolymers have been functionalized with triethoxysilethyl- or trimethoxysilethyl
pendent moieties and the melt and solution properties of the copolymers have been
investigated. These functionalized diblock copolymers were subsequently utilized to
generate micellar solutions in toluene and the formation of cobalt nanoparticles in the

solutions was demonstrated.



93

4.2 Experimental

A Pt’ [1,3-divinyl-1,1,3,3-tetramethyldisiloxane]; s complex catalyst in xylene
(2.1 — 2.4 wt% Pt) (Gelest, Inc., d 0.885 g mL™) was used as received. Triethoxysilane
and trimethoxysilane (Gelest, Inc.) were used as received. Toluene (Aldrich, 99.8%, FW
92.14 g mol™, mp -93 °C, bp 110.6 °C, d 0.865 g mL™") was washed twice with
concentrated sulfuric acid and neutralized with water. It was dried over MgSOj for one

hour, then over calcium hydride overnight and distilled just before use.

4.2.1 Synthesis of poly[(dimethylsiloxane—b- poly(methyl-(2-
triethoxysilethyl)siloxane] (PDMS-b-PMTES) via hydrosilation
Functionalized diblock copolymers were prepared from the PDMS-h-PMVS diblock
copolymers. The molar ratios of triethoxysilane or trimethoxysilane relative to the
number of vinyl groups determined the degree of hydrosilation. A exemplary procedure
for quantitative hydrosilation is described. Firstly, 0.3g of the polymer precursor, a 5000
g mol” PDMS and 2500 g mol PMVS diblock copolymer, was weighed into a 6 dram
vial equipped with a magnetic stir bar. The vial containing the copolymer was sealed with
a septum and flame dried under nitrogen. Toluene (10 mL) was added via syringe and
mixture was stirred until the polymer dissolved. Triethoxysilane (0.21 mL, 0.0012 mol)
was added via syringe to the reaction vial followed by the addition of 10uL of Pt’
(Karstedt) catalyst in xylene. The reaction was stirred at 60 °C until complete
hydrosilation occurred as evidenced by '"H NMR. The solvent was evaporated under

vacuum and the PDMS-b-PMTES diblock copolymer was stored under nitrogen.
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4.2.2 Synthesis of poly(dimethylsiloxane)-b-[poly(methylvinylsiloxane)-co-
poly(methyl-(2-trimethoxysilethyl)siloxane] (PDMS-b-[PMVS-co-PMTMS])
via hydrosilation

An exemplary synthesis to prepare a diblock copolymer wherein only half the

pendent vinyl groups on the polymer precursor were functionalized is provided. A 5000

g mol™" — 2500 g mol”" PDMS-b-PMVS diblock copolymer was utilized. Firstly, 0.3g of

the polymer precursor, a 5000 g mol’ PDMS and 2500 g mol' PMVS diblock

copolymer, was weighed into a 6-dram vial equipped with a magnetic stir bar. The vial
containing the copolymer was sealed with a septum and flame dried under nitrogen.

Toluene (10 mL) was added via syringe and the mixture was stirred until the polymer

dissolved. Trimethoxysilane (0.15 mL, 0.0012 mol) was added via syringe to the

reaction vial followed by addition of 10 pL of the Pt° (Karstedt) catalyst in xylene. The
amount of catalyst is based on 10° moles of Pt’ per mole vinyl. The reaction was stirred
at 60 °C until complete hydrosilation occurred as evidenced by '"H NMR. The solvent
was evaporated under vacuum and the PDMS-b-[PMVS-co-PMTMS] diblock copolymer

was stored under nitrogen.

4.2.2.1 Characterization

4.2.2.2 'TH NMR

All 'H NMR were obtained on a Varian Unity 400 MHz NMR spectrometer
operating at 400 MHz. The NMR spectra were collected with a pulse width of 28.6° and
a relaxation delay of 1.000 sec at ambient temperature. The samples were dissolved in d-

CHCI; for obtaining the spectra.
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4.2.2.3 Differential Scanning Calorimetry

DSC scans were performed on a TA Instruments DSC Q1000 under constant flow
of Helium. The samples (10-15 mg) were ramped from -150 to 25 °C using hermetically
sealed DSC pans. Two scans were performed on each sample and the T,’s were take

from the inflection points on the second scans.

4.2.2.4 Surface Tension Analysis

The copolymer solutions were prepared in toluene with concentrations of 1g L™ to
10° g L™ for surface tension measurements. The solution measurements were made by
measuring the lowest concentration first then moving to the highest concentration. These
measurements were conducted at 24 °C using a platinum Wilhelmy plate. Surface
tensions were calculated using the relationship AF = yP cosB where AF was the difference
in weight between the wet plate and the wet plate in contact with the solution, y was the
surface tension, P was the perimeter of the plate, and the contact angle 6 was assumed to

be zero degrees.
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4.3 Results and Discussion
4.3.1 Functionalization of the PMVS blocks with trimethoxysilane or
triethoxysilane
The poly(methylvinylsiloxane) blocks in the PDMS-b6-PMVS copolymers were
quantitatively hydrosilated with triethoxysilane or trimethoxysilane to yield PDMS-b-
PMTES or PDMS-b-PMTMS respectively (figure 4.1). Alternatively, the PDMS-b-
PMVS precursor copolymers were only partially hydrosilated (figure 4.2). In these cases,
the resulting diblock copolymers were comprised of a PDMS block linked to a
poly(methylvinylsiloxane-co-methyltrialkoxysilethylsiloxane) wherein the sequences of
methylvinylsiloxane and methyltrialkoxysilethylsiloxane units in the second blocks were
random. These partially hydrosilated diblock copolymers will be designated PDMS-b-
[PMVS-co-PMTES] (for the cases of hydrosilation with triethoxysilane) and PDMS-b-

[PMVS-co-PMTMS] (for the cases of hydrosilation with trimethoxysilane).
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Figure 4.1 PDMS-b-PMVS copolymers were quantitatively hydrosilated with
triethoxysilane or trimethoxysilane to yield PDMS-5-PMTES or PDMS-56-PMTMS,

respectively
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Figure 4.2. Partial hydrosilation of PDMS-6-PMVS diblock copolymers with
trimethoxysilane or triethoxysilane to form PDMS-b-[PMVS-co-PMTMS] and PDMS-b-
[PMVS-co-PMTES], respectively.

Hydrosilation reactions are extensively used to prepare monomers with Si-C
bonds or to crosslink polysiloxanes. These involve additions of Si-H across vinyl

150,153

substituents. Karstedt’s catalyst is Pt°, usually complexed with

divinyltetramethyldisiloxane (figure 4.3). It can be prepared by reacting choroplatinic

acid (H,PtCls) with divinyltetramethyldisiloxane. '**

These catalysts are available
commercially as solutions in either organic solvents such as xylene or polysiloxane

oligomers. Such complexed catalysts are soluble in polysiloxane media and have high

reactivity.
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The polymer precursor, PDMS-b-PMVS, was dried under vacuum overnight to

remove any water that might cause premature reaction of the alkoxysilyl groups. The

hydrosilation reactions were monitored via "H NMR by observing the disappearance of

the Si-H peaks (8 = 4.5 ppm) and an upfield shift and broadening of the triethoxysilyl

methylene peaks (figure 4.4). Normal () and reverse addition () of the Si-H across the

double bond are known to occur. 'Both a (13 %) and B (87 %) addition products were

obtained (figure 4.5). Two signals [0 1.4 —CHj3 (f) and 6 1.3 —CH (c¢)] corresponding to o

addition across the double bonds appeared as the reactions proceeded (figure 4.6).
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Figure 4.4 Reaction progress of a functionalization reaction via 'H NMR
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4.3.2 Thermal characterization

The thermal properties of these functionalized diblock copolymers were
investigated to probe their morphologies. The thermal transitions of polymers are based
on molecular motion at a given kT. Increased molecular rigidity of the polymer
backbone increases the glass transition temperature. Microphase separation in a block
copolymer depends on relative block polarities and block molecular weights. PDMS-b-
PCPMS-b-PDMS triblock copolymers were microphase separated even at low block
molecular weights (5000 g mol”" PDMS-5-2000 g mol”! PCPMS-5-5000 g mol”" PDMS).
% The nitrile containing central block (PCPMS) was significantly more polar than the
PDMS tail blocks.

A 1000 g mol”' PMVS homopolymer was quantitatively functionalized to from a
PMTES homopolymer and their T,’s were compared. The T, of the unfunctionalized

PMVS homopolymer was -137 °C and the T, of the PMTES homopolymer was -95 °C

(figure 4.7). This probably reflects less rotational mobility in the PMTES.
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Figure 4.7 T,’s of PMTES and PMVS homopolymers

The thermal of the PDMS-b-PMTES diblock copolymers were also determined by
DSC (figure 4.8). The PMVS block lengths were kept constant at 2000 g mol™ (pre-
functionalization) or 5800 g mol™ (post-functionalization). Only one T, was observed for
each of these diblock copolymers (table 4.1). This implies that the blocks in both types
of structures are miscible (even with triethoxysilyl groups pendent on the polymer

backbone).
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Figure 4.8 DSC scan of PDMS-PMTES diblock copolymer; a.) 5000 g mol”" PDMS-5-
3900 g mol” [PMVS-co-PMTES], b.) 10,000 g mol”' PDMS-5-3900 g mol” [PMVS-co-
PMTES], ¢.) 16000 g mol’ PDMS-5-3900 g mol” [PMVS-co-PMTES]

Table 4.1 Diblock copolymer T,’s before and after functionalization with triethoxysilyl

groups.
T, T,
M, PDMS M, PMTES (PDMS-b-PMVS) (PDMS-b-PMTES)
(g mol') (g mol') (°C) (°C)
5000 5800 -129 -124
10,500 5800 -128 -125
16,000 5800 -127 -126
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4.3.3 Solution characterization

One goal of this research has been to design micellar reaction solutions where the
micelle cores might be used to template the formation and size of cobalt nanoparticles.
Both PDMS and PMVS homopolymers are readily soluble in toluene. It is proposed that
the PDMS-H-PMTES diblock copolymers form aggregates in toluene solutions where the
aggregate structure may depend on the degree of functionalization and the block
molecular weights.

Surface tension measurements of block copolymer solutions in toluene support
the formation of copolymer aggregates. Solutions of two sets of polymers were
investigated: 1.) copolymers with a 5000 g mol”" PDMS block and a 2000 g mol” PMVS
block which had been functionalized with 0, 50, or 100% triethoxysilyl units, and 2.)
copolymers with a 16,000 g mol”" PDMS block and a 2000 g mol PMVS block which
had been functionalized with 0, 50, and 100% triethoxsilyl units. The surface tensions of
solutions of all of these materials approached that of pure toluene (28.5 mN/m) at
sufficiently low copolymer concentrations.

For the copolymer solutions containing the 5000 g mol”' PDMS, surface tensions
gradually decreased with increasing concentration, but the copolymer 100% of the vinyl
groups functionalized exhibited lower values (figure 4.9). This suggests that increased
functionalization with triethoxysilethyl groups drives the systems toward aggregates. For
the copolymer solutions containing the 16,000 g mol”" PDMS, distinct breaks in the

surface tension curves between 0.001 and 0.01 g L' suggest micellization (figure 4.10).
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CHAPTER 5 Sol-gel reactions with functionalized copolysiloxanes

5.1 Synopsis

This chapter discusses hydrolysis and condensation reactions of trialkoxysilyl
pendent groups on the polysiloxane block copolymers utilizing sol-gel techniques. The
first section describes hydrolyses of copolysiloxanes functionalized with pendent
trimethoxysilyl groups. Due to the enhanced reactivity of trimethoxysilanes relative to
triethoxysilanes, neutral conditions were utilized in these reactions. This was important
because strong acid or basic condensation catalysts could potentially damage the
relatively labile polysiloxane backbone. Hydrolyses and condensations of triethoxysilyl
pendent groups were studied in dichloroacetic acid-water mixtures. The motivation for
the sol-gel investigations was to identify reaction conditions wherein the blocks
containing the alkoxysilanes could be hydrolyzed and condensed around cobalt particle

surfaces.
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5.2 Experimental

A Pt° [1,3-divinyl-1,1,3,3-tetramethyldisiloxane], s complex catalyst in xylene (2.1 —
2.4 wt% Pt) (Gelest, Inc., d 0.885 g mL™) was used as received. Triethoxysilane and
trimethoxysilane (Gelest, Inc.) were used as received. Toluene (Aldrich, 99.8%, FW
92.14 g mol™, mp -93 °C, bp 110.6 °C, d 0.865 g mL™") was washed twice with
concentrated sulfuric acid and neutralized with water. It was dried over MgSOj for one

hour, then over calcium hydride overnight and distilled just before use.

5.2.1 Hydrolysis and Condensation of poly(dimethylsiloxane)-b-
[poly(methylvinylsiloxane)-co-poly(methyl-(2-triethoxysilethyl)siloxane]
copolymer with acetic acid and water.

A sol-gel synthesis of an exemplary 5300 g mol™'- 3900 g mol" (PDMS-b-
[PMVS-co-PMTES) copolymer is provided. The PMVS-co-PMTES block had 50% of
the repeat units hydrosilated with triethoxysilane. Copolymers with higher molecular
weight PDMS blocks were also investigated using a similar approach. The molecular
weights of the PMVS-co-PMTES blocks were kept constant at 3900 g mol”. Acetic acid
(0.0011 mol, 1.1 mL of 1 M acetic acid) and H,O (0.01 mL, 0.00057 mol, stoichiometric)
were charged to a flame dried, 6-dram vial along with 0.3g (0.00038 eq triethoxysilethyl
groups, 0.0011 eq ethoxy) of the functionalized copolymer in 10 mL toluene. The
reaction was stirred at room temperature for five days and monitored by '"H NMR. These

reaction conditions did not result in significant hydrolysis.
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5.2.2 Hydrolysis and condensation of poly(dimethylsiloxane)-b-
[poly(methylvinylsiloxane)-co-poly(methyl-(2-triethoxysilethyl)siloxane]
(PDMS-b-[PMVS-co-PMTES]) copolymers with dichloroacetic acid and
water.

The reactions were carried out in identical vials as the hydrosilation reactions to
prevent any contamination by water caused by transfer between vessels. A sol-gel
synthesis of an exemplary 5300 g mol'-3900 g mol" (PDMS-b-[PMVS-co-PMTES)
copolymer is provided. The PMVS-co-PMTES block had 50% of the repeat units
hydrosilated with triethoxysilane. Copolymers with higher molecular weight PDMS
blocks were also studied while keeping the molecular weights and mole fractions of
PMVS-co-PMTES constant. The PDMS-b-[PMVS-co-PMTES] copolymer (0.3g,
0.00038 eq of triethoxysilethyl groups, 0.0011 eq ethoxy) and toluene (10 mL) were
charged to a flame dried, 6-dram vial and the copolymer was dissolved at room
temperature. Dichloroacetic acid (0.0011 mol, 0.14g, 0.091 mL,) and H>O (0.00057 mol,
0.01 mL, 3 eq. per triethoxysilane, stoichiometric) were added to the solution and the
mixture was stirred at room temperature for five days. The disappearance of ethoxysilyl
groups was monitored by 'H NMR.

5.2.3 Hydrolysis and condensation of poly[dimethylsiloxane-b-(methyl-(2-
triethoxysilethyl)siloxane)] (PDMS-56-PMTMS)

A series of reactions were conducted wherein the concentration of water per eq of
methoxysilyl groups was varied from stoichiometric (1 mol water : 2 mol methoxy), two
times stoichiometric (2 mol water : 2 mol methoxy), and four times stoichiometric (4 mol
water : 2 mol methoxy). An exemplary sol-gel synthesis of a PDMS-6-PMTMS block

copolymer having a 10,000 g mol" PDMS block connected to a 4800 g mol' PMTMS
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block with four times the stiochiometric concentration of water is described. A 3-neck,
250-mL, round bottom flask equipped with a mechanical stirrer, condenser, and nitrogen
purge was charged with 1.0 g (0.0016 eq of trimethoxysilethyl groups, 0.0047 eq
methoxy) of the PDMS-5-PMTMS copolymer. Toluene (15 mL) was transferred via
syringe to the reaction vessel to dissolve the copolymer. Water (0.17 mL, 0.0096 mol, 12
eq per trimethoxysilane, 4 times stoichiometric) was added via syringe. The reaction was

stirred at 95 °C. The reaction progress was monitored via 'H NMR.

5.2.4 Hydrolysis and condensation of poly(dimethylsiloxane)-b-
[poly(methylvinylsiloxane)-co-poly(methyl-(2-trimethoxysilethyl)siloxane]
(PDMS-b-[PMVS-co-PMTMS])) copolymer with water.

The reactions were carried out in identical vials as the hydrosilation reactions to
prevent any contamination by water caused by transfer between vessels. A sol-gel
synthesis of a 10,000 g mol'- 3400 g mol”! PDMS-b-[PMVS-co-PMTES] copolymer is
provided. The PMVS-co-PMTMS block had 50% of the repeat units hydrosilated with
trimiethoxysilane. A 3-neck, 250-mL, round bottom flask equipped with a mechanical
stirrer, condenser, and nitrogen purge was charged with 1.0g (0.00087 eq of
trimethoxysilethyl groups, 0.0026 eq methoxy) of the PDMS-b-[PMVS-co-PMTMS]
copolymer. Toluene (15 mL) was transferred via syringe to the reaction vessel. Water
(0.09 mL, 0.0052 mol, 12 eq per trimethoxysilane, 4 times stoichiometric) was added via
syringe. The reaction was stirred at 95 °C. The reaction progress was monitored via 'H

NMR.
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5.3 Characterization
53.1 'HNMR

'"H NMR spectra were obtained on a Varian Unity 400 MHz NMR spectrometer
operating at 400 MHz. The NMR spectra were collected with a pulse width of 28.6° and
a relaxation delay of 1.000 sec at ambient temperature. The samples were dissolved in d-

CHCI; for obtaining the spectra.

5.4 Results and Discussion

5.4.1 Hydrolysis and condensation reactions of PDMS-b-PMTMS

Hydrolysis and condensation reactions have been well studied in recent years.
38104112 These reactions are usually conducted with tetraethoxy- or tetramethoxysilanes
in their parent alcohol using acidic or basic catalysts. The research described in this
thesis involved reactions of trialkoxysilyl functionalized copolysiloxanes. It is known
that strong acids or bases can react with the siloxane backbone, and that such reactions
can lead to redistributions of the chains and changes in molecular weights. Thus, one
motivation for studying the sol-gel reactions of these copolysiloxanes was to identify
mild reaction conditions wherein the hydrolyses occured, but wherein any attack on the
siloxane backbone was avoided.

Tetramethoxysilane (TMOS) undergoes hydrolysis and condensation in the
presence of water and the reactions do not require an additional acid catalyst. ** It was

found that hydrolysis was sensitive to the TMOS:water ratio. Higher water

concentrations over the stoichiometric amount (1 mol H>O : 2 mol methoxy) afforded
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faster hydrolysis rates and higher conversions. Tetramethoxysilanes are generally
hydrolyzed and condensed in methanol with stoichiometric or higher amounts of water.
The overall reactions utilize two methoxysilyl groups for every one water molecule since
one water molecule is produced upon condensation.

Model hydrolysis and condensation reactions were conducted with
trimethoxysilane in toluene (figure 5.1). The concentrations of water were varied from
stoichiometric to four times stoichiometric, and reaction temperatures from 85 to 110 °C
were investigated. The reactions were monitored by "H NMR by observing the decrease
of the methyl resonance corresponding to the methoxysilyl group at 3.7 ppm and the
concurrent increase of the methyl resonance of the methanol by-product at 3.55 ppm
(figure 5.2). As the reactions proceeded, a white precipitate was observed which
increased with conversion. This was believed to be crosslinked “silica-like” species.

These reactions were conducted for two hours.

H H H
n H,O
H3CO—Si—OCH, _ H3CO—Si—O0O—Si——0CHj;
OCH, OCH;  OCH,

Figure 5.1 Hydrolysis and condensation of trimethoxysilane with varying concentrations
of water.
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Figure 5.2 "H NMR reaction progress of the hydrolysis of trimethoxysilane (0.05 g mL’
" at 95 °C in toluene with four times the stoichiometric concentration of water. (top:
initial reaction mixture; bottom: reaction mixture after 2 h.)

Increasing the concentration of water over the stoichiometric amount increased
conversion of methoxysilyl groups to silanols with elimination of methanol.
Methoxysilyl conversion was 95 % with four times stoichiometric concentration of water.
Varying the reaction temperatures in this range did not affect conversion but did increase

reaction rates (table 5.1). Spinu et. al. has reported similar results (95% hydrolysis of

methoxysilyl groups with a TMOS:H,O ratio of 1:4). **
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Table 5.1 Conversion of trimethoxysilane groups as a function of water concentration
and temperature.

[trimethoxysilane] water Temperature % Hydrolysis of
(°O) methoxysilane
(gmL™) mol (gmL™) mol groups
0.05 0.008 0.007 0.008 95 50
0.05 0.008 0.007 0.008 110 60
0.05 0.008 0.014 0.016 95 90

A study of the hydrolysis and condensation of trimethoxysilyl groups pendent on
the polymer backbone was also performed (figure 5.3). It is important to understand these

reactions as they are key reactions for the stabilization and oxidative prevention of cobalt

CH CH3
— Si— Si—oO0
1 O n Hzo 1\ 0 \

H3CO— Si—OCH; 3co—sl

nanoparticles.

o——Sl—OCH3

OCH3 OH OCH3

Figure 5.3 Hydrolysis and condensation of a PDMS-b-[PMVS-co-PMTMS] copolymer
with varying concentrations of water.

Hydrolyses of trimethoxysilyl pendent groups on the polymer backbones were
investigated under similar conditions utilized for the model studies (table 5.2). The study

included copolymers wherein the extent of functionalization of the PMVS block was




varied from 50% to 100%. The PDMS block was 10,000 or 4000 g mol™ and the
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[PMVS-co-PMTMS] block was prepared from a 2000 g mol” PMVS with varying

degrees of functionalization.

The reactions were conducted for 2 hours in toluene and hydrolyses of the

methoxy groups were monitored by 'H NMR. The methyl resonance corresponding to

the trimethoxysilyl group at 3.72 ppm decreased with the concurrent increase of methyl

protons of methanol at 3.68 ppm (figure 5.4). Increasing the degree of functionalization

from 50% to 100% increased the conversion regardless of molecular weight. As with the

model studies, variations of temperature in this range affected the reaction rates but did

not significantly alter conversion (table 5.2). With a quantitatively functionalized

copolymer and four times the stoichiometric concentration of water, 75% hydrolysis of

methoxysilyl groups was achieved within the two hour period. This was consistent with

the results derived from the model studies.

Table 5.2 Results for the hydrolysis and condensation reactions of pendent
trimethoxysilyl groups as a function of water concentration and temperature.

polymer [water]
M, I;B%i&{}ﬁgf V8- | Functionalization T % Hydrolysis
(g mol™) (%) (gmL") mol (gmL™) mol 0
4000 — 3400 50 0.05 0.0016 0.0026 | 0.0024 | 85 0
4000 — 5800 100 0.05 0.0016 0.005 | 0.0048 | 110 16
10,000 — 3400 50 0.05 0.0009 0.0013 | 0.0014 | 95 0
10,000 -5800 100 0.05 0.0015 0.0026 | 0.0023 | 110 16
10,000 — 5800 100 0.05 0.0015 0.005 | 0.0045 | 95 25
10,000 — 5800 100 0.05 0.0015 0.005 | 0.0045 | 110 25
10,000 — 5800 100 0.07 0.0015 0.014 | 0.0090 | 95 75
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Figure 5.4 'H NMR of the hydrolysis and condensation of trimethoxysilyl groups
pendent on the polysiloxane backbone. Four times the stoichiometric concentration of
water was used.

5.4.2 Hydrolysis and condensation of poly(dimethylsiloxane)-b-
[poly(methylvinylsiloxane)-co-poly(methyl-(2-triethoxysilethyl)siloxane] (PDMS-b-
[PMVS-co-PMTES))

The reactivities of triethoxysilyl groups are lower than the previously described
trimethoxysilyl substituents, and thus, the sol-gel conditions that were investigated
included acidic catalysts (acetic or dichloroacetic acid). Acetic acid is a moderate acid

with a pK, of approximately 4.7. This acid is biocompatible which offers potential in

biomedical applications. Acetic acid is readily found in the human body in controlled
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amounts. "°® It is involved both in the biosynthesis of fatty acids and of acetyl coenzyme
A, an important biomolecule in the Kreb’s Cycle (figure 5.5). This cycle is the main

pathway for adenosine triphosphate (ATP) production in the body.

CH,COH + HSCoA ~———> CH;CSCoA + H,0

acetic acid Coenzyme A acetyl coenzyme A

Figure 5.5 Biosynthesis of acetyl CoA

The hydrolysis is initiated by protonation of the oxygen of the triethoxysilyl group

with the acidic proton of the acid (figure 5.6). 16

This creates a good leaving group on
the siloxane (i.e., ethanol). Water functions as a nucleophile and attacks the
electropositive silicon in an Sy2 type mechanism. Ethanol is released as a by-product and

a protonated silanol forms. The conjugate base from the first step (acetate anion)

removes the proton from the protonated silanol species resulting in a silanol.
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Figure 5.6 Hydrolysis mechanism of triethoxysilyl functional groups pendent on the
siloxane backbone.

Hydrolysis is followed by condensation of the resultant silanols. It is believed
that this is initiated by attack of a silanol on another silanol or a protonated ethoxysilane
(figure 5.7). A silanol may function as a nucleophile and attack a silicon with the

elimination of ethanol to form a siloxane dimer.

(|3CH2CH3 (l)CHZCH3

(]
/ N\ 7

H
o CHCH R—Si—OCH,CH;,

];{_S|1—()CH2CH3 [ R—SI_OCH2CH3 + HZO

OCH,CH,

Figure 5.7 Condensation of pendent triethoxysilyl groups on the siloxane backbone.
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A series of reactions were conducted with triethoxysilyl functionalized
copolymers, acid, and stoichiometric concentrations of water at room temperature. The
reactions were monitored over 5 days and it was found that the conversion of ethoxysilyl
groups plateaued after about 3 days. The PDMS block was 5000, 10,000, or 16,000 g
mol™ and the [PMVS-co-PMTES] block was prepared from a 2000 g mol” PMVS
wherein 50% of the units were functionalized (table 5.3). Proton NMR was utilized to
monitor the disappearance of the ethoxysilyl methylene resonance (peak b, figure 5.8).
No hydrolysis was observed for reactions conducted with acetic acid even after 5 days.

These results suggested that these functionalized copolymers required a stronger
catalyst to hydrolyze triethoxysilyl groups. Thus, the use of dichloroacetic acid (pK, 2.5)
was investigated (table 5.3). Up to approximately 60% conversion was achieved after 3
days with dichloroacetic acid. As expected higher conversions were achieved with

higher concentrations of polymer in toluene.
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Table 5.3 Hydrolysis and condensation reactions with PMTES blocks with acid.

Concentration | , .
M, PDMS M, (PMVS- Acid (polymer : 7o Hydrolysis of
1 co-PMTES) ethoxysilyl
(g mol™) -1 toluene)
(g mol”) ( mL'l) groups
5000 3900 Acetic acid 0.05 0
5000 3900 0.05 0
5000 3900 0.05 0
10,000 3900 0.05 0
10,000 3900 0.05 0
10,000 3900 0.05 0
16,000 3900 0.05 0
16,000 3900 0.05 0
16,000 3900 0.05 0
5000 3900 Dichloroacetic acid 0.06 55
5,000 3900 0.03 45
5,000 3900 0.015 50
16,000 3900 0.06 62
16,000 3900 0.03 30
16,000 3900 0.015 30
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Figure 5.8 Hydrolysis of triethoxysilyl groups on PDMS-b-[PMVS-co-PMTES] (0.06 g
mL™) at room temperature with dichloroacetic acid and stoichiometric concentrations of
water.

The polymer/toluene/water mixtures utilized in the sol-gel investigations were hazy,
suggesting inhomogeneity. Thus, a 90% toluene/10% methanol solvent was investigated

with PDMS-b-[PMVS-co-PMTES], acetic acid, and a stoichiometric concentration of

water at room temperature. The solutions were clear, but no conversion was achieved.
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CHAPTER 6. Synthesis and characterization of polysiloxane-cobalt complexes

6.1 Synopsis

This chapter focuses on the synthesis and characterization of cobalt nanoparticle-
polysiloxane complexes dispersed in toluene. These fluids were synthesized by
thermolyzing dicobalt octacarbonyl in the presence of PDMS-b-[PVMS-co-PMTMS] or
PDMS-b-[PVMS-co-PMTES] copolymers (figure 6.1). Thermolysis reactions in the
presence of select copolymer compositions produced stable dispersions of cobalt
nanoparticles with significant saturation magnetization. FTIR was used to monitor the
reactions of dicobalt octacarbonyl to form the cobalt nanoparticles encased in the block
copolymers. The dispersions and cobalt-polymer complexes were analyzed via TEM,

vibrating sample magnetometry, and elemental analysis.
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Stable dispersion of cobalt nanoparticles in toluene

Figure 6.1 Thermolysis of dicobalt octacarbonyl in toluene in the presence of PDMS-b-
[PMVS-co-PMTMS] or PDMS-b-[PMVS-co-PMTES] diblock copolymers.
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6.2 Experimental

Toluene (Aldrich, 99.8%, FW 92.14 ¢ mol'l, mp -93 °C, bp 110.6 °C,
d 0.865 g mL™") was washed twice with concentrated sulfuric acid and neutralized with
water. It was dried over MgSOy for one hour, then over calcium hydride overnight and
distilled just before use. Co,(CO)s with 1-5% hexane (Alpha Easar) was stored under
argon in the freezer without further purification. This compound is a bright orange solid

at room temperature.

6.2.1 Synthesis of a cobalt nanoparticle fluid in the presence of a PDMS-b-
[PMVS-co-PMTES] diblock copolymer.

An exemplary reaction is described utilizing a 5300 g mol”-PDMS-5- 3900 g
mol™! [PMVS-co-PMTES] copolymer. The [PMVS-co-PMTES] block had 50% of the
repeat units hydrosilated with triethoxysilane. Dispersions with other copolymers were
prepared in an analogous manner. A 500-mL, three-neck, round bottom flask equipped
with a condenser, mechanical stirrer with a vacuum ready adapter, and argon purge was
flame dried under argon. The apparatus was placed in a temperature controlled silicone
oil bath over a hot plate (in the absence of a magnetic stirrer). The PDMS-b-[PMVS-co-
PMTES] copolymer (1.0 g, 0.0013 eq triethoxysilethyl groups) in 10 mL toluene was
transferred to the reaction vessel via cannula. An additional 10 mL of toluene was added
via syringe to the reaction flask. The reaction mixture was stirred at 45 °C (the
temperature of the thermocouple in the oil bath) for approximately 15 minutes. Dicobalt

octacarbonyl (1.0 g, = 0.0035 mol) was weighed into the reaction vessel and dissolved
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under argon. A greenish-brown gas filled the flask immediately upon adding the dicobalt
octacarbonyl. The reaction temperature was raised to approximately 110 °C (toluene
reflux) and maintained at that temperature until complete reaction of the dicobalt
octacarbonyl was determined via FT-IR. After cooling, a stable magnetic dispersion of

cobalt particles resulted.

6.2.2 Synthesis of a cobalt nanoparticle fluid stabilized with a diblock PDMS-b-
PMTES copolymer.

An exemplary reaction is described utilizing a diblock PDMS-b -PMTES
copolymer having a 5000 g mol” PDMS block connected to a 5800 g mol" PMTES
block. Dispersions with other copolymers were prepared in an analogous manner. A
500-mL, three-neck, round bottom flask equipped with a condenser, mechanical stirrer
with a vacuum ready adapter, and argon purge was flame dried under argon. The
aforementioned procedure was followed exactly. After cooling, an unstable dispersion of

cobalt particles resulted.

6.2.3 Synthesis of a cobalt fluid stabilized with a diblock PDMS-b-[PMV S-co-
PMTMS] copolymer.

An exemplary reaction is described utilizing a diblock PDMS-b-[PMVS-co-PMTMS]
copolymer having a 5000 g mol’ PDMS block connected to a random, 3400 g mol”
[PMVS-co-PMTMS]. The [PMVS-co-PMTES] block had 50% of the repeat units
hydrosilated with trimethoxysilane. A 500-mL, three-neck, round bottom flask equipped

with a condenser, mechanical stirrer with a vacuum ready adapter, and argon purge was
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flame dried under argon. The apparatus was placed in a temperature controlled silicone
oil bath over a hot plate (in the absence of a magnetic stirrer). The procedure follows that
described above in 6.2.1. The decomposition of dicobalt octacarbonyl was monitored by
FTIR. After cooling, a magnetic dispersion of cobalt particles sterically stabilized with

the functionalized diblock copolymer resulted.

6.2.4 Synthesis of a cobalt fluid stabilized with a diblock PDMS-56-PMTMS
copolymer.

An exemplary reaction is described utilizing a diblock PDMS-5-PMTMS
copolymer having a 5000 g mol”’ PDMS and 4800 g mol"PMTMS block. A 500-mL,
three-neck, round bottom flask equipped with a condenser, mechanical stirrer with a
vacuum ready adapter, and argon purge was flame dried under argon. The apparatus was
placed in a temperature controlled silicone oil bath over a hot plate (in the absence of a
magnetic stirrer). The procedure follows that described above in 6.2.1. The
decomposition of dicobalt octacarbonyl was monitored by FTIR. After cooling, an

unstable magnetic dispersion of cobalt particles resulted.

6.2.5 Characterization of Magnetic Fluids

FTIR spectra were obtained using a Nicolet Impact 400 FTIR spectrometer with two
drops of the samples run neat between salt plates. Transmission electron micrographs
were acquired using a Philips 420T TEM run at 100kV. TEM samples containing cobalt
stabilized with copolymers were prepared by diluting toluene dispersions with additional

toluene until they had the appearance of “weak tea”. A drop was syringed onto a carbon
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coated copper grid and the toluene was evaporated. A Standard 7300 Series Lakeshore
Vibrating Sample Magnetometer (VSM) was used to determine the magnetic properties
of the cobalt samples including saturation magnetization and any hysteresis. The
magnetic moment of each dried sample was measured over a range of applied fields from
-8000 to +8000 Oe with a sensitivity of 0.1 emu. Elemental analysis for cobalt was
performed by Desert Analytics Laboratory (Tucson, AZ) by treating the samples with hot
concentrated nitric acid followed by concentrated perchloric acid until complete
dissolution was achieved. These solutions were analyzed by inductively coupled plasma
to determine cobalt. Cobalt was calculated from sample response relative to standards

and blanks.

6.3 Results and Discussion
6.3.1 Synthesis of cobalt magnetic fluids in the presence of trialkoxysilyl
functionalized polysiloxane diblock copolymers
Thermolyses of dicobalt octacarbonyl in the presence of block copolysiloxanes
have been investigated in our laboratories for several years'?. These reactions utilized
poly(dimethylsiloxane-b-cyanopropylmethylsiloxane-b-dimethylsiloxane) (PDMS-b-
PCPMS-bH-PDMS) triblock copolymers in toluene, D4, or PDMS solvents to generate
cobalt nanoparticles in-situ. The central block containing the nitrile unit was only
sparingly soluble in the solvents employed, whereas the PDMS endblocks were soluble.
These solutions were micellar in nature with the PCPMS forming the micelle cores and
the PDMS endblocks protruding into the solvents. It was reasoned that the lone pair of

electrons of the nitrogen complexed with the cobalt to form a so-called anchor block, and
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the PDMS tails provided steric stabilization of these nanoparticle dispersions. These
cobalt dispersions had specific saturation magnetizations of 90-110 emu g of cobalt and
TEM micrographs showed well-dispersed cobalt nanoparticles'”.  The oxidative
durability of the cobalt nanoparticles was poor, however, and their magnetization
decreased slowly with time'*°.

Cobalt carbonyl reactions in the presence of a series of pentablock copolymers
(figure 6.2), were also investigated as steric dispersion stabilizers for cobalt
nanoparticles.* The motivation for this approach was to protect the cobalt surfaces with
“silica-like” shells formed around the nanoparticles by hydrolyzing and condensing
trialkoxysilyl pendent groups. Thermolyses of dicobalt octacarbonyl in solutions of the
pentablock copolymers also resulted in stable dispersions of =10 nm cobalt with specific
magnetizations of 90-110 emu g' Co. The pendent tricthoxysilyl groups were
hydrolyzed with dibutyltin diacetate (catalyst) and stoichiometric concentrations of water
at room temperature. Unfortunately, this method required high concentrations of the tin
catalyst to achieve quantitative hydrolysis, and preliminary cell survival studies
suggested that the resultant complexes had some toxicity.*

CH; ’7CH3—"7CH3-HVCH3-"VCH3 —‘[
IO
CH; CH; d, N y x

(CH;CH,0),Si Si(OCH,CHy),

Q

H, -‘ CH,

—o0 Ti—CH3

@)

H3 z CH3

CN

Figure 6.2 Pentablock copolymers were investigated as steric dispersion stabilizers for
cobalt nanoparticles. The nitrile containing central block functioned as the anchor block
to bind to cobalt; PDMS tail blocks provided dispersion stability; PMTES blocks were
precursors for sol-gel reactions to form “silica-like” shells around the nanoparticles.'””'*®
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This thesis describes the synthesis and characterization of well-defined diblock
copolymers wherein the PMTES or PMTMS blocks complexed with cobalt nanoparticles
and the PDMS blocks protruded into the toluene solvent. PDMS-b-[PMVS-co-PMTES]
or PDMS-b-[PMVS-co-PMTMS] copolymers were investigated as steric dispersion
stabilizers.

Dicobalt octacarbonyl and the copolymer were dissolved in toluene and the
reaction mixtures were heated to toluene reflux to displace the carbon monoxide and
form cobalt nanoparticles. The reactions were monitored by FTIR by observing changes
in structure and the decrease of carbonyl peaks. The carbon monoxide region around
2000 cm™ initially showed three absorbance bands at 2020, 2050, and 2070 cm’!
attributed to terminal CO, and a peak at 1860 cm™ due to the bridging carbonyls (figure
6.3). "1*° Two new peaks at 2055 and 2065 cm™ appeared in the IR spectra as the
reactions proceeded (figure 6.3). These peaks were attributed to a Co4(CO)i2

139 The reactions were continued at

intermediate based on previous assignments.
approximately 110 °C until the complete disappearance of the carbonyl peaks (figure

6.3).
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Figure 6.3 Thermolysis of dicobalt octacarbonyl: a.) initial reaction mixture showing
peaks 2020, 2050, and 2070 cm™ corresponding to terminal CO and 1860 cm™ attributed
to bridging CO; b.) a spectrum respresenting the intermediate reaction stage showing new
peaks at 2065 and 2055 cm™ corresponding to Co4(CO);2.

Dispersions prepared with PDMS-b-[PMVS-co-PMTES] or PDMS-b-[PMVS-co-
PMTMS] copolymers (wherein half the repeat units in the anchor blocks were
functionalized) were dark homogeneous fluids without any visible precipitates.
However, cobalt dispersions prepared with PDMS-b-PMTES or PDMS-b-PMTMS

copolymers (wherein the anchor block was fully functionalized) exhibited some

precipitate that was attributed to larger cobalt particle sizes and aggregates.
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Dispersions were prepared for microscopy by casting dilute suspensions of cobalt-
copolymer complexes from toluene onto carbon-coated copper grids. TEM micrographs
of the cobalt-polymer complexes prepared with PDMS-b-[PMVS-co-PMTES] or PDMS-
b-[PMVS-co-PMTMS] showed dark, =10-15-nm diameter cobalt particles (figure 6.4).
Copolymer block lengths of 16,000 g mol PDMS-5-3900 g mol” [PMVS-co-PMTES],
16,000 g mol" PDMS-5-3400 g mol” [PMVS-co-PMTMS] and 5000 g mol”' PDMS-b-
3400 g mol” [PMVS-co-PMTMS] were investigated in these reactions. However, TEM
micrographs showed no discernible differences in particle sizes. The copolymer sheaths
surrounding each particle were visible but it was not possible to determine their thickness
due to contrast issues associated with the technique. Further investigations of these in-
situ syntheses will be conducted to ascertain whether particle sizes can be correlated with
block lengths and micelle sizes in the reaction solutions.

It was reasoned that the polymer coating sterically stabilized the cobalt
dispersions. The compositions of these cobalt-copolymer complexes were determined by
elemental analysis (table 6.1). The charged ratios of cobalt-copolymer were 0.25 in the
first four entries in table 6.1 and 0.15 for the last entry. If one assumes all of the
copolymers were recovered, the cobalt yields were 60-70%. It is not yet clear whether
one can correlate the cobalt surface areas to number of anchor sites on the copolymer
stabilizers. Thus, developing an understanding of the parameters that control the cobalt

to polymer ratios in these complexes will also require further research.
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Figure 6.4 Cobalt fluids comprised of 1.) 16,000 g mol”" PDMS-5-3400 g mol” [PMVS-
co-PMTMS], 2.) 5000 g mol PDMS-5-3400 g mol™ [PMVS-co-PMTMS] 2.) 16,000 g
mol”! PDMS-5-3900 g mol” [PMVS-co-PMTES]

Specific magnetizations of dispersions prepared with PDMS-b-[PMVS-co-
PMTES] or PDMS-b-[PMVS-co-PMTMS] copolymers ranged from 90-110 emu g™ Co
(table 6.1). Previously reported values for PDMS-cobalt complexes were in the range of
97-116 emu g™ Co. ' Exemplary magnetization curves of cobalt-polymer complexes
prepared with a 5000 g mol” PDMS-5-3900 g mol” [PMVS-co-PMTES] and a 16,000 g
mol! PDMS-5-3400 g mol” [PMVS-co-PMTMS] copolymers are provided in figure 6.5.
These copolymer-cobalt dispersions displayed some magnetic hysteresis. Pileni et. al.
has reported hysteresis for cobalt particles organized in a two dimensional lattice on a

graphite substrate with mean particle diameters of approximately 6-8 nm. '®°
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Table 6.1 Specific magnetizations of the cobalt-polymer complexes

M, p Wt. % Co Spechﬁc Saturation Magneu_zlatlons
(g mol™) emu g sample emug Co
PDMS-b-[PMVS-co-PMTES]
16,000 — 3900 }2 }g gg
5000 — 6800
PDMS-b-[PMVS-co-PMTMS]|
16,000 — 3400 }Z }2 }8491
16,000 — 3,400 7 ] 115
5000 — 3400

* These were the saturated values taken at +8000 Oe.
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Figure 6.5 Specific magnetization curves for cobalt-polymer complexes prepared with
1.) 5000 g mol”! PDMS-5-3900 g mol”" PMVS-co-PMTES], and 2.) 16,000 g mol’
PDMS-b-3400 g mol” [PMVS-co-PMTES]
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CHAPTER 7 Conclusions and Recommendations for Further Investigations

Well-defined poly(dimethylsiloxane-b-methylvinylsiloxane) diblock copolymers
can be prepared with controlled molecular weights and narrow molecular weight
distributions. This suggested that the polymerizations of both monomers were living.
Thermal analysis indicated that these materials do not phase separate in the bulk.

The PMVS block can be either partially or fully functionalized with
triethoxysilethyl and trimethoxysilethyl pendent moieties using hydrosilations. Thermal
characterization suggested that the blocks in the derivatized copolymers were also
miscible. Surface tension measurements of block copolymer solutions in toluene
suggested that aggregates of these materials were present. Small angle X-ray scattering
and dynamic light scattering measurements are recommended to further probe the
solution structures. This may be important since it is reasoned that the micelle sizes and
shapes may relate to the cobalt particle sizes when cobalt nanoparticles are formed in
these solutions.

Hydrolyses of trimethoxysilethyl pendent groups on fully functionalized PDMS-
b-PMTMS copolymers proceeded to high conversions with four times the stoichiometric
concentrations of water and no added catalyst. These mild conditions may be important
for condensing “silica-like” shells around the cobalt without chemically damaging the
copolymer backbone.

Solutions of the partially hydrosilated PDMS-b-[PMVS-co-PMTMS] or PDMS-b-
[PMVS-co-PMTES] copolymers can be used to form sterically stabilized cobalt
nanoparticle dispersions without any observed aggregation. Cobalt yields in the

dispersed complexes were approximately 60-70 wt % of the amount charged.
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Considerable additional work will be required to understand the parameters that control
the cobalt to copolymer ratio in these complexes. It is desirable to maximize the
concentration of cobalt to obtain polymer-cobalt particles with enhanced magnetic
responses. To date, formation of cobalt in solutions of the fully functionalized analogues
of these polymers has resulted in some aggregation. This may be attributable to having
too many functional units on the anchor blocks.

The cobalt nanoparticles prepared in this research were approximately 10-15 nm in
diameter as determined by TEM. Further TEM analyses are recommended to quantify
the size distributions. Also, scattering measurements (SANS) may provide insight into
the sizes and size distributions of the complexes in the dispersions.

Specific saturation magnetization of the cobalt-copolymer complexes ranged from
90-115 emu g™ Co, comparable to previously reported values. The deviation from the
bulk cobalt value of 162 emu g™ was at least partially attributed to some surface
oxidation. It will be important to determine whether the sol-gel reactions can protect the
cobalt surface against oxidation, particularly without damaging the cobalt during the
actual sol-gel reaction. Oxidative stabilities of these cobalt-copolymer complexes
whereby the “silica-like” shells have been formed will be investigated as functions of

copolymer structures, sol-gel conditions, and cobalt-copolymer complex compositions.
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