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Abstract   
 
 The goal of the research presented in this dissertation was to synthesize novel 

macromolecular materials that would afford oxidative stability to magnetic cobalt 

nanoparticles under ambient conditions.  The cobalt nanoparticles were formed via the 

thermolysis of Co2(CO)8 in concentrated solutions of toluene containing the 

macromolecular dispersion stabilizers.  The copolymers were designed to encapsulate the 

nanoparticles with a number of thin protective coatings to prevent their undesirable 

oxidation under ambient condtions.  Cobalt nanoparticles encased with an organic glass 

were synthesized by stabilizing cobalt nanoparticles with poly(methyl methacrylate-co-2-

vinylpyridine-g-dimethylsiloxane) whereas nanoparticles encapsulated with triazine 

networks were formed via the thermal treatment of cobalt particles complexed with 

poly(styrene-b-4-vinylphenylcyanate).  Cobalt nanoparticles coated with a combination 

of carbonaceous and silica char were obtained by pyrolyzing cobalt particles stabilized 

with poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane) graft copolymers.  Moreover, cobalt nanoparticles encapsulated with 

either phthalonitrile networks or graphitic char were prepared via the thermal treatment of 

nanoparticles stabilized with poly(styrene-b-4-vinylphenoxyphthalonitrile). 
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Oxidatively-stable, magnetic cobalt nanoparticle complexes may be prepared by 

heating cobalt nanoparticles encapsulated in poly(styrene-b-4-

vinylphenoxyphthalonitrile) block copolymers at elevated temperatures.  The block 

copolymers were synthesized through the sequential anionic polymerization of styrene 

and tert-butyldimethylsilyloxystyrene.  The silyl ether protecting groups on the second 

block were hydrolyzed under acidic conditions to afford poly(styrene-b-4-vinylphenol), 

and the pendent phenols of the diblock copolymer were chemically modified with 4-

nitrophthalonitrile to afford poly(styrene-b-4-vinylphenoxyphthalonitrile).  Stable 

suspensions of ~8-10 nm diameter cobalt metal nanoparticles were formed by 

thermolysis of dicobalt octacarbonyl in solutions of toluene containing poly(styrene-b-4-

vinylphenoxyphthalonitrile).  The cobalt-polymer nanoparticle complexes were 

pyrolyzed under argon to afford highly magnetic cobalt nanoparticles encased in 

graphitic coatings.  Magnetic susceptibility measurements indicate that the cobalt-

graphitic particles are oxidatively-stable and retain their high saturation magnetizations 

(~ 95-100 emu g-1) for at least a year under ambient conditions. 
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Chapter 1 

Introduction 

 Magnetic fluids are recognized as stable suspensions of magnetic nanoparticles 

dispersed within a carrier fluid.1  These materials are often referred to as ferrofluids.  

They possess the typical properties of fluids and behave as intrinsic liquid ferromagnets 

that move as an entity in the direction of an applied field.1  Magnetic fluids have been 

incorporated in a number of industries including audio, bearing, and semiconductor.1  

Currently, these materials are envisioned to have exceptional utility in a number of 

biomedical applications including retinal surgery,2,3,4 drug targeting,5 magnetic resonance 

contrast agents,6 isolation and modification of biomolecules,7 and  hyperthermia 

treatment for cancer patients.8 

The vast majority of research conducted on ferrofluids focuses on the use of iron 

oxide nanoparticles due to their oxidative stability and biological compatibility.  

However, ferrofluids consisting of transition metal nanoparticles (Co, Fe, and Ni) have 

the potential for three to four times the magnetic response as the iron oxides currently 

                                                
1 Berkovski, B.; Bashtovoy, V., Magnetic Fluids and Applications Handbook. Begell: New York, 1996; p 
1-55. 
2 Phillips, J. P.; Li, C.; Dailey, J. P.; Riffle, J. S., J. Mag. Magn. Maters. 1999, 194, 140-148. 
3 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
4 Rutnakornpituk, M.; Baranauskas, V. V.; Riffle, J. S.; Connolly, J.; Pierre, T. G. S.; Dailey, J. P., 
European Cells and Materials; www.eurocellmat.org.uk 2002, 3, Suppl. 2, 102-105. 
5 Yu, J.; Hafeli, U.; Li, Y.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on the 
Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; Cleveland Clinic 
Foundation: Tallahassee, Fl, 2002; 16. 
6 Bulte, J.; Douglas, T.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on the 
Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002, 2002; Cleavland Clinic 
Foundation: Tallahassee, Fl, 2002; 26. 
7 Cremer, A.; Reinhard, C.; Muller, S.; Gunther, G.; Kohler, M.; Koster, M.; Brabheckel, N.; Biervert, C.; 
Johnston, I.; Merkel, D.; Nolle, V.; Miltenyi, S., Fourth International Conference on the Scientific and 
Clinical Applications of Magnetic Carriers 2002, 73-74. 
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investigated.  The elevated saturation magnetization of metallic nanoparticles is of 

particular interest for a number of in-vivo and biomolecule assay applications in which 

well-defined, high moment complexes are required.  Nonetheless, the development of 

metallic nanoparticles for all applications is limited by the fact that they oxidize slowly in 

air, forming antiferromagnetic oxides.  Consequently, for future applications to take 

advantage of the high magnetic response of transition metal nanoparticles, novel 

materials that prevent their oxidation without compromising their saturation 

magnetization must be realized.     

The ambition of this research dissertation has been to synthesize novel 

macromolecular materials that will afford oxidative protection to highly magnetic cobalt 

nanoparticles under ambient conditions.  In this vein, a number of unique polymeric 

materials have been synthesized using a combination of free-radical, anionic, and 

chemical modification techniques.  The copolymers were designed to possess so-called 

anchor blocks that coordinate to the surface of cobalt particles in addition to tail blocks 

that are selectively solvated in nonpolar media, affording sterically stabilizing coronas 

around the nanoparticles. 

The cobalt nanoparticles were prepared via the thermolysis of Co2(CO)8 in 

concentrated solutions of toluene containing the copolymer dispersion stabilizers.  The 

molecular composition and architecture of the dispersion stabilizers were tailored to 

afford a variety of thin, protective coatings around the nanoparticles to limit or prevent 

their oxidation.  The capacity of an organic glass afforded by the graft copolymer 

poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) to limit the oxidation 

                                                                                                                                            
8 Hofer, K. Fourth International Conference on the Scientific and Clinical Applications of Magnetic 
Carriers, Tallahassee, Fl, 2002; Tallahassee, Fl, 2002; 78. 
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of cobalt nanoparticles will be discussed in chapter 3.  The graft copolymer was 

synthesized using the macromonomer technique in which 2-vinylpyridine and methyl 

methacrylate were free-radically copolymerized using 2,2'-azobisisobutyronitrile (AIBN) 

in the presence of methacryloxy functional polydimethylsiloxane macromonomers. 

 The capacity of triazine networks to prevent the surface oxidation of cobalt 

nanoparticles is discussed in chapter 4.  The network complexes were formed by 

stabilizing cobalt nanoparticles with poly(styrene-b-4-vinylphenylcyanate) and 

subsequently crosslinking the cyanate moieties of the copolymers in the solid state at    

225 °C to afford cobalt nanoparticles encapsulated with triazine networks.  The synthesis 

and characterization of the poly(styrene-b-4-vinylphenylcyanate) cobalt dispersion 

stabilizers will also be included in this chapter. 

 Chapter 5 of this dissertation will focus on the synthesis and oxidative stability of 

cobalt nanoparticles encased with either heterocyclic phthalonitrile networks or graphitic 

char derived from thermal treatments of the dispersion stabilizer poly(styrene-b-4-

vinylphenoxyphthalonitrile).  The synthesis and characterization of well-defined, 

phthalonitrile-containing block copolymers using a combination of anionic and chemical 

modification techniques will be discussed in addition to the synthesis of stable 

suspensions of cobalt nanoparticles using the dispersion stabilizers.  Moreover, the 

conversion of the polyvinylphenoxyphthalonitrile anchor blocks to either heterocyclic 

phthalonitrile networks or carbonaceous char encasing the cobalt nanoparticles will be 

presented in this chapter. 

The synthesis of poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) copolymers and their use to form 
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cobalt nanoparticles encapsulated with a combination of graphitic and silica char is 

provided in chapter 6. The phthalonitrile-siloxane containing graft copolymers were 

synthesized using free-radical, chemical modification, and hydrosilation techniques. The 

graft copolymers were used to stabilize cobalt nanoparticles formed via the thermolysis 

of Co2(CO)8 in toluene.  The nanoparticle – graft copolymer complexes were heated to 

elevated temperatures to afford cobalt nanoparticles encapsulated with a 

carbonaceous/silica containing char.  The oxidative stability of these complexes under 

ambient conditions will be discussed. 

 A summary of the research is provided in chapter 7 and avenues of further 

research are outlined in chapter 8.   
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Chapter 2 

Literature Review 

2.1 Polysiloxanes 

2.1.1 Importance and breadth of polysiloxane polymers 

Polysiloxanes are the most abundant silicon-containing polymer in terms of 

commercial development.9 In fact, nearly 0.5 billion pounds of polysiloxanes are 

generated annually in the United States.9  Polysiloxanes are extensively employed in 

numerous industrial sectors including pharmaceutical, cosmetic, metal manufacturing, 

and electronics10 in the form of fluids, resins, and elastomers.9  Table 2.1.1 outlines a 

number of common applications of polysiloxanes.9  

The tremendous breadth of applications and attractiveness of siloxane polymers is 

a result of their unique physical properties.9  The long Si-O skeletal bond (1.63 Å) along 

the polymer backbone in addition to a Si-O-Si bond angle of 143˚ results in polymers 

with extremely low glass transition temperatures (Tg) and melting points (Tm).11  In fact, 

the Tg of the most common siloxane polymer, polydimethylsiloxane, is approximately -

125 ˚C whereas the Tm is around -40 ˚C.  Polysiloxane materials are also nontoxic12 and 

their high permeability to gases (particularly to oxygen) has warranted their use as 

artificial skin for burns as well as incorporation into contact lenses.13   

 

                                                
9 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
10 Koerner, G., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: Boca Raton, 
1991; p 1-6. 
 
11 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
12 Barrere, M.; Ganachaud, F.; Bendejacq, D.; Dourges, M.; Maitre, C.; Hemery, P., Polymer 2001, 42, 
7239-7246. 
13 Mark, J., Polymer Preprints 1998, 39, 437-438. 
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Table 2.1.  Exemplary commercial applications of polysiloxanes9 
 

FLUIDS  

 

RESINS 

 

ELASTOMERS  

• Hydraulics 

• Antifoaming 

• Water-
repellent 
finishes 

 
• Surfactants  

• Greases 

• Lubricants 

• Heating baths 

• Varnishes 

• Paints 

• Molding 

Compounds 

• Electrical 

insulations 

• Adhesives 

• Laminates 

• Release 

Coatings 

 

• Sealants 

• Caulks 

• Adhesives 

• Gaskets 

• Tubing 

• Hoses 

• Belts 

• Encapsulating and Molding 
applications 

 
• Fabric Coatings 

• Encapsulants 

• Numerous Medical Applications 
(antiflatulents, heart valves, 
contact lenses, prosthetic parts) 

 

2.1.2 Historical overview of polysiloxane synthesis 

Frederic Stanley Kipping helped establish the foundation of modern polysiloxane 

chemistry with his research from 1910 to 1940.14  Dr. Kipping synthesized 

organohalogensilanes using Grignard reagents and discovered that these compounds 

reacted with water similarly to SiCl4.11  The Grignard synthesis employed for synthesis of 

the organohalogensilanes is provided in figure 2.1.15 

                                                
14 Rochow, E., Silicon and Silicones. Springer-Verlag: New York, 1987. p 1-50. 
15 Feldner, K., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: 1991; p 7-19. 
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R = organic radical (i.e. -CH3, -C2H5)

X = Cl, Br

SiX4 2 RMgX R2SiX2 2 MgX2

 

Figure 2.1.  Grignard synthesis of organohalogensilanes10 
 
  Kipping discovered that condensation of organohalogensilanes immediately 

followed hydrolysis, and that oily polymeric compounds which he referred to as 

“silicones” resulted.  The structural repeat unit R2SiO was initially believed to resemble a 

ketone (R2CO).16  It was soon discovered that the atomic structure of silicon resulted in 

an unstable Si=O bond, and that bonds with two separate oxygen atoms formed 

preferentially.  The term polysiloxane was then employed for these compounds.  The 

term “siloxane” is based on the Si-O-Si unit as sil-oxane.16  Polysiloxanes can be 

described structurally as macromolecules consisting of silicon-oxygen bonds.   

 The need for heat resistant polymers in the electrical industry has been a 

significant driving force for industrial research on polysiloxanes.16  American firms such 

as Dow-Corning, General Electric Co., Union Carbide, and Corning Glass Works were 

actively involved in the early exploration and development of polysiloxane 

macromolecules.16   A significant goal of the industrial research conducted in the late 

1930s was to synthesize novel polysiloxane polymers using what was already known 

about natural silicates.16   

                                                
16 Noll, W. J., Chemistry and Technology of Silicones. Academic Press: New York, 1968. p 1-150. 
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Muller and Rochow discovered a direct method for synthesizing the tremendously 

valuable starting material dimethyldichlorosilane for polysiloxane synthesis.17  This 

synthetic scheme is commonly referred to as the “Rochow Synthesis” and involves 

reaction of silicon with methylchloride (figure 2.2).18  The direct method of synthesizing 

chlorosilanes provided the basis for cost-effective monomer production, and hence 

played a major role in development of the polysiloxane industry.  The utility of 

methylchlorosilanes for synthesizing polysiloxanes will be addressed later in the step 

growth synthesis of polysiloxanes section of this review.18 

300  Co

 

Si + 2 CH3Cl 
Cu

(CH3)2SiCl2 (~30 - 80%)

CH3SiCl3 

(CH3)3SiCl

SiCl4

CH3SiHCl2 

SiCl3H
 

Figure 2.2.  "Rochow direct synthesis" of methylchlorosilanes10,18 
 

Polysiloxane research up to the mid-1960s involved the syntheses of siloxane 

polymers that were primarily employed in silicone fluids, elastomers, and resins.19  Since 

that time, continued research led to an appreciation of the utility and diversity of 

polysiloxanes arising from their unique chemical structures.  Today, polysiloxanes are 

                                                
17 Chojnowski, J., J.Inorg. Organometal. Polym 1991, 299. 
18 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
18  
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used in a tremendous number of applications and several thousand polysiloxane products 

are available worldwide.19   

The common nomenclature for siloxane units is derived from the free valences of 

the oxygen atoms.20  Thus, siloxane units may be termed mono, di, tri, or tetrafunctional 

and are commonly denoted by the symbols M, D, T, and Q, respectively.20  A summary 

of the nomenclature for siloxane structural units is provided in table 2.2. 

 

Table 2.2.  Common nomenclature for structural siloxane units20  
Structural Formula Functionality  Symbol 

R3Si O  
Monofunctional M 

Si

R

O

R

O

 

Difunctional D 

Si

R

O

O

O

 

Trifunctional T 

Si

O

O

O

O

 

Tetrafunctional Q 

 

 

                                                                                                                                            
19 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
 
20 Noll, W. J., Chemistry and Technology of Silicones. Academic Press: New York, 1968. p 1-150. 
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2.1.3 Methods for synthesizing polysiloxanes 

2.1.3.1 Step Growth Polymerizations 

Polysiloxane synthesis can be accomplished through step growth polymerization 

of bifunctional silanes or ring-opening of cyclosiloxanes.21,22  Step growth syntheses are 

commonly employed for preparing linear siloxane polymers and cyclosiloxane monomers 

to be subsequently used in ring–opening polymerizations.23  Step growth polysiloxane 

synthesis involves homofunctional polycondensation of silanediols or a heterofunctional 

polycondensation process with a silanol and another functional group.21,23    

The most common step growth process used to form polysiloxanes involves the 

hydrolysis of organochlorosilanes.24,25  When an excess of water is employed, an 

abundance of silanediols are generated and polysiloxanes are synthesized via a 

homofunctional step growth polymerization (figure 2.3).24,25   

 

(CH3)2SiX2 + 2 H2O (CH3)2Si(OH)2  +  2 HX

 n [ (CH3)2Si(OH)2] Si O

CH3

HO

CH3

H

x

+ CYCLICS     +  (n-1) H2O

X = Cl, NR2, SR, etc  

Figure 2.3.  Polysiloxane synthesis via homofunctional polycondensation24 

 

                                                
21 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
22 Chojnowski, J., J.Inorg. Organometal. Polym 1991, 299. 
23 Li, C. Preparation of Nitrile Containing Siloxane Triblock Copolymers and Their Applications as 
Stabilizers for Siloxane Magnetic Fluids. Masters Thesis, Virginia Tech, 1996. 
24 Barrere, M.; Ganachaud, F.; Bendejacq, D.; Dourges, M.; Maitre, C.; Hemery, P., Polymer 2001, 42, 
7239-7246. 
25 Rochow, E., Silicon and Silicones. Springer-Verlag: New York, 1987. p 1-50. 
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Heterofunctional polycondensation processes, however, may dominate when a 

limited amount of water and a less reactive functional group are present.26  This process 

initially involves hydrolysis of dichlorodimethylsilane to form a chlorosilanol which then 

further reacts with dichlorodimethylsilanes to form linear oligomers with chlorine end 

groups and cyclic species.27  The thermodynamically favored 

octamethylcyclotetrasiloxane (D4) is the major cyclic product (figure 2.4).27,28    

(CH3)2SiCl2  + H2O Si

CH3

CH3

OH        +    HClCl

Si

CH3

CH3

OHCl2 Si

CH3

CH3

OCl Si

CH3

CH3

Cl +  H2O

Si

CH3

CH3

OCl Si

CH3

CH3

Cl

Si

CH3

CH3

OHCl

Si

CH3

CH3

OCl Si

CH3

CH3

Cl

Si

CH3

CH3

OCl Si

CH3

CH3

O Si

CH3

CH3

Cl + HCl

H2O

Si

O

Si

O

Si

O

H3C CH3

CH3

CH3

H3C

H3C

+ HCl

Si

CH3

CH3

OCl Si

CH3

CH3

O Si

2

CH3

CH3

Cl

H2O

O

Si

O Si

O

Si

OSi

H3C

CH3

CH3

CH3

H3C

H3C

CH3

H3C

+ 2 HCl

H2O

Si

CH3

CH3

OCl Si

CH3

CH3

O Si

n

CH3

CH3

Cl

H2OH2O

CYCLICS + HClLINEAR POLYSILOXANE + HCl

H2O

 

Figure 2.4.  Heterofunctional polycondensation of dichlorodimethylsilane27   

 
 

                                                
26 Koerner, G., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: Boca Raton, 
1991; p 1-6. 
27 Barrere, M.; Ganachaud, F.; Bendejacq, D.; Dourges, M.; Maitre, C.; Hemery, P., Polymer 2001, 42, 
7239-7246. 
28 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
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The amount of linear and cyclic products obtained from the hydrolysis of 

dimethyldichlorosilanes is significantly influenced by the reaction conditions.  The 

production of cyclic species via intramolecular condensation reactions may be targeted 

by employing low concentrations of dimethyldichlorosilanes whereas a higher 

concentration of reactants favors intermolecular reactions producing linear species.29 

Consequently, adding dimethyldichlorosilanes slowly to a reaction medium with an 

excess of water encourages the formation of cyclic species.29  For instance, the slow 

addition of dimethyldichlorosilane to an excess of water results in the production of 0.5% 

(Me2SiO)3, 42.0% (Me2SiO)4, 6.7% (Me2SiO)5, 1.6% (Me2SiO)6 as well as a slight 

amount of linear polysiloxanes.30 

 The pH of the reaction medium also influences the polycondensation products 

from this reaction.29,31  When a strong acid is present (i.e. HCl, H2SO4, CF3SO3H) 

intramolecular cyclization occurs extensively.31  The presence of excess bases such as 

KOH, quaternary ammonium or phosphonium hyrdroxides in the medium, however, 

results in the production of high molecular weight polysiloxane.31 

 The use of organic solvents is an additional factor that influences hydrolysis 

products of dimethyldichlorosilane.32  The influences of organic solvents are functions of 

their miscibility with water.32  A mixture of water and an inert water-miscible solvent 

results in a high yields of cyclics.31,32  Typical water miscible solvents employed for this 

purpose include tetrahydrofuran and dioxane.32  Immiscible and slightly miscible solvents 

such as toluene, xylene, diethyl ether, dibutyl ether, and trichloroethylene favor cyclic 

                                                
29 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
30 Feldner, K., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: 1991; p 7-19. 
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products as they solvate both dimethyldichlorosilanes and water, resulting in more 

extensive intramolecular reactions.32,32   

 When synthesizing siloxane polymers using silanediols, the organic substituents 

on the silicon monomers significantly influence the step growth process.33  When bulky 

organic groups are present, the polycondensation of silanediols is depressed due to steric 

constraints.32  Moreover, electron withdrawing substituents increase the rate of a base-

catalyzed step growth reaction and decrease the rate of reaction in an acid-catalyzed 

reaction.33 

 A wide variety of polycondensation reactions may be employed to synthesize 

polysiloxanes.  Some general non-hydrolytic processes that have been used to synthesize 

polysiloxanes are listed in table 2.3.32 

                                                                                                                                            
31 Koerner, G., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: Boca Raton, 
1991; p 1-6. 
32 Li, C. Preparation of Nitrile Containing Siloxane Triblock Copolymers and Their Applications as 
Stabilizers for Siloxane Magnetic Fluids. Masters Thesis, Virginia Tech, 1996. 
33 Barrere, M.; Ganachaud, F.; Bendejacq, D.; Dourges, M.; Maitre, C.; Hemery, P., Polymer 2001, 42, 
7239-7246. 
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Table 2.3.  General non-hydrolytic polycondensations to synthesize polysiloxanes34 

Si X  +  RO Si Si O Si +
 

RX

Si X  +  2 ROH + R'COOH Si O Si +
 

2   HX     +  R'COOR

Si X  +  RCOO Si
Si O Si +

 
RCOX

Si X  +  HO Si Si O Si +
 

HX

Si X  +  MO Si Si O Si MX+
 

+
 

MX2Si O SiSi X  +  2 MO

+
 

H2Si O SiMO SiSi H  +  

HX2 Si OR  +  Si O Si +
 

2 2RX +
 
H2O

+
 

Si O SiSi OR  +  RO Si ROR

R'COORSi OR  +  Si O Si +
 

2 2 R'COOH 2 +
 
H2O

R'COORR'COO SiSi OR  +  Si O Si +
 

Si OR  +  HO Si +
 

Si O Si ROH

NH3Si O Si +
 

HO SiSi NH2  +  

Si OAc  +  HO Si +
 

Si O Si HOAc

KOAcSi O Si +
 

KO SiSi OAc  +  

 

                                                
34 Koerner, G., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: Boca Raton, 
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2.1.3.2 Ring-opening polymerizations of cyclosiloxanes 

 The ring-opening polymerization of cyclosiloxane monomers is the preferred 

method for synthesizing high molecular weight polysiloxanes.  This process affords 

molecular weight distributions narrower than polycondensation processes.35,36  The most 

prevalent cyclic monomers employed for synthesizing high molecular weight 

polysiloxanes are hexamethylcyclotrisiloxane (D3) and octamethylcyclotetrasiloxane (D4) 

(figure 2.5).36 
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O Si
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D4 D3  

Figure 2.5.  Common cyclosiloxane monomers 

 
Cyclosiloxane ring-opening polymerizations may be distinguished as kinetically 

or thermodynamically controlled processes.37  A thermodynamically controlled ring-

opening polymerization reaches a state of equilibrium between cyclic and linear siloxane 

molecules whereas kinetically controlled ring opening polymerizations yield almost 

entirely linear polysiloxanes.38   

                                                                                                                                            
1991; p 1-6. 
35 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
36 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
36  
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 The polymerization of D4 is thermodynamically controlled under conditions that 

afford a state of equilibrium.  Under these conditions, a distribution of linear and cyclic 

species forms, and the polymer yield, molecular weight, and polydispersity are governed 

by the thermodynamics of the polymerization.38  The ring opening of D4 is entropically 

(ΔS = 6.7 J/mole-K) driven through the gain of conformational mobility since the 

enthalpic driving force is nearly zero for this process.39  The molecular weight 

distribution of a typical ring-opening polymerization of D4  is approximately 2.40  The 

average molecular weight for the ring-opening of D4 may be expressed by the equation 

Mn =
2 [SiR2O]eq  Mo

[Endgroup]  

in which Mo represents the molecular weight of the repeat unit, and [SiR2O]eq is the 

concentration of the repeat unit that is a part of the linear species.39  A number of end-

groups may be employed to control the molecular weight of these systems such as 

hexamethyldisiloxane as well as carbofunctional and silicon functional groups yielding 

telechelic macromolecules.40,41 

 The ring-opening of D3 is a kinetically driven process that yields minimal cyclic 

species due to the ring-strain present in cyclotrisiloxanes (12-15 kJ-mol-1).42 

                                                                                                                                            
37 Feldner, K., In Silicones Chemistry and Technology, Bayer; Goldschmidt, CRC Press: 1991; p 7-19. 
38 Li, C. Preparation of Nitrile Containing Siloxane Triblock Copolymers and Their Applications as 
Stabilizers for Siloxane Magnetic Fluids. Masters Thesis, Virginia Tech, 1996. 
39 Barrere, M.; Ganachaud, F.; Bendejacq, D.; Dourges, M.; Maitre, C.; Hemery, P., Polymer 2001, 42, 
7239-7246. 
 
40 Chojnowski, J., J.Inorg. Organometal. Polym 1991, 299. 
41 Goethals, E., In Telechelic Polymers: Synthesis and Applications, Goethals, E., CRC Press: Florida, 
1989; p 116-134. 
42 Li, C. Preparation of Nitrile Containing Siloxane Triblock Copolymers and Their Applications as 
Stabilizers for Siloxane Magnetic Fluids. Masters Thesis, Virginia Tech, 1996. 
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Consequently, very narrow molecular weight distributions in addition to high molecular 

weight polysiloxanes possessing polar substituents can be synthesized via ring-opening 

polymerization of D3.43   

 

 2.1.3.2.1 Anionic (base-catalyzed) ring-opening polymerization 

 The anionic ring opening of cyclosiloxanes was initially reported by Hyde in 1949 

and has evolved into tremendously valuable processes that are currently used for 

synthesizing high molecular weight siloxane macromolecules.44  It was discovered that 

alkali metal hydroxides reacted with cyclosiloxanes to form metal silanolates that were 

able to catalyze ring-opening polymerizations of cyclic siloxanes.45  Grubb and Osthoff’s 

research indicated that the metal silanolates were the catalytic species, and the ring-

opening polymerization was an addition reaction involving the accumulation of D4 

monomer to the growing polymer chains.46,47  The reactivity of cyclosiloxanes toward 

base-catalyzed reactions was found to be: 

 

D3 > D4 > MD2M > MDM > MM 

in which M represents a monofunctional trimethylsiloxane unit and D signifies a 

difunctional dimethylsiloxane unit.48  Cyclotrisiloxanes, due to their strain energy, are far 

more reactive than octamethylcyclotetrasiloxane and polymerize more readily via anionic 

ring-opening polymerizations.  The presence of two adjacent electron withdrawing 

                                                
43 Noll, W. J., Chemistry and Technology of Silicones. Academic Press: New York, 1968. p 1-150. 
44 Johannson, K.; Lee., C., Cyclic Monomers. In Frisch, K., Wiley-Interscience: 1972; p 464-660. 
45 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
46 Grubb, W. T.; Osthoff, R. C., J. Am. Chem. Soc 1955, 77, 1405. 
47 Kendrick, T.; Parbhoo, B.; White, J., In Comprehensive Polymer Science, Eastmond, G.; Ledwith, A.; 
Russo, S.; Sigwalt, P., Pergamon Press: New York, 1989; p 460-520. 
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oxygen atoms between silicon is responsible for the greater reactivity of D units over M 

units.49  The mechanism for ring-opening polymerization of D4 is provided in figure 2.6.   

The kinetics of anionic ring-opening polymerizations are influenced by a number 

of ion associations.  Consequently, the type of initiator and reaction medium have 

important effects on the kinetics of this type of polymerization.49,50  The order of 

reactivity of alkali metal hydroxides is CsOH > RbOH > KOH > NaOH > LiOH.  

Increased reactivity or ionization is observed with larger metal ions.53  Ion association 

phenomena involve an ionic equilibrium  

Si

CH3

CH3

OM 

kd

ka

Si

CH3

CH3

O +
   

M 

 

in which M represents a metal cation.51  In polar solvents, dynamic equilibria exist 

between ion pairs, solvent-separated ion pairs, and solvated free ions.52  Silanolate 

aggregates in the form of intramolecular or intermolecular complexes also occur during 

anionic ring-opening of cyclosiloxanes.53  These associations result in a broadening of the 

molecular weight distribution.52 

                                                                                                                                            
48 Bostick, E., In Ring-Opening Polymerization, Marcel Dekker: New York, 1969; p 327-355. 
49 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
50 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
51 Johannson, K.; Lee., C., Cyclic Monomers. In Frisch, K., Wiley-Interscience: 1972; p 464-660. 
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Figure 2.6.  Ring-opening and redistribution reactions of 
octamethylcyclotetrasiloxane52,53 

  

 

The fractional order dependence of the initiator is a consequence of the nonpolar 

media in which the reactions are carried out.52 The active chain end is a silanolate ion 

pair that exists in equilibrium with dormant silanolate groups leading to the formation of 

ion aggregates or ion pair complexes.54,55  A half order kinetic dependence has been 

extensively observed with KOH whereas in other systems with greater degrees of 

                                                
52 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
53 McGrath, J. E., Ring-Opening Polymerization. McGrath, J. E., American Chemical Society: 
Washington, DC, 1985. p 1-516.  
54 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
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aggregation, the order in initiator is less than one-half.56,57,58  This theory is also 

supported by the dramatic reduction in viscosity upon neutralization of the end groups 

with agents such as mono-, di-, and tri-functional chlorosilanes.58  The influence of ion 

association in anionic ring-opening polymerizations is further justified by the observation 

that solvents with higher dielectric constants increase the rate of anionic ring-opening 

reactions.59 

 Since the anionic polymerization of cyclotrisiloxanes is typically conducted in 

nonpolar solvents, ion-associations tend to form tight-ion pairs that reduce the reactivity 

of the silanolate propagating centers.58  Therefore, agents that facilitate the formation of 

solvated free ions such as promoters (tetrahydrofuran), ion sequestering compounds 

(TMEDA, crown ethers), and activators (HMPA, DMF, DMSO) are commonly used to 

increase the rates of reaction.59   

 McGrath et al. evaluated effects of catalyst type and concentration on the 

synthesis of aminopropyl terminated polysiloxane oligomers.60  The difunctional 

polysiloxane oligomers were synthesized by anionic ring-opening of D4 and reaction with 

1,3-bis(3-aminopropyl)tetramethyldisiloxane (figure 2.7).  The amount of catalyst was 

varied from 0.03 to 0.10 mole %.  The authors investigated tetrabutylphosphonium, 

tetramethylammonium, and potassium siloxanolates as catalysts.  The relative rates of the 

equilibration reactions were evaluated by monitoring the disappearance of D4 and 1,3-

                                                                                                                                            
55 Chojnowski, J.; Mazurek, M., Makromol. Chem. 1975, 176, 2999. 
56 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
57 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
58 Kendrick, T.; Parbhoo, B.; White, J., In Comprehensive Polymer Science, Eastmond, G.; Ledwith, A.; 
Russo, S.; Sigwalt, P., Pergamon Press: New York, 1989; p 460-520. 
59 Morton, M.; Deisz, M.; Bostick, E., J. Polym. Sci 1964, A2, 513. 
60 Elsbernd, C.; Spinu, M.; Kilic, S.; McGrath, J. E., Polymer Preprints 1988, 29, 355-357. 



 

 

21 

 

bis(3-aminopropyl)tetramethyldisiloxane using HPLC and GC.  D4 reacted similarly with 

systems using tetramethylammonium siloxanolate or tetrabutylphosphonium siloxanolate 

with the same catalyst concentration range.  Potassium siloxanolate incorporated the D4 

at a slower rate, yet all systems reduced the monomer concentration to the desired 

equilibrium level in a feasible length of time. 

Incorporation of the aminopropyl-functional disiloxane was dramatically reduced 

in the systems with tetramethylammonium siloxanolate catalyst compared to the systems 

with tetrabutylphosphonium cations.  Interestingly, significant levels of disiloxane 

remained in systems employing the potassium siloxanolate catalyst after long reaction 

times resulting in the production of oligomers with molecular weights greater than the 

targeted molecular weights.  The tetramethylammonium and tetrabutylphosphonium 

siloxanolate catalyzed systems generated controlled molecular weight oligomers at 

concentrations greater than 0.04  mole %.  
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Figure 2.7.  Synthesis of aminopropyl terminated polydimethylsiloxane oligomers61,62 

 

 The variations in reaction rate were attributed to the nature of the cation on the 

siloxanolate catalyst.  The reaction order of the systems with tetrabutylphosphonium 

cations was greater than one-half in catalyst, suggesting that the tetrabutylphosphonium 

siloxanolate anion was more reactive than the other catalysts investigated.  This enhanced 

reactivity was attributed to the greater size of the tetrabutylphosphonium cation which 

afforded ionized species with fewer aggregates. 

Boileau et al. investigated anionic polymerizations of cyclosiloxanes using 

lithium cryptates as counterions in benzene or toluene solutions.63  The use of stable 

cation inclusion complexes known as cryptates reduced lithium silanolate aggregation in 

                                                
61 Elsbernd, C.; Spinu, M.; Kilic, S.; McGrath, J. E., Polymer Preprints 1988, 29, 355-357. 
62 Yilgor, I.; McGrath, J. E., Advances in Polymer Science 1988, 86, 1-77. 
63 Boileau, S., Anionic Polymerization: Kinetics, Mechanisms and Synthesis. McGrath, J. E., American 
Chemical Society: Washington DC, 1981. p 23. 
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anionic polymerization of D3 and D4.  Use of the macrobicyclic ligand shown in figure 

2.8 generated a single lithium silanolate active species.  Thus, an extensive investigation 

of the kinetics of anionic ring-opening of cyclosiloxanes was possible.  The cryptate 

investigated was also utilized to provide insight into the effects of cryptate size on the 

anionic polymerization of cyclosiloxanes. 

 

N CH2CH2(OCH2CH2)n
CH2CH2(OCH2CH2)p

CH2CH2(OCH2CH2)m
N

 

Figure 2.8.  Exemplary cryptate structure64 

 

 It was discovered that the cryptates enhanced the reactivity of silanolate ion pairs 

and resulted in a reduction of cyclic by-products.  Living PDMS solutions prepared by 

ring-opening of D3 with n-butyllithium in benzene proceeded much faster with the use of 

cryptates compared to using THF as the promoter.  A kinetic plot of Rp/[M] as a function 

of concentration of living ends was generated using dilatometry.  This revealed a linear 

relationship passing through the origin suggesting a reaction order of 1 with a living end 

concentration between 3.7 x 10-3 and 7.5 x 10-5 mol/L.  Similar kinetic data was obtained 

using tertiary butyllithium as an initiator in toluene.  This data was a consequence of the 

presence of only cryptated ion pairs with similar reactivity in both systems. 

 Gel permeation chromatography provided insight into the molecular weight 

distribution of the anionic polymerizations of D3 and D4 using cryptates as counterions.  

A bimodal distribution was observed from PDMS synthesized by ring-opening of D4 with 

the cryptate in figure 2.8, and the ratio of low molecular weight oligomers to high 
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molecular weight PDMS was constant during the polymerization.  The amount of low 

molecular weight oligomers generated when ring-opening of D3 was significantly lower 

yet a polydispersity index of 2 was observed at high conversions.  The use of a cryptate 

having a larger cavity, however, resulted in much narrower molecular weight 

distributions ranging from 1.16–1.24 with the elimination of cyclic by-products. 

 Paulasaari et al. synthesized poly(1-hydrido-1,3,3,5,5-pentamethyltrisiloxane) by 

anionic ring-opening of 1-hydrido-1,3,3,5,5-pentamethylcyclotrisiloxane with dilithium 

diphenylsilanediolate (figure 2.9).64  The monomer was prepared by reacting 

methyldichlorosilane with tetramethyldisiloxane-1,3-diol.  

 

Figure 2.9.  Synthesis of regular poly(1-hydrido-1,3,3,5,5-pentamethyltrisiloxane)65 

 
 

Although bases are typically not employed for the synthesis of 

polymethylhydridosiloxanes since the Si-H group is subject to nucleophilic attack, 29Si 

NMR indicated that the anionic attack occurred exclusively on the DH unit and a 

DDDHDD microstructure was present. The authors chemically modified poly(1-hydrido-
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1,3,3,5,5-pentamethyltrisiloxane) with benzophenone and pentafluorostyrene using Ru 

and Pt – catalyzed hydrosilylation reactions as shown by FT-IR. 

 

2.1.3.2.2 Cationic (Acid Catalyzed) Ring-Opening of Cyclosiloxanes 

 Acid catalyzed ring-opening polymerizations of cyclosiloxanes are frequently 

employed for synthesizing high molecular weight polysiloxanes.65  The cationic synthesis 

of polysiloxanes affords distinct advantages over the anionic routes including the ability 

to carry out the reactions at room temperature and readily remove the initiator from the 

polymer.66  In addition, cationic polymerizations of cyclosiloxanes may be used to 

polymerize monomers with functional groups which are unstable in anionic ring-opening 

processes such as Si-H and Si-CH2-Cl.66  However, D4 cationic routes of synthesizing 

polysiloxanes typically generate substantial amounts of cyclic compounds which limit the 

use of these processes for synthesizing well-defined, narrow molecular weight 

polysiloxanes that are afforded via the anionic polymerization of D3 systems.67 

 A number of initiating species have been used for the cationic synthesis of 

polysiloxanes including strong acids (H2SO4, HClO4, CF3SO3H, etc) as well as cation 

exchange resins, activated clays, and Lewis acids such as SnCl4.68  The majority of 

commercial processes involving acid catalyzed ring-opening of cyclosiloxanes employ 

CF3SO3H and other strong sulfonic acids.69  The reactivity of siloxanes toward acid 

                                                                                                                                            
64 Paulasaari, J.; Weber, W., Macromolecules 1999, 32, 6574-6577. 
65 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
66 K. Kazmierski; M. Cypryk, M.; Chojnowski, J., Polymer Preprints 1998, 39, 439. 
67 Chojnowski, J.; Mazurek, M.; Scibiorek, M.; Wilczkek, L., Makromol. Chem. 1974, 175, 3229. 
68 Wilczkek, L., Makromol. Chem. 1974, 175, 3229. 
69 Kendrick, T.; Parbhoo, B.; White, J., In Comprehensive Polymer Science, Eastmond, G.; Ledwith, A.; 
Russo, S.; Sigwalt, P., Pergamon Press: New York, 1989; p 460-520. 
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catalyzed ring-opening polymerizations is D3 > MM > MDM > MDnM > D4.70  The high 

reactivity of D3 is attributed to ring strain whereas the disiloxane is more reactive than the 

trisiloxane and tetrasiloxane since their oxygen atoms are bonded to fewer electropositive 

silicon atoms.68 

 The mechanism of acid catalyzed ring-opening polymerizations of cyclosiloxanes 

is fairly complex and debatable yet is believed to occur by either of two mechanistic 

pathways.69,71  Patnode et al. suggested an acidolysis-condensation involving the repeated 

acidolytic cleavage of monomer and subsequent condensation of end-groups (figure 

2.10).72  An additional proposed mechanism for cationic polymerization of cyclic 

siloxanes involves addition of cyclic monomer to the active site of a growing chain.73 

Kantor et al. suggested this latter mechanistic pathway in the early 1950s (figure 2.11).75   

 

                                                
70 McGrath, J. E., Ring-Opening Polymerization. McGrath, J. E., American Chemical Society: 
Washington, DC, 1985. p 1-516. 
71 Brook, M., Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons: New 
York, 2000. p 256-299. 
72 Chojnowski, J.; Patnode, W.; Wilcock, D., J. Amer. Chem. Soc., 1946, 68, 358. 
73 Kantor, S.; Grubb, W.; Osthoff, R., J. Am. Chem. Soc. 1954, 76, 5190-5197. 
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Figure 2.10.  Proposed acidolysis-condensation polymerization74 
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74 Li, C. Preparation of Nitrile Containing Siloxane Triblock Copolymers and Their Applications as 
Stabilizers for Siloxane Magnetic Fluids. Masters Thesis, Virginia Tech, 1996. 
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The kinetics of cationic polymerization of cyclosiloxanes are complex and 

influenced by a number of parameters such as ring strain, monomer concentration, the 

presence of water, acidity of initiator, and numerous other variables.76  Chojnowski et al. 

evaluated the kinetics of acid catalyzed condensation of model siloxanes in dioxane and 

methylene chloride solutions to gain insight into the influence of solvent on the 

polycondensation of silanols.77  The condensation reactions were conducted with the 

protonic acids CF3SO3H and CH3SO3H.   

 It was found that the kinetics of linear growth and ring formation were functions 

of the solvent.  In methylene chloride the yield of linear polymer from the cationic 

polymerization of HO[Si(Me)2 O]5H using CH3SO3H was high and unaffected by 

dilution.  That is, the mole ratio of cyclic to linear product was relatively independent of 

monomer concentration when the cationic polymerizations were conducted in methylene 

chloride.  When the same experiments were conducted in dioxane; however, a greater 

amount of cyclics were observed under dilute conditions. 

 The observed phenomena were interpreted using a so-called intra-inter catalytic 

theory.  The authors postulated that the condensation process required proton abstraction 

from the attacking silanol prior to silicon-oxygen bond formation.  It was suggested that 

abstraction of this proton required interaction with a general base in either dioxane or 

methylene chloride.  When the reactions were carried out in dioxane, it was postulated 

that the solvent molecules afforded a hydrogen bonding interaction whereas in methylene 

                                                                                                                                            
75 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
76 Chojnowski, J., Siloxane Polymers. Clarson, J.; Semlyen, J., Prentice Hall: New Jersey, 1993. p 1-666. 
77 Chojnowski, J.; Rubinsztajn, S.; Wilczek, L., Macromolecules 1986, 20, 2345-2355. 
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chloride the basic assistance was provided from the other silanol group of the 

oligosiloxanediol.   

When the cationic polymerizations were carried out in methylene chloride, the 

authors suggested that one of the silanol groups functioned as a general base and 

abstracted the proton from the attacking silanol group prior to silicon-oxygen bond 

formation.  This intramolecular catalysis through silanol-silanol interactions resulted in 

preferential intermolecular condensation reactions and thus explains the higher than 

expected yield of linear species under dilute conditions.   

The cationic ring-opening of cis- and trans-1,3,5-trimethyl-1,3,5-tris(3’,3’,3’-

trifluoropropyl)-cyclotrisiloxane (F3) and D3 with trimethylsilyl triflate (TMST) in the 

presence of the selective proton trap 2,6-di-tert-butylpyridine (DTBP) was investigated 

by Jallouli and Saam.78  The polymerizations of F3 and D3 initiated with TMST were 

carried out at room temperature with reported polymer yields of 73-83 %.  An induction 

period of several hours followed by rapid polymerization was observed with F3 whereas 

the polymerization of D3 began almost instantaneous.  The predominant byproduct of the 

D3 polymerization was D6 and with F3 the dominant byproduct was F6.   The number-

average molecular weights of the polymers increased linearly with monomer conversion, 

and the introduction of more monomer after consumption of the original monomer lead to 

further chain growth suggesting a non-terminating polymerization mechanism.   

To further investigate the non-terminating nature of the polymerizations, diblock 

copolymers of poly[methyl-(3,3,3-trifluoropropyl)siloxane] (PMTFPS) and 

                                                
78 Jallouli, A.; Saam, J., Polymer Preprints 1998, 39, 448-449. 
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polydimethylsiloxane were synthesized via sequential polymerization of F3 and D3.79   

The Mn of the diblock was close to the anticipated molecular weights.  Also, DSC 

analysis revealed two glass transition endotherms at -117 ˚C and – 86 ˚C corresponding 

to PDMS and PMTFPS, respectively.  This also confirmed the microphase separated 

nature of these diblock copolymers. 

  

2.2 Block copolymers containing polysiloxane segments 

2.2.1 Introduction to block copolymers 

Block copolymers are polymers consisting of unique polymeric sequences 

chemically bonded together.80,81,82,83  The number of blocks per molecule may be used to 

distinguish different block copolymer architectures as:84 

AmBp  AmBpAm  AmBpAmBp  (AmBp)n 

                      Diblock  Triblock  Tetrablock  Multiblock  

Block copolymers have been an area of aggressive research because of their 

unique physical properties.83 Block copolymers with thermodynamically incompatible 

blocks display microphase separation in which a dispersed phase of one block is located 

within a continuous matrix provided by the other block structure.82,85  Consequently, 

unique melting and glass transition temperatures for each block are observed within block 

copolymers with phase separation.87   In thermoplastic elastomers, the dispersed phase 

                                                
79 Jallouli, A.; Saam, J., Polymer Preprints 1998, 39, 448-449. 
80 McGrath, J. E.; Noshay, A., Block Copolymers Overview and Critical Survey. Academic Press: New 
York, 1977. p 1-616. 
81 McGrath, J. E., J. Chem. Ed. 1981, 1-914. 
82 McGrath, J. E., Pure and Appl. Chem 1983, 1373. 
83 Allport, D., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 1-28. 
84 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
85 Dawkins, J., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 363-385. 
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consists of hard domains which are glassy or semi-crystalline while the matrix is 

typically a soft, rubbery material (e.g., as in styrene-butadiene block copolymers).87  In 

addition, the two-phase morphology of block copolymers affords their use as surfactants 

that may serve as emulsifiers for systems consisting of two immiscible homopolymers.87   

The development of block copolymers with polysiloxane blocks has been investigated 

since the 1950s.82,83,86,87  Much of the initial impetus for the development of block 

copolymers originated with the polyurethane foam industry since polydimethylsiloxane-

polyoxyalkylene copolymers were found to stabilize flexible polyurethane foams.88  The 

incorporation of polysiloxane segments in siloxane-organic block copolymers affords 

unique morphological, rheological, and surface properties due to the high degree of 

incompatibility between polysiloxanes and organic polymers.88  For instance, Pesetskii et 

al. reported improved impact strength and processability from blending polycarbonate 

with 7–10 weight percent of a polycarbonate-polydimethylsiloxane block copolymer.89   

Polysiloxane block copolymers are commonly synthesized by sequential block 

polymerization techniques involving anionically ring-opening cyclotrisiloxanes or by 

condensing functionally terminated siloxane polymers with other macromolecules 

possessing functional endgroups.88,90  

 

 

                                                
86 Plumb, J.; Atherton, J., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 
305-350. 
87 Bott, R. H.; Summers, J. D.; Arnold, C. A.; Taylor, L. T.; Ward, T. C.; McGrath, J. E., J. Adhesion 1987, 
23, 67. 
88 Hayashi, T., In Developments in Block Copolymers, Goodman, I., Elsevier Applied Science: New York, 
1985; p 109-149. 
89 Pesetskii, S.; Jurkowski, B.; Koval, V.; , 858 - 869, Journal of Applied Polymer Science 2000, 78, 858-
869. 
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2.2.2 Anionic ring-opening of cyclotrisiloxanes in block copolymer synthesis 

The tremendous potential of using “living” polymers with active chain ends to 

synthesize block copolymers via the sequential addition of monomers was recognized by 

Szwarc and Milkevich.91  Szwarc and his colleagues recognized that polystyrene anions 

remained active in solution allowing for subsequent addition and conversion of additional 

monomer.  Consequently, block copolymers consisting of polystyrene and polyisoprene 

could be prepared using “living” polymeric species.  “Living” polymerizations are 

universally regarded as polymerizations in which the active chain ends do not experience 

termination or transfer.92  More extensive experimental criteria for defining living 

polymerizations have been proposed by Quirk et al. and include:93,94   

1. Polymerization may be continued with subsequent addition of a second 

monomer after complete conversion of the initial monomer. 

2. The number average degree of polymerization or number average molecular 

weight is linearly related to conversion of monomer. 

3. The number of active chain ends remains constant and independent of extent 

of conversion of monomer. 

4. Stoichiometry may be used to control molecular weight. 

5. Narrow polydispersities are generated. 

6. Block copolymers may be synthesized via sequential addition of monomers. 

7. The existence of a linear relationship between rate of propagation and time. 

                                                                                                                                            
90 McGrath, J. E., J. Chem. Ed. 1981, 1-914. 
91 Szwarc, M.; Levy, M.; Milkovich, R., J. Am. Chem. Soc. 1956, 78, 2656. 
92 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
93 Quirk, R.; Lee, B., Polym. Int 1992, 27, 359. 
94 Hsieh, H.; Quirk, R., Anionic Polymerization: Principles and Practical Applications. Marcel Dekker: 
New York, 1996. p 76. 
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The use of “living” polymers has been extensively employed for the synthesis of 

siloxane-containing block copolymers via anionic polymerization of cyclotrisiloxanes.95  

Cyclotrisiloxanes yield well-defined block copolymers since their inherent ring strain 

minimizes redistribution reactions when they are reacted under mild conditions.96 

 Functionalized polysiloxane block copolymers were synthesized through 

sequential anionic ring-opening polymerization of either 1,3,5,7-tetramethyl-1,3,5,7-

tetravinylcyclotetrasiloxane (D4
V) or 1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane (D3

V) 

by Bauer et al.97  The synthesis of a polysiloxane block copolymer with pendent vinyl 

groups affords a route to chemically modify the siloxane copolymer with functional 

groups that would not tolerate anionic polymerizations.  For instance, ethoxysilanes may 

be reacted across pendent vinyl bonds by means of hydrosilylation reactions after the 

block copolymer is synthesized.   

 The polysiloxane diblock copolymer poly(dimethylsiloxane-b-

methylvinylsiloxane) was synthesized by initially polymerizing D3
V or D4

V and then D3 

to yield the desired block copolymers. D3
V exhibited higher reactivity and faster 

propagation rates than D4
V in the diblock syntheses.  The authors focused on 

investigating the use of D4
V rather than D3

V due to its lower cost.  

The authors compensated for the lower reactivity of the D4
V via the use of unique 

initiators and promoters during its equilibration reactions.96  The use of n-BuLi in 

combination with THF resulted in minimal conversion of D4
V.  The lack of 

polymerization was also attributed to a lack of ion-pair separation in THF.  Therefore, the 

                                                
95 Chojnowski, J., J.Inorg. Organometal. Polym 1991, 299. 
96 Mark, J., Polymer Preprints 1998, 39, 437-438. 
97 Bauer, J.; Husing, H.; Kickelbick, G., J. Polym. Sci 2002, 40, 1539-1551. 



 

 

34 

 

authors added a strong lithium coordination compound, [12]-crown 4, to enhance ion-pair 

separation.  The use of [12]-crown 4 resulted in approximately 37% conversion of  D4
V.  

To further improve the efficiency of the polymerization, the more basic initiator 

[(trimethylsilyl)methyl]lithium was used in conjunction with [12]-crown 4.  High 

conversions up to 80% were reported for this system.  However, after 75% conversion of 

D4
V, SEC and GC/MS measurements indicated the formation of larger cyclic species 

(D5
V and D6

V).   

A kinetic plot of the polymerization of D4
V initiated by (CH3)3SiCH2Li at room 

temperature in THF with [12]crown-4 as the promoter indicated that the polymerization 

initially proceeded with a linear dependence of monomer conversion (ln([Mo]/[M])) after 

an initial induction period. 98  After 100 hours of reaction time, a significant curvature of 

the kinetic plot of monomer conversion vs reaction time was observed suggesting a 

disruption in first-order kinetics by the existence of equilibration reactions.  Other 

promoters such as DMSO, GLYME, DIGLYME, HMPTA, TMEDA, and PMDETA 

were evaluated in the anionic polymerization of D4
V in toluene.  It was found that 

TMEDA, PMDETA, and HMPTA were not effective promoters whereas DMSO and 

DIGLYME yielded efficient propagation but molecular weight distributions of 1.5 – 1.72.   

The extension of the poly(methylvinylsiloxane) copolymers with D3 to form of 

PDMS-b-PMVS diblock copolymers was carried out after the steady-state equilibration 

of D4
V was achieved.97 The chain extension polymerizations possessed living 

characteristics (linear dependence of ln([Mo])/[M]) with reaction time) up to 500 minutes.  

The reactions were quenched with chlorotrimethylsilane after 90% conversion of the D3 

                                                
98 Bauer, J.; Husing, H.; Kickelbick, G., J. Polym. Sci 2002, 40, 1539-1551. 
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monomer.  Block purity was high as indicated by 29Si NMR and SEC.  The PDMS-b-

PMVS block copolymers were quantitatively functionalized by hydrosilylation and 

epoxidation reactions.   

 

2.2.3 Synthesis of end functionalized polysiloxanes for block copolymer synthesis 

The synthesis of one of the more renowned polysiloxane-containing block 

copolymers during the late 1950s, poly(dimethylsiloxane-b-oxyalkylene), was 

accomplished by reacting functionalized pre-polymers.99  The formation of separate 

polymeric segments with functional endgroups afforded considerable control over the 

structure of poly(dimethylsiloxane-b-oxyalkylene) copolymers as quantitative conversion 

of the functional groups was achieved.100  McGrath et al. illustrated the ability to 

synthesize a number of ditelechelic polysiloxanes using disiloxane endgroups.100  Table 

2.4 outlines the endgroups used to synthesize polysiloxanes with functional endgroups 

via anionic polymerization of D4.101    

The use of functionally terminated polysiloxanes remains a conventional method 

for synthesizing well-defined siloxane-containing block copolymers.  A number of 

telechelic poly(dimethylsiloxanes) have been produced commercially (table 2.5).99 

Cazacu et al. synthesized a number of telechelic polydimethylsiloxanes using ion-

exchange catalyzed equilibration reactions involving octamethylcyclotetrasiloxane and 

1,3-difunctional disiloxanes.101  Cation or anion exchange resins were used to synthesize 

                                                
99 Plumb, J.; Atherton, J., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 
305-350. 
100 Sormani, P.; Minton, R.; McGrath, J. E., In Ring Opening Polymerization, McGrath, J. E., American 
Chemical Society: Washington D.C., 1985; p 147. 
101 Cazacu, M.; Marcu, M.; Vlad, A.; Caraiman, D.; Racles, C., European Polymer Journal 1999, 35, 
1629-1635. 
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telechelic polydimethylsiloxanes having vinyl, aminopropyl, methacryloxy and 

carboxypropyl endgroups.  The telechelic polymers were synthesized by equilibrating D4 

with a 1,3-substituted disiloxane with heterogeneous catalysts without solvents (figure 

2.12).  The disiloxanes functioned as chain transfer agents that afforded numerous 

functional endgroups as well as molecular weight control.  

 
Table 2.4.  Exemplary end groups employed to synthesize polysiloxane oligomers with 
functional endgroups101 

Chemical Structure Name 
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α,ω carboxypropyl-1,3 

tetramethyldisiloxane 

 

The choice of an acid or base catalyst was determined by the nature of the 

disiloxane endgroup involved and the need to avoid potential side reactions.  

Consequently, a macroporous styrene-divinylbenzene copolymer with sulfonic acid 

groups was used as the cation exchange catalyst with the disiloxane having 

carboxypropyl groups.  An anion exchange catalyst in the form of a styrene-
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divinylbenzene copolymer with benzyltrimethylammonium groups was employed with 

the disiloxane having aminopropyl groups.  The polydispersities of the products were 

approximately 1.6 in these equilibrations. 

 

Table 2.5.  Commercially available poly(dimethylsiloxane)s with functional groups102 
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Prange et al. synthesized the first phosphazene-siloxane block copolymers using 

functionally terminated siloxanes.102  The use of telechelic polymers afforded linear 

phosphazene-siloxane block copolymers previously not obtainable due to synthetic 
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challenges inherent to monomer based schemes such as monomer reactivity and solvent 

incompatibilities.  The impetus for synthesizing phosphazene-siloxane block copolymers 

was attributed to the wide variety of side-group structures accessible.   
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Figure 2.12.  Synthesis of telechelic polydimethylsiloxanes with ion-exchange resins and 
1,3-difunctional disiloxanes 100 

 

 

 

                                                                                                                                            
102 Prange, R.; Allcock, H., Macromolecules 1999, 32, 6390-6392. 
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Mono-telechelic polyphosphazenes having allyl functional endgroups were 

reacted with polydimethylsiloxane terminated on each of two ends with hydride 

endgroups using hydrosilylation chemistry.  Controlled molecular weight triblock 

phosphazene-siloxane block copolymers with narrow polydispersities and a number of 

organic side groups were synthesized using this methodology (figure 2.13).104  

DeSimone et al. developed methodologies for introducing a variety of functional 

groups onto the termini of polysiloxanes using chlorosilane derivatives.103  Primary 

aliphatic amines were effectively used as end-functional groups on polydimethylsiloxane 

through the use of the chlorosilane derivative N,N-bis(trimethylsilyl)amino)-

butylchlorodimethylsilane.  Hexamethylcyclotrisiloxane was polymerized anionically and 

a two-fold excess of the chlorosilane derivative was used to terminate the living 

polymerization.  The primary amine was then deprotected with methanol to yield amine 

functionalized polydimethylsiloxane (figure 2.14).  The degree of amine functionalization 

using this methodology was efficient as indicated by various analytical techniques 

including gel-permeation chromatography, TLC, 29Si NMR, and endgroup titration.  The 

authors also suggested that this methodology may be extendable to introduce a number of 

other functional endgroups (table 2.6) via transformations of living chain ends. 

                                                
103 DeSimone, J.; Peters, M.; Belu, A.; Linton, R.; Dupray, L.; Meyer, T., J. Am. Chem. Soc 1995, 117, 
3380-3388. 
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Figure 2.13. Synthesis of poly(phosphazene–b–dimethylsiloxane-b-phosphazene)104 
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Figure 2.14.  Synthesis of polydimethylsiloxane with an amine terminus105 

                                                
104 Prange, R.; Allcock, H., Macromolecules 1999, 32, 6390-6392. 
105 DeSimone, J.; Peters, M.; Belu, A.; Linton, R.; Dupray, L.; Meyer, T., J. Am. Chem. Soc 1995, 117, 
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Table 2.6.  Proposed functional endgroups obtainable using chlorosilane derivatives with 
protected functional groups105 
 

Protected Functional Group Functional Group 

CH2 O Si
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CH3

C CH3
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Hydroxyl functionalized polydimethylsiloxane was used to synthesize tri-block 

copolymers consisting of poly(caprolactone-b-dimethylsiloxane-b-caprolactone) (figure 

                                                
105 DeSimone, J.; Peters, M.; Belu, A.; Linton, R.; Dupray, L.; Meyer, T., J. Am. Chem. Soc 1995, 117, 
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2.15) by Yilgor et al.104  An α,ω-hydroxyfunctional polydimethylsiloxane was used as 

the initiator to ring-open caprolactone with the use of stannous octoate as the catalyst.  

 

Figure 2.15.  Synthesis of poly(caprolactone-b-dimethylsiloxane-b-caprolactone) ABA 
copolymer106 

 

 GPC was used to monitor the reactions, and the PDMS block length was varied 

from 1,000 to 6,000 g/mol while the polycaprolactone blocks were between 1,000 to 

8,000 g/mol.  DSC analysis of the block copolymers indicated a two-phase morphology 

since a Tg of -120 ˚C corresponding to the PDMS was observed in addition to the 

polycaprolactone melting point around 55-60 ˚C.   

 

2.2.4 Polysiloxane-organic block copolymers via living polymerizations 

 Polysiloxane-organic block copolymers have been synthesized by polymerizing 

                                                                                                                                            
3380-3388. 
106 Yilgor, I.; McGrath, J. E., Advances in Polymer Science 1988, 86, 1-77. 
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cyclotrisiloxanes from an organic living polymer or coupling preformed blocks.105,106  

When the sequential anionic polymerization technique is employed, the low basicity of 

alkali silanolate species coupled with the difficulty of anionically polymerizing many 

vinyl monomers necessitates the initial polymerization of the vinyl monomers under 

living anionic conditions and the subsequent polymerization of cyclotrisiloxanes.107  In 

addition, this synthetic sequence affords a C-Si bond in the coupling unit rather than the 

less stable Si-O-C bond. 

 Living polyisoprene and polystyrene polymers prepared using potassium metal or 

potassium naphthalide in THF at -80 ˚C were used to initiate polymerizations of 

octamethylcyclotetrasiloxane in the 1960s.108,108  The anionic ends were proposed to ring-

open octamethylcyclotetrasiloxane due to the apparent increase in solution viscosity as 

well as the fading color of the solution concurrent with forming the colorless silanolate 

anion.108,110  However, it was noted that complete conversion of the cyclosiloxanes was 

not achieved due to equilibration reactions, resulting in a mix of cyclic and linear species 

of the siloxane blocks.108 

 Nugay et al. synthesized poly(4-vinylpyridine-b-dimethylsiloxane) copolymers 

via sequential anionic polymerization of 4-vinylpyridine and 

hexamethylcyclotrisiloxane.109  In order to maintain a homogeneous polymerization 

medium, a 1:1 pyridine/THF reaction mixture was employed.  The 4-vinylpryridine block 

was synthesized at -70 ˚C while the polysiloxane polymerization was conducted at room 

                                                
105 McGrath, J. E.; Noshay, A., Block Copolymers Overview and Critical Survey. Academic Press: New 
York, 1977. p 1-616. 
106 Plumb, J.; Atherton, J., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 
305-350. 
107 Yilgor, I.; McGrath, J. E., Advances in Polymer Science 1988, 86, 1-77. 
108 Morton, M.; Rembaum, A.; Bostick, E., Appl. Polymer Sci. 1964, 8, 2707. 
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temperature.  The deep red color indicative of the pyridyl anion faded slowly over a 

period of approximately 4 hours suggesting a slow rate of initiation of 

hexamethylcyclotrisiloxane.  DSC and TEM analyses provided evidence for the 

formation of block copolymer structures.111  Glass transition temperatures were clearly 

observed for 4-vinylpyridine at approximately 135-152 ˚C.  The PDMS Tgs were not as 

defined but reported to be around -127 ˚C.  TEM analysis of the block copolymer with 

42% PDMS displayed a morphology consisting of a lamellar structure.   

 It should be noted, however, that the authors did not report any data with respect 

to molecular weight distribution or targeted block molecular weights.  It would be 

expected that a broad distribution would be observed since the deep red color of the 

pyridyl anion was reported to gradually fade over a period of 4 hours suggesting a very 

slow rate of initiation.  Moreover, siloxanes are not solvated by pyridine and phase 

separation may also pose a challenge with this synthetic scheme.   

 

2.2.5 Solution properties of block copolymers – micelle formation 

Block copolymers with incompatible block units can display phase separation in 

solvent systems which selectively solvate one of the blocks.  This characteristic property 

of block copolymers results in formation of aggregates in solution depending on the 

block copolymer interaction parameter χΑΒ, the concentration of the block copolymer, 

and the solvent.110  When the concentration of a block copolymer exceeds the critical 

micelle concentration, colloidal aggregates form through associations of the insoluble 

                                                                                                                                            
109 Nugay, N.; Kucukyavuz, Z.; Kucukyavuz, S., Polym. Int 1993, 32, 93-96. 
111  
110 Dawkins, J., In Block Copolymers, Allport, D.; Janes, W., Applied Science: London, 1973; p 363-385. 
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blocks from several molecules to form micelles in the solution.111  As the concentration 

of a block copolymer reaches the critical micelle concentration (cmc), a sharp drop in 

surface tension of the solution is often observed.112  Typical sizes of micelles are 

approximately 2-10 nm.113  When the concentration of the copolymer is increased further 

above the cmc, the shape and structure of ionic micelles has been reported to change 

(figure 2.16).113  The shape of nonionic micelles changes from spherical to lamellar with 

increasing concentration.113,114  The shape and nature of block copolymer micelles have 

been investigated with NMR, ESR, neutron scattering, and quasi-elastic light 

scattering.113 

Antonietti et al. investigated micelle architectures of poly(styrene-b-4-

vinylpyridine) using static and dynamic light scattering.115  It was found that micelle 

structures and sizes in solutions of these copolymers were functions of composition, 

chain length, and solvent quality.  The polystyrene blocks of the copolymers provided the 

selectively solvated coronas of the micelles whereas the poly(4-vinylpyridine) blocks 

afforded the micellar cores.  Micelle architectures were investigated in a number of 

solvents including toluene, tetrahydrofuran, butyl acetate, and butanone.  It was found 

that aggregation decreased with increased solvent quality for the 4-vinylpyridine block 

(butanone > THF > toluene> butyl acetate).  The same trend with solvent quality for 

polystyrene was not observed (toluene > THF > butanone > butyl acetate).  Also, cigar-

shaped micelles were observed in the worst solvent for 4-vinylpyridine (butyl acetate) 

                                                
111 Moroi, Y., Micelles. Plenum Press: New York, 1992. p 1-246. 
112 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
113 Kawaguchi, T.; Hamanaka, T.; Mitsui, J., Colloid Interface Science 1983, 96, 437. 
114 Birdi, K., Colloid Polym Sci. 1985, 70, 23. 
115 Antonietti, M.; Heinz, S., Macromolecules 1994, 27, 3276-3281. 
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with higher molecular weights (Mw = 1.16 x 105), whereas a block copolymer with nearly 

the same 4-vinylpyridine composition but lower molecular weight (4.5 x 104) displayed 

spherical micelles in all solvents.  Thus, it was concluded that osmotic repulsion of the 

solvating chains was dependent on molecular weight, and a spherical micelle morphology 

maximized accessible volume of the aggregates.   The data further suggested that 

anisotropic micelles in the form of cigar-shaped micelles were realized in poor solvent 

conditions with high interfacial energies.  The level of aggregation was also strongly 

dependent on the length of the 4-vinylpyridine block in THF and butanone. 

 

 
 
 
Figure 2.16.  Changes in micelle structure and shape with increasing block copolymer 
concentration in the sequence spherical (A) – cylindrical (B) – hexagonal (C) 113  

 

2.3 Graft Copolymers 

2.3.1 Introduction and synthesis of graft copolymers 

Graft copolymers consist of one or more blocks of a homopolymer covalently 

linked or grafted onto the main chain of another homopolymer (figure 2.17).116  Due to 

the synthetic challenges encountered when synthesizing this type of macromolecular 

topology, most methods for synthesizing graft copolymers consist of free-radical 

polymerizations.115  A widely used method for synthesizing graft copolymers involves 
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the use of macromonomers with functional terminal groups that may be free radically 

copolymerized with another monomer.117,118,119,120        

            

XXXXXXXXXXXXXX

Y

Y

Y

Y

Y

Y

 

Figure 2.17.  Graft copolymer consisting of blocks of homopolymer Y grafted onto the 
backbone of homopolymer X115 

 

 Poly(methyl methacrylate-g-dimethylsiloxane) copolymers were synthesized by 

Smith et al. via the macromonomer technique.121  Hexamethylcyclotrisiloxane was 

anionically polymerized using sec-butyllithium and terminated with [3-

(methacryloxy)propyl]-dimethylchlorosilane (MPDC) to afford PDMS macromonomers 

with controlled masses and narrow molecular weight distributions (figure 2.18).  The 

macromonomers were subsequently free radically polymerized with methyl methacrylate 

(MMA) using azobisisobutyronitrile as the initiator.  The number average molecular 

                                                                                                                                            
116 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
117 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
118 Chiu, H.; Chern, C.; Lee, C.; Chang, H., Polymer 1998, 39, 1609-1616. 
119 Ma, Y.; Cao, T.; Webber, S., Macromolecules 1998, 31, 1773-1778. 
120 Zushun, X.; Linxian, F.; Shiyuan, C., European Polymer Journal 1998, 34, 1499. 
121 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
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weights of the macromonomers were varied between 1,000 to 20,000 g/mol, and the 

PDMS compositions of the copolymers were varied from 5 to 60%. 
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Figure 2.18.  Synthesis of methacryloxy-functionalized PDMS macromonomers124 
 

 Proton NMR was employed to gain insight into copolymer composition.  It was 

found that the targeted weight percentages of PDMS were nearly equivalent to the 

experimental compositions calculated from proton NMR.  The numbers of branches per 

copolymer molecule were also calculated (table 2.7). 
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Table 2.7.  Calculated Branches per Copolymer Molecule with a Total Mn = 100,000 
g/mol124 

 Weight Percent of PDMS Graft 

Graft Mn 10 20 30 40 50 

1,000 10 20 30 40 50 

5,000 2 4 6 8 10 

10,000 1 2 3 4 5 

 

 Differential scanning calorimetry provided insight into the morphological 

behavior of the copolymers.  Copolymers containing low molecular weight grafts of 

1,000 g/mol displayed a significant reduction in poly(methyl methacrylate) glass 

transition temperatures with increasing weight percentages of PDMS grafts suggesting 

phase mixing.  Copolymers with greater graft molecular weights (5000, 10000 and 20000 

g/mole), however, displayed nearly equivalent Tgs at low weight percents of PDMS.  The 

breadths of these transitions differed and this was attributed to different levels of phase 

mixing.  The upper Tgs decreased as the weight percent of PDMS was increased.  In 

addition, copolymers with low weight percentages of PDMS did not show PDMS Tgs, 

crystallization, or melting transitions whereas these transitions were observed at higher 

PDMS content.  A summary of the influence of PDMS content is provided in figure 2.19.  

                                                
124 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
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Figure 2.19.  Tgs of PMMA-g-PDMS copolymers as a function of PDMS wt %124 
 

Phase separation of the copolymers was also investigated using dynamic 

mechanical analysis (DMA), small-angle X-ray scattering (SAXS) and water contact 

angle measurements.  SAXS data indicated that the interdomain spacing and domain size 

increased with increasing PDMS molecular weight.  TEM analysis suggested that the 

morphology of the copolymers was influenced by the PDMS composition within the 

copolymers.  A spherical domain morphology was observed at lower PDMS contents 

while an ordered cylindrical texture was observed when the content was 45%.  TEM 

analysis also indicated that interdomain spacing increased with graft molecular weight.  

Water contact angle measurements suggested an enhanced PDMS content within the 

surface composition of the copolymers. 

                                                
124 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
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Hou et al. synthesized a series of amphiphilic graft copolymers with 

poly(dimethylsiloxane) side chains.122  The objective of the research was to use the 

amphiphilic graft copolymers as model systems to investigate surface structure and 

water-induced surface reorganization.  The graft copolymers were composed of a water-

soluble backbone consisting of poly(2-hydroxyethyl methacrylate) [poly(HEMA)] or 

poly(2,3-dihydroxypropyl methacrylate) [poly(DHPMA)].  The side chains of either 

hydrophilic backbone were poly(dimethylsiloxane).  Free radical and anionic copolymers 

were prepared with a PDMS macromonomer equivalent to that described by Smith et 

al.124  The free radical copolymerizations were carried out with 2-hydroxylethyl 

methacrylate and the PDMS macromonomer while the anionic polymerizations were 

done with a PDMS macromonomer and a silyl-protected HEMA 2-(trimethylsiloxy)ethyl 

methacrylate (SiEMA).  The silyl-protecting groups were subsequently hydrolyzed to 

generate the amphiphilic graft copolymer poly(HEMA-g-DMS).    

The authors also anionically copolymerized allyl methacrylate (AMA) with the 

PDMS macromonomer to yield a graft copolymer with a poly(AMA) backbone and 

PDMS side chains.  The unreacted vinyl groups were subsequently reacted with N-

methylmorpholine N-oxide (NMO) with trace amounts of osmium tetroxide to afford the 

graft copolymer poly (2,3-dihydroxypropyl methacrylate-g-dimethylsiloxane).  All of the 

polymerization schemes successfully incorporated the PDMS macromonomer.  The free 

radical polymerization syntheses resulted in broader molecular weight distributions 

(Mw/Mn = 2.85 – 3.55), and the anionic schemes afforded narrower distributions (Mw/Mn 

                                                
122 Hou, Y.; Tulevski, G.; Valint, P.; Gardella, J., Macromolecules 2002, 35, 5953-5962. 
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= 1.09 – 1.16).  Various graft lengths and compositions were synthesized and evaluated 

for the extent of segregation of PDMS at the air interface. 

 Angle-dependent X-ray photoelectron spectroscopy (XPS) was used to measure 

the surface compositions of solution cast films of the graft copolymers.123 It was 

discovered that the concentration of PDMS at air interfaces increased with increased 

PDMS bulk content.  Moreover, for a given PDMS concentration, the PDMS 

concentration at the air interface increased with increasing PDMS graft molecular weight.  

The authors therefore suggested that PDMS graft length was more influential than bulk 

content in terms of PDMS surface enrichment.  Interestingly, the molecular weight 

distribution of the graft copolymers did not appear to influence the concentration of 

PDMS at the air interface, yet appeared to influence the degree of reorganization after 

exposure to water. 

 The graft copolymers with the more polar backbone, poly(DHPMA-g-DMS), 

exhibited a reduced PDMS concentration at the air interface when compared to 

poly(HEMA-g-DMS) graft copolymers.  In fact, PDMS bulk content did not affect the 

level of PDMS surface segregation for a PDMS bulk content ranging from 9.0 – 26 wt %.   

Thus, when comparing the surface concentration of PDMS at the air interface of the 

poly(DHPMA-g-DMS) and poly(HEMA-g-DMS) graft copolymers with equivalent 

PDMS grafts lengths,  the data suggests that backbone hydrophilicity had a significant 

influence on PDMS surface segregation under dry conditions.  Under wet conditions, 

however, a dramatic reorganization of the surface composition of the poly(DHPMA-g-

DMS) copolymer was observed as the Si/C atomic ratio significantly increased.   

                                                
123 Hou, Y.; Tulevski, G.; Valint, P.; Gardella, J., Macromolecules 2002, 35, 5953-5962. 
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Upon exposure to water, the variation of the atomic ratio of Si/C surface 

composition was a function of the molecular weight distribution of the copolymers.  The 

Si/C atomic ratio was measured from samples frozen in liquid nitrogen.  The anionically 

synthesized poly(HEMA-g-DMS) with a narrower MWD exhibited a reduced deviation 

in surface reorganization when compared to the graft copolymer systems synthesized free 

radically.  Consequently, the authors suggested that the molecular weight distribution of 

the graft copolymers had a significant change in the Si/C atomic ratio upon exposure to 

water.  The authors believed this was due to reorganization of the shorter chain segments 

to a more favorable energetic conformation at the surface to reduce interfacial tension.122   

 Amphiphilic graft copolymers consisting of a backbone of 

poly(chloromethylstyrene) and methyl methacrylate with poly(2-methyl-2-oxazoline) 

side chains were synthesized by Rueda-Sanchez et al.124  Random copolymers of methyl 

methacrylate and chloromethylstyrene were synthesized free radically to yield 

copolymers with molar masses ranging from 28,000 to 49,000 g/mol.  The 

chloromethylstyrene content ranged from 3.44 mmol/g to 4.63 mmol/g based on the 

chlorine content of the product.  The functional benzyl chloride groups were used to 

initiate the cationic ring-opening polymerization of 2-methyl-2-oxazoline (figure 2.20).  

High graft efficiency (approximately 100%) was observed by using 1H NMR to observe 

the disappearance of the benzyl chloride groups.124 

The solubility of the graft copolymers was a function of composition.  

Copolymers with short oxazoline side chains were soluble in methanol but insoluble in 

water whereas copolymers with longer side chains were soluble in water and methanol.  

                                                
124 Rueda-Sanchez, J.; Galloso, M., Macromol. Rapid Commun 2001, 22, 859-863. 
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Viscosity measurements of the graft copolymers in aqueous solutions revealed the 

formation of aggregates, indicative of their amphiphilic nature.  A plot of reduced 

viscosity versus concentration was a constant.  This was attributed to the existence of 

molecular aggregates.   
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Figure 2.20.  (A) Synthesis of a random copolymer of chloromethylstyrene and methyl 
methacrylate; (B) Cationic polymerization of 2-methyl-2-oxazoline from benzyl chloride 
groups124 
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2.3.2 Micellization of graft copolymers 

Analogous to block copolymers, graft copolymers exhibit phase separation in 

solutions which preferentially solvate the backbone or side chains of the copolymer.  As 

noted previously, phase separation behavior in solution is a function of copolymer 

incompatibility, concentration, and solvent quality.125  Moreover, when the concentration 

of a graft copolymer exceeds the critical micelle concentration, oriented colloidal 

aggregates or micelles form in solution.126, 127 The association number of graft copolymer 

micelles decreased as the number of grafts increased.128  In fact, unimolecular micelles 

have been observed with graft copolymers with a large number of grafts.130 

The micellization of poly(2-vinylpyridine-g-methyl methacrylate) graft 

copolymers was investigated by Papanagopoulos et al. using light scattering and 

viscometric techniques.129  The graft copolymers were synthesized by reacting poly(2-

vinylpyridine) with butyllithium to form active anionic sites that initiated the 

polymerization of methyl methacrylate.  Viscometric studies were carried out in 

tetrahydrofuran (THF), a tetrahydrofuran-nitromethane mixture, nitromethane, and an 

ethyl acetate-nitromethane mixture.   Tetrahydrofuran is known to be a good solvent for 

both constituents of the graft copolymer whereas nitromethane and ethyl acetate are poor 

solvents for the poly(2-vinylpyridine) backbone of the copolymer.  PMMA is soluble in 

nitromethane and ethyl acetate.  It was discovered that the intrinsic viscosity of the 

mixtures decreased significantly when the solvent mixtures contained above 80% 

                                                
125 Bott, R. H.; Summers, J. D.; Arnold, C. A.; Taylor, L. T.; Ward, T. C.; McGrath, J. E., J. Adhesion 
1987, 23, 67. 
126 Zushun, X.; Linxian, F.; Shiyuan, C., European Polymer Journal 1998, 34, 1499. 
127 Konak, C.; Helmstedt, M.; Kopeckova, P.; Kopecek, J., Journal of Colloid and Interface Science 1998, 
208, 252-258. 
128 Tuzar, Z.; Kratochvil, P., Adv. Colloid Interface Sci 1976, 6, 201. 
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nitromethane.  It was suggested that the reduction in viscosity was the result of micelle 

formation driven by the precipitation of the backbone of the graft copolymers.   

Mixtures of ethyl acetate and nitromethane revealed a protecting effect of the 

PMMA chains to the poly(2-vinylpyridine) backbone.  A homopolymer of poly(2-

vinylpyridine) with a molecular weight of 112 kg/mol was soluble in solvent mixtures 

having 25-70% nitromethane.  In comparison, a graft copolymer having a molecular 

weight of 740 kg/mol with 12% of poly(2-vinylpyridine) had a much broader, expanded 

region of solubility.  Thus, it was proposed that the PMMA side chains had a “protecting” 

effect and made the copolymer soluble in poor solvents for poly(2-vinylpyridine). 

 Micellization of amphiphilic graft copolymers of polystyrene-g-poly(ethylene 

oxide) in toluene was investigated by Zushun et al.130  The graft copolymer was prepared 

by free radical polymerization of a methacryloxy functional poly(ethylene oxide) 

macromonomer (PEO-MA) with styrene using AIBN as the initiator.  A summary of the 

graft copolymers synthesized is provided in table 2.8.  Molecular weights were provided 

from GPC measurements while 1H NMR was used to calculate PEO compositions. 

The NMR spectra of the graft copolymers depended on the solvent employed.  

The spectra of the graft copolymers obtained in deuterated chloroform revealed signals 

indicative of the hydrophobic methyl, methylene, and methinyl protons within the main 

chain; the protons of the benzene ring; and signals from the PEO grafts.  When deuterated 

toluene was employed, only signals from the hydrophobic protons of the backbone and 

benzene ring were observed.  Only the hydrophilic protons from the PEO grafts were 

observable when deuterium oxide was used as the solvent.  The observations were a 

                                                                                                                                            
129 Papanagopoulos, D.; Dondos, A., European Polymer Journal 1995, 31, 977-980. 
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consequence of the copolymer existing in a stretched polymer conformation in 

chloroform but forming micellar structures selective for the main or side chains of the 

graft copolymer in other solvents.  That is, water preferentially solvated PEO whereas 

toluene solvated polystyrene, resulting in the observed NMR phenomena. 

 

Table 2.8.  Summary of PS-g-PEO graft copolymers130 
Mn (PEO) Mn (PS-g-

PEO 

Mw (PS-g-

PEO) 

Mw/Mn Graft 

Number 

Wt % 

PEO 

1021 6636 14775 2.22 2.48 19.04 

2050 6759 14019 2.07 1.29 18.89 

2050 5337 14958 2.80 1.93 26.49 

2050 4611 10101 2.19 1.10 18.22 

2050 4652 11188 2.40 2.13 39.80 

  

 Transmission electron microscopy of the micelles formed within a solution of 

toluene revealed insight into their morphology.129  The samples were prepared by freeze 

drying a dilute solution of micelles (< 0.02 g/ml) on a copper grid with a thin graphite 

layer.  The micelles were stained using a phosphotungstic acid aqueous solution.  TEM 

micrographs of these samples clearly indicated that the micelles were spherical in 

structure.  TEM also indicated that the diameter of the micelles increased with increasing 

concentration of the amphiphilic graft copolymer PS-g-PEO.  That is, TEM micrographs 

revealed that micelles and aggregates of micelles were present at high concentrations of 

the graft copolymer.  

                                                                                                                                            
130 Zushun, X.; Linxian, F.; Shiyuan, C., European Polymer Journal 1998, 34, 1499. 
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To evaluate the critical micelle concentration, the concentration dependencies of 

ηsp/c for the PS-g-PEO copolymers were measured in toluene (figure 2.21).130  As shown 

in figure 2.21, the concentration dependence of ηsp/c initially increased, then decreased 

and finally increased again within the concentration range evaluated.  The authors 

believed that the decrease of ηsp/c was a result of aggregation of PS-g-PEO molecules 

forming reverse micelles.  The subsequent trend of increasing ηsp/c concentration 

dependence was attributed to a reduced distance between micelles resulting in more 

micellar interactions.   

 

 
Figure 2.21.  ηsp/c vs. PS-g-PEO concentration in toluene (point b represents the cmc)130  
 
 

When the temperature was adjusted between 20 – 70 ˚C, an initial decrease in ηsp/c was 

observed at temperatures up to ~50 ˚C and was believed to be a result of the change in 

shape of the micelles.  As the temperatures of the solutions were further increased up to 

70 ˚C, the cmc and ηsp/c concentration dependence decreased.  This trend was 

hypothesized to be the consequence of transitions from reverse micelles to unimers.  
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Micelle formation of randomly grafted copolymers of poly(butadiene-g-styrene) 

in selective solvents was investigated by Kreig et al.131  Dynamic light scattering was 

used to evaluate effects of architectural features of the poly(butadiene-g-styrene) 

copolymers on micelle formation in toluene.  Specifically, the number of polystyrene 

branches per molecule was related to copolymer micelle formation.  Two poly(butadiene-

g-styrene) graft copolymers with equivalent polybutadiene backbone molecular weights 

(100 kg/mol) but with either 10 or 18 grafts per chain were investigated.  The molecular 

weights of the polystyrene grafts were approximately 20 kg/mol. 

Based on light scattering data, these copolymers readily formed micelles in 

toluene.131  The authors did not anticipate micelle formation since toluene is known to be 

a common solvent for polystyrene and polybutadiene.  Moreover, the authors also noted 

that poly(styrene-b-polybutadiene) copolymers have been shown to not form micelles in 

toluene.  Interestingly, the poly(butadiene-g-styrene) graft copolymer with 10 grafts per 

chain more readily formed micelles in comparison to the copolymer with 18 grafts per 

chain.   

The authors interpreted the observations in terms of the conformational entropy 

penalties associated with micelle formation.131  It was suggested that the micelles 

consisted of a core of polystyrene branches enclosed by solvated polybutadiene loops.  

Based on this model, the authors suggested that as the number of grafts, or branch points, 

was increased along the polybutadiene chain, the average loop length decreased.  Thus, as 

the number of grafts increased, shorter PB segments needed to cover a larger area to 

protect the core.  Consequently, the authors believed an entropic penalty relating to the 

                                                
131 Kreig, A.; Lafebvre, A.; Qi, S.; Chakraborty, A.; Xenidou, M.; Hadjichristidis, N., J. Chem. Phys. 2001, 
115, 6243-6251. 
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arrangement of the polybutadiene loops in copolymers was the reason that copolymers 

with fewer grafts per chain more readily formed micelles in toluene. 

 

2.4 Magnetic fluids 

2.4.1 Introduction to magnetic materials  

A material displays magnetic properties when the magnetic dipole moments of its 

atoms generate a magnetic field.132  A magnetic dipole consists of magnetic north and 

south poles.  The magnetic moment of a dipole (µ) can be expressed in A . m2  and is 

defined by µ = ml, where m is the strength of the dipole and l is the vector pointing from 

the south to the north pole.133  The intensity of magnetization M is the sum of the 

magnetic dipole moments per unit volume in a material and has units of A.m-1.135   

Magnetic flux density or magnetic induction, B, is the number of field lines of magnetic 

induction generated by magnetic dipoles crossing a specified area at a right angle.135  

Figure 2.22 illustrates the phenomena of lines of magnetic induction between north and 

south poles of a bar magnet.134   

Magnetic materials are classified into five categories: diamagnetic, paramagnetic, 

ferromagnetic, ferrimagnetic, and antiferromagnetic.135  The atoms in a diamagnetic 

material produce weak dipole moments upon exposure to an external magnetic field.133,135   

The sum of the dipole moments in a diamagnetic material generates a weak magnetic 

                                                
132 Halliday, Fundamentals of Physics. John Wiley & Sons, Inc.: New York, 1997. p 1-600. 
133 Chen, C., Magnetism and Metallurgy of Soft Magnetic Materials. Dover Publications: New York, 1986. 
p 4. 
134 Tipler, P., College Physics. Worth Publishers: 1987. p 536-555. 
135 Chen, C., Magnetism and Metallurgy of Soft Magnetic Materials. Dover Publications: New York, 1986. 
p 4. 
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field.136  Materials containing rare earth elements, actinide elements, and transition metal 

elements can display paramagnetism.133,135  Atoms of these materials have permanent 

magnetic dipole moments that are randomly oriented.137  An external magnetic field may 

partially align the atomic magnetic moments to generate a net magnetic field which 

disappears when the field is removed.133,139  Materials that display ferromagnetism (iron, 

nickel, cobalt, heavy lanthanide metals and their alloys) have electrons that align their 

magnetic dipole moments to generate regions with strong magnetic dipole 

moments.137,138,139  The application of an external magnetic field readily aligns the 

magnetic moments and produces a strong magnetic moment in the material.138  

Antiferromagnetic materials have atoms with permanent dipole moments that are aligned 

in an antiparallel manner.138,139  Such materials have a zero overall magnetic moment, 

and thus possess a small magnetic susceptibility.139  Ferrimagnetic materials have an 

antiparallel alignment of dipole moments with unequal values thus producing a net 

magnetic moment.144  A summary of the five different types of magnetism is provided in 

table 2.9.138-143    

 

 
 

                                                
136 Halliday, Fundamentals of Physics. John Wiley & Sons, Inc.: New York, 1997. p 1-600. 
137 Berkovski, B.; Bashtovoy, V., Magnetic Fluids and Applications Handbook. Begell: New York, 1996; 
p 1-55. 
138 Jakubovics, J., Magnetism and Magnetic Materials. The Institute of Metals: 1987. p 5. 
139 Cornell, R., The Iron Oxides. VCH Publishers: 1996. p 114. 
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Figure 2.22.  Magnetic field lines generated around bar magnet140 
 

A plot of the magnetization of a material as a function of applied magnetic field 

generates a hysteresis loop consisting of two sections that relate to the magnetization and 

demagnetization processes.141,142  As a magnetic field is applied to a previously 

demagnetized sample, magnetization increases gradually and then much faster until a 

maximum is reached.141  This trend is denoted in the curve from points O-A-B and is  

magnetization (point B) is known as the saturation magnetization and is equivalent to the 

spontaneous magnetization of the material.140,141  When the field is decreased, the 

magnetization may not follow the same trend, and may decrease at a slower rate resulting 

in a non-zero value when the applied field is reduced to zero (point C).140,141  Any 

preserved magnetization present when the external field is reduced to zero is referred to 

as remanent referred to as the initial magnetization curve (figure 2.23).140,141   The 

maximum value in magnetization.141,143  An applied field in the opposite direction is 

required to decrease magnetization further until it reaches a saturation magnetization in 

                                                
140 Tipler, P., College Physics. Worth Publishers: 1987. p 536-555. 
141 Cornell, R., The Iron Oxides. VCH Publishers: 1996. p 114. 
142 Jakubovics, J., Magnetism and Magnetic Materials. The Institute of Metals: 1987. p 5. 
143 Fertman, V., Magnetic Fluids Guidebook: Properties and Applications. Hemisphere Publishing 
Corporation: New York, 1990. p 24. 
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the opposite direction.141  Thus, if the field is continuously varied in opposite directions, 

the magnetization will follow the loop denoted by points B-C-D-E-F-G-B.  This is known 

as a magnetic hysteresis loop.14  

 

 

Figure 2.23.  Hysteresis loop of a magnetic material displaying variations in 
magnetization with applied field140-142 
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Table 2.9.  Different types of magnetism138-143 
Type of 

magnetism 

 

Alignment of electron spin 

 

Examples 

Diamagnetic Atoms with no permanent dipole 
moments; alignment opposes 
field 

Non-metallic elements, 
numerous ions, many diatomic 
molecules, water, organic 
compounds, noble gases 

Paramagnetic Atoms with permanent dipole 
moments; alignment with 
applied field 

Metals such as Cr, Mn; diatomic 
gases O2, NO; ions of transition 
metals and rare earth metals; rare 
earth oxides 

Ferromagnetic Atoms with permanent dipole 
moments; interaction produces 
alignment atomic moments 

Transition metals such as Co, Fe, 
Ni; alloys of Mn,; rare earth 
elements with 64<Z<69 

Antiferromagnetic Atoms with permanent dipole 
moments; alternating moments 
from atom to atom 

Numerous compounds of 
transition metals such as CoO, 
NiO, Cr2O3, MnS, CuCl2, and 
MnSe 

Ferrimagnetic Atoms with permanent dipole 
moments alternating with 
unequal values resulting in net 
magnetization 

Maghemite (γ-Fe2O3), Magnetite 
(Fe3O4); oxides of iron 

 

 

2.4.2 Ferrofluids 

2.4.2.1 Introduction to ferrofluids 

 Magnetic fluids, also referred to as ferrofluids or magnetic colloids, are generally 

recognized as stable colloidal suspensions of fine magnetic particles on the order of 

nanometers suspended within a carrier liquid.144  These materials display typical 

properties of fluids and behave as intrinsic liquid ferromagnets that move as an entity in 

                                                
144 Berkovski, B., Magnetic Fluids and Applications Handbook. Bashtovoy, V., Begell House Inc.: New 
York, 1996. p 1-55. 
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the direction of an applied magnetic field.148  The foundation of magnetic fluid research 

was largely established by the work of Rosensweig,145 Smith,146 Hess and Parker,147 and 

Papirer.148,149  

Iron oxides such as magnetite (Fe3O4), berthollide (oxidized magnetite), or 

maghemite (γ-Fe2O3) as well as transition metals such as Co, Ni and Fe have the capacity 

to generate magnetic fluids.148  Although transition metals have higher saturation 

magnetizations, iron oxides in hydrophobic carrier fluids are more commonly employed 

in commercial applications since they are more resistant to oxidation.148  Magnetic fluids 

have been developed for commercial use in a number of applications including loud 

speakers, rotating shaft seals, exclusion seals, dampers, and inclinometers,148 while a 

number of foreseen applications currently being developed include drug targeting,150 

magnetic resonance contrast agents,151 isolation and modification of biomolecules,152 

gene therapy,153 and hyperthermia treatment for cancer patients.154  

                                                
145 Rosensweig, R. E., Ferrohydrodynamics. Dover Publications: Minneola, N.Y., 1985. p. 70. 
146 Smith, T.; Wychick, D., J. Chem. Phys. 1980, 84, 1621-1629. 
147 Hess, P.; Parker, P., Journal of Applied Polymer Science 1966, 10, 1915-1927. 
148 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci 1983, 94, 
207. 
149 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci. 1983, 
94, 220. 
150 Yu, J.; Hafeli, U.; Li, Y.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; Cleveland Clinic 
Foundation: Tallahassee, Fl, 2002; 16. 
151 Bulte, J.; Douglas, T.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on the 
Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002, 2002; Cleavland Clinic 
Foundation: Tallahassee, Fl, 2002; 26. 
152 Cremer, A.; Reinhard, C.; Muller, S.; Gunther, G.; Kohler, M.; Koster, M.; Brabheckel, N.; Biervert, 
C.; Johnston, I.; Merkel, D.; Nolle, V.; Miltenyi, S., Fourth International Conference on the Scientific and 
Clinical Applications of Magnetic Carriers 2002, 73-74. 
153 Plank, C.; Scherer, F.; Schillinger, U.; Anton, M.; Bergemann, C. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahasse, FL, 2002; Cleveland Clinic 
Foundation: Tallahasse, FL, 2002; 93. 
154 Hofer, K. Fourth International Conference on the Scientific and Clinical Applications of Magnetic 
Carriers, Tallahassee, Fl, 2002; Tallahassee, Fl, 2002; 78. 
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Each particle in a ferrofluid has a permanent magnetic dipole moment which is 

influenced by its monodomain nature and nanometer size.155  The magnetic moments of 

the particles are randomly arranged with no net magnetic moment in the absence of a 

magnetic field.  The application of an external magnetic field results in the moments 

rotating along the field direction resulting in amplification of the magnetic signal (figure 

2.24).156 

The magnetization curve of single-domain, ~10-nm diameter particles in a 

ferrofluid display a phenomenon known as superparamagnetism.157 Ferrofluids 

displaying superparamagnetic behavior do not display remanence magnetization and 

randomly disperse after an applied magnetic field is removed.158  Thus, point C on the 

hysteresis loop in figure 2.23 would be equal to zero for a superparamagnetic material. 

 

Figure 2.24.  Alignment of nanoparticle magnetic moments with application of a 
magnetic field159  
  

                                                
155 Ewijk, G.; Vroege, G.; Kuipers, B., Langmuir 2002, 18, 382-390. 
156 Jakubovics, J., Magnetism and Magnetic Materials. The Institute of Metals: 1987. p 5. 
157 Bean, C.; Livingston, J., J. Appl. Phys. 1959, 30, 120-129. 
158 Fertman, V., Magnetic Fluids Guidebook: Properties and Applications. Hemisphere Publishing 
Corporation: New York, 1990. p 858-869. 
159 Berkovski, B.; Bashtovoy, V., Magnetic Fluids and Applications Handbook. Begell: New York, 1996; 
p 1-55. 
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2.4.2.2 Stabilization of Magnetic Nanoparticles in Nonpolar Media 

Magnetic particles can be stabilized by surfactant chains, or polymer coatings, 

bonded to the particle surface which afford steric stabilization in a fluid.159  Effective 

particle coatings must be sufficient to counteract the van der Waals energy of 

attraction.160  In nonpolar media such as cyclohexane, a number of anionic, cationic, 

nonionic, or amphoteric surfactants composed of polar “head” groups and nonpolar “tail” 

structures may be used to generate stable colloidal suspensions.159 The polar group of the 

surfactant must effectively bond to the particle surface while the hydrophobic tail must be 

soluble in, and extend into, the liquid carrier medium to avoid flocculation of particles.163  

The polar group may be bonded to the particle surface via electrostatic interactions or 

complexation (figure   2.25).159 

 

 

 

 

 

 

 

Figure 2.25.  Models of surfactants bonded to magnetite surfaces in nonpolar media 
through (A) electrostatic interaction (sodium dodecyl sulfate) and (B) complexation 
(oleic acid)159 
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2.4.2.3 Cobalt ferrofluids 

 Cobalt ferrofluids can be generated through the thermal decomposition of dicobalt 

octacarbonyl in nonpolar media containing polymeric materials.161  The mechanism of 

formation of magnetic cobalt nanoparticles is not completely understood.  A polymer-

catalyzed reaction involving the formation of a polymer-carbonyl complex was proposed 

by Smith et al.165,162  Papirer et al. discovered that the formation of cobalt ferrofluids may 

be catalyzed by a number of surfactants by monitoring the kinetics of carbon monoxide 

evolution (table 2.10).163 

 Papirer discovered that magnetic spherical nanoparticles could be generated by 

thermally decomposing dicobalt octacarbonyl in toluene at temperatures of 110 ˚C in the 

presence of a surfactant having a long hydrocarbon chain and a sulfonate group.162  The 

proposed decomposition reactions resulting in the formation of cobalt ferrofluids were: 

Co + 12 COCo4(CO)12

Co4(CO)12 + 4 CO2 Co2(CO)8 

 

The kinetics of CO evolution during these reactions was initially rapid in conjunction 

with the formation of Co4(CO)12  and then decreased to a slower, constant rate.  Carbon 

monoxide evolution was further observed to increase and decrease again as the 

decomposition process was completed.  Thus, the complete decomposition process of 

Co2(CO)8  generated an S-shaped curve based on the observed kinetics of CO evolution. 

                                                                                                                                            
160 Hess, P.; Parker, P., J. Appl. Polym Sci. 1966, 10, 1915. 
161 Berkovski, B.; Bashtovoy, V., Magnetic Fluids and Applications Handbook. Begell: New York, 1996; 
p 1-55. 
162 Smith, T.; Wychick, D., J. Chem. Phys. 1980, 84, 1621-1629. 
163 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci 1983, 94, 
207. 
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Based on small-angle x-ray scattering, Papirer et al. also discovered that cobalt 

generated from either Co2(CO)8 or Co4(CO)12 could be collected into “microreactors” 

provided by a variety of surfactants (table 9).  The driving force for this process was 

assumed to be interactions between the sulfonate groups of the surfactant molecules and 

the carbonyl groups of Co2(CO)8 and Co4(CO)12.  Consequently, a diffusion controlled 

growth mechanism of individual cobalt nanoparticles was proposed as the mechanism of 

this process.  

 

Table 2.10. Surfactants affording stable cobalt nanoparticle dispersions via 
decomposition of Co2(CO)8 in toluene at 110 ˚C167 

Surfactant Particle Size Range (nm) 

Sodium sulfosuccinate 6.8 +/- 0.8 

Cesium sulfosuccinate 9.2 +/- 1.2 

4-(1-butyloctyl)-2-ethylbenzoyl-1-sodium 
sulfonate 

6.7 +/- 0.8 

Dodecyl benzoyl sodium sulfonate 7.1 +/- 1.6 

Dodecyl ammonium propionate 10.1 +/- 1.9 

 

The rate of decomposition of Co2(CO)8 to metallic cobalt was strongly influenced 

by polymer concentration.164  Tannenbaum et al. investigated the rate constants of the 

thermal decomposition of Co2(CO)8 in solutions of toluene containing varying 

concentrations of polystyrene (Mv = 252 kg/mol).163  They analyzed the influence of 

solution viscosity on the rate of thermal decomposition of Co2(CO)8  to metallic cobalt by 

varying the concentration of styrene.   

                                                
164 Tannenbaum, R., Inorganica Chimica Acta 1997, 227, 233-240. 
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FT-IR was employed to monitor the thermal decomposition of Co2(CO)8 to 

Co4(CO)12 and ultimately to metallic cobalt in solutions with various concentrations of 

polystyrene in toluene.  The absorption regions monitored were the terminal CO groups 

between 2020 and 2070 cm-1 and the bridging CO groups with absorption bands at 1858 

and 1867 cm-1.  The presence of polystyrene increased (catalyze) the thermal 

decomposition of Co2(CO)8 to metallic cobalt at concentrations below their entanglement 

concentration in solution.  This critical concentration (c*) where solution chain 

entanglement occurs may be related to intrinsic viscosity [η] by the equation:168,165 

c* [η] = 1 

As the concentration of polystyrene was increased above this value, the reaction rate for 

the decomposition of the first order reaction of Co4(CO)12 to metallic cobalt (rate limiting 

step) initially increased when the weight percent of styrene in solution was increased 

from 0.1 to 1.5%.  At polystyrene concentrations above three weight percent, the rate of 

the reaction decreased and leveled off at a value half an order of magnitude lower than 

that observed in pure toluene.  The entanglement and reduced mobility of Co2(CO)8 in 

solution with higher polystyrene concentrations was attributed to the lower reaction rates.  

Since it has been postulated that the decomposition of Co2(CO)8 in solutions occurs by a 

diffusion mechanism,166 the authors’ data follows in this vein as higher solution 

viscosities appeared to reduce the diffusion and decomposition of Co2(CO)8.  The authors 

suggested that polystyrene restricted the mobility of Co2(CO)8 when above its critical coil 

overlap concentration thus slowing the diffusion and decomposition of Co2(CO)8. 

                                                
165 deGennes, P., Scaling Concepts in Polymer Physics. Cornell University Press: Ithaca, NY, 1979. p 1-
324. 
166 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci 1983, 94, 
207. 
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The first detailed study involving the influence of polymeric reagents on cobalt 

ferrofluids was reported by Hess and Parker.167  In this study, a number of polymer 

coatings (table 2.11) were investigated as agents for sterically stabilizing colloidal cobalt 

particles in nonpolar media. A number of polymeric materials were able to afford 

consistently stable magnetic cobalt particles.  Polymers with number average molecular 

weights greater than 100,000 g/mol consisting of a nonpolar backbone with non-reactive 

polar groups at least every 200 backbone carbon atoms were observed to consistently 

afford stable colloidal ferrofluids.  An inert solvent which was less polar than the most 

polar groups of the polymers was also needed for successful production of discrete 

polymer-coated cobalt particles ranging from 50 – 1,000 Å.  Moreover, the size of the 

cobalt nanoparticles was dependent on the amount of polar groups within the polymers 

since polymers with large concentrations of polar groups such as vinyl chloride, styrene-

acrylonitrile, and poly(propylene oxide) diols generated cobalt particles with the smallest 

observed diameters (10 nm).    

Magnetic cobalt nanoparticles were reportedly synthesized in polystyrene-poly(4-

vinylpyridine) micelles as shown by the work of Platonova et al.168  In this study, cobalt 

was prepared via the thermal decomposition of Co2(CO)8 and by the reduction of 

micelles containing CoCl2.  Spherical particles with an average diameter of 10 nm were 

reported via the thermal decomposition of Co2(CO)8.  The sizes and shapes of the cobalt 

particles were a function of the ratio of 4-VP/Co.  A 1:1 ratio of N:Co generated spherical 

particles with a diameter of 10 nm whereas a N:Co ratio of 1:2 produced larger star-

shaped particles with an average diameter of approximately 20-23 nm.  A 1:3 molar ratio 

                                                
167 Hess, P.; Parker, P., J. Appl. Polym Sci. 1966, 10, 1915. 
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of N:Co afforded cubic particles with 21 nm diameters in addition to spherically shaped 

particles with a mean diameter of 10 nm.   

 

Table 2.11. Polymeric systems found to stabilize colloidal cobalt particles171 
 

Polymer 
Molecular 

Weight (Mn) 
 

Solvent 
Particle Size 
Range (nm) 

methyl methacrylate–ethyl 
acrylate-vinylpyrrolidone 

terpolymer 
33/66/1 
0/90/10 

 
 

 
300, 000 
100,000 

 
 
 

Toluene or 
Chlorobenzene 

 
 

 
15-40 
6-25 

Polychloroprene 380,000 Toluene 30-60 
Vinyl chloride – vinyl acetate – 

vinyl alcohol terpolymer 
----------------- Chlorobenzene 7-47 

Styrene – acrylonitrile 
100/0 
92/8 
88/12 

 
476,000 
100,000 
100,000 

 
  Toluene or DMF 

 
10-30 
6-13 
6-13 

Polyether urethane 20,000 Toluene 25 – 100 
Polyester isocyanate 1,000 Toluene or DMF 5-30 

Chlorosulfonated polyethylene 
(sulfonamide) 

21,000 Toluene  

Bisphenol-A polycarbonate 50,000 Chlorobenzene 80-450 
Sulfonamide 21,000 Toluene  6-30 

Poly(propylene oxide) diol 
 

400 
3,000 

Toluene 6-20 
7-30 

Poly(propylene oxide) triol 440 
6,000 

Toluene 7-40 
7-45 

Urea – formaldehyde ---------- Toluene 10-20 
Polyhydroxy polyester 2,500 Toluene 10-20 

 

 

 

 

                                                                                                                                            
168 Platonova, O.; Bronstein, L.; Solodovnikov, S.; Yanovskaya, I. M.; Valetsky, P.; Wenz, E.; Antonietti, 
M., Colloid Polym Sci. 1997, 275, 426-431. 
171 Hess, P.; Parker, P., J. Appl. Polym Sci. 1966, 10, 1915. 



 

 

73 

 

2.4.2.4. Oxidation of cobalt nanoparticles 

 A significant challenge limiting the use of magnetic cobalt nanoparticles in many 

foreseen applications is the high susceptibility of metallic cobalt to oxidation.169  The 

oxidation of cobalt is similar to that of other transition metals and involves the reaction of 

cobalt atoms with oxygen.  Cobalt exists as a +2 and/or +3 ion and reacts with oxygen to 

generate a number of cobalt oxides such as CoO and Co3O4.170  Cobalt oxides are 

antiferromagnetic and this results in a reduction in the magnetic susceptibility of cobalt 

particles.171  Consequently, magnetic cobalt colloids consisting of clusters of cobalt 

atoms are rapidly oxidized by oxygen, and the tendency for surface oxidation is amplified 

as the particle size decreases.169 

 The influence of oxygen on the magnetic properties of cobalt atoms was 

investigated by Hill et al.172  Small cobalt particles of ~6.5 Å were deposited on a 

sapphire single crystal, and the oxidation of these particles was carried out by exposing 

the particles to small increments of oxygen.  The change in magnetic susceptibility of the 

particles was monitored using ferromagnetic resonance (FMR) spectroscopy.   

 The reduction in magnetism of the cobalt particles was readily observed via a 

reduction in FMR intensity as a function of oxygen dose (figure 2.26).   The intensity of 

the FMR response was initially constant after the two initial oxygen doses suggesting that 

an oxygen dose of up to 2 L did not significantly affect the magnetism of the cobalt 

particles.  It was believed that in the first two oxygen exposures, a submonolayer 

                                                
169 Berkovski, B., Magnetic Fluids and Applications Handbook. Bashtovoy, V., Begell House Inc.: New 
York, 1996. p 1-55. 
170 Masterton, W.; Hurley, C., General Chemistry. Saunders College Publishing: Philadelphia, 1997. p 
566-567. 
171 Yin, S.; Z. Wang Synthesis of cobalt oxide nanocrystal self-assembled materials, Vol. 14, No. 2, 503-
508, J. Mater. Res. 1998, 14, 503-508. 
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coverage of oxygen atoms chemisorbed on the surface of the cobalt film which allowed 

the cobalt to transfer its magnetization to the adsorbate.  Subsequent oxygen doses greater 

than 2 L resulted in a reduction in FMR intensity, and the FMR signal was not detectable 

after a total oxygen exposure of 30 L. 

 
 
Figure 2.26.  Decrease in relative FMR-intensity of cobalt particles with increasing 
oxygen exposure172 

 

The reduction of FMR intensity was a consequence of a decrease in the metallic 

part of the particles with increasing oxygen exposure.  Using thermal desorption 

spectroscopy (TDS), it was discovered that after an oxygen dosage of 6 L, an oxide layer 

was present on the cobalt particles.  Since FMR-intensity was reduced to 70% with the 

existence of an outer oxide layer, the authors proposed a so-called “shell-to-core” 

oxidation process in which an oxide layer grows from the surface toward the core of the 

particles (figure 2.27).  

 

                                                                                                                                            
172 Hill, T.; Afshar, M.; Schmidt, J.; Risse, T.; Freund, H., Surface Science 1999, 429, 246-254. 
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Figure 2.27.  Proposed “shell-to-core” oxidation model describing oxidation of cobalt 
particles 172 

 

 

2.4.2.5 Protective oxidation barriers of cobalt nanoparticles 

Published research regarding the development of protective barriers against 

oxidation of colloidal cobalt ferrofluids is limited and has involved the use of carrier 

fluids and silica coatings.173,174,175  Wagener et al. investigated the use of silicone and 

mineral oil carrier fluids as protective barriers against oxidation for cobalt ferrofluids.173  

The objective of the research was to create a double-layer coating on the Co particles as a 

means of reducing oxidation.   

The ferrofluid was prepared via the thermolysis of Co2(CO)8 in toluene with the 

surfactant sodium dioctylsulfosuccinate (Na-AOT) or lauroylsarcosin oleic acid 

(Korantin SH).173  After the decomposition of the carbonyl groups, the solution was 

cooled to room temperature and the carrier fluid (silicone oil, mineral oil, Edwards L9) 

along with an oil-compatible surfactant (Triton X-100 (Aldrich) or LP4 (ICI Inc.)) was 

                                                
173 Wagener, M.; Gunther, B.; Blums, E., J. Magn. Magn. Mater. 1999, 201, 18-22. 
174 Rutnakornpituk, M.; Baranauskas, V. V.; Riffle, J. S.; Connolly, J.; Pierre, T. G. S.; Dailey, J. P., 
European Cells and Materials; www.eurocellmat.org.uk 2002, 3, Suppl. 2, 102-105. 
175 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
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added.  The toluene was then removed under vacuum.  The cobalt volume content within 

the carrier fluids was varied between 3.6 to 15.9 percent.  A summary of the various oil-

based ferrofluids is provided in table 2.12.  The cobalt ferrofluids were stored in air-tight 

glass containers under an argon atmosphere. 

 

Table 2.12. Summary of colloidal cobalt-based oil ferrofluids173   
Carrier oil Oil compatible 

surfactant 
Volume % cobalt 

in carrier oil 
Saturation 

Magnetization – mT  
Alkylnaphthalene 

(Edwards L9) 

Triton X-100 

(Aldrich) 

7.2 35 

Alkylnaphthalene 

(Edwards L9) 

LP4 (ICI Inc) 15.9 120 

Silicone oil (DC702) LP4 (ICI Inc) 3.6 17 

Silicone oil (DC702) Triton X-100 

(Aldrich) 

No ferrofluid --- 

Mineral oil (AP201) Triton X-100 

(Aldrich) 

6.9 48 

Mineral oil (AP201) LP4 (ICI Inc) 12.5 79 

Mineral oil (AP201) LP4 (ICI Inc) 13.6 100 

 

 

 

The oxidation resistance of the colloidal cobalt-based oil ferrofluids was 

evaluated by measuring the saturation magnetization of the various ferrofluids in an open 

beaker.  The saturation magnetization of the toluene based ferrofluids decreased by 10% 



 

 

77 

 

after hours of exposure under ambient conditions whereas the mineral oil based 

ferrofluids were claimed to be protected for months.  

   

2.5 Sol – gel Chemistry 

2.5.1 Introduction to sol-gel chemistry 

The use of silica coatings to minimize or reduce the oxidation of cobalt ferrofluids 

has been investigated and is an area of further research for this project.176  Silica can be 

formed through a sol-gel reaction involving the transformation of a solution or “sol” into 

an insoluble three-dimensional network commonly referred to as a “gel”.177  The sol-gel 

process typically entails hydrolysis and condensation of inorganic alkoxides, 

inorganic/organic alkoxides, or other related compounds to form oxide glasses.176  A 

number of scientific and commercial applications of sol-gel technology have been 

developed including the manufacture of thin layers and optical fibers.178,179   

The majority of sol-gel syntheses for generating silica (SiO2) involve the 

hydrolysis of tetraalkoxysilanes (SiOR)4 (figure 2.28).180  The sol-gel reaction takes place 

in homogeneous solutions with a mutual solvent for Si(OR)4 and H2O.179  The amounts of 

water, tetraethylorthosilicate (TEOS), diluent (alcohol), and catalyst are important 

parameters that influence the sol-gel process.181  Acids and bases may be employed as 

                                                
176 Rutnakornpituk, M. Synthesis of Silicone Magnetic Fluid For Use in Eye Surgery. Ph.D. Dissertation, 
Virginia Tech, 2002. 
177 Spinu, M. Silicon-Based Organic and Inorganic Polymers. Ph.D. Dissertation, Virginia Tech, 1990. 
178 McGrath, J. E.; Pullockaren, J.; Riffle, J. S.; Kilic, S.; Elsbernd, S., In Ultrastructure Processing of 
Advanced Ceramics, Mackenzie, J.; Ulrich, D., John Wiley & Sons: New York, 1988; p 55-87. 
179 Boonstra, A.; Bernards, T.; Smiths, J., J. Non-cryst. Solids 1989, 109, 141. 
180 Corriu, R.; Leclerco, D.; Vioux, A.; Pauthe, M.; Phalippou, J., In Ultrastructure Processing of 
Advanced Ceramics, Mackenzie, J.; Ulrich, D., John Wiley & Sons: New York, 1988; p 113. 
181 Sanchex, J.; McCormick, A., In Chemical processing of Advanced Materials, Hench, L.; West, J., John 
Wiley and Sons: New York, p 43-57. 
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catalysts for the hydrolysis reaction of silicon alkoxides in the sol-gel process.182  The 

hydrolysis and condensation mechanisms deviate significantly between acid or base 

catalyzed systems.180-183 

Si

OCH2CH3

OCH2CH3

H3CH2CO OCH2CH3

H
+
 / H2O (VARIABLE)

CH3CH2OHHYDROLYSIS

Si

OH

OH

HO OH
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-H2O
CONDENSATION

Si O

O

O

O
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Figure 2.28.  Synthesis of silicate networks using sol-gel reactions183 
 

2.5.2 Acid Catalyzed Hydrolysis Reactions 

The hydrolysis reactions in an acid catalyzed sol-gel process progress 

significantly faster than the condensation reactions.184  Nucleophilic and electrophilic 

                                                
182 Sakka, S.; Kozuka, H.; Kim, S., In Ultrastructure Processing of Advanced Ceramics, Mackenzie, J.; 
Ulrich, D., John Wiley & Sons: New York, 1988; p 159-171. 
183 Spinu, M. Silicon-Based Organic and Inorganic Polymers. Ph.D. Dissertation, Virginia Tech, 1990. 
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reaction mechanisms have been proposed for the acid catalyzed hydrolysis of 

alkoxysilanes.185  The electrophilic reaction mechanism (figure 2.29) involves an 

activated complex with partial bonds between the protons on a protonated water 

molecule, the oxygen atoms of the alkoxides, and silicon atoms.183-188  A number of 

studies have indicated that hydrolysis of tetraethoxysilane becomes more difficult as the 

number of hydroxyl groups on the silicon alkoxide increases due to a possible inductive 

effect.186  The reduced likelihood of forming Si(OH)4 during acid catalyzed hydrolysis 

most likely results in the initiation of condensation reactions prior to complete hydrolysis 

of Si(OR)4 to Si(OH)4.187  Thus, acid-catalyzed solutions of silicon alkoxides may have 

low degrees of crosslinking due to the presence of non-hydrolyzed alkoxy groups.186 

The nucleophilic reaction model proposed by Pohl and Osterholtz involves a 

bimolecular nucleophilic substitution mechanism between a protonated silanol and 

another silanol (figure 2.30).188,189,192 

 

                                                                                                                                            
184 Sanchex, J.; McCormick, A., In Chemical processing of Advanced Materials, Hench, L.; West, J., John 
Wiley and Sons: New York, p 43-57. 
185 Aelion, R.; Loebel, A.; Eirich, F., J. Am. Chem. Soc. 1950, 72, 5705. 
186 Keefer, K.; Brinker, C., In Better Ceramics Through Chemistry, Clark, D.; Ulrich, D., North-Holland: 
New York, 1984; p 15-24. 
187 Sakka, S.; Kozuka, H.; Kim, S., In Ultrastructure Processing of Advanced Ceramics, Mackenzie, J.; 
Ulrich, D., John Wiley & Sons: New York, 1988; p 159-171. 
188 Pohl, E.; Osterholtz, F., In Molecular Characterization of Composite Interfaces, Ishida, I.; Kumar, G., 
Plenum: New York, 1987; p 157. 
189 Kay, B.; Assink, R., J. Non-cryst. Solids 1988, 104, 112. 
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Figure 2.29.  Electrophilic hydrolysis mechanism of alkoxysilanes190,191 
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Figure 2.30.  Nucleophilic acid-catalyzed mechanism of the hydrolysis of  
alkoxysilanes 192  
 

 

                                                
190 Aelion, R.; Loebel, A.; Eirich, F., J. Am. Chem. Soc. 1950, 72, 5705. 
191 Boonstra, A.; Bernards, T.; Smiths, J., J. Non-cryst. Solids 1989, 109, 141. 
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Water significantly influences the structure of the products formed during the sol-

gel condensation of alkoxysilanes.193  An increase in the water content increases the 

number of sites that are hydrolyzed, thereby increasing the number of hydroxyl groups 

per Si atom.  Consequently, an increase in water content favors the formation of a highly 

crosslinked product.193  It should be noted, however, that an increase in water content 

typically reduces gel time but an excess of water may dilute the solution, thus decreasing 

gelation time.193 

Sakka and Kimiya reported that chainlike particles were generated in an acid 

catalyzed TEOS solution with low water contents, yet highly crosslinked, round particles 

were generated at higher water contents.194  Sakka et al. also investigated the effect of 

water content using Raman spectroscopy for tetramethylorthosilicate (TMOS) solutions 

having water contents ranging from 1.5 to 4.0 ([H2O] / [TMOS]).193  Higher water 

concentrations resulted in a rapid decrease in the alkoxy groups whereas the alkoxy 

groups remained until gelation at lower concentrations of water.  Solutions with larger 

amounts of water displayed a higher intensity of the Si-O-Si vibration band at 420 cm-1.   

Sanchez et al. used 29Si NMR to monitor the hydrolysis products of an acid 

catalyzed sol-gel reaction involving tetraethoxysilane by using low acid concentrations 

(0.1N HCl) to slow or delay potential condensation reactions.195  The low concentrations 

of acid afforded slower reaction times, thus facilitating the use of 29Si NMR to monitor 

the reactions.  It was discovered that only Si(OH)3(OR) and Si(OH)4 were present in 

                                                                                                                                            
192 McNeil, K. J.; DiCaprio, J. A.; Walsh, O. A.; Pratt, R. F., J. Am. Chem. Soc. 1980, 102, 1859. 
193 Sakka, S.; Kozuka, H.; Kim, S., In Ultrastructure Processing of Advanced Ceramics, Mackenzie, J.; 
Ulrich, D., John Wiley & Sons: New York, 1988; p 159-171. 
194 Sakka, S.; Kamiya, K., J. Non-cryst. Solids 1982, 48, 31-46. 
195 Sanchez, J.; McCormick, A., In Chemical Processing of Advanced Materials, Hench, L.; West, J., John 
Wiley & Sons: New York, 1992; p 43-57. 
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systems that had more than a stoichiometric amount of water present.  The concentration 

of these hydrolyzed monomers changed slowly yet their proportions (3 Si(OH)4 to 1 

Si(OH)3OR) remained constant during hydrolysis.  After an equilibrium distribution of 

hydrolysis products was achieved, their concentrations decreased concurrently as 

condensation reactions progressed.  

Hydrolysis reactions conducted with a stoichiometric water content generated all 

four possible hydrolyzed monomers as shown by 29Si NMR.196  After a transient period, 

an equilibrium concentration of the hydrolyzed monomers was observed and remained 

constant in proportion until condensation reactions commenced.  Based on the observed 

trends with water content, the authors concluded that hydrolysis does not go to 

completion unless an excess of water is present.  Thus, water content was proposed to 

significantly influence the hydrolysis equilibria of the hydrolyzed monomers. 

McGrath et al. employed 1H and 29Si NMR to investigate the influence of acid 

concentration (HCl), water/TEOS ratio, and concentration of diluent (ethanol) on the 

hydrolysis of TEOS (figure 2.31).197  The rate of disappearance of the ethoxy groups and 

the generation of ethanol were monitored via proton NMR.  It was found that the 

hydrolysis of TEOS was influenced by the H2O/TEOS ratio as well as acid concentration.  

A number of different equilibria were observed over a range of acid concentrations in 

systems having a H2O/TEOS mole ratio of 2:1 and acid concentrations ranging from 

0.0002 to 0.002 (figure 32).  When the H2O/TEOS mole ratio was 3:1 and the acid 

concentration was varied from 0.0004 M to 0.004 M, the percent conversion of ethoxy 

                                                
196 Sanchez, J.; McCormick, A., In Chemical Processing of Advanced Materials, Hench, L.; West, J., John 
Wiley & Sons: New York, 1992; p 43-57. 
197 McGrath, J. E.; Pullockaren, J.; Riffle, J. S.; Kilic, S.; Elsbernd, S., In Ultrastructure Processing of 
Advanced Ceramics, Mackenzie, J.; Ulrich, D., John Wiley & Sons: New York, 1988; p 55-87. 
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groups was approximately 15 and 85 %, respectively.  Thus, hydrolysis progressed to a 

much greater extent when higher concentrations of acid were employed.  A H2O/TEOS 

molar ratio of 4 to 1 resulted in percent conversions of ethoxy up to 90 % with lower 

concentrations of acid (0.0001 to 0.0015) indicating the dual effect of the H2O/TEOS 

ratio and acid concentration on the hydrolysis process. 

 

` 

Figure 2.31.  Influence of [H+] on the hydrolysis rate of TEOS with a H2O/TEOS ratio of 
2:1197 
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It was also discovered that the dielectric constant of the solvent and concentration 

of ethanol had a significant effect on the sol-gel processes.198 Dimethylformamide (DMF) 

increased the rate of hydrolysis compared to ethanol based systems with equivalent 

H2O/TEOS mole ratios and acid concentrations.  The increased polarity and decreased 

concentration of ethanol were attributed to this phenomenon.  Silicon NMR of the ethanol 

based systems also suggested the high concentration of ethanol resulted in the 

reformation of starting materials when low acid concentrations were employed (i.e., the 

reactions were reversible).  

The nature of the alkoxysilane also influences the hydrolysis reactions of a sol gel 

process.199  Aelion et al. demonstrated that the rate of hydrolysis decreases as the size of 

the alkoxy groups increases.199 
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Figure 2.32.  Proposed acid catalyzed silanol condensation mechanism199 
 

 

 

                                                
198 McGrath, J. E.; Pullockaren, J.; Riffle, J. S.; Kilic, S.; Elsbernd, S., In Ultrastructure Processing of 
Advanced Ceramics, Mackenzie, J.; Ulrich, D., John Wiley & Sons: New York, 1988; p 55-87. 
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2.5.3 Acid Catalyzed Condensation Reactions 

Grubb et al. proposed that silanol condensation in the presence of acid catalysts 

occurred via a bimolecular nucleophilic substitution mechanism (figure 2.32).200  Grubb 

also suggested that silanol condensation under acidic conditions is sensitive to steric 

constraints similar to an SN2 mechanism.  The work of Chen et al. indicated that an 

increase in alkoxy group size resulted in an increase in gelation time of alkoxide 

solutions.201  Sakka et al. also evaluated effects of silicon alkoxide structures on gelation 

time.202  Their system consisted of a molar ratio of Si(OR)4:ROH:H2O:HCl of 1:7:2:0.01.  

The type of silicon alkoxide markedly affected the gelation time (table 2.13).202 

 

Table 2.13. Gelation time of various silicon alkoxide solutions with a molar composition 
of Si(OR)4:ROH:H2O:HCl of 1:7:2:0.01202 

Silicon Alkoxide Gel Time (days) 

Si(OCH3)4 5 

Si(OC2H5)4 >100 

Si(i-OC3H7)4 >100 

Si(n-OC4H9)4 >100 

 

 

 

 

                                                                                                                                            
199 Aelion, R.; Loebel, A.; Eirich, F., J. Am. Chem. Soc. 1950, 72, 5705. 
200 Grubb, W. T.; Osthoff, R. C., J. Am. Chem. Soc 1955, 77, 1405. 
201 Chen, K.; Tsuchiya, T.; Mackenzie, J., J. Non-cryst. Solids 1986, 81, 227-237. 
202 Sakka, S.; Kozuka, H.; Kim, S., In Ultrastructure Processing of Advanced Ceramics, Mackenzie, J.; 
Ulrich, D., John Wiley & Sons: New York, 1988; p 159-171. 
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2.5.4  Base catalyzed hydrolysis reactions 

 Aelion et al. proposed that base catalyzed hydrolysis of an alkoxysilane occurred 

via a simple nucleophilic displacement mechanism involving OH- ions (figure 2.33).203  

Since it has been observed that Si(OH)4 is readily formed under basic conditions, it has 

been suggested that reactivity of an alkoxysilane increases as the number of OR groups 

on Si decreases.  McNeil et al. proposed that the mechanism of base catalyzed hydrolysis 

of an alkoxysilane occurred through an SN2 mechanism involving two transition states 

with formation of a penta-coordinate intermediate (figure 2.34).204 

 

HO SiOR Si ORHO
(-) (-)

HOSi OR

OR H2O HOR OH  

Figure 2.33. Base catalyzed hydrolysis of alkoxysilanes proposed by Aelion et al.203  
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Figure 2.34.  Mechanism of base-catalyzed hydrolysis204 

 

                                                
203 Aelion, R.; Loebel, A.; Eirich, F., J. Am. Chem. Soc. 1950, 72, 5705. 
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2.5.5   Base catalyzed condensation reactions  

The base catalyzed condensation of trimethylsilanol in methanol was investigated 

by Grubb et al.205  Titrations were used to evaluate the rates of base catalyzed silanol 

condensation reactions by measuring the total content of SiOH groups and water.  The 

observed rates were proportional to the amount of base catalyst employed (LiOH, NaOH, 

and KOH).  The reactive species in the condensation mechanism was postulated to be a 

silanolate ion indicative of an SN2 process (figure 2.35).  The suggested mechanism was 

supported by the discovery that LiOH, NaOH, and KOH displayed similar rate constants 

for the reactions in methanol.  It was noted, however, the research conducted by Hurd, 

Osthoff, and Corrin suggested that base strength was a rate determining factor when the 

reaction was conducted in a siloxane solvent medium.206   
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Figure 2.35.  Base catalyzed condensation of trimethylsilanol in methanol205 

 

 

 

                                                                                                                                            
204 McNeil, K. J.; DiCaprio, J. A.; Walsh, O. A.; Pratt, R. F., J. Am. Chem. Soc. 1980, 102, 1859. 
205 Grubb, W. T.; Osthoff, R. C., J. Am. Chem. Soc 1955, 77, 1405. 
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2.5.6 Applications of sol-gel chemistry with nanoparticles 

The use of sol-gel technology has recently been employed to create silica coatings on 

magnetic materials such as nickel,207 cobalt,208 and magnetite.209 The formation of a silica 

layer encapsulating metal particles affords some oxidative protection that reduces the 

time-dependent decrease in magnetization from oxidation.208 

Atarashi et al. synthesized an amorphous silica layer on the surface of magnetite 

particles by exposing magnetite suspensions to aqueous sodium silicate solutions.210  

Magnetite was synthesized using a co-precipitation procedure in which NaOH was mixed 

with ferric and ferrous chlorides until a pH of 12 was obtained.  The suspension was 

maintained at 70 ˚C for thirty minutes and cooled to room temperature prior to the 

addition of a sodium silicate aqueous solution.  The suspensions were then heated to 80 

˚C to complete the precipitation of silica on the surface of the particles.  The suspension 

was then washed, filtered, and dried at 100 ˚C in air.  The magnetite powders were 

reduced by heating in H2 gas at 500-650 ˚C in an electric furnace.  Magnetic fluids of the 

particles were created by washing the particles in sodium oleate solution and dispersing 

them into ethylene glycol via the use of dodecyl benzene sulfonate (DBS) and 

tetramethylammonium hydroxide (TMA). 

The amount of oxidative resistance of the silica coated magnetite particles was 

dependent on the amount of sodium silicate and the pH of the solution during SiO2 

                                                                                                                                            
206 D.Hurd; Osthoff, R.; M.Corrin, J. Am. Chem. Soc 1954, 76. 
207 Estournes, C.; Lutz, T.; Happich, J.; Quaranta, T.; Wissler, P.; Guille, J. L., Journal of Magnetism and 
Magnetic Materials 1997, 173, 83-92. 
208 Rutnakornpituk, M.; Baranauskas, V. V.; Riffle, J. S.; Connolly, J.; Pierre, T. G. S.; Dailey, J. P., 
European Cells and Materials; www.eurocellmat.org.uk 2002, 3, Suppl. 2, 102-105. 
209 Gruttner, C.; Rudershausen, S.; Matthews, S.; Wang, P.; Bohmer, V.; Dozol, J. F. Fourth International 
Conference on the Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; 
Cleveland Clinic Foundation: Tallahassee, Fl, 2002; 59-62. 
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precipitation.  Basic aqueous solutions afforded particles with significantly improved 

thermo-oxidative stability with respect to uncoated particles.  The silica-coated particles 

were generally stable below 150 ˚C whereas the particles oxidized readily at temperatures 

greater than 150 ˚C.  

                                                                                                                                            
210 Atarashi, T.; Kim, Y.; Nakatsuka, K., J. Magn. Magn. Mater. 1999, 201, 7-10. 
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CHAPTER  3 

Synthesis and characterization of poly(methyl methacrylate-co-2-vinylpyridine-g-

dimethylsiloxane) copolymer – cobalt complexes 

 
3.1 Abstract 
 
 Superparamagnetic cobalt nanoparticles have been synthesized using the 

dispersion stabilizer poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane).  

The graft copolymers were synthesized by free radical copolymerization of 2-

vinylpyridine and methyl methacrylate with AIBN in the presence of methacryloxy 

functional polydimethylsiloxane (PDMS) macromonomers.  The macromonomers were 

synthesized by anionic ring-opening polymerization of 1,1,3,3,5,5-

hexamethylcyclotrisiloxane (D3).  The living siloxanolate chains were terminated with 3-

methacryloxypropyldimethylchlorosilane to afford methacryloxy-functional PDMS.  

Stable suspensions of cobalt nanoparticles approximately 5-10 nm in diameter were 

formed via thermolysis of Co2(CO)8 in concentrated solutions of toluene containing 

poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymers.  The 

saturation magnetization of the graft copolymer-cobalt complexes declined (~63%) after 

7 days exposure to ambient conditions due to the oxidative instability of the cobalt. 

 
3.2 Introduction 
 
 Magnetic nanoparticles are a unique class of materials with potential utility in a 

number of biomedical technologies such as drug delivery,211 MRI contrast agents,212  

                                                
211 Yu, J.; Hafeli, U.; Li, Y.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; Cleveland Clinic 
Foundation: Tallahassee, Fl, 2002; 16. 
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gene therapy,213 hyperthermia treatment for cancer,214 and selective biomolecule 

separations.211 The use of transition metal (Co, Fe, and Ni) nanoparticles in emerging 

ferrofluid technologies is limited because they oxidize to antiferromagnetic oxides under 

ambient conditions.  Consequently, the bulk of magnetic nanoparticle research involves 

iron oxides such as magnetite (Fe3O4) and maghemite (γ − Fe2O3) due to their oxidative 

stability and biocompatibility.215   

It is important to recognize that the transition metals have three to four times the 

magnetite response of the iron oxides.  The significantly higher saturation magnetizations 

of transition metal nanoparticles may be particularly useful in future in-vivo applications 

such as drug or gene delivery in which highly magnetic materials are required.  Thus, the 

focus of this research has been on the synthesis of polymeric materials that afford stable 

dispersions of cobalt nanoparticles with the goal of preparing materials which do not 

oxidize under ambient conditions.       

In this chapter, the synthesis and characterization of poly(methyl methacrylate-co-

2-vinylpyridine-g-dimethylsiloxane) copolymers and their use as cobalt nanoparticle 

dispersion stabilizers is described.  It is believed that the pendant vinyl pyridine moieties 

of the graft copolymers adsorb onto the cobalt nanoparticle surfaces whereas the PDMS 

grafts protrude into nonpolar solvents providing steric stability of the dispersions.  The 

                                                                                                                                            
212 Bulte, J.; Douglas, T.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on the 
Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002, 2002; Cleavland Clinic 
Foundation: Tallahassee, Fl, 2002; 26. 
213 Plank, C.; Scherer, F.; Schillinger, U.; Anton, M.; Bergemann, C. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahasse, FL, 2002; Cleveland Clinic 
Foundation: Tallahasse, FL, 2002; 93. 
214 Hofer, K. Fourth International Conference on the Scientific and Clinical Applications of Magnetic 
Carriers, Tallahassee, Fl, 2002; Tallahassee, Fl, 2002; 78. 
215 Berkovski, B., Magnetic Fluids and Applications Handbook. Bashtovoy, V., Begell House Inc.: New 
York, 1996. p 1-55. 
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capacity of the organic poly(2-vinylpyridine-co-methyl methacrylate) backbone of the 

copolymers to limit the oxidation of cobalt nanopaticles has been evaluated. 

The graft copolymers were synthesized using the so-called macromonomer 

technique in which methacryloxy-functional PDMS macromonomers were 

copolymerized in a free radical reaction with methyl methacrylate and 2-vinylpyridine 

utilizing AIBN as the initiator (figure 3.1).  The PDMS macromonomers were 

synthesized using the procedure of Smith et al. wherein hexamethylcyclotrisiloxane was 

polymerized via a living anionic ring-opening process to afford living siloxanolate 

species that were terminated with [3-(methacryloxy)propyl]-dimethylchlorosilane 

(MPDC).216  The graft copolymers were subsequently employed as dispersion stabilizers 

for cobalt nanoparticles formed via the thermolysis of Co2(CO)8 in concentrated solutions 

of toluene.  The copolymer-cobalt complexes were subsequently concentrated to a solid 

state and aged under ambient conditions. 

 

3.3 Experimental 

3.3.1 Materials 

Methyl methacrylate and 2-vinylpyridine (Aldrich) were stirred over finely 

divided calcium hydride for 24 h and distilled prior to use.  Azobisisobutyronitrile 

(AIBN) and n-butyllithium (2.0 M in n-hexane) were purchased from Aldrich and used as 

received.  1,1,3,3,5,5-Hexamethylcyclotrisiloxane (D3) was purchased from Gelest, 

stirred over calcium hydride at 80 °C for 24 h, and distilled under vacuum prior to use.  

Cyclohexane (Fisher, ACS Grade) was stirred over calcium hydride for 24 h and distilled 
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prior to use.  3-Methacryloxypropyldimethylchlorosilane (MPDC) was purchased from 

Gelest and used as received.  Tetrahydrofuran (99.5%, E.M. Sciences) was dried over 

calcium hydride overnight, then refluxed over sodium in the presence of benzophenone 

until the solution was a deep purple.  Dicobalt octacarbonyl (Alfa Aesar) was transferred 

to sealed glass vials in a dry box and stored at –10 °C until used.  Toluene (Aldrich, 99%) 

was stirred over calcium hydride and distilled prior to use.  Methanol (Fischer, ACS 

Grade) was used as received.   

 

3.3.2. Synthesis of methacryloxy-functional PDMS 

A procedure for synthesizing a 2,000 g/mol methacryloxy-functional PDMS 

macromonomer is provided.  This procedure is based on the work of Smith et al.217 

1,1,3,3,5,5-Hexamethylcyclotrisiloxane (D3) (0.13 mol, 28.67 g) was charged to a flame-

dried, 100-mL, single-neck flask equipped with  a magnetic stirrer.  Approximately 50 

mL of freshly distilled cyclohexane was injected into the reaction flask.  The reaction 

mixture was deoxygenated with an argon purge for 3 h.  n-Butyllithium (5.0 mL of a 2.44 

M solution in hexane, 12.2 mmol) was injected with rapid stirring.  After 2 h, 5.0 mL of 

tetrahydrofuran was added.  After 1H NMR confirmed 85% conversion of monomer, 5.31 

mL of 3-methacryloxypropyldimethylchlorosilane (24.3 mmol) was injected. The 

solution was washed with deionized water, and the macromonomer was isolated by 

precipitation into a beaker of stirred methanol.  Approximately 85% yield was obtained 

(24.5 g). 

 

                                                
217 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
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3.3.3 Synthesis of poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) 

copolymers 

An exemplary procedure for synthesizing a poly(methyl methacrylate-co-2-

vinylpyridine-g-dimethylsiloxane) copolymer with 20 weight percent PDMS 

macromonomer is presented.   Approximately 65 mL of toluene was injected into a 

flame-dried, single neck, round-bottom flask equipped with a magnetic stirrer.  Methyl 

methacrylate (5.0 mL, 46.7 mmol), 2-vinylpyridine (6.15 mL, 57 mmol), and 2.8 g of a 

2,000 g/mol PDMS macromonomer were added to the reaction mixture by syringe.  

AIBN (67.8 mg, 4.13 x 10 –4 moles) was charged, and the reaction solution was 

deoxygenated using an argon purge for approximately 3 h.  The reaction medium was 

heated to 80 °C for 24 h, and then the polymer was isolated by precipitation into hexanes.  

Unreacted macromonomer was removed in a soxhlet extractor with refluxing hexane for 

48 h.  Approximately 60 % yield was obtained (8.1 g).         

 

3.3.4 Stabilization of cobalt nanoparticles with poly(methyl methacrylate-co-2-

vinylpyridine-g-dimethylsiloxane) copolymers 

A 3-neck, 250-mL, round bottom flask equipped with a condenser, mechanical 

stirrer, and a septum-capped neck was flame-dried under argon.  Approximately 50 mL 

of toluene was added to the flask via syringe.  One gram of poly(methyl methacrylate-co-

2-vinylpyridine-g-dimethylsiloxane) was added quickly and dissolved.  The reaction 

medium was deoxygenated by purging argon through the solution for 2 h.  One gram of 

dicobalt octacarbonyl (2.93 mmol) was quickly charged to the flask, and the reaction was 

refluxed at 110 °C for 5 h.  The dispersion was cooled to room temperature, transferred to 
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a flame-dried, septum-capped, 100-mL, round bottom flask via cannula, and stored under 

argon. 

 

3.4 Characterization 

3.4.1 1H NMR spectroscopy 

A Varian Unity 400 MHz NMR was used to collect 1H NMR spectra of the 

reagents, monomers, and copolymers.  Proton NMR was also employed to confirm the 

ring-opening of D3 during the anionic polymerization reactions.  The instrument was 

operated at a frequency of 399.954 MHz, with a recycle delay of 1 s, an acquisition time 

of 3.7 s, and a 22° pulse angle.  

 

3.4.2 Gel permeation chromatography (GPC) 

Gel permeation chromatography was employed to investigate the molecular 

weights and molecular weight distributions of the copolymers.  A Waters 2690 GPC 

equipped with a Waters HR 0.5 + HR 2 + HR 3 + HR 4 styragel column set, an online 

Viscotek 100 differential viscometric detector, and a Viscotek laser refractometer were 

used for chromatographic analysis.  Chloroform was employed as the mobile phase at 25 

°C and a flow rate of 1.0 mL min-1.  Polystyrene standards were used to construct a 

calibration plot.  The molecular weights of the samples were determined using a universal 

calibration. 
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3.4.3 Transmission electron microscopy (TEM) 

A Philips 420T TEM run at 100 kV was used to obtain electron micrographs of 

the cobalt ferrofluids.  The TEM samples were prepared by casting a few drops of the 

magnetic fluid, which had been diluted with toluene until it was the color of “weak tea” 

onto a carbon-coated copper grid and allowing the toluene to evaporate.   

 

3.4.4  Magnetometry 

A Lakeshore 7300 Series VSM was employed for magnetization measurements of 

the cobalt ferrofluids and magnetic nanoparticles.  All measurements were carried out in 

applied fields from 8000 to -8000 Oe and a sensitivity setting of 0.1 emu.   

 

3.4.5  Differential scanning calorimetry (DSC)  

A TA differential scanning calorimeter Q1000 was employed to analyze the phase 

behavior of the copolymers in this study.  Approximately 5-10 mg of the materials were 

heated from –150 to 150 °C at a ramp rate of 10 °C/min under nitrogen.  TA universal 

analysis software was used to analyze the thermograms. 

 

3.5 Results and Discussion 

3.5.1 Synthesis of methacryloxy-functional PDMS macromonomers 

 Well-defined methacryloxy-functional PDMS macromonomers were readily 

synthesized using the procedure of Smith et al. (figure 3.1).218 D3 was polymerized via an 

anionic ring-opening polymerization in cyclohexane with THF as a promoter and n-

butyllithium as the initiator.  The molecular weights of the PDMS macromonomers were 



 

 

97 

 

controlled by adjusting the ratio of the grams of D3 to the moles of initiator.  A 15% 

molar excess of D3 was employed in all the reactions and they were terminated at 85% 

conversion of monomer to avoid any siloxanolate backbiting reactions that might occur at 

low concentrations of D3.  After approximately 2 h of reaction, tetrahydrofuran was 

added to the reaction medium to serve as a promoter and loosen the ion pairs between the 

living siloxanolate chain ends and their lithium counterions.   

End-group functionality was achieved by terminating the living siloxanolate 

species with 3-methacryloxypropyldimethylchlorosilane (MPDC).  After 1 H NMR 

confirmed 85% consumption of  D3, a two-fold excess of MPDC was injected into the 

reaction medium to cap the living chain ends with a methacryloxy endgroup.  Proton 

NMR of the isolated macromonomers revealed the characteristic vinyl proton sets of the 

methacryloxy endgroups at approximately 5.6 and 6.1 ppm (figure 3.2).  In addition, the 

vinyl proton sets were used to calculate the number-average molecular weights of the 

macromonomers (table 3.1).  Relatively good agreement was observed between the 

targeted and calculated number-average molecular weights of the macromonomers via 1H 

NMR and  GPC.  Moreover, GPC chromatograms of the macromonomers revealed sharp, 

monomodal peaks reflective of a living polymerization process (figure 3.3).  
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Figure 3.1. Synthesis of methacryloxy functional PDMS macromonomers via the anionic 
ring-opening polymerization of D3 and functional termination with MPDC218 

 
 
Table 3.1.  Methacryloxy functional PDMS macromonomers  
 

Targeted Mn Mn (1H NMR) Mn (GPC) PDI 
2,000 1,940 2,071 1.09 
10,000 9,250 10,760 1.03 
20,000 18,500 22,710 1.01 

 
 

                                                
218 Smith, S.; DeSimone, J.; Huang, H.; York, G.; Dwight, D.; Wilkes, G. L.; McGrath, J. E., 
Macromolecules 1992, 25, 2575-2581. 
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Figure 3.2. 1H NMR of isolated methacryloxy functional PDMS   

 

Figure 3.3. GPC chromatogram of a 9,250 g/mol PDMS macromonomer 
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3.5.2. Synthesis of poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) 

copolymers 

 Poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymers 

were synthesized by free radical copolymerization of methyl methacrylate and 2-

vinylpyridine in the presence of methacryloxy-functional PDMS macromonomers (figure 

3.4).  2-vinylpyridine was included in the polymer backbone to provide anchor groups for 

adsorption onto cobalt. Methyl methacrylate was utilized to provide a rigid organic glass 

with the hope that this would limit oxygen permeation to the surfaces of the 

nanoparticles.   The targeted molar composition of 2-vinylpyridine and methyl 

methacrylate in the copolymers was 1.4 : 1, respectively.  High compositions of 2-

vinylpyridine were incorporated into the polymer backbone to facilitate its adsorption to 

the cobalt particle surfaces.  The desired monomer composition was achieved in the graft 

copolymers through calculations using the simple copolymer composition equation 

 

in which [M1] and [M2] represent the concentrations of the monomers in the feed while r1 

and r2 reflect their reactivity ratios.219  The composition of the copolymer is equal to 

d[M1] / d [M2].  Using the published reactivity ratios for 2-vinylpyridine (r1=0.73) and 

methyl methacrylate (r2=0.42),220 the molar ratio of 2-vinylpyridine to methyl 

methacrylate employed for the desired copolymer composition was 1.22:1.   

 

                                                
219 Odian, G., Principles of Polymerization. John Wiley & Sons: New York, 1993. p 1-738. 
220 Tamikado, T., J. Polym. Sci 1960, 43, 489. 
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Figure 3.4.  Synthesis of poly(methyl methacrylate-co-2-vinylpyridine-g-
dimethylsiloxane) copolymers 
 

The copolymerizations were carried out with 20 weight percent of 1940, 9250, 

and 18,500 g/mol PDMS macromonomers to afford poly(methyl methacrylate-co-2-

vinylpyridine-g-dimethylsiloxane) copolymers (table 3.2).  As observed by Smith et al. 

and also in this study, concentrations of PDMS macromonomers above 20 weight percent 

in the reaction medium resulted in macrophase separation during the polymerizations.  

AIBN was employed as the free-radical initiator, and the reactions were carried out in 

deoxygenated toluene at  90°C for approximately 24 h.  Proton NMR indicated that 

approximately 60-75% conversion was obtained for the monomers and that the molar 
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composition of 2-vinylpyridine to methyl methacrylate was nearly equivalent to the 

targeted composition.   

To remove unreacted macromonomer from the isolated graft copolymers, rigorous 

Soxhlet extractions were conducted with hexanes.  Gel permeation chromatography of 

the purified copolymers revealed broad monomodal peaks reflective of conventional free-

radical polymerizations (figure 3.5).  The polydispersity indices of the copolymers were 

within the range of 1.5 – 2.0 while the number-average molecular weights of the graft 

copolymers were between 59,300 – 74,689 g/mol (table 3.2).  In addition, the presence of 

monomodal peaks indicated that unreacted PDMS macromonomer was not present in the 

purified graft copolymers.   

 

Table 3.2.  Graft copolymers with various molecular weight PDMS macromonomers 
 

 
Mn PDMS Graft 
(1H NMR) g/mol 

Wt. % PDMS 
Charged / 

Incorporated     
(1H NMR) 

 

Mn (GPC) g/mol 

 

PDI 

1,940 20/19 75,000 1.8 

9,250 20/17 88,000 1.5 

18,500 20/13 59,300 1.7 
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Figure 3.5.  Gel permeation chromatography of a 88,000 g/mol poly(methyl 
methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymer with 9,250 g/mol PDMS 
grafts 
 

Proton NMR of the purified copolymers revealed proton sets reflective of the 

organic backbone in addition to the PDMS grafts (figure 3.6).  Moreover, NMR spectra 

of the copolymers indicate that the targeted 20 weight percent composition of PDMS 

grafts was nearly achieved with the 1,940 and 9,250 g/mol macromonomers yet the 

amount of PDMS was substantially lower when the 18,500 g/mol macromonomer was 

utilized (table 3.2).  Approximately 19 weight percent of PDMS was incorporated when 

the 1,940 g/mol macromonomer was employed whereas 17 weight % PDMS was 

achieved with the 9,250 g/mol macromonomer.  Only 13 weight percent PDMS, 

however, was included within the copolymers when the 18,500 g/mol macromonomer 

was employed.  Thus, grafting efficiency of the macromonomers decreased as their 

molecular weight increased.  This trend is likely a consequence of the higher molecular 
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weight PDMS macromonomers possessing fewer methacryloxy end groups at equivalent 

weight compositions.  

 

 

Figure 3.6.  1H NMR spectrum of a poly(methyl methacrylate-co-2-vinylpyridine-g-
dimethylsiloxane) copolymer with 17 wt % of 9250 PDMS grafts. 
 
 
 
 
3.5.3  Thermal properties of poly(methyl methacrylate-co-2-vinylpyridine-g-

dimethylsiloxane) copolymers 

 Differential scanning calorimetry (DSC) of the poly(methyl methacrylate-co-2-

vinylpyridine-g-dimethylsiloxane) copolymers revealed phase transitions reflective of the 

poly(2-vinylpyridine-co-methyl methacrylate) backbone and PDMS grafts (figure 3.7).  

Glass transition temperatures (Tgs) for the PDMS grafts were observed at approximately 

–100, -110, and -125 °C for the 1940, 9250 and 18,500 g/mol PDMS grafts, respectively.  
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The Tg of the poly(2-vinylpyridine-co-methyl methacrylate) backbone of the copolymers 

was consistently observed at 85 °C.  The presence of two distinct glass transition 

temperatures indicated that the PDMS grafts were phase separated from the organic 

backbone of the graft copolymers.   

 

 

Figure 3.7.  DSC temperature scan of a 59,300 g/mol poly(methyl methacrylate-co-2-
vinylpyridine-g-dimethylsiloxane) copolymer with 13 weight percent of 18,500 g/mol 
PDMS grafts   
 

3.5.4  Synthesis of cobalt nanoparticles stabilized with poly(methyl methacrylate-co-

2-vinylpyridine-g-dimethylsiloxane) copolymers  

 Superparamagnetic cobalt nanoparticles were synthesized by thermally 

decomposing Co2(CO)8 in concentrated toluene solutions containing poly(methyl 

methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymers.  The thermolysis 
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reactions were carried out at toluene reflux for 3 hours under an argon purge to minimize 

oxidation of the cobalt nanoparticles. It is believed that the pendent 2-vinylpyridine 

groups of the graft copolymer backbone adsorbed onto the cobalt particle surfaces 

whereas the PDMS grafts were selectively solvated in toluene and afforded steric 

stabilization of the nanoparticles.  It has been shown previously by Platonova et al. that 

poly(styrene-b-4-vinylpyridine) copolymers effectively stabilize cobalt nanoparticles via 

complexation of 4-vinylpyridine to cobalt particle surfaces.221  The authors proposed 

formation of a cationic-anionic complex between 4-vinylpyridine and cobalt carbonyl 

species during the thermolysis of Co2(CO)8.   

FT-IR spectroscopy was used in this research to monitor the thermolysis of 

Co2(CO)8 to metallic cobalt.  FT-IR of the reaction mixture immediately after adding the 

Co2(CO)8 revealed carbonyl stretches at 2030, 2065, and 1858 cm-1.  Aliquots of the 

reaction medium immediately after heating to 110 °C revealed the characteristic 

absorption bands of Co4(CO)12 at 2058 and 1867 cm-1 as reported previously by 

Tannenbaum et al.222 After refluxing the reaction solution at 110 °C for five hours, the 

characteristic carbonyl stretches of Co4(CO)12 were significantly reduced.  However, 

residual carbonyl stretches were still observed at 2058 and 1867 cm-1.  Transmission 

electron micrographs of the cobalt ferrofluids after 3 h of toluene reflux revealed well-

dispersed cobalt nanoparticles approximately 5-10 nm in diameter when graft copolymer 

systems with 1,940 and 9,250 g/mol PDMS chains were employed (figure 3.8).  

Interestingly, the graft copolymer with the 18,500 g/mol macromonomer resulted in 

macroscopic aggregation of cobalt during the thermolysis reaction.  This phenomena is 

                                                
221 Platonova, O. A.; Bronstein, L. M.; Solodovnikov, S. P.; Yanovskaya, I. M.; Obolonkova, E. S.; 
Valetsky, P. M.; Wenz, E.; Antonietti, M., Coll. Polym. Sci. 1997, 275, 426-431. 
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likely a consequence of the low grafting efficiency of the higher molecular weight PDMS 

macromonomer as the copolymers in this system had fewer than 1 graft per chain (~ 0.41 

PDMS grafts per chain of copolymer) whereas the graft copolymers with the 1,940 and 

9,250 g/mol PDMS macromonomers contained approximately 7.0 and 1.6 grafts per 

chain of copolymer respectively.  Consequently, it was reasoned that the graft copolymer 

with the 18,500 g/mol macromonomer did not possess an adequate number of PDMS 

grafts to sterically stabilize the cobalt nanoparticles. 

Vibrating sample magnetometry (VSM) was used to investigate the magnetic 

properties of the cobalt nanoparticles as well as their oxidative stability under ambient 

conditions.  Magnetic hysteresis loops of the graft copolymer-cobalt complexes revealed 

superparamagnetic behavior as zero remanent magnetization was observed when the 

applied magnetic field was reduced to zero (figure 3.9).  The saturation magnetization of 

the solid cobalt-graft copolymer complexes was approximately 8.2 emu g-1 prior to 

exposure to ambient conditions.  Unfortunately, this value decreased to 3 emu g-1 within 

7 days of exposure to air at room temperature.  This dramatic reduction in saturation 

magnetization is likely the consequence of antiferrogmagnetic cobalt oxide formation and 

indicates that the poly(2-vinylpyrdine-co-methyl methacrylate) organic sheaths around 

the cobalt nanoparticles did not provide an effective barrier against cobalt nanoparticle 

oxidation.  

 

 

 

                                                                                                                                            
222 Tannenbaum, R., Inorganica Chimica Acta 1997, 227, 233-240. 
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Figure 3.8.  TEM micrographs of cobalt nanoparticles encapsulated with 88,000 g/mol 
poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymers with 17 
weight percent of 9,250 g/mol PDMS grafts 
 

 

 
Figure 3.9.  Magnetic hysteresis loop of cobalt nanaoparticles encapsulated with an 
88,000 g/mol poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) 
copolymer with 17 weight percent of 9,250 g/mol PDMS grafts 
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3.6 Conclusions 

 Poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) copolymers 

have been synthesized by copolymerizing 2-vinylpyridine and methyl methacrylate in the 

presence of methacryloxy-functional PDMS macromonomers.  The targeted 20 weight 

percent of PDMS grafts was nearly achieved when 1940 and 9250 g/mol 

macromonomers were employed in the reactions.  When an 18,500 g/mol macromonomer 

was used, however, only approximately 13% weight percent PDMS was incorporated.  

The graft copolymers with the 1,940 and 9,250 g/mol macromonomers were successfully 

used to form stable cobalt ferrofluids comprised of cobalt nanoparticles approximately 5-

10 nm in diameter.  VSM measurements of the graft copolymer-cobalt complexes 

revealed a reduction in saturation magnetization of approximately 63% within 7 days of 

exposure to ambient conditions.  
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CHAPTER 4  

Poly(styrene-b-4-vinylphenylcyanate) – cobalt complexes and their conversion to 

cobalt nanoparticles encapsulated in triazine networks 

 
4.1 Abstract 

 Dispersible, superparamagnetic cobalt nanoparticles encapsulated in triazine 

networks were formed by heating cobalt nanoparticles which were coated with 

poly(styrene-b-4-vinylphenylcyanate) copolymers at 225 °C for 2 hours under inert 

conditions.  The block copolymers were synthesized through the sequential anionic 

polymerization of styrene and tert-butyldimethylsilyloxystyrene to afford poly(styrene-b-

tert-butyldimethylsilyloxystyrene).  The silyl ether bonds of the copolymer were 

hydrolyzed under acidic conditions to yield poly(styrene-b-4-vinylphenol).  The pendent 

phenols of the diblock copolymer were reacted with cyanogen bromide to generate 

poly(styrene-b-4-vinylphenylcyanate).  Superparamagnetic cobalt nanoparticles that were 

~8-10 nm in diameter were formed via the thermolysis of Co2(CO)8 in concentrated 

solutions of toluene containing poly(styrene-b-4-vinylphenylcyanate).  The cobalt-

copolymer complexes were concentrated to a solid state, and the poly(4-

vinylphenylcyanate) anchor blocks of the copolymers were crosslinked at 225 °C for 2 

hours to afford cyanate ester networks encapsulating the nanoparticles.  The cobalt-

copolymer complexes were then sonicated in toluene to yield stable suspensions of cobalt 

nanoparticles.  Magnetic susceptibility measurements of the cobalt-copolymer complexes 

indicated that the cyanate ester networks limited the reduction in saturation magnetization 

of the nanoparticles to 25% after prolonged exposure to ambient conditions (125 days). 
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4.2 Introduction 

 Magnetic fluids are a unique class of materials that are recognized as stable 

suspensions of nanometer-sized magnetic particles dispersed in a carrier fluid.223  The   

development of magnetic fluids began in the early 1960s with the work of Hess and 

Parker224 and has advanced substantially via the pioneering work of Rosensweig,225 

Smith,226 and Papirer.227  Magnetic fluids are currently employed in a number of 

commercial applications such as magnetic recording media, loud speakers, and exclusion 

seals, and magnetic particles are also aggressively being investigated for use in a number 

of biomedical applications.223  

 Magnetic materials can be generated with a number of transitions metals 

including Co, Fe, and Ni in addition to iron oxides in the form of magnetite (Fe3O4) and 

maghemite (γ-Fe2O3).223  Currently, the bulk of magnetic nanoparticle research for 

biotechnological applications has involved the iron oxides due to their oxidative stability 

and biocompatibility.  Magnetic nanoparticles comprised of transition metals have the 

potential to afford significantly greater magnetic responses than the iron oxides, but their 

utility has been hampered by their propensity to oxidize and form antiferromagnetic 

oxides.  Thus, materials that afford protective coatings around magnetic transition metal 

nanoparticles would likely be an enabling technology facilitating their incorporation in 

future applications. 

                                                
223 Berkovski, B., Magnetic Fluids and Applications Handbook. Bashtovoy, V., Begell House Inc.: New 
York, 1996. p 1-55. 
224 Hess, P.; Parker, P., J. Appl. Polym Sci. 1966, 10, 1915. 
225 Rosensweig, R. E., Ferrohydrodynamics. Dover Publications: Minneola, N.Y., 1985. p p. 70. 
226 Smith, T.; Wychick, D., J. Chem. Phys. 1980, 84, 1621-1629. 



 

 

112 

 

 In this chapter, the formation of cobalt nanoparticles encapsulated with 

polycyanurate (triazine) networks derived from the cobalt dispersion stabilizer 

poly(styrene-b-4-vinylphenylcyanate) is reported.  The poly(4-vinylphenylcyanate) 

blocks are believed to complex to the particles and later afford a rigid, three-dimensional 

network on the surface of the particles whereas the polystyrene blocks serve  as tailblocks 

to afford steric stabilization of the nanoparticles in nonpolar media.  It is has been shown 

previously that cyanate ester resins at least partially undergo a cyclotrimerization curing 

process at elevated temperatures to afford high-performance polycyanurate networks 

(figure 4.1).  Such networks typically have relatively high glass transition temperatures 

(~250 – 300 °C), desirable mechanical properties, and low moisture sorption.228,229,230  

Consequently, polycyanurate networks are used commercially in printed circuit boards 

and structural composites.228,230  Herein, the capacity for polycyanurate networks to limit 

or prevent the oxidation of cobalt nanoparticles exposed to air at room temperature will 

be evaluated.  

                                                                                                                                            
227 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci 1983, 94, 
207. 
228 Hamerton, I., Chemistry and Technology of Cyanate Ester Resins. Blackie Academic and Professional: 
London, 1994. p 85. 
229 Li, W.; Liang, G.; Xin, W., Polym. Int 2004, 53, 869-876. 
230 Ramirez, M.; Walters, R.; Lyon, R.; Savitski, E., Polymer Degradation and Stability 2002, 78, 73-82. 
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Figure 4.1.  Cyclotrimerization of cyanate ester moieties to polycyanature networks228-230  
 
 
4.3 Experimental  
 
4.3.1 Materials   

Tetrahydrofuran (99.5%, E.M. Sciences) was dried over calcium hydride 

overnight, then refluxed over sodium in the presence of benzophenone until the solution 

was a deep purple.  The THF was distilled just prior to use.  Styrene (Aldrich, 99%) was 

stirred over calcium hydride for 24 h and distilled prior to use.  Chemfirst, Inc. kindly 

donated 4-acetoxystyrene, which was used as received.  Potassium hydroxide, diethyl 
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ether, imidazole, N,N-dimethylformamide, magnesium sulfate, n-butyllithium (2.0 M in 

n-hexane), and tert-butyldimethylchlorosilane were purchased from Aldrich and used as 

received.  Triethylamine (Aldrich) was dried over calcium hydride for 24 h and distilled 

prior to use.  Cyanogen bromide was purchased from Aldrich and used as received. N-

Methyl-2-pyrrolidinone (NMP) was purchased from Fisher-Scientific, dried over calcium 

hydride, and distilled into a round-bottom flask containing activated molecular sieves.  

Dicobalt octacarbonyl (Alfa Aesar) was transferred to sealed glass vials in a dry box and 

stored at –10 °C until used.  Toluene (Aldrich, 99%) was stirred over calcium hydride 

and distilled prior to use. 

 
4.3.2. Synthesis of 4-vinylphenol 

Potassium hydroxide (44 g, 0.78 mol) and 500 mL of deionized water were 

charged to a 1000-mL, single-neck round bottom flask.  The solution was cooled in an ice 

bath to 0 °C and 50 mL (0.33 mol) of 4-acetoxystyrene was injected with rapid stirring to 

afford a yellow slurry.  The reaction mixture was maintained at 0 °C for 5 h, and the 

medium became transparent during this period.  Approximately 30 mL of HCl (11.97 M) 

was added dropwise to precipitate the product.  The monomer was collected using 

vacuum filtration, washed with deionized water, and dried under vacuum at room 

temperature for 24 h.  Approximately 90% yield was obtained. 
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4.3.3. Synthesis of tert-butyldimethylsilyloxystyrene 

Tert-butyldimethylsilyloxystyrene was synthesized by the method of Hirao et 

al.231  4-Vinylphenol (20 g,  0.17 mol) and imidazole (28.4 g, 0.42 mol) were charged to a 

flame-dried, 250-mL, single-neck, round bottom flask equipped with a magnetic stir bar 

and capped with a septum under argon.  Approximately 200 mL DMF was added via 

syringe, and the reaction mixture was cooled to 0 °C.  A solution of tert-

butyldimethylchlorosilane (31.3 g, 0.21 mol) in DMF (40 mL) was added dropwise over 

~30 min.  The mixture was warmed to room temperature and reacted for 12 h.  

Approximately 100 mL of a 10 M aqueous NaOH solution was added, followed by 200 

mL of diethyl ether to extract tert-butyldimethylsilyloxystyrene.  The layer containing the 

product in diethyl ether was isolated using a separatory funnel and washed eight times 

with 10 M aqueous NaOH solutions (200 mL each).  The diethyl ether was removed 

under vacuum at room temperature, and tert-butyldimethylsilyloxystyrene was distilled 

under vacuum at 180 °C.  Approximately 85% yield was obtained.      

 

4.3.4. Synthesis of poly(styrene-b-tert-butyldimethylsilyloxystyrene)231   

A representative procedure for preparing a block copolymer with a 20,000 g mol-1 

polystyrene block and a 5,000 g mol-1 poly(tert-butyldimethylsilyloxystyrene) block is 

provided.  All other poly(styrene-b-tert-butyldimethylsilyloxystyrene) block copolymers 

were prepared in analogous procedures, but with appropriate concentrations of the n-

butyllithium initiator relative to monomers to control the block molecular weights.  

Styrene (10 g, 0.096 mol) was injected into a flame-dried, single neck, 250-mL, round 

bottom flask containing 75 mL THF.  The reaction solution was cooled to -78 °C and 
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degassed under vacuum.  The initiator n-butyllithium (0.25 mL of a 2.0 M solution, 0.50 

mmol) was added into the vigorously stirring, cold, reaction mixture via syringe.  After 

approximately 10 min, a solution of freshly distilled tert-butyldimethylsilyloxystyrene 

(2.5 g, 0.011 mol) in 50 mL THF was transferred slowly via cannula into the reaction 

under an argon purge.  The living chain ends were terminated with degassed methanol 

after approximately 10 min.  The copolymer was precipitated by pouring the reaction 

solution into a beaker of stirring methanol.  The yield was quantitative (12.5 g). 

 

4.3.5 Synthesis of poly(styrene-b-4-vinylphenol)  

Deprotection of the tert-butyldimethylsilyl ether group was accomplished by 

hydrolyzing the silyl ether bond under acidic conditions.  An ~0.6 M solution of HCl in 

water-THF was prepared by injecting 3.0 mL of an 11.97 M aqueous HCl solution into 

60 mL of THF.  The poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymer (12 g, 

4.8 x 10-4 mol) was dissolved in 60 mL of the acidic THF solution and reacted at 50 °C 

overnight.  The copolymer was precipitated by pouring the reaction mixture into a beaker 

of stirring water.  The product was filtered, dried under vacuum, dissolved in THF (50 

mL) and re-precipitated by adding it into 500 mL of rapidly stirring hexane.  The 

copolymer was dried in a vacuum oven for 48 h at 75 °C.  The yield was quantitative 

(10.8 g). 

 

 

 

 

                                                                                                                                            
231 Hirao, A.; Kitamura, K.; Takenaka, K.; Nakahama, S., Macromolecules 1993, 26, 4995-5003. 
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4.3.6 Synthesis of poly(styrene-b-4-vinylphenylcyanate)  

An exemplary procedure for reacting the pendent phenols of a 44,103 g mol-1 

poly(styrene-b-4-vinylphenol) copolymer containing a 4103 g mol-1 poly(4-vinylphenol) 

block is provided.  Poly(styrene-b-4-vinylphenol) (3.0 g, 2.33 mmol phenol) was 

dissolved in 15 mL NMP.  The solution was cooled to 0 °C using an ice bath and 

cyanogen bromide (0.30 g, 2.83 mmol) dissolved in 15 mL of THF was injected into the 

reaction medium.  Triethylamine (0.41 mL, 2.96 mmol) was added dropwise with rapid 

stirring while maintaining a solution temperature of 0 °C.  The reaction medium was 

allowed to slowly warm to room temperature and then it was stirred at room temperature 

for 24 h.  The reaction solution was filtered to remove salts, and the copolymer was 

isolated by precipitation into a beaker of stirred methanol (800 mL).  

 

4.3.7  Stabilization of cobalt nanoparticle dispersions with poly(styrene-b-4-

vinylphenylcyanate)   

A 3-neck, 250-mL, round bottom flask equipped with a condenser, mechanical 

stirrer, and a septum-capped neck was flame-dried under argon.  Approximately 50 mL 

of toluene was injected into the flask.  A 46,200 g mol-1 poly(styrene-b-4-

vinylphenylcyanate) copolymer (1.0 g, 2.16 x 10-5 mol, 0.931 meq cyanate) was added 

quickly and dissolved.  The reaction medium was deoxygenated by purging argon 

through the solution for 2 h.  Dicobalt octacarbonyl (1 g, 2.93 mmol) was quickly added 

to the flask and dissolved at room temperature.  The reaction was heated to 50 °C for 1 h 

and then refluxed at 110 °C for 2 h.  The resultant dispersion was cooled to room 
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temperature, transferred to a flame-dried, septum-capped, 100-mL, round bottom flask 

via cannula, and stored under argon. 

 

 

4.3.8 Crosslinking of cobalt – poly(styrene-b-4-vinylphenylcyanate) complexes  

Toluene was removed from the ferrofluids under vacuum at 100 °C over ~24 h.  

Approximately 1 g of the cobalt-copolymer complex was placed in a ceramic boat and 

positioned in the center of a quartz tube in a tube furnace.   The complex was heated at 

225 °C for 2 h and cooled to room temperature while under an argon purge. 

 

4.4. Characterization 

4.4.1 1H NMR spectroscopy   

A Varian Unity 400 MHz NMR spectrometer was used to collect 1H NMR spectra 

of the reagents, monomers, and copolymers.  Proton NMR was also employed to confirm 

the conversion of vinyl functional groups during the anionic polymerization reactions.  

The instrument was operated at a frequency of 399.954 MHz, with a recycle delay of 1 s, 

an acquisition time of 3.7 s, and a 22° pulse angle.  

 

4.4.2 Gel permeation chromatography (GPC) 

GPC was employed to investigate the molecular weights and molecular weight 

distributions of the poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers.  A 

Waters 2690 GPC equipped with a Waters HR 0.5 + HR 2 + HR 3 + HR 4 styragel 

column set, an online Viscotek 100 differential viscometric detector, and a Viscotek laser 
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refractometer were used for chromatographic analysis.  Chloroform was employed as the 

mobile phase at 25 °C and a flow rate of 1.0 mL min-1.  Polystyrene standards were used 

to construct a calibration plot.  The molecular weights of the samples were determined 

using a universal calibration.  

 

4.4.3 Infrared spectroscopy 

A Nicolet Impact 400 FT-IR spectrometer was used to verify the presence of 

hydroxyl and cyanate functional groups in poly(styrene-b-4-vinylphenol) and  

poly(styrene-b-4-vinylphenylcyante) copolymers respectively.  All spectra were acquired 

on thin films that had been solution cast onto KBr discs.  FT-IR was further employed to 

evaluate the cyanate curing reactions of the poly(styrene-b-4-vinylphenylcyante) 

copolymers.  The peak height of the –OCN stretch of the cyanate groups in the  

poly(styrene-b-4-vinylphenylcyanate) copolymers was used to monitor the cure.  Thin 

films of the block copolymers were solvent cast from toluene onto KBr discs and heated 

in a ceramic heat cell in the spectrometer.  The cyanate stretch of the poly(4-

vinylphenycyanate) block was readily observed at approximately  2240 cm-1 and used to 

calculate percent conversion of the cyanate groups during the curing reaction.  The 

copolymers were cured for 300 minutes at either 200 or 225 °C while spectra were 

obtained at 15 minute intervals.  The out-of-plane C-H bend of the aromatic groups in the 

copolymers (~760 cm –1) was utilized to normalize the spectra before calculating the 

percent conversion of the cyanate groups.     
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4.4.4 Transmission electron microscopy (TEM) 

A Philips 420T TEM run at 100 kV was used to obtain electron micrographs of 

the cobalt ferrofluids.  The TEM samples were prepared by casting a few drops of the 

magnetic fluid, which had been diluted with toluene until it was the color of “weak tea,” 

onto a carbon-coated copper grid and allowing the toluene to evaporate.  

 

4.4.5 Thermogravimetric analysis (TGA)   

A TA Q0500 TGA was used to investigate the degradation behavior of the 

poly(styrene-b-4-vinylphenylcyanate) copolymers under inert conditions.  The samples 

(8-10 mg) were heated from 30 to 700 °C at a ramp rate of 10 °C min-1 in platinum pans 

under a nitrogen atmosphere.   Sample weight loss was monitored as a function of 

temperature, and the char yields afforded at 700 °C were recorded for each sample. 

 

4.4.6  Differential scanning calorimetry (DSC)  

A TA Instruments differential scanning calorimeter Q1000 was employed to 

analyze the phase behavior of the copolymers.  Approximately 5-10 mg of the materials 

were heated from 30 to 150 °C at a ramp rate of 5 °C min-1 under nitrogen.  TA universal 

analysis software was utilized to analyze the thermograms. 

 

4.4.7 Magnetometry 

A Lakeshore 7300 Series vibrating sample magnetometer (VSM) was employed 

for magnetization measurements of the cobalt ferrofluids and crosslinked complexes.  All 

measurements were carried out in applied fields from 8000 to -8000 Oe with a sensitivity 

setting of 0.1 emu. 
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4.5 Results and Discussion 

4.5.1 Synthesis of poly(styrene-b-4-vinylphenylcyanate) cobalt dispersion stabilizers 
 
 The synthesis of poly(styrene-b-4-vinylphenylcyanate) began with the synthesis 

of the template copolymer poly(styrene-b-tert-butyldimethylsilyloxystyrene) by low 

temperature living anionic polymerization.  The silyl ether bonds of the poly(tert-

butyldimethylsilyloxystyrene) block were stable to the living anionic reaction conditions 

whereas electrophilic cyanate esters would readily react with anionic species.232  The silyl 

ether bonds of the poly(tert-butyldimethylsilyloxystyrene) block were cleaved to afford 

pendant phenols that were chemically modified with cyanogen bromide to afford well-

defined poly(4-vinylphenylcyanate) blocks.  It was anticipated that the poly(4-

vinylphenylcyanate) blocks would serve as so-called anchor blocks by adsorbing onto 

metallic cobalt nanoparticles while the poly(styrene) blocks would be selectively solvated 

in nonpolar media.  Thus, these block copolymers were utilized as templates in toluene to 

stabilize colloidal cobalt dispersions.  Once the cobalt dispersions were prepared, the 

copolymer-cobalt complexes were heated to afford triazine networks encapsulating the 

cobalt nanoparticles.233 

 The poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers were 

synthesized using the procedure established by Hirao et al. (figure 4.2).232  This scheme 

involves the sequential anionic polymerization of styrene and the protected phenol 

monomer tert-butyldimethylsilyloxystyrene.  The reactions were carried out at –78 °C to 

avoid cleaving the silyl ether bond of tert-butyldimethylsilyloxystyrene.  THF was 

                                                
232 Hirao, A.; Kitamura, K.; Takenaka, K.; Nakahama, S., Macromolecules 1993, 26, 4995-5003. 
233 Ganguli, S.; Dean, D.; Jordan, K.; Price, G.; Vaia, R., Polymer 2003, 44, 6901-6911. 
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employed as the reaction solvent since it readily solvated both monomers and both 

blocks.  The reaction medium turned dark red upon adding the n-butllithium initiator to 

the styrene solution indicating the formation due of polystyryl chain ends, and this deep 

red color was maintained upon subsequent addition of the protected phenol monomer, 

again confirming the presence of the carbanions.  Proton NMR of aliquots of the reaction 

medium immediately after the addition of both n-butyllithium to the styrene solution, and 

later tert-butyldimethylsilyloxystyrene, indicated that quantitative conversion of the vinyl 

groups (σ = 5.2, 5.6, 6.7 ppm) was achieved within seconds for both monomers.  The 

rapid reaction kinetics was a consequence of the THF affording highly reactive, solvent-

separated anionic chain ends.  The reaction medium became colorless once the living 

chain ends were quenched with methanol.  Proton NMR of the isolated copolymers 

revealed proton sets reflective of polystyrene and poly(tert-butyldimethylsilyloxystyrene) 

(figure 4.3).  
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Figure 4.2.  Synthesis of poly(styrene-b-tert-butyldimethylsilyloxystyrene) 
 
 
 A series of poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers were 

synthesized as summarized in table 4.1.  As clearly revealed via GPC, the targeted and 

experimental number average molecular weights were in close agreement for the various 

block copolymer systems.  Moreover, the GPC chromatograms of the copolymers 

revealed narrow, monomodal peaks with low polydispersity indices reflective of living, 

anionic polymerizations.   
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Figure 4.3. 1H NMR of poly(styrene-b-tert-butyldimethylsilyloxystyrene) 
 
 
Table 4.1. Molecular weights of poly(styrene-b-tert-butyldimethylsilyloxystyrene) 
copolymers 
 
Targeted PS Block 

Mn (g/mol) 
Targeted Protected 

Phenol Block Mn 
(g/mol) 

Mn GPC 
(g/mol) 

 
PDI 

10,000 2,500 15,300 1.20 
20,000 5,000 25,800 <1.03 
30,000 5,000 39,000 1.05 
40,000 10,000 48,000 1.09 

 
 

 

The poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers were 

converted to poly(styrene-b-4-vinylphenol) copolymers by cleaving the silyl ether bonds 

of the poly(tert-butyldimethylsilyloxystyrene) blocks under acidic conditions.  Proton 
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NMR of the isolated copolymers revealed the absence of the tert-butylsilyl and dimethyl 

silyl proton sets ( σ = 1.0 and 0.2 ppm) while FT-IR of the copolymes revealed a broad 

hydroxyl stretch at approximately 3500 cm-1.  

 Poly(styrene-b-4-vinylphenylcyanate) was synthesized by reacting the pendant 

phenols of poly(styrene-b-4-vinylphenol) with cyanogen bromide as described by Grigat 

et al. (figure 4.4).234,235,236  Poly(styrene-b-4-vinylphenol) and cyanogen bromide were 

dissolved in THF and cooled to 0 °C.  Triethylamine was then added dropwise with 

rigorous stirring to form the phenolate nucleophile and the reaction temperature was 

maintained below 5 °C.  The low reaction temperature was needed to avoid the unwanted 

von Braun reaction in which triethylamine and cyanogen bromide react to form 

disubstituted cyanamide and alkyl bromide byproducts.237  The triethylammonium 

bromide salts were removed via filtration, and the copolymer was isolated by 

precipitation into methanol.  The chemical modification of the phenols was nearly 

quantitative as revealed by 13C NMR of the purified copolymers (figure 4.5). 

                                                
234 Grigat, E.; Putter, R., Chem. Ber. 1964, 97, 3012. 
235 Grigat, E., Angew. Chem. Internat. Edit 1972, 11, 949. 
236 Hamerton, I., Chemistry and Technology of Cyanate Ester Resins. Blackie Academic and Professional: 
London, 1994. p 85.. 
237 Hageman, H. A., Org. React. 1953, 7, 198. 
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Figure 4.4. Synthesis of poly(styrene-b-4-vinylphenylcyanate) 
 
 

 
 
Figure 4.5.  13C NMR of poly(styrene-b-4-vinylphenylcyanate) 
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4.5.2 Thermal properties of poly(styrene-b-4-vinylphenylcyanate) block copolymers 
  

DSC and TGA were used to evaluate the thermal transitions and degradation 

behavior of the poly(styrene-b-4-vinylphenylcyanate) copolymers.  DSC temperature 

scans of poly(styrene-b-4-vinylphenylcyanate) copolymers having number average 

molecular weights ranging from 11,550 to 46,200 g mol-1 were carried out from 30 to 150 

°C at a ramp rate of 10 °C.  A single Tg was observed for the block copolymers ranging 

from approximately 95 – 100 °C (figure 4.6).   

 Thermogravimetric temperature scans were also conducted on the poly(styrene-b-

4-vinylphenylcyanate) copolymer series to elucidate their thermal degradation behavior 

under an inert atmosphere.  The temperature scans were run from 30 to 800 °C at a ramp 

rate of 10 °C under a nitrogen atmosphere (figure 4.7).  The onset of weight loss for the 

11,550 g mol-1 copolymer was at ~325 °C whereas the higher molecular (23,100; 33,100, 

and 46,200 g mol-1) copolymers had initial weight losses that began at ~425 – 450 °C.  

Thus, it was reasoned that the poly(4-vinylphenylcyanate) blocks of the copolymers 

could be crosslinked at temperatures up to 300 °C under inert conditions without thermal 

degradation.  The char yields of the copolymers at 800 °C ranged from ~1-4 %. 
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Figure 4.6.  DSC temperature scans of poly(styrene-b-4-vinylphenylcyanate) 
copolymers.  The first number represents the number average molecular of the 
polystyrene block and the second number constitutes the number average molecular 
weight of the  poly(4-vinylphenylcyanate) block. 
 
 
 
 
 



 

 

129 

 

 
 
Figure 4.7.  TGA temperature scans of poly(styrene-b-4-vinylphenylcyanate) copolymers 
at a ramp rate of 10 °C under nitrogen 
 

 

4.5.3 Curing analysis of poly(styrene-b-4-vinylphenylcyanate) copolymers 

FT-IR was utilized to analyze the curing reactions of the poly(4-

vinylphenylcyanate) blocks.  It has been established that cyanate ester monomers readily 

undergo cyclotrimerization reactions between 200–300 °C to form triazine networks.238 

The –OCN cyanate stretch of the poly(styrene-b-4-vinylphenylcyanate) copolymers at 

~2240 cm-1 was used to monitor their cure at 200 and 225 °C for 300 minutes at 15 

minute intervals (figure 4.8).  Thin films of the block copolymers were cast onto KBr 

discs and cured in a ceramic heat cell in the spectrometer.  The out-of-plane C-H bend of 

the aromatic groups (~760 cm–1) was used to normalize the spectra before calculating the 

                                                
238 Hamerton, I., Chemistry and Technology of Cyanate Ester Resins. Blackie Academic and Professional: 
London, 1994. p 85. 
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percent conversion of the cyanate groups.  As shown in figure 4.9, ~40% of the cyanate 

groups were consumed after 15 minutes at 200 °C.  Cyanate conversion appeared to level 

off at ~60% after 210 minutes at 200 °C.  When a curing temperature of 225 °C was 

employed, however, quantitative conversion of the cyanate groups was observed within 

15 minutes.  Consequently, 225 °C was chosen for the crosslinking reactions of the 

poly(4-vinylphenylcyanate) blocks on the cobalt nanoparticles.   

 

 

Figure 4.8.  FT-IR spectrum of a poly(strene-b-4-vinylphenylcyanate) copolymer 
showing the cyanate stretch at ~2240 cm-1 
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Figure 4.9.  Percent conversion of the cyanate groups of poly(styrene-b-4-
vinylphenylcyanate).  The bottom line represents a copolymer film cured at 200 °C for 
300 min and the upper trace reflects a copolymer film cured at 225 °C for 300 min. 
 

4.5.4 Stabilization of magnetic cobalt nanoparticle dispersions with poly(styrene-b-

4-vinylphenylcyanate) copolymers 

Poly(styrene-b-4-vinylphenycyanate) copolymers derived from the poly(styrene-

b-tert-butyldimethylsilyloxystyrene) copolymers listed in table 4.1 were employed as 

stabilizers for cobalt nanoparticle dispersions.  Cobalt ferrofluids were formed via the 

thermolysis of Co2(CO)8 in concentrated solutions of toluene containing the poly(styrene-

b-4-vinylphenylcyanate) copolymers.  The poly(4-vinylphenylcyanate) blocks were 

utilized to complex to the metal surface and later afford triazine networks encapsulating 

the cobalt nanoparticles, whereas the polystyrene blocks were designed as tailblock steric 
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stabilizing agents to prevent aggregation of the nanoparticles in nonpolar media (figure 

4.10).   

 

Figure 4.10.  Idealized cartoon representing a cobalt nanoparticle stabilized with 
poly(styrene-b-4-vinylphenylcyanate)  
 

A summary of the cobalt reactions carried out with the cyanate-containing block 

copolymers is provided in table 4.2.  In this investigation, a series of three poly(styrene-

b-4-vinylphenylcyanate) copolymers with number-average molecular weights of 11,550 

[10,000 polystyrene/1550 poly(vinylphenylcyanate)], 33,100 [30,000 polystyrene/3100 

poly(vinylphenylcyanate)] and 46,200 g mol-1 [40,000 polystyrene/6200 poly(4-

vinylphenylcyanate)] were evaluated for their capacity to form superparamagnetic cobalt 

ferrofluids via the thermolysis of Co2(CO)8.  The thermolysis reactions were carried out 

at 50 °C for 1 hour and for 2 hours under toluene reflux at 110 °C.   

When 0.50 and 0.34 g of the block copolymers were used to stabilize 0.34 g of 

cobalt, a tremendous amount of cobalt aggregation was observed during the thermolysis 

Poly(4-vinylphenyl-

cyanate) anchor blocks

Polystyrene tails

Metallic cobalt 
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reaction.  Moreover, transmission electron micrographs of solvent cast aliquots of the 

particles suggested the existence of interconnected cobalt nanoparticles approximately 

10-15 nm in diameter (figure 4.11).  It is believed that cobalt aggregation and particle 

chaining was a consequence of uncomplexed cobalt carbonyl species degrading in 

solution rather than within the cyanate containing copolymer aggregates.  Thus, the 

particles were not sterically encased by the block copolymers and dipole-dipole 

interactions amongst the particles resulted in the presence of oriented chains.  

 Conversely, when one gram of the various copolymers was used to stabilize the 

cobalt nanoparticle dispersions, stable dispersions of 8-10 nm particles were generated. 

Transmission electron microscopy was employed to evaluate the nature of the copolymer 

– cobalt carbonyl aggregates during the course of these thermolysis reactions (figure 

4.12).  Immediately after the addition of Co2(CO)8 to the copolymer solution, 2-3 nm and 

20-nm aggregates were observed.  It is believed that the 20-nm aggregates consisted of 

copolymer aggregates containing Co2(CO)8 whereas the 2-3 nm aggregates constituted 

uncomplexed cobalt carbonyl.  After the reaction medium was heated to 50°C for one 

hour, solvent cast micrographs revealed the exclusive existence of the 20 nm copolymer-

cobalt carbonyl aggregates.  It is postulated that at this stage of the thermolysis reaction, 

the majority of the cobalt carbonyl was complexed with the cyanate-containing 

copolymers, resulting in an abundance of the 20-nm aggregates.  After the reaction 

medium was refluxed at 110 °C for 2 hours, the 20-nm copolymer-cobalt carbonyl 

aggregates appeared to have condensed to spherical particles with diameters of 

approximately 8-10 nm.   
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Table 4.2.  Summary of cobalt reactions with poly(styrene-b-4-vinylphenylcyanate) 
Mn of 

Diblock 
Copolymer 

Amount 
Copolymer 

(g) 

Amount 
Cobalt (g) 

Volume 
toluene 
(mL) 

Superparamagnetic 
Ferrofluid (Y/N) 

10k – 1.5k 0.34 0.34 50  N 

10k – 1.5k 0.50 0.34 50 N 

10k – 1.5k 1.00 0.34 50 Y 

30k – 3.1k 0.34 0.34 50 N 

30k – 3.1k 0.50 0.34 50 N 

30k – 3.1k 1.00 0.34 50 Y 

   40k – 6.2k 0.34 0.34 50 N 

40K – 6.2k 0.50 0.34 50 N 

40K – 6.2k 1.00 0.34 50 Y 

 

 

Figure 4.11.  TEM micrograph of the reaction medium when 0.34 g of a 46,200 g mol-1 
poly(styrene-b-4-vinylphenylcyante) copolymer was used to stabilize 0.34 g of cobalt 
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Figure 4.12.  TEM micrographs of a reaction medium when 1.0 g of a 46,200 g mol-1 
poly(styrene-b-4-vinylphenylcyanate) copolymer [40,000 polystyrene/6200 poly(4-
vinylphenylcyanate)] was used to stabilize 0.34 g of cobalt.  Left: The reaction medium 
immediately after the addition of Co2(CO)8. Middle: After heating at 50 °C for 1 h. Right: 
After heating at 110 °C for 4 h. 
 

FT-IR spectroscopy was used to monitor the thermolysis of Co2(CO)8 during 

ferrofluid formation.  The reaction mixture immediately after adding the Co2(CO)8 

revealed carbonyl stretches at 2030, 2065, and 1858 cm-1.  Aliquots of the reaction 

medium after the one hour at 50 °C showed the characteristic carbonyl stretches of 

Co4(CO)12 at 2058 and 1867 cm-1 as noted earlier by Tannenbaum et al.239  After 

refluxing the reaction solution at 110 °C for 2 hours, the carbonyl stretches of Co4(CO)12 

were dramatically reduced, yet still present, indicating that complete elimination of the 

carbon monoxide ligands of the cobalt carbonyl species to form metallic cobalt had not 

occurred.   

Vibrating sample magnetometry of the reaction solutions after cooling to room 

temperature indicated that the particles superparamagnetic.  A representative magnetic 

hysteresis loop of a solution containing cobalt nanoparticles stabilized with poly(styrene-

b-4-vinylphenycyanate) is provided in figure 4.13.  The lack of a measurable moment in 
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the fluid when the externally applied magnetic field was returned to zero is reflective of 

superparamagnetism.     

 

 

 
 
Figure 4.13.  Vibrating sample magnetometry hysteresis loop of cobalt nanoparticles 
coated with a 46,200 g mol-1 poly(styrene-b- 4-vinylphenylcyanate) copolymer [40,000 
polystyrene/6200 poly(4-vinylphenylcyanate)] 
 

4.5.5  Formation of triazine networks encapsulating cobalt nanoparticles via the 

cyclotrimerization of the poly(4-vinylphenylcyanate) block of poly(styrene-b-4-

vinylphenylcyanate)  

Superparamagnetic cobalt nanoparticles were formed in solutions of poly(styrene-

b-4-vinylphenylcyanate) copolymers having number average molecular weights of 

11,550 [10,000 polystyrene/1550 poly(vinylphenylcyanate)], 33,100 [30,000 

                                                                                                                                            
239 Tannenbaum, R., Inorganica Chimica Acta 1997, 227, 233-240. 
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polystyrene/3100 poly(vinylphenylcyanate)] and 46,200 g mol-1 [40,000 

polystyrene/6200 poly(4-vinylphenylcyanate)].  The reactive, thermally labile cyanate 

moieties of the poly(4-vinylphenylcyanate) anchor blocks were subsequently crosslinked 

at elevated temperatures to form triazine networks on the nanoparticle surfaces (figure 

4.14). Cobalt nanoparticles encapsulated in the triazine networks were formed by 

concentrating the copolymer–cobalt complexes to the solid state and subsequently 

heating them to 225 °C for 4 hours under an argon purge in a tube furnace (figure 4.15).  

 

Figure 4.14.  Triazine network formation on the surface of a cobalt nanoparticle   
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Figure 4.15.  The tube furnace setup for converting cobalt – poly(styrene-b-4-
vinylphenylcyanate) complexes into cobalt nanoparticles encapsulated with triazine 
networks 
 
 
4.5.6 Oxidative stability of cobalt nanoparticles encapsulated in triazine networks  

The oxidative stability of the cobalt nanoparticles encased in triazine networks 

was evaluated by measuring the saturation magnetization of the cobalt nanoparticles as a 

function of time exposed to air at room temperature.  The saturation magnetization of a 

material is reflective of its spontaneous magnetization and is achieved when all the 

magnetic dipoles in a material are oriented in the same vector.240  As cobalt oxidizes, 

antiferromagnetic oxides are produced that have dipole moments that are aligned in an 

antiparallel manner.  Consequently, the cobalt oxides have zero magnetic moment, and 

the saturation magnetization of the cobalt nanoparticles decreases with the formation of 

antiferromagnetic cobalt oxides. 

 It was found that cobalt nanoparticles coated with triazine networks derived from 

the various poly(styrene-b-4-vinylphenycyanate) copolymers oxidized under ambient 

                                                
240 Halliday, Fundamentals of Physics. John Wiley & Sons, Inc.: New York, 1997. p 1-600. 
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conditions.  The saturation magnetization of cobalt nanoparticles encased in networks 

from poly(styrene-b-4-vinylphenylcyanate) copolymers with number average molecular 

weights of 11,550 [10,000 polystyrene/1550 poly(vinylphenylcyanate)], 33,100 [30,000 

polystyrene/3100 poly(vinylphenylcyanate)] and 46,200 g mol-1 [40,000 

polystyrene/6200 poly(4-vinylphenylcyanate)] decreased by approximately 25% (12 emu 

g-1 to 9 emu g-1) after 14 days exposure to ambient conditions.  It should be noted, 

however, that the saturation magnetization of the complexes did not continue to decline 

after aging for an additional 125 days under ambient conditions.  Thus, it is concluded 

that the triazine networks derived from the various cyanate containing dispersion 

stabilizers were not able to prevent the oxidation of cobalt nanoparticles, yet they limited 

the reduction in saturation magnetization of the complexes to approximately 25% after 

prolonged exposure to ambient conditions (125 days).  

 

4.6 Conclusions 
 
 Poly(styrene-b-4-vinylphenylcyanate) cobalt dispersion stabilizers were 

synthesized from poly(styrene-b-tert-butyldimethylsilyloxystyrene) template copolymers 

using a combination of deprotection and chemical modification techniques.  FT-IR curing 

analysis of the poly(styrene-b-4-vinylphenylcyanate) copolymers revealed that the 

pendent cyanate moieties could be quantitatively crosslinked within 15 minutes at 225 °C 

to afford three-dimensional triazine networks.  The cyanate-containing block copolymers 

were used as template copolymers to form stable dispersions of cobalt nanoparticles, then 

the cyanates were cured to afford triazine networks on the cobalt particle surfaces.  Aging 

studies of the triazine-encased cobalt nanoparticles indicated that a 25% reduction in 
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saturation magnetization occured within 14 days exposure to ambient conditions.  

However, interestingly, the saturation magnetization appeared to stabilize after that point, 

suggesting that a protective layer of antiferromagnetic cobalt oxides might have formed 

on the cobalt nanoparticle surfaces. 
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Chapter 5 

Poly(styrene-b-4-vinylphenoxyphthalonitrile)-cobalt complexes and their conversion  

to oxidatively-stable cobalt nanoparticles241-242 

 

5.1 Abstract 

Magnetic cobalt nanoparticles encapsulated with either heterocyclic networks or 

graphitic coatings have been prepared by heating cobalt nanoparticles stabilized with 

poly(styrene-b-4-vinylphenoxyphthalonitrile) block copolymers at elevated temperatures.  

The block copolymers were synthesized through the sequential anionic polymerization of 

styrene and tert-butyldimethylsilyloxystyrene.  The silyl ether protecting groups on the 

second block were hydrolyzed under acidic conditions to afford poly(styrene-b-4-

vinylphenol).  The pendent phenols of the diblock copolymer were subsequently 

modified with 4-nitrophthalonitrile to afford poly(styrene-b-4-

vinylphenoxyphthalonitrile).  Stable suspensions of ~8-10 nm diameter cobalt metal 

nanoparticles were formed by thermolysis of dicobalt octacarbonyl in solutions of toluene 

containing poly(styrene-b-4-vinylphenoxyphthalonitrile).  The polyvinyl-

phenoxyphthalonitrile block of the copolymers were initially crosslinked to afford 

heterocyclic phthalonitrile networks on the surfaces of the nanoparticles.  The saturation 

magnetization of the cobalt-phthalonitrile network complexes decreased by 

approximately 52 - 60 %  upon exposure to ambient conditions for 27 days.  

Alternatively, the cobalt-polymer nanoparticle complexes were pyrolyzed under argon to 

afford highly magnetic cobalt nanoparticles encased in graphitic coatings.  Magnetic 

                                                
241 Baranauskas, V.V.,  Zalich, M.A., Saunders, M., Pierre, T., and Riffle, J.S., Chem. Maters., submitted 
for publication, 2004. 
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susceptibility measurements indicated that the cobalt-graphite particles are oxidatively-

stable and retain their high saturation magnetizations (~95-100 emu g-1) for at least a year 

under ambient conditions. 

 
5.2 Introduction 
 

Magnetic fluids, also referred to as ferrofluids or magnetic colloids, are stable 

colloidal suspensions of nanometer-size magnetic particles dispersed in a carrier liquid.243 

These materials display typical properties of fluids and behave as intrinsic liquid 

ferromagnets that move as an entity in the direction of an applied magnetic field.248 The 

foundation of magnetic fluid research has been established over many years, and the 

reader is particularly referred to the work of Hess and Parker,244 Rosensweig,245 Smith,246 

and Papirer.247  Magnetic fluids have been developed for commercial use in a number of 

applications including loud speakers, rotating shaft seals, exclusion seals, dampers, and 

magnetic recording media.243 

A remarkable amount of promising research focusing on potential applications of 

magnetic particles has also been published.  A number of foreseen applications currently 

being developed include magnetic field-directed drug targeting,248 contrast agents for 

                                                                                                                                            
242 Baranauskas, V. V.; Riffle, J. S., Polymer Preprints. 2004, 45, 446-447. 
243 Berkovski, B.; Bashtovoy, V., Magnetic Fluids and Applications Handbook. Begell: New York, 1996; 
p 1-55. 
244 Hess, P.; Parker, P., J. Appl. Polym Sci. 1966, 10, 1915. 
245 Rosenberg, S. A.; Yang, J. C.; White, D. E.; Steinberg, S. M., J. of Urology 1999, 162, 637. 
246 Smith, T.; Wychick, D., J. Chem. Phys. 1980, 84, 1621-1629. 
247 Papirer, E.; Horny, P., Journal of Colloid and Interface Science 1983, 94, 207. 
248 Yu, J.; Hafeli, U.; Li, Y.; Failing, S.; Leakakos, T.; Tapolsky, G. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; Cleveland Clinic 
Foundation: Tallahassee, Fl, 2002; 16. 
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gene therapy,249 and hyperthermia treatment for cancer patients.250 An area of 

considerable interest is the use of magnetic particles for separations of biomolecules.251 

Moreover, magnetic particles with covalently linked antibodies may be employed to label 

microorganisms.252  Considerable research has also been published focusing on the use of 

magnetic particles for water treatment.253,254 

Iron oxides such as magnetite (Fe3O4) and maghemite (γ-Fe2O3), as well as the 

transition metals Co, Ni and Fe, have the capacity to generate magnetic materials.243  The 

vast majority of ferrofluid and magnetic particle research for biotechnological 

applications focuses on iron oxides due to their oxidative stability and biological 

compatibility.243  Magnetic materials consisting of cobalt metal nanoparticles, however, 

have the potential for three to four times the magnetic response of the iron oxides.  

Nonetheless, the development of cobalt particles for all applications is limited by the fact 

that cobalt nanoparticles oxidize slowly in air, forming antiferromagnetic cobalt 

oxides.243  Consequently, methodologies that afford protective coatings to prevent 

                                                
249 Plank, C.; Scherer, F.; Schillinger, U.; Anton, M.; Bergemann, C. Fourth International Conference on 
the Scientific and Clinical Applications of Magnetic Carriers, Tallahasse, FL, 2002; Cleveland Clinic 
Foundation: Tallahasse, FL, 2002; 93. 
250 Hofer, K. Fourth International Conference on the Scientific and Clinical Applications of Magnetic 
Carriers, Tallahassee, Fl, 2002; Tallahassee, Fl, 2002; 78. 
251 Cremer, A.; Reinhard, C.; Muller, S.; Gunther, G.; Kohler, M.; Koster, M.; Heckel, N.; Bierver, C.; 
Johnston, I.; Merkel, D.; Nolle, V.; Miltenyi, S. Fourth International Conference on the Scientific and 
Clinical Applications of Magnetic Carriers, Tallahasse, FL, 2002; Cleveland Clinic Foundation: Tallahasse, 
FL, 2002; 73. 
252 Puntes, V.; Parak, W.; Alivisatos, A. Fourth International Conference on the Scientific and Clinical 
Applications of Magnetic Carriers, Tallahassee, Fl, 2002; Cleveland Clinic Foundation: Tallahassee, Fl, 
2002; 143-146. 
253 Pourima, B.; Pougnard, C.; Josson, C.; Baron, P. L.; Pringuez, E.; Drocourt, J.; Cabanes, P.; 
Legastelois, S. Fourth International Conference on the Scientific and Clinical Applications of Magnetic 
Carriers, Tallahassee, Fl, 2002; Cleveland Clinic Foundation: Tallahassee, Fl, 2002; 56-58. 
254 Gruttner, C.; Rudershausen, S.; Matthews, S.; Wang, P.; Bohmer, V.; Dozol, J. F. Fourth International 
Conference on the Scientific and Clinical Applications of Magnetic Carriers, Tallahassee, Fl, 2002; 
Cleveland Clinic Foundation: Tallahassee, Fl, 2002; 59-62. 
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oxidation of these particles are desirable before they may be considered for long-term use 

under ambient conditions.   

Herein the formation of oxidatively-stable, cobalt-graphitic nanoparticles with 

high saturation magnetizations via elevated heat treatments of cobalt nanoparticles 

encapsulated with poly(styrene-b-4-vinylphenoxyphthalonitrile) is reported.  These 

nanoparticles were synthesized via the thermolysis of dicobalt octacarbonyl in solutions 

of toluene containing poly(styrene-b-4-vinylphenoxyphthalonitrile).  The nanoparticles 

were subsequently heated under inert conditions to afford a protective carbonaceous 

coating.   

 
 
5.3 Experimental 
 

5.3.1 Materials   

Tetrahydrofuran (99.5%, E.M. Sciences) was dried over calcium hydride 

overnight, then refluxed over sodium in the presence of benzophenone until the solution 

was a deep purple.  The THF was distilled just prior to use.  Styrene (Aldrich, 99%) was 

stirred over calcium hydride for 24 h and distilled prior to use.  Chemfirst, Inc. kindly 

donated 4-acetoxystyrene, which was used as received.  Potassium hydroxide, diethyl 

ether, imidazole, N,N-dimethylformamide, magnesium sulfate, n-butyllithium (2.0 M in 

n-hexane),  and tert-butyldimethylchlorosilane were purchased from Aldrich and used as 

received.  Dicobalt octacarbonyl (Alfa Aesar) was transferred to sealed glass vials in a 

dry box and stored at –10 °C until used.  Toluene (Aldrich, 99%) was stirred over 

calcium hydride and distilled prior to use. 1-Methyl-2-pyrrolidinone (NMP) was 

purchased from Fisher-Scientific, dried over calcium hydride, and distilled into a round-
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bottom flask containing activated molecular sieves.  4-Nitrophthalonitrile was 

synthesized using the procedure of Sumner et al.255  

 

5.3.2. Synthesis of 4-vinylphenol   

Potassium hydroxide (44 g, 0.78 mol) and 500 mL of deionized water were 

charged to a 1000-mL, single-neck round bottom flask.  The solution was cooled in an ice 

bath to 0 °C and 50 mL (0.33 mol) of 4-acetoxystyrene was injected with rapid stirring to 

afford a yellow slurry.  The reaction mixture was maintained at 0 °C for 5 h, and the 

medium became transparent during this period.  Approximately 30 mL of HCl (11.97 M) 

was added dropwise to precipitate the product.  The monomer was collected using 

vacuum filtration, washed with deionized water, and dried under vacuum at room 

temperature for 24 h.  Approximately 90% yield was obtained. 

 

5.3.3 Synthesis of tert-butyldimethylsilyloxystyrene   

Tert-butyldimethylsilyloxystyrene was synthesized by the method of Hirao et 

al.256  4-Vinylphenol (20 g,  0.17 mol) and imidazole (28.4 g, 0.42 mol) were charged to a 

flame-dried, 250-mL, single-neck, round bottom flask equipped with a magnetic stir bar 

and capped with a septum under argon.  Approximately 200 mL DMF was added via 

syringe, and the reaction mixture was cooled to 0 °C.  A solution of tert-

butyldimethylchlorosilane (31.3 g, 0.21 mol) in DMF (40 mL) was added dropwise over 

~30 min.  The mixture was warmed to room temperature and reacted for 12 h.  

Approximately 100 mL of a 10 M aqueous NaOH solution was added, followed by 200 

                                                
255 Sumner, M. J. High Performance Materials Containing Nitrile Groups. Ph.D. dissertation, Virginia 
Polytechnic Institute and State University, Blacksburg, VA, 2003. 
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mL of diethyl ether to extract tert-butyldimethylsilyloxystyrene.  The layer containing the 

product in diethyl ether was isolated using a separatory funnel and washed eight times 

with 10 M aqueous NaOH solutions (200 mL each).  The diethyl ether was removed 

under vacuum at room temperature, and tert-butyldimethylsilyloxystyrene was distilled 

under vacuum at 180 °C.  Approximately 85% yield was obtained.      

 

5.3.4  Synthesis of poly(styrene-b-tert-butyldimethylsilyloxystyrene)256   

A representative procedure for preparing a block copolymer with a 20,000 g mol-1 

polystyrene block and a 5,000 g mol-1 poly(tert-butyldimethylsilyloxystyrene) block is 

provided.  All other poly(styrene-b-tert-butyldimethylsilyloxystyrene) block copolymers 

were prepared in analogous procedures, but with appropriate concentrations of the n-

butyllithium initiator relative to monomers to control the block molecular weights.  

Styrene (10 g, 0.096 mol) was injected into a flame-dried, single neck, 250-mL, round 

bottom flask containing 75 mL THF.  The reaction solution was cooled to -78 °C and 

degassed under vacuum.  The initiator n-butyllithium (0.25 mL of a 2.0 M solution, 0.50 

mmol) was added into the vigorously stirring, cold, reaction mixture via syringe.  After 

approximately 10 min, a solution of freshly distilled tert-butyldimethylsilyloxystyrene 

(2.5 g, 0.011 mol) in 50 mL THF was transferred slowly via cannula into the reaction 

under an argon purge.  The living chain ends were terminated with degassed methanol 

after approximately 10 min.  The copolymer was precipitated by pouring the reaction 

solution into a beaker of stirring methanol.  The yield was quantitative (12.5 g). 

 

                                                                                                                                            
256 Hirao, A.; Kitamura, K.; Takenaka, K.; Nakahama, S., Macromolecules 1993, 26, 4995-5003. 
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5.3.5 Synthesis of poly(styrene-b-4-vinylphenol)  

Deprotection of the tert-butyldimethylsilyl ether group was accomplished by 

hydrolyzing the silyl ether bond under acidic conditions.  An ~0.6 M solution of HCl in 

water-THF was prepared by injecting 3.0 mL of an 11.97 M aqueous HCl solution into 

60 mL of THF.  The poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymer (12 g, 

4.8 x 10-4 mol) was dissolved in 60 mL of the acidic THF solution and reacted at 50 °C 

overnight.  The copolymer was precipitated by pouring the reaction mixture into a beaker 

of stirring water.  The product was filtered, dried under vacuum, dissolved in THF (50 

mL) and re-precipitated by adding it into 500 mL of rapidly stirring hexane.  The 

copolymer was dried in a vacuum oven for 48 h at 75 °C.  The yield was quantitative 

(10.8 g). 

 

5.3.6  Synthesis of poly(styrene-b-4-vinylphenoxyphthalonitrile)   

Poly(styrene-b-4-vinylphenol) (10 g, 9.48 meq phenol) was dissolved in 50 mL 

NMP.  Anhydrous, solid potassium carbonate (3.93 g, 28.4 mmol) was added to the 

reaction mixture.  A 20% molar excess of 4-nitrophthalonitrile (1.97 g, 11.4 mmol) with 

respect to phenol was charged to the reaction, and the solution was reacted at 60 °C for 

~12 h.  The solution was filtered to remove salts, and the copolymer was isolated via 

precipitation into a beaker of stirred methanol (~500 mL).  The copolymer was dried in a 

vacuum oven at 100 °C for 48 h.  The yield of copolymer was nearly quantitative (11 g). 
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5.3.7 Cobalt ferrofluid formation using poly(styrene-b-4-

vinylphenoxyphthalonitrile) copolymers   

A 3-neck, 250-mL, round bottom flask equipped with a condenser, mechanical 

stirrer, and a septum-capped neck was flame-dried under argon.  Approximately 50 mL 

of toluene was injected into the flask.  A poly(styrene-b-4-vinylphenoxyphthalonitrile) 

copolymer (0.50 g, 1.42 x 10-5 mole, 0.423 meq phthalonitrile) was added quickly and 

dissolved.  The reaction medium was deoxygenated by purging argon through the 

solution for 2 h.  One gram of dicobalt octacarbonyl (2.93 mmol) was quickly charged to 

the flask, and the reaction was refluxed at 110 °C for 5 h.  The solution was cooled to 

room temperature, transferred to a flame-dried, septum-capped, 100-mL, round bottom 

flask via cannula, and stored under argon. 

 

5.3.8  Synthesis of cobalt nanoparticles encapsulated with phthalonitrile networks.  

To a cobalt ferrofluid solution containing 0.50 g of a poly(styrene-b-4-

vinylphenoxyphthalonitrile) copolymer (0.50 g, 0.244 mmol phthalonitrile), 50 mL 

toluene, and 0.34 g of cobalt (5.8 mmol Co), the nucleophilic initiators 

phenylhydroquinone (34.1 mg,  0.183 mmole ) or bisphenol-6F (61.4 mg, 0.183 mmole) 

were added with vigorous stirring.  Toluene was then removed under vacuum at 125 °C 

for 24 hours to afford cobalt nanoparticle - poly(styrene-b-4-vinylphenoxyphthalonitrile) 

complexes mixed with the nucleophilic initiators.  The material was then placed in a tube 

furnace and cured for 24 h at 275 °C.  
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5.3.9  Synthesis of cobalt nanoparticles encapsulated with graphitic char  

Toluene was removed from the ferrofluids under vacuum at 100 °C for ~24 h.  

Approximately 1 g of the cobalt-copolymer complex was placed in a ceramic boat and 

positioned in the center of a quartz tube in a tube furnace.  The material was heated under 

an argon purge at 500 oC for 4 h, cooled to room temperature, then heated at 700 °C for 4 

h and cooled to room temperature.   

     

 

5.3.10 Grinding of pyrolyzed cobalt-copolymer complexes   

Pyrolyzed cobalt-copolymer complexes were ground in a Puluerisette intensive 

ball mill.  Approximately 0.25 g of the pyrolyzed material was placed in a 25-mL 

grinding bowl equipped with 7 steel grinding balls (25 mm).   Toluene (5 mL) was 

injected into the chamber, and the material was ground for 2 h at 700 rpm.  The resultant 

slurry was poured into a single-neck, 50-mL, round bottom flask and dried under vacuum 

at 150 °C for 24 h. 

 

5.4 Characterization  

5.4.1  1H NMR spectroscopy   

A Varian Unity 400 MHz NMR spectrometer was used to collect 1H NMR spectra 

of the reagents, monomers, and copolymers.  Proton NMR was also employed to confirm 

the conversion of vinyl functional groups during the anionic polymerization reactions.  

The instrument was operated at a frequency of 399.954 MHz, with a recycle delay of 1 s, 

an acquisition time of 3.7 s, and a 22° pulse angle.  
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5.4.2 Gel permeation chromatography (GPC)   

GPC was employed to investigate the molecular weights and molecular weight 

distributions of the poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers.  A 

Waters 2690 GPC equipped with a Waters HR 0.5 + HR 2 + HR 3 + HR 4 styragel 

column set, an online Viscotek 100 differential viscometric detector, and a Viscotek laser 

refractometer were used for chromatographic analysis.  Chloroform was employed as the 

mobile phase at 25 °C and a flow rate of 1.0 mL min-1.  Polystyrene standards were used 

to construct a calibration plot.  The molecular weights of the samples were determined 

using a universal calibration.  

 

5.4.3 Fourier-transform infrared spectroscopy   

A Nicolet Impact 400 FTIR spectrometer was used to verify the presence of 

hydroxyl and phthalonitrile functional groups in poly(styrene-b-4-vinylphenol) and  

poly(styrene-b-4-vinylphenoxyphthalonitrile) as well as monitor the curing reactions of 

the polyvinylphenoxyphthalonitrile anchor block .  All spectra were acquired on thin 

films solution cast onto KBr discs.  The phthalonitrile stretch of the poly(4-

vinylphenylphenoxyphthalonitrile ) block was readily observed at approximately  2230 

cm-1 and used to calculate the percent conversion of the phthalonitrile groups during the 

curing reactions.  The copolymers were cured for 12 hours in the presence of the 

nucleophilic initiators 4, 4'-hexafluroisopropyllidenediphenol (6F bisphenol-A) and 

phenylhydroquinone.  The out-of-plane C-H bend of the aromatic groups within the 
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copolymers (~760 cm –1) was used to normalize the spectra before calculating the percent 

conversion of the phthalonitrile groups.  

 

5.4.4  Transmission electron microscopy (TEM)   

A Philips 420T TEM run at 100 kV was used to obtain electron micrographs of 

the cobalt ferrofluids.  The TEM samples were prepared by casting a few drops of the 

magnetic fluid, which had been diluted with toluene until it was the color of “weak tea,” 

onto a carbon-coated copper grid and allowing the toluene to evaporate.  

 

5.4.5  Scanning electron microscopy (SEM)   

A LEO 1550 Field Emission Scanning Electron Microscope (FESEM) was 

employed to analyze the surface morphologies of the pyrolyzed complexes.  A 5 kV 

electron beam accelerating voltage was used with an in-lens detector.   

 

5.4.6  Thermogravimetric analysis (TGA)   

A TA instruments Q0500 TGA was used to investigate the degradation behavior 

of the poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers under inert conditions.  

The samples (8-10 mg) were heated from 30 to 700 °C at a ramp rate of 10 °C/min in 

platinum pans under a nitrogen atmosphere.   Sample weight loss was monitored as a 

function of temperature, and the char yields afforded at 700 °C were recorded for each 

sample. 
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5.4.7 Differential scanning calorimetry (DSC)  

A TA differential scanning calorimeter Q1000 was employed to analyze the phase 

behavior of the copolymers in this study.  Approximately 5-10 mg of the materials were 

heated from 30 °C to 150 °C at a ramp rate of 5 °C/min under a nitrogen.  TA universal 

analysis software was used to analyze the thermograms. 

 

5.4.8 Vibrating Sample Magnetometry (VSM)   

A Lakeshore 7300 Series vibrating sample magnetometer was employed for 

magnetization measurements of the cobalt ferrofluids and pyrolyzed particles.  All 

measurements were carried out in applied fields from 8000 to -8000 Oe and a sensitivity 

setting of 0.1 emu.  

 
 
5.5 Results and Discussion 
 

There have been numerous reports of forming metal nanoparticles by reacting 

organometallic precursors in solutions of copolymer aggregates.  These have included 

solutions of block copolymers,257,258,259 statistical (random) copolymers,260 step-growth 

polymers,260 and surfactants.261 As clearly underscored in the pioneering work of Hess 

and Parker in the mid 1960s, the coordinating species in all systems have consisted of 

pendent moieties that were more polar than the solvent system employed for particle 

formation.260  The hypothesis is that the metal precursors coordinate with an electron rich 

                                                
257 Antonietti, M.; Wenz, E.; Bronstein, L.; Seregina, M., Adv. Mater. 1995, 7, 1000-1005. 
258 Phillips, J. P.; Li, C.; Dailey, J. P.; Riffle, J. S., J. Mag. Magn. Maters. 1999, 194, 140-148. 
259 Rutnakornpituk, M.; Thompson, M. S.; Harris, L. A.; Farmer, K. E.; Esker, A. R.; Riffle, J. S.; 
Connolly, J.; St. Pierre, T. G., Polymer 2002, 43, 2337-2348. 
260 Hess, P.; Parker, P., Journal of Applied Polymer Science 1966, 10, 1915-1927. 
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segment of the copolymer, and upon heating, the complexes displace the precursor 

ligands (e.g., carbon monoxide) to afford metal nanoparticles encased in a copolymer 

sheath.  It is reasoned that this could result from diffusion of the metal precursor into the 

core of a copolymer micelle where coordination, then reaction, takes place.  On the other 

hand, the precursor might first coordinate with non-aggregated copolymers in solution, 

and the metal might serve as the species which causes the aggregates to form.   

This chapter describes the design and synthesis of poly(styrene-b-4-

vinylphenoxyphthalonitrile) diblock copolymer templates prepared in living anionic 

polymerizations, so that the block lengths are well controlled.  Toluene solutions of these 

copolymers and dicobalt octacarbonyl were utilized to generate discrete cobalt 

nanoparticles.   The polystyrene block of the copolymers is solvated well by toluene (the 

dispersion solvent), whereas the polyvinylphenoxyphthalonitrile block is only sparingly 

soluble in toluene.  The nitriles apparently coordinate with dicobalt octacarbonyl so that 

the polyvinylphenoxyphthalonitrile serves as the so-called anchor block, and the 

polystyrene tail blocks protrude out into the solvent to form a sterically stabilizing corona 

for the complexes in the dispersions.  Aromatic polymer networks containing 

phthalonitrile groups form high levels of residual char upon pyrolysis, and this was a 

major motivation for investigating copolymers containing such moieties in this 

research.262,263,264  It was reasoned that polymers with phthalonitrile groups might afford a 

                                                                                                                                            
261 Papirer, E.; Horny, P.; Balard, H.; Anthore, R.; Petipas, C.; Martinet, A., J. Coll. Interface Sci. 1983, 94, 
220. 
262 Sastri, S. B.; Armistead, J. P.; Keller, T. M.; Sorathia, U., Polymer Composites 1997, 18, 48-54. 
263 Sumner, M. J.; Sankarapandian, M.; McGrath, J. E.; Riffle, J. S.; Sorathia, U., Synthesis and Physical 
Property Characterization of Novolac/Biphenoxyphthalonitrile Networks. In International SAMPE 
Technical Conf., SAMPE, SAMPE: 2001; p 1509-1518. 
264 Sastri, S. B.; Keller, T. M., Journal of Polymer Science, Pt. A: Polymer Chemistry 1999, 37, 2105-2111. 
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graphitic-like coating for the cobalt nanoparticles when the complexes were heated to 

elevated temperatures. 

 

 
5.5.1  Synthesis of phthalonitrile diblock copolymer dispersion stabilizers  

Poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers were synthesized 

in living anionic polymerizations via sequential polymerization of styrene then tert-

butyldimethylsilyloxystyrene as described by Hirao et al. (figure 5.1).261  Tetrahydrofuran 

was employed as the reaction solvent since it readily solvates both monomers as well as 

high molecular weight poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers.  In 

order to avoid cleaving the silyl ether bond of tert-butyldimethylsilyloxystyrene during 

synthesis, the anionic polymerizations were conducted at -78 °C.  Upon adding the n-

butyllithium initiator, the reaction medium turned dark red signifying the presence of 

living polystyryl anions.  The solution remained dark red after adding the tert-

butyldimethylsilyloxystyrene, again indicating the presence of active styrenic species. 

Proton NMR was utilized to monitor the progress of the copolymerizations by 

observing the disappearance of the vinyl protons of both monomers ( σ = 5.2, 5.6, and 6.7 

ppm).  An aliquot of the reaction medium taken immediately after adding the n-

butyllithium indicated that quantitative conversion of the vinyl protons had already 

occurred.  Similarly, 1H NMR of the reaction just after adding tert-

butyldimethylsilyloxystyrene also indicated that quantitative conversion of the monomer 

occurred within seconds.  The rapid reaction rates were anticipated since THF affords 

solvent-separated ion pairs and highly reactive chain centers.  
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Figure 5.1.  Synthesis of poly(styrene-b-tert-butyldimethylsilyloxystyrene) 
 

A series of poly(styrene-b-tert-butyldimethylsilyloxystyrene) copolymers with 

systematically varied molecular weights was synthesized (table 5.1).  GPC of the 

copolymers revealed narrow, monomodal peaks with polydispersities reflective of living 

anionic polymerizations.  In addition, 1H NMR of the isolated copolymers revealed 

proton resonances indicative of the polystyrene and poly(tert-

butyldimethylsilyloxystyrene) blocks (figure 5.2).  
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Table 5.1.  Molecular weights of poly(styrene-b-tert-butyldimethylsilyloxystyrene) 
copolymers 

Targeted 
Styrene Block 

Mn (g/mol) 

Targeted 
Protected 

Phenol Block Mn 
(g/mol) 

Mn GPC 
(g/mol) PDI 

20,000 5,000 25,000 1.05 

30,000 5,000 35,900 < 1.03 

40,000 10,000 51,600 < 1.03 

50,000 20,000 80,000 1.04 

50,000 10,000 58,400 1.06 

75,000 10,000 80,000 1.08 

 

The silyl ether bonds of poly(styrene-b-tert-butyldimethylsilyloxystyrene) were 

readily cleaved in an acid-promoted deprotection reaction in THF.  Proton NMR of the 

block copolymers after acidic treatment indicated that quantitative deprotection of the 

poly(tert-butyldimethylsilyloxystyrene) block was achieved.   The t-butylsilyl and 

dimethylsilyl proton sets at 1.0 and 0.2 ppm were absent from the spectra of the isolated 

copolymers.  Moreover, the hydroxyl group of poly(styrene-b-4-vinylphenol) was 

observed in the FT-IR spectra of the deprotected copolymers  at ~3500 cm-1. 
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Figure 5.2.  1H NMR of poly(styrene-b-tert-butyldimethylsilyloxystyrene).  The tert-
butylsilyl and dimethylsilyl protons of the protected phenol block resonate at 1.0 and 0.2 
ppm, respectively) 
 
 

Poly(styrene-b-4-vinylphenoxyphthalonitrile) was synthesized by chemically 

modifying poly(styrene-b-4-vinylphenol) with 4-nitrophthalonitrile via a nucleophilic 

aromatic substitution reaction under basic conditions in NMP (Figure 5.3).  Proton NMR 

of the isolated copolymers indicated that the chemical modification reaction was 

quantitative (figure 5.4).  The integral ratios of the peaks due to the aromatic protons 

ortho to the phthalonitrile groups at 7.75 ppm to the remaining, overlapping aromatic 

proton resonances at 6.3 – 7.2 ppm were equivalent to the theoretical ratios for all of the 

phthalonitrile containing block copolymers.  FT-IR also qualitatively confirmed chemical 

modification with 4-nitrophthalonitrile.  The characteristic stretch of the nitrile moieties 



 

 

158 

 

was observed in the poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers at ~2230 

cm-1 (figure 5.5).  The integration ratio of the aromatic proton set ortho to the 

phthalonitrile group (22.4) to the overlapping aromatic proton sets (1093.0) is nearly 

equivalent to the theoretical integral ratio (22/2093) for a poly(styrene-b-4-

vinylphenoxyphthalonitrile) copolymer. 

 

Figure 5.3.  Synthesis of poly(styrene-b-4-
vinylphenoxyphthalonitrile)vinylphenoxyphthalonitrile) copolymer.   
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Figure 5.4.  1H NMR of the aromatic region of a poly(styrene-b-4-
vinylphenoxyphthalonitrile) copolymer 
 

 
 

Figure 5.5.  FTIR spectrum of poly(styrene-b-4-vinylphenoxyphthalonitrile).   The nitrile 
stretch is present at ~2230 cm-1. 
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5.5.2 FT-IR Curing Studies of Poly(styrene-b-4-vinylphenoxyphthalonitrile) Cobalt 

Dispersion Stabilizers 

 
 A significant motivation for synthesizing cobalt nanoparticle dispersion stabilizers 

containing well-defined polyvinylphenoxypthalonitrile blocks is the ability of 

phthalonitrile moieties to undergo curing reactions to afford heterocyclic network 

structures (figure 5.6) with high thermal and thermo-oxidative stability.265,266,267  Previous 

research by Keller et al. revealed that biphenoxyphthalonitrile monomers may be cured 

with aromatic diamines to afford rigid, void-free heterocyclic networks that have char 

yields as high as 85% at 1000 °C.265-267  Research in our laboratories corroborated these 

findings as Sumner et al. synthesized the phthalonitrile containing curing regent 4,4’-

Bis(3,4-dicyanophenoxy)biphenyl(biphenoxyphthalonitrile) and used the compound to 

form phenolic networks that yielded 60-80% residual char when heated to 700 °C in 

either air or nitrogen atmospheres.268  Moreover, Hardrict et al. crosslinked low 

molecular weight novolac oligomers with novel siloxane/silane phthalonitrile monomers 

and novolac-phthalonitrile oligomers to afford void-free structural thermosets with char 

yields between 50-56% when heated to 800 °C under nitrogen.269 

                                                
265 Sastri, S. B.; Armistead, J. P.; Keller, T. M.; Sorathia, U., Polymer Composites 1997, 18, 48-54. 
266 Sastri, S. B.; Keller, T. M., Journal of Polymer Science, Pt. A: Polymer Chemistry 1998, 36, 1885-
1890. 
267 Sastri, S. B.; Keller, T. M., Journal of Polymer Science, Pt. A: Polymer Chemistry 1999, 37, 2105-
2111. 
268 Sumner, M. J. High Performance Materials Containing Nitrile Groups. Ph.D. dissertation, Virginia 
Polytechnic Institute and State University, Blacksburg, VA, 2003. 
269 Hardrict, S. N. Novel Novolac-Phthalonitrile and Siloxane-Phthalonitrile Resins cured with low melting 
Novolac Oligomers for Flame Retardant Structural Thermosets. Master's Thesis, Virginia Tech, 
Blacksburg, 2003. 
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In lieu of the various studies underscoring the capacity for phthalonitrile 

functional groups to afford high performance polymeric networks, it was postulated the 

polyvinylphenoxyphthalonitrile anchor blocks of poly(styrene-b-4-

vinylphenoxyphthalonitrile) dispersion stabilizers may be crosslinked to yield protective 

heterocyclic networks on the surface of cobalt nanoparticles that may prevent their 

oxidation (figure 5.7). The crosslinking of the phthalonitrile groups was monitored by 

casting thin films of block copolymers onto Kbr discs and measuring the decrease in peak 

height of the phthalonitrile stretch at 2230 cm-1 as a function of cure time.  The out-of-

plane C-H bend of the aromatic groups within the copolymers (~760 cm–1) was used to 

normalize the spectra before calculating the percent conversion of the phthalonitrile 

groups. 

 

 
Figure 5.6.  Postulated heterocyclic structures formed from crosslinking phthalonitrile 
moieties268 
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Figure 5.7.  Formation of protective phthalonitrile networks encapsulating cobalt 
nanoparticles via the crosslinking of polyvinylphenoxyphthalonitrile anchor blocks of 
poly(styrene-b-4-vinylphenoxyphthalonitrile) dispersion stabilizers 
 

 The phthalonitrile moieties were cured for 12 hours at temperatures ranging from  

225 °C to 275 °C.  The curing reactions were carried out in the presence of the 

nucleophilic initiators 4, 4'-hexafluroisopropyllidenediphenolnucleophilic (6F bisphenol-

A) and phenylhydroquinone.  The initiators were chosen for their solubility in toluene, 

the solvent employed for cobalt nanoparticle synthesis whereas a 12-hour cure time was 

used since preliminary FT-IR cure studies of the copolymers revealed a plateau in 

phthalonitrile conversion after 8-10 hours at 225–275 °C with either initiator.  The molar 

quantities of the nucleophilic initiators were varied from 0.1 to 0.75 moles of initiator per 

mole of phthalonitrile.    

 The percent conversion of the phthalonitrile groups obtained from the curing 

experiments with 6F bisphenol-A and phenylhydroquinone are provided in figures 5.8 

and 5.9.  When 6F bisphenol-A was the nucleophilic initiator, the greatest amount of 
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phthalonitrile crosslinking (~78-85%) was obtained by curing the dispersion stabilizers at 

250 or 275 °C with 0.75 moles of initiator per mole of phthalonitrile.  When 

phenylhydroquinone was the nucleophilic initiator, the greatest quantity of phthalonitrile 

crosslinking (~75%) was achieved when the dispersion stabilizers were cured between 

225-275 °C with 0.75 moles of initiator per mole of phthalonitrile.  Based on these 

findings, it was determined that the optimal conditions for crosslinking the 

polyvinylphenoxyphthalonitrile blocks of the copolymers with either nucleophilic 

initiator would be achieved by curing at 275 °C for 12 hours with 0.75 moles of initiator 

per mole of phthalonitrile. 

 

Figure 5.8.  FT-IR curing study of poly(styrene-b-4-vinylphenoxyphthalonitrile) (Mn = 
75,000 polystyrene, 10,500 g mol-1 polyvinylphenoxyphthalonitrile).  6F bisphenol-A was 
the initiator, and the samples were cured for 12 h at 225, 250 and 275 °C.  
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Figure 5.9.  FT-IR curing study of poly(styrene-b-4-vinylphenoxyphthalonitrile) (Mn = 
75,000 polystyrene, 10,500 g mol-1 polyvinylphenoxyphthalonitrile).  
Phenylhydroquinone was the nucleophilic initiator, and the samples were cured for 12 h 
at 225, 250 and 275 °C.  
 
 
5.5.3 Thermal analysis of diblock copolymer dispersion stabilizers  
 
 Differential scanning calorimetry was employed to analyze the thermal transitions 

of the poly(styrene-b-tert-butyldimethylsilyloxystyrene), poly(styrene-b-4-vinylphenol), 

and poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers.  Temperature scans of the 

copolymers were carried out from 25 to 200 °C at a ramp rate of 10 °C/min under 

nitrogen.  A representative DSC thermogram series of a 58,000 g mol-1 poly(styrene-b-

tert-butyldimethylsilyloxystyrene) (Mn = 50,000 polystyrene, 8,000 poly(tert-

butyldimethylsilyloxystyrene)) is provided in figure 5.10 along with temperature scans of 
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the copolymer after desilylation to poly(styrene-b-4-vinylphenol) and chemical 

modification to poly(styrene-b-4-vinylphenoxyphthalonitrile).   

The glass transition temperature (Tg) of the template copolymer poly(styrene-b-

tert-butyldimethylsilyloxystyrene) was observed at approximately 105 °C whereas the Tg 

of its poly(styrene-b-4-vinylphenol) counterpart was observed at approximately 102 °C.   

Since a single Tg is observed for the poly(styrene-b-tert-butyldimethylsilyloxystyrene) 

and poly(styrene-b-4-vinylphenol) copolymers it is assumed that the poly(tert-

butyldimethylsilyloxystyrene) and poly(4-vinylphenol) blocks of the copolymers are 

phase mixed with the polystyrene blocks.  This assumption is based on the observation 

that an anionically generated poly(tert-butyldimethylsilyloxystyrene) polymer (Mn = 

11,300 g/mol, PDI = <1.03) displayed a Tg of approximately 85 °C and a Tg of 165 °C 

after it was converted to poly(4-vinylphenol).  The absence of the poly(tert-

butyldimethylsilyloxystyrene) and poly(4-vinylphenol) Tgs  within poly(styrene-b-tert-

butyldimethylsilyloxystyrene) and poly(styrene-b-4-vinylphenol) copolymers indicates 

the two blocks of the copolymers are likely phase mixed. 

The Tg of the copolymer after chemical modification with 4-nitrophthalonitrile 

was detected at approximately 103 °C.  It is unclear if the polyvinylphenoxyphthalonitrile 

block is phase mixed with the styrene block as the Tg of poly(4-

vinylphenoxyphthalonitrile) (~95 °C) is nearly equivalent to styrene (~100 °C). 
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Figure 5.10.  DSC temperature scans of a 58,000 g mol-1 poly(styrene-b-tert-
butyldimethylsilyloxystyrene) copolymer (Mn = 50,000 polystyrene, Mn = 8,000 
poly(tert-butyldimethylsilyloxystyrene)) along with temperature scans of the copolymer 
after desilylation to poly(styrene-b-4-vinylphenol) and chemical modification to 
poly(styrene-b-4-vinylphenoxyphthalonitile) 
 

Dynamic weight loss profiles of a series of poly(styrene-b-4-

vinylphenoxyphthalonitrile) copolymers were evaluated by heating them in a TGA 

instrument at temperatures up to 700 oC under a nitrogen atmosphere to determine 

whether the phthalonitrile groups in these materials led to significant residual 

carbonaceous char (figure 5.11).  An abrupt weight loss was observed for all of the 

diblock copolymers at ~400 oC, and the residue after that drop was retained by these 

materials up to the end of the experiments (700 oC).  A copolymer with a 30,000 g mol-1 

polystyrene block and a 5,256 g mol-1 polyvinylphenoxyphthalonitrile block retained 
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about 20 weight percent of carbonaceous residue whereas a copolymer with a 10,000 g 

mol-1 polystyrene block and a 5,256 g mol-1 polyvinylphenoxyphthalonitrile block 

possessed a nearly equivalent char yield of approximately 18 weight percent.  A 

copolymer with a 75,000 g mol-1 polystyrene block and a 10,512 g mol-1 

polyvinylphenoxyphthalonitrile block retained approximately 50% of its original weight. 

Such high residues after the elevated heat treatments were encouraging because it was 

reasoned that these residues might result in robust carbonaceous coatings for the cobalt 

nanoparticles upon pyrolysis.  The polymeric nature of these copolymers may also be 

important for obtaining char residues with sufficient mechanical integrity to withstand 

subsequent intensive ball milling without exposing the cobalt surfaces. 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.11.  TGA of poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers under 
N2.  The sample designation represents the Mn of the polystyrene and 
polyvinylphenoxyphthalonitrile blocks respectively.  
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5.5.4. Synthesis and characterization of cobalt nanoparticles using poly(styrene-b-4-

vinylphenoxyphthalonitrile) dispersion stabilizers 

 Poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers derived from the 

template copolymers listed in table 5.1 were successfully employed to form stable 

suspensions of cobalt nanoparticles.  Cobalt ferrofluids were prepared by thermally 

decomposing dicobalt octacarbonyl in concentrated toluene solutions of poly(styrene-b-4-

vinylphenoxyphthalonitrile).  FTIR spectroscopy was used to monitor the thermolysis of 

Co2(CO)8 to form metallic cobalt.  FTIR of the reaction mixture immediately after adding 

the Co2(CO)8 revealed carbonyl stretches at 2030, 2065, and 1858 cm-1.  Aliquots of the 

reaction medium immediately after heating to 110 °C revealed the characteristic 

absorption bands of Co4(CO)12 at 2058 and 1867 cm -1 as reported previously by 

Tannenbaum et al.270 After refluxing the reaction solution at 110 °C for five hours, the 

characteristic carbonyl stretches of Co4(CO)12 were dramatically reduced.  However, 

residual carbonyl stretches were still observed at 2058 and 1867 cm -1.   

Aliquots of the reaction solutions or dispersions were solvent-cast onto carbon-

coated copper TEM grids to observe the nature of the aggregates during synthesis (figure 

5.12).  Immediately after adding dicobalt octacarbonyl into the copolymer solution, 

cobalt aggregates as well as small cobalt species which may have been free in solution at 

this point in the reaction were visible.  Soon after reaching the toluene reflux temperature, 

uniform cobalt aggregates were observed, probably encased in micelles of the block 

copolymer.  TEM of solvent-cast ferrofluids after four hours of reaction indicated that the 

precursor aggregates had densified and become smaller.  Well-dispersed, spherical cobalt 

                                                
270 Tannenbaum, R., Inorganica Chimica Acta 1997, 227, 233-240. 
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nanoparticles ~8-10 nm in diameter had formed, most likely encased in copolymer 

sheaths.  Although it should be recognized that this analysis does not provide information 

on the mechanism of aggregate formation, it does demonstrate that the cobalt particles 

form within the small copolymer aggregates.  This perhaps also accounts for the 

relatively narrow particle size distribution, and the fact that each cobalt nanoparticle 

appears to be discrete.  

 

Figure 5.12.  Left: TEM micrograph of a reaction solution containing 1 g dicobalt 
octacarbonyl and 0.5 g of a 28,000 g mol-1 poly(styrene-b-4-vinylphenoxyphthalonitrile) 
copolymer in toluene at room temperature immediately after mixing.  Middle:  Within 15 
min of heating at toluene reflux.  Right:  After four hours at toluene reflux. 
 

5.5.5 Synthesis and characterization of cobalt nanoparticles encapsulated with 

phthalonitrile networks 

 The polyvinylphenoxyphthalonitrile blocks of the dispersion stabilizers were 

crosslinked on the surface of the cobalt nanoparticles to afford phthalonitrile networks 

encapsulating the nanoparticles.  As discussed previously, it was postulated that such 

networks may afford protective barriers preventing the oxidation of the cobalt particles.  

Since the phthalonitrile stretch is not observable on solvent cast films of the cobalt – 

poly(styrene-b-4-vinylphenoxyphthalonitrile) complexes, the curing conditions employed 
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for network formation are based on the model phthalonitrile curing studies discussed in 

section 5.5.2.  Thus, the polyvinylphenoxyphthalonitrile blocks of the copolymers were 

cured at 275 °C for 12 hours with 0.75 moles of initiator (6F bisphenol-A or 

phenylhydroquinone) per mole of phthalonitrile. 

After crosslinking the polyvinylphenoxyphthalonitrile anchor blocks of the 

copolymers in the solid state, the cured nanoparticle complexes were redispersed in 

toluene via sonication.  Transmission electron microscopy of the dispersions revealed the 

presence of spherical, dispersed cobalt nanoparticles ~8-10 nm in diameter (figure 5.13).  

In light of these findings, it is clear that the polystyrene tailblocks allowed the particles to 

be redispersed in toluene after network formation in the solid state. 

 

Figure 5.13. TEM micrograph of cobalt nanoparticles after crosslinking of 
polyvinylphenoxyphthalonitrile block with phenylhydroquinone in solid state at 275 °C 
for 12 h and redispersion via sonication in toluene.   
 

After formation of cobat nanoparticles encapsulated with phthalonitrile networks, 

the oxidative stability of the complexes was evaluated using vibrating sample 

magnetometry.  Specifically, the saturation magnetization of the complexes in the solid 

state was measured as a function of days exposed to ambient conditions.  The aging 
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studies were carried out with cobalt nanoparticles encapsulated with phthalonitrile 

networks derived from a poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymer 

possessing a polyvinylphenoxyphthalonitrile block length of 10,500 g mol-1 and a styrene 

block length of 75,000 g mol-1.   

As revealed in figure 5.14, cobalt nanoparticles encased within phthalonitrile 

networks derived from phenylhydroquinone and bisphenol 6F initiators readily oxidized 

under ambient conditions.  In fact, the saturation magnetization of  nanoparticles encased 

with phthalonitrile networks formed using phenylhydroquinone declined by ~60% after 

27 days exposure to ambient conditions whereas the saturation magnetization of 

nanoparticles coated with networks formed using bisphenol 6F experienced a reduction in 

saturation magnetization of ~52% after an equivalent exposure period.  Consequently, it 

is clear that the pthalonitrile networks did not prevent the oxidation of the cobalt 

nanoparticles.   

 

Figure 5.14. Aging study of cobalt nanoparticles encapsulated with networks from a 
poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymer with a styrene block length of 
75,000 g/mol and a polyvinylphenoxyphthalonitrile block length of 10,500 g/mol.  The 
dashed line (---) reflects cobalt nanoparticles coated with phthalonitrile networks formed 
using phenylhydroquinone while the soild line (-) represents nanoparticles encased with 
networks derived from bisphenol 6F. 



 

 

172 

 

 

5.5.6 Preparation and characterization of cobalt nanoparticles encased in protective 

graphitic-like coatings 

 The complexes of cobalt metal nanoparticles coated with poly(styrene-b-4-

vinylphenoxyphthalonitrile) were heated at elevated temperatures to convert the 

copolymers to carbonaceous coatings for protecting the metal against oxidation.  The 

ferrofluid solvent was removed under vacuum, then the complexes were pyrolyzed at 

400-700 °C in a tube furnace under an argon purge.  Scanning electron microscopy 

revealed this treament produced ensembles of particles adhered together by the pyrolyzed 

carbonaceous matrix (figure 5.15).  As expected based on the weight loss profiles of the 

copolymers (from TGA), significant weight was lost in these processes.  Thus, it was 

anticipated that the specific saturation magnetizations of the complexes would increase 

upon pyrolysis.  Surprisingly, however, the increase in magnetization after treating the 

complexes at 600-700 oC was significantly greater than expected, and this could not be 

attributed merely to weight loss (figure 5.16).     

 
 

Figure 5.15. SEM micrograph of the surface of cobalt nanoparticles coated with a 25,000 
g mol-1 poly(styrene-b-4-vinylphenylphenoxyphthalonitrile) copolymer after heating to 
700 °C for 4 hours.  
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Figure 5.16.  Specific saturation magnetizations of cobalt-copolymer complexes after 
heating for four hours at the designated temperatures.  The two complexes on the right 
were first heated for four hours at the temperatures in parentheses, cooled to room 
temperature, then heated for another four hours at 700 oC.   

 

Transmission electron micrographs of microtomed thin sections of the materials 

heated at 700 oC showed both 8-10 nm particles (the original size), together with a 

substantial portion of irregularly-shaped, 50-150 nm agglomerates within the 

carbonaceous matrix.  The micrographs suggest that some cobalt particle sintering had 

taken place during the heat treatment at 700 oC (figure 5.17).  Interestingly, cross-

sectional micrographs of cobalt-copolymer complexes that were pyrolyzed at 500 °C for 

four hours, then at 700 °C for four hours, revealed a majority of 8-10 nm particles 

together with some of the 50-150 nm agglomerates, and the particles seemed to have 

more spherical character compared to those heated only at 700 oC (figure 5.18).  The 
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reasons for the somewhat different appearances of the particles subjected to different heat 

treatments will require significant further study.  However, it is reasoned that the matrix 

should undergo weight loss with crosslinking at 500 oC, and that this may somewhat 

inhibit cobalt particle sintering during the 700 oC step.    

 
 

Figure 5.17.  TEM micrograph of a thin cross-section of cobalt nanoparticles coated with 
a 25,000 g mol-1 poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymer after pyrolysis 
at 700 oC for four hours 

 

The high saturation magnetizations (95-100 emu g-1 material) of the cobalt 

nanoparticle complexes have been retained after aging under ambient conditions for over 

a year.  Since cobalt oxides are antiferromagnetic, retention of the high magnetizations 

demonstrates the oxidative stability of these complexes.  These cobalt complexes were 

milled in an intensive mill at 700 RPM in an aqueous 10 M KOH solution to obtain fine 

particles.  The strongly basic solution was utilized because it was thought that this might 

etch the carbonaceous coatings sufficiently to aid in obtaining fine particles.271 

 

                                                
271 Ruisheng, X.; Zengmin, S., Carbon 2003, 41, 1851-1864. 
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Figure 5.18.  TEM micrograph of a thin cross-section of cobalt nanoparticles coated with 
a 25,000 g mol-1 poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymer after heating to 
500 oC for four hours, cooling to room temperature, then heating at 700 oC for four hours.   
 

Scanning electron microscopy of the ground particles revealed a particle size 

range from 10 nm to 100 µm (figure 5.19).  This milling process yields materials with a 

saturation magnetization of 90 emu g -1 material (only about a 10% loss), and this has 

now been aged for over 100 days without any further loss in magnetic properties (figure 

5.20).  Thus, it is believed that the pyrolyzed phthalonitrile-containing blocks afford a 

durable barrier preventing the oxidation of cobalt nanoparticles under ambient conditions.   



 

 

176 

 

 
Figure 5.19.  Low resolution (top) and high resolution (bottom) SEM micrographs of 
pyrolyzed cobalt–copolymer complexes after milling at 700 rpm for 1 hour in a 10 M 
aqueous KOH solution 
 

 

Figure 5.20.  Specific saturation magnetization (emu g-1 material) as a function of days 
exposed to ambient conditions for cobalt particles encapsulated with a poly(styrene-b-4-
vinylphenoxyphthalonitrile) copolymer (5,256 g mol-1 phthalonitrile block molecular 
weight and 30,000 g mol-1 styrene block molecular weight) pyrolyzed at 700 °C for 4 
hours under an argon purge (top) and the same material after grinding at 700 RPM in an 
aqueous 10 M KOH solution (bottom). 
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5.6 Conclusions 
 

Poly(styrene-b-4-vinylphenoxyphthalonitrile) copolymers have been employed to 

form stable dispersions of magnetic cobalt nanoparticles ~8-10-nm in diameter.  The 

nanoparticles may be encapsulated with phthalonitrile networks by crosslinking the 

polyvinylphenoxyphthalonitrile anchor blocks of the copolymers using nucleophilic 

initiators.  The phthalonitrile networks do not provide oxidative stability as the saturation 

magnetization of the complexes decreased substantially (>50%) after exposure to ambient 

conditions for 27 days.  The nanoparticles may be converted to oxidatively stable entities, 

however, by pyrolysis of the cobalt – copolymer complexes in inert atmospheres. 

Protective carbonaceous coatings resulted from the pyrolysis, as evidenced by TEM 

analysis.  These “graphitic” coatings are believed to be the barrier against oxidation of 

the pyrolyzed cobalt-polymer complexes.  The pyrolyzed complexes exhibited minimal 

magnetic hysteresis and have retained their high saturation magnetizations (~95-100 emu 

g-1) under ambient conditions for over one year.  Future work will be devoted to 

understanding the crystalline nature of the cobalt within the pyrolyzed complexes and 

controlling particle size during the pyrolysis procedure.  Methods for “re-functionalizing” 

the graphitic type coatings following the pyrolysis and ball milling will also be important 

for any biomedical applications. 
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Chapter 6 

Poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane) – cobalt complexes and their conversion to functionalized 

nanoparticles 

 
6.1 Abstract 
 

Poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane) graft copolymers have been synthesized and employed to form cobalt 

nanoparticles encapsulated with a combination of graphitic and silica char.  The 

phthalonitrile-siloxane containing graft copolymers were synthesized using a 

combination of free-radical and chemical modification techniques.  Poly(4-

acetoxystyrene), the macromolecular template for the graft copolymers, was synthesized 

via the conventional free-radical polymerization of 4-acetoxystyrene using benzoyl 

peroxide.  The pendent acetoxy groups were subsequently deacetylated to afford poly(4-

vinylphenol).  Various molar quantities of the pendent phenol moieties were chemically 

modified with 4-nitrophthalonitrile to afford poly (4-vinylphenol-co-4-

vinylphenoxyphthalonitrile) copolymers.  The remaining phenol repeat units were 

derivitized with trivinylchlorosilane to produce poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytrivinylsilane).  Five – ten mole percent of the pendent vinyl groups were 

hydrosilated with hydrido terminated poly(dimethylsiloxane) while the remaining vinyl 

groups were hydrosilated with triethoxysilane to create poly (4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 

copolymers.  The graft copolymers were used to stabilize cobalt nanoparticles formed via 

the thermolysis of Co2(CO)8 in toluene.  The nanoparticle – graft copolymer complexes 
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were pyrolyzed at 700 °C to afford cobalt nanoparticle complexes encapsulated with a 

carbonaceous and silica containing char.   

 
6.2 Introduction 
 
 Magnetic nanoparticles possess unique magnetic and electrical properties that are 

not obtainable from their bulk equivalents.272,273,274  Consequently, a number of exciting, 

novel applications are envisioned for magnetic nanoparticles that includes magnetic 

storage devices, contrast agents in magnetic resonance imaging, catalysis,  and multi-

terabit magnetic storage devices.274,275,276  Given the foreseen technological promise of 

magnetic nanoparticles, a substantial amount of research has been published focusing on 

the synthesis of various discrete magnetic nanoparticles approximately 2 – 20 nm in 

diameter.274,277  Although magnetic particles may be synthesized from iron oxides (Fe3O4 

and γ − Fe2O3) and transition metals (Co, Ni, and Fe), the majority of biotechnological 

research involving magnetic nanoparticles concentrates on the fabrication and use of iron 

oxide nanoparticles as they possess oxidative stability and biocompatibility.275   

Magnetic nanoparticles derived from transitions metals have the capacity for three 

to four times the magnetic response of iron oxide nanoparticles yet are limited by their 

rapid oxidation to antiferromagnetic oxides under ambient conditions.  The oxidation of 

transition metal nanoparticles is further accelerated by their inherent high surface-to-

                                                
272 Hyeon, T., Chem. Comm. 2003, 1, 927-934. 
273 Majetich, S.; Jin, Y., Science 1999, 284, 470. 
274 Murray, C.; Kagan, C.; Bawendi, M., Science 1995, 270, 1335. 
275 Fertman, V., Magnetic Fluids Guidebook: Properties and Applications. Hemisphere Publishing 
Corporation: New York, 1990. p 24. 
276 Zarur, A.; Ying, J., Nature 2000, 403, 65. 
277 Awschalom, D.; DiVicenzo, D., Phys. Today 1995, 4, 43. 
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volume ratio.278  Thus, in order for future technologies to take advantage of the high 

magnetic response of transition metal nanoparticles, they must incorporate protective 

coatings that prevent the formation of metal oxides.   

Previous research discussed in chapter 5 concluded that cobalt nanoparticles 

encapsulated with the pyrolyzed poly(styrene-b-4-vinylphenoxyphthalonitrile) dispersion 

stabilizers possess robust, carbonaceous coatings that prevent their oxidation.  It is 

believed that the phthalonitrile moieties of the block copolymers complex to the cobalt 

nanoparticle surface and later afford dense, oxidation-resistant graphitic coatings upon 

pyrolysis.  Unfortunately, the carbonaceous coatings of these nanoparticles have been 

difficult to functionalize and our efforts have currently turned toward the synthesis of 

dispersion stabilizers that will afford protective coatings comprised of carbonaceous and 

silica char upon pyrolysis.  It is postulated that such coatings may afford oxidative 

protection as well as surface functionality to the cobalt nanoparticles via well-established 

silica functionalization chemistries. 

Herein, the synthesis and pyrolysis of cobalt nanoparticles stabilized with a  novel 

phthalonitrile and siloxane containing graft copolymer is reported.  The dispersion 

stabilizer, poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane), was synthesized using a combination of free-radical and chemical 

modification techniques.  It is believed that the phthalonitrile moieties of the graft 

copolymer will bind to the cobalt nanoparticle surface while the polydimethylsilxoane 

(PDMS) and triethoxysilane constituents of the graft copolymers afford steric 

stabilization of the nanoparticles in nonpolar media.  The nanoparticle – graft copolymer 

                                                
278 Flahaut, E.; Agnoli, F.; Sloan, J.; O'Connor, C.; Green, M., Chem. Mater. 2002, 14, 2553-2558. 
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complexes were pyrolyzed under inert conditions to afford cobalt nanoparticles 

encapsulated with carbonaceous and silica char. 

 
 
6.3 Experimental 
 
6.3.1 Materials.   

4-acetoxystyrene (Aldrich) was dried over calcium hydride for ~ 12 h and 

distilled into a flame dried 250 mL round-bottom flask.  Triethylamine (Aldrich) was 

stirred over calcium hydride for 24 h and distilled prior to use.  Tetrahydrofuran (E.M. 

Sciences) was dried over calcium hydride for 12 h, refluxed over sodium in the presence 

of benzophenone until the solution was deep purple, and distilled prior to use. N-methyl-

2-pyrrolidinone (EMD) and cyclohexane (Aldrich) were dried over calcium hydride for 

12 h and distilled prior to use. Ammonium hydroxide (Fisher Scientific), potassium 

carbonate (E.M. Sciences), and trivinylchlorosilane (Gelest) were used as received.  

Chlorobenzene, n-butyllithium (2.0 M in cyclohexane) and potassium hydroxide were 

purchased from Aldrich and used as received.  Dicobalt octacarbonyl (Alfa Aesar) was 

transferred to sealed glass vials in a dry box and stored at –10 °C until use.  4-

nitrophthalonitrile was synthesized using the procedure of Sumner et al.279  

Triethoxysilane, dimethylchlorosilane, and Pt° [1,3-divinyl-1,1,3,3-

tetramethyldisiloxane]1.5 were purchased from Gelest and used as receieved.  

Hexamethylcyclotrisiloxane (D3)  (Gelest) was dried at 80 °C for 24 h over calcium 

hydride and sublimed under vacuum prior into a pre-weighed, 500 mL round-bottom 

                                                
279 Sumner, M. J. High Performance Materials Containing Nitrile Groups. Ph.D. dissertation, Virginia 
Polytechnic Institute and State University, Blacksburg, VA, 2003. 
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flask.  Purified cyclohexane was then added to the sublimed monomer to afford a D3 

stock solution with a concentration of 0.83 g D3 / mL. 

 

6.3.2 Synthesis of poly(4-acetoxystyrene).   

Poly(4-acetoxystyrene) was synthesized using conventional free-radical 

techniques.  A representative procedure for synthesizing poly(4-acetoxystyrene) with a 

1:50 molar ratio of free-radical peroxy initiator to 4-acetoxsytrene is provided.  4-

acetoxystyrene (6.6 mL, 43.1 mmol) was charged to a 50 mL round-bottom flask 

equipped with a magnetic stirrer and septa seal followed by addition of 6 mL 

chlorobenzene.  Benzoyl peroxide (.1044 g, 0.43 mmol) was then added, and the reaction 

medium was purged with argon for 3h to remove oxygen.  The reaction solution was 

heated to 100 °C for 24 h and cooled to room temperature.  The polymer was isolated by 

pouring the reaction solution into a beaker of stirring methanol (500 mL).  The product 

was isolated via vacuum filtration and dried for ~ 24 h at 100 °C.  The yield for the 

reactions were approximately 70 - 80%.   

 

6.3.3 Synthesis of poly(4-vinylphenol). 

An exemplary procedure for the deacetylation of a 24,200 g/mol poly(4-

acetoxystyrene) polymer to afford poly(4-vinylphenol) is provided.  To a 100 mL round-

bottom flask equipped with  a magnetic stirrer containing 50 mL methanol and 10 mL of 

a 14.8 M solution of ammonium hydroxide (0.148 mol), 6.0 g of a 24,200 g/mol poly(4-

acetoxystyrene) (37.0 mmol 4-acetoxystyrene) was charged.  The resultant slurry was 

heated to methanol reflux for 24 h to afford a transparent reaction medium.  The polymer 
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was isolated via precipitation into a beaker of stirring deionized water (500 mL), vacuum 

filtered, and dried at 100 °C for 24 h under vacuum.  The yield for the reactions was 

approximately 80 – 85 %.   

 

6.3.4 Synthesis of poly(4-vinylphenol-co-4-vinylphenoxyphthalonitrile)  

A representative procedure for synthesizing a poly(4-vinylphenol-co-4-

vinylphenoxyphthalonitrile) copolymer with a 1:1 molar ratio of phenol to phthalonitrile 

repeat units is provided.  To a single-neck, round-bottom flask equipped with a magnetic 

stirrer, 13.22 g of poly(4-vinylphenol) (M n =17, 926 g/mol, 0.110 mol phenol) was 

charged along with 50 mL of NMP.  4-nitrophthalonitrile (9.53 g, 55.0 mmol) and 

anhydrous potassium carbonate (11.4 g, 83 mmol) were then added.  The reaction 

medium was heated to 90 °C for 12 h.  The copolymer was isolated via precipitation into 

a beaker of stirring deionized water cooled to 0 °C.  The product was collected via 

vacuum filtration and dried for 48 h at 90 °C under vacuum.  Typical yields for this 

procedure were approximately 90-95%. 

 

6.3.5. Synthesis of poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytrivinylsilane).  

Poly(4-vinylphenol-co-4-vinylphenoxyphthalonitrile) (1 g, 2.7 mmol phenol) was 

dissolved in 20 mL of THF.  Triethylamine (1.14 mL, 8.1 mmol) was then injected, and 

the solution was cooled to ~ 0 °C using an ice bath.  Trivinylchlorosilane (0.64 mL, 4.0 

mmol) was then added dropwise while stirring the solution.  The reaction medium was 

allowed to warm to room temperature and stirred for ~12 h.  The reaction solution was 



 

 

184 

 

vacuum filtered to remove salts, and the product was isolated via precipitation into a 

beaker of stirring hexanes (500 mL).  Approximately   ~78 % yield was obtained. 

     

6.3.6  Synthesis of hydrido terminated poly(dimethylsiloxane) (PDMS). 

Hydrido terminated PDMS was synthesized using the method of Wilson et al.280  

An exemplary procedure for synthesizing a 10,000 g/mol PDMS chains with hydrido 

endgroups is provided.  30.37 mL of a D3 stock solution (0.823 g / mL) was injected into 

a flame-dried, 250 mL round-bottom flask equipped with a magnetic stirrer.  An 

additional 120 mL of purified cyclohexane was injected along with n-butyllithium (1.56 

mL of a 1.6 M solution, 2.5 mmol).  After 2 h, 12.5 mL of THF was injected into the 

reaction medium.  The ring-opening of D3 was monitored via 1H NMR, and 

dimethylchlorosilane (0.82 mL, 7.5 mmol) was injected after 95% conversion of the 

monomer.  The reaction solution was heated to 75 °C for 24 h to remove excess 

dimethylchlorosilane.  The product was redissolved in dichloromethane (50 mL) and 

washed with deionized water (200 mL) in a separatory funnel three times to remove salts.  

The polymer was isolated via precipitation into a beaker of stirring methanol (500 mL) 

and dried under vacuum at 75 °C for 24 h.     

 

6.3.7 Synthesis of poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane). 

Poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane) (1 g, 6.3 

mmol vinyl) was dissolved in 20 mL of THF. Pt° [1,3-divinyl-1,1,3,3-
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tetramethyldisiloxane]1.5  (41.3 µl) was then injected followed by the addition of hydrido 

terminated poly(dimethylsiloxane) (6.2 g, 0.63 mmol).  The reaction was heated to 50 °C 

for 24 h and 1H NMR was employed to confirm consumption of the hydrido endgroups.  

Triethoxysilane (1.06 mL, 5.7 mmol) was then injected to hydrosilylate the remaining 

vinyl groups at 50 °C for an additional 24 h.  The graft copolymer was isolated via 

precipitation into a beaker of stirring hexanes (500 mL) chilled to 0 °C.  The product was 

vacuum filtered and dried at 100 °C for 24 h. The yield of the reaction was ~95%. 

 

6.3.8  Synthesis of cobalt nanoparticles stabilized by poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 

A 3-neck, 250-mL, round bottom flask equipped with a condenser, mechanical 

stirrer, and a septum-capped neck was flame-dried under argon.  Approximately 50 mL 

of toluene was injected into the flask.  One gram of poly(4-vinylphenoxyphthalonitrile-

co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) was charged and dissolved.  The 

reaction medium was deoxygenated by purging argon through the solution for 2 h.  One 

gram of dicobalt octacarbonyl (2.93 mmol) was quickly added to the flask, and the 

reaction was refluxed at 110 °C for 5 h.  The solution was cooled to room temperature, 

transferred to a flame-dried, septum-capped, 100-mL, round bottom flask via cannula, 

and stored under argon. 

 

                                                                                                                                            
280 Wilson, K. S. Synthesis of Functionalized Poly(dimethylsiloxane)s and the Preparation of Magnetite 
Nanoparticle Complexes and Dispersions. Ph.D. dissertation, Virginia Tech, Blacksburg, 2003. 
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6.4 Characterization 
 
6.4.1 1H NMR spectroscopy.   

A Varian Unity 400 MHz NMR spectrometer was used to collect 1H NMR spectra 

of the reagents, monomers and copolymers.  The instrument operated at a frequency of 

399.954 MHz with recycle delay of 1 s, acquisition time of 3.7 s and a 22° pulse angle. 

 

6.4.2 Gel permeation chromatography (GPC). 

GPC was employed to investigate the molecular weights and molecular weight 

distributions of the poly(4-acetoxtystyrene) series.  A Waters 2690 GPC equipped with a 

Waters HR 0.5 + HR 2 + HR 3 + HR 4 styragel column set, an online Viscotek 100 

differential viscometric detector, and a Viscotek laser refractometer were used for 

chromatographic analysis.  Chloroform was employed as the mobile phase at 25 °C and a 

flow rate of 1.0 mL min-1.  Polystyrene standards were used to construct a calibration 

plot.  The molecular weights of the samples were determined using a universal 

calibration.  

 

6.4.3 Transmission electron microscopy (TEM). 

A Philips 420T TEM run at 100 kV was used to obtain electron micrographs of 

the cobalt ferrofluids.  The TEM samples were prepared by casting a few drops of the 

magnetic fluid, which had been diluted with toluene until it was the color of “weak tea,” 

onto a carbon-coated copper grid and allowing the toluene to evaporate. 
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6.4.4 Thermogravimetric analysis (TGA) 

A TA Q0500 TGA was used to investigate the degradation behavior of the 

copolymers under inert conditions.  The samples (8-10 mg) were heated from 30 to 700 

°C at a ramp rate of 10 °C/min in platinum pans under a nitrogen atmosphere.   Sample 

weight loss was monitored as a function of temperature, and the char yields afforded at 

700 °C were recorded for each sample. 

 

6.4.5 Differential scanning calorimetry (DSC)  

A TA differential scanning calorimeter Q1000 was employed to analyze the phase 

behavior of the copolymers in this study.  Approximately 5-10 mg of the materials were 

heated from 30 °C to 150 °C at a ramp rate of 5 °C/min under a nitrogen.  TA universal 

analysis software was used to analyze the thermograms. 

 

6.4.6 Magnetometry. 

A Lakeshore 7300 Series vibrating sample magnetometer (VSM) was employed 

for magnetization measurements of the cobalt ferrofluids and pyrolyzed particles.  All 

measurements were carried out in applied fields from 8000 to -8000 Oe and a sensitivity 

setting of 0.1 emu.  

 
 
6.5 Results and Discussion 
 
6.5.1  Synthesis of poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) copolymers 

 The synthesis of the phthalonitrile – siloxane containing graft copolymers began 

with the synthesis of poly(4-acetoxystyrene).  This template polymer was synthesized via 
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the conventional free-radical polymerization of 4-acetoxystyrene (figure 6.1).  The 

reactions were carried out in chlorobenzene as it readily solvates high molecular weight 

poly(4-acetoxystyrene) and has a low chain transfer constant.    A series of template 

polymers were synthesized by varying the molar ratio of benzoyl peroxide to 4-

acetoxystyrene as reflected in table 6.1.  Gel permeation chromatograms of the polymers 

revealed broad, monomodal peaks (figure 6.2) and polydispersity indices  (1.5 – 2.0)  

reflective of a conventional free-radial polymerization process. 
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Figure 6.1. Free-radical polymerization of 4-acetoxystyrene using benzoyl peroxide 
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Table 6.1. Poly(4-acetoxystyrene) series synthesized via the free racial polymerization of 
4-acetoxystyrene with benzoyl peroxide 
 

Molar Ratio 
Initiator:Monomer 

 
% Yield 

Mn GPC 
(g/mol) 

 
PDI 

0.5:100 65 43,900 1.6 
2:100 70 24,200 2.0 
5:100 77 9,800 1.4 

10:100 76 2,400 1.9 
 
 

 
 
Figure 6.2. Gel permeation chromatogram of poly(4-acetoxystyrene) with a Mn of 24,200 
and a PDI of 2.0.   
 
 
 The pendent 4-acetoxy groups of the poly(4-acetoxystyrene) series were 

deacetylated using the reaction conditions previously employed by Hawker et al. to 

afford poly(4-vinylphenol) (figure 6.3).281  Proton NMR was used to confirm 

deacetylation of the acetoxy groups (δ = 2.2 ppm) and appearance of pendant phenol 

                                                
281 Barclay, B.; Hawker, C. J.; Ito, H.; Orellana, A.; Malenfant, P.; Sinta, R., Macromolecules 1998, 31, 
1024-1031. 
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proton sets (δ = 9.0 ppm) in the isolated poly(4-vinylphenol) series (figure 6.4).  

Moreover, the integrated peak area of the phenol proton set (9.0 ppm) to aromatic proton  

sets (6.2 – 7.0 ppm) was approximately 1:4 in the poly(4-vinylphenol) series indicating 

that quantitative deacetylation of the pendant acetoxy groups was accomplished.  
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Figure 6.3. Deacetylation of poly(4-acetoxystyrene) to afford poly(4-vinylphenol) 
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Figure 6.4. 1H NMR spectra of poly(4-acetoxystyrene) before (top) and after 
deacetylation (bottom).  The acetoxy proton set at 2.2 ppm is replaced by the phenol 
proton set of poly(4-vinylphenol) at 9.0 ppm after deacetylation. 

 
 
A fraction of the pendent phenols of poly(4-vinylphenol) were chemically 

modified with 4-nitrophthalonitrile via a nucleophilic aromatic substituion reaction under 

basic conditions to afford poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) (figure 

6.5).  It is important to recognize that the phthalonitrile moieties are necessary for 

complexing the dispersion stabilizers to cobalt nanoparticles and ultimately affording a 

dense, carbonaceous protective coating encapsulating the nanoparticles upon pyrolysis.  

Since phthalonitrile moieties are also insoluble in the nonpolar, aprotic solvents (toluene 

or chlorobenze) required for cobalt nanoparitcle formation via Co2(CO)8 thermolysis, 

their composition must be tailored to afford solubility of the dispersion stabilizers in the 

reaction media required for cobalt particle formation.  Thus, the phthalonitrile 
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composition within the dispersion stabilizers was tailored to afford protective coatings 

around the particles as well as solubility in nonpolar solvents.   

A series of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymers with 

a 1:1, 2:1, 3:1, and 5:1 phthalonitrile to phenol molar ratio were synthesized from a 

poly(4-vinylphenol) template with a number-average molecular weight of 18,000 g/mol 

(table 6.4.2).  Proton NMR was employed to compare the experimental and theoretical 

compositions of phthalonitrile repeat units within the poly(4-vinylphenoxyphthalonitrile-

co-4-vinylphenol) copolymers by comparing the integrated peak area of the resolved 

phthalonitrile proton set at 7.9 ppm to the phenol proton set at 9.0 ppm (figure 6.6).  

Based on findings that will be discussed later in this section, it was determined that an 

equimolar quantity of phthalonitrile and phenol repeat units afford graft copolymer 

dispersion stabilizers that may be used to stabilize cobalt nanoparticles.  Consequently, a 

series of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymers (table 6.4.3) 

with a 1:1 molar ratio of phthalonitrile and phenol pendant groups were synthesized for 

stabilizing cobalt nanoparticles.  As revealed in tables in 6.2 and 6.3, the experimental 

and theoretical integrated peak areas of the phthalonitrile and phenol proton sets are in 

close agreement indicating that targeted phthalonitrile compositions may be readily 

achieved.     
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Figure 6.5. Synthesis of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) via 
chemical modification of poly(4-vinylphenol) with 4-nitrophthalonitrile 

 

 

 

R CH2 CH HC CH2

OH OH

R

x y

NO2

CN

CN

NMP

K2CO3

90 O C

R CH2 CH HC CH2

O OH

R

x

y

CN

CN

*



 

 

194 

 

 

 

Figure 6.6. 1H NMR of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol).  The 
phthalonitrile composition was determined by comparing the integrated peak area of the 
phthalonitrile proton set at 7.9 ppm (b) to the phenol proton set at 9.1 ppm (a). 
 

Table 6.2. Summary of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymers 

Mn poly(4-
vinylphenol) 

g/mol 

Targeted 
Phth.  

Repeat Units 

Targeted 
Phenol  

Repeat Units 

Theoretical  
Molar Ratio 

Phth : 
Phenol 

Actual Molar 
Ratio (1H 

NMR) 

18,000 74.7 74.7 1/1 1.2/1 

18,000 100 49.4 2/1 1.7/1 

18,000 112 37.4 3/1 2.6/1 

18,000 125 24.4 5/1 5.3/1 
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Table 6.3. Summary of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymers 
synthesized with an equimolar composition of phthalonitrile and phenol repeat units 

Mn poly(4-
vinylphenol)  

g/mol 

Targeted Phth.  
Repeat Units 

Targeted 
Phenol  

Repeat Units 

Theoretical  
Molar Ratio 

Phth. : Phenol 

Actual Molar 
Ratio Phth. : 
Phenol      (1H 

NMR) 
1,800 7.5 7.5 1/1 .90/1 

18,000 74.7 74.7 1/1 1.2/1 

111,000 462 462 1/1 .93/1 

 

The remaining phenols of the poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenol) copolymers listed in tables 6.2 and 6.3 were reacted with 

trivinylchlorosilane via a nucleophilic substitution reaction to afford poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane) copolymers (figure 6.7).  

Pendent vinyl functionality was added to the copolymers so that they may be later 

modified via hydrosilation reactions with hydrido terminated PDMS and triethoxysilane.  

Tetrahydrofuran was used as the solvent for the chemical modification reactions as it 

readily solvates poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) and poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane).  Anhydrous triethylamine 

was employed as an acid scavenger in the reaction and added prior to the addition of 

trivinylchlorosilane in order to prevent cleavage of the unstable Si-O-C bond of the 4-

vinylphenoxytrivinylsilane repeat units.  A ~ 50% molar excess of trivinylchlorosilane 

was used in order to ensure quantitative modification of the pendent phenol moieties.        

Immediately upon addition of trivinylchlorosilane, triethylammonium chloride 

salts were evident, and the reaction was allowed to progress for 12 h at room temperature.  

The reaction medium was filtered to remove salts and precipitated into a beaker of 
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stirring hexanes.  Proton NMR was used to evaluate the vinylsilane composition of the 

isolated copolymers by comparing the integrated peak areas of the aromatic protons ortho 

to the phthalonitrile group at 7.8 ppm to the vinyl protons peaks between 5.8 – 6.3 ppm 

(figure 6.8).  It was determined that the integral ratios of the peak areas were nearly 

equivalent to the theoretical ratios for all the poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytrivinylsilane) copolymers.  Thus, it is assumed that the pendent phenols of 

poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) may be readily modified with 

trivinylchlorosilane. 
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Figure 6.7. Synthesis of poly(4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytrivinylsilane)  
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Figure 6.8. 1H NMR spectrum of poly(4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytrivinylsilane) with a targeted equimolar quantity of phthalonitrile and vinyl 
containing containing repeat units.  The theoretical integrated peak area ratio of the 
phthalonitrile proton set (a) to the vinyl protons sets (b) is 1:9 whereas the experimental 
ratio is 1:8.6. 
 

 The final phase of the phthalonitrile-siloxane graft copolymer synthesis involved 

hydrosilating the pendent vinylsilanes of poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytrivinylsilane) with hydrido terminated poly(dimethylsiloxane) (PDMS) and 

triethoxysilane to afford poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) cobalt dispersion stabilizers.  Hydrido 

terminated PDMS was synthesized using the procedure of Wilson et al. as shown in 

figure 6.9.282  This synthetic scheme involved the anionic ring-opening polymerization of 

1,1,3,3,5,5-hexamethylcyclotrisiloxane (D3) using n-butyllithium to afford living 

                                                
282 Wilson, K. S. Synthesis of Functionalized Poly(dimethylsiloxane)s and the Preparation of Magnetite 
Nanoparticle Complexes and Dispersions. Ph.D. dissertation, Virginia Tech, Blacksburg, 2003. 
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siloxanolate chains that were functionally terminated with dimethylchlorosilane to afford 

hydrido end-group functionality.  End functionalized PDMS chains with targeted 

number-average molecular weights of 1,000 and 10,000 g/mol were synthesized.   

As revealed in table 6.4, the experimental molecular weights of the PDMS series 

were in close agreement with their targeted molecular weights, and the polydispersity 

indices of the polymers are reflective of so-called living reactions.  Moreover, GPC 

chromatograms of the hydrido terminated PDMS series revealed sharp, monomodal 

peaks also indicative of living, anionic reactions (figure 6.10).  

 

 

Figure 6.9. Synthesis of hydrido terminated poly(dimethylsiloxane)282 

 

Table 6.4. Molecular weights of poly(dimethylsiloxane) chains with hydrido end groups 
 

Targeted Mn 
(g/mol) 

 

Mn 1H NMR 
(g/mol) 

Mn GPC 
(g/mol) PDI 

10,000 9,500 9,700 < 1.03 

1,000 1,100 1,200 < 1.03 
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Figure 6.10. GPC chromatogram of 9,730 g/mol poly(dimethylsiloxane) with hydrido 
endgroups and a PDI < 1.03   
 

The hydrido terminated PDMS chains were grafted onto poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane) via hydrosilation of  the 

pendent vinyl groups using Karstedt's catalyst (figure 6.11).  Tetrahydrofuran was the 

employed as the reaction solvent as it readily solvates the poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane) copolymers derived from 

tables 6.2 and 6.3 in addition to the hydrido terminated PDMS chains listed in table 6.4.  

Five mole percent of the vinyl groups were hydrosilated with the low or high molecular 

weight PDMS chains for 24 h at 50 °C.   Once 1H NMR confirmed hydrosilation of the 

PDMS chains onto poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytrivinylsilane), 

the remaining vinyl groups were hydrosilated with triethoxysilane for an additional 24 h 

at 50 °C to afford poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-
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g-dimethylsiloxane).  Proton NMR also confirmed quantitative consumption of the vinyl 

groups during the second hydrosilation reaction with triethoxysilane. 

It is important to note, however, that phase separation of the reaction medium was 

observed immediately after the addition of either the 1,100 g/mol or 9,500 g/mol PDMS 

chains to reaction solutions containing poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytrivinylsilane) copolymers that possessed a phthalonitrile repeat unit content 

that exceeded the trivinylsilane repeat units (table 6.2).  It is postulated that phase 

separation occurred during these hydrosilylation reactions due to the elevated  

phthalonitrile composition (> 50 mole % phthalonitrile repeat units) and the resultant 

increase in polarity of the organic copolymers.  Thus, successful poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 

copolymers were synthesized solely from copolymers that contained a nearly equimolar 

composition of phthalonitrile and vinylsilane repeat units.  
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Figure 6.11. Synthesis of poly (4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytriethoxysilane-g-dimethylsiloxane) cobalt dispersion stabilizer 
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Proton NMR of the isolated graft copolymers revealed proton sets reflective of the 

phthalonitrie, PDMS, and ethoxy silane constituents of the graft copolymers as shown in 

figure 6.12.  Thus, the poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymers 

listed in table 6.3 provided the templates for synthesizing the desired phthalonitrile-

siloxane containing graft copolymers.  A summary of the graft copolymers synthesized, 

and the number of PDMS graft per mole of copolymer is provided in table 6.5.  

 

Figure 6.12.  1H NMR of poly (4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytriethoxysilane-g-dimethylsiloxane) 
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Table 6.5. Poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-
dimethylsiloxane) copolymers with 5 mole % of vinyl groups hydrosilated with hydrido 
terminated PDMS 
 

Mn graft 
copolymer     

1H NMR 
(g/mol) 

Mole % pthalonitrile 
repeat units within 

copolymer backbone 
(1H NMR) 

Mn PDMS grafts 
GPC 

(g/mol) 

# PDMS grafts per 
mole graft 
copolymer           
(1H NMR) 

21,000 47 9,700 1.1 

177,000 54 9,700 11.2 

1,100,000 48 9,700 69.3 

 

6.5.2 Thermal analysis of template and graft copolymers 

 Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

were employed to investigate the bulk thermal properties and degradation behavior of 

poly(4-acetoxystyrene), poly(4-vinylphenol), poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenol), and poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-

g-dimethylsiloxane) copolymers.  In figure 6.13, a series of overlaid DSC temperature 

scans are provided for poly(4-acetoxystyrene) (Mn = 2,400 g/mol), poly(4-vinylphenol) 

(Mn = 1,800 g/mol) , and poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) (2,800 

g/mol) containing an equimolar quantity of phthalonitrile and phenol containing repeat 

units.  As clearly revealed by figure 6.13, the Tg  of the low molecular weight poly(4-

acetoxystyrene) oligomer is dramatically changed after deacetlyation and chemical 

modification with 4-nitrophthalonitrile.   

The original Tg of the poly(4-acetoxystyrene) oligomer was  approximately 66 °C 

and this value increased substantially to 170°C upon deacetylation to poly(4-

vinylphenol).  The increase in Tg is likely a consequence of hydrogen bonding among the 
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pendent phenol moieties of poly(4-vinylphenol).  Interestingly, the Tg of poly(4-

vinylphenol) decreased to approximately 77 °C after half of its repeat units of were 

functionalized with 4-nitrophthalonitrile to afford poly(4-vinylphenoxyphthalonitrile-co-

4-vinylphenol).  The reduction in Tg after modification with 4-nitrophthalonitrile is 

believed to be a result of a reduction in hydrogen bonding between the copolymer chains.  

A similar trend was observed for higher molecular weight poly(4-acetoxystryene) (Mn = 

150,000 g/mol) as its Tg was elevated from 95 °C to 185 °C upon deacetylation to poly(4-

vinylphenol) (Mn  = 111,000).  Moreover, the Tg of poly(4-vinylphenol)  was reduced to 

103 °C after half of its repeat units were chemically modified with 4-nitrophthalonitrile to 

generate poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) (Mn = 168,000 g/mol). 

 

 

Figure 6.13. DSC thermograms of poly(4-acetoxystyrene), poly(4-vinylphenol), and 
poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol).  The thermograms reveal the 
significant changes in Tg that result from deacetylation and chemical modification with  
4-nitrophthalonitrile 
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DSC temperature scans of the poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) graft copolymers reveal they possess 

“microphase” separated morphologies.  As shown in figure 6.14, the Tg of the PDMS 

grafts are readily observed at –125 °C.  In addition, the PDMS crystallization exotherm is 

present at approximately -90 °C whereas the standard PDMS melting endotherm peak is 

observed at –47 °C.  The Tg of the phthalonitrile containing organic backbone is also 

distinguishable and present at approximately 66 °C for the graft copolymer derived form 

poly(4-acetoxystyrene) with a number-average molecular weight of 2,400 g/mol (figure 

6.5.2).  The PDMS thermal transitions were nearly equivalent for the graft copolymer 

derived from poly(4-acetoxystyrene) with a number-average molecular weight of 150,000 

g/mol yet the Tg of the organic backbone was evident at approximately 96 °C. 

 
 
Figure 6.14. DSC thermogram of poly (4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytriethoxysilane-g-dimethylsiloxane) revealing the phase separated 
morphology between the PDMS grafts and phthalonitrile containing organic copolymer 
backbone  
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 Thermogravimetric analysis was used to analyze the degradation behavior of the 

template and graft copolymers.  The dynamic weight loss profiles for the low molecular 

weight poly(4-acetoxystyrene) (Mn = 2,400 g/mol), poly(4-vinylphenol) (Mn = 1,800 

g/mol) , poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) (2,800 g/mol) containing 

an equimolar quantity of phthalonitrile and phenol containing repeat units, and   poly (4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) are 

overlaid in figure 6.15.  The temperature scans were run under a nitrogen atmosphere and 

a ramp rate of 10 °C/min.  The char yield of poly(4-acetoxystyrene) was approximately 5 

weight % whereas upon modification to poly(4-vinylphenol), its char yield increased to 

10 weight %. The poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol) copolymer has a 

substantially elevated char yield of 58 %.  The increase in char yield upon modification 

with 4-nitrophthalonitrile was anticipated, as phthalonitrile moieties exhibit exceptional 

char yields at elevated temperatures. The poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) graft copolymer possessed a char yield 

of approximately 42%.  The reduction in char yield is most likely the consequence of the 

reduced phthalonitrile composition within the graft copolymer. 
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Figure 6.15. TGA temperature scan of poly(4-acetoxystyrene), poly(4-vinlyphenol), 
poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenol), and poly (4-
vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 
copolymers 
 

6.5.3 Synthesis of cobalt nanoparticles stabilized with poly (4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane)  

Cobalt ferrofluids comprised of cobalt nanoparticles approximately 8-10 nm in 

diameter were synthesized from the poly (4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) graft copolymers listed in table 6.5.  

The cobalt nanoparticles were synthesized via the thermolysis of Co2(CO)8 in solutions of 

toluene containing the various graft copolymers.  A series of thermolysis reactions were 

conducted with varying amounts of the graft copolymers (table 6.6).  FT-IR was 

employed to monitor the decomposition of Co2(CO)8 to cobalt particles in the presence of 

the graft copolymers.  It was determined that the characteristic carbonyl stretches of 
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Co2(CO)8 (2030, 2065, and 1858 cm-1) were replaced by the carbonyl stretches of 

Co4(CO)12 (2058 and 1867 cm-1) after the reaction medium was heated to a toluene reflux 

as published previously by Tannenbaum et al.283  After four hours at 110 °C, the carbonyl 

stretches of Co4(CO)12 (2058 and 1867 cm-1) were significantly diminished suggesting 

the formation of cobalt nanoparticles containing residual Co4(CO)12. 

Transmission electron microscopy of solvent cast droplets of the ferrofluids 

indicated that a stable dispersion of 8-10 nm cobalt nanoparticles was generated when 

one gram of the graft copolymers was used in the thermolysis reactions (figure 6.16).  It 

is postualed that the organic backbone of the graft copolymers coordinates to the cobalt 

particle surfaces via the phthalonitrile moieties whereas the PDMS grafts extend into 

toluene affording a sterically stabilizing corona around the cobalt nanoparticles.   

 

 

 

 

 

 

 

 

 

 

                                                
283 Tannenbaum, R., Inorganica Chimica Acta 1997, 227, 233-240. 
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Table 6.6. Summary of cobalt thermolysis reactions with poly (4-
vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 
dispersion stabilizers 
 

Mn graft copolymer 
1H NMR (g/mol) 

Amount graft 
copolymer (g) Amount Co (g) 

Successful synthesis 
of cobalt ferrofluid 

(Y/N) 
21, 400 0.34 0.34 N 

21, 400 0.50 0.34 N 

21, 400 1.0 0.34 Y 

177, 000 0.34 0.34 N 

177,000 0.50 0.34 N 

177,000 1.0 0.34 Y 

1,110,000 0.34 0.34 N 

1,110,000 0.50 0.34 N 

1,110,000 1.0 0.34 Y 
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Figure 6.16. TEM micrograph of cobalt nanoparticles stabilized with poly (4-
vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) (Mn = 
21,375). 
 

Vibrating sample magnetometry was employed to investigate the magnetic 

properties of cobalt ferrofluids synthesized using the graft copolymer dispersion 

stabilizers (table 6.6).  Magnetization loops of the ferrofluids revealed they possessed 

superparamagnetic behavior as zero remanence magnetization was observed during the 

magnetization and demagnetization processes (figure 6.17).  Consequently, it is assumed 

that the magnetic moments of the particles are randomly oriented and disperse after the 

applied magnetic field is reduced to zero. 

100 nm
Siloxane Grafts

Phthalonitrile Groups
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Figure 6.17. VSM magnetization loop of cobalt ferrofluid generated via the thermolysis 
of Co2(CO)8 in presence of poly (4-vinylphenoxyphthalonitrile-co-4-
vinylphenoxytriethoxysilane-g-dimethylsiloxane) (Mn = 21,000 g/mol) 
 

6.5.4 Pyrolysis of cobalt nanoparticle - poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) complexes  

 The superparamagnetic cobalt - poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) complexes were pyrolyzed at 700 °C 

under an argon purge to afford cobalt nanoparticles encapsulated with protective  

coatings composed of both graphite and silica as illustrated in figure 6.18.  It is postulated 

that the phthalonitrile moieties of the graft copolymer dispersion stabilizers will afford 

protective carbonaceous coatings around the nanoparticles upon pyrolysis whereas the 

PDMS and triethoxysilane constituents will afford silica.  Thus, the pyrolysis of the graft 

copolmer – cobalt complexes would ideally afford oxidatively stable cobalt nanoparticles 

with the capacity for functionalization via silica coupling chemistries.   

The pyrolyzed graft copolymer – cobalt nanoparticle complexes were formed by 

concentrating the dispersed nanoparticles to a solid state under vacuum and pyrolyzing 
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the isolated material in a tube furnace equipped with an argon purge.  The nanoparticle 

complexes were pyrolyzed at 700°C for 4 hours and allowed to cool to room temperature.  

X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface of the 

pyrolyzed complexes and verified the existence of silica.  That is, the silica peak was 

present at approximately 103.4 eV (figure 6.19) in the pyrolyzed samples.  The 

theoretical binding energy of SiO2 is approximately 103.5 eV.284  Moreover, the atomic 

concentration of Si and O was approximately 18% and 43 % respectively further 

confirming the presence of silica on the nanoparticle complexes (table 6.7).   

 

 
 
 
Figure 6.18. Formation of cobalt nanoparticles encapsulated with graphitc and silica char 
via the pyrolysis of poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-
g-dimethylsiloxane) 
 
 
 

                                                
284 Moulder, J.; Sticke, W.; Sobol, P.; Bomban, K., Handbook of XPS. Chastain, J.; Jr., R. K., Physical 
Electroscopy Inc.: Eden Park, Minneapolis, 1995. p 57. 
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Figure 6.19. XPS spectrum of a pyrolyzed cobalt – poly(4-vinylphenoxyphthalonitrile-
co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) complex revealing the silica peak 
at 103.4 eV 
 
Table 6.7. Atomic concentration of elements on the surface of the pyrolyzed cobalt- 
poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-
dimethylsiloxane) complexes as measured by XPS. 
 

Element Atomic 
Concentration (%) 

C 1s 36 

O 1s 43 

Co 2p 3 

Si 2p 18 

N 1s 0 
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The pyrolyzed complexes were aged under ambient conditions in order to 

evaluate the ability of the pyrolyzed graft copolymers to prevent the formation of 

antiferromagnetic cobalt oxides.  The pyrolyzed nanoparticle complexes were aged at 

room temperature in vials open to the environment.  In order to evaluate the protection 

afforded by the pyrolyzed graft copolymers, the saturation magnetization of the 

pyrolyzed samples was measured during their exposure to ambient conditions.  It was 

found that the pyrolyzed complexes derived form the graft copolymers listed in table 

6.4.4 had a reduction in saturation magnetization that ranged from 40 - 55% after 90 days 

exposure to ambient conditions (figure 6.20).  Thus, it is assumed that the pyrolyzed 

poly(4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane) coatings did not prevent the formation of antiferromagnetic oxides 

around the cobalt nanoparticles.  It is postulated that the carbonaceous/silica coatings 

may possess voids readily allowing the permeation of oxygen to the particle surfaces. 

 

Figure 6.20. Aging study of cobalt nanoparticles encapsulated with pyrolyzed poly(4-
vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane).  
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6.6 Conclusions 
 
 Poly (4-vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-

dimethylsiloxane) graft copolymers may be synthesized using a combination of free-

radical and modification techniques.  The phthalonitrile – siloxane containing graft 

copolymers may be employed as dispersion stabilizers of cobalt nanoparticles formed 

during the thermolysis of Co2(CO)8 in toluene solutions.  The cobalt nanoparticles are 

superparamagnetic and approximately 8 – 10 nm in diameter. The graft copolymer 

stabilized nanoparticles may be pyrolyzed at 700 °C to afford cobalt nanoparticle 

complexes encapsulated with carbonaceous char and silica as shown via XPS.  Aging 

studies of the pyrolyzed complexes revealed a reduction in saturation magnetization of 

approximately 40 – 55 % after 90 days exposure to ambient conditions.  
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Chapter 7 

Summary and Conclusions 

 Cobalt nanoparticles stabilized with a variety of novel copolymers have been 

synthesized via the thermal decomposition of Co2(CO)8 in toluene solutions containing 

the copolymers.  The resultant cobalt ferrofluids contained well-dispersed cobalt 

nanoparticles approximately 8-10 nm in diamter. The copolymer dispersion stabilizers 

were tailored to afford a variety of thin, protective layers encasing the nanoparticles to 

prevent their oxidation under ambient conditions.  A summary of the copolymers, the 

protective barriers dervived from them, and the percent reduction in saturation 

magnetization (Ms) of the cobalt complexes after 90 days exposure to ambient conditions 

are listed in table 7.1. 

 Clearly, the only protective barrier that afforded oxidatively stable cobalt 

nanoparticles under ambient conditions was the graphitic coating generated via the 

pyrolysis of poly(styrene-b-4-vinylphenoxyphthalonitrile) at 700 °C.  Surprisingly, the 

pyrolysis of these copolymer-cobalt complexes afforded high saturation magnetizations ( 

95-100 emu g-1 material) in addition to oxidative stability.  It is postulated that the 

increase in saturation magnetization of the pyrolyzed materials is a consequence of the 

elevated cobalt composition in addition to enhanced crystallinity of the cobalt.  In lieu of 

the prolonged oxidative stability of the pyrolyzed complexes before and after ball-mill 

grinding, it is believed that the pyrolyzed polyvinylphenoxyphthalonitrile blocks afford 

dense, robust graphitic coatings encapsulating the nanoparticles that are impervious to 

oxygen. 
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Table 7.1. Summary of cobalt dispersion stabilizers, the oxidative barriers derived from 
their structure, and the percent reduction in Ms of the cobalt nanoparticle complexes after 
90 days exposure to ambient conditions. 
 

Cobalt dispersion stabilizer Oxidative 
barrier 

% Reduction in Ms after 
90 days 

exposure to ambient 
conditions 

Poly(methyl methacrylate-co- 
2-vinylpyridine-g-dimethylsiloxane) 

 
organic glass 63 % 

Poly(styrene-b-4-vinylphenylcyanate) 
 

triazine network 
 30% 

Poly(styrene-b-4-
vinylphenoxyphthalonitrile) 

 

phthalonitrile 
network 

 
52-60 % 

Poly(styrene-b-4-
vinylphenoxyphthalonitrile) 

 
graphite 0 % 

Poly (4-vinylphenoxyphthalonitrile-co- 
4-vinylphenoxytriethoxysilane-g- 

dimethylsiloxane) graft copolymers 
 

graphite / silica  40-55 % 

 
 

The remaining nanoparticle oxidation barriers evaluated in this dissertation did 

not prevent the oxidation of cobalt particles under ambient conditions.  It should be 

noted, however, that they did reveal varing levels of oxidative protection.  The organic 

glass barrier derived from poly(methyl methacrylate-co-2-vinylpyridine-g-

dimethylsiloxane) was the least effective oxidative barrier as the particles experienced a 

reduction in saturation magnetizaton of 63% after 90 days exposure to ambient 

conditions.   

The network barriers provided elevated oxidative resistance relative to the 

poly(methyl methacrylate-co-2-vinylpyridine-g-dimethylsiloxane) organic glass.  In fact, 

the triazine networks derived from crosslinking the cyanate ester moieties of 
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poly(styrene-b-4-vinylphenylcyanate) limited the decline in saturation magnetization of 

the cobalt complexes to approximately 25% after 90 days exposure to ambient 

conditions.  The phthalonitrile networks generated from crosslinking the 

polyvinylphenoxyphthalonitrile block of poly(styrene-b-4-vinylphenoxyphthalonitrile), 

however, limited the oxidation of the nanoparticles to 52-60%. 

 Interestingly, cobalt nanoparticles ensapsualted with a combination of graphtic 

and silica char afforded minimal oxidative resistance.  In fact, cobalt nanoparticles 

encased with pyrolyzed poly (4-vinylphenoxyphthalonitrile-co- 

4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) copolymers experienced a reduction 

in saturation magnetization of approximately 40-55% after 90 days exposure to ambient 

conditions.  These findings were unanticipated as the phthalonitrile containing dispersion 

stabilizer poly(styrene-b-4-vinylphenoxyphthalonitrile) provided oxidation resistant 

nanoparticle complexes upon pyrolysis.   

When comparing the phthalonitrile distribution within poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) and 

poly(styrene-b-4-vinylphenoxyphthalonitrile), it is clear that the phthalonitrile block 

copolymers afford well-defined, phthalonitrile homopolymers complexed to the particle 

surface during pyrolysis whereas poly(4-vinylphenoxyphthalonitrile-co-4-

vinylphenoxytriethoxysilane-g-dimethylsiloxane) yield statistical distributions of 

phthalonitrile moieties on the nanoparticle surfaces during pyrolysis. The disparity in 

phthalonitrile distribution may be the cause of the dramatic difference in oxidative 

protection afforded by the two phthalonitrile containing copolymers upon pyrolysis. 
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 It is reasoned that cobalt nanoparticles encapsulated with poly(styrene-b-4-

vinylphenoxyphthalonitrile) possess oxygen impervious barriers because the 

polyvinylphenoxyphthalonitrile anchor blocks afford high concentrations of 

phthalonitrile moiteis in close proximity that may react amongst each other to form dense 

heterocyclic networks and char upon heating.  Conversely, the poly(4-

vinylphenoxyphthalonitrile-co-4-vinylphenoxytriethoxysilane-g-dimethylsiloxane) 

dispersion stabilizer does not provide a pure phthalonitrile anchor block on the 

nanoparticle surfaces.  Consequently, the graft copolymers may not provide an adequate 

concentration of phthalonitrile moieties on the surface of the nanoparticles during 

pyrolysis to yield dense graphitic coatings capable of preventing cobalt oxidation.   
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Chapter 8 

 Recommendations for future work 

 Future research on this project may be directed toward the formation of discrete, 

high moment (~100 emu g –1 material) oxidatively stable cobalt nanoparticles 

encapsulated with protective graphitic barriers.  The graphtic coatings may be derived 

from the pyrolysis of a variety of phthalonitrile containing dispersion stabilizers 

containing well-defined phthalonitrile anchor blocks.  As revealed in this dissertation, 

phthalonitrile functional dispersion stabilizers complex large amounts of cobalt during 

the thermolysis of Co2(CO)8 and afford cobalt nanoparticles  ~8-10 nm in diameter.  

Subsequent pyrolysis of the copolymer-cobalt complexes affords high moment (95-100 

emu g-1 material) nanoparticle complexes that do not oxidize under ambient conditions.  

However, the cobalt nanoparticles become interconnected via their protective graphitic 

coatings during the pyrolysis procedure thus limiting their utility in applications requiring 

nanoparticle systems with a narrow size distribution. 

 A potential strategy for preventing the cobalt nanoparticles from interconnecting 

during the formation of their protective graphtic coatings may be to pyrolyze the 

complexes within an inorganic matrix possessing high thermal stability (i.e. aluminum or 

silica) and subsequently isolating the particles by dissolving the inorgranic matrix under 

acidic or basic conditions.  It is postulated that the graphitic coatings of the nanoparticles 

may withstand the acidic or basic conditions necessary for matrix removal as cobalt 

nanoparticles encased with graphitic coatings maintained their oxidative stability after 

ball-mill grinding in a 10 M KOH aqueous solution (section 5.5.6).  This strategy would 

involve forming the inorganic matrix in a concentrated solution containing the cobalt 
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nanoparticles, pyrolyzing the complex under inert conditions, and chemically removing 

the inorganic matrix while recovering the nanoparticles. 

 An additional avenue of future research may involve the surface functionalization 

of high moment, cobalt-graphite complexes.  As discussed in chapter 6, cobalt 

nanoparticles encapsulated with a combination of graphitic and silica char have been 

synthesized in this vein, yet lack oxidative stability under ambient conditions and also 

become interconnected during pyrolysis.  An alternative route toward forming discrete, 

oxidatively stable nanoparticles with surface functionality may involve the formation of 

isolated cobalt nanoparicles via pyrolysis within inorganic matrices followed by ammonia 

plasma treatment of the isolated nanoparticles within a tumbling plasma chamber.  This 

procedure would ideally afford oxidatively stable, discrete cobalt nanoparticles with 

amine surface functionality. 
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