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ABSTRACT 

 

 This dissertation describes the preparation and characterization of magneto and 

electro-active hybrid nanocomposite materials. In this research, two hybrid 

nanocomposite materials, gold-cobalt oxide nanowires and ferrocene functional polymer 

brushes on electrode surface, were investigated. Polymerizations of magnetic colloidal 

monomers to form electro-active nanowires and ferrocene functional monomers on 

electrode to form electro-active polymer brushes were demonstrated. The central focus of 

this research is utilizing colloidal polymerization and surface-initiated polymerization to 

prepare electro-active hybrid nanocomposite materials for potential applications in 

energy storage and conversion.   

 Colloidal polymerization has been developed as a novel synthetic methodology to 

prepare 1-D mesostructures via dipolar assembly and chemical reaction. This method was 

exploited to synthesize multicomponent 1-D nanowires by using polymer-coated 

ferromagnetic gold-cobalt core-shell nanoparticles as colloidal monomers. Prepared 

semiconductor cobalt oxide nanowires with gold inclusions exhibited enhanced optical 

and electrochemical properties compared to cobalt oxide nanowires. This research 

provided a platform in fabricating a wide range multicomponent semiconductor 

nanowires as new nanostructured electrodes for potential applications in energy storage 

and conversion. Further, self-assembled gold-cobalt core-shell nanoparticles were utilized 

to align novel gold nanoparticles on a substrate. This facile and template free approach 

enabled the linear and ring assembly of noble gold metal on a substrate. 
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 Indium tin oxide (ITO) thin films are key components as transparent electrodes in 

a number of optoelectronic devices. The modification of ITO surfaces with polymers via 

electropolymerization has been widely investigated to improve surface compatibility and 

charge injection from the interface. However, there remain challenges to prepare 

polymers possessing, well-defined interfacial chemistry, molecular weight, composition, 

and functionality. This dissertation provides a modular synthetic methodology to prepare 

ferrocene functional polymer brushes on ITO via surface-initiated atom transfer radical 

polymerization (SI-ATRP). This work provided a simple model study to enable direct 

electrochemical and topographic characterization of well-defined polymer brushes on 

ITO with controlled molar mass and composition. These ITO grafted polymer brushes are 

also a novel model system for optoelectronic materials, where the effect of chain 

alignment and morphology can be correlated with electrical and electrochemical 

properties.  

 

 It is important to note that chapters in this dissertation include published 

manuscripts that have been reformatted and inserted into this dissertation. A list of related 

publications per each chapter is below as following: 

Chapter 2: Kim. et al.  J. Am. Chem. Soc. 2010, 132, 3234-3235. 

Chapter 3: Kim. et al. Chem. Commun. 2010, 47, 890-892. 

Chapter 4: Kim. et al. Langmuir 2010, 26, 2083–2092. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Inorganic Nanoparticles as Building Blocks 

 Colloidal nanoparticles are intriguing building blocks for nanotechnology due to 

the ability to precisely control nanoscopic structures to tune material properties. 

Nanoscale colloidal materials have been observed to possess new properties from the 

corresponding bulk materials and can be prepared with a wide range of composition, 

shape, and size.1-6 Notable examples of the emergent optical and electrical properties in 

both metal and semiconductor nanoparticles have been observed to strongly depend on 

colloid size in the nanometer size regime.7-10  Furthermore, the properties of materials can 

be controlled by long-range order via assembly and patterning.11-16  

 When nanoparticles organize into ordered assemblies, new collective properties 

have been observed. Techniques for the preparation of inorganic nanocrystals have 

advanced to enable access to a wide range of well-defined colloids of precise size, 

morphology, and composition.17,18 Hence, nanocrystals are now widely employed to 

fabricate multi dimensional assemblies. Processing of a wide range of inorganic 

nanoparticles has been investigated to form various complex 1-dimensional (1-D), 2-

dimensional (2-D), or 3-dimensional (3-D) assemblies which have been observed to 

exhibit intriguing properties relative to corresponding bulk materials.6,14-16,19 
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 Organizing discrete nanoparticles into 1-D mesostructures has been demonstrated 

to affect a wide range of magnetic, optical, and electrical properties.20-24 Notably, 

interparticle charge transport in 1-D metal and semiconductor nanoparticle assemblies 

has generated interest for electronic, photonic, energy storage, and sensor applications.25-

28 In the area of electrical energy, the utilization of ordered 1-D nanomaterials has been 

demonstrated to enhance device performance. In the case of lithium (Li) batteries, 1-D 

assembly of cobalt oxide nanoparticles onto engineered viral templates enabled the 

fabrication of cathode materials with increased specific capacitance and charge 

densities.28 In the area of photovoltaics, the fabrication and use of vertically aligned ZnO 

nanowires as electron acceptors in hybrid solar cells with poly(3-hexylthiophene) (P3HT) 

enhanced the overall charge collection in comparison to disordered traditional 

nanoparticle thin films.29 

 1-D nanoparticle assemblies including nanoparticle chains and nanowires (NWs) 

have been prepared by using various methods. Template-assisted approaches provide 

simple and straight-forward ways to assemble individual nanoparticles into 1-D 

mesostructures. Nanometer-scale linear templates, including DNA, biomolecules, and 

polymers (so-called “soft-templates”), inorganic wires and tubes (so-called “hard-

templates”) have been employed to generate 1-D nanoparticle assemblies.20,30-35 

Additionally, the surface of micro- or nano-patterned substrates via lithographic 

techniques has been exploited as a platform to form precise 1-D assemblies of 

nanoparticles.36-40 Alternatively, the self-assembly of nanoparticles without templates 

have been investigated as a route towards the formation of 1-D nanostructures.15,41-43 
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Nanoparticle self-assembly has been achieved by controlling molecular interactions 

between ligands on the surface of nanoparticles and linker molecules. Various 

interactions, including hydrogen bonding, van der Waals interactions, electrostatic 

interactions, and covalent bond have been exploited to induce assembly of individual 

nanoparticles into 1-D mesostructures.30,44  

 Recently, the self-assembly of magnetic nanoparticles via dipolar interactions has 

gained attentions as a novel method to organize nanoparticles into 1-D assemblies.17,45,46 

Spontaneous self-assembly of magnetic nanoparticles has been observed when 

interparticle dipole-dipole interactions exceed thermal fluctuations. Self-assembly of 

nanoparticles into 1-D chains has been demonstrated by increasing dipole-dipole 

interactions between CdTe nanoparticles, which promoted 1-D self-organization.47 Long-

range ordering of magnetic nanoparticles has also been achieved by the use of external 

magnetic fields.48,49 Magnetic assembly is a facile and robust strategy in assembling 

isotropic nanoparticles due to the inherent anisotropy embedded in dipolar nanoparticles. 

The selective directionality of magnetic nanoparticles has been exploited to form 1-D 

assemblies via dipolar associations. Further chemical modification of magnetic colloids 

offers various functions to 1-D mesostructures for potential applications in magnetic 

actuators, photonics, optical, and electrochemical energy devices.13,24,25,50  

 Although magnetic assembly of inorganic dipolar nanoparticles has been 

elucidated as facile method to prepare 1-D mesostructures, the investigation of strategies 

to interconnect each colloid within a chain remains an important challenge. Individual 

nanoparticles in 1-D chains can be aligned via self- or field-induced dipolar interactions, 
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however disassembly of nanoparticles is observed by removal or alternation of fields. A 

route to permanently link organized nanoparticles is to chemically fuse these 1-D 

assemblies. In this strategy, 1-D assemblies of colloidal magnetic nanoparticles can be 

thought of as polymer-like structures. In polymer chemistry, the controlled connectivity 

of monomers into macromolecules enables the emergence of unique properties. However, 

application of this concept to ‘colloidal monomers’ and ‘colloidal polymerization’ 

remains an exciting new area for the creation of novel materials.  

 In this chapter, nanoparticle assembly into 1-D mesostructures via template-

assisted methods and template free methods will be discussed. First, lithographic 

techniques for patterning nanoparticles on the surface of substrates will be discussed. In 

following sections, the use of templates to assemble colloids into 1-D nanostructures will 

be elucidated based on type of templates: 1) hard templates, 2) biomolecules, and 3) 

polymers. In section 1.4, 1-D assembly of magnetic nanoparticles via dipolar interactions 

will be discussed as a template free method. Finally, a novel synthetic method referred to 

as “Colloidal Polymerization” will be highlighted as a facile method to prepare 1-D 

mesostructures.  

 

1.2 Lithography 

 Lithography techniques have been widely used as a top-down approach to create 

1-D well-defined, ordered nanostructures on various surfaces. Optical lithography is one 

of the most well-developed and conventional methods for surface patterning of silicon 

substrates.38,40,51 The resolution of the pattern increases as the wavelength of the light (i.e., 
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UV, DUV, or EUV) used for exposure is decreased. Optical lithography with very short 

wavelengths (i.e. EUV with λ ≈ 0.2 ~ 100 nm or soft X-ray with λ ≈ 0.2 ~ 40 nm) can 

generate patterning features below 100 nm.36 Patterns on the surface of a substrate 

generated by optical lithography have been utilized as templates for modified 

nanoparticle assemblies. The surface of a substrate is modified with bi-functional 

molecules which have surface anchoring groups and photo-removable protecting groups. 

Patterns are usually generated by exposure to irradiation through a mask between the 

source of irradiation and the substrate. Functionalized nanoparticles can be assembled 

onto the exposed area as a pattern via molecular interactions. Heath and co-workers 

utilized nitroveratryloxycarbonyl-glycine (NVOC-GLY) as a bi-functional molecule to 

modify and pattern glass and silicon substrates.52,53 Photolabile protecting groups NVOC 

coupled to an amino functionalized substrate were selectively removed by irradiation 

through the mask in the near UV (λ > 360 nm). Surface functionalized nanoparticles 

including Au, Pt, CdSe and CdS/CdSe core/shell were then selectively assembled onto 

exposed areas with amino groups via molecular interactions. Binary, tertiary, and 

quaternary patterns of nanoparticles also have been prepared on glass and silicon 

substrates by stepwise repetition of deprotection and assembly processes.  

 Recently, electron beam lithography (EBL) and scanning probe lithography (SPL) 

have been developed to achieve high-resolution patterns below 10 nm in size without 

masks. Nanometer sized patterns of a variety of inorganic materials have been generated 

by using EBL and SPL and utilized for nanoparticle organization in a well-controlled 

manner.36,54-59 Preece and co-workers demonstrated nanopatterned arrays of gold 
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nanoparticles on silicon substrates modified with NO2 terminated silane compounds as 

bi-functional molecules.60 Photo-cleavable NO2 groups on the surface were converted to 

amine groups (-NH2) via reduction of NO2 upon e-beam irradiation of silicon substrates. 

Selective Au nanoparticle (diameter (D) = 16 nm) assembly was achieved on patterned 

silicon substrates. 

 Alternatively, e-beam lithography has been utilized to organize nanoparticle thin 

films or metal precursor thin films which can be developed to patterned arrays of 

nanoparticle on various substrates.36,61,62 A uniform layer of nanocrystals or metal 

precursors were first applied to a bare substrate and then patterned via e-beam 

lithography. Subsequent processing steps were needed to develop the nanoparticle arrays 

as a pattern or to form nanoparticles from the patterned metal precursor thin films. 

Ligand stabilized nanoparticle or metal precursor thin films were prepared by spin 

coating, dip coating, or Langmuir Blodgett (LB) techniques.63,64 Several groups have 

investigated EBL for submicron patterning of gold nanoparticle thin films.65-67 Bare 

substrates were coated with passivated Au nanoparticles and then patterns were written 

on the nanoparticle film by changing solubility of the organic matrix or crosslinking 

ligands upon e-beam irradiation. Subsequent developing processes dissolved away 

nanoparticles from unexposed areas and yielded 1-D nanoparticle assemblies. This 

method has advantages as prior substrate modification is not required and patterns with 

resolution down to the size of individual nanocrystal can be achieved.65-67 Nanoparticle 

arrays from patterned metal precursor thin films on substrates were also achieved in a 

manner similar to patterning nanoparticle thin films (Figure 1.1). After irradiation and 
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developing steps, patterned metal precursor thin film on a substrate can be converted to 

1-D metal nanoparticle arrays by a post-sintering process (Figure 1.1). The diameter of 

nanoparticle and the interparticle distance on the substrates are readily tunable by varying 

the initial thickness of films and the electron beam exposure conditions. Moreover, this 

method allows for precise positioning of defect free 1-D assemblies of monodisperse 

nanoparticles on a large scale.62,68,69 

 

 
 

Figure 1.1. Scheme of the fabrication method: (A) A thin film of Au(I)-thiolate is spin 
coated on a substrate. (B) The thin film is partially exposed to e-beam. (C) Upon 
development in an organic solvent, the unexposed areas are dissolved away and only the 
beam-exposed Au pattern remains on the substrate. (D) After pyrolysis, 1-D AuNPs array 
appears on the substrate. And FEG-SEM images of Au(I) patterns written with center-to-
center distance of (E) 2.5 nm and (G) 60 nm on Si and the corresponding AuNPs arrays 
after pyrolysis (F) and (H). Reproduced with permission from ref. 69. Copyright 2006 
American Chemical Society. 69   
 

 In addition to e-beam lithography, scanning probe lithography (SPL), utilizing 

AFM and scanning force microscope (SFM) has applied to generate nanometer sized 
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patterns on surfaces via tip-induced surface chemistry. The pattern can be written directly 

on a surface by utilizing a SPL technique known as dip-pen nanolithography (DPN).70,71 

In this technique, immersion and writing of a monolayer forming onto an AFM tip were 

used to deliver chemical reagents (i.e., proteins, DNA, thiol molecules) onto the surface 

of gold or silicon substrates in a nanoscale fashion.70,72 Modified gold nanoparticles (D = 

10 ~ 13 nm) were then self-assemble onto the patterned surface via biorecognition. This 

technique offers the ability to prepare multicomponent nanostructures with sub-100 nm 

scale by using multiple chemical species.71 Alternatively, stylus tip-induced local changes 

in species present on the surface by either an optical, electrical, or chemical stimuli have 

been conducted to create patterns in a spatially confined manner.36,58,59 The application of 

a voltage bias between an AFM or SFM tip and a silicon substrate causes local activation 

on the surface. A functional organic monolayer containing a thiocarbonate was patterned 

under electrical stimulation to produce a thiol (Figure 1.2). Patterned surfaces can be used 

either to deposit modified Au colloids (D = 10 nm) directly (Figure 1.3) or another 

molecule which has functional groups or charge, to form bi-layer template patterns 

followed by nanoparticle deposition.73,74 This method provides the fabrication of 1-D 

patterns with a single particle width and the control the placement of individual 

nanoparticles on the surface.       
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Figure 1.2. Surface activation and direct self-assembly of AuNPs (a) electrically 
stimulated bond cleavage (b) elimination of carbocation and release of carbon dioxide 
surface-bound thiol, and (c) direct self-assembly of AuNPs onto a pattern. Reproduced 
with permission from ref. 74. Copyright 2005 American Chemical Society.74   
 

 
 

Figure 1.3. AFM images of (a) single line of AuNPs, (b) AuNPs pattern with 50 nm 
interparticle spacing, and (c) cross-sectional analysis. Reproduced with permission from 
ref. 74. Copyright 2005 American Chemical Society.74   
 

 Soft lithography offers alternative routes to patterning of surfaces and 

nanoparticles for the creation of ordered and complex assemblies. Soft lithographic 

techniques can be easily applied to non-planar surfaces and large areas that could be 

difficult to pattern by photolithographic techniques.37,75 Among the various soft 
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lithography techniques, microcontact printing (μCP) has been widely utilized by 

Whitesides and co-workers for patterning of the different geometric substrates and 

nanoparticle assembly on surfaces (Figure 1.4).37,75 Elastomeric stamps based on 

poly(dimethylsiloxane) (PDMS) were wetted with an “ink” (typically, a desired solution 

of a monolayer forming molecule) and were brought into contact with a surface. After 

printing, patterns of self-assembled monolayers (SAMs) were formed on contacted 

regions.76-80 For nanoparticle assembly, bi-functional molecules, dendrimers, proteins, 

polymers have been used as inks to generate functional patterns on surfaces. 

Functionalized magnetic (Fe2O3) nanoparticles with polyelectrolytes and gold 

nanoparticles have been deposited on various surfaces (i.e., glass, silicon wafer) utilizing 

electrostatic interactions.81,82 Huck and co-workers demonstrated the formation of gold 

nanoparticle arrays on patterned silicon surfaces with chemically distinct features (size < 

50 nm) by using V-shaped stamps and high molecular weight inks.81 In this report, 

complex spatial and chemically distinct patterns with 40 nm feature size on large areas 

(3×3 mm2) were achieved by using two different stamps and inks (Figure 1.5). 

Additionally, ligand stabilized nanoparticle solutions used as inks for μCP to generate 

patterns on surfaces. Various colloids including Fe2O3, gold, Pd, and CdSe have been 

transferred onto the surfaces of glass, ITO, gold, or silicon substrates resulting in ordered 

nanoparticle patterns.83-86  
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Figure 1.4. Schematic procedures for μCP on the surface (a) printing on a planar surface 
with a planar stamp, (b) printing on a planar surface over large areas with a rolling stamp, 
and (c) printing on a non-planar surface with a planar stamp. Reproduced with permission 
from ref. 75. Copyright 1998 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhelm75   
 

 

Figure 1.5. AFM images of (a) double printed dendrimer surface: rotating 90° for the 
second printing and (b) after immersion in AuNPs (D = 5 nm). Reproduced with 
permission from ref. 81. Copyright 2003 Americal Chemical Society.81   
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1.3 Template Assisted Methods 

 Template-assisted methods are a powerful approach to assemble nanoparticles 

into highly ordered arrays. Using this approach, the template serves as a platform to 

direct the assembly or formation of a different material nanostructure. In the case of 1-D 

nanoparticle arrays, the use of linear templates has been widely exploited to create novel 

nanoparticle assemblies. Various templates, including inorganic wires and tubes (so-

called “hard templates”), DNA, biomolecules, viruses and polymers (so-called “soft 

templates”), have been used to achieve 1-D assembly of nanoparticles. In this section, the 

1-D nanoparticle assembly using both “hard” and “soft” templates will be discussed.   

 

1.3.1 Hard Templates 

 Hard templates have been utilized for assembling or synthesizing 1-D 

nanoparticle chains or nanowires. In this method, pre-made nanoporous templates (e.g., 

alumina membrane or carbon nanotubes)31 have been used as either reaction vessels for 

the electrochemical deposition of the metals, or as molds for assembling individual 

nanoparticles. Since cylindrical pores in various membranes have a uniform diameter 

(e.g., D = 10 nm ~ 200 nm), monodisperse nanocylinders of desired materials can be 

obtained from the template. For 1-D nanoparticle chains, functionalized nanoparticles can 

be aligned with organic molecules or polymers as the matrix in the pores of membrane. 

Nanowires or nanoparticle chains can remain inside the pores of the template or they can 

be released from the template and harvested by dissolving the template. Obtained 

nanowires from pores of the membrane can be either solid (nanofibril) or hollow 
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(nanotubule) depending on the properties and chemistry of the materials and pore walls. 

Two types of porous membranes are widely used in 1-D nanostructure synthesis: 

polycarbonate films containing track-etched channels and alumina films containing 

anodically etched pores. In the following section, anodic aluminum oxide (AAO) 

template methods will be discussed for the creation of ordered nanoparticle 

materials.20,31,35,87      

 

AAO Templates 

 Among the various hard templates, porous alumina membranes (AAO) have been 

widely used to prepare 1-D nanomaterials. Porous alumina membranes contain uniform 

cylindrical pores have been used as templates and in principle, any material can be 

deposited and prepared within the cylindrical pores of the membrane, given a suitable 

matching of the nanostructure precursor with the surface chemistry of the membrane 

template. Seminal reports by Martin and co-workers demonstrated the preparation of gold 

and silver micro-cylinders using AAO templates via electrochemical deposition.88-90 

Metal precursors were deposited electrochemically on the wall of pores in the membrane 

attached to an electrode. Nanowires with different optical properties were prepared with 

varying length and aspect ratios by changing deposition conditions. Later, a variety of 

metal nanowires including semiconductors (i.e. CdSe, CdS), gold, silver, platinum, and 

nickel have been prepared using AAO templates with nanometer sized pores via 

electrochemical deposition methods.91-94 In membrane-based template approaches, both 

the dimension and composition of nanowires were easily controlled by varying 
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experimental conditions. Composite nanowires containing more than two different metals 

have been prepared by sequential electrochemical deposition of each metal into the 

template (Figure 1.6). This enabled generation of striped structures composed of metals 

(Au, Ag, Ni, Pd, Pt), semiconductors (CdSe), and/or polymers in a single nanowire.93-97 

Precisely defined series of striped nanowires were prepared by controlling the charge 

passed in each plating step (Figure 1.7a, b). Using a similar strategy, Keating and co-

workers reported the preparation of linear Au and Ag nanoparticle chains by using 

sequential galvanostatic electro-deposition and selective etching. (Figure 1.7c, d).98 

Striped metal nanowires composed of Au, Ag, and Ni were prepared in pores of AAO 

templates via electrochemical deposition. Ni segments were inserted between Au and Ag 

as sacrificial blocks. Selective etching of Ni segments via acid treatment yielded Au and 

Ag nanoparticle chains (Figure 1.7c, d). In this method, the size of nanoparticles, 

composition of nanowires, and interparticle spacing were controlled during the electro-

deposition. In addition to electrochemical processes, sol-gel chemistry has been applied 

to generate metal nanowires from hard templates. Various sol-gel syntheses within the 

pores of AAO templates have been conducted to prepare a variety of inorganic nanowires 

including TiO2, ZnO, and WO3.87,99  
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Figure 1.6. Scheme of barcode particle synthesis via electrochemical deposition. 
Reproduced with permission from ref. 96. Copyright 2001 AAAS.96   
 

 
 

Figure 1.7. (a) Optical, (b) FE-SEM image of an Au-Ag multi stripe particle and TEM 
images for 32 nm Au NPs chains with (c) ~ 33 nm, and (d) ~ 9 nm spacing. Reproduced 
with permission from ref. 96, 98. Copyright 2001 AAAS.96 Copyright 2005.American 
Chemical Society.98   
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1.3.2 Carbon Nanotube (CNT) templates 

 Since the discovery of carbon nanotubes (CNTs),100 these materials have been 

exploited as templates to generate a wide range of carbons and nanocomposites. 

Nanoparticle assemblies can be created, either by assembly, formation, or deposition into 

the interior or exterior of CNTs. Partially broken CNTs have been filled with liquids 

(molten metals or salt solutions) via capillary filling,101 however complete filling of 

CNTs with a high yield has been challenging due to the small diameter of CNTs.102 

Utilizing alumina-membrane-synthesized multi-wall CNTs, the insertion of metal 

nanoparticles inside CNTs with a high yield (almost 100%) has been demonstrated 

successfully.103,104 CNT membranes filled with nanoparticles of electrocatalytic metals 

(Pt), alloys (Pt/Ru) or magnetic metals (iron oxide) have been observed to exhibit higher 

electrochemically active surface area and magnetic properties and have potential use as 

catalysts or electrode materials for memory devices.  

 Alternatively, the exterior of CNTs can be utilized as templates to organize 

nanoparticles into 1-D nanostructures. Nanoparticles, including Au, Pd, Fe, Al, Pb, SnO2, 

PtPd, CoPt3, and iron oxide, have coated on the outside of CNT templates by direct 

deposition of nanoparticles via chemical or physical deposition methods.105-109 The 

modification of surface of CNTs has also been conducted to organize nanoparticles via 

hydrophobic, H-bonding, or electrostatic interactions between functionalities on the CNT 

surface and ligands on the nanoparticle surface.110-117 Correa-Duarte and co-workers 

demonstrated linear assembly of nanoparticles using macromolecule functionalized CNTs 

as templates.112,113 CNTs were functionalized with polyelectrolytes through non-covalent 
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attachment producing individual and well-dispersed CNTs in aqueous solution. In this 

way, cationic polyelectrolyte coated CNTs were prepared with a high coverage of 

positive charges on the CNT, which further enabled a dense assembly of negatively 

charged nanoparticles via electrostatic interactions (Figure.1.8). Multi-layer nanoparticle 

coating on the CNTs can be obtained by repeating polyelectrolyte wrapping and 

nanoparticle coating steps based on the layer-by-layer technique (LbL).  

 
 

 
 

Figure 1.8. Schematic illustration of the experimental process for the deposition of 
magnetic nanoparticles based on polymer wrapping and TEM images of iron-coated 
CNTs at (a) lower and (b) higher magnifications. Reproduced with permission from ref. 
113. Copyright 2005 American Chemical Society.113 
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1.3.3 Biomolecule Templates 

 Recently, biomolecules have gained attention as building blocks for the formation 

of extended meso- and macroscopic architectures.30,118,119 Biomolecules are readily 

applicable to assembly as the chemical functionality of these materials can be readily 

modified using genetic engineering. Precise design and placement of programmable 

recognition sites and well-defined surface chemistries have enabled the used of 

biomolecules as templates to assemble inorganic nanocrystals. Biomolecule 

functionalized inorganic nanoparticles can also participate in hierarchical assembly to 

generate complex meso- or macroscopic materials. The following section will elucidate 

biomolecule templates, including DNA, proteins, peptides, and viruses, for 1-D 

nanoparticle assemblies. 

 

 1.3.3.1 DNA Templates 

 Among the biological materials, DNA has been arguably one of the most widely 

used templates for nanostructured materials.118,119 The exquisite control of base sequence 

and hybridization of DNA has been utilized to create a number of complex 

mesostructures. Since 2-D DNA crystals were first reported in 1998, the use of DNA 

based-templates for assembly of nanoparticles has been widely investigated.120 DNA 

assemblies of 2-D periodic lattices and tubes have lead to nanoarchitectures with complex 

patterns, which were used to organize a variety of nanomaterials with controlled spacing 

and periodicity by either direct deposition or in situ growth of nanoparticles. Inorganic 

nanoparticles attached to DNA molecules or streptavidin (STV) have been assembled 
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onto pre-assembled 2-D DNA scaffolds via hybridization or biotin-STV interactions.121 

Seeman and co-workers demonstrated the self-assembly of DNA-Au nanoparticle 

conjugates into regular arrays over micrometer-scale areas by using a 2-D DNA as a 

template (Figure 1.9).122,123 Pre-programmed DNA scaffolding was assembled into 

double crossover (DX) tiles to form 2-D crystals. Subsequently, Au nanoparticles (D = 5 

~ 10 nm) functionalized with multiple strands of thiolated DNA were deposited onto 

DNA scaffolds allowing hybridization with DNA arrays (Figure 1.10). Additionally, the 

self-assembly of hybrid nanomaterials composed of two different-sized Au nanoparticles 

coated with different DNAs was demonstrated by utilizing sequence selectivity of 

DNA.124  
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Figure 1.9. Assembly steps for the 2-D nanocomponent arrays (A) The DNA scaffolding 
is first assembled in solution. (B) A suspension of the DNA scaffolding is deposited on 
mica, allowing the scaffolding to attach to the surface. The scaffolding is containing the 
open, single-stranded hybridization sites on the B tiles (red). (C) The scaffolding is 
combined with DNA-encoded nanoparticles, which attach to the open hybridization sites. 
Reproduced with permission from ref. 122. Copyright 2004 American Chemical 
Society.122 
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Figure 1.10. (A) AFM and (b) TEM images of the assembled DNA-Au nanocomponents 
array (D = 6.2 ± 0.8 nm). Reproduced with permission from ref. 122. Copyright 2004 
American Chemical Society.122 
 

Recently, the nanoparticle assembly of DNA modified Au nanoparticles into various 3-D 

architectures has been demonstrated by using DNA containing nanotubes as templates.125 

DNA decorated with biotin groups has been applied as a template for the assembly of 

streptavidin (STV) modified nanoparticles via biotin-STV interactions.126 In these 

systems, linear arrays of DNA triple crossovers (TX) were modified with biotin groups 

(single-layer or double-layer) and co-assembled with STV-conjugated Au nanoparticles 

(D = 5 nm) to form 1-D hybrid materials. Both the specific interaction of biotin-STV and 

the programmability of DNA provide a facile way to construct periodic gold nanoparticle 

arrays. Yan and co-workers expanded this strategy to self-assemble semiconductor 

nanoparticles (quantum dots, QDs) onto a 2-D DNA template for the first time.127 The 

assembly of CdSe/ZnS core/shell nanoparticles (D = 4 nm) into well-defined periodic 

patterns was achieved by using biotin modified DNA and STV coated QDs.  
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  The application of DNA to direct the formation of metallic materials has also 

been investigated to produce nanoscale conducting wires, which have potential 

applications in microelectronics. Braun and co-workers have employed DNA to grow 

conducting silver wires attached to two Au electrodes.128 The basic assembly for 

constructing a silver wire between two Au electrodes is shown in Figure 1.11. Two Au 

microelectrodes prepared by photolithography were modified with λ-DNA molecules, 

which contained two cohesive termini. Subsequent hybridization of λ-DNA strand with 

the oligonucleotides attached to the electrodes formed λ-DNA bridges. Silver ions were 

then deposited onto DNA bridges via cation exchange, followed by chemical reduction to 

form small silver aggregates. A continuous silver wire was formed by further reductive 

deposition of silver ions onto the previously constructed silver aggregates (Figure 1.12). 

Two terminal electrical measurements were made on a silver wire shown in Figure 1.12. 

The current-voltage (I-V) curves yielded extremely high resistance at near zero bias (≥ 

1013 Ω, the internal resistance of instrument) and conductivity at higher biases. In 

addition, control experiments were performed both on the DNA bridge without silver 

deposition and the deposited silver without DNA bridge. The I-V curves showed no 

current which confirmed that the electrical current was produced by the silver deposited 

on the DNA bridge. Subsequent work reported the formation of highly conductive Pd, Pt, 

and Au nanowires by using the DNA template growth as well as the mechanism of initial 

nucleation and reduction of metal ions.129-133  
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Figure 1.11. Construction of a Ag wire connecting two Au electrodes. (a) 
Oligonucleotides with two different sequences attached to the electrodes (b) λ-DNA 
bridge connecting two electrodes (c) Silver-ion-loaded DNA bridge (d) Metallic Ag 
aggregates bound to the DNA skeleton (e) Fully developed Ag wire. Reproduced with 
permission from ref. 128. Copyright 1998. Nature Publishing Group.128 
 

 
 

Figure 1.12. AFM images of a Ag wire connecting two Au electrodes 12 μm apart. 
Reproduced with permission from ref. 128. Copyright 1998 Nature Publishing Group.128 



47 
 

1.3.3.2  Protein Templates  

 Proteins and self-assembled protein complexes can also serve as templates to 

organize nanoparticles in a 1-D fashion. Functionalized protein templates of controlled 

shape, size, and chemistry can be prepared using genetic engineering methods. Various 

types of proteins, including microtubules, fibrils, collagen, and Chaperonins, have been 

used as templates to organize metal (Au, Pd) or semiconductor (CdSe/ZnS, TiO2) 

nanoparticles.61,134-139 Pochan and co-workers demonstrated the linear assembly of gold 

nanoparticles with precise spatial spacing by using self-assembled polypeptide fibrils as 

templates for electrostatically attach and organize nanoparticles.135,136 Under specific 

solution conditions, alanine-rich polypeptides assembled into fibrils stabilized by 

intermolecular H-bonds and hydrophobic interactions. These fibrils exhibit regularly 

spaced charged patches along the fibril length. The negatively charged Au nanoparticles 

were bound to positively charged patches on the fibril via electrostatic interactions, 

resulting in linear arrays of Au nanoparticles (Figure 1.13). The fibril morphology and 

the spatial distribution of charge within the fibril are key factors to achieve periodically 

spaced, linear nanoparticle arrays.      
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Figure 1.13. (a) BF TEM, (b) HAADF-STEM images of 17H6 templated 1-D AuNPs (D 
= 2 nm) arrays, and (c) HAADF-STEM image showing controlled axial nanoparticle 
positioning with 5.2 ± 1 nm interparticle spacing. Reproduced with permission from ref. 
136. Copyright 2009 Wiley-VHC verlag GmbH & Co. KGaA, Weinheim.136 
 

1.3.3.3  Peptide Templates 

 Similar to protein-based materials, peptide nanotube or nanofiber assemblies have 

been utilized as templates in nanotechnology. Peptides can self-assemble into either 

nanotubes or nanofibers depending on length of peptides and interactions between them. 

While long peptides self-assemble into nanofibers, very short peptides form discrete and 

stiff nanotubes with hollow interiors. Either the inside or outside of peptide nanotubes 

can be chemically modified and utilized as templates for nanoparticle attachment and 

assembly. The work of Matsui and co-workers demonstrated the fabrication of Au 

nanowires by using sequenced peptide nanowires as templates.140 The exterior surface of 

peptide nanotubes has been modified with histidine-rich peptide molecules, which have a 

high affinity for metal ions and were utilized for the nanoparticle deposition. Also, the 

hollow interior of nanotubes has been utilized to nucleate and guide the growth of silver 

and silver-gold nanowires.141,142 In this work, well-ordered tubular peptides served as a 
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mold for casting metal nanowires. Metal nanowires were formed and harvested by 

reduction of silver ions within the nanotubes, followed by enzymatic degradation of the 

peptide molds.141 Furthermore, multicomponent heterostructures have been prepared by 

utilizing both the inside and outside of peptide nanotube templates. The tri-layered 

(silver-peptide-gold) coaxial nanowires were prepared by the reduction of silver ions 

within the nanotubes, followed by gold metal coating outside of the nanotubes by using 

linker peptides.142  

 

 
 

Figure 1.14. (a) Schematic representation of the co-assembled nanofibers and binding of 
surface-modified nanoparticles. Molecules of 2 with a thymine moiety co-assembled into 
nanofiber matrices with a large excess of molecule 1 providing binding sites on the 
surface of the fibers for its complementary base-pairing molecules. Variation in the width 
of nanoparticle arrays, (b) an array made of a single file of AuNPs and (c) an array as a 
result of either bundling of the nanofibers or that of linear arrays. Reproduced with 
permission from ref. 144. Copyright 2005 Wiley-VHC verlag GmbH & Co. KGaA, 
Weinheim.144 
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 In addition to peptide nanotubes, self-assembled peptide nanofibers have been 

used as templates to produce metal or semiconductor 1-D materials.143-145 Stupp and co-

workers demonstrated the 1-D assembly of gold nanoparticles onto peptide-based 

nanofibers with surface binding motifs. Surface modified nanofibers were prepared via 

co-assembly of tripeptide amphiphilic molecules and thymine groups containing peptide 

molecules (Figure 1.14a). This co-assembled nanofibers then mixed with 

diaminopyridine (DAP) decorated Au nanoparticles forming linear arrays via thymine-

DAP base-pairing (Figure 1.14b, c).  

 

1.3.3.3  Virus templates 

 Various kinds of filamentous viruses such as Fd, M13, and tobacco mosaic virus 

(TMV) have structural advantages for constructing rich nanostructures, which have been 

utilized for nanoparticle assembly. These viruses are intriguing components to construct 

self-assembled hierarchical materials due to the well-defined structure, ease of chemical 

modification, and facile processing. Furthermore, viruses have been modified to 

recognize and nucleate the formation inorganic semiconductors and metallic colloids.146-

148 These specific recognition properties of viruses can be used to organize various 

inorganic nanocrystals, forming 1-D arrays.  

 Among these wild-type filamentous viruses, M13 viruses have been employed as 

templates to synthesize and assemble a wide range of nanomaterials.28,149-151 Initial work 

by Belcher and co-workers demonstrated the preparation of hybrid viral conjugates with 

quantum dot (ZnS) nanoparticles.149 Functionalities of M13 viruses were manipulated by 



51 
 

using a peptide with specific recognition ligands for ZnS crystals through genetic 

engineering. Above a critical concentration, M13 bacteriophages coupled with ZnS 

nanocrystals (D = 2 ~ 3 nm) were observed to form liquid crystalline phases (domain size 

= 72 μm) which enabled organization of semiconductor nanoparticles over a centimeter 

length scale. Single-crystal ZnS, CdS and freestanding magnetic CoPt and FePt 

nanowires, also have been synthesized by using a viral scaffold modified with specific, 

nucleating peptides.150 In this system, nucleation of semiconductors (ZnS, CdS) and 

magnetic nanoparticles (CoPt, FePt) was achieved by the chemical reduction of metal 

precursors onto modified M13 viruses. Subsequent annealing of virus-nanoparticle 

composites was needed to form crystalline nanowires (450 ~ 650 nm in length) through 

the removal of viral templates.  

 This group also reported the assembly of complex nanostructures including 

nanoparticle arrays, hetero-nanoparticle architectures, and nanowires utilizing highly 

engineered M13 bacteriophages as templates.151 In this report, modified M13 viruses 

containing both Au-binding motif and STV-binding motif were used as templates to 

assemble heterostructures with Au (D ~ 5 and 15 nm) and CdSe nanoparticles. Various 

nanostructures decorated with Au, CdSe and heterostructured inclusions were prepared 

and directed to form linear wire-dot-wire constructs or a Y-shaped structure depending on 

ligands design parameters (Figure 1.15).  
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Figure 1.15. TEM images of various nanoarchitectures templated using viruses. AuNPs 
(D = 5 nm) bind to pVIII protein along the virus axis and form 1-D arrays. Arrows 
highlight the STV-conjugated AuNPs (D ~ 15 nm) and CdSe QDs bound on pIII proteins. 
The insets show the assembly schemes of observed structures. White represents the virus 
structure, yellow dots represent Au NPs, the green dot represents a CdSe QD, and red 
represents the STV coating around Au or CdSe particles. (C, inset) The enlarged image of 
the CdSe QDs attached to the end of the virus. Reproduced with permission from ref. 151. 
Copyright 2005 American Chemical Society.151 
 

 Furthermore, M13 viruses were exploited to template the growth and assembly of 

nanomaterials as electrode materials for Li-ion batteries.28 Viral-templated cobalt oxide 

(Co3O4) nanowires and hybrid Au-Co3O4 nanowires were prepared over large length 

scales (~10 cm length) via self-assembly of M13 viruses. The virus-mediated hybrid 

nanowires contained uniform sized Co3O4 (D = 2 ~ 3 nm) nanomaterials and a high 

degree of the structural integrity, which when cast into films exhibited dense packing and 

enhanced electrochemical properties. Electrodes for Li-batteries fabricated with viral 

based Co3O4 nanowires and hybrid Au-Co3O4 nanowires also exhibited improved 

function Li batteries with significant improvement in specific capacity and stability.  
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Figure 1.16. TEM images of AuNPs produced in the presence of wild-type TMV. (a) 
Multiple TMV rods and (b) single TMV rod with dense coating of discrete Au NPs. Inset: 
corresponding EDXA spectrum showing Au and Cu (from supporting grid) Reproduced 
with permission from ref. 152. Copyright 2003 American Chemical Society.152 
 

 Similarly, tobacco mosaic viruses (TMV), which self-assemble into cylindrical 

particles, were used as templates for the deposition and organization of inorganic 

nanoparticles. 1-D arrays of various inorganic nanoparticles and nanowires have been 

prepared by using either the internal or external surface of self-assembled TMV tubule 

templates. TMV-metal tubular nanocomposites (300 nm in length) including Au (D ~ 9 

nm), Pt (D = 2.5 ~ 5 nm), and Pd (D = 4 ~ 15 nm) have been prepared by adsorption of 

metal precursors on the outer surface followed by chemical or photochemical reduction 

(Figure 1.16).152-155 The central channel (4 nm wide) of TMV tubules were also utilized 

to produce linear arrays of Ag nanoparticle (D = 4 nm) and Pt nanowires (3 nm wide, 80 

~ 100 nm length).152,156 Metallization was selectively performed either on interior or 

exterior of a cylindrical TMV by chemically controlling the surface charge. Further, the 

hybrid system composed of TMV conjugated with Pt nanoparticles (D = 10 nm) 
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exhibited unique conductance switching behavior, which can be utilized to fabricate 

memory devices.154  

 

1.3.4 Polymer Templates 

 Nanostructured polymers in solution and in the solid state provide another type of 

template for use in nanoparticle 1-D assembly. Polymer scaffolds offer great modularity 

and versatility in the design and synthesis of polymer-nanoparticle composite materials. 

In polymer-nanoparticle composites, the polymer scaffold can serve as a matrix that 

induces ordering and anisotropic orientation of the nanoparticles. A major issue for the 

preparation of polymer-nanoparticle composites is ensuring chemical compatibility 

between the polymer and the organic monolayer on the surface of the nanoparticle. This 

compatibility is very important to achieve homogeneous nanoparticle dispersion in a 

polymer matrix, which can be utilized to assemble nanoparticles. In solution, the affinity 

of the nanoparticle to the polymer needs to be higher than that of the nanoparticle to the 

solvent in order for nanoparticle assembly to occur, typically in conjunction with micellar 

copolymer organization.33,157-160 

  The nanostructured polymer thin film can be utilized as a template to organize 

nanoparticles on the surface of a substrate. Phase separation of distinct polymers on the 

surface has been harnessed to create nanocomposite films exhibiting long-range ordering. 

Especially, block copolymers (BCP) with distinct blocks give rise to nano-phase 

separation due to incompatibility between two segments.161,162 Morphology of phase  
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Figure 1.17. (A) TEM images of PS-b-PMMA di-block copolymer thin film. The sketch 
shows a cross-section of the resulting film morphology. The striped domain pattern 
spontaneously forms as a consequence of phase separation between the two copolymer 
blocks, and provides the first level in a hierarchy of self-assembly levels. (b) Highly 
selective Au decorated PS domains. Inside the preferred domains, the metal forms chains 
of nanoparticles. (c) Repeated deposition and short-time annealing leads to densely 
packed nanochains. Reproduced with permission from ref. 166. Copyright 2001 Nature 
Publishing Group.166 
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 separated block copolymers (lamellae, cylinders, spheres, etc.) can be controlled by the 

volume fraction of each block in a polymer chain.163 The di- or ternary block copolymers 

can be cast on the surface to form thin films and can allow for phase separation via 

thermal annealing. 1-D nanoparticle organization can be accomplished either by 

nucleation and growth of nanoparticles, or co-assembly of nanoparticles in ordered 

polymer films.33,164 Jaeger and co-workers reported two distinct assemblies of chains and 

continuous wires onto a block copolymer film by varying metal deposition 

conditions.165,166 Spin cast polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) block 

copolymer thin film underwent micro-phase separation upon thermal annealing (Figure 

1.17a). Various metals were deposited onto a phase separated polymer template and 

subsequent annealing yielded metal nanoparticles. Au and Ag were preferentially 

deposited on the PS domain while In, Pb, Sn, and Bi preferred the PMMA domain. 

Depending on the amount of deposited metals and annealing conditions, chains of 

separated nanoparticle and continuous wires were formed (Figure 1.17b, c).   

 Alternatively, pre-synthesized, surface-modified nanoparticles with ligands 

possessing selective wettability to one domain of the BCP have been observed to 

organize onto phase separated BCP thin films.167-175 Either small molecules or polymers 

utilized to modify the nanoparticle surface to introduce the selective chemical 

compatibility with one block of a BCP. Modified nanoparticles are accumulated into one 

phase of a BCP due to high affinity of ligands to a specific domain, reflecting the pattern 

formed by microphase separation of BCPs. Initial work by Sita and co-workers 

demonstrated 1-D assembly of surface-modified metal (Au, Pd) nanoparticles on phase 
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separated BCP templates.171,172 In this report, alkanethiol capped Au (D = 1 ~ 2 nm) and 

alkylammonium capped Pd nanoparticles self-assembled directly onto phase separated 

PS-b-PMMA thin films. Due to the incompatibility between the non-polar ligands and the 

fairly polar PMMA domains, 1-D assembly of nanoparticles formed within PS domains. 

Later, Kramer and co-workers reported precise location control of gold nanoparticles 

within a block copolymer thin film by controlling the surface chemistry of the 

particles.173-175 The surface properties of Au nanoparticles were tuned by varying the ratio 

of thiol-terminated PS and poly(2-vinylpyridine) (P2VP) homopolymers in ligand 

mixtures. Modified Au colloids (D = 5 ~ 8 nm) showed a sharp transition in particle 

location from one domain to the interface depending on the incorporation between the 

polymer ligands on the nanoparticle and the blocks in PS-b-P2VP matrix.  

 

1.4 Self-Assembly of Nanoparticles 

 Although template assisted methods for nanoparticle assembly have been 

elucidated, there are several intrinsic drawbacks. For instance, the photonic or electronic 

properties of linear arrays of nanoparticles may be affected by the inclusion of the 

template in the final hybrid material. Furthermore, although templates can be removed by 

physical or chemical treatments, morphological and structural perturbation of the 1-D 

nanoparticle arrays can occur, resulting in loss of targeted properties.21  

 Nanoparticle self-assembly offers a solution to circumvent theses issues by 

harnessing non-covalent interactions for the formation of ordered nanoparticle arrays.44 

Under the correct conditions, the self-assembly of nanoparticles into 1-D mesostructures 
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can be induced via molecular interactions on the surface of nanoparticles,44,176-182 the 

interfacial energy (i.e., liquid/liquid, liquid/air),34,183-188 electric-dipole 

interactions,47,189,190 or magnetic dipolar interactions16,45,46. In the following sections, the 

utilization of magnetic dipolar interaction for 1-D self-assembly will be discussed. 

  

1.4.1 Magnetic Nanoparticles in Nature 

 Dipolar assembly of magnetic nanoparticles has long been known in nature by 

magnetotactic bacteria.191 Magnetotactic bacteria are a class of anaerobes that synthesize 

unique intracellular structures, called magnetosomes, which contain lipid bilayer 

membrane-enclosed, magnetic nanoparticles (D ~ 50 nm) composed of magnetite (Fe3O4), 

greigite (Fe3S4), or pyrrhotite (Fe7S8).192 Magnetosome crystals have high chemical purity, 

narrow size distribution, and species-specific crystal morphologies. The magnetosomes 

are aligned into one or more chains along the symmetry axis of the cell, which creates 

collective magnetic dipole moments (Figure 1.18). The permanent magnetic dipole within 

the cell enables magnetic bacteria to sense and migrate along with the earth’s magnetic 

field.192 The orientation of magnetic dipole in a magnetotatic bacterium was confirmed 

via magnetic force microscopy and electron holography.193-195 The biogenic magnetite 

isolated from magnetotactic bacteria and their magnetic properties outside of the bacteria 

have been investigated.196 Further characterization methods, biomineralization, and 

isolation techniques of magnetotactic bacteria can be found in other review 

papers.192,194,196-199  
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Figure 1.18. Electron hologram of two double chains of magenetite in single 
magnetotactic bacteria. Inset: bright field TEM image of one of the double chains. 
Reproduced with permission from ref. 197. Copyright 2005 Elsevier Ltd.197 
 

1.4.2 1-D Assembly of Ferromagnetic Nanoparticles 

 Self-assembly mediated by magnetic dipole-dipole interactions has been used to 

generate 1-D colloidal assemblies when interparticle attractive interactions (e.g., 

ferromagnetic or ferrimagnetic) are inherently preset or induced by an external field.24,200-

202 As simulations predicted,203,204 ferromagnetic materials (Fe, Co, Ni) within the 

nanometer size regime are observed to produce 1-D assemblies via dipole-dipole 

interactions in a zero field.205-209 These ordered long-range assemblies of monodispersed 

ferromagnetic nanoparticles can exhibit intriguing collective behaviors.  

 One of the earliest research on the synthesis and assembly of ferromagnetic 

nanoparticles was reported by Thomas at the Chevron group.205 In this work, single 

domain magnetic cobalt nanoparticles were prepared for the first time by thermolysis of 

cobalt precursors in the presence of functional linear co-polymers as ligands. By varying 
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the concentration of surfactants and metal carbonyl precursors, temperature, and 

composition of polymer surfactants, the size of Co nanoparticles was tuned from 2 nm to 

30 nm in diameter. Co colloids with the size ~ 20 nm in diameter self-assembled into 1-D 

chains via dipole-dipole interactions between nanoparticles on a substrate in a zero field 

(Figure 1.19a). Similarly, Hess and Parker prepared discrete cobalt nanoparticles in the 

10 nm ~ 100 nm range by thermolysis of dicobalt octacarbonyl (Co2(CO)8) in a polymer 

solution.210 Superparamagnetic properties were observed in cobalt nanoparticles with size 

below 10 nm in diameter. Cobalt nanoparticle with diameter in the 20 ~ 40 nm range 

exhibited high magnetic properties (Hic = 408 Oe, Br/Bm = 0.57), chaining extensively. 

Larger size Co particles (D > 40 nm) showed a decrease in magnetic remanence (Hic = 

281 Oe, Br/Bm = 0.12) due to multidomain, resulting separated single nanoparticles.  

 1-D assembly of metallic iron nanoparticles stabilized with polymer ligands was 

also investigated.206,211-213 Well-defined ferromagnetic nanoparticles (D = 10 ~ 20 nm) 

and single domain superparamagnetic (D < ~ 10 nm) iron colloids were synthesized by 

thermolysis of iron pentacarbonyl (Fe(CO)5) in polymer solutions. Fe nanoparticles of 

size in the range 10 ~ 20 nm diameter self-assembled into 1-D chains micrometers in 

length via dipolar associations (Figure 1.19b). The formation of linear dipolar chains of 

dipolar nanoparticles dispersed in organic media were visualized on the individual 

particle level by using electron cryo-microscopy.213 As the particle size was increased, 

morphological transition from separated particles to randomly oriented linear aggregates 

was observed.  
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Figure 1.19. TEM images of (a) ferromagnetic cobalt nanoparticles with D ~ 20 nm and 
(b) iron nanoparticles with D ~16 nm Reproduced with permission from ref. 205, 206. 
Copyright 1966 Jhon Wiley & Sons. Inc.205 and Copyright 1979 American Institute of 
Physics.206 
 

 Assemblies of monodisperse cobalt nanoparticles with controlled size (D = 8 ~ 16 

nm) and shape (spherical, rod, disk) have also been formed on supporting substrates. 

Dipolar cobalt nanoparticles were synthesized by using mixtures of oleic acid, TOPO, 

and aliphatic amines in the thermolysis of Co2(CO)8 at high temperature (185°C).207,214-

217 By varying the feed ratio between cobalt precursors and ligands, both uniform 

superparamagnetic and ferromagnetic Co nanoparticles were obtained. Smaller Co 

nanoparticles (D ~ 8 nm) self-assembled into hexagonal 2-D superlattices (Figure 1.20a).  

A mixture of hexagonal monolayer and closed loops was observed for particles with size 

of about 12 nm. For ferromagnetic cobalt nanoparticles (D > 16 nm), 1-D linear chains of 
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individual nanoparticles formed via dipolar interactions (Figure 1.20b). In addition to 

spherical nanoparticles, anisotropic cobalt nanodisks were prepared by utilizing selective 

adsorption of organic ligands (oleic acid, trioctylphosphine oxide, amines) onto particular 

crystallographic facets.217 Cobalt nanodisks (dimension 4 × 30 nm) self-assembled into 

linear colloidal arrays with co-facial stacking morphologies through the strong anti-

parallel spin interactions to minimize magnetostatic energy of the system as well as the 

favorable van der Waals interactions between the surfactants along the long axis of the 

nanodisks (Figure 1.20c).  

 

 
 
Figure 1.20. TEM images of small molecule capped Co NPs assemblies: (a) ε-Co NPs 
with 10 nm in 2D hexagonal arrays, (b) ε-Co NPs with 16 nm in 1-D chains, and (c) Co 
nanodisks (dimension 4 × 30 nm) assemblies standing on its edge. Reproduced with 
permission from ref. 207, 217. Copyright 2001 AAAS.207 and Copyright 2002 American 
Chemical Society.217 
 

 Furthermore, Pyun and co-workers demonstrated 1-D nanoparticle assembly 

utilizing dipolar polymer-coated cobalt nanoparticles.208,209 High-quality ferromagnetic 

cobalt nanoparticles were prepared by the thermolysis of Co2(CO)8 in the presence of 

end-functional polystyrene ligands. Prepared polymer-coated ferromagnetic cobalt 

colloids (D ~ 20 nm) self-assembled into 1-D nanoparticle chains spanning several 
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microns in length through their strong dipolar interactions (Figure 1.21). Both randomly 

entangled chains and field-aligned mesostructures of cobalt nanoparticles were observed 

without and with external fields, respectively (Figure 1.21a, b). Additionally, the 

formation of a novel dipolar assembly, which resembled “lamellae”-like folding of 1-D 

chains was observed (Figure 1.21c, d).209 The lamellae-like morphology was previously 

predicted by the Monte Carlo simulation based on head-to-tail dipolar association and 

lateral association between nanoparticle chains via anti-parallel alignment of unpaired 

spin.218 The report by Keng and co-workers209 provides the first experimental observation 

for the self-assembly of strongly coupled dipolar colloids into dense arrays of lamellae 

morphologies. Recently, this group also reported the synthesis and 1-D assembly of 

multicomponent ferromagnetic nanoparticles containing gold and cobalt.219 Polymer 

coated Au core Co shell nanoparticles (PS-AuCoNPs, D = 22 nm) were prepared via the 

thermolysis of cobalt carbonyl precursors in the presence of Au nanoparticle seeds (D = 

13 nm) and end-functional polymeric ligands. Despite a diamagnetic Au core, the Au-Co 

core-shell colloids exhibited ferromagnetic properties (Ms = 45.6 emu/g, Hc = 213 Oe) 

due to magnetic cobalt shells. PS-AuCoNPs self-assembled into 1-D linear chains with 

several micrometers in length via dipole-dipole interactions. Further, assemblies of 

ferromagnetic PS-AuCoNPs were utilized to form 1-D linear chain and nanoring patterns 

of gold nanoparticles on a substrate via selective removal of cobalt shells.220  
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Figure 1.21. TEM images of self-assembled polymer-coated Co nanoparticles in (a) 
random chains, (b) aligned chains under external fields, and (c, d) local nematic LC 
ordering under zero field at low and high magnifications. Reproduced with permission 
from ref. 209. Copyright 2007 American Chemical Society.209 
  

1.5 Nanoparticle Conversion Reactions 

1.5.1 Galvanic Reactions 

 Nanostructures with hollow interiors have garnered considerable interest for 

potential applications in catalysts, drug delivery, and plasmonics.221-223 Hollow 

nanomaterials can be prepared by coating the surface of solid nanocrystals with a thin 

layer of desired materials or precursors, followed by selective removal of the core 

templates. One facile approach to prepare hollow metal nanostructures is based on the 
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galvanic reactions with nanoparticle reagents. By having a large difference in the 

reduction potentials between the appropriate metal precursor pair, one metal will be 

spontaneously oxidized while concurrently reducing other metal. This chemical reaction 

has also been applied to convert solid metallic nanoparticles into different hollow 

colloidal materials. Galvanic exchange reactions on the surface of metal nanoparticle 

templates initially forms a metallic thin shell confined to the nanoparticle surface of the 

template, which then consumes the host metal to form a new hollow metallic colloid. 

Thus, solid metal nanoparticles are used as ‘sacrificial template nanoparticles’ to form 

hollow nanostructures reacted with alternative metal ion salts with suitably match redox 

potentials.20,223,224   

 

 
 

Figure 1.22. TEM image of Pt hollow nanospheres (a) and (b), and solid nanoclusters (c) 
and (d). Reproduced with permission from ref. 225. Copyright 2004, Wiley-VHC Verlag 
GmbH & Co. KGaA, Weinheim.225 



66 
 

 Cobalt nanocrystals have been exploited as templates to synthesize hollow noble 

metal or bimetallic nanostructures. The standard reduction potential of Co2+/Co (0.227 V 

vs. SHE) is sufficiently offset relative to more noble metals, such as, PtCl6
2-/Pt (0.735 V 

vs. SHE) or AuCl4
-/Au (0.99 v vs. SHE) redox pairs. Thus, direct treatment of cobalt 

nanocrystals with Pt+2, Au+1, or Au+3 salts has been utilized to form hollow Pt or Au 

nanostructures. Bai and co-workers initially demonstrated the synthesis of Pt hollow 

nanospheres utilizing Co nanoparticles as sacrificial templates with H2PtCl6.225 In the 

replacement reaction, cobalt nanoparticles were spontaneously oxidized upon addition of 

H2PtCl6, resulting in the formation of a thin shell of Pt0 (thickness ~ 2 nm) around 

exterior of the cobalt templates and release of free Co2+ ions (Figure 1.22). These hollow 

Pt nanoparticles (D ~ 24 nm) were observed to possess a porous shell (thickness ~ 2 nm) 

due to the higher flux of Co0 to the nanoparticle surface in contact with Pt4+ ions. Porous 

hollow Pt nanospheres with the high surface area were observed to exhibit enhanced 

electrocatalytic activity for the methanol oxidation. Additionally, the preparation of 

hollow CoPt alloy nanospheres was demonstrated by Schaak and co-workers.226 

Superparamagnetic Co nanoparticles were utilized as sacrificial templates to deposit Pt in 

the presence of excess reducing agent (NaBH4) and Pt precursor (K2PtCl6). In this 

reaction, added reducing agent promoted co-reduction of both Co and Pt on the surface of 

templates, forming a hollow CoPt alloy nanosphere (D = 10 ~ 50 nm).  

 Based on similar principles, hollow Au nanostructures with tunable interior and 

exterior shells have been prepared by sacrificial galvanic reactions with Co 

nanoparticles.227-229 The size of hollow Au nanospheres was determined by the size of 
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cobalt nanoparticle sacrificial templates. The control of interior cavity size was achieved 

by varying the stoichiometric ratio of gold precursors (HAuCl4) over the reducing agents 

(NaBH4). Gold hollow nanospheres with an average outer diameter of 60 nm were 

prepared with tunable cavity size in a range from 0 nm to 40 nm as well as shell thickness 

from 10 to 30 nm.227 Depending on the interior cavity size, the surface plasmon 

resonance feature of hollow gold nanospheres was tuned over a range of 100 nm 

wavelength in UV-vis spectra. The hollow gold nanospheres also exhibited excellent 

surface-enhanced Raman scattering (SERS) in terms of spectral consistency.228  

 

1.5.2 Nanoscale Kirkendall Reactions 

 The Kirkendall effect refers to the formation of porous metallic phases as a result 

of the different diffusion rates of species across an interface. Smigelkas and Kirkendall 

first reported the movement of the interface between copper and zinc in brass, as a result 

of the different diffusion rates of two species upon annealing.230 Recently, this Kirkendall 

effect has been revisited by Alivisatos and co-workers as a facile synthetic method to 

prepare various hollow nanostructures.231-233 In this system, the Kirkendall effect applied 

to well-defined metal nanocrystals, forming single confined voids within each individual 

colloid due to the high-surface-to-volume ratio of the nanoparticle. Hollow 

nanostructures of CoO,231 CoSe2,231 Co3S4,232 Fe3O4,233 and transition metal 

phosphides226,234-236 were synthesized by using magnetic nanoparticles (i.e., cobalt or iron) 

as precursors with either oxygen, sulfur, selenium, or trioctylphosphine (TOP) at elevated 

temperatures. In the oxidation reaction, cobalt or iron cations rapidly diffused out to the 
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interface layer which was balanced by the formation of vacancies through the colloid 

interior. As a result, vacancies within nanoparticles eventually coalesced into a single 

hollow inclusion in the core of the nanoparticle (Figure 1.23). The morphology and size 

of synthesized hollow nanostructures were commensurate with the magnetic nanoparticle 

precursor or sacrificial template. Later, the Kirkendall effect during the oxidation has 

been applied to prepare Ni, Zn and Cu hollow nanostructures.237-240   

 

 
 

Figure 1.23. TEM images of evolution of CoSe hollow nanocrystals with time by 
injection of selenium into cobalt nanocrystal solution at 455k, from top-left to bottom-
right: 0s, 10s, 20s, 1min, 2min, and 30min Reproduced with permission from ref. 231. 
Copyright 2004 AAAS.231   
 

1.6 Colloidal Polymerization 

 Magnetic self-assembly of inorganic dipolar nanoparticles has been exploited as a 

facile method to prepare 1-D assemblies. However, individual colloids in a 1-D chain can 

be disassembled by removal of fields or applying alternative fields. In order to preserve 
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the assembled 1-D morphology, further chemical reactions onto pre-assembled 

nanoparticle chains are required. Colloidal polymerization is a novel methodology 

described by Pyun and co-workers241 as the combination of dipolar self-assembly and a 

chemical reaction reported. 1-D chain mesostructures formed via dipolar self-assembly of 

magnetic nanoparticles and subsequent chemical reactions interconnected each colloid in 

a chain, generating fused 1-D nanomaterials (Figure 1.24). This system is analogous to 

polymerizations of small molecule monomers via chemical reactions, forming 

macromolecules. In polymer chemistry, individual monomer molecules are covalently 

connected in a polymer chain possessing distinct properties. In colloidal polymerization, 

magnetic nanoparticles were utilized as colloidal monomers to assemble linear chains via 

inherent north-south (N-S) dipole interactions. Upon a ‘polymerization’ reaction onto 

pre-assembled chains, reactive colloidal monomers were converted into 

thermodynamically stable 1-D mesopolymers. Synthesized 1-D meso-polymers exhibited 

collective properties different either from colloidal monomers or bulk materials. 

Furthermore, more than one colloidal monomer can be employed in the colloidal 

polymerization to form meso-copolymers.   
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Figure 1.24. Scheme of the Colloidal Polymerization of magnetic nanoparticle 
assemblies to prepare hollow 1-D nanowires  
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 Xu and co-workers demonstrated the preparation of CoSe2 nanowires by applying 

the nanoscale Kirkendall reaction to 1-D magnetic cobalt nanoparticle assemblies.242 In 

this system, ferromagnetic cobalt nanoparticles (D ~ 20 nm) were pre-assembled into 

chains or necklaces in solution via strong dipolar interactions. Upon addition of selenium 

to Co colloid dispersions, thin shells of CoSe2 grew around self-assembled cobalt 

nanoparticle chains. Through the nanoscale Kirkendall reaction, hollow CoSe2 nanowires 

formed without disintegration of the pre-assembled 1-D chain morphology of the cobalt 

nanoparticle precursor (Figure 1.25, process 1). As a control reaction, the nanoscale 

Kirkendall reaction was performed in an alternating magnetic field, which disrupted the 

dipolar interactions between Co particles (D ~ 20 nm), resulted in the formation of 

individual hollow CoSe2 nanocrystals (Figure 1.25, process 2). In a separate control 

experiment, smaller size cobalt nanoparticles (D = 6 nm), which have weaker magnetic 

dipolar interactions, were used as starting materials and yielded only isolated hollow 

CoSe2 nanoparticles. Thus, the strong magnetic dipolar interactions between 

ferromagnetic nanoparticles are essential to form 1-D hollow nanostructures. Furthermore, 

sulfur and tellurium were utilized instead of selenium in the Kirkendall reaction with Co 

nanoparticle chains (D = 20 nm), affording hollow Co3S4 and CoTe nanowires. 
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Figure 1.25. Formation of hollow CoSe2 nanocrystals from CoNPs in the 1) absence and 
2) presence of an alternating magnetic field. (a) TEM image (inset: HR-TEM image), and 
(b) SEM image of hollow CoSe2 nanocrystals   Reproduced with permission from ref. 
242. Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhelm.242 
 

 Based on similar principles, Pyun and co-workers presented the fabrication of 

well-defined cobalt oxide nanowires in gram quantities.241 Ferromagnetic cobalt 

nanoparticles (D ~ 20 nm) which self-assembled into 1-D linear chains utilized as 

colloidal monomers (Figure 1.26a). Subsequent oxidation reactions at an elevated 

temperature converted pre-assembled Co nanoparticle chains into interconnected cobalt 

oxide nanowires via the Kirkendall effect (Figure 1.26b). The Kirkendall reaction of Co 

nanoparticles (D ~ 20 nm) with O2 resulted in both the formation of hollow cores and a 

dimensional expansion of the cobalt oxide nanoparticle shell (D ~ 33 nm). The 

coalescence of expanding cobalt oxide nanoparticle shells simultaneously locked the 1-D 

morphologies of cobalt nanoparticle chains into fused cobalt oxide nanowires with 

hollow inclusions (Figure 1.26b). Further calcination of cobalt oxide nanowires generated 

hollow Co3O4 nanowires with improved crystallinity without loss of the 1-D morphology. 

Nanostructured Co3O4 materials exhibited electrical and electrochemical properties which 

can be used for energy storage applications.  
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Figure 1.26. TEM images of polymer coated (a) cobalt nanoparticles, (b) cobalt oxide 
nanowires, (c) core-shell Au-Co nanoparticles, and (d) cobalt oxide nanowires with Au 
inclusions Reproduced with permission from ref. 219, 241 Copyright 2009, 2010 
American Chemical Society. 219,241 
 

 Recently, the Colloidal polymerization concept was expanded to bimetallic Au-

Co core-shell nanoparticles, which formed heterostructured cobalt oxide nanowires with 

gold inclusions by Pyun and co-workers.219 Colloidal monomers of ferromagnetic Co 

nanoparticles (D ~ 22 nm) with Au cores (D ~ 13 nm) self-assembled into 1-D chains 

(Figure 1.26c) followed by oxidation reactions to afford cobalt oxide nanowires (D ~ 31 

nm) with Au inclusions (D ~ 13 nm) (Figure 1.26d). Calcination of the spin coated films 

resulted in the formation of polycrystalline Au-Co3O4 nanowires without perturbing the 

1-D morphology of pre-assembled nanoparticle chain. Further characterization of these 
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Co3O4 nanowires with Au inclusions via cyclic voltammetry exhibited a 2 – 3 fold 

enhancement of the electrochemical capacitance in comparison to hollow Co3O4 

nanowires.     

 In addition to the Kirkendall effect, galvanic replacement reactions coupled with 

magnetic assembly have been investigated to prepare various hollow 1-D nanomaterials 

as described previously. Assembled ferromagnetic nanoparticle chains were utilized as 

sacrificial templates and galvanic reactions performed as polymerization reactions, 

forming 1-D mesostructures. Since cobalt has a much lower reduction potential than Au 

and Pt, linear Co nanoparticle assemblies were used as templates to prepare noble metal 

or bimetallic hollow nanostructures. Zhang and co-workers reported the synthesis of 

continuous Au nanotubes with controlled shape, size, and length utilizing galvanic 

reaction and an oxidation reaction of assembled cobalt nanoparticle chains.243 

Magnetically aligned Co nanoparticle chains were utilized as a sacrificial template and 

Au was deposited onto exterior of templates via galvanic exchange reactions (Figure 

1.27). Subsequent oxidation reaction removed residual Co cores resulting in hollow and 

polycrystalline Au nanotubes (up to 5 μm in length) (Figure 1.27). Wall thickness of the 

nanotube was controlled by the amount of Au salts added. This report indicated that the 

reduction of gold salts into gold metal only occurs onto exposed surfaces of assembled 

cobalt nanoparticle chains and not within the interstitial space between particles. Hence, 

magnetic alignment of cobalt nanoparticles into 1-D chains under an external field was 

essential in the formation of hollow nanotubes. Based on a similar strategy, the 
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preparation of necklace-like Au, Pt, and Pd hollow nanoparticle chains with tunable 

optical properties were also demonstrated.244 

 

 
 

Figure 1.27. Scheme of Au nanotube formation template with Co nanoparticles aligned 
by an external magnetic field and TEM images of continuous Au nanotubes at (a) low 
magnification and (b) high magnification. Reproduced with permission from ref. 243. 
Copyright 2007 American Chemical Society.243 
 

 Additionally, the preparation of bimetallic hollow tube-like 1-D nanostrucutres 

composed of Au and Pt has been demonstrated by Bai and co-workers.245 In this report, 

ferromagnetic cobalt nanoaprticles (D = 55 nm), which self-assemble into 1-D 

nanoparicle chains via the dipole-dipole interactions, were used as sacrificial templates. 

Bimetallic AuPt nanoparticles nucleated and grew into very small aggregates upon 

addition of noble metal precursors (H2PtCl6 and HAuCl4). At this stage, the bimetallic 

shell was incomplete and the remaining Co cores were still ferromagnetic, retaining 1-D 

chain morphology. As the galvanic reaction proceeds, the remaining cobalt cores became 

superparamagnetic due to the decrease in size. After the Co template was completely 

exhausted, hollow bimetallic AuPt tube-like 1-D nanomaterials were formed. 
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1.7 Goals of this Research   

 The goals of this work are the synthesis and utilization of multi-component 

ferromagnetic nanoparticles for both the formation of 1-D mesostructures. Multi-

component core-shell nanoparticles composed of gold and cobalt were synthesized as 

new colloidal monomers to prepare 1-D cobalt oxide nanowires with gold inclusions via 

colloidal polymerization. The optical and electrochemical properties of these 

nanostructured multi-component electrodes were characterized. Furthermore, self-

assembled ferromagnetic gold-cobalt core-shell nanoparticles were utilized as templates 

to form 1-D noble metal nanoparticle alignment on the surface of substrates. Finally, 

electroactive polymer brushes containing ferrocene on indium tin oxide (ITO) electrodes 

were synthesized via surface initiated atom transfer radical polymerization. 

Electrochemical properties of ITO bound homo- and block co-polymer brushes were 

characterized in the present study. This synthetic method allow for the ability to control 

thin film structures and interrogate electrode properties for potential applications in 

optoelectronic devices.       
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CHAPTER 2 

 

SYNTHESIS AND COLLOIDAL POLYMERIZATION FERROMAGNETIC Au-

Co NANOPARTICLES INTO Au-Co3O4 NANOWIRES 

 

2.1 Introduction 

Cobalt oxide based materials have generated considerable interest as electrodes 

and catalysts for energy storage and conversion.  Nanostructuring of cobalt oxides has 

recently been investigated as a route to improve the electroactivity of these materials by 

controlling nanoscale morphology and increasing effective electroactive surface areas.1-3  

Despite these advances, cobalt oxide materials are inherently limited by poor electrical 

conductivity and low photoelectrochemical activity.  Recent reports by Parkinson et al. 

have demonstrated the ability to improve the photoelectrical properties of cobalt oxide 

materials via substitution with alternative cations (e.g., CoAl2O4).4  Alternatively, the 

electrochemical enhancement of cobalt oxide materials has been achieved for Li-batteries 

via co-deposition of gold nanoparticles (AuNPs) onto nanowires, or encapsulation with 

metal oxide colloids.5.6   

Recent advances in nanoparticle chemistry have enabled the preparation of well-

defined inorganic nanocrystals and complex heterostructures composed of disparate 

colloidal components.7-14  Hollow nanoparticles and core-shell colloids have recently 

been reported by the oxidation, chalcogonide, or phosphide conversion of metallic 

nanoparticles via the nanoscale Kirkendall effect.15-19  Our group has recently prepared 
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hollow cobalt oxide (Co3O4) nanowires via the Colloidal Polymerization of 

ferromagnetic nanoparticles, which we defined as a combination of dipolar NP assembly 

and a chemical reaction (in this case oxidation) to fuse colloidal precursors into 1-D 

materials.20  Earlier examples of this process were elegantly reported for the formation of 

hollow semiconductor and metallic nanowires.21-23 

Herein, we report a novel methodology to prepare cobalt oxide nanowires with 

AuNP inclusions (Au-Co3O4) via the Colloidal Polymerization of ferromagnetic 

nanoparticle precursors composed of core-shell gold-cobalt nanoparticles (Au-CoNPs).  

In this system, the dipolar self-assembly of Au-CoNPs is utilized to form Au-Co3O4 

nanowires via oxidation of pre-organized NP chains.  We report the synthesis of a dipolar 

core-shell nanoparticle for the first time prepared composed of a non-dipolar core and a 

ferromagnetic shell. We further demonstrate that inclusion of AuNPs into Co3O4 

nanowires enhances the optical and electrochemical properties of the nanocomposite.  

 

2.2 Results and Discussion 

 Ferromagnetic Au-CoNPs were prepared using oleylamine capped AuNPs 

(diameter (D) = 13 nm + 3 nm) as seeds10 in the thermolysis of Co2(CO)8 using amine 

termined polystyrene surfactants (PS-NH2; Mn = 7,000 g/mol; Mw/Mn = 1.07) in 1,2-

dichlorobenzene (DCB) at T = 173 °C (Scheme 2.1).24,25 Au nanoparticles were 

synthesized according to a reported procedure described elsewhere.10 Briefly, 

HAuCl4•3(H2O) and oleylamine were dissolved in tetralin and was then stirred at 65 °C 

for 5 hr. The size and morphology of AuNPs were investigated under the transmission 
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electron microscopy (TEM). As shown in Figure 2.1, AuNPs exhibited a spherical 

morphology and particle diameters of 13 ± 3 nm.  

 

 

Scheme 2.1. Synthesis of dipolar PS Au-Co NPs and Au-Co3O4 nanowires  
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Figure 2.1. TEM images of oleylamine capped AuNPs (D = 13 ± 3 nm) 

 

 A strong dependence of metal carbonyl to AuNP feed ratio was observed in the 

synthesis  of core-shell colloids, where an optimal feed ratio  of 4:1 (by wt) of Co2(CO)8 

to AuNPs afforded a nearly quantitative yield of dipolar PS Au-CoNPs.  Higher feed 

ratios of metal carbonyl to AuNP seeds resulted in a mixture of encapsulated PS Au-

CoNPs and PS-CoNPs (Figure 2.2 a,b).  At lower feed ratios of metal carbonyl to AuNP 

seeds, isolated core-shell colloids of PS Au-CoNPs were formed that did not exhibit 

dipolar chaining (Figure 2.2 c,d). A key advantage of this synthetic method was the 

ability to easily separate excess oleylamine capped AuNPs from PS Au-CoNPs by the 

addition of hexanes to colloidal dispersions in DCB, which induced selective 

precipitation of dipolar PS Au-CoNPs. 
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Figure 2.2. TEM images of PS Au-Co core-shell NPs from reaction of 10 mg of Au NPs 
(a, b) and 250 mg of Au NPs (c, d) with 400 mg of Co2(CO)8 precursor for both reactions 
 

 Ferromagnetic PS-CoNPs (D = 24 nm + 3 nm; Figure 2.3a) were also synthesized 

using our previously reported method as reference materials for solid state and 

morphological characterization.  Transmission electron microscopy (TEM) confirmed the 

preparation of core-shell PS Au-CoNPs as evidenced by an increase in particle size (D = 

22 nm + 4 nm) relative to AuNP seeds and by the formation of mesoscopic NP chains 
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spanning hundreds of nanometers to microns in length.  High resolution TEM further 

confirmed the preparation of PS Au-CoNPs by the imaging of a discrete core-shell 

morphology composed of the darker high Z (atomic number) AuNP core (D = 13 nm + 3 

nm) and a lighter shell from the metallic cobalt (thickness = 4-5 nm) (Figure 2.3b).  

Using TEM particle sizes and assuming bulk densities of each phase (ρCo = 8.93 g/cm3; 

ρCo = 19.3 g/cm3), the composition of these PS Au-CoNPs was determined (Au-45 wt%; 

Co-56 wt%).    

The Colloidal polymerization of PS Au-CoNPs was then conducted to afford PS 

coated nanowires of amorphous cobalt oxide with AuNP inclusions (PS Au-CoxOy). TEM 

of PS Au-CoxOy nanowires imaged the presence of dark inner Au cores as well as interior 

voids corresponding to the dimensional expansion of Co shells associated with the 

nanoscale Kirkdendall effect (Figure 2.3d).  A dimensional expansion of nanowires (D = 

31 ± 4 nm) was also observed after the Colloidal Polymerization.  In contrast, a control 

experiment conducted with PS-CoNPs of comparable diameter afforded PS cobalt oxide 

nanowires with completely hollow cores (Figure 2.3c).   
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Figure 2.3. TEM images of ferromagnetic (a) PS-CoNPs (D = 24 ± 3 nm) (b) PS Au-Co 
core-shell NPs (D = 22 ± 4 nm, Dcore = 13 ± 3 nm), (c) PS-cobalt oxide nanowires (D = 
33 ± 3 nm) and (d) PS-cobalt oxide nanowires with Au cores (D = 31 ± 4 nm). 
 

2.2.1 Calcination of PS Au-CoNPs 

Calcination at 400°C in air of PS Au-CoxOy films was conducted to form 

polycrystalline Au-Co3O4 nanowires and to remove the organic PS shell without 

perturbing the morphology of the materials. TEM observation was conducted to confirm 



 98 

gold cores in core-shell nanowires after calcination. In previous report, Co3O4 nanowires 

have shown with hollow interiors after calcination of metallic PS-CoNPs.3 The PS Au-

CoxOy dispersion was drop cast onto a carbon coated Ni grid and calcined in air at 400 °C 

for 16 hours. Both 1-D morphology and the interior gold core were preserved after the 

calcination process (Figure 2.4). Sizes of the Au core and the Au-Co3O4 nanowires were 

14 ± 3 nm and 31 ± 4 nm, respectively, which are comparable with the size prior to 

calcination.   

 

 

Figure 2.4. TEM images of Au-Co3O4 NWs on a carbon coated Ni grid after calcinations 
(D = 31 ± 4 nm, Dcore = 14 ± 3 nm) 
 

 PS-Co3O4 and PS Au-Co3O4 nanowires were spin coated onto ITO substrates and 

calcined in air at 400 °C. Field emission scanning electron microscopy (FE-SEM) images 

revealed the presence of non-aggregated 1-D chains, packed into a mesoporous film for 

both samples (Figure 2.5). Discrete nanowires were also cast onto ITO from dilute 
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dispersions and found to possess a distribution of chain lengths spanning hundreds of 

nanometers (Figure 2.5). Morphology differences between Co3O4 and Au-Co3O4 

nanowires were qualitatively examined via FE-SEM. The image of Au-Co3O4NWs 

revealed a more smooth surface morphology and faint contrast of embedded Au cores 

(Figure 2.5 c,d). In comparison, the surface morphology of Co3O4 nanowires was 

observed to be rough along with the presence of facets and small domains (Figure 2.5 a, 

b).   

 

 

Figure 2.5. FE-SEM images of Co3O4 NWs (a,b) and Au-Co3O4 NWs (c, d) cast on ITO 
substrates after calcination at 400 °C 
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Figure 2.6. FE-SEM images of blend film of PS-Co3O4 NWs and oleylamine capped Au 
NPs (1:1 = wt:wt) cast on ITO (a, b) after calcination at 400 °C in air (c, d) 
 

 The blended dispersion of PS-Co3O4 NPs and oleylamine capped Au NPs (1:1 = 

wt:wt) was spin coated onto ITO substrates as a series of control experiments on the 

thermal stability of AuNPs under calcination conditions. FE-SEM images of the blended 

AuNPs and PS-Co3O4 nanowires film (Figure 2.6 a,b) exhibited phase separation due to 

incompatible surface ligands (i.e., PS vs. oleylamine). After calcinations at 400 °C, 

AuNPs had coalesced to form micron size domains within a random network of Co3O4 

nanowires (Figure 2.6 c,d). The results of these control experiments confirm that 

nanoconfinement of AuNPs within the interior of Co3O4 nanowires preserves their 
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nanoscopic particle structure after annealing at 400 °C, in comparison to blends of free 

AuNPs with non-attached Co3O4 nanowires. This morphological result further 

corroborates both the electrochemical (Figure S15) and optical spectroscopy (Figure S25) 

comparisons of core-shell Au-Co3O4 nanowires with blends of AuNPs and Co3O4 

nanowires. 

2.2.2 Acid Etching of PS Au-Co3O4 Nanowires 

 In SEM images of Au-Co3O4 nanowires, contrast of the Au core was screened by 

the presence of the Co3O4 shell. To further improve the resolution of the embedded Au 

core, PS Au-Co3O4 nanowires were treated with a weak acid (TFA), to etch the oxide 

outer shell. The Co3O4 shell around Au core was partially etched as confirmed via TEM 

with shell thickness decreasing from 5 nm to 3 nm while the size of the Au core remained 

as same (Figure 2.7). The dispersion of acid etched nanowires was spin coated onto a 

silicon substrate followed by calcination in air at 400 °C for 16 hours. FE-SEM images of 

acid etched Co3O4 nanowires under the same conditions after calcination revealed a 

hollow interior because of thinner shell and smoother surface as tube type shape (Figure 

2.8 a,b).  In the case of acid etched Au-Co3O4 nanowires after calcination, FE-SEM 

images revealed clearly embedded gold core inside of cobalt oxide shell (Figure 2.8 c,d). 
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Figure 2.7. TEM images of acid etched PS Au-Co3O4 nanowires 
 

 

Figure 2.8. FE-SEM images of acid etched Co3O4 NWs (a, b) and Au-Co3O4 NWs (c, d) 
cast on ITO after calcination at 400 °C 
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2.2.3 Solid State Characterizations 

 X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of Au 

cores within PS Au-CoxOy nanowire films. XPS was performed in regions of Co2p and 

Au4f.  XPS in the Co2p region exhibited two major peaks at 796.1 eV and 780.6 eV, 

corresponding to Co 2p1/2 and Co 2p3/2 spin-orbit components, respectively, which were 

characteristic of the Co3O4 phase. Two satellites located at about 10 eV above the 

primary binding energy peaks, were detected, confirming Co3O4 phase further (Figure 2.9 

a,c).25 Calcined Au-Co3O4 nanowires showed two peaks at 89.1 eV and 85.5 eV, 

corresponding to Au 4f5/2 and Au 4f7/2 spin-orbit components, respectively (Figure 2.9d), 

which is characteristic of zero-valent gold.27 In the control experiment, Au 4f was not 

detected in calcined Co3O4 NWs as shown in Figure 2.9b. 
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Figure 2.9. XPS spectroscopy of (a) Co2p and (b) Au4f of calcined Co3O4 nanowires and 
(c) Co2p and (d) Au4f of calcined Au-Co3O4 nanowires on ITO 
 

 Powder X-ray diffraction (XRD) was used to characterize the solid-state structure 

of oleylamine coated Au NPs, PS Au-CoNPs, PS Au-CoxOy nanowires and calcined Au-

Co3O4 nanowires. The XRD pattern of Au NPs (Figure 2.10a) exhibited a metallic fcc-

gold phase of low crystallinity. The diffraction from Au cores dominates the pattern in PS 

Au-CoNPs (Figure 2.10b) and PS Au-CoxOy nanowires (Figure 2.10c) due to both the 

higher Z of Au relative to Co atoms and the significant weight fraction of Au present in 

the material. Calcination of PS Au-CoxOy nanowires in air at 400 °C removed the organic 
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PS outer shells and yielded polycrystalline spinel Co3O4 (Figure 2.10d). Three peaks at 

2θ = 31.1º, 36.7º and 59.2º in XRD pattern of Au-Co3O4 nanowires indicated 

polycrystalline spinel Co3O4 shell in core-shell nanowire. 

 

 

Figure 2.10. Overlay XRD patterns of the (a) oleylamine coated AuNPs, (b) PS Au-
CoNPs, (c) PS Au-CoxOy NWs after 18 hours of solution oxidation (d) calcined Au-
Co3O4 NWs and (e) calcined Co3O4 NWs 
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Figure 2.11. (a) Overlay hysteresis curves of applied magnetic field (H) vs. 
magnetization (Ms) of nanocomposites at room temperature: (1) PS Au-CoNPs, (2) PS 
Au-CoxOy nanowires and (3) Au-Co3O4 nanowires, (b) high resolution magnetometry of 
(2) PS Au-CoxOy NWs and (3) Au-Co3O4 nanowires after calcinations 
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 The magnetic properties of PS Au-CoNPs, PS Au-CoxOy NWs and calcined Au-

Co3O4 materials were measured using vibrating sample magnetometry (VSM) at room 

temperature and at 50 K (Figure 2.11). The PS Au-CoNPs (Figure 2.11a-1) exhibited 

weakly ferromagnetic behavior at room temperature (Ms = 45.6 emu/g; Hc = 213 Oe). 

After the oxidation reaction, the magnetometry of the PS Au-CoxOy nanowires at room 

temperature exhibited a significant decrease in the saturation magnetization (Ms = 1.24 

emu/g) and coercivity (Hc = 4.63 Oe) (Figure 2.11b-2).  Calcined Au-Co3O4 nanowires 

(Figure 2.11b-3) exhibited a linear magnetization curve with a reduced Ms. The linear 

curve was consistent with predicted the paramagnetic behavior of expected under these 

conditions as reported elsewhere.28   

2.2.4 Electrochemical Characterizations 

 Electrochemical characterization of AuNP and Au-Co3O4 nanowire (NW) films 

on ITO was investigated by cyclic voltammetry (CV) and compared with Co3O4 NW 

control materials. Oleylamine capped Au NPs, PS Au-CoxOy and PS-CoxOy NWs were 

dispersed in toluene (25mg/mL) and spin coated onto ITO substrates. PS Au-CoxOy and 

PS-CoxOy films on ITO were first calcined in air at 400° C to remove organics and 

improve crystallinity prior to electrochemical measurements to form Au-Co3O4 and 

Co3O4 nanowire films. FE-SEM of calcined films confirmed that the 1-D morphology of 

nanowires remained intact, as discussed previously (Figure 2.4 for TEM, and Figure 2.5 

for SEM). CV was performed on the films in Ar saturated 0.1 M NaOH electrolyte 

solution while cycling from 0.7 V to -0.9 V at varying scan rates with respect to Ag/AgCl 

(3 M KCl) reference electrode (Figure 2.12). The formation of various allotropic phases 
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of cobalt oxide possessing different oxidation states were observed in CV of Au-Co3O4 

and Co3O4, which was in agreement with previously reported phases of cobalt oxide as 

shown in Figure 2.12-14.20
 Despite a lower composition of cobalt oxide in Au-Co3O4 

NWs, CV of calcined films indicated a higher current density and more well-defined 

peaks compared to calcined Co3O4 films. At a higher scan rate (200 mV/s), CV of 

calcined Au-Co3O4 films (Figure 2.13 red) further exhibited more defined peaks relative 

to calcined Co3O4 films (Figure 2.13 blue), which was suggestive of faster electron 

transfer as a consequence of Au NP inclusions. 

  

 

Figure 2.12. CV overlay of calcined a) Au-Co3O4 and b) Co3O4 films on ITO at varying 
scan rates in the 0.1M NaOH electrolyte solution 
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Figure 2.13. CV overlay of calcined Au-Co3O4 (red) and Co3O4 (blue) films on ITO at a 
200 mV/s scan rate in the 0.1M NaOH electrolyte solution 
 

 The specific capacitance of Au-Co3O4 NWs and Co3O4 NWs were calculated 

from CV. To normalize the mass of nanowires on ITO, known concentrations and masses 

of nanowire materials (5 μg) were drop casted onto ITO electrode followed by typical 

calcination. CV was performed on the films in Ar saturated 1.0 M NaOH electrolyte 

solution while cycling from 0.7 V to -0.9 V at a 10 mV/s and 200 mV/s scan rates with 

respect to Ag/AgCl (3 M KCl) reference electrode (Figure 2.14). Calculated charge (Q) 

from CV included both background and Faradaic peak currents (Q = ∫ I dt, C = Q / V) 

and calculated capacitances were normalized by the mass of nanowires deposited onto 

ITO (5 μg). Calculated specific capacitances of Co3O4 NWs were 148 Farads per gram 

(F/g) and 13 (F/g) from anodic and cathodic cycles, respectively. Au-Co3O4 NWs also 

exhibited higher capacitance values of 215 F/g and 53 F/g from anodic and cathodic 
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cycles, respectively, in comparison to Co3O4 nanowires. However, we observed from 

these drop-cast prepared films poorly resolved CV (Figure 2.14), which was attributed to 

non-uniform coating of nanowires on ITO. Hence, to create more uniform films and 

determine a quantitative coverage of nanowires on ITO, SEM of spin coated films on 

ITO were prepared and analyzed. 

 

 

Figure 2.14. CV overlay of calcined Au-Co3O4 (red) and Co3O4 (blue) drop-casted films 
on ITO at a) 10 mV/s and b) 200 mV/s scan rates in the 1.0 M NaOH electrolyte solution 
 

 Spin coated films of Au-Co3O4 and Co3O4 nanowires (c = 25 mg/ml) were cast 

onto ITO and characterized by CV and SEM to confirm comparable nanowire coverage 

on electrode substrates. These films were also characterized by both SEM and energy 

dispersive X-ray spectroscopy (EDS) to determine the nanowire coverage and the weight 

percent of Co, respectively. SEM confirmed uniform coating of both Co3O4 and Au-

Co3O4 nanowires over the ITO electrode areas exposed to electrolyte for CV 

measurements. Due to the low coverage of nanowires on ITO, SEM was used to 
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determine the number of chains per square micron of the coated electrode. SEM imaging 

at both low and high magnification indicated comparable thin film morphology of both 

materials (Figure 2.15). The coverage of Au-Co3O4 and Co3O4 nanowires coating ITO 

substrates was calculated in units of NPs per mm2 by counting the number of nanowires 

using SEM, determining the average length of nanowires (using Image-J software) and 

dividing these average lengths by the size of each NP (DCo3O4 = 31 nm and DAu-Co3O4 = 33 

nm) (Figure 2.15 b,d). The average chain length and the number of chains per a 24 μm2 

ITO area were 0.50 ± 0.085 μm and 337 ± 21 chains for Co3O4 nanowires and 0.32 ± 

0.086 μm and 566 ± 59 chains for Au-Co3O4. The number of nanoparticles was 

calculated using the total chain length (number of chain × average chain length) divided 

by the average size of nanoparticle (DCo3O4 = 31 nm and DAu-Co3O4 = 33 nm) and was 

found to be 226 NPs/μm2 and 228 NPs/μm2 for Co3O4 and Au-Co3O4, respectively. EDS 

was used to determine the comparative weight percentages of Co in both Co3O4 NW and 

Au-Co3O4 NW films. Indium (In) peak from ITO substrate was used as a reference peak 

for both samples. EDS was taken in 10 different areas and Co weight percentages were 

averaged and normalized based on the weight percent of In for both Co3O4 NW and Au-

Co3O4 NW film, which was found to be 17 wt% and 12 wt% average, respectively. 
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Figure 2.15. FE-SEM images of spin coated film of Co3O4 NWs (a, b) and Au-Co3O4 
NWs (c, d) on ITO at low and high magnification. 
 

 Normalized electrochemical capacitance values of spin coated films on ITO 

confirmed the electrochemical enhancement of Au-Co3O4 nanowires. Direct comparison 

of Au-Co3O4 and Co3O4 nanowire films with the same total nanoparticle coverage 

indicated at least a 2-fold enhancement of the background-corrected Faradaic 

electrochemical activity associated with redox transitions at the active sites (i.e., CoO2 > 

CoOOH > Co3O4). The values were calculated from both CV and surface coverage data 

of Au-Co3O4 (Figure 2.16-red) vs. hollow Co3O4 nanowire films (Figure 2.16-blue) over 

a potential range from -0.1 V to 0.6 V at 20 mV/s scan rate from CV (Figure 2.16) (Q = ∫ 
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I dt, C = Q / V). Calculated charge (Q) from CV included both background and Faradaic 

peak currents and calculated capacitance was normalized by the total number of NPs 

coated onto the electrode (electrode area = 0.76 cm2). Calculated specific capacitances of 

Co3O4 NWs were 4.50 × 10-14 F/NP and 3.80 × 10-14 F/NP from anodic and cathodic 

scans, respectively. Conversely, Au-Co3O4 NWs were found to exhibited a nearly three-

fold higher specific capacitance of 1.21 × 10-13 F/NP and 9.84 × 10-14 F/NP from anodic 

and cathodic cycles, respectively. 

 Blended films of non-connected Co3O4 NWs and AuNPs were prepared to 

compare the effect of AuNPs nano-inclusions on electrochemical properties of Co3O4 

NWs. Dispersions of PS-CoxOy and AuNPs were spin coated on ITO then calcined in air 

at 400°C (1:1 wt ratio). CV of the blended film (Figure 2.16-green) revealed similar 

current density as hollow Co3O4 NW films which indicated no electrochemical 

enhancement from simple blending of AuNPs. These control experiments confirm that 

the enhancement of electrochemical properties arises from the core-shell nanowire 

morphology of the nanocomposite. 
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Figure 2.16. CV overlay of calcined Au-Co3O4 (red), Co3O4 (blue) and blend of Co3O4 
NWs and AuNPs (green) films on ITO at a 20 mV/s scan rate in the 0.1M NaOH 
electrolyte solution 
 

 A final electrochemical control experiment was conducted for the CV of the 

AuNP films on ITO (Figure 2.17). Overall, the voltammetry indicated that a much lower 

current density was generated under identical conditions for the CV. Additionally, the 

formation of Au oxide at 0.55 V, followed by subsequent reduction of Au oxide at 0.16 V 

and the double-layer region from 0 V to -0.9 V were the primary responses observed in 

the voltammetry. 
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Figure 2.17. CV of AuNPs film on ITO at a 20 mV/s scan rate in the 0.1M NaOH 
electrolyte solution 

 

 The effects of thermal annealing on the electrochemical properties of Au-Co3O4 

and Co3O4 nanowires were investigated. It was anticipated that higher annealing 

temperatures would result in sintering and densification of hollow Co3O4 nanowires, as 

observed for Co3O4 nanotubes.32 Furthermore, densification of the cobalt oxide phase in 

nanowires would reduce the number of effective electroactive sites accessible to 

electrolyte and result in overall reduced electrochemical activity. To test this hypothesis, 

a series of both Au-Co3O4 and Co3O4 nanowire films were cast onto ITO, treated with O2 

plasma to remove organic ligands and subjected to thermal annealing at different 

temperatures for 2 hr periods (20 °C, 100 °C, 200 °C, 300 °C, or 400 °C). These samples 

were then characterized by CV to correlate electrochemical activity as a function of 

nanowire composition and annealing conditions. 



 116 

 

Figure 2.18. FE-SEM images of spin coated film of a) PS-CoxOy NWs, b) PS Au-CoxOy 
NWs, c) CoxOy NWs, and d) Au-CoxOy NWs after O2 plasma cleaning on ITO 
 

 FE-SEM imaging of Au-Co3O4 and Co3O4 nanowires was conducted both before 

and after O2 plasma treatment to confirm removal of organic PS ligands without 

perturbation of the nanowire morphology (Figure 2.18). FE-SEM imaging of both PS-

coated nanowires confirmed the presence of significant organic debris on the substrate in 

addition to compromised resolution from electrical charging during imaging. However, 

after a 1 hr O2 plasma treatment, the removals of organics was confirmed by sharper 

imaging contrast of nanowires, as well as complete removal of free PS on the ITO 

substrate. 
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 CV was conducted on the Au-Co3O4 and Co3O4 nanowires to correlate 

electrochemical properties of thin films with the temperature utilized for thermal 

annealing. CV measurements were performed in an Ar saturated 0.1 M NaOH electrolyte 

solution while cycling from 0.7 V to -0.9 V at varying scan rates with respect to a 

Ag/AgCl (3 M KCl) reference electrode. The voltammery of thin films followed similar 

trends as observed for calcined materials, where Au-Co3O4 nanowires exhibited enhanced 

electrochemical activity, as observed by larger capacitive currents relative to Co3O4 

analogues. Significant sharpening of voltammetric peaks with increased Faradiac currents 

for both Au-Co3O4 and Co3O4 nanowire films were observed after thermal annealing 

from 100-400 °C from enhanced crystallinity of the oxide phases (Figure 2.19). However, 

a striking reduction in the current density and specific capacitance (C) of Co3O4 nanowire 

films with higher annealing temperature was observed from CV, in comparison to Au-

Co3O4 nanowires that exhibited an increase in capacitance with higher annealing 

temperatures (Figure 2.20) Specific capacitance values were calculated over a potential 

range from -0.1 V to 0.6 V at 20 mV/s scan rate from CV (Figure 2.20) (Q = ∫ I dt, C = Q 

/ V) for both cathodic and anodic scans, where the calculated charge (Q) from CV 

included both capacitive and Faradaic peak currents. The most striking difference in the 

specific capacitance of Au-Co3O4 and Co3O4 nanowires was observed after O2 plasma 

treated samples were annealed at 400 °C. Calculated specific capacitances per 

nanoparticle of Co3O4 nanowires annealed at 400 °C for 2hrs in air were 7.21 × 10-4 F 

and 5.86 × 10-4 F from anodic and cathodic scans, respectively. Au-Co3O4 nanowires 

under the same conditions exhibited a nearly three-fold higher specific capacitance of 
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2.11 × 10-3 F and 1.84 × 10-3 F from anodic and cathodic cycles, respectively. The 

correlation of electrochemical enhancement as a function of both nanowire composition 

and thermal treatment indicate that AuNP cores reinforce Co3O4 nanowires from 

densification, which increases the effective number of electroactive sites. Conversely, the 

reduced electrochemical activity of thermally annealed Co3O4 nanowires, was indicative 

of collapse of porosity in the nanowire shell, which lowered the effective number of 

electroactive sites observed in CV. 

 

 

Figure 2.19. CV overlay of AuCo3O4 (red) and Co3O4 (blue) films on ITO calcined at a 
different temperature a) 100 °C b) 200 °C c) 300 °C and d) 400 °C (0.1M NaOH 
electrolyte solution and scan rate = 20mV/s) 
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Figure 2.20. Table and graph of electrochemical capacitance values of calcined AuCo3O4 
and Co3O4 film on ITO at various calcination temperatures calculated from CV at 
20mV/s scan rate 

 

 Dimensional analysis via TEM of Co3O4 vs. Au-Co3O4 nanowires calcined for 16 

hr at 400 °C corroborated the electrochemical findings that AuNP cores reinforced cobalt 

oxide shells from densification. Both PS-CoxOy and PS Au-CoxOy nanowires were 

deposited onto carbon coated TEM grids and calcined before TEM imaging. The 

diameter of hollow inclusions for Au-Co3O4 and Co3O4 nanowires were easily imaged via 

TEM and analyzed both before and after calcinations (Figure 2.21). Initially, the effective 

diameter of PS-AuCoNP was 22 ± 4 nm with 13 ± 3 nm of AuNP core. After solution 

oxidation, the effective diameter of PS Au-CoxOy nanowires was 31 ± 4 nm and this size 

preserved after calcination. The size of inner voids was 17 ± 4 nm and cobalt oxide shell 

thicknesses were about 7 nm. After calcination at 400 °C for 16 hrs, the effective 

diameter of the interior hollow inclusion within Au-Co3O4 nanowires slightly decreased 

to 15 ± 3 nm and shell thickness increased to 8.5 nm. 
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Figure 2.21. TEM images of a) PS Au-CoxOy NWs, b) calcined Au-Co3O4 NWs, c) PS-
CoxOy NWs, and d) calcined Co3O4 NWs (400°C for 16hrs) 

 

 Conversely, PS-CoNP diameters were found to be 24 ± 3 nm which after solution 

oxidation afforded PS-CoxOy nanowires with an increased diameter of 33 ± 3 nm as a 

consequence of dimensional expansion during the oxidation. The diameter of hollow 

inclusions within nanowires was 15 ± 3 nm with an outer shell thickness of about 9 nm. 
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After calcination at 400 °C, significant reduction of interior void diameters of 8 ± 3 nm 

were observed with an increase in shell thickness increased to 12.5 nm. While both 

calcined Au- Co3O4 and Co3O4 were found to dimensional contract, the presence of the 

AuNP core significantly reinforced the cobalt oxide nanowire shell again densification 

(Figure 2.21). 

 Electrochemical impedance spectroscopy (EIS) of calcined Au-Co3O4 nanowire 

and Co3O4 nanowire films on ITO was investigated from 1 – 100 kHz at 0.125 V and 

0.225 V (Figure 2.22). Bode plots of Au-Co3O4 nanowires indicated a higher critical 

frequency then observed for Co3O4 nanowires. Also Au-Co3O4 nanowires exhibited 

changes in the phase plot as shown in Figure 2.22c and d while Co3O4 exhibited no slope 

changes in phase plot at 0.125 V and 0.225 V. 

 The Nyquist plots recorded at various stages of coating of Au-Co3O4 nanowires, 

i.e. bare ITO glass (A-I), Co3O4 coated over ITO (A-II) and Co3O4 doped with Au (A-III) 

is given in Figure 2.23.  The data was fitted using complex nonlinear least squire (CNLS) 

fitting method and the equivalent circuit obtained along with the values of various 

components is given in Figure 2.24. The intercept at Z’ axis, in all the three stages is an 

indicative of pure resistive term which is attributed to solution resistance. The values 

found for this term after fitting is matching well within the limits of experimental errors 

in all the three situations. The second term consists of charge-transfer resistance and 

double layer capacitance in parallel. The magnitude of charge transfer resistance is found 

increased by a factor of two orders after coating of Co3O4 indicating enhance 

electroactivity after coating with Co3O4, which is further increased by around 20 times 
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after gold doping. The double layer capacitance at the interface between electrolyte and 

ITO is also found to be increased by a factor of ten after coating of Co3O4, which does 

not change significantly after gold doping. Further there are two paths for the charge to 

penetrate trough the spin coated Co3O4 layer. One through the supporting electrolyte 

filled within the voids between the Co3O4 particles and other through the semiconducting 

Co3O4 itself. The resistance and conductance value originated from the semiconducting 

Co3O4 does not change; whereas the contribution originated due to porous structure of the 

Co3O4 is increased after gold doping. The resistive contribution is found to be increased 

by an order of two. This may be an indicative of blockage of the voids by small gold 

particles leaving it less porous. The parallel capacitance to these two resistances is 

originated at the ITO/ Co3O4 interface. The relatively higher value of this capacitive 

component as compared to ideal space charge capacitance indicates that supporting 

electrolyte has access to reach this interface trough the pores of the Co3O4, and it does not 

change after gold doping. The fitting of data in constant phase element (CPE) term rather 

than pure capacitance indicates the roughness of Co3O4 layer in un-doped as well as in 

doped conditions. 
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Figure 2.22. Bode |Z| and phase plots of calcined Co3O4 NW films at (a) 0.125 V and (b) 
0.225 V vs calcined Au-Co3O4 NW films at (c) 0.125 V and (d) 0.225V on ITO (■ : |Z| 
and ● : phase) 
 

 

Figure 2.23. Nyquist plots for experimental and fitted data for (a) ITO substrates (b) 
calcined Co3O4 NWs on ITO (c) calcined Au-Co3O4 NWs on ITO 
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Figure 2.24. Table summarizing resistive, capactive and charge data from EIS 
measurements and equivalent circuit for both calcined Co3O4 and Au-Co3O4 NWs 
 

2.2.5 Spectroscopic Characterizations 

 The surface plasmon resonance (SPR) of AuNPs, PS coated NPs and nanowires 

were investigated in toluene via UV-visible spectroscopy. In the size range from 

approximately 3 to 20 nm, gold nanoparticles are known to absorb via a surface plasmon 

resonance at around 520 nm.29 As shown in Figure 2.25a, oleylamine capped AuNPs in 

toluene solution (0.05 mg/mL) showed an SPR peak at 526 nm. The peak position of the 

plasmon resonance band is known to depend on particle size, shape and the dielectric 

properties of the surrounding media.29 Coating of AuNPs with a cobalt shell was 

anticipated to screen the SPR of AuNPs due to strong absorbance of cobalt phase. The 

UV-visible absorption spectrum of PS Au-CoNPs dispersions in toluene (0.1 mg/mL) 

revealed a broad absorption over the entire wavelength range with a weak absorbance 

around 530 nm (Figure 2.25b). Conversion of the cobalt shell to cobalt oxide resulting in 

a shift of the SPR to around 610 nm for the PS Au-CoxOy nanowire sample measured in  
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Figure 2.25. UV-vis spectrum of (a) AuNPs (0.05 mg/mL), (b) PS-AuCoNPs (0.1 
mg/mL), (c) PS Au-Co3O4 NWs (0.1 mg/mL), (d) PS-Co3O4 NWs (0.1 mg/mL) 
dispersion in toluene 
 

toluene (Figure 2.25c). Conversely, the UV-visible spectrum of PS-CoxOy NWs 

dispersion in toluene (0.1 mg/mL) did not exhibit an absorbance in the SPR region and 

contained a broad absorption band at around 750 nm (Figure 2.25d). These solution 

optical measurements confirmed the incorporation of AuNP inclusions to the core of both 

PS-CoNPs and PS-CoxOy nanowires. These solution measurements also revealed that for 



 126 

PS-AuCoNPs, the broad band absorption of the metallic cobalt phase dominated the 

optical spectra for this sample, while for PS Au-CoxOy spectra, the SPR of AuNP 

inclusions were the primary feature of the absorbance spectra in the UV-vis wavelength 

range. The predicted band and mid-gap transitions of Co3O4 were observed in the PS 

CoxOy sample (Figure 2.25d), but were not observed for PS Au-CoxOy samples in toluene. 

 The optical properties of PS coated vs. calcined nanowire thin films were then 

examined. Sample films were first spin-coated onto glass substrates and calcined samples 

were heated in air at 400 °C, as described previously. In general, PS coated films on glass 

substrates exhibited comparable spectral features as measured in solution (Figure 2.26), 

with the exception of a small red shift of SPR peaks. Conversely, calcined films on glass 

exhibited significantly different optical spectra, and for the case of Au-Co3O4 nanowire 

films, also exhibited an enhancement of the optical density. The first samples that were 

measured were spin coated oleylamine capped AuNPs on glass, which revealed a slightly 

red shifted SPR peak at around 570 nm (Figure 2.26a). PS Au-CoNPs films on glass 

(Figure 2.26b) were then measured and found to exhibited a broad absorption over the 

entire visible wavelength range, comparable to results observed for PS Au-CoNPs 

dispersion in toluene (Figure 2.26b). PS Au-CoxOy NW films on glass exhibited one 

broad absorption band at around 620 nm (Figure 2.26c-black) consistent with the 

measurement in solution. 
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Figure 2.26. UV-vis spectrum of (a) AuNPs film, (b) PS Au-CoNPs film, (c) PS Au-
Co3O4 NWs film (black), and calcined Au-Co3O4 NWs film (red), (d) PS-Co3O4 NWs 
film (black), and calcined Co3O4 NWs film (red), (e) blend of AuNPs and Co3O4 NWs 
film (black), and calcined AuNPs and Co3O4 NWs blend film (red) on glass substrates 
 

 The optical absorbance spectrum of calcined Au-Co3O4 nanowires on glass 

substrates were examined and compared with calcined hollow Co3O4 films and blends of 

non-connected AuNPs/Co3O4 nanowires. Calcination of PS Au-CoxOy into Au-Co3O4 

was previously confirmed using XRD and corroborated via optical absorbance 

spectroscopy, as noted by a first peak at around 450 nm and second broad peak from 600-

800 nm. The spectra of calcined Co3O4 nanowire films on glass exhibited subtle 

differences with two broad bands around at 450 nm and 750 nm (Figure 2.26d).20 A 

control experiment using a blended film of AuNPs and PS-CoxOy nanowires (1:1 wt ratio) 

were pre-dissolved in toluene and co-deposited onto ITO substrates. The optical spectra 
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for blended films before calcination were collected and revealed a SPR peak at around 

565 nm, corresponding to AuNPs (Figure 2.26e-black), along with the background 

absorption from PS-CoxOy nanowires. The blended film after calcination exhibited two 

peaks at 530 nm and 750 nm, corresponding to AuNPs and Co3O4 NW absorbance, 

respectively (Figure 2.26e-red). 

   

 

Figure 2.27. FE-SEM images of spin coated film of Co3O4 NWs (a, b) and Au-Co3O4 
NWs (c, d) on glass after typical calcinations at low and high magnification. 
 

 



 129 

 AuNP inclusions were observed to enhance the optical density of cobalt oxide 

nanowires in solution and in thin film measurements. To quantify the effects of AuNP 

inclusions on the optical spectroscopy of cobalt oxide nanowires, the surface coverage of 

nanowires was determined using SEM, as described previously, to normalize absorbance 

spectra. Spin coated calcined films of Au-Co3O4 and Co3O4 (c = 25 mg/ml) on glass 

substrate were characterized by SEM to determine nanowire coverage. These films were 

coated with Pt using a sputter system (Hummer 6.2 sputter system, voltage level at 7 for 

20s) due to the charging effect of glass substrates. SEM confirmed uniform coating of 

both Co3O4 and Au-Co3O4 nanowires over areas exposed to UV measurements. SEM 

images at both low and high magnification indicated comparable thin film morphology of 

both materials (Figure 2.27). SEM was used to determine the number of chains per square 

micron of the coated glass substrate (Figure 2.27 b,d). The coverage of Au-Co3O4 and 

Co3O4 nanowires coating glass substrates was calculated in units of NPs per mm2, as 

described previously. The average chain length and the number of chains for 15 μm2 area 

are 0.57 ± 0.026 μm and 276 ± 24 chains for Co3O4 nanowires and 0.32 ± 0.018 μm and 

534 ± 46 chains for Au-Co3O4. Number of nanoparticles in unit area was found to be 338 

NPs/μm2 and 344 NPs/μm2 for Co3O4 and Au-Co3O4, respectively. Therefore the surface 

coverage of Au-Co3O4 and Co3O4 nanowire films used for optical absorbance 

measurements were comparable and enabled direct comparison of AuNP effects on the 

optical density of nanowire films on glass substrates. 

 A striking observation from the normalized absorbance spectra of calcined Au-

Co3O4 relative to hollow Co3O4 films was the uniform enhancement of the optical density 
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across the entire spectrum (Figure 2.28). Enhancement of the optical density of PS Au-

CoxOy nanowires relative to PS-CoxOy nanowires was also observed, but primarily 

centered on around the SPR peak. However, calcined films of Au-Co3O4 exhibit similar 

optical transitions as observed for Co3O4 films, which suggest enhancement of the Co3O4 

phase as a consequence of AuNP inclusions. 

 

 

Figure 2.28. Optical absorbance spectra of spin coated and calcined Co3O4 (a) and Au-
Co3O4 (b) films on glass substrates with surface coverages of 338 NPs/μm2 and 344 
NPs/μm2, respectively 

 

2.3 Conclusion 

 In conclusion, the synthesis and characterization of ferromagnetic core-shell 

AuCoNPs and Au-Co3O4 nanowires have been reported. We have demonstrated that 

dipolar core-shell materials can be prepared and polymerized to form heterostructured 

nanowires with enhanced electrochemical properties. This study opened access to gold 
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nanoparticles assembly on surface and heterostructured Au-Co NPs preparation, which is 

presented in chapter 3 of this dissertation.    

 

2.4 Experimental 

Materials and Characterization Anhydrous 1,2-dichlorobenzene (DCB), toluene 

(99.5%), 1,2,3,4-tetrahydronaphthalene (tetralin, 99%), oleylamine (70%), NaOH 

(99.99%) and gold(III) chloride trihydrate (HAuCl4·3H2O 99.9%) were purchased from 

Aldrich. Dicobalt octacarbonyl (Co2(CO)8, Strem) and absolute ethanol (Pharmco-Aaper) 

were commercially available and used as received. All other commercially obtained 

reagents were used as received without further purification. Compressed oxygen gas was 

purchased from Matheson Tri-gas. An Omega temperature controller CSC32K with a K-

type utility thermocouple and a Glas-Col fabric heating mantle were used for thermolysis 

reactions.  Calcination of the polymer coated cobalt oxide and the polymer coated gold-

cobalt oxide nanowires were performed in a Barnstead/Thermolyne small bench-top 

muffled furnace at 400 °C in air. Tin-doped indium oxide-coated glass (ITO, sheet 

resistance = 9-15 Ω/cm2) was obtained from Colorado Concept Coatings LLC 

(Longmont, CO).  A model 342 UVO-CLEANER (Jelight Company, Inc., lamp power 28 

mW/cm2 at 254 nm) was used for cleaning ITO substrates. The instrument lamp was 

stabilized for at least 10 minutes prior to use. TEM images were obtained on a JEOL 

JEM100CX II transmission electron microscope at an operating voltage of 60 kV as well 

as a Phillips CM12 transmission electron microscope (CM12) at 80 kV, using in house 

prepared carbon coated copper grids (Cu, hexagon, 200 mesh) and carbon coated nickel 
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grids (Ni, hexagon, 300 mesh). Image analysis was performed using ImageJ software 

(Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007). 

Relative uncertainty of particle size determinations using ImageJ was found to be 1 % of 

diameter average (e.g., 20 ± 0.2 nm). SEM images were taken on a Hitachi 4800 FE-SEM 

on the as-prepared samples (i.e., no metallic over coating). XPS characterization was 

performed on a KRATOS 165 Ultra photoelectron spectrometer, using a monochromatic 

Al Kα radiation source (20 eV pass energy) at 1486.6 eV. VSM measurements were 

conducted using a Waker HF 9H electromagnet with a Lakeshore 7300 controller and a 

Lakeshore 668 power supply. Magnetic measurements were carried out at room 

temperature (27 °C or 300 K) and low temperature (-213 °C or 50 K) with a maximum S-

2 applied field of 1190 kA/m, a ramp rate of 2630 Am-1s-1 and a time constant of 0.1. 

XRD measurements were performed using the X’pert x-ray diffractometer (Phillips 

PW1827) at room temperature with a CuKα radiation source at 40 kV and 30 mA. UV-

Vis spectra were obtained using Agilent UV-vis spectrometer (no. 8453A, Foster City, 

CA). Cyclic voltammetry was performed with a CH-instrument 600c 

potentiostat/galvanostat in a homebuilt Teflon compression cell (electrode area ~ 0.76 

cm2) sealed with perfluoroelastomer O-rings (Kalrez). The electrochemical 

measurements for impedance were performed on an EG&G Princeton Applied Research 

Model 263A potentiostat/galvanostat in a homebuilt Teflon compression cell (electrode 

area ~ 0.78 cm2) sealed with butyl rubber O-rings. Impedance measurements were 

obtained with an EG&G Princeton Applied Research Model Model 5209 Lock-In 

Amplifier operated with PowerSuite 2.00.5 software coupled with EG &G Princeton 

http://rsb.info.nih.gov/ij/�
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Applied Research Model 263A potentiostat/galvanostat. For all electrochemical 

measurement, a Pt coil and a Ag/AgCl electrode (sat. KCl) were used as the counter and 

the reference, respectively. The reference electrode was calibrated using a saturated 

calomel electrode (~44 mV vs SCE).  

Preparation of gold nanoparticles (AuNPs)  Gold nanoparticles were synthesized by 

method of Sun et al. as reported previously.10 HAuCl4·3H2O (0.500 g, 1.25mmol) was 

added to 50 mL of tetralin, followed by the addition of oleylamine (5.00 ml, 15.0 mmol) 

to form a dark red solution. The solution was heated at 65 °C for 5 hours and then cooled 

to room temperature. Gold nanoparticles were precipitated by adding ethanol and isolated 

by centrifugation (yield = 0.237 mg). Samples for TEM analysis were prepared by 

dispersing the isolated AuNP powder in toluene (1 mg/2 mL) via sonication for 15 

minutes, followed by drop casting onto a carbon coated Cu grid. The particle size of 

resulting Au nanoparticles measured by TEM was 13 + 3 nm.  

Preparation of 4-(Chloromethyl)benzyl Phthalimide (1) To an ovendried three-neck 

round-bottom flask were added α, ά - dichloroxylene (6.59 g, 3.76 × 10-2 mol), potassium 

phthalimide (2.67 g, 1.44 × 10-2 mol), and 18-crown-6 (0.240 g, 9.08 × 10-4 mol), and the 

solids were then dissolved in ACN (75 mL). The reaction mixture was refluxed overnight 

under argon, filtered through a coarse glass frit, washed with acetone, and concentrated in 

vacuo to yield a white solid. The crude product was purified via flash chromatography 

eluting with a 1:1 HEX/DCM mixture with a gradual increase to DCM to yield a white 

crystalline solid (2.70 g, 67%). 1H NMR (500 MHz, CDCl3, δ): 7.85 (dd, J = 5 Hz, 3 Hz, 

Ar H, 2H), 7.71 (dd, J = 5.5 Hz, 3 Hz, Ar H, 2H), 7.45–7.34 (m, Ar H, 4H), 5.3 (s, CH2, 
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2H), 4.55 (s, CH2, 2H). 13C NMR (125 MHz, CDCl3, δ): 167.79, 136.97, 136.49, 133.92, 

131.94, 128.90, 128.81, 123.24, 45.73, 41.13. 

HRMS: exact mass calculated for [M+1]+ C16H12O2ClN, 287.0518; found, 285.0527. 

Preparation of Benzyl Phthalimide End-Functionalized Polystyrene (1b) To a 25 mL  

schlenk flask equipped with a stir bar were added 1 (0.500 g, 1.75 × 10-3 mol), Cu(I)Cl 

(0.173 g, 1.75 × 10-3 mol), and bipy (0.546 g, 3.50 × 10-3 mol). The flask was fitted with 

a rubber septum, evacuated, and back-filled with argon for three cycles, and the flask 

contents were left under argon. Deoxygenated DMF (2 mL) was added to the flask via 

syringe and stirred at room temperature until a red complex formed. Deoxygenated 

styrene (10.9 g, 12.0 mL, 1.05 × 10-1 mol) was added directly into the flask. The flask 

was placed in a thermostated oil bath held at 110 °C for 16 h to reach a monomer 

conversion of 80%. The reaction mixture was diluted in 300 mL of DCM and passed 

through an alumina plug to remove the copper catalyst. The polymer solution was 

concentrated and precipitated into stirring methanol (1000 mL) twice, followed by drying 

in vacuo to yield a white powder (7.71 g, 89% yield based on monomer conversion). 

1H NMR (250 MHz, CDCl3, δ): 7.82 (b, Ar H, 2H), 7.67 (b, Ar H, 2H), 7.10–6.50 (bm, 

Ar H), 4.77 (bm, CH2), 2.4 –1.2 (bm, CH + CH2). MnSEC = 7000 g/mol; Mw/Mn = 1.07. 

Reduction of Phthalimide Functionality with Hydrazine Hydrate (PS-NH2) To a 

round-bottom flask equipped with a stir bar was added 1b (7.71 g, 1.61 × 10-3 mol), 

which was then dissolved in THF (50 mL). Methanol (5 mL) was added dropwise, 

followed by the addition of hydrazine hydrate (0.640 g, 1.28 × 10-2 mol). The flask was 

fitted with a rubber septum, and the reaction mixture was stirred at room temperature for 
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24 h, after which a white precipitate was observed. The reaction mixture was 

concentrated and redissolved in THF, followed by precipitation into stirring methanol 

(1000 mL). The precipitation was repeated twice, followed by drying in vacuo to yield 

the amine end-functionalized polystyrene as a white powder (7.20 g, 93%). 1H NMR (250 

MHz, CDCl3, δ): 7.10–6.50 (bm, Ar H), 3.85–3.75 (bm, CH2), 2.40–1.20 (bm, CH + 

CH2). 

Preparation of PS Au-CoNPs, using amine end-functionalized polystyrene 

surfactants (PS-NH2) PS-NH2 (0.100 g; 1.42 x 10-2 mmol; Mn = 7000 g/mol; Mw/Mn = 

1.07) and AuNPs (0.100 g) were dissolved in 10 mL and 5 mL of DCB, respectively.  

These two solutions were transferred into a three neck round bottom flask containing 

DCB (5 mL) and the resulting mixture was heated to reflux at 175 °C. Separately, 

Co2(CO)8 (0.400 g; 1.16 x 10-3 mol) was dissolved in DCB (4 mL) at room temperature 

in air and was rapidly injected into the hot AuNP-polymer solution. Upon injection, the 

reaction temperature dropped to 155 ºC and was maintained at 160 ºC for 60 minutes, 

followed by cooling to room temperature under argon. PS Au-Co core-shell NPs were 

isolated by precipitation into hexanes (500 mL), yielding a black powder (yield = 0.317 

g) that soluble in a wide range of organic solvents (e.g., methylene chloride, THF, and 

toluene). Samples for TEM analysis were prepared by dispersing the isolated powder in 

toluene (1 mg/2 mL) via sonication for 15 minutes followed by drop casting onto a 

carbon coated Cu grid. The particle size of the PS Au-CoNPs was determined to be 22 + 

4 nm via TEM. Magnetic properties of PS Au-CoNPs were measured using VSM at room 
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temperature: Ms = 45.6 emu/g; Hc = 213 Oe and at 50 K: Ms = 47.2 emu/g; Hc = 1520 Oe. 

TGA analysis showed 25.4% of organics by mass. 

Preparation of PS Au-CoxOy core-shell nanowires The ferrofluid of PS Au-CoNPs (c 

= 13 mg/mL; 24 mL) was transferred to a three-neck round bottom flask equipped with a 

reflux condenser and a stir bar. The ferrofluid was heated to 175 °C and stirred at 200 

rpm, while bubbling with oxygen. After 24 hours of oxidation, the reaction mixture was 

cooled to room temperature. PS Au-CoxOy  nanowires were isolated by precipitation into 

hexanes (500 mL), followed by centrifugation at 5000 rpm for 15 minutes to yield a black 

powder (yield = 0.235 g) that was soluble in a wide range of organic solvents (e.g., 

methylene chloride, THF, and toluene). TEM samples were prepared as previously 

described. The diameter of the PS Au-CoxOy  nanowires was determined to be 31 ± 4 nm 

via TEM. Magnetic properties of PS Au-CoxOy  nanowires were measured using VSM at 

room temperature: Ms = 1.42 emu/g; Hc = 4.63 Oe and at 50 K: Ms = 1.95 emu/g; Hc = 

52.8 Oe. TGA analysis showed 16.4% of organics by mass.   

Preparation of nanoparticle and nanowire films on ITO  ITO slides were cut, and 

cleaned with 10 % aqueous Triton X-100 solution, followed by rinsing and sonicating in 

nanopure water (18 MΩ/cm2) for 10 minutes. ITO substrates were then sonicated in the 

absolute ethanol for 10 minutes. Once removed from ethanol, the slides were dried under 

a stream of Ar and cleaned in UV-ozone cleaner for 30 minutes. The cleaned ITO 

substrate was immediately spin coated with the colloidal dispersions in toluene (c = 25 

mg/mL) to obtain thin films of the polymer coated colloids on ITO. Spin coated films 
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were then dried under vacuum at 50 °C for several hours. For the calcined film sample, 

the film on ITO substrate was heated at 400 °C in air for 16-18 hours.   

Calcined Au-Co3O4 nanowires As-synthesized PS Au-CoxOy nanowire powders were 

calcined at 400 °C in the furnace for 16-18 hours in air to yield Au-Co3O4 nanowires. The 

magnetic properties of the calcined powders were measured using VSM at room 

temperature:  Ms = 0.197 emu/g; Hc = 51.0 Oe and at 50 K: Ms = 0.52 emu/g; Hc = 128 

Oe.   

Acid etching of PS-cobalt oxide and PS Au-CoxOy nanowires The sample was 

prepared by dispersing the isolated powder in toluene (2.5 mg/1 mL) via sonication for 

15 minutes followed by adding 0.50 M aqueous solution of TFA (0.1 mL). The solution 

was shaken for 30s and quenched by adding toluene (1.5 mL) and H2O (2.0 mL).  The 

organic phase was separated, sonicated for 20 minutes and then drop cast on Cu grid for 

TEM and spin coated onto clean silicon wafer. The film on silicon wafer was calcined as 

described previously for FE-SEM.   

Cyclic voltammetry A potential versus current profile for the calcined Co3O4 and Au-

Co3O4 thin films on ITO were obtained at sweep rates of 10 mV/s and 20 mV/s at room 

temperature in the potential range of 0.7 V and -0.9 V versus the Ag/AgCl (saturated 

KCl) in 0.1 M and 1.0 M NaOH (aq). The electrolyte solution was purged with argon for 

30 minutes and then transferred into the electrochemical cell via syringe prior to use.   

Electrochemical impedance spectroscopy The Co3O4 and Au-Co3O4 nanowire thin 

films on ITO electrodes were studied by electrochemical impedance spectroscopy (EIS) 
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at Edc equals to the OCP and different E0 values of the material in 0.1 M NaOH.  The thin 

film coated ITO electrodes were equilibrated by cycling between -0.9 to 0.7 V vs 

Ag/AgCl at the scan rate of 50 mV/s and holding for 2 minutes at each Edc before EIS 

experiment was performed. The impedance spectra were recorded in a frequency range (1 

Hz ~ 0.1MHz) wide enough to cover the processes of interest, by using a sinusoidal 

excitation signal (single sine) with excitation amplitude (ΔEac) of 1 mV. The impedance 

spectra were then fitted to an equivalent electrical circuit by NLS fit method using 

software provided by EG & G. 
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CHAPTER 3 

 

MAGNETIC SELF-ASSEMBLY OF GOLD NANOPARTICLES CHAINS USING 
DIPOLAR CORE-SHELL COLLOIDS 

 

3.1 Introduction 

 The organization of gold nanoparticles (AuNPs) into ordered arrays has been 

investigated as a route to novel materials for photonic, optoelectronic and biological 

applications.1,2 Top-down lithographic approaches have been widely used to pattern 

AuNPs into large arrays on various template surfaces.3-7 Additionally, bottom-up 

approaches have also been developed to organize colloidal Au using various 

supramolecular methods. Notably, oligonucleotides, DNA and proteins have been used to 

construct hierarchical assemblies from AuNP precursors.8-14 Polymers have been utilized 

as both ligands and structure directing agents to sequester NPs into self-organized phase 

separated domains.15-20 Nanoparticles capped with mono- or multi-functional ligands 

have been used as building blocks to form a broad range of precise mesostructures. These 

functionalized NPs can interact with either small molecule, or polymeric ligands which 

further drive the self-assembly of Au colloids.21-23 Alternatively, AuNPs have been 

organized at immiscible liquid–liquid interfaces to form colloidosome type assemblies.24-

26 

 The synthesis and utilization of ferromagnetic nanoparticles has recently gained 

attention as a route to prepare self-assembled one-dimensional (1-D) mesostructures. 

Magnetic NPs have also been used to functionalize the surface of various nanomaterials, 
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such as polymeric beads, carbon nanotubes and tellurium nanorods, to enable field-

induced assembly of these weakly magnetic materials.27-30 However, the use of dipolar 

assembly is often inherently limited to magnetic colloids and is not directly amenable to 

organize materials of low magnetic susceptibility, such as AuNPs. Recently, we have 

reported on the synthesis of ferromagnetic core–shell gold–cobalt nanoparticles (PS–

AuCoNPs).31 These core–shell PS–AuCoNPs were previously utilized as ‘‘nanoparticle 

monomers’’ for colloidal polymerization,31,32 which afforded Au–Co3O4 nanowires with 

enhanced electrochemical properties. Herein, we report that these core–shell NPs can be 

utilized to self-organize AuNPs via dipolar assembly into well-defined 1-D 

mesostructures and binary assemblies on supporting substrates. We demonstrate that 

control of PS–AuCoNPs size and composition directly affects the magnetic properties 

and dipolar assembly of these nanomaterials. The general synthetic scheme to prepare 

ordered AuNP assemblies required the synthesis of PS–AuCoNPs, deposition of dipolar 

colloids onto substrates and degradation of magnetic CoNP outer shells and PS ligands 

(Scheme 3.1). We discovered that metallic Co phases could be dissolved away by 

treatment with HCl without chemical or morphological perturbation of magnetically 

assembled AuNPs. 
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Scheme 3.1. Synthetic scheme for the preparation of aligned AuNPs chains and AuNP 
rings from PS–AuCoNP assemblies on surfaces. 
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3.2 Results and Discussion 

 The current study focused on the synthesis of PS–AuCoNPs with two different 

cobalt shell thicknesses by varying the ratio of cobalt precursor to AuNP seeds. 

Ferromagnetic PS–AuCoNPs of different sizes (D = 25 ± 3 nm and 20 ± 3 nm) were 

prepared using our previously reported method.31-34 Briefly, oleylamine capped AuNPs 

(D = 13 ± 3 nm) were used as seeds in the thermolysis of Co2(CO)8 in the presence of 

amine-terminated polystyrene ligands (PS–NH2; Mn = 7000 g / mol; Mw/Mn = 1.07) in 

1,2-dichlorobenzene (DCB). By variation of the feed ratio of Co2(CO)8 to AuNP seeds 

the metallic Co shell of the PS–AuCoNP was controlled, which enabled tunability of both 

the magnetic properties and the dipolar assembly of core–shell colloids.  

3.2.1 Preparation and Characterization of PS Au-CoNPs 

 Preparation of PS-AuCoNPs was performed with varied ratios of AuNP seeds to 

Co2(CO)8 precursors. When the feed ratio of AuNP seeds to Co2(CO)8 precursors was 

lower than 1 : 2 (wt/wt), the encapsulation yield was low resulting in a mixture of 

superparamagnetic core-shell PS-AuCoNPs and AuNPs without Co shells. As feed ratio 

of the Co2(CO)8 precursor increased, the yield of core-shell nanoparticles increased as 

well. With 100 mg of AuNP seeds and 400 mg of Co2(CO)8 precursors, a high 

encapsulation yield along with the ferromagnetic behavior in PS-AuCoNPs (D = 25 ± 3 

nm) were observed. At the 1:2 (by wt) ratio of AuNP seeds (100 mg) to Co2(CO)8 

precursors (200 mg), most of all AuNP seeds were encapsulated but the size of PS-

AuCoNPs (D = 20 ± 3 nm) became smaller because of thinner cobalt shells. Despite PS-

AuCoNPs had smaller size (D = 20 ± 3 nm) and thinner Co shells, PS-AuCoNPs 
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exhibited ferromagnetic properties. Larger PS-AuCoNPs (D = 25 ± 3 nm) with thicker Co 

shells exhibited the random chain assembly on the TEM grid spanning several microns in 

size (Figure 3.1a). Smaller PS-AuCoNPs (D = 20 ± 3 nm) were self-assembled into the 

flux-closure rings due to relatively weak dipolar interactions on the TEM grid (Figure 

3.1b). 

 

 

Figure 3.1. TEM images of a) PS-AuCoNPs (D = 25 ± 3 nm) with thicker Co shells and 
b) PS-AuCoNPs (D = 20 ± 3 nm) with thinner Co shells 
 

 Powder X-ray diffraction (XRD) was used to characterize the solid-state structure 

of PS- AuCoNPs (D = 20 ± 3 nm) with thinner Co shells. XRD of larger PS-AuCoNPs 

(D = 25 ± 3 nm) with thicker Co shells has been reported in previous work.31 Diffraction 

pattern from AuNP cores (Figure 3.2a) dominates the pattern in PS-AuCoNPs (Figure 

3.2b) due to both the higher Z of Au  relative to Co atoms and the significant weight 

fraction of Au present in the material. 
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Figure 3.2. Overlay XRD patterns of a) AuNPs and b) PS-AuCoNPs (D = 20 ± 3 nm) 
with thinner Co shells   
 

 The magnetic properties of PS-AuCoNPs (D = 20 ± 3 nm) were measured using 

vibrating sample magnetometry (VSM) at room temperature (300K) and at 50 K (Figure 

3.3). PS-AuCoNPs exhibited weak ferromagnetic behavior at room temperature (Ms = 

22.3 emu/g; Hc = 140 Oe) and at 50 K (Ms = 23.2 emu/g; Hc = 1101 Oe). The 

magnetometry of the smaller PS-AuCoNPs (D = 20 ± 3 nm) was weaker than larger PS-

AuCoNPs (D = 25 ± 3 nm) (Ms = 45.6 emu/g; Hc = 213 Oe at RT and Ms = 47.2 emu/g; 

Hc = 1520 Oe at 50K)31 in the saturation magnetization and coercivity at both 

temperatures. 
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Figure 3.3. Overlay hysteresis curves of applied magnetic field (H) vs. magnetization 
(Ms) of PS -AuCoNPs (D = 20 ± 3 nm) at 300K (red) and at 50K (blue) 
 

3.2.2 Acid Treatment of PS Au-CoNPs 

 Selective etching of magnetic Co shells from dipolar nanoparticles by HCl 

dissolution was confirmed using optical absorption spectroscopy and X-ray photoelectron 

spectroscopy (XPS). Spectroscopic monitoring was initially conducted for the dissolution 

of dispersed PS–CoNPs and PS–AuCoNPs in a biphasic mixture of toluene (both at 2 × 

10-2 M) and HCl (10-3 M). PS–CoNPs rapidly dissolved under these conditions, as 

confirmed by the disappearance of the broad band absorption from the metallic Co phase 

(Figure 3.4a). However, PS–AuCoNPs under the same conditions afforded a strong 

absorbance at 537 nm, corresponding to the plasmon resonance of AuNPs, confirming 

complete dissolution of the Co shell (Figure 3.4b). Acid etching of Co phases was also 
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conducted on PS–AuCoNPs thin films cast onto a variety of different substrates (Si, SiO2, 

carbon-coated Cu grids). Optical absorbance spectroscopy of acid etched PS–AuCoNPs 

films on glass afforded a strong surface plasmon resonance peak of AuNPs at 535 nm and 

a corresponding change in film color from black to red (Figure 3.5).  

 

 

Figure 3.4. UV-vis spectrum of acid etched of (a) PS-CoNPs (2 mg/mL) and (b) PS-
AuCoNPs (2 mg/mL) solution in toluene at various time (inset: digital image of 
solutions) 
 

 

Figure 3.5. UV-vis spectrum of (a) PS-AuCoNPs and (b) acid etched PS-AuCoNPs film 
on the glass substrates (inset: digital image of films) 
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Figure 3.6. XPS spectroscopy of (a) Co2p and (b) Au4f of PS-AuCoNPs and (c) Co2p and 
(d) Au4f of acid etched PS-AuCoNPs  
 

 X-ray photoelectron spectroscopy (XPS) was used to confirm disappearance of 

Co shells after the acid etching of PS-AuCoNPs. XPS was performed in regions of Co2p 

and Au4f. Before acid etching, XPS in the Co2p region exhibited two major peaks at 795.8 

eV and 780.6 eV, corresponding to Co 2p1/2 and Co 2p3/2 spin-orbit components, 

respectively (Figure 3.6a). Also XPS in the Au4f region showed two peaks at 88.0 eV and 

84.1 eV, corresponding to Au 4f5/2 and Au 4f7/2 spin-orbit components, respectively 

(Figure 3.6b). After the acid etching experiment, two peaks were disappeared in the Co2p 
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region as shown in Figure 3.6c. Two peaks in the Au4f region after acid etching exhibited 

enhanced signal to noise ratio (Figure 3.6d). XPS of acid etched PS-AuCoNPs indicated 

that Co shells in PS-AuCoNPs were removed completely by the acid treatment.  

 

 

Figure 3.7. TEM images of (a, b, c) aligned PS–AuCoNPs (D=25 nm ± 3 nm) under 
external fields, (d, e, f) aligned AuNPs after acid etching  
 

 The dipolar assembly of PS–AuCoNPs cast onto supporting substrates was 

examined as a route to self-organize AuNPs into well-defined mesoscopic assemblies. 

We previously demonstrated that ferromagnetic PS–CoNPs (D ~ 20 nm) were capable of 

organizing into a wide range of assemblies, namely random/aligned NP chains, flux-

closure bracelets and ‘‘pearl-necklace’’ type liquid-crystal mesostructures.33 Similarly, 

ferromagnetic PS–AuCoNPs (D = 25 ± 3 nm) were observed to form anisotropic chain-
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like mesostructures by TEM. A distinct core–shell morphology of NPs was imaged 

corresponding to darker, higher atomic number (Z) AuNP cores encapsulated in a lighter 

contrast CoNP shell (Figure 3.7 a-c). PS–AuCoNPs chains are easily aligned on carbon 

coated TEM grids by the deposition of the colloidal dispersion in the presence of external 

fields (Figure 3.7 a-c). Low magnification images of colloids cast onto surfaces revealed 

the formation of nanoparticle chains spanning several microns in length. 

 

 

Figure 3.8. SEM images of aligned AuCo3O4 NWs on the Si substrate under external 
fields (a,b) before acid etching and (c,d) Au NPs alignment after acid etching and O2-
plasma cleaning at low and high magnification 
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 Acid treatment was then conducted to afford AuNP assemblies which retained the 

morphology of the ferromagnetic PS–AuCoNP precursors as confirmed by optical 

spectroscopy, XPS, TEM, and SEM. Ferromagnetic PS–AuCoNP dispersions were cast 

onto a carbon coated TEM grid under external fields to form aligned NP chains, followed 

by treatment with aqueous HCl (6 M) on TEM grids to etch away Co shells. After Co 

dissolution, AuNPs were observed to be preserved into aligned 1-D chains spanning a 

few microns in length with an average interparticle spacing of 8.0 ± 5 nm using TEM 

images (Figure 3.7 d-f). Aligned AuNP chains were also formed on Si substrates using a 

similar acid etching process, followed by O2 plasma treatment to remove residual 

organics as confirmed by FE-SEM. Aligned PS–AuCoNPs were imaged as continuous 1-

D nanowires,31 while acid etched AuNP assemblies were imaged as discrete colloids 

(Figure 3.8 c,d). 
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Figure 3.9. TEM images of flux closure rings of PS-AuCo NPs (a-c) (D = 20 nm ± 3 
nm) and (d-f) AuNPs nanorings after acid etching at various magnefications  
 

 Using this general self-assembly approach, the preparation of nanoscopic AuNP 

bracelets was conducted. We previously demonstrated that the formation of flux-closure 

assemblies using ferromagnetic PS–CoNPs was readily controlled by the use of higher 

molecular weight (MW) PS ligands to sterically screen interparticle associations.33 In this 

report, a similar result was achieved by reducing the volume fraction of the ferromagnetic 

Co shell of the PS–AuCoNPs, while keeping the MW of the PS ligand constant. Smaller 

PS–AuCoNPs (D ~ 20 nm ± 3 nm) with thinner Co shells exhibited an enhanced 

tendency toward ring assembly attributed to weaker dipolar interactions. TEM and FE-

SEM imaging confirmed the formation of AuNP bracelets on both TEM grids and Si 
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substrates, respectively, after the dipolar assembly and acid etching of PS–AuCoNP ring 

assemblies (Figure 3.9 for TEM and Figure 3.10 for FESEM). 

 

 

Figure 3.10. SEM images of nanorings of AuCo3O4 NP on Si substrates (a, b) and 
(c,d) AuNPs nanorings after acid etching and O2 plasma at low and high 
magnification 
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Figure 3.11. TEM images of PS-AuCoPt NPs at low and high magnification 

 

3.2.3 Preparation and Acid Treatment of PS-AuCoPtNPs 

 To further demonstrate the versatility of this methodology, binary assemblies of 

Au and PtNPs were prepared by combining galvanic deposition,34 dipolar assembly and 

acid etching reactions with AuCoNPs. In this approach, we capitalized on the galvanic 

reactivity of metallic Co shells35 to enable deposition of small PtNPs on the exterior of 

AuCoNPs (PS–AuCoPtNPs), which after dipolar assembly and acid etching enabled co- 

organization of Au and Pt colloids (Figure 3.12). To our knowledge, this is the first 

example of binary NP assembly from a single multicomponent dipolar precursor. PS–

AuCoPtNPs (D = 26 ± 4 nm) were prepared by the reaction of platinum (II) 

acetylacetonate (Pt(acac)2) with PS–AuCoNPs in DCB at 175 °C under Ar. Preparation 

of PS ligand capped Au-CoNP core shell colloids with an outer corona of metallic PtNPs 

(PS-AuCoPt NPs) was performed with 1:1 (wt/wt) ratios of Pt(acac)2 precursor to PS-
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AuCoNPs. When the feed ratio of Pt(acac)2 precursor to PS-AuCoNPs was higher than 

1:1 (wt/wt), we observed PS-AuCoPt NPs with excess free Pt NPs formation. With 50 mg 

of Pt(acac)2 precursor and 50 mg of PS-AuCoNPs, a high yield of PtNP coatings along 

with minimum formation of free Pt NPs were observed. PS-AuCoPt NPs were isolated 

from free Pt NPs via centrifugation. PS-AuCoPt NPs exhibited the random chain 

assembly on the TEM grid same as PS-AuCoNPs (Figure 3.11). TEM confirmed the 

deposition of PtNPs as imaged by a roughening of the AuCoNP surface (Figure 3.12a). 

Magnetic alignment and acid etching of PS–AuCoPtNPs afforded AuNP chains (D ~ 13 

nm) with PtNPs (D ~ 2 nm) decorating the periphery of the 1-D mesostructure (Figure 

3.12b). Acid etching to remove Co phases was conducted on PS-AuCoPt NPs using 

identical conditions as for PS-AuCoNPs etched onto different substrates (Si and carbon 

coated grid). After acid etching of the Co phases and O2-plasma etching of residual 

organics, AuNPs assemblies decorated with Pt NPs were obtained on Si substrate (Figure 

3.13). 
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Figure 3.12 TEM images of (a) PS–AuCoPtNPs (D = 26 nm ± 4 nm) and (b) AuNPs 
with PtNPs after acid etching 
 

 

Figure 3.13 FE-SEM images of (c) PS–AuCoPtNPs and (d) AuNPs with PtNPs after acid 
etching and O2 plasma on Si substrate. 
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Figure 3.14. XPS of (a) Co2p, (b) Au4f, and (c) Pt4f of PS-AuCoPt NPs and (d) Co2p, (e) 
Au4f, and (f) Pt4f of acid etched PS-AuCoPt NPs  
 

 XPS was conducted to confirm galvanic deposition of PtNPs onto PS-AuCoNPs 

and disappearance of Co phases after the acid etching of PS-AuCoPt NPs. XPS was 

performed in regions of Co2p, Au4f, and Pt4f. For PS-AuCoPt NPs, XPS in the Pt4f region 

showed two peaks at 76.0 eV and 72.5 eV, corresponding to Pt 4f5/2 and Pt 4f7/2 spin-orbit 

components, respectively (Figure 3.14c). XPS in the Co2p region and Au4f region 

exhibited similar spectrum as one from PS-AuCoNPs as shown Figure 3.14a and b. Due 

to Pt NPs on outer shells, two peaks in Au4f region showed relatively lower intensity 

(Figure 3.14b). After the acid etching experiment, two peaks were disappeared in the 

Co2p region as shown in Figure 3.14d. Two peaks both in the Au4f region and in the Pt4f 

region after acid etching exhibited enhanced signal to noise ratio (Figure 3.14e,f). XPS of 

PS-AuCoPt NPs before and after acid etching confirmed deposition of Pt NPs and 
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complete etching of Co phases via acid treatments. We observed a shift in the XPS of Pt 

4f5/2 and Pt 4f7/2 spin-orbit components to 75.5 eV and 78 eV, respectively, after acid 

etching, which was attributed to surface passivation of Pt sites with Cl ions from the HCl 

treatment. 

3.2.4 Morphological Transformation of PS-AuCoNPs 

 The morphological transformation of core-shell PS-AuCoNPs caused by heat was 

investigated for generating new properties influenced by morphologies. Besides the 

control of the size and composition of the spherical nanoparticles, their properties can be 

differed according to their morphologies and unique properties can be released by 

morphological transformation. The core-shell morphology of PS-AuCoNPs chains was 

converted to the asymmetric heterodimer morphology of AuCoNWs by simple 

calcination process under Ar (Scheme 3.2). Heterodimer AuCoNWs were prepared by 

using PS-AuCoNPs (D = 25 ± 3 nm) via calcination at 600°C for 3 hours under Ar. 

Polymer lignads on core-shell nanoparticles were decomposed upon heating. The cobalt 

shells in PS-AuCoNPs are condensed and transformed into a crystalline state upon 

heating and core-shell nanoparticles evolve into heterodimers of AuCoNPs due to 

incomparability between Au and Co lattices. Since PS-AuCo core shell nanoparticle is a 

two component, immiscible nanoparticle, the morphological transformation occurs to 

minimize their total energy during annealing step. The gold core moves out from 

containment within the cobalt shell to reduce the energy due to intraphase grain 

boundaries within the cobalt shell, the interface energy between the gold core and the 

cobalt shell, and the overall strain energy via heat treatment at 600°C for 3hrs. 
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Scheme 3.2. Scheme for morphological transformation of PS–AuCoNPs to 
heterostructure AuCoNWs after calcination under Ar  
 

Since ferromagnetic PS-AuCoNPs self-assemble into 1-D chains via magnetic dipolar 

interactions, cobalt shells are diffused together and formed 1-D nanowires as shown in 

TEM images (Figure 3.15). The diameter of AuNPs remains at 13 ± 4 nm and the width 

of Co nanowire part have diameter of 27 ± 4 nm. The gold cores were moved from inside 

to outside of cobalt shells resulting asymmetric heterodimer AuCo nanowires. SEM 

images also confirmed asymmetric heterodimer morphology of AuCoNWs after 

calcinations on Si substrates (Figure 3.16). This method provides simple and easy way to 

prepare various types of heterostructures of two nanocrystals with discrete properties on 

the nanoscale. In our system, as gold nanoparticles are exposed in heterodimer 

AuCoNWs, optical and catalytic properties from gold nanoparticles can be expected. 

These new properties of heterodimer AuCoNWs from morphological transformation is 

under investigation.  
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Figure 3.15 TEM images of heterostructure AuCoNWs after calcination at 600°C under 
the Ar at low and high magnifications 
 

 

Figure 3.16 SEM images of heterostructure AuCoNWs on a Si substrate after calcination 
at 600°C under the Ar at low and high magnifications 
 

3.3 Conclusion 

 In conclusion, we report a new route to assemble gold nanoparticles into well 

defined 1-D and bracelet-type mesostructures on a variety of different substrates by 

utilizing ferromagnetic PS–AuCoNPs. Dipolar assembly of these PS–AuCoNPs followed 
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by acid etching and O2 plasma, afforded ordered 1-D, or bracelet-type assemblies of 

AuNPs. Additionally, binary assemblies of Au and Pt colloids were prepared by 

combining galvanic and degradative reactions with Au–Co core–shell NPs. Furthermore, 

the morphology transformation from core-shell to heterodimer nanowire was 

demonstrated by simple calcination reaction under Ar.  

 

3.4 Experimental 

Materials and Characterization Anhydrous 1,2-dichlorobenzene (DCB), toluene 

(99.5%), 1,2,3,4-tetrahydronaphthalene (tetralin, 99%), oleylamine (70%), and gold (III) 

chloride trihydrate (HAuCl4·3H2O 99.9%) were purchased from Aldrich. Platinum (II) 

acetylacetonate (Pt(acac)2, 98%, Acros), dicobalt octacarbonyl (Co2(CO)8, Strem), and 

absolute ethanol (Pharmco-Aaper) were commercially available. All commercially 

obtained reagents were used as received without further purification. An Omega 

temperature controller CSC32K with a K-type utility thermocouple and a Glas-Col fabric 

heating mantle were used for thermolysis reactions. Calcinations of PS-AuCo core-shell 

nanoparticles were performed either in the Barnstead/Thermolyne small bench-top 

muffled furnace in an air or in the Linfberg Sola Basic tube furnace (model: M-1018-vs) 

with Staco Energy variable autotransformer under Ar (tube furnace was purged with Ar 

prior to use). Tin-doped indium oxide-coated glass (ITO, sheet resistance = 9-15 Ω/cm2) 

was obtained from Colorado Concept Coatings LLC (Longmont, CO). A model 342 

UVO-CLEANER (Jelight Company, Inc., lamp power 28 mW/cm2 at 254 nm) was used 

for cleaning the ITO substrates. The instrument lamp was stabilized for at least 10 
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minutes prior to use. TEM images were obtained on a Phillips CM12 transmission 

electron microscope at 80 kV, using in house prepared carbon coated copper grids (Cu, 

hexagon, 300 meshes). Image analysis was performed using ImageJ software (Rasband, 

W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007). Relative 

uncertainty of particle size determinations using ImageJ was found to be 1 % of diameter 

average (e.g., 20 ± 0.2 nm). SEM images were taken on a Hitachi 4800 FE-SEM on the 

as-prepared samples (i.e., no metallic over coating). XPS characterization was performed 

on a KRATOS 165 Ultra photoelectron spectrometer, using a monochromatic Al Kα 

radiation source (20 eV pass energy) at 1486.6 eV. VSM measurements were conducted 

using a Waker HF 9H electromagnet with a Lakeshore 7300 controller and a Lakeshore 

668 power supply. Magnetic measurements were carried out at room temperature (27 °C 

or 300 K) and low temperature (-213 °C or 50 K) with a maximum S-2 applied field of 

1190 kA/m, a ramp rate of 2630 Am-1s-1 and a time constant of 0.1. XRD measurements 

were performed using the X’pert x-ray diffractometer (Phillips PW1827) at room 

temperature with a CuKα radiation source at 40 kV and 30 mA. UV-Vis spectra were 

obtained using Agilent UV-vis spectrometer (no. 8453A, Foster City, CA). 

Preparation of gold nanoparticles (AuNPs) Gold nanoparticles were synthesized by 

method reported in elsewhere.36 HAuCl4·3H2O (0.500 g, 1.25 mmol) was added to 50 mL 

of tetralin, followed by an addition of oleylamine (5.00 ml, 15.0 mmol) to form a orange 

solution. The solution was heated at 65 °C and the solution changed to dark red color. 

After 5 hrs at 65 °C, the reaction cooled down to room temperature. Gold nanoparticles 

were precipitated by adding ethanol and isolated via centrifugation (yield = 0.237 g). 

http://rsb.info.nih.gov/ij/�


 164 

Sample for TEM analysis was prepared by dispersing the isolated AuNPs powder in 

toluene (1 mg/2 mL) via sonication for 15 minutes, followed by drop casting onto a 

carbon coated Cu grid. The particle size of resulting Au nanoparticles measured by TEM 

was 13 ± 3 nm. 

Preparation of amine end-functionalized polystyrene surfactants (PS-NH2) PS-NH2 

was synthesized according to our previous report.33 

Preparation of polystyrene coated gold-cobalt core-shell nanoparticles (PS-

AuCoNPs) with size ~25 nm (AuNPs : Co2(CO)8 = 1:4 wt/wt) PS-NH2 (0.100 g; 1.42 x 

10-2 mmol; Mn = 7000 g/mol; Mw/Mn = 1.07) and AuNPs (0.100 g) were dissolved in 10 

mL and 5 mL of DCB, respectively. These two solutions were transferred into a three-

neck-round bottom flask containing DCB (5 mL) and the resulting mixture was heated to 

reflux at 175 °C. Separately, Co2(CO)8 (0.400 g; 1.16 x 10-3 mol) was dissolved in DCB 

(4 mL) at room temperature in air and was rapidly injected into the hot AuNPs and 

polymer solution. Upon the injection, the reaction temperature dropped to around 155 ºC 

and maintained at 160 ºC for 60 minutes, followed by cooling to room temperature. PS-

AuCoNPs were isolated by precipitation into hexanes (1000 mL), yielding a black 

powder (yield = 0.317 g) soluble in a wide range of nonpolar solvents (e.g., methylene 

chloride, THF, and toluene). Sample for TEM analysis was prepared by dispersing the 

isolated powder in toluene (1 mg/2 mL) via sonication for 15 minutes, followed by drop 

casting onto a carbon coated Cu grid. The particle size of the PS-AuCoNPs was 

determined to be 25 ± 3 nm via TEM. Magnetic properties of PS-AuCoNPs were 
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measured using VSM at room temperature: Ms = 45.6 emu/g; Hc = 213 Oe and at 50 K: 

Ms = 47.2 emu/g; Hc = 1520 Oe. TGA analysis showed 25.4% of organics by mass. 

Preparation of PS-AuCoNPs with size ~20nm (AuNPs : Co2(CO)8 = 1:2 wt/wt) PS-

NH2 (0.100 g; 1.42 x 10-2 mmol; Mn = 7,000 g/mol; Mw/Mn = 1.07) and AuNPs (0.100 

g) were dissolved in 5 mL and 5 mL of DCB, respectively. These two solutions were 

transferred into a three-neck-round bottom flask containing DCB (3 mL) and the resulting 

mixture was heated to reflux at 175 °C. Separately, Co2(CO)8 (0.200 g; 1.16 x 10-3 mol) 

was dissolved in DCB (2 mL) at room temperature in air. Following procedure was same 

as the procedure described previously. PS-AuCoNPs were isolated by precipitation into 

hexanes (500 mL), yielding a black powder (yield = 0.153 g). The particle size of the PS-

AuCoNPs was determined to be 20 ± 3 nm via TEM. Magnetic properties of PS-

AuCoNPs were measured using VSM at room temperature: Ms = 22.3 emu/g; Hc = 140 

Oe and at 50 K: Ms = 23.2 emu/g; Hc = 1101 Oe. TGA analysis showed 18.5% of 

organics by mass. 

Preparation of polystyrene ligand capped AuCo nanoparticles decorated with PtNP 

crystallites (PS-AuCoPt NPs) PS-AuCoPt nanoparticles were synthesized by modified 

method reported in elsewhere.34 PS-AuCoNPs (D = 25 nm; 50.0 mg) was redispersed in 

30 mL DCB via sonication. Separately, Pt(acac)2 (50.0 mg; 0.126 mmol) was dissolved 

in 20 mL DCB. The homogeneous precursor solutions were mixed into a 250 mL three-

neck-round bottom flask equipped with a reflux condenser and a stir bar. The precursor 

mixture was diluted with 50 mL DCB. DCB was bubbled with argon for 30 minutes to 

remove residual oxygen prior to use. The reaction mixture was heated at 175 °C under 
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argon for 10 hours. After 10 hours reaction, the reaction cooled to room temperature and 

precipitated into hexane and acetone mixture (4:1). After centrifugation at 3000 rpm for 5 

minutes, black powder was isolated (yield = 27.3 mg). Sample for TEM analysis was 

prepared by dispersing the isolated powder in toluene (1 mg/2 mL) via sonication for 15 

minutes, followed by drop casting onto a carbon coated Cu grid. 

Preparation of Polystyrene-coated Nanoparticle films on the substrate ITO, silicon 

wafer and glass substrates were cut and cleaned with 10 % aqueous Triton X-100 

solution, followed by rinsing and sonicating in nano-pure water (18 MΩ/cm) for 10 

minutes. Substrates were then sonicated in the absolute ethanol for 10 minutes. Once 

removed from ethanol, the slides were dried under a stream of Ar and cleaned in UV-

ozone cleaner for 30 minutes. The colloidal dispersion was drop casted on the substrates 

and used for acid etching. For aligned PS-AuCoNPs (D = 25 ± 3 nm) samples, colloidal 

dispersion was drop casted on the substrate under external fields. Bracelet-type 

assembled sample was prepared by drop casting of PS-AuCoNPs (D = 20 ± 3 nm) 

solution on the substrate without fields. 

Acid etching of PS-CoNPs and PS-AuCoNPs solutions for UV measurement The 

sample was prepared by dispersing the isolated powder in toluene (2.0 mg/1.0 mL) via 

sonication for 15 minutes, followed by adding 1.0 M aqueous solution of HCl (0.1 mL). 

The solution was shaken for various time and quenched by adding toluene (2.0 mL) and 

H2O (2.0 mL). Organic phase was separated and sonicated for 20 minutes then used for 

UV measurement. 
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Acid etching of PS-AuCoNPs and PS-AuCoPtNPs films on the substrates Prepared 

film on the substrate was slowly immersed into 6.0 M aqueous solution of HCl for a 

minute, followed by soak in nano-pure water for a minute. Film color was changed from 

black to red. All of acid etched films on the substrate were treated by O2 plasma with 500 

mtorr O2 flow at 18W for 30 minutes to remove residual organics and used for UV-vis 

measurement and SEM imaging. 

Calcination of PS-AuCoNPs As-prepared PS-AuCoNPs samples either on Ni TEM grid 

or on Si wafers for SEM were calcined at 600 °C in the tube furnace under Ar to yield 

heterodimer AuCo nanowires.  The tube furnace was purged with Ar and stabilized at 

desired temperature for an hour prior to use. 
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CHAPTER 4 

 

FERROCENE FUNCTIONAL POLYMER BRUSHES ON INDIUM TIN OXIDE 

VIA SURFACE-INITIATED ATOM TRANSFER RADICAL 

POLYMERIZATION 

 

4.1 Introduction 

 Indium tin oxide (ITO) thin films are key components as transparent anodes in a 

number of optoelectronic devices utilizing organic photoactive materials as light-emitting 

diodes (LEDs) and photovoltaics (PVs).1-3 It is well established that ITO interfaces with 

organic thin films are critical to device performance, hence, extensive work has been 

conducted to understand the fundamental surface science, interfacial coupling chemistry, 

and structure-property correlations of these interfaces with device performance.4-7 The 

modification of ITO surfaces with organic compounds has been widely investigated as a 

route to improve surface compatibility and charge injection from the organic thin film 

interface. The deposition of adsorbed, or covalently bound, monolayers onto ITO 

surfaces has been studied using various ligands based on carboxylic acids,8-15 phosphonic 

acids9,16-22 and silanes23-26 and has been characterized using photoelectron spectroscopy 

(X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS)) , scanning probe 

microscopy, and electrochemical techniques (cyclic voltammetry (CV)). The 

modification of ITO with both conductive and insulating polymers has also been widely 

investigated. Electropolymerization techniques have also been investigated as a method 
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to modify ITO electrodes with polymeric thin films.27-29 These methods offer the distinct 

advantage of directly depositing conjugated polymers (e.g., polythiophene, polyanilines, 

polypyrroles) as thin films onto the ITO electrode that typically serve as electron-

blocking, or photoactive layers in organic LED, or PV devices. It has further been 

reported that electropolymerizations onto modified ITO electrodes with polymerizable 

monolayers has enabled the generation of less corrugated conjugated polymer thin films 

with enhanced electrochemical “wiring” across the organic and inorganic interface.30-33 

We have recently shown the advantages of surface modification of ITO with thiophene 

ligands in the electrodeposition of poly(3,4-ethylenedioxythiophene) (PEDOT) and in the 

preparation of hybrid nanocomposites of PEDOT with cadmiumselenide (CdSe) quantum 

dots.34 While electropolymerization methods are certainly useful, there remain 

opportunities to develop synthetic methods to grow tethered polymers from ITO 

electrodes possessing well-defined interfacial chemistry, molecular weight, composition, 

and functionality. Recent developments in controlled radical polymerization (CRP)35-39 

have enabled the growth of well-defined polymers from a wide range of inorganic 

substrates, including both flat and curved surfaces. Of these CRP techniques, atom 

transfer radical polymerization (ATRP)40 has been demonstrated to be a highly versatile 

and robust synthetic method to prepare well-defined polymers end-tethered to 

surfaces.41,42 In particular, the preparation of densely grafted polymer thin films (i.e., 

polymer brushes) has been recently reported using surface-initiated ATRP (SI-ATRP) on 

ITO substrates. Huck and Friend et al. reported the controlled SI-ATRP of triarylamine 

functional acrylate monomers from R-halo ester silane initiating monolayers on ITO.43,44 
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The authors elegantly demonstrated improved hole transport properties in LED devices 

fabricated from the triarylamine polymer brush, which was attributed to both the 

enhanced alignment of tethered chains and covalent attachment to the electrode interface. 

Independently, Fukuda et al. reported the controlled SI-ATRP of a 

ferrocenylmethacrylate (FcMA) monomer from ITO and characterized the polymer brush 

using CV, atomic force microscopy (AFM), and absorption spectroscropy.45 Related 

work by Advincula et al. also reported the “conventional” free radical polymerization of 

carbazole-containing styrenic monomers from azo initiator-modified ITO surfaces.46 

While these existing elegant studies on surface-initiated polymerization from ITO 

demonstrated the feasibility of this approach, a number of fundamental challenges still 

exist in both the synthesis and characterization of well-defined polymer brushes on ITO. 

The optically transparent nature of ITO complicates the characterization of film 

thicknesses of polymer brushes grown on these substrates using traditional optical 

methods, such as, ellipsometry. AFM “scratch tests” of film thickness are a convenient 

method to obtain these values, but suffer from reproducibility issues unless good 

topographic contrast between the bare surface and polymer thin films are ensured. 

Further correlation of polymerization kinetics with film thickness has not conclusively 

confirmed the “living” nature of these SI polymerizations when grown from ITO. In 

existing SI-ATRP derived polymer brushes, confirmation of controlled surface growth is 

achieved by correlation of brush film thickness with molar mass of free linear chains 

formed in solution using “sacrificial initiators.” Thus, mechanistic confirmation of 

controlled SI-ATRP from ITO surfaces is still an important fundamental question 
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requiring more thorough investigation. Herein, we report the synthesis of ferrocene 

functional polymethacrylate brushes on ITO electrodes via SI-ATRP. While a number of 

ferrocene-containing polymers47 and polymer brush systems48-57 have already been 

developed, we have reported a simple model system to enable direct electrochemical and 

topographic characterization of well-defined polymer brushes on ITO and confirm that 

controlled surface-initiated polymerizations were achieved. Correlation of both 

electrochemical properties using CV and topographic film thickness measurements has 

been mapped out for the first time to confirm controlled SI-ATRP from modified ITO 

surfaces. A new but straightforward synthesis of a ferrocene-containing methacrylate 

monomer has been conducted and used to prepare ITO grafted polymer brushes to enable 

electrochemical characterization of modified electrodes using tethered polymer of precise 

molar mass and composition. These SI-ATRP-derived polymer brushes serve as a model 

system to numerous ferrocene-modified electrodes that were prepared using 

electropolymerization methods that afforded crosslinked, intractable thin films. A key 

advantage of these polymer brush systems is the ability to control thin film structure and 

interrogate electrode properties in both good and poor solvents. Additionally, this system 

also serves as a model to ascertain whether extended tethered polymers can be grown 

using the surface-initiated polymerization methodology, which is of potential interest for 

optoelectronic devices if extended chains can be grown with electroactive side chain 

groups. These ITO bound polymer brushes are also novel model systems for 

optoelectronic materials, where the effect of chain alignment and morphology can be 

correlated with electrical and electrochemical properties. It is important to note that this 
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work is also a synthetic contribution to the rich literature on the preparation and 

electrochemical characterization58-76 of redox active polymers in solution and as films on 

electrode surfaces. 

 

4.2 Results and Discussion 

 The general strategy for the growth of well-defined ferrocene containing polymer 

brushes on ITO involved the preparation and surface immobilization of phosphonic acid 

initiator 1, followed by SI-ATRP of an FcMA monomer (2) (Scheme 1 and 2). These 

ferrocene containing polymer brushes of varying molecular weight (Mn = 4,000 to 

37,000 g/mol) and low polydispersity (Mw/Mn < 1.3) were grown initially on 

nonpatterned ITO surfaces and characterized using CV to correlate the surface coverage 

(Γ) of electroactive ferrocenes on the brush to the molecular weight of free linear 

polymers grown in solution. To enable correlation of brush film thickness with the 

molecular weight of free polymers, photopatterning of initiator-modified ITO substrates 

was conducted, which after SI-ATRP of 2 afforded micrometer-sized features, which 

could be resolved from the bare ITO surface using AFM. Unpatterned block copolymer 

brushes on ITO were also prepared via the SI-ATRP of methyl methacrylate (MMA) and 

2, where the effect of copolymer sequence and distance to the electrode interface was 

investigated using CV. 
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Scheme 4.1 Conceptual schematic for SI-ATRP in the presence of “Sacrificial Initiators”, 
which are added to control the molecular weight and polydispersity of surface -tethered 
polymers grown on ITOa 
a Free polymers grown in solution are then removed by washing the substrate and 
recovered to correlate molecular weight of tethered polymers. 
 

4.2.1 Synthesis of Phosphonic Acid Initiators and Ferrocene Monomers  

 Phosphonic acid initiator 1 was synthesized via the esterification reaction of 6-

bromo-1-hexanol with 2-bromo-2-methylpropionyl bromide, substitution with triethyl 

phosphite, and conversion of the phosphonate to the phosphonic acid with 

bromotrimethyl silane (TMSBr) via the Michaelis-Arbuzov reaction1 with efficient 

yields (90%). The 2-bromoisobutyrate moiety in 1 is an efficient initiator for the SI-

ATRP of methacrylates, while phosphonic acid groups have been demonstrated to form 

robust covalent interfaces to ITO and other conductive metal oxides. The use of 

phosphonic acid coupling agents was desirable in comparison to silanes as Pt catalyzed 
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hydrosilation reactions could be circumvented to afford a hydrolytically stable coupling 

agent. Furthermore, organophosphonic acids are less susceptible to homocondensation in 

comparison to trialkoxy, or trichlorosilanes in the modification of ITO with suppresses 

multi-layer formation during the monolayer deposition process on metal oxide surfaces. 

FcMA monomer 2 bearing a ferrocene moiety was prepared via DCC coupling between 

ferrocenecarboxylic acid and 2-hydroxyethyl methacrylate (HEMA) in over 90% yields 

after purification. FcMA monomer 2 was chosen due to the commercial availability of all 

starting materials and the ease of the esterification reaction which circumvented the use 

of the ferrocene functional alkyl halide intermediate which was reported to be 

hygroscopic and required immediate use to prepare the desired methacrylate monomer.  

4.2.2 Characterization of Modified ITO  

 After the attachment/annealing steps in the modification procedure, the modified 

ITO substrate was analyzed via Infra-red reflection absorption spectroscopy (IRRAS), 

using an unmodified, DSC/UV-O3-treated ITO substrate as background to confirm 

surface attachment of 1 (Figure 4.1). Peaks at 2962 cm-1 and 2865 cm-1, associated with 

νaCH2 and νaCH3 respectively, and a peak at 1747 cm-1 from the C=O stretching 

vibration for 1 on ITO. Peaks at 1259 cm-1 and 1051 cm-1 were also observed and 

assigned to P-O stretches.1 The relative intensities of the peak of the large νP=O 

absorption in the IRRAS spectra for the modified ITO surface suggest mainly bidentate 

binding of the phosphonic acid, in which free P=O moieties are left unattached.2 XPS was 

also conducted to confirm the modification of ITO with 1 (Figure 4.2). Peaks at 22 eV, 

446 eV, 453 eV, and 670 eV were assigned to In 4d, 3d, and 3p electrostatic levels 
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respectively and peaks at 489 eV, 497 eV were assigned Sn 3d level from the ITO 

substrate. XPS revealed the presence of oxygen 1s (532 eV), phosphorus 2p (135 eV), 

and carbon 1s (287 eV) species, which confirmed the phosphonic acid initiator 1. 

 

 
Figure 4.1. IRRAS of modified ITO with phosphonic acid initiator 1 

 

 
 

Figure 4.2. XPS of modified ITO with phosphonic acid initiator 1 
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4.2.3 Surface Initiated Atom Transfer Radical Polymerization from ITO  

 Modification of clean ITO surfaces was conducted by solution incubation of 

substrates in a dry toluene solution of 1 (3 mM) for 18 hrs and rigorous washing with 

toluene and absolute ethanol to remove free phosphonic acid compounds from the 

surface. Thermal treatment of modified ITO substrates was then conducted in a vacuum 

oven at 100 °C for an additional 24 hrs to promote anchoring of the phosphonic acid 

groups to the metal oxide surface. It has been observed that thermal treatment of 

phosphonic acid monolayer on ITO in this temperature range is essential to promote 

either mono-, or bidentate ligation to the surface.1 XPS and IRAAS of modified ITO 

substrates confirmed the successful deposition of phosphonic acid initiator 1 for SI-

ATRP (Figure 4.1 and 4.2).  
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Scheme 4.2. Synthetic scheme for the modification of ITO and phosphonic acid 1 and SI-
ATRP with FcMA (2) in the presence of ethyl 2-bromoisobutyrate as the “sacrificial” 
initiator 
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 Polymer brushes on ITO were prepared via surface initiated ATRP of FcMA 2, in 

toluene using a Cu(I)Cl/dNbpy catalyst system (10-2 M). ATRP of FcMA was conducted 

in toluene solutions (1 M), since the monomer was a crystalline solid and required pre-

dissolution. Ethyl 2-bromoisobutyrate (10-3 M) was used as the sacrificial initiator with 

functional ITO substrate to generate free homopolymers from FcMA in solution. It is 

important to note that since the global concentration of sacrificial initiator was much 

higher in solution than of tethered initiating sites on the ITO, the overall degree of 

polymerization (DP) and molecular weight of the grown polymer brush could easily be 

controlled by adjusting the feed ratio of FcMA monomer to sacrificial initiator 

([M]o/[I]o). Furthermore the presence of free linear PFcMA grown in solution enabled 

facile molecular weight characterization of free polymer chains via SEC and correlation 

with both the electrochemical activity and film thickness of ITO grafted polymer brushes 

(ITO-g-PFcMA). Since it has been demonstrated that free polymer chains possess similar 

molecular weight to grafted polymer brushes, we inferred that end-tethered PFcMA 

chains also exhibited comparable molar mass to free PFcMA grown in solution, which 

we refer to as “correlated molecular weights.” While this point is general accepted, there 

has been considerable controversy on the validity of this assumption. Hence, we grew 

polystyrene grafted ITO brushes, cleaved them from ITO using an HCl etch (conc. HCl) 

and confirmed that the SEC molecular weight of free polymers were comparable to 

cleaved-surface grown polymers. However, the HCl etching of PFcMA polymer on ITO 

primary lead to cleavage of ester-Fc groups, which complicated recovery and analysis of 

polymers. Polymer brushes were found to be chemically robust to excessive solvent 



 181 

washing due to covalent attachment to the ITO surface. It is important to note that 

tethered polymer brushes contained ferrocene side chain groups in every repeating unit of 

the polymer. Thus, simple control of chain length, or degree of polymerization (DP) 

enabled systematic variation of the number of electroactive ferrocene groups into the 

polymer brush. Polymerization kinetics was monitored as semi-logarithmic plots of 

monomer conversion and observed to be linear for target [M]o/[I]o = 200 and 400, 

reaching high conversions of 80% (Figure 4.3a). A plot of SEC determined molecular 

weight relative to PMMA standards vs. conversion for a range of target DPs were also 

found to exhibit a linear relationship and were in reasonable agreement with theoretical 

values with polydispersities ranging from 1.05 – 1.22 (Figure 4.3b). A fundamental 

question to address in this system was mechanistic confirmation of controlled 

polymerization from the modified ITO surface to enable systematic inclusion of 

electroactive ferrocene side chain groups. An attractive feature of using SI-ATRP and 

controlled radical polymerizations is the ability to control the molecular weight and 

consequently, the film thickness of polymer brushes. XPS was qualitatively utilized to 

confirm the growth of polymer brushes with the correlated molecular weight of free 

linear polymers (Figures 4.5). For a PFcMA brush with correlated Mn = 4,600 g/mol, the 

In 3p, 3d and Sn 3d peaks from the ITO substrate were still visible, suggesting that this 

film was thinner than the sampling depth of the XPS experiment (ca. 10 nm). For PFcMA 

brush films with greater than 16,000 g/mol, the photoemission peaks from the ITO 

substrate were at or below detection limits, confirming now a film with a thickness 

greater than 10 nm, and no appreciable pinholes. Ferrocene units were detectable in the 
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thinnest films correlated with the intensity of the Fe 2p photoemission peaks, for the 

thicker films these Fe 2p peaks assumed values relative to the C 1s peaks consistent with 

the bulk composition of the polymer.  

 

 

Figure 4.3 (a) semi-logarithmic and molecular weight vs. conversion (b) plots of the 
ATRP of FcMA from “sacrificial” initiators in the presence of modified ITO substrates, 
black squares; DP = 400 and red circles; DP = 200 
 

4.2.4 Ferrocene Functional Polymer Brushes (SEC, XPS) 

 Polymer brushes on ITO were prepared via SI-ATRP of FcMA monomer with the 

sacrificial initiator to generate homopolymers in solution. The presence of free linear 

PFcMA in solution enabled facile molecular weight characterization and correlation with 

both electrochemical activity and film thickness of ITO-g-PFcMA brushes. Molecular 

weight of polymer brushes were characterized using SEC with free linear PFcMA from 

Mn = 4,000 to 37,000 g/mol (Figure 4.4). XPS was qualitatively utilized to confirm the 

growth of thicker polymer brushes with the correlated molecular weight of free linear 

polymers (Figure 4.5). Peaks for the underlying ITO substrate would not be observed as 
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the brush thickness exceeded the penetration depth in the XPS experiment. XPS spectra 

for a PFcMA brush with correlated Mn = 8,000 g/mol was observed to possess core 

electron peaks for the In 3p, 3d and Sn 3d from the ITO substrate along with Fe 2p, O 1s, 

C 1s peaks from polymer brush (Figure 4.5a). However, all peaks from the ITO substrate 

were no longer observed for PFcMA brushes with correlated Mn values of 37,000 g/mol 

and with spectra identical to thicker spin coated films of the PFcMA on ITO (Figure 

4.5c). 

 

 
Figure 4.4. SEC traces of linear free PFcMA polymers (left to right) Mn = 37,000 g/mol, 
Mw/Mn = 1.19; Mn = 27,000 g/mol, Mw/Mn = 1.10; Mn = 15,000 g/mol, Mw/Mn = 
1.05; Mn = 8,000 g/mol, Mw/Mn = 1.14; Mn = 4,000 g/mol, Mw/Mn = 1.19 
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Figure 4.5. XPS of ITO-g-PFcMA with (a) Mn = 8,000 g/mol, (b) Mn = 24,000 g/mol, 
(c) Mn= 37,000 g/mol 
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4.2.5 Cyclic Voltammetry (CV) of PFcMA-g-ITO Brushes.  

 A full series of ferrocene functional polymer brushes from 2, possessing varying 

molecular weights, were studied as surface-confined thin films using CV, enabling 

estimation of surface coverage from coulometric analysis of the voltammetric peaks 

 

Q = nFAΓ 

 

where Γ represents the surface coverage in mol/cm2, n represents the number of electrons 

required for oxidation of the ferrocene group, F is Faraday’s constant and A is the 

electrode surface area. CV of polymer brushes in contact with acetonitrile (ACN) with 

molar masses of tethered chains ranging from Mn = 4,000 to 37,000 g/mol, were 

observed to exhibit a progressive increase in charge density Q (microcoulombs/cm2), 

calculated from the oxidation wave, as a function of correlated brush molecular weight 

(Figure 4.6). The surface coverage of electroactive ferrocene groups within polymer 

brushes for Mn varying from 4,600 to 37,000 g/mol was determined to range from Γ = 

5.7 × 10-10 (essentially monolayer coverage) to 1.43 × 10-8  mol/cm2. The surface 

coverage of the lowest molar mass polymer brushes (Γ = 5.7 × 10-10 mol/cm2 for Mn = 

4,600 g/mol) describes the total number of active ferrocene groups along the polymer 

chains per unit area. The surface coverage from all polymer brush samples were 

comparable to related silane functional ferrocene monolayers on ITO (4.5 × 10-10 

mol/cm2).26 We assume in these calculations that charging current effects were minimal 

for the highest coverage polymer films and integrated the current-voltage plots along the 
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baseline from the voltammetry. We confirmed that charging effects minimally contribute 

to the overall charge density observed in the CV of PFcMA brushes via the preparation 

and electrochemical characterization of a PMMA brush on ITO, which served as a non 

electroactive model for the PFcMA brush system (Figures 4.8 and 4.9). A plot of surface 

coverage (Γ) of ferrocene moieties versus molar mass of free chains exhibited a linear 

dependence for all samples that were measured over a range of scan rates (10, 20, 50, 

100, and 200 mV/s) (Figure 4.7). We attribute this linear relationship of Γ versus 

correlated molecular weight to the controlled growth from SI-ATRP from the modified 

ITO substrate, and it can be used to indirectly confirm controlled polymer brushes growth 

from the electrode surface. 
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Figure 4.6. Stacked CV of PFcMA brushes on ITO of varying correlated molecular 
weight in ACN with a tetrabutylammoniumhexafluorophosphate (TBAHFP) electrolyte, 
with Ag/ AgNO3 reference and Pt counter electrodes, at a scan rate = 100 mV/s. 
 

 
Figure 4.7. Plot of surface coverage (Γ) vs. correlated molecular weight of PFcMA 
brushes on the ITO electrode at a scan rate of 100mV/sec 
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4.2.6 Charge Contribution from Polymer Backbone (SEC, CV) 

 Charge contribution from polymer backbone of PFcMA brush on ITO was 

investigated by characterization of PMMA brush on ITO. PMMA brush on ITO was 

prepared via SI-ATRP with the sacrificial initiator as described in experimental. 

Molecular weight of polymer brush was characterized using SEC with free linear PMMA 

as Mn = 28,000 g/mol and Mw/Mn = 1.07 (Figure 4.8). ITO-g-PMMA was characterized 

via CV under same condition as ITO-g-PFcMA in ACN to obtain background charge for 

ITO-g-PFcMA. CV of ITO-g-PFcMA with Mn = 27,000 g/mol was compared to CV of 

ITO-g-PMMA with Mn = 28,000 g/mol at a scan rate 100 mV/sec (Figure 4.9). Charge 

density from ITO-g-PMMA is neglectable compare to charge from ITO-g-PFcMA as 

shown in Figure 4.9 and it is similar in all scan rates. Charge density of ITO-g-PFcMA 

was calculated from CV using CV of ITO-g-PMMA as a baseline. This charge density 

was compared with one that calculated directly from CV. The charge contribution from 

ITO-g-PMMA was less than 1% over this potential range from -0.4 V to 1.2 V. 
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Figure 4.8. SEC of ITO-g-PMMA with Mn = 28,000 g/mol, and pdi = 1.07 

 

 

Figure 4.9. CV of ITO-g-PFcMA with Mn = 27,000 g/mol (black), and ITO-g-PMMA 
with Mn = 27,000 g/mol at a scan rate 100 mV/sec 
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4.2.7 Polymer Brush Grafting Densities from CV 

 Grafting densities of the number of chains end-tethered to ITO per square 

nanometer were determined by converting voltammetrically derived surface coverages of 

ferrocene groups (in mol/cm2). The grafting density (σ) calculations of PFcMA on ITO 

were calculated from surface coverages (Γ) using eq 2: 

σ = (ΓNa) / DP  

where the surface coverage (Γ) for the polymer brush was determined from eq 1 using 

CV, Na is Avogadro’s number, and DP is the number average degree of polymerization 

from the free linear polymer as obtained using size exclusion chromatography (SEC). 

Analysis of tethered polymers on ITO of varying Mn = 4,800, 8,800, 15,000, 27,000 and 

37,000 g/mol afforded a range of grafting densities from 0.26 to 0.80 chains/nm2, with an 

average grafting density of 0.60 ± 0.2 chains/nm2. These grafting densities point to the 

formation of PFcMA brushes with moderate coverages and will be discussed further with 

respect to values determined from AFM-derived film thickness. 

4.2.8 Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), and Film 

Thickness Analysis of Polymer Brushes on ITO  

 AFM imaging of bare ITO, initiator-modified ITO and PFcMA polymer brushes 

was conducted to track topographical changes in thin film morphologies after 

modification. Bare ITO films were observed to possess highly corrugated features 

comprised of nanoscale particle-like features grouped into larger grain boundaries 

spanning hundreds of nanometers. As expected, the morphology of initiator-modified 

ITO substrates was essentially identical to the bare ITO, confirming that a monolayer of 
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phosphonic acid initiator 1 was deposited onto ITO for SI-ATRP (Figure 4.10). AFM 

topographic images were taken as a function of brush molecular weight and also 

displayed anticipated trends, where thin polymer brushes exhibited irregular pillar-type 

features, which tracked with the topography of the underlying ITO substrate. SI-ATRP of 

FcMA was initially conducted to afford a very thin polymer brush possessing low molar 

mass tethered polymers (Mn = 4,600 g/mol) (Figure 4.11a). AFM height images 

confirmed the highly textured surface morphology of the polymer brush. However, AFM 

of higher molar mass PFcMA brushes (Mn = 20,000 g/mol) confirmed the formation of 

glassy thin films (Figure 4.11b).  

 

 

Figure 4.10. AFM height images of bare ITO (a) and phosphonic acid initiator (1) 
modified ITO (b) 
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Figure 4.11. AFM height images of (a) lower molar mass PFcMA brushes on ITO (Mn = 
4,600 g/mol) and (b) higher molar mass PFcMA brush on ITO (Mn = 20,000 g/mol). 
 

 Unambiguous characterization of controlled growth via SI-ATRP from ITO was 

achieved via surface patterning of modified surfaces and AFM characterization of film 

thicknesses. In planar, homogeneous polymer brush films on Si substrates, confirmation 

of controlled surface-initiated polymerization typically requires correlation of free linear 

polymer molar mass with tethered film thickness.77-79 While ellipsometry can be readily 

applied for film thickness measurements of brushes on reflective substrates, the optical 

transparency of ITO complicated the use of this technique. In earlier reports of polymer 

brushes on ITO, AFM of scratch tests were conducted to determine thickness values of 

surface initiated polymer films. However, we observed difficulty in obtaining 

reproducible values from this method, particularly, for higher molar mass polymer 

brushes. To circumvent these issues, the preparation of micrometer-sized patterned 

features of SI-ATRP-grown polymer brushes from FcMA was conducted with the intent 
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of exposing periodic areas of “bare ITO” to provide sufficient topographic contrast for 

film thickness measurements using AFM. To fabricate micrometer sized periodic 

features, TEM Cu-grids were used as photo-masks to degrade exposed regions of the 

initiator modified surface and enabled only partial brush growth from unexposed regions 

of the monolayer on ITO. TEM Cu-grids with 90 μm-sized mesh were placed over an 

ITO-modified monolayer of 1 and irradiated with UV to degrade the C-Br bond, as 

reported using related self-assembled monolayers (SAMs).80 Full degradation kinetics 

were conducted to confirm spectroscopic degradation of C-Br bonds using XPS after 90 

min (Figure 4.12). The peak for the Br 3d in the 68.5 eV was decreased and eventually 

disappeared after 30 min UV irradiation. SI-ATRP of FcMA monomer with 

photopatterned ITO conducted and different samples with molar mass of polymer brushes 

ranging from 6,000 to 37,000 g/mol were prepared (Figure 4.13). 
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Figure 4.12. Expanded XPS spectrum of Br 3d of photopatterned ITO with various 
irradiation time from 0 min to 90 min 
 

 

Figure 4.13. SEC traces of linear free PFcMA polymers (left to right) Mn = 37,000 
g/mol, Mw/Mn = 1.27; Mn = 29,000 g/mol, Mw/Mn = 1.18; Mn = 23,000 g/mol, Mw/Mn 
= 1.07; Mn = 10,000 g/mol, Mw/Mn = 1.04; Mn = 6,000 g/mol, Mw/Mn = 1.08 
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Field-emission SEM (FE-SEM) was utilized to image unmodified bare ITO, initiator 

monolayer-modified ITO, and PFcMA polymer brushes (Figure 4.14). FE-SEM of bare 

ITO afforded sharp contrast from the highly corrugated conductive surface composed of 

nanoscale domains grouped within larger grain boundaries on the order of hundreds of 

nanometers (Figure 4.14 a,b), which were consistent with AFM images of bare ITO 

(Figure 4.10). Photopatterning of UV-exposed phosphonic acid monolayers of 1 on ITO 

was also visualized using FE-SEM and revealed weak contrast between the exposed 

regions of modified ITO monolayers (Figure 4.14 c,d). SI-ATRP of 2 was then 

conducted, and different samples with molar mass of polymer brushes ranging from 

6,000 to 40,000 g/mol were prepared and characterized using FE-SEM and AFM. FE-

SEM images of ferrocene brushes confirmed successful growth after photopatterning 

through TEM grids, where dark regions in the image corresponded to tethered polymer 

features, and lighter grid like features were attributed to the exposed regions of the ITO 

substrate (Figure 4.14 e,f). 
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Figure 4.14. FE-SEM of high (a) and low (b) resolution of bare ITO, low (c) and high (d) 
resolution FE-SEM of the unexposed region of the modified ITO after photopatterning 
beneath TEM grid masks, and low (e) and high (f) resolution FE-SEM of patterned 
polymer brushes of PFcMA of Mn=37,000 g/mol on ITO. 
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 AFM images also confirmed the successful growth of patterned ferrocene brushes 

on ITO with features tracking with the mesh of the TEM master (Figure 4.15). Film 

thicknesses of a series of patterned polymer brushes was determined using AFM and was 

then correlated with the molecular weight of free linear polymers grown from “sacrificial 

initiators.” A linear relationship of polymer brush film thickness with free polymer 

molecular weight was observed, which confirmed controlled or “living” SI-ATRP from 

the ITO surface (Figure 4.16). An important consideration in the AFM determination of 

brush film thickness for these samples was the high degree of surface roughness inherent 

to the ITO electrode. AFM root-mean-square (rms) roughness values of 2-3 nm were 

found for the bare ITO surface and complicated accurate determination of polymer brush 

film thickness at low molecular weights (Mn < 15,000 g/mol). Furthermore, since all 

films prepared in this study were less than 30 nm, special attention was required in the 

AFM data processing to flatten the images using bearing analysis to ensure the most 

reliable topographic analysis of polymer brushes. 
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Figure 4.15. AFM height and step height images of ITO-g-PFcMA with Mn=37,000 
g/mol. 
 

 

Figure 4.16. Plot of molar mass of free linear polymer versus calculated thickness of 
polymer brushes based on DP (fully stretched) (red) and measured thickness of polymer 
brushes on ITO using AFM (blue). 
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4.2.9 Grafting Densities from AFM Analysis and Comparison of CV-Derived Grafting 

Densities  

 From AFM film thickness measurements over a range of correlated molecular 

weights, grafting densities based on these values and inferred densities of thin films were 

determined and then compared with values calculated from CV. The grafting density was 

determined using AFM film thickness data from eq 3,57  

σ = (hρNa) / Mn 

where h is the polymer film thickness obtained from AFM, ρ is the density of the tethered 

ferrocene containing polymer, Na is Avogadro’s number, and Mn is the number average 

molecular weight of free linear polymers from SEC. The film thickness (h) and number 

average molecular weight (Mn) were determined from AFM and SEC measurements, 

respectively. However, the absolute solid state density of PFcMA (ρ) was not known, 

since this was a new material and is a major unknown, which affected the grafting density 

calculated from eq 3. Hence, we cannot comment on the quantitative grafting density of 

PFcMA brushes on ITO, but can offer a range of grafting densities given assumptions on 

possible solid-state densities of PFcMA. The bulk density of PFcMA is likely no smaller 

than that of polystyrene (PS) and the majority of synthetic polymers (F = 1.05 g/cm3)57 as 

a result of the inclusion of Fe atoms throughout the PFcMA repeating unit. Densities for 

related polymers, namely, poly(vinylferrocene) (PVFc; F = 1.25 g/cm3)80 have been 

reported, although, given the differences in the structures of PVFc and PFcMA, this value 

may also only roughly approximate the true density of PFcMA. Grafting densities of each 

polymer brush sample of different Mn values were calculated based on eq 3 using the 
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different solid-state densities of PS and PVFc to estimate the range of grafting densities 

of PFcMA brushes (Table 4.1). Using this approach, grafting densities from AFM film 

thickness were found to range from 0.24 chains/nm2 to 0.29 chains/nm2. Dilatometry 

measurements of PFcMA are currently in progress to determine the true density of these 

materials to further enable quantification of the grafting density. Nevertheless, these 

grafting densities indicate that PFcMA brushes on ITO prepared by SI-ATRP were not 

densely grafted and point to moderate coverages of end-tethered polymers, which is 

consistent with CV calculations of surface coverage and grafting density. 

 

 
Table 4.1. Surface coverage from voltammogram and grafting densities of PFcMA 
brushes without pattern on ITO with different Mn  

 

 
Table 4.2. Thickness from AFM and grafting densities of PFcMA brushes on ITO with 
different Mn. Grafting densities, σ1, and σ2, were calculated with using ρ1 = 1.05 g/cm2, 
and ρ2 = 1.25 g/cm2 as polymer densities, respectively. 
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 CV-determined calculations of PFcMA brush grafting density are larger than 

estimates from AFM film thickness measurements (Table 4.1). This disparity is attributed 

to overestimation of ferrocene surface coverage (Γ) values from CV, since the 

contribution of double-layer charging, while minimal, could not be completely 

deconvulated from Faradaic processes in the voltammetry. Nevertheless, while some 

disagreement in the values of grafting densities from CV and AFM methods were 

observed, both of the independent methods point to moderate coverages of end-tethered 

PFcMA chains on ITO. 

4.2.10 CV of Polymer Brushes on ITO in Various Solvents  

 Variation of the solvent used in the voltammetry of these polymer brush films 

produced dramatic changes in the shapes of the voltammetric peaks for 

oxidation/reduction of the ferrocene units. Solubility tests of isolated PFcMA 

homopolymers confirmed that nonpolar organic solvents, such as tetrahydrofuran (THF) 

and dichloromethane, were good solvents for this polymer, while ACN and methanol 

were not able to dissolve these materials (Figure 4.17). 
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Figure 4.17: Solubility tests of PFcMA homopolymer (Mn = 37,000) in ACN and THF 
after 15 min sonication. 
 

  As shown in Figure 4.6, voltammetry of thin film polymer brushes in ACN, which 

is a poor solvent for PFcMA, displayed reversible redox behavior and nearly symmetric 

peaks in voltammograms over voltammetric sweep rates from 10 to 200 mV/s. 

Conversely, voltammetry of these polymer brush films in THF exhibited larger peak 

potential separation between cathodic and anodic peaks, suggesting oxidation/reduction 

of the Fc units was restricted by rates of counterion migration into/out of the polymer 

film (Figure 4.18).60,61 The distortion in the oxidation/reduction voltammograms of these 

polymer brush films in contact with THF also increased with increasing thickness of the 

polymer film, and its inferred molecular weight. The differences in voltammetric peak 

shapes are likely due to a combination of: (a) differences in electron transfer rates 

between adjacent Fc units (likely to be higher in ACN where collapse of the film may 

give rise to closer Fc-Fc contacts), and (b) accessibility of counterions to the oxidized Fc 

units (which again appears to be faster for films in contact with ACN). For polymer films 

in contact with THF, which is expected to solvate these tethered polymer chains, we 
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propose that intermolecular electron transfer between Fc units will be impeded, as will 

counterion migration and diffusion, which is essential to maintaining electroneutrality in 

polymer brush films. Furthermore, a plot of oxidation/reduction peak potential 

differences (ΔE) versus correlated brush molar mass from free linear polymer exhibited a 

nearly linear dependence with increasing molecular weight of tethered polymer brushes, 

which further supported our hypothesis of altered redox properties as a function of 

solvent (Figure 4.19). 
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Figure 4.18. (a) CV of PFcMA brushes of varying molar mass on ITO in THF. (b) 
Comparative CV of high molar mass PFcMA brush (Mn = 37,000 g/mol) on ITO in ACN 
or THF at a scan rate=100 mV/s. 
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Figure 4.19. Plot of Mn versus ΔEACN (black squares) and ΔETHF (red dots) from CV at a 
100 mV/s scan rate 
 

4.2.11 Preparation and Characterization of Block Copolymer Brushes on ITO 

 To further test this hypothesis, block copolymers of PMMA and PFcMA 

(PMMA-b-PFcMA) were prepared from ITO substrates via SI-ATRP with the intent of 

controlling the effective distance of ferrocene segments to the electrode surface. An 

attractive feature of CRP is the ability to prepare well-defined block copolymers with 

control of copolymer sequence which allowed for systematic spacing of PFcMA block 

from the ITO electrode. In the first block brush segment, PFcMA was initially attached 

directly onto the ITO electrode, and PMMA was subsequently grown as an outer block 

copolymer segment to prepare the ITO-g-PFcMA-b-PMMA substrate. Alternatively, 

PMMA was grown directly from the modified ITO electrode via SI-ATRP, followed by 

chain extension with FcMA, yielding an electroactive outer segment of ITO-g-PMMA-b-
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PFcMA (Scheme 4.3). Characterization of these block copolymer brushes on the ITO via 

CV enabled investigation of blocking sequence and placement of electroactive groups on 

the electrochemistry of tethered thin films. 

 

 

Scheme 4.3. Conceptual schematic for block copolymer brushes on ITO with PFcMA 
grown as the first sequence (ITO-g-PFcMA-b-PMMA), or as the second sequence (ITO-
g-PMMA-b-PFcMA) to probe the voltammetric effects of electroactive placement in 
brush film relative to an ITO electrode 
 

 A block copolymer brush composed of a short PFcMA (Mn= 7,000 g/mol) was 

initially prepared via SI-ATRP from ITO. Subsequently, the ITO-g-PFcMA 

macroinitiator brush was chain extended with MMA to afford an outer block of PMMA 

(ITO-g-PFcMA-b-PMMA) (Scheme 4.4). Free linear PFcMA macroinitiators generated 

in the SI-ATRP of the FcMA on ITO were recovered and used as a “sacrificial” 

macroinitiator in the chain extension with MMA to afford efficient controlled blocking. 

SEC of free block copolymers confirmed an efficient chain extension from the PFcMA 

macroinitiator to form the target block copolymer (ITO-g-PFcMA-b-PMMA) (Mn = 

24,000 g/mol; Mw/Mn = 1.12) (Figure 4.20a). XPS further confirmed the formation of a 
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block copolymer brush, as the PFcMA brush macroinitiator yielded spectra characteristic 

of the PFcMA homopolymer with Fe 2p peaks at 708 and 722 eV. However, after chain 

extension with MMA, all of the core electron peaks from Fe in the PFcMA segment were 

no longer observed, affording only characteristic peaks for PMMA (Figure 4.21). Again, 

due to the limited penetration depth of the XPS, only emission of core-electrons from the 

topmost segment from the block copolymer brush was observed. Conversely, a second 

block copolymer brush with the opposite sequence was prepared using a similar 

methodology as previously described. PMMA was first grown from the modified ITO 

(Mn = 8,000 g/mol) as a macroinitiator, followed by chain extension with FcMA, 

generating an electroactive outer segment (ITO-g-PMMA-b-PFcMA) (Mn = 24,000 

g/mol; Mw/Mn = 1.18) (Scheme 4.5). Similar trends in SEC and XPS were observed for 

ITO-g-PMMA-b-PFcMA block copolymer brushes (Figure 4.20b and Figure 4.22). 

Characteristic XPS spectra of the Fe 2p from the PFcMA were observed after chain 

extension with FcMA (Figure 4.22). 
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Scheme 4.4. Chain extension with MMA from a PFcMA macroinitiator for a block 
copolymer brush of PFcMA-b-PMMA 
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Scheme 4.5. Chain extension with FcMA from a PMMA macroinitiator for a block 
copolymer brush of PMMA-b-PFcMA 
 

 

Figure 4.20. SEC traces of block copolymer of (a) PFcMA-b-PMMA and (b) PMMA-b-
PFcMA 
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Figure 4.21. XPS of block copolymer brush of ITO-g-PFcMA-b-PMMA 
 

 

Figure 4.22. XPS of block copolymer brush of XPS of ITO-g-PMMA-b-PFcMA 
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 Variation of the PFcMA blocking sequence from the ITO electrode exhibited 

significant effects in the voltammetry of tethered thin films in ACN. CV of the block 

copolymer brush of ITO-g-PFcMA-b-PMMA in ACN (i.e., “poor solvent”), for which 

the ferrocene functional polymer segment was attached directly to the electrode (Figure 

4.23a) displayed reversible redox voltammetry comparable to PFcMA homopolymer 

brush voltammetry in ACN (Figure 4.6). Conversely, a large separation in the cathodic 

and anodic peaks was observed for ITO-g-PMMA-b-PFcMA CV in ACN, where 

significant broadening of the cathodic peak was observed (Figure 4.23b). We inferred 

from this behavior that the PMMA inner segment, which is non electroactive, impeded 

electrochemical communication between ferrocene groups in the PFcMA outer segment 

and the ITO electrode. CV studies of both ITO-g-PFcMA-b-PMMA and ITO-g-PMMA-

b-PFcMA brushes were also conducted in THF and exhibited similar, but more 

pronounced trends of altered voltammetric asymmetry between cathodic and anodic 

scans. 
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Figure 4.23. CV of (a) ITO-g-PFcMA-b-PMMA (Mn=24,000 g/mol) and (b) ITO-g-
PMMA-b-PFcMA (Mn=24,000 g/mol) block copolymer brushes in ACN at various scan 
rates: 10, 50, 100, and 200 mV/s 
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4.2.12 Preparation and Characterization of Polyacrylonitrile (PAN) Brushes on ITO 

 To further demonstrate the versatility of this methodology, polyacrylonitrile (PAN) 

brushes were prepared on modified ITO via SI-ATRP. The general strategy for the 

growth of well-defined PAN brushes on ITO is similar to PFcMA brushes. Briefly, ITO 

substrate was prepared and phosphonic acid initiator 1 was immobilized on the surface, 

followed by surface initiated ATRP of acrylonitrile monomer (AN) (Scheme 4.6).  These 

PAN polymer brushes of varying molecular weight (Mn = 35,000 to 74,000 g/mol) and 

low polydispersity (Mw/Mn < 1.35) were grown on both non-patterned and patterned ITO 

surfaces. Photopatterning of initiator modified ITO substrates was conducted to enable 

correlation of brush film thickness with the molecular weight of free polymers as 

described earlier. Polymer brushes on ITO were prepared via SI-ATRP of AN monomer 

with the sacrificial initiator to generate free homopolymers in solution. The presence of 

free linear PAN in solution enabled facile molecular weight characterization and 

correlation with film thickness of ITO-g-PAN brushes. Molecular weight of polymer 

brushes were characterized using SEC with free linear PAN from Mn = 35,000 to 74,000 

g/mol (Figure 4.24). 
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Scheme 4.6. Synthetic Scheme for the Modification of ITO and Phosphonic Acid and SI-
ATRP with AN in the Presence of Ethyl 2-Bromoisobutyrate as the “Sacrificial” Initiator 
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Figure 4.24. SEC traces of linear free PAN polymers (left to right) Mn = 74,000 g/mol, 
Mw/Mn = 1.32; Mn = 66,000 g/mol, Mw/Mn = 1.15; Mn = 53,000 g/mol, Mw/Mn = 1.10; 
Mn = 48,000 g/mol, Mw/Mn = 1.10; Mn = 32,000 g/mol, Mw/Mn = 1.22 
 

 X-ray photoelectron spectroscopy (XPS) was utilized to confirm the growth of 

thicker polymer brushes with the correlated molecular weight of free linear polymers 

qualitatively (Figure 4.25). Peaks for the underlying ITO substrate would not be observed 

as the brush thickness exceeded the penetration depth in the XPS experiment. XPS 

spectra for a PAN brush with correlated Mn = 35,000 g/mol was observed to possess core 

electron peaks for the In 3d and Sn 3d from the ITO substrate along with N 1s, C 1s 

peaks from polymer brush (Figure 4.25a). However, for PAN brushes with correlated Mn 

values of 74,000 g/mol, all peaks from the ITO substrate were observed with very small 

intensities and N 1s and C 1s peaks from polymer brushes exhibited relatively high 

intensities (Figure 4.25b). This implies that PAN brush film with higher Mn value has 

higher thickness compare to one with lower Mn value as we observed in PFcMA brushes. 
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Figure 4.25. XPS spectroscopy of ITO-g-PAN with (a) Mn = 35,000 g/mol, (b) Mn = 
74,000 g/mol 
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 Prepared micrometer-sized patterned PAN brushes on ITO were utilized for brush 

thickness measurement. FE-SEM confirmed patterned PAN polymer brushes on ITO 

(Figure 4.26). FE-SEM images of PAN brushes confirmed successful growth after 

photopatterning through TEM grids, where dark regions in the image corresponded to 

tethered polymer features, and lighter grid like features were attributed to the exposed 

regions of the ITO substrate (Figure 4.26). 

 

 

Figure 4.26. FE-SEM of high and low resolution of patterned PAN polymer brushes 
(Mn=74,000 g/mol) on ITO. 
 

 AFM images also confirmed the successful growth of patterned PAN brushes on 

ITO with features tracking with the mesh of the TEM master (Figure 4.27). Film 

thicknesses of a series of patterned polymer brushes was determined using AFM and was 

then correlated with the molecular weight of free linear polymers grown from “sacrificial 

initiators.” As we observed in earlier, a linear relationship of polymer brush film 

thickness with free polymer molecular weight was observed, which confirmed controlled, 

or “living” SI-ATRP from the ITO surface (Figure 4.28). 
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Figure 4.27. AFM height images of patterned PAN polymer brush (Mn = 66,000 g/mol) 
on ITO. 
 

 

Figure 4.28. Table and plot of molecular weight (Mn) from GPC vs thickness (H) from 
AFM of PAN brushes on ITO 
 

4.2.13 Conversion of PAN brushes to Conductive Carbon Film via Pyrolysis 

 Carbonization of both non-patterned and patterned PAN brushes into carbon thin 

film was achieved by a two-stage thermal conversion process. PAN brushes on ITO were 

stabilized by heating in air at 200°C for 2hrs. After cooling back to room temperature, the 
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stabilized PAN brush samples were heated under inert atmosphere (nitrogen) to 400°C, 

500°C, and 600°C at 10°C/min and maintained at the temperature for 2 hrs. Samples 

were cool down to RT under argon. Since ITO coated glass substrate is unstable at high 

temperature, three different temperatures were investigated to find out the limit of 

carbonization temperature. The thermal conversion of PAN brushes to carbon film 

without ITO damage was monitored using Raman spectroscopy by following the onset of 

vibronic bands between 1200 and 1700 cm-1. In particular, the formation of graphitic 

carbon phases was tracked by the presence of peaks at 1600cm-1, which is a spectroscopic 

signature of Raman allowed graphitic modes (G-band). The formation of disordered 

carbon phase was also observed at 1350 cm-1, which is characteristic of defect sites (D-

band) (Figure 4.29). Figure 4.29 shows Raman spectroscopy of carbon films on ITO from 

different pyrolysis temperatures. ITO substrate was distorted after pyrolysis at 600°C and 

Raman spectroscopy of this sample revealed only glass peaks around 550 and 1100 cm-1 

(Figure 4.29a). However, Raman measurements of pyrolyzed samples at 400 and 500°C 

confirmed the presence of graphitic carbon around 1600 cm-1 without ITO distortion 

(Figure 4.29b,c). The Raman mode at G-band for PAN brush pyrolyzed at 500°C was 

more intense and sharp than PAN brush pyrolyzed at 400°C. FE-SEM imaging confirmed 

that very thin carbon films on ITO formed from both non-patterned and patterned PAN 

brushes after pyrolysis at 500°C to show ITO features under carbon films (Figure 4.30). 
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Figure 4.29. Raman spectroscopy of pyrolyzed PAN brushes on ITO at a) 600 °C, b) 
500 °C, and c) 400 °C under N2 flow  
 

 

Figure 4.30. FE-SEM images of pyrolyzed patterned PAN polymer brush (Mn=74,000 
g/mol) on ITO at a) low, b) high resolution, c) on bare ITO, and d) on carbon film  
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4.3 Conclusion 

 Ferrocene functional polymer brushes consisting of ITO surfaces tethered with 

homopolymers and copolymers were prepared via SI-ATRP. CV of homopolymer 

brushes has shown linear correlation of molar mass of free linear polymers with surface 

coverage (Γ) of electroactive ferrocene groups. This linear relationship confirmed CRP 

from ITO surfaces. Micron-sized patterned polymer brushes were prepared via 

photopatterning initiator on ITO, followed by SI-ATRP of FcMA to enable facile film 

thickness measurement using AFM. Correlation of free linear polymer molar mass with 

film thickness of polymer brush from AFM further confirmed that controlled surface-

initiated polymerization was successful. Significant solvent effects were observed in the 

CV of polymer brushes which was anticipated to arise from both impeded counterion 

diffusion into tethered thin films and differences in electron transfer rates between 

electractive groups. Block copolymers of PFcMA and PMMA were prepared via SI-

ATRP on ITO with varied sequences and distances between PFcMA segments and ITO 

electrode. CV of these tethered thin films confirmed that the block sequence directly 

altered the electrochemistry of thin films, as observed by differences in cathodic and 

anodic peak shape and potential. Furthermore, PAN brushes on ITO were prepared and 

converted to thin carbon films via pyrolysis.  

   

4.4 Experimental 

Materials and Characterization Toluene, dichloromethane (DCM), hexanes (HEX), 

methanol (MeOH), Ethyl acetate (EA), magnesium sulfate, 6-bromo-1-hexanol, 
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triethylamine (TEA), 2-bromo-2-methylpropionyl bromide, triethyl phosphit, 

bromotriethyl silane (TMSBr), ferrocenecarboxylic acid, 2-hydroxyethyl methacrylate 

(HEMA), 4-(dimethylamino)pyridine (DMAP), N,N’-dicyclohexylcarbodiimide (DCC), 

and ethyl 2-bromoisobutylate were all purchased from Aldrich and neutral alumina was 

purchased from Alfa Aesar. Copper bromide (Cu(I)Br) was obtained from Aldrich and 

purified according to the procedure of Keller and Wycoff.82 (catalyst was stirred 

overnight in glacial acetic acid, rinsed with ethanol, and dried under vacuum) All 

commercially obtained reagents were used as received without further purification. 

Methyl methacrylate (MMA) and acrylonitrile (AN) were purchased from Aldrich and 

passed through a short column of neutral alumina to remove inhibitors prior to use in 

polymerizations. Ethylene Carbonate was purchased from Aldrich and recrystallized from 

hexane prior to use in polymerization. Reaction temperatures were controlled using an 

IKAmag temperature modulator, and unless stated otherwise, reactions were performed at 

room temperature (rt, approximately 25 ºC). Thin layer chromatography (TLC) was 

conducted with E. Merck silica gel 60 F254 pre-coated plates and visualized by exposure 

to UV light (254 nm) or stained with potassium permanganate. Flash chromatography 

was performed using normal phase silica gel from VWR (230-400 mesh). Nuclear 

magnetic resonance (NMR) was performed using a Bruker DRX 500 MHz FT-NMR and 

Bruker DRX 250 MHz FT-NMR spectrometer, operating XWinNMR software (Bruker). 

Size exclusion chromatography (SEC) was performed in a tetrahydrofuran mobile phase 

with a Waters 1515 isocratic pump running three 5 μm PLgel columns (Polymer Labs, 

pore sizes 104, 103, 102Å) with a Waters 2414 differential refractometer and Waters 
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2487 dual wavelength UV-Vis spectrometer. Molar masses were calculated using the 

Empower software (Waters) calibrating against low polydispersity linear polystyrene 

standards. Tin-doped indium oxide-coated glass (ITO) was obtained from Colorado 

Concept Coatings LLC (Longmont, CO ; sheet resistance = 9-15Ω/cm2). Micro-fiber 

cloth and acetonitrile (MeCN, EMD, OmniSolv) were obtained from VWR. Ethanol 

(absolute) was purchased from Pharmco-Aaper. Triton X-100, and tetrabutylammonium 

hexafluorophosphate (TBAHFP, recrystallized from ethanol) were purchased from 

Aldrich and used as received. Electrochemical measurements were made with a CH-

Instruments 660c potentiostat/galvanostat in a homebuilt Teflon compression cell 

(electrode area ~ 0.74 cm2) sealed with perfluoroelastomer O-rings (Kalrez). A Pt coil 

and an Ag/Ag+ electrode (0.01 M AgNO3 in MeCN with 0.1 M TBAHFP) were used as 

the counter and reference electrodes, respectively. SEM images were taken on a Hitachi 

4800 FE-SEM on as-prepared samples. Raman spectroscopy was taken on a Hitachi S-

3400 Type-II SEM with Raman (514nm, 50mW laser) on as prepared samples. XPS 

characterization was performed on a KRATOS 165 Ultra photoelectron spectrometer, 

using a monochromatic Al Kα radiation source (20eV pass energy) at 1486.6 eV. AFM 

images were obtained on Model Nanoscope, Dimension 3100, Digital Instruments, Santa 

Barbara, CA in tapping mode. FT-IR spectral data were acquired using a Nicolet Magna 

550 Series II FT-IR spectrometer equipped with a liquid N2-cooled MCT-A detector. For 

IRRAS measurements, the IR beam was P-polarized with a ZnSe wire grid polarizer (25-

mm diameter, Optometrics). The spectrometer was operated at a resolution of 4 cm-1 and 

an aperture of 32 with Happ-Genzel apodization. Spectra were acquired by averaging 400 
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scans. Lindberg tube furnace (type 54352, 1200°C, 240V, 3400W) with Omega 

temperature controller was used for pyrolysis. 

Preparation of 6-bromohexyl-2-bromo-2-methylpropanoate. 6-Bromo-1-hexanol 

(4.16 g, 23.0 mmol) and triethylamine (TEA) (2.32 g, 22.9 mmol) were dissolved in 

dichloromethane (15 ml) and cooled to 0-10°C in an ice bath. Separate vials of 2-bromo-

2-methylpropionyl bromide (8.96 g, 39.0 mmol) and dichloromethane (15 mL) were 

prepared. A 2-Bromo-2-methylpropionyl bromide solution in dichloromethane was added 

by syringe to the reaction vessel and allowed to stir at room temperature overnight. 

Following completion of the reaction, the reaction solution was washed with diluted HCl 

solution (10%) several times. The organic phase was isolated, dried over MgSO4 and 

filtered, followed by concentration under vacuum. The concentrated solution was dried in 

vacuo at 80° C to yield a clear oil (7.26 g, 95.3%).  

1H NMR (500 MHz, CDCl3) δ 4.17 (2H, t, J = 6.5 Hz), δ 3.41 (2H, t, J = 6.5 Hz), δ 1.93 

(s, 6H), δ 1.87 (m, 2H), δ 1.70(m, 2H), δ 1.51-1.43 (m, 4H). 13C NMR (125 MHz, 

CDCl3) δ 171.4, 65.7, 55.8, 33.5, 32.5, 30.7, 28.1, 27.6, 24.9 HRMS, FAB+ m/z 

330.9732, calculated 330.9734 (MH+, C10 H19 O2 79Br 81Br) 

Preparation of 6-(diethoxyphosphoryl)hexyl-2-bromo-2-methylpropanoate. 6- 

Bromohexyl-2-bromo-2-methylpropanoate (5.00 g, 15.1 mmol) was dissolved in triethyl 

phosphite (6.24 g, 37.5 mmol) under Ar and the reaction was heated in an oil bath at 150 

°C overnight. Following completion of the reaction, excess triethyl phosphite and other 

volatiles were removed in vacuo at 100 °C to yield a yellowish oil. The oil was purified 

via flash chromatography with an ethyl acetate/methanol elution mixture of 50:1 yielding 
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a clear colorless oil (5.61 g, 96.6%) 1H NMR (500 MHz, CDCl3) δ 4.16 (2H, t, J = 6.5) δ 

4.08 (4H, m) δ 1.93 (6H, s) δ 1.76 – 1.61 (6H, m) δ 1.44 – 1.41 (4H. m) δ 1.32 (6H, t, J = 

7) 10% of impurity at 3.4ppm from CH3CH2Br. 13C NMR (125 MHz, CDCl3) δ 171.5, 

65.8, 61.3, 61.3 (JPOC = 6.5 Hz), 55.8, 30.7, 30.1, 29.9 (JPCC = 16.9 Hz), 28.0, 26.1, 

25.3, 25.3 (JPCCCC = 1.1 Hz), 24.9 (JPC = 139.8 Hz), 22.2, 22.2 (JPCCC = 5.3 Hz), 

16.4, 16.4 (JPOCC = 6.0 Hz). HRMS (ESI) m/z 387.0937, calculated 387.0930 (MH+ 

C14 H29 Br1 O5 P1) 

Preparation of 6-(2-bromo-2-methylpropanoyloxy)hexylphosphonic acid. 6-

(diethoxyphosphoryl)hexyl-2-bromo-2-methylpropanoate (1.40 g, 3.61 mmol) was 

dissolved in dichloromethane (10 ml) under Ar. Bromotrimethyl silane (TMSBr) (1.65 g, 

10.8 mmol) was added via syringe and allowed to stir at room temperature overnight. 

Following completion of the reaction, excess bromotrimethyl silane and dichloromethane 

were removed in vacuo at 40 °C. Methanol (10 mL) was added to the reaction mixture at 

room temperature and was allowed to stir for 60 minutes. Following the reaction, the 

volatiles were evaporated in vacuo to yield a yellowish oil. Recrystallization in 

hexane/dichrolomethane afforded an off white solid (1.11 g, 93%). 1H NMR (500 MHz, 

CDCl3) δ 4.16 (2H, t, J = 6.5 Hz) δ 1.93 (6H, s) 1.79 - 1.63 (6H, m) 1.42 (4H, m) 13C 

NMR (125 MHz, CDCl3) δ 171.5, 65.8, 55.9, 30.7, 29.9, 29.8 (JPCC = 17 Hz), 28.1, 

25.8, 25.3, 24.6 (JPC = 145.7 Hz), 21.9, 21.9 (JPCCC = 4.4 Hz). HRMS (ESI) m/z 

331.0306, calculated 331.0304 (MH+ C10 H21 O5 Br1 P1). 

Preparation of 2-(methacryloyloxy)ethyl ferrocencarboxylate (FcMA). 

Ferrocenecarboxylic acid (5.00 g, 21.7 mmol), 2-hydroxyethyl methacrylate (4.24 g, 32.6 
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mmol), and 4-dimethylamino)pyridine (5.00 g, 40.9 mmol) were dissolved in 

dichloromethane (70 ml) and cooled in an ice bath. N,N’-Dicyclohexylcarbodiimide 

(5.00 g, 23.9 mmol) solution in dichloromethane (30 ml) was added by syringe at 0 °C. 

The reaction was stirred overnight at room temperature. Following the reaction, the 

reaction mixture was concentrated under in vacuo. The residue was purified via flash 

chromatography with an initial hexanes/ethyl acetate elution mixture of 15:1 with a 

gradual increase to a 10:1 mixture yielding a yellow solid (6.75 g, 91%). 1H NMR (500 

MHz, CDCl3) δ 6.18(1H, t, J = 1.5 Hz) δ 5.61(1H, t, J = 1.5 Hz) δ 4.81 (2H, t, J = 2.0 Hz) 

δ 4.46(4H, s) δ 4.40 (2H, t, J = 2.0 Hz) δ 4.18 (5H, s) δ 1.98 (3H, s) 13C NMR (125 MHz, 

CDCl3) δ 171.4, 167.1, 135.9, 125.9, 71.4, 70.6, 70.1, 69.7, 62.6, 61.9, 18.3. HRMS 

(ESI) m/z 342.0552, calculated 342.0554 (C17 H18 O4 Fe1) 

ITO Cleaning and Activation. All commercial ITO films  were first cleaned by a 

detergent/solvent cleaning (DSC) procedure, which consisted of scrubbing with a Triton 

X-100 solution, followed by sonication in successive solutions of Triton X-100 solution 

in water, nanopure water and absolute ethanol for 15 minutes each, followed by drying 

under a flow of an inert gas. Nanopure water was obtained from a Millipore-Q UV Plus 

water system. UV/O3 cleaning was performed for 30 minutes. A model 342 UVO-

CLEANER (Jelight Company, Inc., lamp power 28 mW/cm2 at 254 nm) was used for 

cleaning and oxidation of the ITO substrates. The instrument lamp was stabilized for at 

least 10 minutes prior to use. 

ITO Modification. ITO substrates were cleaned by UV-ozone treatment (30 min) and 

immediately immersed in a 6-(2-bromo-2-methylpropanoyloxy)hexylphosphonic acid 
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solution (3 mM in Toluene) overnight. The samples were rinsed with toluene and dried 

under a stream of argon. The initiator-modified ITO was sonicated in hexane, toluene and 

the absolute ethanol for 1 minute each to remove any unbound multilayer materials and 

then dried under a stream of argon. The initiator-modified ITO samples were transferred 

to a vacuum oven, where it was baked at 100° C for 24 hours to achieve completion of 

chemical bonding. After this annealing step, sonication was performed in hexane, toluene 

and the absolute ethanol for 15 minutes twice each to ensure that no physisorbed 

molecules remained. 

Surface initiated ATRP of FcMA from modified ITO (ITO-g-PFcMA). Cu(I)Cl (2.48 

x 10-3 g, 2.50 x 10-2 mmol) and 4,4’-dinonyl-2,2’-dipyridyl (2.04 x 10-2 g, 5.00 x 10-2 

mmol) were added to a Schlenk flask followed by degassing through evacuation and 

backfilling with argon. Following degassing of solids, deoxygenated toluene (0.3 mL) 

was added to solids via syringe and allowed to mix at room temperature for 5 minutes to 

ensure complete formation of copper complexes. FcMA (1.71 g, 5.00 mmol) was added 

as a solid to the flask followed by the addition of deoxygenated toluene (3 mL) via 

syringe, all under a high Ar purge to avoid introduction of oxygen. The solution was 

allowed to mix at room temperature for 5 minutes followed by additional degassing 

through evacuation and backfilling with argon. Free initiator, ethyl α-bromoisobutyrate 

(2.43 x 10-3 g, 1.25 x 10-2 mmol, DP = 400) was added into the reaction via syringe under 

Ar. The reaction solution was degassed under two additional “freeze-pump-thaw cycles”. 

The modified ITO substrate was then added into reaction solution under Ar and residual 

air was removed by evacuation and backfilling of the vessel with argon. The Schlenk 
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flask was then submerged into an oil bath at 90 °C for 24 hours. Following completion 

the reaction, a small aliquot of the reaction mixture was taken and diluted with 

THF/toluene and passed through an alumina plug to remove residual copper complexes 

from the media. The kinetic sample aliquot was then passed through a 0.2 μM filter and 

characterized by SEC. Polymers from the reaction mixture were diluted in DCM, passed 

thru an Al2O3 plug to remove the catalyst and isolated by precipitation in hexane. The 

precipitation was performed twice and was dried in vacuo to yield a yellow powder (1.32 

g, 86% yield based on monomer conversion; Mn SEC = 37,000; Mw/Mn = 1.21). The 

polymer brush on ITO substrate was washed with dry toluene, THF and sonicated in 

toluene and the absolute ethanol for 30 minutes each followed by drying under a stream 

of Ar.  

1H NMR (250 MHz, CDCl3) δ 4.82 (2H, b) δ 4.41 (4H, b, FcH) δ 4.36 (2H, b) δ 4.20 

(5H, b, FcH) δ 1.90 (3H, b) δ 1.15 - 1.00 (2H, bm)  

Polymer brushes of PFcMA on ITO with DP = 200 were prepared using same general 

procedure as previously described except, with a lower ratio of FcMA monomer (1.71 g, 

5.00 mmol) to free initiator ethyl-α-bromoisobutyrate (4.86 x 10-3 g, 2.50 x 10-2 mmol, 

DP = 200). Polymers were diluted in DCM, passed thru a plug of Al2O3 to remove the 

catalyst, isolated by precipitation in hexane and were dried in vacuo to yield a yellow 

powder (0.781 g, 68 % yield based on monomer conversion; Mn SEC = 15,000; Mw/Mn 

= 1.05). 

Preparation of ITO-g-(PFcMA-b-PMMA). Cu(I)Cl (3.86 x 10-3 g, 3.90 x 10-2 mmol) 

and 4,4’-dinonyl-2,2’-dipyridyl (3.19 x 10-2 g, 7.80 x 10-2 mmol) were added to a Schlenk 
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flask equipped with stir bar followed by degassing through evacuation and backfilling 

with argon. Following degassing of solids, deoxygenated toluene (0.3 mL) was added to 

solids via syringe and mixture was allowed to stir at room temperature for 5 minutes to 

ensure complete formation of copper complexes. MMA (1.56 g, 15.6 mmol) (bubbled for 

1h with argon before use) was then added via syringe to the reaction vessel followed by 

degassing through evacuation and backfilling with argon. PFcMA macroinitiator (Mn = 

7,000 g/mol, Mw/Mn = 1.12) (0.270 g, 2.85 x 10-2 mmol, DP = 400) was added as a solid 

into the reaction under Ar. The reaction solution was further degassed under two “freeze-

pump-thaw cycles”. Before use, ITO-g-PFcMA substrates were sonicated in toluene and 

dried with a stream of Ar and were then added into the reaction solution under Ar. 

Residual air was removed through evacuation and backfilling with argon twice. The 

Schlenk flask was then submerged into an oil bath at 90 °C. Following the reaction, a 

small aliquot of the reaction mixture was taken and diluted with THF/toluene and passed 

through an alumina plug to remove residual copper complexes from the media. The 

sample was then passed through a 0.2 μM filter and characterized by SEC. Polymers 

were diluted in DCM, passed thru a plug of Al2O3 to remove the catalyst and isolated by 

precipitation in hexane. The precipitation was performed twice and was dried in vacuo to 

yield a yellow powder (0.421 g, 45 % yield based on monomer conversion; Mn SEC = 

24,000; Mw/Mn = 1.12). The polymer brush on ITO substrate was washed with dry 

toluene, THF and sonicated in toluene and the absolute ethanol for 30 minutes each, 

followed by drying under stream of Ar.  
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1H NMR (250 MHz, CDCl3) δ 4.82 (2H, b) δ 4.41 (4H, b, FcH) δ 4.36 (2H, b) δ 4.20 

(5H, b, FcH) δ 3.60 (3H, b) δ 1.90 (3H, b) δ 1.81 (3H, b) δ 1.22 – 1.13 (2H, bm) δ 1.01 - 

0.839 (2H, bm) 

Preparation of ITO-g-PMMA. Cu(I)Cl (1.53 x 10-2 g, 0.155 mmol) and 4,4’-dinonyl-

2,2’- dipyridyl (0.126 g, 0.308 mmol) were added to a Schlenk flask equipped with stir 

bar followed by degassing through evacuation and backfilling with argon. Following 

degassing of the reaction vessel, MMA (4.65 g, 46.5 mmol) (bubbled for 1h with argon 

before use) was added to solids via syringe and allowed to stir at room temperature for 5 

minutes to ensure complete formation of copper complex. Ethyl α-bromoisobutyrate 

(3.02 x 10-2 g, 0.155 mmol, DP = 300) was added into the reaction via syringe under Ar. 

The reaction solution was degassed under two “freeze-pump-thaw cycles”. The modified 

ITO substrate was sonicated in toluene and dried under stream of Ar prior to use and then 

added into the reaction solution under Ar. Residual air was removed by an addition cycle 

of evacuation and backfilling with argon. The Schlenk flask was then submerged into an 

oil bath at 70 °C. Following the reaction, a small aliquot of the reaction mixture was 

taken and diluted with THF/toluene and passed through an alumina plug to remove 

residual copper complexes from the media. The sample was then passed through a 0.2 

μM filter and characterized by SEC and 1H NMR. The polymer were diluted in DCM, 

passed thru plug of Al2O3 to remove the catalyst, isolated by precipitation was performed 

twice and was dried in vacuo to yield a white powder (1.12 g, 83 % yield based on 

monomer conversion; Mn SEC = 7,800; Mw/Mn = 1.21). The polymer brush on ITO 
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substrate was washed with dry toluene, THF and sonicated in toluene and the absolute 

ethanol for 30 minutes each followed by drying under a stream of Ar.  

1H NMR (250 MHz, CDCl3) (250 MHz, CDCl3) δ 3.60 (3H, b) δ 1.81 (3H, b) δ 1.01 -

0.839 (2H, bm)  

Preparation of ITO-g-(PMMA-b-PFcMA). Cu(I)Cl (3.33 x 10-3 g, 3.36 x 10-2 mmol) 

and 4,4’-dinonyl-2,2’-dipyridyl (2.75 x 10-2 g, 6.72 x 10-2 mmol) were added to a Schlenk 

flask equipped with stir bar followed by degassing through evacuation and backfilling 

with argon. Deoxygenated toluene (0.3 mL) was added to the vessel via syringe and 

allowed to stir at room temperature for 5 minutes to ensure complete formation of copper 

complexes. FcMA (1.71 g, 5.00 mmol) was added as a solid under high Ar purge, 

followed by the addition of deoxygenated toluene (3 mL) via syringe. The orange 

solution was allowed to stir at room temperature for 5 minutes followed by degassing 

through evacuation and backfilling with argon. PMMA macroinitiator (Mn SEC = 7,800; 

Mw/Mn = 1.21) (0.195 g, 2.50 x 10-2 mmol, DP = 200) was added into the reaction 

under Ar. The reaction solution was degassed under two “freeze-pump-thaw cycles”. 

ITO-g-PMMA was sonicated in toluene and dried under a stream of Ar prior to use. The 

ITO-g-PMMA substrate was added into the reaction solution under Ar and residual air 

was removed by evacuation and backfilling with argon. The Schlenk flask was then 

submerged into an oil bath at 90 °C. Following completion of the reaction, a small aliquot 

of the reaction mixture was taken and diluted with THF/toluene and passed through an 

alumina plug to remove residual copper complexes from the media. The sample was then 

passed through a 0.2 μM filter and characterized by SEC and 1H NMR. Polymers were 
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diluted in DCM, passed thru a plug of Al2O3 to remove the catalyst, isolated by 

precipitation in hexane twice and were dried in vacuo to yield a yellow powder (0.510 g, 

57 % yield based on monomer conversion; Mn SEC = 24,000; Mw/Mn = 1.18). The 

polymer brush on ITO substrate was washed with dry toluene, THF and sonicated in 

toluene and the absolute ethanol for 30 minutes each followed by drying under a stream 

of Ar. 1H NMR (250 MHz, CDCl3) δ 4.82 (2H, b) δ 4.41 (4H, b, FcH) δ 4.36 (2H, b) δ 

4.20 (5H, b, FcH) δ 3.60 (3H, b) δ 1.90 (3H, b) δ 1.81 (3H, b) δ 1.22 – 1.13 (2H, bm) δ 

1.01 -0.839 (2H, bm) 

Surface initiated ATRP of AN from modified ITO (ITO-g-PAN) Synthesis of PAN 

brush on ITO was conducted using reported methods.83 Ethylene Carbonate (EC, 20.0 g, 

227 mmol), Cu(I)Br (0.108 g, 0.759 mmol) and 2,2’-bipyrine (0.355 g, 2.27 mmol) were 

added to a schlenk flask and the flask was placed under vacuum for 30 minutes. The flask 

was heated to 40° C to melt the ethylene carbonate, and the flask was backfilled with 

argon.  AN (10.0mL, 151 mmol) and free initiator, ethyl α-bromoisobutyrate (9.87 x 10-2 

g, 0.506 mmol, DP = 300) were degassed by argon bubbling for 30 minutes, added into 

the reaction via syringe, all under a high Ar purge to avoid introduction of oxygen. The 

modified ITO substrate was then added into reaction solution under Ar and residual air 

was degassed through evacuation and backfilling with argon. The reaction mixture was 

heated in an oil bath at appropriate temperature (55 - 70 °C). Following completion the 

reaction, a small aliquot of the reaction mixture was taken and diluted with DMF/toluene 

and passed through an alumina plug to remove residual copper complexes from the 

media. The sample aliquot was then passed through a 0.2 μM filter and characterized by 
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SEC. The viscous solution was removed from heat, diluted in DMF, and isolated by 

precipitation in MeOH/H2O (9:1 v/v).  The precipitate was collected by vacuum filtration, 

and washed with MeOH. The precipitation was performed twice and was dried in vacuo 

to yield an off-white powder (Mn SEC = 48,000; Mw/Mn = 1.10). The polymer brush on 

ITO substrate was washed with dry toluene, DMF and sonicated in DMF for 30 minutes 

followed by drying under a stream of Ar.  1H NMR (400 MHz, d6-DMSO, δ) 4.07 (m, 

2H, -CH2O-), 3.2 - 3.1 (bs, -CHCN-), 2.2 - 2.0 (bm, -CH-), 1.21 (m, 3H, -CH3), 1.18 (s, 

6H, -CH3). 

Photopatterning of modified ITO via UV irradiation. Phosphonic acid initiator 

molecules (1) were deposited onto ITO by immersion in solution (3 mM in toluene) 

followed by annealing in a vacuum oven at 100 °C for 24 hours, as described previously. 

A UVGL-25 mineral lamp (UVP Upland, CA), emitting at 254 nm thru a copper TEM 

grid (200 mesh, size = 90 nm) (Agar, Cambridge, UK), as a mask to selective photo-

cleavage of alkyl halide monolayers.1 After 90 minutes of UV irradiation, the ITO 

samples were sonicated in toluene and the absolute ethanol for 30 minutes each, to 

remove residual organics. The ITO substrates were exposed to an UV light without a 

mask for 10, 30, 60, and 90 minutes for kinetic evaluation of initiator decomposition by 

XPS. 

Typical pyrolysis conditions of the ITO-g-PAN. Pyrolysis of the PAN brush on ITO 

was performed in a two step process in a tube furnace.83 ITO substrates with PAN 

brushes were stabilized by heating in air at 200° C for 2 hours. After cooling back to 

room temperature, the stabilized ITO-g-PAN samples were heated under inert 
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atmosphere (nitrogen) to 400, 500, and 600° C at 10° C/min and maintained at the 

temperature for 2 hours. Samples were cooled to RT under nitrogen. 
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

 

 This dissertation described the preparation of magneto and electro-active hybrid 

nanocomposite materials.  First, ferromagnetic gold core cobalt shell nanoparticles (PS-

AuCoNPs) were synthesized and utilized to prepared 1-D semiconductor cobalt oxide 

nanowires with gold inclusions via colloidal polymerization. Polymer-coated 

ferromagnetic gold-cobalt core-shell nanoparticles were synthesized as new ‘colloidal 

monomers’ and employed to form multi-component 1-D cobalt oxide nanowires with 

gold inclusions via dipolar assembly and a chemical reaction. Further, ferromagnetic gold 

core cobalt shell nanoparticles were utilized to organize gold nanoparticle in 1-D linear 

chain and nanorings on the surface of a substrate by utilizing dipolar assembly. Second, 

the preparation and electrochemical characterization of electroactive polymer brushes on 

the electrode surface via surface-initiated atom transfer radical polymerization (SI-ATRP) 

were demonstrated. SI-ATRP on ITO surface provided the ability to control polymer thin 

film composition, molecular weight, thickness, and functionality. The following section 

presents key findings both in the synthesis and utilization of ferromagnetic core-shell 

nanoparticles in the preparation and characterization of polymer brushes tether on 

electrode.  
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5.1 Synthesis and colloidal polymerization of ferromagnetic Au-Co nanoparticles 

into Au-Co3O4 nanowires 

 A novel methodology, Colloidal Polymerization was employed to prepare well-

defined semiconductor nanowires with noble metal inclusions. Dipolar core-shell gold-

cobalt nanoparticle were prepared as a new “colloidal monomer” and polymerized to 

form heterostructured cobalt oxide-gold nanowires with enhanced electrochemical and 

optical properties. Polystyrene-coated ferromagnetic core-shell gold-cobalt nanoparticles 

(PS-AuCoNPs) were synthesized using gold nanoparticles (AuNPs) as seeds in the 

thermolysis of Co2(CO)8 in the presence of polymeric ligands. Utilizing these core-shell 

PS-AuCoNPs as “colloidal monomers”, cobalt oxide nanowires with gold nanoparticle 

inclusions (Au-Co3O4 nanowires) were prepared via Colloidal Polymerization. The 

colloidal polymerization process comprises dipolar nanoparticle assembly and solution 

oxidation of preorganized nanoparticles to form interconnected cobalt oxide nanowires 

via the nanoscale Kirkendall effect. It was found that cobalt oxide nanowire contains 

AuNP inclusions in every repeating unit of the one-dimensional mespstructure. Further 

calcination of the polymer-coated nanowires afforded polycrystalline Au-Co3O4 

nanowires with enhanced optical and electrochemical properties in comparison with 

hollow Co3O4 nanowires.    

 

5.1.1 Future directions  

 Cobalt oxide-based nanomaterials have generated considerable interest as 

electrodes and catalysts for energy storage and conversion.1,2  In the present study, multi-
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components cobalt oxide nanowires with gold inclusions exhibited enhanced optical and 

electrochemical properties compare to cobalt oxide nanowires. The inclusion of a noble 

nanoparticle core helps control the structure of the electroactive cobalt oxide and 

improves the electrochemical properties. It is predicted to enhance the activities in 

technologies utilizing these oxides, such as Li ion batteries and supercapacitors.2 The 

application of Au-Co3O4 nanowires as an electrode material for Li ion battery can be 

evaluated and the effect of inert metal inclusions for the performance of a electrode can 

be investigated by comparing with Co3O4 nanowires. 

 The noble metals including Au and Pt could be introduced to outside of cobalt 

oxide nanowires with gold inclusions. Platinum or gold coated superparamagnetic cobalt 

nanoparticles could be synthesized via galvanic exchange reaction.3-5 In the galvanic 

exchange reaction, cobalt atom (Co0) spontaneously reduced Au3+ or Pt4+ complexes to 

replace CoNPs with hollow Au or Pt NPs with Co2+ salts. Pre-assembled ferromagnetic 

PS-AuCo nanoparticle chains can be coated with either Au or Pt layers via galvanic 

exchange reaction on cobalt shell. Alternatively, small PtNPs or AuNPs can decorate 

exterior of PS-AuCo nanoparticle chains by either controlling of galvanic reaction 

conditions or using reducing agents. Subsequent colloidal polymerization could provide 

multicomponent semiconductor nanowires and the property enhancement or unique 

property of multicomponent semiconductor oxide nanowires can be expected as 

introduction of noble metals. Further, colloidal polymerization could be expanded from 

the colloidal homopolymers to colloidal copolymers by polymerizing two or more 
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different colloidal monomers, which could exhibit the enhancement in optical, catalytic, 

or electrochemical properties.     

 

5.2 Magnetic self-assembly of gold nanoparticles chains using dipolar core-shell 
colloids  

 A new route to assemble gold nanoparticles into well-defined mesostructures via 

dipolar self-assembly was developed as a facile and template-free method. Dipolar 

assembly of ferromagnetic gold core cobalt shell nanoparticles were utilized to self-

organize AuNPs. The control of the cobalt shell thickness of PS-AuCoNPs directly 

affected the magnetic properties and afforded either 1-D chain or bracelet-type dipolar 

assemblies. Subsequent dissolution of metallic Co phase with acid yielded self-assembled 

AuNPs chains and bracelets on a substrate. This study enabled the preparation of well-

defined 1-D and bracelet-type Au NPs mesostructures on a variety of different substrates 

without templates. Furthermore, binary assemblies of Au and Pt colloids were 

demonstrated by combining galvanic and degradative reactions with Au-Co core-shell 

nanoparticles.   

 

5.2.1 Future directions 

 The properties of gold nanoparticle assemblies either in 1-D chains or bracelet-

type arrays on the surface of a substrate from PS-AuCoNPs assemblies can be 

investigated. When they are ordered into well-defined ensembles, the collective 

properties depend on the interparticle spacings and hierarchical organization.6,7 Since the 

distance between gold nanoparticles can be controlled by changing the cobalt shell 



244 
 

thickness of core-shell nanoparticles,7,8 the properties depend on the interparticle distance 

can be examined. Furthermore, this method in organizing gold nanoparticles could be 

implemented towards the assembly of other non-magnetic nanoparticles such as quantum 

dots, into well-defined 1-D mesostructures without templates.      

 

5.3 Ferrocene functional polymer brushes on indium tin oxide via surface-initiated 

atom transfer radical polymerization  

 Ferrocene functional polymethacrylate brushes on indium tin oxide (ITO) 

electrode were prepared by using surface-initiated atomic transfer radical polymerization 

(SI-ATRP). While a number of ferrocene-containing polymers and polymer brush 

systems have been developed, this is a simple model system to enable direct 

electrochemical and topographic characterization of well-defined polymer brushes on 

ITO. Controlled SI-ATRP from modified ITO surface was confirmed for the first time via 

correlation of electrochemical properties using cyclic voltammetry and topographic film 

thickness measurements. Charge density observed in CV of PFcMA brushes on ITO 

showed a linear dependence with molar mass of free polymer chains which confirm 

controlled polymer brush growth indirectly. In order to measure precise polymer brush 

film thickness, micrometer-sized patterned features of polymer brushes were conducted 

with the intent of exposing periodic areas of bare ITO to provide sufficient topographic 

contrast for film thickness measurement using AFM. A plot of polymer brush film 

thickness versus molar mass of free polymer chains exhibited a linear relationship, which 

confirmed controlled or “living” SI-ATRP from ITO surface. Moreover, well-defined 



245 
 

block copolymer brushes with varying sequence of FcMA segment were conducted to 

interrogate the spacing effects from ITO electrode surface on the electrochemical 

properties of a tethered electroactive film.  

   

5.3.1 Future directions 

 The preparation and characterization of controlled SI-ATRP-derived polymer 

brushes on ITO surface could be expanded to prepare well-defined conjugated polymer 

brushes (e.g., poly(3,4-ethylenedioxythiophene) (PEDOT), polythiophene, polyaniline, 

polypyrroles,). While electropolymerization methods are certainly useful,9-11 SI-ATRP 

provides well-defined interfacial chemistry and the ability to control polymer thin film 

composition, functionality and thickness. Well-defined polymer brushes with 

electroacitve side chain groups (e.g., EDOT, aniline, pyrrole) could be prepared via SI-

ATRP and these side functional groups can be polymerized via subsequent 

electropolymerization to form conductive polymers. Enhanced alignment of tethered 

polymer chains and covalent attachment to the electrode interface could improve charge 

transport into the electrode substrate for light emitting diode (LED) device 

applications.12,13 
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