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ABSTRACT
This dissertation contains four chapters with advances relevant to the fields of
nanoparticle synthesis and nanoparticle self-assembly: a review of nanoparticle selfassembly, or “colloidal polymers”; dumbbell heterostructured nanorod synthesis; dipolar
matchstick heterostructured nanorod synthesis; and self-assembly of dipolar matchsticks
to form colloidal polymers. These chapters are followed by appendices containing
supporting data for chapters two through four.
The first chapter is a review summarizing current research involving the 1-D
assembly of nanocrystals to form “colloidal polymers.” One of the major goals of materials
chemistry is to synthesize hierarchical materials with precise controlled particle ordering
covering all length scales of interest (termed, the “bottom up” approach). Recent advances
in the synthesis of inorganic colloids have enabled the construction of complex
morphologies for particles in the range of 1 – 100 nm. The next level of structural order is
to control the structure of assemblies formed from these materials. Linear nanoparticle
assemblies are particularly challenging to achieve due to the need to impart functionality
to colloids such that (typically) only two sites are active per particle. An emerging idea in
the literature which addresses this challenge is to consider linear assemblies of inorganic
nanoparticles as colloidal analogs to traditional polymers. This conceptual framework has
enabled the formation of linear assemblies having controlled composition (to form
segmented and statistical copolymers), architecture (linear, branched, cyclic), and degree
of polymerization (chain length). However, this emerging field of synthesizing colloidal
polymers has not yet been reviewed in terms of methods to control fundamental polymer
parameters. Therefore, linear nanoparticle assembly is reviewed in chapter 1 by applying
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concepts from traditional polymer science to nanoparticle assembly. The emphasis of
chapter 1 is on controlling degree of polymerization, architecture, and composition for
colloidal polymers, and seminal examples are highlighted which control these parameters.
The second chapter is centered on a novel methodology to install ferromagnetic
cobalt domains onto core@shell, “CdSe@CdS” nanorods. While the structures synthesized
in this work were novel, the key advance from this work was the development of a
methodology to separate nanorod activation from deposition of ferromagnetic cobalt
domains onto semiconductor nanorods. As synthesized CdSe@CdS nanorods are
passivated with strongly binding phosphonic acid ligands, and these ligands prevent direct
deposition of many materials (such as cobalt). Synthetic methods must therefore modify
nanorod surfaces prior to deposition of additional nanoparticle domains (tips). Previous
synthetic methods for the deposition of magnetic domains onto nanorod termini typically
combined activation of nanorod termini and metal deposition into a single synthetic step.
While these previous reports were successful in achieving tipped nanorods, the coupling
of these two reactions required matching the kinetics of nanorod activation and
decomposition/reduction of metal precursors in order to achieve the desired heterostructure
morphology. However, the presence of ligands used for nanorod activation can also affect
the rate of metal precursor decomposition/reduction and the propensity of the metal to form
free nanoparticles through homogeneous nucleation. Thus, simultaneous nanorod
activation and metal deposition hinders modification of these syntheses to obtain differing
heterostructured morphologies. In the work presented in chapter 2, we chemically activate
nanorod termini towards cobalt deposition in a separate chemical step from deposition of
metallic cobalt nanoparticle domains. First, reductive platinum deposition conditions were
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utilized to activate nanorod termini towards the deposition of cobalt domains, which were
deposited in a subsequent reaction step. Then, the kinetics of nanorod activation during
platinum deposition were tracked, and the platinum-tipped nanorod morphologies were
correlated with the results of subsequent cobalt deposition reactions. Ultimately, controlled
placement of cobalt domains onto one or both nanorod termini was demonstrated based on
the degree of activation during platinum deposition. Cobalt nanoparticle tips were then
selectively oxidized to form CoxOy-tipped nanorods, which were a novel class of p-n type
nanomaterials achieved over a total of five synthetic steps. Relevant supporting details for
the synthesis of these dumbbell tipped nanorods are provided in Appendix A.
The third chapter describes the synthesis of CoNP-tipped nanorods with a single,
strongly dipolar, ferromagnetic CoNP-tip per nanorod. The key synthetic advance was the
ability to activate a single terminus per nanorod without activation of lateral nanorod facets,
which was vital in achieving these larger, dipolar, cobalt tips (rather than lateral decoration
of cobalt onto nanorod lateral facets). These dipolar “matchstick” CoNP-tipped nanorods
then spontaneously formed linear assemblies carrying nanorod side chains as pendant
functionality. Activation of CdSe@CdS nanorods was found to occur through the
deposition of small (< 2 nm) PtNP-tips which were not readily observable by standard
characterization techniques. The finding that small (< 2 nm) PtNP-tips altered nanorod
reactivity towards cobalt deposition emphasized the effect of subtle changes to nanorod
surface chemistry. Relevant supporting details for the synthesis of these dipolar matchstick
tipped nanorods are provided in appendix B.
The fourth chapter is centered on the self-assembly of dipolar matchstick cobalttipped nanorods to form colloidal (co)polymers reminiscent of traditional bottlebrush
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polymers, with controlled composition and phase behavior on carbon surfaces. Similar to
earlier findings in traditional polymer science, nanorod side chain length was found to
significantly impact surface assembly of these colloidal analogs of bottlebrush copolymers,
which provided a useful parameter for affecting surface wetting and phase behavior of
nanoparticle thin films. This work was also the first demonstration of colloidal copolymers
from the dipolar assembly of magnetic nanoparticles, where both segmented and statistical
copolymer compositions were achieved. We then demonstrated, for the first time, that a
colloidal copolymer with segmented composition can form a mesoscopic phase separated
morphology which is similar to that observed for traditional block copolymers. This key
advance opens the possibility of controlling structural ordering over still longer length
scales by the development of methods to control phase separated morphologies in a manner
similar to traditional block copolymers. Relevant supporting details for the synthesis and
assembly of these colloidal bottlebrush polymers are provided in appendix C.
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CHAPTER 1: Colloidal Polymers from Inorganic Nanoparticle
Monomers
With contributions from Nicola Pinna and Jeffrey Pyun.
Reproduced in part from Progress in Polymer Science, Copyright 2014, Elsevier.

Contents
1.1.
Introduction
1.1.1 Types of colloidal polymerizations
1.1.2 Synthesis of colloidal monomers
1.2.
Ligand-directed colloidal polymerization
1.2.1 Ligand induced electrostatic charge
1.2.2 Multifunctional ligands
1.2.3 Non-covalent ligand interactions
1.3.
Surface-directed colloidal polymerization
1.3.1 Oriented attachment
1.3.2 Nanowelding
1.4.
Dipole-directed colloidal polymerization
1.4.1 Electrostatic dipoles
1.4.2 Magnetic dipoles
1.5.
Properties of colloidal polymers
1.5.1 Properties correlated with DP, monomer spacing, and monomer orientation
1.5.2 Properties correlated with composition of colloidal polymers
1.6.
Conclusions and outlook
1.1. Introduction
The use of well-defined inorganic nanocrystals as reagents for the construction of
novel colloidal compounds or assemblies is an emerging approach for the preparation of
complex materials with hierarchical structure. A number of reports have described the
concept of using inorganic nanoparticles (NPs) as “artificial atoms” for the formation of
colloidal crystals and superlattices, as pioneered by Murray et al.1-3 Shape control of
inorganic NPs later extended the structural complexity of these systems by introducing
intricate nanocrystalline architectures in the form of nanorod, tetrapod, and dendritic
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morphologies, as first demonstrated for cadmium chalcogenide NPs.4-9 Chemical
transformations also exist which enabled the formation of “artificial molecules” containing
two or more discrete nanoparticle domains within a single nano-object. Examples of these
heterostructured nanomaterials include inorganic heterodimer NPs by Xu,10-11 Teranishi,12
Sun,13-14 and Hyeon et al,15 which have been comprehensively reviewed elsewhere.16-18
More recently, a “nanoparticle total synthesis” approach was developed for the formation
of complex trimers, tetramers, and oligomeric species by sequential nanoparticle formation
and bond forming reactions, which expanded the use of preformed nanocrystals as reagents
for synthetic transformations.19-21
Building on the concept of using nanoparticles as chemical precursors, the use of
preformed nanoparticles as “colloidal monomers” has received recent attention for the
formation of one-dimensional (1-D) mesostructures, or “colloidal polymers” (also termed
“nanopolymers” or “nanochains”). These colloidal monomers form linear assemblies
through attractive, directional, interparticle interactions (e.g., electrostatic interactions,
chemical bonds, magnetic interactions). A key challenge in the synthesis of colloidal
monomers is in developing synthetic methods to embed anisotropic character to
nanoparticle materials to enable strongly associative 1-D interactions. The formation of
colloidal polymers requires that these interparticle associations be strong enough to
overcome thermal fluctuations, and that these anisotropic interactions be highly efficient
with minimal side reactions to form linear assemblies with reasonable degrees of
polymerization.
In contrast to the high degree of structural control afforded from the synthesis of
classical molecular polymers, methods to tune fundamental structural features, such as,
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chain length (DP), composition (copolymers), and architecture (linear, branched, etc.) are
still being developed for NP-based colloidal polymer systems. Applying these “principles
of polymerization”22 to the assembly of inorganic nanoparticles is expected to enable
access to complex nanocomposite materials that cannot be fabricated via current synthetic
methods. However, to our knowledge, the use of inorganic nanoparticles to form colloidal
polymers has not been reviewed in terms of monomer types, polymerization mechanisms,
or methods for controlling fundamental polymer structural parameters.
Herein, we classify the colloidal polymerization of inorganic nanoparticle
monomers by applying the conceptual framework provided by polymer science to these
systems. The descriptive nomenclature used for classical polymers is used to define more
explicitly the types of colloidal polymers that have been prepared in terms of DP,
architecture, and composition (for binary or complex NP assemblies). This Review
includes descriptions of inorganic nanoparticle types useful for the formation of colloidal
polymers with examples chosen to demonstrate control over key structural parameters and
correlation with emergent optical, electrical and electrochemical properties.
1.1.1. Types of colloidal polymerizations
We propose a classification scheme which divides colloidal polymerizations into
categories by the interparticle interactions between NP monomers directing the formation
of colloidal assemblies (Scheme 1.1). In classical polymer science, polymers are typically
classified by their respective polymerization mechanisms (e.g., step-growth versus chaingrowth) which further provides insight into the processes affecting the degree of
polymerization (DP), polydispersity (Mw/Mn) and polymer structural features.22 To date,
the vast majority of colloidal polymers are formed via step-growth type processes.
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Furthermore, the preparation of colloidal polymers has been achieved by harnessing either
permanent chemical bonds, or supramolecular associations between NP units.23-28
However, fundamentally different colloidal monomer types and interparticle binding
motifs have been used to form colloidal polymers that deviate from classical
polymerization reactions of small molecule monomers. Colloidal polymers are synthesized
by harnessing interparticle associations of nanoparticle monomers, and these associations
depend greatly on features such as crystal phase, morphology, and ligand functionalization
of the colloidal monomers utilized. Hence, the classification of existing colloidal polymers
can best be described by the nature of the interparticle associations employed to promote
1-D assembly of nanoparticle monomers (Scheme 1.1).

Scheme 1.1. Scheme showing the categories of colloidal polymerizations covered in this
Review. Three general categories are identified based on the location of the interaction
directing initial colloidal polymer formation: outside of the particle (ligand-directed), at
the surface of the particle (surface-directed), or due to an inherent NP dipole (dipoledirected). These three general categories are further divided into subcategories based on
the physical nature of the associative interaction used for colloidal polymer formation.
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Interparticle interactions utilized for the formation of colloidal polymers include
electrostatic or magnetic dipolar interactions, hydrophobic (non-covalent) interactions of
the ligand shells, multifunctional ligands (covalent bonds), direct NP-NP coupling (e.g.,
metal bonds, ionic bonds), oxidation, and in some cases Ostwald ripening and
recrystallization. Interparticle associations directing colloidal polymer formation are
divided into three general categories based on the origin of the colloidal polymerization,
namely, a) ligand-directed; b) surface-directed; or c) dipole-directed associations (Scheme
1.1).
We describe ligand-directed formation of colloidal polymers as 1-D associations of
NPs dictated by the chemical interactions of surface ligands between neighboring particles
(Scheme 1.1a). These ligand-driven associations between NP monomers have been
produced by non-covalent interactions (e.g., electrostatic interactions, hydrogen bonding),
the formation of covalent bonds, or metal-ligand associations using multi-functional small
molecule ligands as colloidal linkers. Electrostatic interactions arise from functional
ligands having a net electric charge which directs the formation of linear nanoparticle
assemblies (Scheme 1.1a-1). These interparticle electrostatic interactions of as synthesized
nanoparticles are typically isotropic and repulsive in nature due to nanoparticle ligands
having like charge (e.g., citrate-capped, AuNPs). However, these interparticle electrostatic
interactions can be modulated by judicious choice of reaction conditions (e.g., by the
addition of salts), which has been proposed to form species such as colloidal dimers that
promote 1-D nanoparticle assembly.29-31
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The second subcategory for ligand-directed formation of colloidal polymers deals
with multifunctional ligands (also referred to as “molecular linkers” in the literature) or the
use of small molecule ligands to form a chemical bond between two otherwise distinct NPs
(Scheme 1.1a-2). The seminal work of Mirkin et al. demonstrated the viability of using
complementary oligonucleotide thiol ligands on disparate AuNPs to promote NP
association into network structures.32 However, the formation of linear colloidal polymers
using multifunctional ligands has the added challenge of imparting directional 1-D NP
assembly through surface bound small molecule linkages. For example, linear colloidal
polymers based on streptavidin complexes have been synthesized by preferential binding
of biotin disulfides to more reactive surface sites on the terminal facets of gold nanorods
(AuNRs).33 The inherent shape anisotropy of these nanorods enabled placement of ligands
selectively onto terminal facets at two diametrically opposed ends of each colloid, which
resulted in the formation of difunctional nanoparticles capable of selective 1-D colloidal
polymerization. The chemical selectivity of these nanorod colloidal monomers is possible
due to differences in curvature and chemical nature of the surface atoms located on terminal
and lateral facets, which results in different binding affinity of ligands for these two
surfaces.
The third subcategory for ligand-directed formation of colloidal polymers is
through non-covalent interactions of nanoparticles or the use of ligands which
preferentially associate and result in nanoparticle agglomeration to form linear assemblies
of NPs (Scheme 1.1a-3). This subcategory includes “patchy particles” which have phase
separated mixtures of ligands on the nanoparticle surface and enable NPs to self-assemble
through favorable non-covalent interactions of like “patches.” An example of this type of
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system is the self-assembly of AuNRs through the complementary interparticle interactions
of zwitterionic glutathione ligands installed at nanorod termini, which is again enabled by
preferential placement of assembly-directing ligands onto two NP surfaces.34
Ligand-directed assembly of colloidal polymers is frequently sensitive to pH and
ionic strength of the reaction medium. Compositional changes in the inorganic core can
change the efficiency of the directing ligands to bind to the NP surface(s), but otherwise
play a minimal role in the ligand-directed formation of colloidal polymers. In addition,
crystallographic changes to the NP core can affect the selectivity of ligand binding to NP
surfaces, which can be vital for the installation of directional ligand interactions (such as
AuNRs).
Surface-directed formation of colloidal polymers (Scheme 1.1b) occurs through
direct contact of inorganic nanoparticle surfaces, and can further be described by oriented
attachment, and nanowelding approaches. Oriented attachment is the self-assembly of NPs
to form larger single crystals by sharing of common crystallographic orientations. Colloidal
polymers synthesized by oriented attachment mechanisms can exhibit linear, cyclic,
branched, or network architectures (Scheme 1.1b-1). Oriented attachment of nanoparticles
to form colloidal polymers is sensitive to crystallographic changes in the inorganic NP
which affect both surface chemistry and effective shape of these colloidal monomers. An
elegant example of colloidal polymers formed via oriented attachment is the controlled
nucleation, growth, and subsequent oriented attachment of PbSe NPs to form a variety of
colloidal polymer architectures.35 By comparison, nanowelding systems are characterized
by the aggregation of NPs to form larger assembled structures, without preferential
crystallographic orientation, and have been synthesized by chemically induced
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destabilization or removal of passivating ligands from the NP surface (Scheme 1.1b-2).
Removal of passivating ligands, or nanowelding, of spherical NPs was observed to
uncontrollably aggregate NPs into 3-D networks of irregular size and morphology.
However, the preparation of colloidal polymers has been demonstrated using AuNP-tipped
CdSe nanorods, where ligand destabilization of AuNP “tips” resulted in the tunable
formation of nanorod networks.36
Dipole-directed colloidal polymerization (Scheme 1.1c) arises from through space
coupling of charge or spin dipoles inherent to the inorganic NP cores of colloidal
monomers. These dipolar interparticle interactions can be mitigated by ligand-induced
repulsive interactions or increased temperature. Additionally, the linearity of selfassembled structures from dipolar NPs is strongly dependent on the balance between
dipolar interactions and van der Waals interactions between the constituent particles.
Electrostatic dipoles arise from anisotropic crystal structures within NPs, and these dipoles
must be strong enough to overcome both thermal fluctuations and ligand-induced repulsive
interactions to form colloidal polymers (Scheme 1.1c-1). The seminal work of Kotov et al.
utilized CdTe colloidal monomers, which have been extensively studied.37 Ligand-induced
repulsive interactions are minimized for CdTe NPs by removal of excess ligands from NP
dispersions prior to colloidal polymer formation.
Conversely, the formation of colloidal polymers has been demonstrated for
coupling of NPs possessing magnetic (spin) dipoles from dipolar associations of either
ferromagnetic, or ferrimagnetic colloidal monomers (Scheme 1.1c-2).38-51 For example, the
seminal work of Thomas and Hess et al. described the formation of dipolar colloidal
polymers via magnetic association of ferromagnetic polymer coated cobalt nanoparticles
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(CoNPs).52-53 Ferrimagnetic colloidal polymers have been observed in biological systems,
most notably in the formation of magnetosome chains composed of Fe3O4 NPs formed in
magnetotactic bacteria.54
Each of the above colloidal polymer classifications (from Scheme 1.1) will be
applied to various systems to discuss key polymer parameters such as DP, composition
(copolymers), and architecture. We will also discuss the mechanisms governing the
assembly of colloidal monomers for the formation of complex colloidal polymer
architectures and compositions. The reader is referred to other reviews for general NP
assembly,55-59 the use of templates,60-73 metallization of (bio)organic polymers,74-75
polypeptide-grafted particles,76 field-directed assembly,77-78 assembly at liquid-liquid
interfaces,79-81 microribbons,82-83 micron-sized rods,84-85 or other forms of self-assembly
where associative interactions of inorganic colloids play a lesser role in directing the
colloidal polymer structure.
1.1.2. Synthesis of colloidal monomers
Modern advances in the synthesis of inorganic nanoparticles provide the basis for
the development of colloidal monomer systems (Scheme 1.1) to embed the shape
anisotropy and differential functionalization necessary to promote 1-D colloidal
polymerization versus 2-D or 3-D assembly (Fig. 1.1a). In general, synthetic methods have
been developed to control the size of nanoparticles based upon metals and semiconductors.
The use of polymeric ligands and polymeric assemblies have also been reported to afford
a wide range of well-defined inorganic nanoparticles.43, 86-93 Furthermore, in the case of
certain systems, methods to control NP architecture have been demonstrated to prepare 1D nanorods or more complex branched materials (e.g., tetrapods).5-7, 94-95 Notable and
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extensively studied examples include Ag and Au nanorod materials (Fig. 1.1b),96-100 along
with II-VI semiconductor tetrapods and dendritic nanocrystals (Fig. 1.1c).8-9, 16-18, 94, 101
Methods to control NP size and composition have been extended to enable the synthesis of
materials having multiple NP domains, as demonstrated by the seminal work on
heterodimeric NPs (i.e., Janus particles, Fig. 1.1d),10-18, 93, 102 and the differential binding
affinity of ligands for terminal nanorod facets has been utilized for the selective placement
of assembly-directing ligands to create difunctional colloidal monomers.103-106 Similar
heterostructured

nanocrystals

have

been

prepared

using

metal-semiconductor

nanocomposites based on II-VI semiconductor nanorods capped with metal NPs selectively
bound to the nanorod termini (i.e., NP “tips”).107-109 In these metal-semiconductor NRs, the
wurtzite structure of the semiconductor NR promoted deposition of metallic NPs to the NR
termini, which created colloidal surfaces that were differentially functionalized with multifunctional ligands that promoted 1-D colloidal polymerization (Fig. 1.1e).107-109 The
compositional anisotropy afforded by tipped nanorod heterostructures has resulted in a
variety of colloidal polymer forming strategies through selective reactivity of NP tips, and
colloidal polymers based on tipped nanorods are present in all of the major categories
described in this Review. Conversely, highly branched colloidal polymers were obtained
through colloidal polymerization of metal NP tips on more complex tetrapod architectures
(Fig. 1.1f).36
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Figure 1.1. TEM images of (a) Isotropic 4.8 nm CdSe quantum dots in a close packed fcc
superlattice; (b) Gold nanorods having an aspect ratio of 18; (c) (top) CdS@CdTe tetrapods
and (bottom) CdSe@CdTe dendritic structures; (d) binary heterostructure consisting of a
AuNP (D = 8 nm) and a Fe3O4 NP (D = 12 nm); (e) AuNP-tipped CdSe nanorod dumbbells
(Lnanorod = 29 nm, Dnanorod = 4 nm); (f) Network structures formed from nanowelded AuNPtipped CdTe@CdS tetrapods (Larm ≈ 50 nm, DAuNP-tip ≈ 5 nm). Figures adapted with
permission from (a) reference 1, copyright 1995, AAAS; (b) reference 96, copyright 2001,
American Chemical Society; (c) reference 9, copyright 2004, Nature Publishing Group; (d)
reference 14, copyright 2005, American Chemical Society; (e) reference 107, copyright
2004, AAAS; and (f) reference 36, copyright 2009, Wiley.
1.2. Ligand-directed formation of colloidal polymers
For classification purposes, ligand-directed colloidal polymerization is a broad
category which includes interactions arising from surface bound organic ligands on
individual NPs resulting in the 1-D (or lightly branched) self-assembly of inorganic NPs
(Scheme 1.1a). These interparticle ligand interactions have promoted colloidal
polymerization of NPs using electrostatic interactions, multifunctional ligands, or noncovalent interactions, as discussed in separate sections below. AuNPs have been the most
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widely investigated colloidal monomer for ligand-directed formation of colloidal polymers
in the literature due to both facile control of NP size and surface chemistry via
functionalization with thiol-containing ligands.110 In most cases, the inorganic core does
not intrinsically possess sufficient shape anisotropy to enable spontaneous 1-D assembly
under practical synthetic conditions. However, functionalization of nanoparticle surfaces
with small molecule ligands based on terminal thiols, or block copolymer ligands have
been investigated to form “patchy” asymmetrically functionalized colloids from otherwise
isotropic particles. Often, multiple mechanisms for colloidal polymerization operate
simultaneously and only the dominant pathway directing linear assembly is of interest for
a given report. However, in some cases, competitive forces are intentionally utilized in the
formation of colloidal polymers to control key polymer parameters, as discussed below in
the section for colloidal polymers directed by ligand-induced electrostatic charge.
1.2.1. Ligand-induced electrostatic charge
As previously discussed, linear colloidal polymers from ligand-induced
electrostatic charge have primarily been investigated for functional AuNP systems. A
typical synthesis of spherical AuNPs uses citrate ligands, and affords negatively charged
AuNPs in aqueous media.111-113 One of the key questions regarding the formation of
colloidal polymers from these noble metal NPs is the driving force for the formation of
linear assemblies from isotropic AuNPs, which would be expected to form 3-D network
colloidal polymers.114 A number of reports have investigated AuNP colloidal
polymerization and the formation of complex structures via two general mechanisms: (1)
phase separation of binary mixtures of surface bound ligands to generate charge anisotropy
(electrostatic dipole), or 2) the asymmetric structure of NP dimers imparting charge

25
anisotropy, as opposed to individual colloidal monomers. Mechanistic discussions for a
given system are further complicated by possible contributions from thiol-terminated
ligands which have been proposed to result in the formation of spin dipoles on small (D <
2 nm) Au clusters.115
One of the early proposed mechanisms for linear assembly of AuNPs postulated
the spontaneous phase separation of binary mixtures of charged and neutral surface bound
ligands on NP surfaces to generate a net charge dipole that promoted 1-D polymerization.
Mann et al. investigated the mechanism for the self-assembly of AuNPs (D = 13 nm)
functionalized with a mixture of citrate and mercaptoethanol ligands, and the formation of
statistical copolymers with branched architectures was achieved by incorporation of larger
AuNPs (D = 20 nm).116-117 Negatively charged, citrate capped, AuNPs (D = 13 nm) were
synthesized using the citrate reduction of HAuCl4,111-113 which afforded aqueous NP
dispersions. Linear and reticulated assemblies of AuNPs were observed upon addition of
2-mercaptoethanol (MEA) to an aqueous dispersion of these AuNPs. The formation of
these NP assemblies was attributed to the presence of a mixture of both citrate and MEA
ligands, which the authors proposed to promote the formation of an electrostatic dipole via
phase separation of ligands on the NP surface.116 TEM studies of a sample prepared at a
molar ratio of MEA to AuNP of 3000:1 revealed looped chains ranging 1 – 5 µm in length,
which corresponded to 80 – 380 AuNPs per colloidal polymer chain (DP = 80 – 380).
Later investigations by Mann et al. on AuNP assembly using this mixed ligand
system found the final colloidal polymer architecture to also be dependent on temperature
and AuNP diameter (Fig. 1.2).117 Binary mixtures with AuNPs having larger diameters (20
nm versus 13 nm) resulted in phase separated mixtures at equimolar ratios of AuNPs.
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However, statistical copolymers were obtained by decreasing the feed ratio of 20 nm
AuNPs (ca. 99:1 small:large AuNPs), where the larger AuNPs served as both branching
points and chain stoppers in these assemblies (Fig. 1.2).117 The diminished reactivity of
larger AuNPs was attributed to the decreased (electrostatic) dipole moment for larger
AuNPs, which resulted in termination of colloidal polymer chains (chain stopping agents).
These branched colloidal copolymers formed from a large excess of 13 nm AuNPs were
reported to span up to 1300 nm in length, which corresponded to a DP of ca. 100 NPs. The
mechanism for linear assembly of AuNPs through dipolar electrostatic interactions of
ligand patches has been utilized by others to explain observations of NP assembly.118

Figure 1.2. TEM image of a branched statistical colloidal copolymer obtained by blending
small (13 nm) and large (20 nm) AuNPs capped with binary ligand mixtures of citrate and
2-mercaptoethanol. White arrows indicate 20 nm AuNPs acting as chain stopping agents,
while black arrows indicate 20 nm AuNPs observed at branching points of the colloidal
polymer chain. Reproduced with permission from reference 117. Copyright 2011 Wiley.
An alternative proposed mechanism leading to linear assembly of negatively
charged AuNPs is based on the anisotropic shape and reactivity of AuNP dimers (Fig. 1.3).
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These dimers arise from random collisions of isotropic AuNPs, and the addition of a third
AuNP to a dimer (to form a trimer) is favored at the ends of these structures. This
“dimer/multimer” mechanism was evaluated theoretically by Kotov et al. (for CdTe NPs)30
and experimentally by Wang et al. (for charged AuNPs).31 The presence of an electrostatic
dipole was proposed to contribute to the formation of linear assemblies, in both of these
cases.30-31 However, the formation of linear chains of surfactant stabilized, charge neutral
AuNPs (e.g. Au-S-R) was also modeled by using pair potential calculations of potential
energy surfaces and Brownian dynamics simulations, where electrostatic dipoles were not
required for the formation of 1-D NP chains from isotropically stabilized particles (Fig.
1.3).29

Figure 1.3. Pair potential and resultant potential energy surfaces (PES). (a) Pair potential
V/kBT for individual surfactant-coated (charge-neutral) nanoparticles. Contour plot of the
PES experienced by a nanoparticle (b) around a monomer (c) around a dimer, and (d)
around a trimer. Reproduced with permission from reference 29. Copyright 2006 AIP
Publishing.
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Wang et al. evaluated assembly behavior of negatively charged, thioglycolic acid
capped AuNPs (D = 14 nm) versus ionic strength or dielectric of the media to develop a
theoretical framework in terms of electrostatic repulsion, van der Waals interactions, and
dipolar interactions induced by stabilizing ligands.31 Linear nanoparticle assembly was
selectively achieved over 2-D or 3-D agglomeration by controlling the ionic strength (by
addition of NaCl) or dielectric constant (by addition acetonitrile) of aqueous NP
dispersions, where colloidal polymer chain length increased with increasing ionic strength
(or decreasing dielectric constant) of the media. Electrostatic repulsive interactions were
decreased in the presence of salts (or acetonitrile), which increased the number of
successful NP collisions (and colloidal polymer DP) due to screening of repulsive
electrostatic interactions. However, calculations showed that electrostatic repulsive
interactions were stronger than van der Waals interactions, which should have precluded
chain formation.
Wang et al. further proposed that the electrostatic double layer surrounding
associated NPs rearranged into a uniform layer surrounding the entire colloidal chain,31
which eliminated repulsive interactions between NPs in dimers. These AuNP dimers were
found to have asymmetric electrostatic repulsive potentials, where a particle approaching
from the side of a dimer would experience stronger electrostatic repulsion than one
approaching from the end of the dimer.31 This mechanistic picture was similar to that
previously discussed for neutral, surfactant stabilized AuNPs leading to linear
assemblies.29 However, dipolar interactions were also proposed to contribute to the
assembly of these thioglycolic acid capped AuNPs,31, 119 by citing previous findings that
Au-S bonds can result in the formation of magnetic dipoles for smaller (1.4 nm) Au
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clusters.115 The authors did not distinguish for this system whether thiol-terminated ligands
contributed to the formation of an electrostatic dipole (due to phase separation of ligands,
as per Mann et al.117) or a magnetic dipole (as observed for thiol-passivated AuNPs having
significantly smaller diameters115). Nevertheless, a mathematical relationship was derived
between the average number of nanoparticles in a chain (DP) and the surface charge density
of the particles for linear chains up to approximately 400 nm (DP ≈ 30 NPs).31
Recently, several methods were developed to control DP of linear AuNP chains by
adjusting the ionic strength of AuNP dispersions.31, 120-121 In these studies, increased salt
concentrations were utilized to screen repulsive interparticle electrostatic interactions and
promoted increased agglomeration (assembly) of AuNPs. This approach to NP assembly
is based on earlier work using cationic species to induce the formation of linear and
reticulated chains of AuNPs,122-123 and the formation of linear assemblies in these systems
was general agreement with the mechanistic findings of Kotov and Wang et al.29-31, 119
Chen et al. studied the effect of ionic strength on the linear assembly of 2naphthalenethiolate capped AuNPs (D = 15 nm) using a block copolymer ligand
encapsulation methodology to enable TEM imaging of the assemblies in the dispersed
state, and demonstrated the synthesis of colloidal block copolymers from binary mixtures
with smaller (10 nm) AuNPs (Fig. 1.4).120 AuNPs in this system were synthesized via the
standard citrate reduction of HAuCl4, followed by ligand exchange with 2naphthalenethiolate. Excess citrate salts were removed during purification by
centrifugation prior to studies on NP assembly carried out in DMF, and these AuNPs
retained colloidal stability after both purification and ligand exchange of the citrate-capped
AuNPs with 2-naphthalenethiolate. Agglomeration of NP dispersions was induced by
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increasing the ionic strength of the media (with NaCl or NaNO3) to screen electrostatic
repulsive interactions between negatively charged NPs. Increasing salt concentrations led
to longer NP chains, as observed by TEM imaging, and linear colloidal polymers up to 40
NPs in length were observed at the highest salt concentration studied (0.99 mM NaCl). The
authors proposed that the linear aggregation was kinetically controlled and that charge
repulsion among AuNPs was the key factor directing linear aggregation, similar to the
dimer/multimer mechanisms of Kotov and Wang et al.29-31
The AuNP assemblies of Chen et al. were preserved by in situ encapsulation in
frozen block copolymer ligand shells for TEM studies to exclude any drying effects on
colloidal polymer structure (PS154-b-PAA60, PS-b-PAA, Mn = 16,000 g/mol for the
polystyrene block and Mn = 4300 g/mol for the poly(acrylic acid) block, Mw/Mn = 1.15,
Fig. 1.4).120 PS-b-PAA formed micelles under the conditions used for polymer
encapsulation (DMF/H2O), and high temperature destabilization of these polymer
mesostructures (T = 110 °C) resulted in AuNPs uniformly coated with PS-b-PAA. UV-vis
spectra of these assemblies were unchanged before and after polymer encapsulation,120
which demonstrated that the structures of these assemblies were not altered by this polymer
encapsulation methodology.124 These mechanistic studies also revealed that linear
aggregation was irreversible and, thus, kinetically controlled in their study of 2naphthalenethiolate capped AuNPs.120
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Figure 1.4. (a) Partial scheme showing favorable chain formation for differing size AuNPs
(10 nm and 15 nm) due to electrostatic repulsion potential (V). (b) TEM image of polymer
encapsulated blocky colloidal copolymers obtained by blending smaller AuNPs (10 nm)
with preformed chains of larger AuNPs (15 nm). Scale bar is 100 nm. Polymer shell =
(PS154-b-PAA60, Mn = 16,000 g/mol for the polystyrene block and Mn = 4300 g/mol for the
poly(acrylic acid) block, Mw/Mn = 1.15). (c) Scheme showing the relative strength of
electrostatic repulsions between small (15 nm) and large AuNPs (60 nm). (d-i) TEM
images of small (15 nm) and large (60 nm) AuNP blends at increasing NaCl concentrations
(d) 0 mM; (e) 0.54 mM; (f) 0.72 mM; (g) 0.90 mM; (h) 1.17 mM; and (i) 1.44 mM. Scale
bars for images d-i are 200 nm. Adapted with permission from reference 120. Copyright
2010 The Royal Society of Chemistry.
In these PS-b-PAA/2-naphthalenethiolate capped AuNPs, preferential end-to-end
attachment of AuNPs was found to be strongly dependent on particle diameter for AuNPs
having diameters of 5 nm, 10 nm, and 15 nm (Fig. 1.4).120 Similar to the dimer/multimerinduced asymmetric electrostatic repulsion mechanism of Wang et al.,29-31 the electrostatic
repulsive force experienced by a AuNP having a smaller diameter (D = 5 nm) approaching
a chain of AuNPs having larger diameters (D = 15 nm) was less anisotropic than for a
AuNP having a more closely matched diameter (D = 10 nm) approaching the same NP
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chain (D = 15 nm, Fig. 1.4a). These differences in repulsive forces were attributed to
increased electrostatic repulsion between larger NPs (for a given surface charge density),120
as opposed to reorganization of ligands to form an electrostatic dipole. These mechanistic
findings were then utilized to form oligomeric colloidal block copolymers having segments
enriched in AuNPs of differing diameters (AuNP diameters = 10 nm and 15 nm; Fig. 1.4b).
End-functional “tadpole” like structures consisting of chains of 15 nm AuNPs attached to
60 nm AuNPs were also synthesized by control over the ionic strength of the media where
AuNP-AuNP interactions were found to be most strongly repulsive between AuNPs having
larger diameters (Fig 1.4c-i). The range of accessible chain lengths from these colloidal
polymerizations were not discussed for either of these copolymer compositions, although
TEM images suggest that these assemblies consisted of approximately 20 NPs per chain.
Linear colloidal polymers capable of reversible assembly were synthesized by Yin
et al. in their investigation of the role of salt in the self-assembly of AuNPs (D = 10 nm) in
ethanol, which also demonstrated that thiol-terminated ligands were not required for linear
assembly of AuNPs.121 AuNPs were synthesized by the standard citrate reduction of
HAuCl4 and subsequently functionalized with bis(p-sulfonatophenyl)phenylphosphine
dihydrate dipotassium salt (BSPP) after ligand exchange to improve colloidal stability. The
main purpose of this study was to clarify earlier reports in the literature that aggregation of
negatively charged AuNPs was induced by the addition of ethanol.125-126
This study on the aggregation of AuNPs by Yin et al. determined that the key factor
affecting AuNP aggregation in ethanol or ethanol/water mixtures was residual salt, as
opposed to ethanol itself, for both citrate and BSPP ligand capped AuNPs.121 Increased
aggregation rates were associated with increased salt concentrations in wet ethanol, which
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the authors noted could be brought into the system either intentionally or unintentionally
after purification of the (salt containing) synthetic reaction mixture. Colloidal polymer
chain length increased with increasing salt concentration in ethanol (determined by UVvis), although DP was not explicitly discussed in this report. The reversible polymerization
of these AuNP colloidal polymers in ethanol/water mixtures was demonstrated by
dissociation of AuNP chains upon dilution of the system with water or evaporation of
ethanol, but only when the NPs were passivated with a sufficiently tightly binding ligand
such as BSPP. This study supported the mechanisms of Wang et al.,29, 31 and demonstrated
the need for precise salt concentrations and nanoparticle purity when targeting the linear
assembly from ligand-directed colloidal polymerization.
Xia et al. utilized tunable electrostatic repulsive interactions to control DP and
monomer spacing in their study of in situ encapsulation of AuNP colloidal polymers.127
AuNPs (D = 17.7 nm) were prepared by reduction of HAuCl4 with sodium citrate, and the
formation of linear and branched assemblies was triggered by the addition of
mercaptoacids with varying alkyl segments (HS(CH2)nCOOH, n = 2, 10, 15) to AuNP
dispersions in wet ethanol (98:2 ethanol:water). The mercaptoacids were proposed to
completely replace the citrate ligands present on AuNPs, and remained negatively charged
under these conditions. The large excess (> 0.01 M) of these surfactants reduced
interparticle electrostatic repulsive interactions between AuNPs by screening NP charges
due to the increased concentration of charged species. The observed assembly behavior
was in agreement with the predicted decrease in AuNP Debye length with increasing
surfactant concentration,127 based on previous reports of Bibette and Xia et al.128-129
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AuNP spacing in these colloidal polymers was correlated with increasing alkyl
chain length of the surfactant, as confirmed by tracking of the localized surface plasmon
resonance (LSPR) of colloidal monomers by UV-vis spectroscopy.130-131 Additionally,
ligand size affected the kinetics of colloidal polymer formation, where assembly times
ranged from days to weeks with increasing mercaptoacid alkyl chain length. Conversely,
aggregation rate and colloidal polymer chain length (DP) were observed to increase with
increasing surfactant concentration. The number of AuNPs per linear chain was controlled
for oligomeric colloidal polymers consisting of up to ca. 20 NPs per chain upon incubation
in 1 mM 3-mercaptopropionic acid solution for 24 hours. Larger, reticulated (network) NP
assemblies were observed at higher surfactant concentration and longer reaction time.
Colloidal polymer chains were then fixed in either silica (by the addition of tetraethyl
orthosilicate), or in gelatin (by a microfluidic approach). Nanoparticle spacing and
colloidal polymer architecture were minimally affected by these encapsulation approaches,
as confirmed by UV-vis spectroscopy and SEM imaging, respectively.
Kumacheva et al. utilized both hydrophobic and electrostatic interactions to form
linear and globular colloidal polymers from charged AuNPs (D = 23 nm) capped with a
mixture of cetyltrimethylammonium bromide (CTAB) and polystyrene ligands.132 AuNPs
capped with CTAB ligands were subjected to ligand exchange with thiol-terminated
polystyrene (Mn = 5,000 to 50,000 g/mol) to afford colloidal monomers coated with a
mixture of polystyrene and charged CTAB ligands. NP assembly was promoted and
systematically controlled by tuning solvent quality for the polymer ligands and screening
of repulsive electrostatic interactions afforded by retained CTAB ligands. These
electrostatic interactions were found to be strongly dependent on ionic strength,
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concentration of water in DMF/water mixtures, and on the amount of THF added to these
colloidal dispersions.
In this AuNP system capped with mixed ligands of PS and CTAB, colloidal
polymer conformational transitions (chain versus globule) were governed by the
competition of attractive hydrophobic forces from PS ligands and repulsive electrostatic
forces from the charged AuNPs.132 A phase diagram for polystyrene ligands of various
molar masses versus concentration of water was determined, ranging from isolated AuNPs
(all PS Mn studied, low concentration of water), NP globules (high PS Mn, moderate
concentration of water), and NP chains (all PS Mn studied, high concentration of water).
Linear oligomeric AuNP chains having the longest lengths in this report (DP ≈ 25 NP based
on available TEM images) were obtained from AuNPs capped with PS ligands of the
lowest molar mass (Mn = 5,000 g/mol) at relatively high volume fraction of water in DMF
(15% water v/v). Polymer ligand molecular weight was also demonstrated to impact
interparticle spacing between colloidal monomers. Solution light scattering was utilized in
conjunction with TEM studies to observe structural transitions between linear chains and
globular assemblies of these polystyrene coated spherical AuNPs, which provided
additional evidence for the imaged structures representing the dispersed state.132
Wang et al. recently utilized the electrostatic repulsion mechanism for AuNP chain
formation to synthesize oligomeric colloidal block copolymers consisting of segments
enriched in both small (D = 25 nm) and large (D = 36 nm) AuNPs capped with pH sensitive
polymer ligands (poly([2-(dimethylamino)ethyl] methacrylate), Fig. 1.5).133 Spherical
AuNPs were synthesized by Ag(I)-assisted reduction of HAuCl4 with citrate in boiling
water,134 and citrate capped AuNPs were then subjected to ligand exchange with (poly([2-
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(dimethylamino)ethyl] methacrylate) complexed with disodium citrate to prepare the
polymer coated NPs used for aqueous self-assembly. Colloidal polymer chain length
increased with decreasing pH of the reaction medium due to protonation of complexed
citrate ions which resulted in diminished interparticle electrostatic repulsive interactions
(increased zeta potential).
Linear assembly in these systems was attributed to the dimer/multimer-induced
asymmetric electrostatic repulsion mechanism of Wang et al.,98,

100-101

and a minimal

dependence of colloidal polymer chain length versus the diameter of NP colloidal
monomers was observed (Fig. 1.5).133 However, similar colloidal polymer chain lengths
resulted in a decreased number of NPs per chain (DP) for increasing AuNP diameter (up
to D = 36 nm). The largest linear chains in that report were oligomeric with lengths of
approximately 300 nm (based on TEM images), which corresponded to DPs ranging from
5 – 15 NPs, depending on NP diameter. AuNP diameter also contributed to the electrostatic
repulsion of individual chains such that end-to-end coupling of chains consisting of AuNPs
of differing diameters was disfavored for binary mixtures of small and large AuNPs based
on purely electrostatic considerations. Oligomeric colloidal block copolymers were
obtained by blending chains of 25 nm AuNPs (3 + 1 NPs per chain) and chains of 36 nm
AuNPs (2 + 1 NPs per chain) in water, followed by stepwise adjustment from pH 3.0 to
2.5 (Fig. 1.5). This system, in particular, illustrated the ability to control colloidal polymer
composition using variations of pH to induce ligand-directed electrostatic assembly of
AuNPs of differing diameters.
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Figure 1.5. TEM image of colloidal block copolymers obtained by the coupling 25 nm and
36 nm AuNPs coated with pH-sensitive polymer brushes (poly([2-(dimethylamino)ethyl]
methacrylate) complexed with disodium citrate). Adapted with permission from reference
133. Copyright 2013 Wiley.
1.2.2. Multifunctional ligands
For the purposes of forming colloidal polymers, the term “multifunctional ligand”
refers to small molecules which induce the formation of linear (or lightly branched) NP
assemblies through chemical associations (or bonds) between ligands on disparate colloidal
monomers. Colloidal polymers based on multiple associations of ligands with NPs have
been primarily investigated using AuNPs, which can be attributed to the extensive studies
of Au surface functionalization using thiols and disulfides.135 However, isotropic
functionalization of spherical particles with ligands that promote association of NPs
typically affords highly branched, or network, colloidal polymers. Therefore, synthetic
routes to colloidal polymers from multifunctional ligands require methods for either
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anisotropic functionalization of NPs, or kinetically controlled conditions to suppress 3-D
colloidal polymer network formation.
The assembly of AuNPs with oligonucleotides and other biomolecules has been
widely utilized for sensing applications based on the early work of Mirkin et al.,136 which
has been extensively reviewed elsewhere.137-139 However, the formation of linear
nanoparticle assemblies via these methods have generally relied on preformed DNA
templates for NP associations.140 Hence, the synthesis of colloidal polymers of controllable
architecture and composition requires precise functionalization and assembly methods of
NP colloidal monomers.
One related technique which was utilized for the formation of alternating colloidal
copolymers was based on the polymerase chain reaction (PCR) for replication of chiral
double-stranded DNA on AuNPs (Fig. 1.6).141-145 In this system, AuNPs of two distinct
diameters (10 nm and 25 nm) were functionalized with thiolated reverse and forward
primers, utilizing stoichiometric control to limit the number of primers per AuNP.
Repetitive PCR cycles with small and large AuNPs resulted in oligomeric alternating
plasmonic copolymers consisting of up to approximately 12 NPs per colloidal polymer
chain as characterized by TEM (Fig. 1.6a).141 The number of PCR cycles used to synthesize
colloidal polymers correlated with increasing chain length or degree of polymerization
(Fig. 1.6b-i). Cycle number also correlated with the circular dichroism spectra for these
plasmonic colloidal polymers, which afforded tunable chirality of these structures. While
other examples exist which demonstrate preferential alternation of colloidal monomers
within linear assemblies, this PCR methodology is the only example to date which provides
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a synthetic route to truly alternating colloidal copolymers. Related work with AuNRs also
afforded a means for enhancing the specificity of DNA oligomers.146-147

Figure 1.6. (a) Scheme for alternating copolymer formation using AuNPs of differing
diameters (10 nm and 25 nm) using the polymerase chain reaction (PCR). (b-i) TEM
images of alternating plasmonic copolymers obtained for increasing number of PCR
cycles: (b) 5 cycles, (c-e) 10 cycles, (f-i) 20 cycles. Adapted with permission from
reference 141. Copyright 2013 American Chemical Society.
Stellacci et al. demonstrated the selective functionalization of NPs with
multifunctional ligands by installation of 11-mercaptoundecanoic acid (MUA) activated
by N-hydroxysuccinimide at two diametrically opposed points, or “point defects” on
AuNPs (D = 10 nm) having stripe-like ligand domains (Fig. 1.7).148 Hydrophobic AuNPs
were synthesized using a modified Schiffrin method,149-152 which afforded AuNPs capped
with a binary mixture of 1-nonanethiol and 4-methylbenzenethiol. This binary ligand
mixture was reported to form stripe-like domains of ligands on the NP surface, as
previously reported for nanoparticulate Au surfaces having high curvature.153-155 Ligands
at the poles of these spherical AuNPs were preferentially exchanged with thiol-terminated
carboxylic acids (i.e., MUA).148 This selective functionalization of “point defects” with
carboxylic acid functionality afforded A2 colloidal monomers (i.e., A2 and B2 refer to
difunctional monomers used for step-growth polymerization22) which could then be
polymerized via interfacial polymerization methods by addition of a B2 small molecule
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monomer (1,6-diaminohexane). This interfacial polymerization approach afforded
colloidal polymer films consisting of linear nanoparticle assemblies (DP = 3 – 20 NPs per
chain), as observed by TEM (Fig. 1.7). Interparticle distances were correlated with
variation of linker length in the small molecule used for the formation of these colloidal
polymers (e.g., O,O′-bis(2-aminoethyl)octadecaethylene glycol (PEG-diamine, n=20)).
Blends of difunctional AuNPs having differing diameters (10 nm and 20 nm) were reported
in the supporting information of the same article,148 though this blending approach resulted
in colloidal polymers having less well-defined architectures. Similar studies by Stellacci et
al. were conducted using superparamagnetic iron oxide NPs, where an increased blocking
temperature for colloidal polymers was observed relative to individual iron oxide NPs.156

Figure 1.7. TEM images of AuNP colloidal polymers obtained from “divalent” AuNPs.
Scale bars are 200 nm and 50 nm for the larger image and inset, respectively. Adapted from
reference 148. Copyright 2007 and reprinted with permission from AAAS.
The synthesis and self-assembly of AuNRs to form colloidal polymeric materials
have been extensively investigated.98,

103

The inherent shape anisotropy of AuNRs, in

conjunction with the differential binding of ligands to the terminal or lateral facets, can be
utilized to promote 1-D assembly of NPs into colloidal polymers. In particular, the ability
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to selectively install ligands at nanorod termini affords the opportunity to synthesize A 2
monomers capable of 1-D assembly. For example, the selective ligand placement of biotin
disulfides at AuNR termini enabled controlled formation of colloidal polymers using
biotin-streptavidin multivalent ligands, as first demonstrated by Murphy et al.33
Cetyltrimethylammonium bromide (CTAB) ligands used during the synthesis of AuNRs
were postulated to bind preferentially to lateral NR facets, which left the terminal facets of
the nanorods more exposed for further functionalization with biotin disulfides. Treating
dispersed nanorod-biotin conjugates with streptavidin thus resulted in linear colloidal
polymers having (AuNR-biotin-avidin-biotin)n connectivity.33 Although the degrees of
polymerization were not discussed for these colloidal polymers, the formation of
oligomeric colloidal polymers having at least 10 AuNRs were obtained as indicated by
TEM images.
Thomas et al. extensively investigated the formation of linear assemblies of AuNRs
using a variety of approaches based on multifunctional ligands (Fig. 1.8).157-160 In these
systems, the selective functionalization of terminal nanorod facets with α,ω-alkanedithiols
of varying hydrocarbon length (3 – 9 carbons) was a crucial factor in obtaining difunctional
colloidal monomers capable of 1-D assembly. In one study, CTAB coated AuNRs (aspect
ratios 2.2 and 2.9, L ≈ 50 nm) were treated with multifunctional ligands to trigger linear
nanoparticle assembly in acetonitrile/water (4:1 v/v) affording chemically bonded AuNR
colloidal polymers having up to 20 NRs per chain (Fig. 1.8c). Colloidal polymerization of
these difunctional nanorods was preceded by an incubation period, during which AuNRs
were functionalized with the α,ω-alkanedithiol ligands, and this incubation period
increased with increasing alkyl chain length in the multifunctional ligand.157 Upon reaching
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a critical concentration of difunctional AuNRs (colloidal monomers), second order kinetics
were observed for colloidal polymer formation. These kinetic observations were consistent
with the stepwise mechanism proposed for polymerization of these difunctional AuNRs
(Fig. 1.8a,b). The energies of activation for dimerization of nanorods were estimated from
Arrhenius plots to be 85.9, 80.2, and 33.8 kJ/mol, for AuNRs possessing C9, C8, and C5
multifunctional ligands, respectively. Dimerization was more highly favored in the case of
nanorods possessing shorter dithiol linkers, which was attributed to activation controlled
processes (rather than diffusion controlled) with relatively large activation energies for
these polymerizations. This kinetic investigation was perhaps the first correlation of a
stepwise kinetic model with the formation of a colloidal polymer.157

Figure 1.8. (a) Scheme showing the stepwise formation of colloidal polymers from AuNRs
via temporally overlapping “incubation” and “dimerization” steps. (b) Graph depicting the
average distribution of Au nanorods per chain versus time. (c) TEM image of colloidal
polymers formed upon the addition of 1,3-propanedithiol. Adapted with permission from
reference 157. Copyright 2006 American Chemical Society.
The seminal report by Banin et al. demonstrated the synthesis, functionalization,
and colloidal polymerization of CdSe nanorods (Lnanorod = 20 – 30 nm, Dnanorod = 3 – 4 nm)
functionalized with AuNP-tips (DAuNP-tip = 2 – 4 nm).107 An attractive feature of these
metal-tipped nanorod systems for colloidal polymerization is the ability to differentially
functionalize the metallic tips by selective installation of α,ω-dithiol molecules to promote
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metal coordination with other AuNP tips.107 These tipped nanorods have been utilized for
the formation of linear and star-like colloidal polymer architectures through selective
functionalization of AuNP tips with multifunctional ligands.107-109 Using this approach,
colloidal polymers having approximately 15 NPs per chain (as observed by TEM) were
reported. 107
More complex branched colloidal polymer architectures were later obtained for the
same tipped nanorod system using avidin-biotin interactions, where AuNP tips on CdSe
nanorods were functionalized with biotin disulfide and/or avidin to form “A’, A2, and B3
type” colloidal monomers (Fig. 1.9a).109 Colloidal polymer architecture was controlled by
variation of the feed ratios of these nanorods and small molecule ligands to prepare AuNRs
carrying: (1) a single biotin functionality (A’ colloidal monomer), (2) a single avidin
functionality with three remaining sites for biotin-nanorod conjugation (B3 colloidal
monomer), or (3) two biotin functionalities per nanorod (A2 colloidal monomer, Fig. 1.9a).
Subsequent exposure of A’ colloidal monomers to avidin (B4 functionality) in a 2:1 molar
ratio resulted in a mixture of dimers and star-like colloidal polymer architectures consisting
of up to 10 NRs, based on TEM studies (Fig. 1.9b,d). By comparison, linear trimers were
preferentially formed by blending A2 colloidal monomers with B3 colloidal monomers in
a 1:2 ratio (Fig. 1.9c).109
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Figure 1.9. (a) Scheme showing the self-assembly of AuNP-tipped CdSe nanorod
dumbbells using biotin-avidin linkers (green diamonds = biotin disulfide, orange crosses =
avidin). TEM images of (b) dimers, (c) trimers, and (d) stars. Scale bars for b-d are 50 nm.
Adapted with permission from reference 109. Copyright 2006 American Chemical Society.
1.2.3. Non-covalent interactions
For the purposes of forming colloidal polymers, the term “non-covalent
interactions” refers to linear (or lightly branched) assemblies arising from attractive
interactions of surface bound ligands between NPs, which do not result in the formation of
covalent bonds. One of the major challenges with these systems is the selective
functionalization of regions of colloid surfaces to promote 1-D interparticle associations.
For example, binary mixtures of ligands have been used to create phase separated ligand
domains on NPs to form “patchy particles” which further undergo 1-D self-assembly to
maximize energetically favorable interactions of NP ligand shells.161-162 Hydrophobic
ligand patches on nanorod termini have been utilized to favor assembly of like NP
segments in polar media due to the hydrophobic effect.163-164 Hydrophobic interactions
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have also been utilized to incorporate isotropically functionalized NPs into cylindrical
block copolymer micelles for 1-D assembly.165-171 Alternatively, complementary
zwitterionic interactions of ligands at nanorod termini have also been utilized to generate
1-D assemblies.34
Block copolymer micelles have been utilized to direct the linear assembly of
inorganic colloids, as was recently reviewed.172 Early work by Taton et al. demonstrated
that sphere to string transitions in block copolymer micelles could be utilized to direct the
assembly of AuNPs.173-174 Dodecanethiol capped AuNPs (D = 12, 32, and 52 nm) were
encapsulated in PS-b-PAA block copolymer ligands to afford water dispersible AuNPs.
Colloidal polymerization of AuNPs was then triggered by adjusting pH or ionic strength
of the media to afford linear AuNP assemblies containing up to approximately 40 NPs per
chain (based on available TEM images) due to a sphere to string transition of the block
copolymer ligand shell.173-174
Chen and coworkers have also demonstrated a variety of colloidal polymer motifs
based on controlled destabilization of polymer ligands and micelle encapsulated AuNPs
(Fig. 1.10).165-170, 175 While the vast majority of colloidal polymers follow step-growth
kinetics, Chen et al. observed an unconventional chain growth mode for the linear assembly
of AuNPs (D = 16 nm) encapsulated in polystyrene-block-poly(acrylic acid) (AuNP@PSb-PAA).175 The characteristic feature of this chain growth type mechanism was the
formation of long chain colloidal polymers (DP ≈ 200 NPs) at low colloidal monomer
conversions (Fig. 1.10c). Citrate capped AuNPs functionalized with 1,2-dipalmitoyl-snglycero-3-phosphothioethanol were encapsulated in block copolymer ligands to afford
water dispersible AuNP@PS-b-PAA, where the poly(acrylic acid) segments were
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dissolved in water (Fig. 1.10a,b). Structural transformation of polymer micelles from
spheres to cylinders was induced by addition of HCl to warm (70 °C) AuNP@PS-b-PAA
dispersions in DMF/water (7:3 v/v), which resulted in the assembly of block copolymer
encapsulated AuNPs (Fig. 1.10c). Assemblies obtained using these DMF/water mixtures
consisted of two laterally associated linear AuNP chains (“double-line chains”). The
formation of these laterally associated assemblies was attributed to the aggregation of core–
shell NPs and subsequent reorganization of PS-b-PAA shells to form cylindrical micelles,
and the colloidal polymers were preferentially isolated by centrifugation (Fig. 1.10d).175

Figure 1.10. (a) Scheme for nanoparticle passivation with hydrophobic ligand, 1,2dipalmitoyl-sn-glycero-3-phosphothioethanol and colloidal polymer formation in
poly(styrene)-block-poly(acrylic acid) copolymer. (b) TEM image of polymer
encapsulated nanoparticle monomers. (c) TEM image after self-assembly in DMF/water
(7:3 v/v). (d) TEM image of “double-line chains” after purification. (e,f) TEM images of
colloidal polymers formed from larger AuNP initiators. (g) TEM images of colloidal
polymers formed from larger AgNP initiators. Adapted with permission from reference
175. Copyright 2012 Wiley.
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Chen et al. used the same system described above to further demonstrate precise
control of colloidal monomer lateral association into colloidal polymers by variation of
solvent mixtures (DMF/H2O, Fig. 1.10).175 The formation of block copolymer stabilized
colloidal polymers possessing “double-line chains” were found to be more
thermodynamically stable than linear AuNP chains which were not laterally associated
(“single-line chains”). Single-line chains obtained in DMF/water (6:1 v/v) were readily
transformed to double line chains after treating colloids in dispersions with increased water
content (DMF/water 7:3 v/v), while the reversion of double-line chains to single-line chains
was not observed. Double-line chains possessing degrees of polymerization up to 200 NPs
were observed, while single-line chains resulted in colloidal polymers of slightly higher
DP (300 NPs). Additionally, the authors utilized larger NPs as “colloidal initiators” by
introducing 30 or 40 nm AuNPs or 45 nm Ag nanocubes as seeds to grow chains composed
of two laterally bundled NPs, so that the terminal starting points could be identified. The
polymer shells of these colloidal initiators were destabilized by the addition of HCl, but
these larger NPs did not aggregate due to their low concentration. Upon the addition of an
excess of smaller AuNP@PS-b-PAA (D =16 nm) colloidal monomers, larger NPs were
observed preferentially at the end of the resulting double-line chains (Fig. 1.10e-g).
Murphy and coworkers demonstrated the formation of linear colloidal
homopolymers and statistical copolymers of various CTAB-capped AuNP morphologies
assembled on TEM grids through interactions of hydrophobic domains at NP termini (Fig.
1.11).163 This study revealed that colloidal monomers having sharp edges (e.g., NRs,
bipyramids, and “spiked” NPs; Fig. 1.11a,c) were prone to the formation of linear
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assemblies with random monomer connectivity, despite being functionalized by a single
type of small molecule ligand.163 Spherical AuNPs were found to form assemblies with
more branched architectures (Fig. 1.11b). The observed assembly behavior was attributed
to the organization of CTAB ligands as bilayer assemblies on AuNR lateral facets.163
Intuitively, CTAB bilayers on a colloidal surface would be expected to present positively
charged head-groups to the solution enabling aqueous dispersions of AuNRs. However,
since these bilayers were less stable on nanorod termini surfaces due to increased curvature,
the CTAB monolayers presented a greater fraction of hydrophobic alkyl chains to the
aqueous medium. Thus, sharp NP facets (such as NR termini or tips of bipyramids)
associated through hydrophobic interactions of these alkyl chains at the AuNR termini in
polar solvents. This system was an early example of linear AuNR assembly through
association of differentially functionalized “patchy particles,”163 as predicted by molecular
simulations.162 Nanoparticle sizes and colloidal polymer DP were not discussed for the
linear assemblies in this report.163 Lyotropic materials have also been synthesized which
relied upon differential ligand binding to direct the assembly of AuNRs.176
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Figure 1.11. TEM images of linear assemblies formed from gold nanocrystals of different
morphologies. (a) Mixture of Au bipyramids and “spiked” NPs. (b) Spherical AuNPs. (c)
AuNRs. Adapted with permission from reference 163. Copyright 2005 American Chemical
Society.
Wang and Yan et al. devised an approach to the formation of quasi-alternating
plasmonic colloidal copolymers based on zwitterionic interactions between ligands on the
termini of AuNRs and bipyramids (Fig. 1.12).34 In this system, CTAB-coated AuNRs and
bipyramids were preferentially functionalized with either glutathione or cysteine at the
terminal facets, and linear assemblies were proposed to form through complementary
interactions of these zwitterionic endgroups (Fig. 1.12a,b). Colloidal copolymers with
quasi-alternating monomer connectivity were observed when AuNRs (D ≈ 14 nm, Fig.
1.12c,d) or bipyramids (D ≈ 45 nm, Fig. 1.12e,f) were blended with AuNPs of comparable
diameter (D = 14 nm or 45 nm, respectively) in the presence of glutathione or cysteine.
The length of these linear assemblies (DP), and the mechanism resulting in the formation
of quasi-alternating copolymers (versus blocks or homopolymers) were not discussed,
though the results suggested that reactivity ratios22 of AuNPs with Au rods or pyramids
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were small to explain the obtained results (r <<1). Binary self-assembly of AuNPs and
AuNRs with gold nanowires was also investigated in related work by Liz-Marzán et al.177

Figure 1.12. (a) Zwitterionic ligands used to direct colloidal polymer formation. (b)
Scheme depicting proposed role of zwitterions in NP assembly. (c,d) TEM images of
copolymers consisting of Au nanorods (0.8 nM) and nanospheres (1.0 nM) with
comparable diameters (14 nm) in the presence of glutathione (150 µM). (e,f) TEM images
of copolymers consisting of Au bipyramids (0.7 nM) and nanospheres (0.5 nM) with
comparable diameters (45 nm) in the presence of glutathione (180 µM). Adapted with
permission from reference 34. Copyright 2007 The Royal Society of Chemistry.
Kumacheva et al. enhanced the “patchiness” of CTAB coated AuNRs by the
functionalization of nanorod termini with thiol-terminated polystyrene ligands, which
enabled the formation of linear and cyclic colloidal polymers when dispersed and deposited
onto substrates from selective solvent systems.164 Association of these polystyrene ligands
in various solvent mixtures was utilized to afford reversible and highly tunable access to
colloidal polymer architectures through hydrophobic interactions of PS ligands at nanorod
termini.178 In general, the formation of colloidal polymer assembles was conducted with
dilute dispersions of AuNRs (L = 40 nm, D = 10 nm) in DMF (0.0075 mg/mL AuNRs) that

51
were end-functionalized with thiol-terminated PS ligands where the addition of water
promoted colloidal polymerization through hydrophobic associations of the PS ligands
endcapped onto NR termini (see Fig. 1.13 for representative example with varying molar
mass of PS ligands).179
For this patchy AuNR system, Kumacheva and coworkers also investigated the
effect of molecular weight of terminal PS ligands on colloidal polymer architecture, where
the use of higher molar mass PS ligands correlated with the formation of linear and laterally
bundled AuNR assemblies (Fig. 1.13a-d).179 A phase diagram was constructed for varying
water concentrations and PS ligand Mn which mapped conditions for obtaining rings,
chains, bundles, and bundled chains (double-line chains). Furthermore, variation of PS
ligand molar mass was also observed to correlate with the interparticle distances between
NP units within colloidal polymer chains as determined by UV-vis spectroscopy and TEM
studies (Fig. 1.13e-g). Degrees of polymerization of up to 50 NPs (as observed by TEM)
were obtained for linear chains of AuNRs end-functionalized with PS ligands (Mn = 30,000
g/mol) cast from DMF/water dispersions.179
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Figure 1.13. (a) Scheme of the relative location of polystyrene (PS) molecules with varying
Mn on AuNRs, and the self-assembled structures when water is added to the solution of
NRs in DMF. (b-d) SEM images of the self-assembled structures with increasing Mn of PS
ligand in water/DMF with 6% water. Scale bars for b-d are 100 nm. (e-g) TEM images
showing interparticle spacing of AuNRs end-functionalized with PS chains of increasing
Mn in water/DMF mixture with 15% water. Scale bars for e-g are 50 nm. Adapted with
permission from reference 179. Copyright 2008 American Chemical Society.
AuNRs (L = 43 nm, D = 12 nm) functionalized at both termini with thiol terminated
poly(N-isopropylacrylamide) (PNIPAm) ligands were also demonstrated to undergo
(photo)thermally-triggered self-assembly to form linear and branched colloidal polymers
(Fig. 1.14).180 AuNRs were heated above the lower critical solution temperature (LCST)
of PNIPAm (Mn = 13000 g/mol) to induce colloidal polymer formation (Fig. 1.14b,c). The
average DP was reported to be 11 NR units per chain using this LCST approach to colloidal
polymer formation. Optical spectroscopy was utilized to confirm the presence of
assemblies in the dispersed state, to complement imaging of AuNR samples deposited onto
supporting substrates. The 1-D self-assembly of PNIPAm functionalized AuNRs was also
observed upon illumination at a wavelength near the longitudinal plasmon band of the NRs
due to optically induced heating to trigger the LCST of PNIPAm chains (Fig. 1.14a).180
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Figure 1.14. (a) Scheme showing the photothermally-triggered self-assembly of PNIPAm
functionalized Au nanorods. (b) TEM image of PNIPAm-modified NRs prior to selfassembly. (c) TEM image of colloidal polymer structures formed by PNIPAm-modified
gold NRs after self-assembly. Adapted with permission from reference 180. Copyright
2009 The Royal Society of Chemistry.
The colloidal polymerization of polystyrene-terminated AuNRs (L = 50 nm, D =
12 nm) was later shown to follow step-growth polymerization models, as tracked by the
optical plasmon absorbance of NR monomers (Fig. 1.15).181 This mechanistic study was
perhaps the first quantification of supramolecular nanorod assembly using classical
polymerization approaches.22 Furthermore, polymerization parameters related to DP and
other NR bonding considerations (e.g., cis/trans isomerism, cyclization, branching,
interparticle angles) were also measured by TEM imaging and incorporated into the
theoretical description of AuNR assembly.181 The polydispersity of this system was found
to approach a value of 2 at high conversion of AuNR colloidal monomers (tracked up to
DP = 16), which was in agreement with classical step-growth polymerization predictions
(Fig. 1.15d).181
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Figure 1.15. (a) Scheme showing the long face (left) and the edge (right) of a Au NR
carrying CTAB on the long side and thiol-terminated PS molecules on the ends. (b,c) Dark
field TEM images of NR chains after short and long assembly times. Scale bars are 100
nm. (d) Plot of the PDI of colloidal polymer chains versus Xn. The dashed line shows the
relation PDI = (2 − 1/ Xn). Reproduced from reference 181. Copyright 2010 and reprinted
with permission from AAAS.
Similar to the previous work on the self-assembly of AuNPs, the ionic strength of
NP dispersions was later shown to be a useful parameter for controlling the colloidal
polymerization of polystyrene end-functionalized AuNRs.182 However, the major driving
force for self-assembly in the case of PS functionalized AuNRs was found to be a decrease
in solubility of the polystyrene ligands, rather than screening of electrostatic repulsion
previously observed for AuNPs. Photocrosslinking of poly(styrene-co-isoprene) endfunctionalized AuNRs was also demonstrated as a useful means to covalently fix the bond
angles in AuNR colloidal polymers,183 and plasmonic properties of related systems were
later correlated with colloidal polymer structure.184-188
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Figure 1.16. (a) Scheme showing self-assembly of bifunctional AuNRs in DMF/water in
the presence of monofunctional chain stoppers. (b) TEM image of AuNR colloidal
monomers. (c) TEM image of Au–Fe3O4 colloidal chain stoppers capped with thiolterminated polystyrene and dopamine-terminated polyethylene glycol molecules at the
surfaces of Au and Fe3O4 domains, respectively. (d) TEM image of an uncapped AuNR
chain. (e) TEM image of a capped AuNR chain. All scale bars are 20 nm. Adapted with
permission from reference 189. Copyright 2013 National Academy of Sciences of the
United States of America.
Au-Fe3O4 heterodimers were recently utilized to prepare α,ω-telechelic colloidal
polymers by end-capping AuNR colloidal polymers with Au-Fe3O4 heterodimers (Fig.
1.16a).189 In this case, the Au-Fe3O4 heterodimers served as colloidal analogs to endcapping agents (or B’ agents) in the colloidal polymerization of AuNRs. These Au-Fe3O4
heterodimers (DAu = 6.5 nm, DFe3O4 = 15.4 nm) were synthesized based on the work of Sun
et al.,14 and the Au domains were functionalized with thiol-terminated PS ligands (Fig.
1.16c).189 AuNRs (L = 35 nm, D = 10 nm, Fig. 1.16b) functionalized with PS ligands at
nanorod termini were then blended with these heterodimers in DMF/water mixtures (15%
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water v/v). The PS-coated AuNP segments on Au-Fe3O4 NPs were able to associate with
PS-coated nanorod termini, where these heterodimers were utilized as monofunctional B’
colloidal monomers, or “chain stoppers” (Fig 1.16d vs. 1.16e). The relative molar ratios of
chain stoppers/AuNRs was varied from 0 – 1.55, which enabled the preparation of colloidal
polymers of controllable DP.189
Both statistical and segmented colloidal copolymers were recently prepared for
CTAB coated plasmonic (Au and Pd) nanorods end functionalized with PS ligands in
DMF/water mixtures (Fig. 1.17).190 AuNRs of differing lengths (L = 50 and 80 nm) and
comparable diameters (12 nm) were found to have different reactivity towards homo or
cross nanoparticle coupling reactions. Shorter nanorods (L = 50 nm) were observed to selfassociate at a faster rate than coupling of shorter nanorods with longer nanorods (L = 80
nm) under these conditions. Hence, due to the differential reactivity of nanorods as a
function of size, statistical colloidal copolymers were prepared by controlling the feed ratio
of the respective comonomers, where the monomer incorporation was tracked by scanning
TEM (STEM) (Fig. 1.17a). This approach was extended to include PdNR comonomers (L
= 183 nm, D = 19 nm) to afford colloidal copolymers of tunable composition.
Both statistical and segmented copolymers were obtained for mixtures of Au and
Pd NRs in the same report.190 Segmented, or block, copolymers were prepared using
classical prepolymer approaches,22 where preformed colloidal homopolymers of NRs were
blended in situ to form blocky copolymers (Fig. 1.17b). The authors also showed that the
less reactive PdNR colloidal monomers could be added to preformed AuNR chains as an
alternative approach to segmented colloidal copolymers. These colloidal (co)polymers
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were oligomeric with average DP ≈ 10 NRs, though chains consisting of up to 17 NRs were
also observed (based on STEM images).

Figure 1.17. (a) Processed STEM image of colloidal polymer chains with statistical
composition formed by short AuNRs (blue) and long AuNRs (red). (b) Processed STEM
image of blocky chains formed by a prepolymer approach. Scale bars are 200 nm. Adapted
with permission from reference 190. Copyright 2014 Wiley.
Kumacheva et al. also demonstrated that AuNP-tipped CdSe nanorods could be
treated as colloidal analogs to molecular amphiphiles to access a variety of self-assembled
structures including stars and oligomeric brushes (denoted as “elongated objects” in Fig.
1.18a).191 CdSe nanorods having a range of lengths (L = 8 – 28 nm) and comparable
diameters (3 – 4 nm) were investigated, where nanorods incorporated a single AuNP tip
(D = 5 nm). The CdSe nanorods were capped with C12 terminal thiol ligands, while the
AuNP tips were coated with didodecyldimethylammonium bromide and 1-dodecylamine
ligands.191 The self-assembly of these nanorods was thus controlled by tuning both the
relative volume fractions of the Au and CdSe segments and the quality of solvent for each
of the segments, which enabled access to a range of self-assembled morphologies (Fig.
1.18a). Oligomeric “elongated objects” containing approximately 10 NPs (based on STEM
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images) were obtained (Fig. 1.18b,c), where the structural evolution of self-assembled
morphologies was tracked by STEM and dynamic light scattering experiments.

Figure 1.18: (a) Scheme showing self-assembled structures obtained from AuNP-tipped
CdSe nanorods. (b,c) Low and high magnification dark field TEM images of oligomeric
brush-like “elongated objects” and “stars” coexisting in portions of the phase diagram for
self-assembled AuNP-tipped CdSe NRs. Adapted with permission from reference 191.
Copyright 2011 Wiley.
Silver nanoparticles (AgNPs) have also been reported to form plasmonic
assemblies through non-covalent interactions, as was recently reviewed.192 High aspect
ratio (large DP) colloidal polymers were obtained through non-covalent interactions of Agthiolate polymers (Ag(I) and tiopronin ligands) and AgNPs via an ultra-sonication
approach.193 A colloidal suspension of tiopronin-stabilized AgNPs (D = 16 nm) was dried
and the solid product was re-dispersed in deionized water under ultrasound sonication
before preparing a sample for TEM studies. Colloidal polymers consisting of smaller (D =
4 nm) colloidal monomers were obtained from sonication of larger (D = 16 nm) AgNP
dispersions,193 where the change in particle diameter was proposed to occur due to
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digestive ripening of larger (16 nm) precursors.194 The formation of 1-D colloidal polymers
was attributed to the presence of Ag(I)-tiopronin coordination polymers, where linear NP
assemblies were held together by a combination of hydrogen bonding, van der Waals
forces, and argentophilic interactions. Furthermore, the possibility of (ligand induced)
dipolar interactions assisting in the formation of colloidal polymers could not be excluded
for this system under these conditions. However, this metal-thiolate mechanism for
colloidal polymer formation was extended to include AuNPs by using Cu(I) and Au(I)thiolates to form linear thiolate structures in the same report.193 The resulting linear
assemblies of both AgNPs and AuNPs based on thiolate templates spanned several microns
in length, but the average DP of these colloidal polymers was not explicitly discussed.
An example of controlling colloidal polymer structure by non-covalent interactions
was demonstrated for silver nanocubes (AgNCs), where both edge-edge and face-face
orientations of colloidal monomers were accessible within linear colloidal polymers
formed in a PS matrix (Fig. 1.19).195 AgNCs (80 nm) were capped with polymer ligands
(thiol-terminated PEG or PVP) and then cast in polystyrene thin films, where entropydriven depletion demixing resulted in 1-D nanoparticle association.196 Linear colloidal
polymers (as opposed to the formation of 2-D networks) consisting of up to 100 AgNCs
were proposed to occur due to a combination of steric effects,197 and diffusion-limited
aggregation.198 The additional enthalpic interactions between polymer ligands bound to
neighboring AgNCs were then utilized to control colloidal monomer orientation to obtain
either kinetically trapped (edge-edge) orientations or more thermodynamically favorable
(face-face) orientations (Fig. 1.19a). PVP-coated nanocubes were observed to
predominantly retain their initial edge-edge orientations after annealing, while PEG-coated
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AgNCs were found to reorganize into more diverse 1-D arrangements depending on the
thermal history of the thin film (Fig. 1.19b,c). The molar mass of surface bound polymer
ligands was also utilized to control colloidal monomer orientation for AgNCs, based on
predictions obtained from Monte Carlo simulations.195

Figure 1.19. Chain-length-dependent orientation of nanocube junctions. (a) Scheme
showing the assembly of PEG-grafted nanocubes in a polystyrene matrix. On thermal
annealing, the nanocubes rearrange from the edge–edge (EE) to face–face (FF)
configuration. (b) SEM images of nanocubes modified with PVP-thiol after solvent
annealing. (c) SEM image of nanocubes modified with PEG-alkanethiol ligands after both
solvent annealing and thermal annealing. Large scale bars are 1 µm and inset scale bars are
100 nm. Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology,
reference 195, copyright 2012.
1.3.

Surface-directed formation of colloidal polymers
Surface-directed colloidal polymerzation is defined as the 1-D aggregation of

colloidal monomers through irreversible associations or bonding between NP inorganic
surfaces, resulting in linear or lightly branched self-assembled architectures. To date, only
a few systems have been demonstrated to form colloidal polymeric assemblies through a
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surface-directed mechanism, herein described as oriented attachment or nanowelding
approaches.
1.3.1. Oriented attachment
Oriented attachment mechanisms for colloidal polymer formation occur via the
self-assembly of NPs to form larger single crystals by sharing of common crystallographic
orientations resulting in linear, cyclic, or network NP assemblies.199-203 The mechanism
governing aggregation and coalescence of NPs via oriented attachment is currently under
study for a variety of colloidal polymer systems. 203-204 For purposes of this review, it is
interesting to note that the initial organization of these colloidal monomers has been shown
to follow step-growth type polymerization kinetics.205 Oriented attachment has been
extensively studied for a wide variety of metal (e.g., Ag, 206-207 Au,208 Pt209), metal oxide
(e.g., TiO2,199-201, 210 ZnO211), and metal chalcogenide (e.g., CdSe,212 PbSe35) NPs, and the
reader is referred elsewhere for comprehensive reviews on this subject.204, 213
Murray and coworkers demonstrated the synthesis of a variety of polymeric
architectures using PbSe nanocrystalline colloidal monomers via oriented attachment
colloidal polymerization (Fig. 1.20).35 In this system, stabilizing ligands used during the
synthesis of PbSe NPs affected the growth and resulting end morphology of colloidal
monomers by altering the surface energy of various nanocrystal facets. The morphology of
these PbSe NPs (colloidal monomers) then controlled the structure of the resulting colloidal
polymers through oriented attachment of exposed high energy facets. The initial linear
assembly of PbSe NPs was attributed to the inherent charge dipole present in cubic PbSe
along the <100> axis, followed by oriented attachment of the constituent NPs. However,
although both dipolar assembly and oriented attachment contributed to the formation of
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these PbSe colloidal polymers, the control of chain length and architecture demonstrated
in this early example by Murray et al. required NP fusion to form chemically linked
structures through sharing of common crystallographic orientations (e.g. oriented
attachment).35 Single-crystal PbSe nanowires and nanorings ranging from 4-20 nm in
diameter and up to 30 µm in length were synthesized in the presence of oleic acid,
hexadecylamine, trioctylphosphine, and/or n-tetradecylphosphonic acid at reaction
temperatures ranging from 190-250 °C.

Figure 1.20. (top) Schemes for various PbSe crystal shapes and the resulting colloidal
monomer structures. (bottom) TEM images of colloidal polymer architectures obtained by
oriented attachment from the controlled nucleation, growth, and surface chemistry of PbSe
NPs. TEM images correspond to the above schemes. Adapted with permission from
reference 35. Copyright 2005 American Chemical Society.
In this PbSe colloidal polymer system, Murray et al., proposed that nanowire (NW)
formation occurred by both dipolar assembly and oriented attachment of PbSe colloidal
monomers having a rock salt crystal structure (Fig. 1.20a), which were obtained using a
combination of oleic acid and n-tetradecylphosphonic acid stabilizing ligands. Long-chain,
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aliphatic primary amines induced the formation of octahedral PbSe nanocrystals terminated
by eight {111} facets which were preferentially eliminated during self-assembly to form
nanowires with zigzag morphologies through sharing of {111} faces (Fig. 1.20b).
Conversely, branched, star-shaped, PbSe NPs were obtained by optimization of the
reaction conditions leading to octahedral PbSe nanocrystals using primary amines at high
Pb concentration. Linear assembly and oriented attachment of these branched colloidal
monomers resulted in the formation of radially branched wires resembling bottlebrush
polymers with a high grafting density of side chains (Fig. 1.20c). Finally, the formation of
cyclic PbSe colloidal polymers (“nanorings”) was demonstrated for cubic PbSe colloidal
monomers synthesized in the presence of hexadecylamine at higher growth temperatures
(T > 200 °C, Fig. 1.20d). Similar cyclic colloidal polymers were obtained by Zeng et al.
for CdS NPs by an oriented attachment mechanism.214 This example by Murray et al.
demonstrated the precise control of colloidal polymer architecture which can be obtained
from oriented attachment by variation of colloidal monomer structure and reactivity.35
1.3.2. Nanowelding
Nanowelding is a recently coined term by Manna et al. that describes fusion of
preformed NPs through direct contact of inorganic domains to form a new, larger,
chemically bonded structure (Fig. 1.21).36 These structures were primarily branched,36 but
in principle could form linear colloidal polymers with appropriate design of colloidal
monomers. The work of Manna et al. utilized shape anisotropic semiconductor NPs of
various morphologies (“bullets”, nanorods, and tetrapods) which were functionalized with
one or more AuNP tips. Colloidal polymerization was then induced by destabilization of
surface ligands on the gold domains by the addition of molecular iodine to NP
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dispersions.36 Coalescence of these exposed gold domains resulted in branched colloidal
polymers, with the degree of branching depending on the number of semiconductor
domains per AuNP-junction (Fig. 1.21a). These coalesced AuNP tips were observed to be
polycrystalline after nanowelding (Fig. 1.21h,i).

Figure 1.21. (a) Scheme showing assembly of bullet-, rod-, and tetrapod-shaped AuNPtipped nanocrystals. (b-d) TEM images of propeller and flowerlike assemblies obtained
from bullet-shaped AuNP-tipped CdSe@CdS nanocrystals. (e) 3-D reconstruction of a
five-petal flowerlike structure by electron tomography. (f-g) TEM images of branched
chainlike aggregates of AuNP-tipped CdSe nanorods. (h) HRTEM image of “welded”
AuNP-tips between two CdSe nanorods. (i) HRTEM image of a “welded” AuNP junction
between three CdSe nanorods, demonstrating the polycrystalline structure. Adapted with
permission from reference 36. Copyright 2009 Wiley.
In the system of Manna et al.,36 the morphology of the semiconductor component
was utilized to dictate the number of polymerizable moieties (AuNP-tips) per colloidal
monomer, which enabled the formation of extended networks (Fig. 1.1f, CdTe@CdS
tetrapods, Larm ≈ 20 – 50 nm, Darm ≈ 5 nm), branched chain-like assemblies (Fig. 1.21f-i,
CdSe nanorods, L = 80 nm, D = 4 nm), and propeller-like structures (Fig. 1.21b-e, bullet
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shaped NPs, L = 30 nm, D = 20 nm) joined by metallic AuNP-tip junctions (D ≈ 3 – 5
nm).36 The chain length and DP of colloidal polymers formed after nanowelding were not
explicitly discussed, although the authors noted that colloidal polymers composed of
AuNP-tipped CdSe nanorods consisted of several tens of NPs.36 Similar network colloidal
polymer architectures were later obtained by thermal treatment of AuNP-tipped nanorod
dispersions, which offers an alternative approach to using molecular iodine for
nanowelding approaches.215 Although nanowelding methodologies have not yet been
demonstrated to enable the synthesis of purely linear colloidal polymers, the possibility
remains that a balance between steric considerations of nanorod segments and AuNP-tip
diameter could be found to provide access these polymeric architectures. Nanowelding
approaches are anticipated to be a more general methodology to polymerize other NP types
as more systems are developed.
1.4.

Dipole-directed formation of colloidal polymers
The term dipole-directed colloidal polymerization refers to the formation of linear

(or lightly branched) assemblies from interactions of charge or spin dipoles within
inorganic cores of disparate NPs. The dipole-directed formation of colloidal polymers is
sensitive to changes in the composition and crystal phase of the material, where these
attractive interparticle dipolar forces can be mitigated by ligand-induced steric repulsion
or thermal fluctuations. It is important to note that these dipoles are intrinsic to the
inorganic NP core and differ from ligand-induced dipoles arising from incorporation of
certain organic ligands onto the colloid surface (such as thiols on AuNPs, mentioned in
section 2.1 above). Additionally, both dipolar and van der Waals interactions are present
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in dipole-directed colloidal polymerization systems, and the architecture of the resulting
colloidal polymers is dependent upon the balance between these two attractive forces.

Figure 1.22. Scheme showing predicted self-assembled morphologies obtained at various
relative strengths of the van der Waals and dipolar interactions. Simulations were obtained
from a rule based algorithm (d2, d3, dv1 – dv3, v1-v4),216 a Monte Carlo simulation of
equilibrium polymerization (d1),217 and a rule based “magnetic diffusion limited
aggregation model” (dv4).218 The x-axis demonstrates the competition between thermal
energy and the van der Waals interaction. Linear structures are obtained in the high dipolar
attraction regime in the presence of minimal van der Waals forces (d1 and d2). Figure
reproduced with permission from reference 216. Copyright 2007 American Chemical
Society. Figure d1 is originally from reference 217, copyright 2002 The American Physical
Society. Figure dv4 is originally from reference 218, copyright 1995 The American
Physical Society.
An elegant series of 2-D simulations by Benkoski and Douglas et al. reported on
the competition between dipolar and van der Waals effects in colloidal assembly (Fig.
1.22),216 a landscape of possible self-assembled morphologies were formed as a
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consequence of thermal energy, van der Waals forces (x-axis), and/or dipolar interactions
(y-axis).216-218 In this simulation, particles were dispersed into a 2-D gas when all attractive
interparticle interactions were exceeded by thermal energy (Fig. 1.22T). In the absence of
significant van der Waals forces, increasingly linear self-assembled structures were
observed as dipolar interactions exceeded thermal fluctuations (Fig. 1.22d1-d3).
Conversely, increasing van der Waals forces in the absence of dipolar interactions resulted
in the formation of fractal assemblies through reaction and diffusion limited cluster
aggregation (Fig. 1.22v1-v3). Dendritic assemblies were also observed when both van der
Waals forces and dipolar interactions simultaneously exceeded thermal energy (Fig.
1.22dv1-dv4).216

1.4.1. Electrostatic dipoles
CdTe NPs composed of the cubic zinc blend phase have sufficiently strong
electrostatic dipoles to promote the formation of linear assemblies, where the mechanistic
aspects of the polymerization process have been extensively investigated.28,

99, 201-203

Ligand-induced repulsive interactions were often minimized by removal of excess ligands
from NP dispersions prior to colloidal polymer formation.
Kotov and coworkers demonstrated the formation of linear and branched
assemblies of CdTe NPs from ligand depleted dispersions, and the subsequent
transformation of these NP chains into luminescent CdTe nanowires (CdTe NWs, Fig.
1.23).37 Thioglycolic acid capped zinc blend CdTe NPs (D = 2.5 – 5.4 nm) were
synthesized based on the methods of Rogach et al.,219-220 and were then purified to remove
excess ligands present after the NP synthesis.37 This purification step was required to
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enable colloidal polymerization of CdTe colloidal monomers, where the authors noted that
the dipole moments of CdTe NPs were not affected by depletion of surface bound ligands.
The obtained aqueous NP dispersions were then allowed to age in the dark at room
temperature for up to 48 hours to form “pearl-necklace” agglomerates consisting of CdTe
NPs (Fig. 1.23a,b).37 Continued aging of these aqueous NP dispersions resulted in the
formation of linear, single-crystalline, wurtzite, CdTe NWs exhibiting lengths exceeding
one micron, where the individual CdTe NPs (D = 3.4 or 5.5 nm) were no longer
distinguishable by TEM (Fig. 1.23c).37 Furthermore, single crystalline CdTe NW diameters
correlated closely with the diameter of the initial CdTe NPs prior to self-assembly. These
findings suggested that the NWs formed due to the recrystallization of the linearly
assembled CdTe NPs to form rigid nanowires, which were luminescent as observed by
confocal microscopy (Fig. 1.23d-g).37

Figure 1.23. (a,b) TEM images of CdTe NP (5.4 nm) assemblies based on inherent
electrostatic dipole interactions. (c) TEM image of nanowires formed from 3.4 nm CdTe
NPs. (d-g) Confocal microscopy images of individual luminescent nanowires formed from
CdTe NPs with diameters of (d) 2.5 nm, (e) 3.5 nm, (f) 4.2 nm, and (g) 5.6 nm emitting
green, yellow, orange, and red, respectively. Reproduced from reference 37. Copyright
2002 and reprinted with permission from AAAS.
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Later theoretical and experimental investigations of these CdTe systems by Kotov
and coworkers revealed the initial NP assembly to be dependent on a synergistic
combination of electrostatic dipolar, van der Waals, and hydrophobic attractions balanced
by electrostatic repulsion from surface bound ligands.30, 37, 221-223 Monte Carlo simulations
have suggested that CdTe NPs in these colloidal polymers were arranged in a face-to-face
orientation, with dipole directions alternating perpendicular to the wire axis (as opposed to
a head-to-tail orientation).222 Kotov et al. also demonstrated that the recrystallization
process of nanowire formation from CdTe and CdSe NPs could be manipulated to produce
Te and Se NWs (respectively) by the addition of EDTA as a Cd-complexing agent during
aging of ligand-depleted NP dispersions.224
More recently, colloidal copolymers of CdTe NWs were prepared from the
recrystallization and Ostwald ripening of CdTe NPs within chains (Fig. 1.24).225 Kotov et
al. demonstrated the formation of nanowires with corrugated features by blending CdTe
NPs having diameters of 2.4 nm and 5.8 nm, followed by AFM interrogation of the selfassembled structures (Fig. 1.24).225 CdTe NWs formed from binary blends of CdTe NPs
(copolymers) were found to have diameters which varied significantly more than for NWs
prepared from either of the constituent NP diameters (homopolymers). Presumably, this
blending methodology can be further utilized to include nanowires of gradient or blocky
compositions, and could enable the incorporation of pendant functionality if additional NP
domains were carried into the assembly.
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Figure 1.24. (a) AFM image of NW formed from an equimolar mixture of two NP sizes.
(b) Topography of NW shown in (a). (c) AFM image of NW formed from a single NP size.
(d) Topography of NW shown in c. Reproduced with permission from reference 225.
Copyright 2008 American Chemical Society.
A number of other colloidal polymers have been prepared from these
semiconductor (CdTe) colloidal monomers followed by NP conversion reactions. Kotov et
al. demonstrated the preparation of Ag2Te NW networks by cation exchange reactions from
preformed CdTe NWs, where the ligand density in NP dispersions was again a crucial
parameter affecting the final colloidal polymer architecture.226 Silica coating by postfunctionalization of CdTe nanowires resulted in bristled “nano-centipedes”,227 which
resembled classical polymer brushes,228 and CdTe chain formation was also investigated
under conditions which disfavored nanowire formation.229 Related studies have
demonstrated that CuS NPs can self-assemble to form ribbons,230 while CdTe and CdS
nanoparticles form twisted ribbons under illumination.231 ZnO hexagonal pyramids
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represent a relatively new class of colloidal monomer, which have been demonstrated to
form oligomeric collodial polymers.232
1.4.2. Magnetic dipoles
Magnetic dipolar nanoparticles are known to form linear chains under zero-field
conditions (i.e., in the absence of an applied external field) due to interparticle interactions
of the magnetic spin dipoles in each colloidal monomer.47-48, 50, 233-236 Examples of these
systems have been observed for Fe3O4 colloids in magnetotactic bacteria,54 and magnetic
dipolar NPs have most commonly been observed using either (bi)metallic ferromagnetic
or metal oxide ferrimagnetic colloids.41,

237

Early work by Thomas and Hess et al.

demonstrated the spontaneous formation of linear NP chains from polymer stabilized
cobalt nanoparticles (CoNPs).52-53 Similar dipolar NP systems were later developed using
polymeric ligands to enhance the colloidal stability of dipolar magnetic NPs.238-243
Uniformly sized ferromagnetic nanoparticles have also been prepared from thermolysis
reactions of metal carbonyls in the presence of small molecule ligands (e.g., oleic acid,
oleylamine, and trioctylphosphine oxide).244-246
The assembly process by which magnetic dipolar NPs associate is similar to stepgrowth polymerization of A-B monomers. These systems have been described using
equilibrium polymerization models, where stronger dipolar coupling (relative to -kBT)
favors the formation of NP chains over freely dispersed monomers.247 Although the
formation of linear assemblies from magnetic NP colloidal monomers has been extensively
studied, control of key polymer parameters such as DP, composition (copolymers), and
architecture have not been widely investigated for magnetic dipole-induced colloidal
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polymers. Previous examples demonstrating control of colloidal polymer parameters have
generally utilized CoNP colloidal monomers, as discussed in the examples below.

Figure 1.25. (a) TEM image of nanoparticle rings and chains formed by dipole-directed
self-assembly. Scale bar is 250 nm. (b) Scheme showing protonated form of resorcinarene
used to passivate CoNPs. (c,d) TEM image of self-assembled CoNP rings (e,f) Electron
holography images showing direction of the magnetic flux for TEM images in c and d,
respectively. The direction of the magnetic flux is indicated using arrows and colors
(red=right, yellow=down, green=left, blue=up). Adapted with permission from reference
248. Copyright 2003 Wiley.
A key example of controlling colloidal polymer structure by magnetic dipolar
assembly was the formation of nanoparticle bracelets, as pioneered by Wei et al. for CoNPs
using modified resorcinarene ligands (Fig. 1.25).38, 42, 46, 49, 248-249 Cobalt nanoparticles (D
= 27 nm) were synthesized by the thermolysis of Co2(CO)8 in refluxing toluene containing
C-undecylcalix[4]resorcinarene tetraphosphonite ligands to afford dipolar bracelets, or
“flux closure rings,” consisting of approximately 5 - 12 NPs (Fig. 1.25a,b).38, 248 The
formation of these cyclic assemblies was attributed to the dipolar coupling of exposed chain
ends possessing opposite north-south magnetic poles (Fig. 1.25c-f). Open linear chains
were more frequently observed at ligand concentrations higher or lower than the optimal
10-4 M, which was attributed to the delicate balance required between dipolar interactions,
van der Waals interactions, and the viscosity of the dispersion during drying of samples on
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carbon coated TEM grids. Other examples of dipolar magnetic NP bracelets have been
reported using a variety of ligands, which demonstrated the generality of methods to access
cyclic colloidal polymer architectures.250-254
Pyun et al. developed the synthesis of dipolar CoNPs (D ≈ 20 nm) functionalized
with end-functionalized polystyrene ligands (Mn ≈ 10,000 g/mol), which spontaneously
formed linear colloidal polymers.255-258 This methodology was modified to the enable large
scale synthesis of dipolar PS-coated CoNPs, which could be readily isolated and stored as
powders prior to redispersion in organic solvents.259 The assembly and shape persistence
of colloidal polymers made from dipolar PS-CoNPs were then extensively studied by Pyun
and Benkoski et al. on surfaces, at oil/water interfaces, and in solution.44, 216, 260-262
The fabrication of microscopic “artificial swimmers” consisting of a chain of
approximately 70 CoNPs (D = 24 nm) attached to a single, larger, Fe xOy bead (D = 250
nm) was demonstrated by blending these colloids in an external magnetic field. These
binary assemblies were held together solely by dipolar associations.261 Actuation of these
artificial flagella (dispersed in DMF) by an oscillating external field and directional
progression of swimmers were observed using differential interference contrast optical
microscopy.261 The fabrication of colloidal polymer brush-like surfaces capable of artificial
cilia-type actuation was also reported.262
Magnetic-dipole induced colloidal polymers have also been chemically modified
in situ to form chemically bonded nanowires by the oxidation of CoNPs with chalcogens
(E = O, S, Se, Te). This approach was based on earlier reports by Alivisatos et al. for
individual CoNPs to afford larger, hollow, CoxEy NPs via the nanoscale Kirkendall
effect.263-266 The nanoscale Kirkendall effect was utilized by Xu et al. to convert chains of
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CoNPs from supramolecular magnetic assemblies to chemically bonded colloidal polymers
by dimensional expansion of closely associated dipolar CoNPs during chalcogenation.267
CoNPs (D ≈ 20 nm) were converted into micron long CoxEy nanowires (E = S, Se, Te) by
the addition of chalcogen precursors to CoNP dispersions in refluxing 1,2dichlorobenzene, and dipolar assemblies were captured in solution by the dimensional
expansion due to the nanoscale Kirkendall effect. Dipolar ferromagnetic CoNPs were
shown to be necessary for the formation CoxEy NWs in the absence of an external magnetic
field, as superparamagnetic CoNPs formed only individual CoxEy NPs after
chalcogenation.267 This, to our knowledge, was one of the first examples of a colloidal
polymerization that harnessed both dipolar assembly of CoNPs and a NP conversion
reaction to form chalcogenide nanowires. Related work on galvanic exchange268-271 was
utilized for the formation of hollow noble metal NWs,272 along with alloying reactions
using Sb3+ precursors for the formation of CoSb3 NWs.273
Pyun et al., reported on the solution oxidation of polystyrene-capped CoNPs and
concomitant dimensional expansion of CoNPs resulted in micron sized CoxOy NWs due to
the nanoscale Kirkendall effect in a process termed colloidal polymerization (Fig. 1.26).274
The modularity of this colloidal polymerization approach was also demonstrated by a
variety of polymer pre- and post-functionalization strategies which incorporated noble
metals (e.g., Au, Pt) into either the colloidal polymer core or periphery for enhanced
electrochemical activity.275-278 Kim and Pyun et al. prepared Au@CoNPs (D = 22 nm) by
deposition of cobalt shells onto preformed AuNP seed particles (D = 13 nm), which then
spontaneously formed linear assemblies due to spin dipolar interactions of the
ferromagnetic cobalt shells.275 Oxidation of these Au@CoNP assemblies resulted in the

75
formation of micron sized CoxOy NWs (D = 31 nm) which incorporated intact AuNP cores
into each monomeric unit (Fig. 1.26a). The AuNP cores were clearly resolved by TEM
imaging of these Au@CoxOy colloidal polymers and comparison with CoxOy nanowires
synthesized from CoNPs without AuNP cores (Fig. 1.26b,c).275

Figure 1.26. (a) Scheme showing the synthesis of dipolar PS-Au@CoNPs and Au@CoxOy
nanowires. (b) TEM image of CoxOy nanowires without AuNP inclusions. (c) TEM image
of Au@CoxOy nanowires. Reprinted with permission from reference 275. Copyright 2010
American Chemical Society.
Magnetic NP-semiconductor nanorod heterostructures have been synthesized for
several systems as a route to materials with novel magneto-optical and catalytic
properties.279-287 However, the magnetic NP domains (or “tips”) on these heterostructured
nanorod systems were generally not strongly dipolar, and thus did not form colloidal
polymers. By contrast, highly branched colloidal polymer structures were obtained from
dipolar assembly of cobalt domains (D ≈ 15 nm) on CoNP-tipped CdSe@CdS nanorod
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“dumbbells” (nanorod L = 40 – 170 nm) when cast onto supporting substrates.287 These
structures were also captured by oxidation and the nanoscale Kirkendall effect to
demonstrate the persistence of these structures in the dispersed state. The branched nature
of these “dumbbell” CoNP-tipped nanorod assemblies was attributed to the fact that each
colloidal monomer carried two functional A-B monomers in the form of two dipolar CoNP
“tips.”287
Linear colloidal polymers were recently synthesized using CoNP-tipped nanorod
colloidal monomers carrying a single, strongly dipolar, CoNP-tip per nanorod (Fig.
1.27).288-289 These “matchstick” CoNP-tipped nanorods (nanorod length = 60 – 150 nm)
spontaneously formed linear assemblies due to dipolar magnetic coupling of the cobalt
domains (D ≈ 20 nm).288 The attached CdSe@CdS nanorods were carried as side chains
with a high grafting density (ca. 90%), in a fashion analogous to “grafting through”
approaches in classical polymer science to prepare graft copolymers (Fig. 1.27a,b). The
surface wetting and phase behavior of these “colloidal bottlebrush” structures were
strongly dependent on the nanorod side chain length (which was tunable from 60 nm to
150 nm), where longer nanorod side chains promoted more efficient surface wetting
behavior on carbon-coated substrates (Fig. 1.27c,d). Colloidal bottlebrush side chain length
was also correlated with a decreased tendency for lateral aggregation of colloidal polymer
chains in thin films through site isolation of the colloidal polymer backbones due to steric
interactions of nanorod side chains.288
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Figure 1.27. (a,b) TEM images of dipolar CoNP-tipped having nanorod lengths of (a) 124
nm, and (b) 66 nm. (c,d) FE-SEM images of side mounted samples structures with nanorod
side chain lengths of (c) 124 nm, and (d) 53 nm. Reprinted with permission from reference
288. Copyright 2014 American Chemical Society.
Synthetic routes to both segmented and statistical colloidal copolymers were also
demonstrated for this dipolar colloidal bottlebrush system (Fig. 1.28).288 These dipolar
colloidal monomers were shown to be tightly bound within preformed chains due to strong
magnetic interactions of constituent NPs (ca. -30 kBT), which enabled blending of
dispersions of preformed colloidal polymers as a route to form segmented, or block,
copolymers (Fig. 1.28a,b). The preparation of block-type colloidal copolymers was
demonstrated by blending dipolar “bare” PS-CoNPs with “CoNP-tipped” CdSe@CdS
nanorods possessing CoNPs of similar size and magnetization. Despite numerous
processing variations, segmented colloidal copolymers were consistently obtained from
blends of dipolar colloidal monomers. The formation of colloidal polymers with segmented
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compositions was attributed to the strong dipolar coupling between CoNP units which
suppressed isotropic mixing of disparate colloids, where efficient mixing would be
expected to afford statistical or random colloidal copolymers. These segmented colloidal
polymers obtained from blending of preformed dipolar NP chains were thus obtained in
mixtures with the parent homopolymers (Fig. 1.28c). Conversely, random colloidal
copolymers of CoNP-tipped nanorods were prepared by blending “activated” nanorods of
differing lengths prior to deposition of dipolar CoNP-tips. Since these “activated”
CdSe@CdS nanorods were not dipolar in nature, isotropic mixing “in solution” was
obtained. Subsequent deposition of dipolar CoNP-tips resulted in the in situ formation of
the desired statistical copolymer structure, and colloidal homopolymers were not observed
from this approach.288

Figure 1.28. (a) Scheme for formation of segmented colloidal polymers by blending
dipolar NP chains. (b) TEM image of segmented colloidal copolymer obtained from a 1:1
mixture of bare CoNPs and CoNP-tipped nanorods (nanorod length = 124 nm). (c) TEM
image of residual homopolymers observed after blending to form segmented copolymers.
Adapted with permission from reference 288. Copyright 2014 American Chemical Society.
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The phase behavior of dipolar colloidal (co)polymers was also investigated by Pyun
et al. by the blending of bare CoNPs with CoNP-tipped nanorods (Fig. 1.29b).288
Segmented colloidal copolymers consisting of CoNPs and CoNP-tipped nanorods in (10:1
ratio by number of particles) were cast into thin films on carbon coated TEM grids, and
segments rich in bare CoNPs laterally associated into tightly coupled, 3-D, phase
segregated domains of CoNP chains (Fig. 1.29a). Conversely, due to site isolation of the
colloidal polymer backbone afforded by steric interactions of attached nanorod side chains,
dipolar CoNP-tipped nanorods did not laterally self-associate or associate with bare CoNP
chains (Fig. 1.29a). This was the first example demonstrating the formation of a phase
separated morphology from colloidal (co)polymers at this length scale, which highlighted
how otherwise unexpected results can be obtained by applying concepts from classical
polymer science to the self-assembly of inorganic colloids.

Figure 1.29. (a) Scheme showing formation of phase separated spherical domains through
close association and 3-D packing of “bare” CoNP colloidal polymer segments versus site
isolation from nanorod side chains of CoNP-tipped nanorod segments. (b) TEM image of
phase separation for segmented colloidal copolymers enriched in bare CoNPs (10:1 CoNP
: CoNP-tipped nanorod) which is analogous to phase separated spherical morphologies in
block copolymer thin films. Nanorod length = 150 nm. Adapted with permission from
reference 288. Copyright 2014 American Chemical Society.
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1.5.

Properties of colloidal polymers
Although this field is still in the early stages of development, a number of structure-

property correlations have been investigated, pointing to the intriguing optical, electrical,
electrochemical, and catalytic properties of colloidal polymers from inorganic NPs. Selfassembled structures of inorganic nanoparticles can exhibit synergistic properties which
are not observed in the individual constituent particles,184 as demonstrated by the early
plasmonic sensor work of Mirkin et al. for the detection of oligonucleotides.32,

290-292

However, the synthesis and functionalization of inorganic colloids for the formation of
linear colloidal polymers is an emerging field which is only beginning to reveal material
design rules and associated properties. The need for understanding structure/property
correlations of colloidal polymers is, in part, responsible for driving synthetic efforts
towards controlling fundamental polymer parameters (e.g., DP, composition, architecture)
in these mescoscopic materials.
In a general sense, the characterization of electronic properties is complicated by
the presence of stabilizing ligands used in the synthesis of inorganic colloids. These
insulating organic ligands often comprise a significant mass percentage of the sample,
which translates to a large volume fraction of organic material present with these colloidal
polymers. For example, gold nanoparticles (density of Au, 19.3 g/cm3) stabilized with
citrate ligands (density of citric acid, 1.665 g/cm3) at 50% organic content by mass, exist
as 92% organic ligand by volume in the composite material. This large volume of insulating
material has been problematic for device manufacturing using inorganic NPs,293 which will
also apply to the incorporation of colloidal polymers into future devices.
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1.5.1. Properties correlated with DP, monomer spacing, and monomer orientation
Control over structural features such as DP and monomer spacing in colloidal
polymers was utilized by Kumacheva et al. for modulation of the optical (plasmonic)
properties in AuNR colloidal polymer systems (Fig. 1.30).184-188 Coupling of localized
surface plasmon resonances (LSPRs) in AuNR chains resulted in the formation of periodic
arrays of enhanced electric fields, or “hot-spots” in the spaces between AuNR colloidal
monomers, which enabled study of the optical properties of these colloidal polymers by
surface-enhanced Raman scattering (SERS).185 Both the SERS intensity and extinction
(absorption + scattering) of AuNR colloidal polymers were shown to increase with average
aggregation number (DP) in the range of oligomeric chain lengths. This study further
afforded a direct correlation between ensemble-averaged surface-enhanced Raman
scattering and extinction properties (product of extinctions at λ = 785 nm and 821 nm) of
AuNRs in colloidal polymer chains (Fig. 1.30).185 The authors suggested potential
applications of these colloidal polymers for chemical and biological sensing,
nanoelectronics, and plasmonic circuits.

82

Figure 1.30. (a) Plot of extinction (blue circles) and SERS intensity (red circles) versus
average aggregation number of AuNRs in oligomeric chains. Insets are TEM images
showing AuNR chains at various aggregation number, or DP. Scale bars are 40 nm. (b)
Three-dimensional finite-difference time-domain (3D-FDTD) simulation of the end-to-end
assembly of gold NRs. Incident light was polarized parallel to the long axes of the NRs (zaxis). Hot-spots between adjacent NRs showed an electric field intensity up to 4000 times
greater than the incident field. Adapted with permission from reference 185. Copyright
2011 American Chemical Society.
One of the most unusual features of colloidal polymer structure relative to classical
polymers is the effect of spacing and orientation of constituent monomers within selfassembled structures (Fig. 1.31). Interparticle spacing has been extensively studied for
plasmonic colloidal polymers, where overlap of plasmonic wavefunctions is highly
dependent on interparticle distance. Thus, interparticle distances have been directly
correlated with the utility of these colloidal polymers in sensing applications – particularly
for SERS measurements.183 Relative orientation of NP units within colloidal polymers can
also be tuned for a number of systems (e.g., Fig. 1.19), and nanoparticle orientation has
been directly correlated with a decrease in SERS intensity for side-by-side assembly of
AuNRs versus individual colloidal monomers (Fig. 1.31a,b).187 This decrease in SERS
intensity was attributed to destructive interference of the electric fields surrounding
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laterally associated AuNRs (Fig. 1.31c). These examples demonstrate how control of
polymer parameters (DP, spacing, and orientation) directly correlate with the ensemble
material properties for colloidal polymers.

Figure 1.31. (a) Plot showing normalized SERS intensity versus time (increasing
aggregation number) for side-by-side assembly (red circles) and nanorods under conditions
which did not promote assembly (black squares). (b) Electric field intensity profiles from
3D-FDTD simulations for side-by-side assembled NRs at their resonance wavelengths.
Incident light was polarized at 45° relative to the NR long axis (z-axis). (c) Scheme
showing the reduction of electric field due to destructive interference of the radial
component of the E field (Eρ). Adapted with permission from reference 187. Copyright
2012 American Chemical Society.
1.5.2. Properties correlated with composition of colloidal polymers
Methods to control fundamental polymer parameters are still being developed for
dipole-directed colloidal polymerization approaches, such as the dipolar assembly of
ferromagnetic CoNPs. However, methods to vary the composition of these colloidal
polymers have been developed based on core@shell colloidal monomer morphologies and
decoration of preformed colloidal polymer chains.
Pyun et al. investigated the composition-dependent electrochemical properties of
CoxOy nanowires functionalized with Au and Pt inclusions, where the potential formation
of nano-Schottky type junctions between the metal oxide (p-type) and metallic
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nanoinclusions resulted in enhanced electrochemical properties of cobalt oxide nanowires
(Fig. 1.32).275, 278 Cyclic voltammetry of Au-Co3O4 versus Co3O4 nanowire films revealed
a two-fold increase of the (background corrected) Faradaic electrochemical activity
associated with redox transitions at the active sites (i.e., CoO2 > CoOOH > Co3O4; Fig.
1.32).275 The capacitive current was also enhanced, giving a specific capacitance per NP of
CAu-Co3O4 = 1.21 x 10-13 F and CCo3O4 = 4.50 x 10-14 F. This was the first report detailing the
electrochemical properties of a nanoscopic metal oxide obtained via the nanoscale
Kirkendall effect, and Pt-decorated Co3O4 nanowires were later demonstrated to exhibit a
sevenfold enhancement in specific capacitance over pristine Co3O4 nanowires.278

Figure 1.32. Overlay of cyclic voltammograms of calcined Au−Co3O4 (red) and Co3O4
(blue) films on ITO at a scan rate of 20 mV/s in 0.1 M NaOH electrolyte solution. Reprinted
with permission from reference 275. Copyright 2010 American Chemical Society
Kotov et al. also investigated the electrochemical properties of individual CdTe
NWs with and without coaxial silica coating using conductive AFM measurements, and
they observed that silica coatings as thin as 10 nm were strongly insulating.294 Manna et al.
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also investigated charge transport across metal-semiconductor interfaces using “all
inorganic networks” of nanowelded AuNP-tipped CdSe nanorods using micropatterned
Au/SiO2 electrodes, and found that the voltage dependence could be described by a
Schottky barrier lowering at a metal semiconductor contact under reverse bias.295
Control of colloidal polymer composition also enabled direct comparison of Co3O4
NWs, Au-Co3O4 NWs, and blends of AuNPs with Co3O4 NWs for formulation into
negative electrodes for Li-batteries (Fig. 1.33).277 Powder samples annealed at 500 °C were
formulated with PVDF binder and Super P conductive carbon into a negative electrode for
Li-batteries, and the electrochemical activity of these electrodes was assessed against Li
reactivity using galvanostatic measurements. The heterostructured Au–Co3O4 electrode
was found to exhibit lowered capacity (on a mass basis) relative to Co3O4 electrodes (Fig.
1.33, blue circles and red squares, respectively). This lower capacity was attributed to the
presence of AuNP inclusions, which lowered the specific capacity of these electrodes on a
weight basis without enhancing the electroactivity of the nanocomposite toward Liinsertion. Furthermore, the Au–Co3O4 exhibited more rapid loss of charge capacity with
cycling relative to the other systems, which was attributed to an observed decrease in
dimensional stability relative to Co3O4 NWs. By comparison, electrodes from physical
mixtures of AuNPs and Co3O4 NWs possessed a lower initial charge capacity than AuCo3O4 NWs, but improved retention of capacity versus cycle number (Fig. 1.33, green
triangles).277 Related work by Yan et al. investigated the use of Sb NWs and CoSb3 NWs
as anode materials for Li-batteries.273 These examples demonstrated direct correlation of
colloidal polymer composition with the electrochemical properties of a bulk material.
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Fig. 1.33. Specific capacity–cycle number profiles of negative electrodes for Li-batteries
formulated from Co3O4 NWs (red squares), Au–Co3O4 NWs (blue circles), and a physical
mixture of Co3O4 and AuNPs (green triangles). The closed shapes and open shapes
correspond to charge and discharge cycles, respectively. AuNP and AuNP inclusions, D =
13 nm. Reprinted from reference 277 with permission from The Royal Society of
Chemistry. Copyright 2011 The Royal Society of Chemistry.
1.6.

Conclusions and outlook
This Review has presented a classification of 1-D nanoparticle assembly in a new

paradigm based on established ideas from classical polymer science. This classification of
colloidal polymers is fundamentally linked to the mechanism governing colloidal polymer
formation to aid future readers in their own investigations of nanoparticle assembly.
Although the ability to dictate structure-property relationships in colloidal polymers is still
in its infancy, continued efforts to develop increased control of colloidal polymer structure
are anticipated to afford useful, synergistic properties. While many NP systems have been
demonstrated to form linear assemblies, methods to control colloidal polymer architecture
and composition have only been demonstrated for a limited number of NP systems. There
remains a need to develop synthetic methods to control basic structural polymer parameters
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such as, DP, interparticle spacing, regiochemistry, composition and architecture. Hence,
we anticipate that the synthesis of colloidal polymers will remain an emerging field since
the subtle effects of DP, architecture, and composition on NP assemblies will need to be
understood to afford useful nanocomposite materials.
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CHAPTER 2
Directing the Deposition of Ferromagnetic Cobalt onto PtTipped CdSe@CdS Nanorods: Synthetic and Mechanistic
Insights
With contributions from Mathew Bull (initial synthetic work on nanorod synthesis and
cobalt deposition), Younghun Sung (synthetic support), Adam Simmonds (characterization
support), Philip Dirlam (early work on controlling nanorod length), Nathaniel Richey
(synthetic support), Sean DeRosa (quantum dot synthesis), In-Bo Shim (VSM), Debanjan
Guin (related work on CdSe nanorods), Philip Costanzo (support of Philip Dirlam), Nicola
Pinna (microscopy data analysis and coauthor), Marc-Georg Willinger (HRTEM and
HAADF imaging), Walter Vogel (XRD), Kookheon Char (support of Younghun Sung and
coauthor), and Jeffrey Pyun (coauthor and PI).
Reproduced in part from reference 287, . Copyright 2012 American Chemical Society.

2.1: Introduction
Heterostructured nanocrystals composed of semiconductor and metallic colloids
have generated considerable interest as route to prepare nanocomposites with controllable
placement of disparate nanoinclusions and electronically coupled interfaces.17, 296-297 These
materials are of particular interest in photoelectrochemical energy and photocatalysis as
charge transfer processes can be directed across nano-Schottky, or p-n junctions.298-317
Recent advances in synthetic colloid chemistry have enabled the preparation of a wide
range of heterostructured nanorods,9, 101, 318-330 heterodimeric nanoparticles,10-11, 14-15, 21, 169,
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331-338
346

core-shell colloids,10, 167, 263, 302-305, 332-333, 339-343 and coated 1-D nanomaterials.322, 344-

Heterostructured colloids composed of semiconductor nanorods tipped with

magnetic,280, 284-286, 347-348 or noble materials107-108, 313-315, 348-355 in either “matchstick”, or
“dumbbell” topologies have received recent attention as a route to well-defined 1-D
nanocrystals. The seminal work of Banin et al., demonstrated the preparation of dumbbell
heterostructured nanorods by the tipping of CdSe nanorods with various terminal metal
NPs.107-108, 314, 356 Mokari et al. further expanded on the scope of these materials by the
incorporation metal NP tips (Au, Pt, Pd, etc.) onto extended CdSe and CdS nanorods.347,
349

Cozzoli and Manna et al. demonstrated the preparation of heterostructured nanorods by

the combination of a wide range of materials based on Au, CdS, CdSe, TiO2, metallic Co,
iron oxides, and CdSe@CdS seeded nanorods.284,

286, 351

In general, these approaches

utilized a preformed semiconductor nanorod precursor which was then used to selectively
seed the growth of disparate nanoparticle tips requiring appropriate matching of the
colloidal components and determination of optimal conditions including controlled
precursor addition and heating profiles.

Scheme 2.1. Five step synthesis of CoxOy-tipped nanorods with dumbbell morphology.
CdSe quantum dot seeds (D = 2.3-2.7 nm) were used to form heterostructured CdSe@CdS
nanorods of varying length (40-174 nm). PtNP deposition onto CdSe@CdS nanorod
termini was then conducted for the series of CdSe@CdS nanorods to enable cobalt
deposition. Selective oxidation of cobalt tipped nanorods afforded the final product.
Isolated yields for each intermediate and the final product are listed above. Chemical
abbreviations are listed at the end of this Chapter.
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Incorporation of cobalt nanoparticles (CoNPs) into colloidal semiconductor
heterostructures was first demonstrated by the direct deposition of terminal metal NP tips
onto nanorod precursors. Soulantica and coworkers treated CdSe nanorods with
cobaltocene complexes under an H2 atmosphere to deposit a single CoNP onto the CdSe
nanorod.285 Cozzoli et al. exposed CdSe@CdS nanorods to a surfactant-free environment
chosen to etch and activate nanorod termini for Co deposition.284 When conducted in the
presence of cobalt precursors this etching step resulted in activation of the sulfur rich
nanorod termini with concomitant deposition of a single CoNP tip on each nanorod. The
absence of ligands or a coordinating solvent combined with tight control of reactant
concentrations over time (via syringe pump delivery of Co2(CO)8) were essential in driving
the formation of Co-tips and suppression of self-nucleation of unattached free CoNPs.
Optimization resulted in asymmetric Co-tipping at one terminus of each rod (matchstick
morphology) with high fidelity.
Earlier reports demonstrated the use of noble metal NPs as seeds for the overcoating
of cobalt metal and metal oxides to form core-shell NPs.357-360 Kim et al. reported that
ligand capped AuNPs served as efficient seeds for the preparation of dipolar core-shell
Au@CoNPs using polymeric ligands.275 Given the extensive reports on the deposition of
noble metals (e.g., Au, Pt) onto the terminal ends of semiconductor nanorods (e.g., CdS,
CdSe@CdS, CdSe),17,

107-108, 347, 356, 361-362

numerous combinations of materials can be

utilized to promote deposition of other metals (e.g., Fe, Co) onto semiconductor nanorods.
Recently, Chan et al., reported the deposition and simultaneous oxidation of FeNP-tips
onto Au-tipped CdSe@CdS nanorods in a dumbbell type morphology, which clearly

91
demonstrated the advantages of using noble metal tips on CdSe@CdS nanorods to promote
the deposition of magnetic colloidal shells.348
Herein, we demonstrate the synthesis of CdSe@CdS nanorods with magnetic cobalt
domains at both termini (dumbbell morphology). Modification of CdSe@CdS nanorods
was chosen (versus CdS or CdSe nanorods) due to the enhanced photoelectrochemical and
photocatalytic properties reported for these heterostructured nanorods.298 Terminal cobalt
domains were then selectively oxidized to afford CoxOy-tipped nanorods without
degradation of the CdSe@CdS nanorod (Scheme 2.1). Native CdSe@CdS nanorods
decorated with PtNP tips enabled the selective deposition of metallic cobalt nanoparticles
(CoNPs) as a colloidal shell around PtNP tips providing an efficient methodology to
incorporate CoNPs onto CdSe@CdS nanorods at both nanorod termini. The mechanistic
aspects of PtNP-tip deposition onto CdSe@CdS nanorods are discussed as this key
modification was essential for selective deposition of cobalt and cobalt oxide
nanoinclusions at both termini. In this multi-step synthesis, dicobaltoctacarbonyl
(Co2(CO)8) was used as the CoNP precursor, since this reagent was commercially available
and amenable to conditions employed for cobalt deposition reactions.
Furthermore, this Chapter focuses on the synthetic aspects of the total synthesis of
these heterostructured nanorods, where highly detailed experimental procedures are
included in Appendix A. A fundamental challenge in the field of nanoparticle chemistry
pertains to the small reaction scales typically utilized to prepare inorganic nanomaterials.
The limitations imposed by small scale reactions often lead to omission of basic, critical
information, such as, isolated yields of intermediates and products, which impedes
reproduction of reported synthetic methods. We obviated this issue by developing
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conditions to scale up the preparation of key intermediates, enabling isolated yields in the
range of 100-350 mg. The ability to report an increased level of synthetic detail was an
important step to facilitate wider utilization of these synthetic methods by the materials
chemistry community.21, 363

2.2: Results and Discussion
2.2.1. CdSe@CdS nanorods. Ligand capped CdSe@CdS nanorods were prepared using
a modified method from Manna et al.,320 where CdSe quantum dots (diameter = 2.3-2.7
nm) were used to seed the growth of nanorods of varying length (nanorod length (L) = 40
nm + 4 nm, 77 nm + 10 nm, 126 nm + 13 nm, 174 nm + 19 nm; population of sampled rods
(n) = 100 for size distributional analysis). This series of CdSe@CdS nanorods all possessed
comparable nanorod diameters (nanorod diameter (D) = 6 - 7 nm). Increasing the scale and
isolated yields of CdSe@CdS nanorods was a crucial development to enable access to
sufficient quantities of material to complete the total synthesis. Synthetic modifications to
currently published methods were developed which enabled isolated yields of 300–350 mg
for all nanorod lengths (see Appendix A, Section 1c, Table A.1).
2.2.2. Platinum tipped CdSe@CdS nanorods. The deposition of metallic PtNPs onto the
termini of CdSe@CdS nanorods was conducted onto a series of nanorod precursors with
varying lengths (40-174 nm). The incorporation of PtNP tips onto CdSe@CdS nanorods
proved to be a critical step to enable efficient deposition of metallic CoNPs onto
semiconductor nanorods. A modified method from Mokari et al. was used to prepare
nanorods consisting of the hot injection of Pt(acac)2 and CdSe@CdS nanorods (1:1 wt
ratio) into diphenyl ether containing 1,2-hexadecanediol, oleic acid, and oleylamine at 225
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ºC.347 The deposition of PtNP tips onto CdSe@CdS nanorods appeared to be independent
of nanorod length enabling application of similar conditions for the series of CdSe@CdS
nanorods. Mixtures of one sided PtNP-tipped nanorods (matchsticks) and two-sided PtNPtipped nanorods (dumbbells) were formed. This mixture was found to be sufficient to drive
the nearly quantitative formation of CoNP-tipped dumbbells after treatment with
Co2(CO)8.
Initially, it was anticipated that the formation of PtNP tips on both ends of
CdSe@CdS nanorods would be necessary to promote selective deposition of CoNP tips
onto both nanorod termini. Earlier work by Banin et al. revealed that under air-free
conditions preferential deposition of a single AuNP tip onto a CdS nanorod terminus
occurred onto the sulfur rich face of the nanorod to form matchstick tipped nanorods.356
This study further indicated that two-sided, AuNP-tipped CdS dumbbell nanorods could
be formed under aerobic conditions via etching of Cd-rich nanorod faces by
reagents/ligands used in the AuNP deposition reaction, which activated both termini for
AuNP tip deposition. However, in the report by Banin et al., longer reaction times also
resulted in the lateral deposition of AuNPs. Hence, anaerobic conditions were chosen to
avoid lateral decoration of nanorods with PtNPs, and an excess of Pt(acac)2, oleylamine,
and oleic acid under argon were used to promote deposition of PtNP tips onto both ends of
the nanorod. It was anticipated under these conditions, the initial deposition of the first
PtNP tip would occur onto sulfur rich lattice facets, followed by chemical etching of the
cadmium rich lattice facets to deposit the second PtNP tip to form dumbbell type
nanorods.350, 356, 362 However, despite the addition of excess Pt(acac)2, ligands, and 1,2hexadecanediol relative to CdSe@CdS nanorods, a mixture of nanorods containing both
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one-sided matchsticks and two-sided PtNP dumbbell morphologies was observed from low
resolution TEM (Fig. 2.1).
High resolution TEM (HRTEM) indicated the presence of polycrystalline PtNP tips
with particle diameters in the range of 2-5 nm (Fig. 2.1) of varying contrast. A survey of
the gross morphology of a small population of heterostructured nanorods (124 nanorods:
L = 45 + 3 nm; D = 7 + 1 nm) from TEM revealed the formation of one-sided Pt-tipped
CdSe@CdS matchstick nanorods as the major product (60%) with a significant fraction of
two-sided Pt-tipped CdSe@CdS dumbbell nanorods (38%) and a small portion of
unmodified CdSe@CdS nanorods (2%). A significant excess of free, ligand capped PtNPs
were also formed and subsequently removed by precipitation of Pt-tipped nanorods in a
mixed solvent system of toluene:EtOH (3.5:1) followed by centrifugation (Appendix A,
Section A.1d). Short reaction times of 8 min were used despite affording both Pt-tipped
matchstick and dumbbell nanorods since these mixtures were sufficient to enable selective
and high yielding two-sided deposition of metallic CoNP tips in the subsequent step.
Dimensional changes in nanorods were not observed under the conditions and reaction
times used in the Pt deposition step.
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Figure 2.1. Asymmetrically platinum-tipped CdSe@CdS nanorods. a) Arrows direct the
reader to the variety of asymmetric Pt-tip morphologies found in a representative sample
(nanorods: L = 45 + 3 nm; D = 7 + 1 nm; n = 100). The inset graph shows the relative
percentages of doubly, singly, and untipped nanorods (38:60:2 respectively, based on 124
heterostructures examined). b-e) HR-TEM of Pt-tipped nanorods (nanorods: L = 126 + 13
nm; D = 7 + 1 nm; n = 100). Dumbell Pt-tipped nanorods were observed to have different
sized tips on each end as shown in c (boxes are 5 nm square). Irregularly shaped Pt-tips
were far more common than spherical tips. Scale bars: a-b, 100 nm; c-e, 10 nm.
2.2.3. Cobalt and Cobalt oxide tipped nanorods. As noted earlier, cobalt deposition
reactions directly onto CdSe@CdS nanorods were unsuccessful and hence required
pretreatment with PtNP tips (see Appendix A, Fig. A.17). Therefore, cobalt deposition
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reactions using mixtures of both one and two sided Pt-tipped nanorods (four separate
reactions with parent nanorod lengths from 40-174 nm) were conducted via the thermolysis
of Co2(CO8) in the presence of PS-COOH ligands. For all nanorod lengths, nearly
quantitative two-sided deposition of metallic CoNP tips on the termini of Pt-tipped
CdSe@CdS nanorods was observed. Surprisingly, the predominant formation of dumbbell
tipped nanorods with CoNPs at each terminus was observed by TEM despite the apparent
distribution of PtNP tips (dumbbell, matchstick, and unmodified nanorods, Figure 2.2).

Figure 2.2. a-d) Four lengths of cobalt-tipped nanorods with dumbbell morphology before
(a-d) and after (e-h) the selective oxidation of cobalt. Nanorod dimensions: a,e) L = 40 +
4 nm, D = 6 + 1 nm; b,f) L = 77 + 10 nm, D = 6 + 1 nm; c,g) L = 126 + 13 nm, D = 7 + 1
nm; d,h) L = 174 + 19 nm, D = 6 + 1 nm. Cobalt diameters: a) D = 12 + 3 nm; b) D = 19
+ 4 nm; c) D = 17 + 5 nm; d) D = 14 + 3 nm; Cobalt oxide diameters: e) D = 19 + 4 nm; f)
D = 22 + 5 nm; g) D = 20 + 5 nm; h) D = 19 + 4 nm. All scale bars are 100 nm and a
minimum of 100 particles were analyzed to obtain each size distribution.
In the synthesis of CoNP tipped nanorods, isolated PtNP tipped CdSe@CdS
nanorods of lengths 40 nm, 77 nm, 126 nm and 174 nm were dispersed in DCB containing
PS-COOH ligands (Mn = 12,500; Mw/Mn = 1.14) prepared by atom transfer radical
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polymerization (ATRP). After heating to 173 ºC, a room temperature solution of
dicobaltoctacarbonyl (Co2(CO)8) in DCB was then injected into the mixture resulting in a
temperature drop to 160 ºC which was maintained until the end of the reaction. Using these
conditions, the diameter of CoNP-tips was found to be in the range of 12-19 nm regardless
of nanorod length, where the products exhibited a dumbbell type morphology. At feed
ratios of 10:1-by wt of Co2(CO)8 to PtNP-tipped CdSe@CdS matchstick and dumbbell
nanorods, selective growth of CoNPs was observed to proceed onto the tips of CdSe@CdS
nanorods, without the formation of free CoNPs (Fig. 2.2a-d). Consequently, higher feed
ratios of Co2(CO)8 to PtNP tipped CdSe@CdS (e.g., 12:1 by wt) resulted in CoNP
deposition onto nanorod tips with concomitant growth of free CoNPs, where free, unbound
CoNPs were stabilized by PS-COOH ligands. Additionally, we observed selective Co
deposition onto nanorod tips for Pt-tipped CdSe@CdS nanorods with lengths below 100
nm (Fig. 2.2a,b), while longer nanorods (126 nm and 174 nm) resulted in both terminal
deposition of CoNP tips and lateral deposition along the length of the CdSe@CdS
nanorods. Cozzoli et al., observed similar trends for CdSe@CdS nanorods in this size
regime where the deposition of metallic CoNPs was observed exclusively on the sides of
nanorods with bare nanorod termini still exposed.284 To explore the possibility of
suppressing lateral deposition of metallic CoNPs along the length of nanorods, a separate
batch of Pt-tipped CdSe@CdS nanorods (L = 156 nm + 20 nm, n = 100; with both
matchstick and dumbbell PtNP morphologies) was prepared and then treated with
Co2(CO)8 and PS-COOH at lower feed ratios (6:1 by wt) to suppress lateral deposition of
metallic CoNPs. From these conditions CoNP tips (16 + 2 nm, n = 100) were deposited
almost exclusively onto both ends of Pt-tipped nanorods, with a very small fraction of
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laterally decorated CoNPs demonstrating the enhanced flexibility in synthetic conditions
afforded by using PtNP-tips to seed formation of CoNP tips. Interestingly, we observed
self-organization of these cobalt tipped nanorods to form a number of box and short-chain
assemblies as a consequence of the dipolar nature of magnetic tips on the ends of these
higher aspect ratio nanorods (Fig. 2.3a,c).
Cobalt oxide-tipped nanorods were obtained by the solution oxidation of cobalttipped nanorods. CoNP-tipped dumbbell nanorods were dispersed in DCB, heated to 173
ºC and bubbled with O2 for 24 hrs to oxidize metallic Co-tips. TEM confirmed the
dimensional expansion of Co-tips into hollow spheres with shells consisting of
polycrystalline cobalt oxide (CoxOy) phases (15-23 nm) due to the nanoscale Kirkendall
effect (Fig. 2.3b,d). This phenomenon resulted from the mismatch in kinetics of Co
diffusion out of the nanoparticle (by vacancy exchange) versus O2 diffusion rates into the
particle during the oxidation reaction.263,

364-366

We previously observed the colloidal

polymerization of our dipolar, polystyrene coated CoNPs where oxidation resulted in the
formation of hollow cobalt oxide nanowires with fusion of nanoparticle repeating units, as
a consequence of the nanoscale Kirkendall effect.263, 274 Hence, in this system, oxidation of
cobalt tipped nanorods afforded a core-shell morphology composed of a PtNP core and
cobalt oxide shell at the tips of nanorods. For longer nanorods (126 nm and 174 nm)
exposed to identical conditions, laterally attached CoNPs were also oxidized resulting in
the formation of hollow CoxOy spheres without PtNP inclusions (Fig. 2.2e-h). In all cases,
we observed that the CdSe@CdS nanorods survived the cobalt deposition and oxidation
reactions to enable formation of the desired heterostructured product, as confirmed from
HRTEM and XRD. In the case of cobalt oxide tipped nanorods of longer lengths of
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CdSe@CdS precursors (L = 156 nm + 20 nm, n = 100), the formation of nanorod networks
were observed, where fused cobalt oxide NP tips on nanorods permanently linked nanorods
together. The presence of PtNP tips in the majority of nanorods could be imaged in the
center of the lower contrast CoxOy tips (Fig. 2.3b,d). These fused nanorod assemblies from
cobalt oxide NP tip junctions formed as a consequence of the dipolar assembly of CoNP
tipped nanorods, which were captured in solution during oxidation (Fig. 2.3b) as previously
observed for dipolar ferromagnetic cobalt nanoparticles.274 Interestingly, colloidal
polymerization of these heterostructured CoNP tipped nanorods revealed the formation of
end-to-end nanorod assemblies which carried the semiconducting nanorod functionality
into the polymerized cobalt oxide network. This phenomenon is among one of the few
examples of a creating well-defined p-n junctions, which arise from the precise structure
of nanorod colloidal monomers.35, 37, 148, 156, 164, 274-275, 278, 322
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Figure 2.3. Longer (156 + 20 nm; n = 100) Co-tipped nanorods with little to no lateral Co
inclusions before (a,c) and after (b,d) oxidation. Lateral cobalt inclusions were suppressed
by reducing the concentration of cobalt precursor in the cobalt-tipping step.
High angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and high resolution transmission electron microscopy (HRTEM) were
utilized for structural analysis of the composition of cobalt and cobalt oxide tipped
heterostructured nanorods. HAADF-STEM (Fig. 2.4) of the nanorod products after the
cobalt deposition reaction exhibited a complex core-shell morphology containing a bright
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core, corresponding to PtNP tips positioned in the center of a lighter contrast shell
composed of metallic cobalt with a thin passivation layer of cobalt oxide/hydroxide formed
from exposure to air (Fig. 2.4c). HAADF-STEM imaging confirmed the distribution of
matchstick and dumbbell PtNP-tipped CdSe@CdS nanorods, as noted by the absence of
bright PtNP cores in a fraction of the cobalt tips (Fig. 2.4b).
HRTEM and analysis of the power spectra (PS, defined as the square of the Fourier
transform of the HRTEM image data) of cobalt and cobalt oxide tipped nanorods confirmed
the connectivity and morphology of the desired product (Fig. 2.5). The presence of intact
wurtzite CdS nanorods was proven by the PSs of the regions indicated by the circle in Fig.
2.5, that were characteristic of the wurtzite structure imaged along the [010] zone axis (Fig.
2.5b and d). As expected from previous studies, the long axis of the nanorod was parallel
to the wurtzite [001]. It is also important to stress that the CdS nanorods were intact after
cobalt deposition and oxidation, as denoted by the similarity of the HRTEM and the PSs
of the nanorod regions before and after the reaction. In the particular example shown in
Fig. 2.5a, a CoNP tip was deposited onto a CdSe@CdS nanorod that did not contain a PtNP
tip as the seed. The nanorod in Fig. 2.5c was tipped with a polycrystalline shell of rocksalt
CoO with a face centered cubic (fcc) core of Pt. The PS from a part of the outer oxidized
shell (Fig. 2.5e) showed several reflections with d-spacing corresponding to the 111, 200
and 220 of the CoO rocksalt structure. The CoO crystallite size extracted from HRTEM
images was found to be smaller than 3 nm. The center of the tip displays higher contrast
than the shell and the PS presents a sharp 111-family of reflections characteristic of the Pt
fcc structure (Fig. 2.5f). This PS also shows some diffuse and low intensity spots attributed
to the 111 reflections of CoO, confirming that the polycrystalline CoO shell grew
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homogeneously around the Pt tip. Characterization of the intermediates and products of
this multi-step total synthesis of cobalt oxide tipped nanorods was also conducted using
TGA, VSM, optical spectroscopy, and XRD which confirmed the preparation of the desired
dumbbell nanorod product (details are available in Appendix A, Sections A.2 – A.5,
respectively).

Figure 2.4. a-c) HAADF-STEM images of Co-tipped nanorods reveal a distribution of
core@shell tips and purely Co tips. Nanorod dimensions: L = 40 + 4 nm, D = 6 + 1 nm, n
= 100; Cobalt diameter: D = 12 + 3 nm, n = 100.
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Figure 2.5. HRTEM and power spectrum analysis used to determine the crystalline phases
in (core@shell) a-b) Pt@Co-tipped and c-f) Pt@CoO-tipped nanorods. Nanorod
dimensions: L = 40 + 4 nm, D = 6 + 1 nm, n = 100; Cobalt diameter: D = 12 + 3 nm, n =
100.
2.2.4. Control experiments. Control experiments were conducted to confirm the need for
using Pt-tipped CdSe@CdS nanorods for the deposition of CoNPs using PS-COOH
ligands. Attempts to directly deposit CoNP tips onto CdSe@CdS nanorods via the
thermolysis of Co2(CO)8 using PS-COOH ligands afforded only non-attached, free CoNPs
along with the bare nanorods (Appendix A, Fig. A.17a,b). Additionally, CoNP deposition
experiments using blends of unmodified CdSe@CdS and PtNP-tipped CdSe@CdS
nanorods afforded mixtures of bare CdSe@CdS nanorods and two-sided CoNP-tipped
nanorods (Appendix A, Fig. A.17c,d). Furthermore, an entire series of control experiments
investigating the effects of key reagents in the PtNP deposition step were conducted and
correlated with efficacy of seeding the growth of two-sided CoNPs (see Appendix A, Fig.
A.18 – S20). The effect of other experimental parameters in the PtNP deposition step, such
as exposure to light and oxygen were also investigated (See Appendix A, Fig. A.21).356, 362,
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This series of experiments confirmed the advantages of using PtNP tips on CdSe@CdS

nanorods as seeds to promote selective deposition of metallic CoNP tips and confirmed
that the thermolysis of Co2(CO)8 using PS-COOH ligands at T = 173 ºC in DCB was
dramatically altered by growth in the presence of PtNP-tipped CdSe@CdS nanorods.

2.2.5. Kinetic investigations into Pt-deposition reactions and correlation with CoNP
tipping topology. While the synthetic methodology described in previous sections enabled
efficient synthesis of CoNP and CoONP tipped nanorods, a number of synthetic and
mechanistic questions arose that warranted deeper investigation. It is known that metaltipped matchstick II-VI semiconductor nanorods (e.g., CdSe, CdS, CdSe@CdS) are
accessible due to preferential deposition of metals onto chalcogen (e.g., Se, S) rich facets
of semiconductor nanorod termini.284, 347, 354, 356 However, enhanced ligand coverage of the
metal-rich (Cd-rich) facets at the diametrically opposed ends of chalcogenide nanorods was
observed to inhibit metal deposition.95 Consequently, the symmetric deposition of metal
NP tips of identical particle size is significantly more challenging as evidenced by the
limited number of systems that have been developed.347-348, 354 Since control experiments
confirmed that unmodified CdSe@CdS nanorods were unable to seed the growth of CoNP
tips, the synthetic parameters central to the PtNP-tip formation were revisited. The initial
hypothesis that two sided PtNP-tipped CdSe@CdS nanorods would be required to form
two sided CoNP tipped nanorod dumbbells was inconsistent with the experimental finding
that the as synthesized mixture of matchstick and dumbbell Pt-tipped CdSe@CdS nanorods
afforded high yields of two-sided CoNP tipped dumbbell nanorods. The remaining
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question of interest was the nature of apparently one-sided PtNP-tipped CdSe@CdS
matchstick nanorods that promoted two-sided deposition of CoNP tips onto nanorods.
To interrogate these mechanistic questions, a kinetic investigation of the PtNP
deposition reaction onto CdSe@CdS nanorods (L = 43 + 4 nm; D = 5 + 1 nm) was
conducted to ascertain if the formation of one-sided Pt-tipped matchstick nanorods could
be temporally resolved from two-sided Pt-tipped dumbbell nanorods. After very short
reaction times (1 minute), a mixture of bare CdSe@CdS nanorods (approximately 20%)
and one-sided Pt-tipped CdSe@CdS matchstick nanorods (approximately 70%) were
observed, where the size of PtNP tips were found to be 2-3 nm from TEM. At longer
reaction times, PtNP-tip growth was statistically accompanied by PtNP deposition onto the
opposing nanorod terminus. Longer reaction times resulted in the growth of existing PtNPtips and formation of additional PtNP-tips per nanorod on average. In the case of nanorods
with two PtNPs attached to the same terminus, longer reaction times resulted in the
coalescence of the individual PtNP-tips into larger, irregularly shaped PtNP tips. The
morphology of these resulting asymmetrically tipped structures was observed by TEM
(Similar to Fig. 2.1d,e) after reaction times of 8 minutes. TEM of reaction mixture aliquots
indicated the population of bare CdSe@CdS nanorods, one-sided PtNP-tipped nanorods
and two-sided PtNP-tipped nanorods were observed to plateau after 8 minutes, which over
a small population of 141 nanorods afforded the following ratios of 4:66:30, respectively.
Longer reaction times (30 minutes) did not afford a higher yield of two-sided Pt-tipped
nanorods, where the ratio of bare nanorods to one and two sided PtNP nanorods remained
essentially unchanged (see Fig. 2.6b,c and Appendix A, Fig. A.23).
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CoNP deposition experiments were then conducted for three different Pt-tipped
nanorods that were quenched at varying reaction times (< 1 minute, 8 minutes and 30
minutes) during the PtNP tipping reaction in order to correlate Pt-tip morphology with
topology of CoNP tips. For Pt-tipped nanorods quenched after less than 1 minute
(approximately 45 seconds) and then subjected to CoNP deposition chemistry, TEM
revealed that the majority of the product (> 50%) was one-sided CoNP-tipped matchstick
nanorods with a small fraction of some (< 10%) two-sided CoNP-tipped dumbbell
nanorods (Fig. 2.6a,d). Conversely, almost exclusive formation of two-sided CoNP tipped
nanorods (90%) were formed when the mixture of one and two sided Pt-tipped CdSe@CdS
nanorod precursors (formed after reaction times of 8 and 30 minutes) were subjected to
CoNP deposition chemistry with very small fractions of one-sided CoNP tipped matchstick
nanorods (4%) (Fig. 2.6b,e and 2.6c,f respectively). These kinetic experiments revealed
that the synthesis of one-sided PtNP-tipped matchstick nanorods could be kinetically
controlled, which further afforded the synthesis of one-sided CoNP tipped matchstick
nanorods (along with some unreacted bare CdSe@CdS nanorods). Hence, by quenching
PtNP reactions after very short reaction time (< 1 minute), selective activation of only one
nanorod terminus was achieved. However, at longer reaction times in the Pt-deposition
reaction (8 and 30 minutes), these untipped nanorod ends were also chemically activated
for CoNP deposition, without any visually detectable changes in the nanorod morphology
as revealed by TEM imaging.
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Figure 2.6. Temporal resolution of “unactivated” matchstick PtNP-tipped nanorods
from “activated” matchstick PtNP-tipped rods. (A-C) Reaction schemes for products
shown by TEM below. A) Allowing the platinum tipping reaction to run for up to 1 minute
results in primarily matchstick PtNP-tipped nanorods and free nanorods. Treating this
mixture with Co precursors results in matchstick CoNP-tipped products and free nanorods.
B,C) Longer Pt-tipping reaction times result in mixtures of PtNP-tipped products which
are subsequently dumbbell CoNP-tipped. (a-c) Products of the platinum tipping reaction
after a) 45 seconds, b) 8 minutes (normal reaction time), c) 30 minutes. (d-f) Products of
cobalt-tipping the above platinum-tipped products d) primarily matchstick Co-tipped, e,f)
primarily dumbbell Co-tipped. All scale bars are 100 nm.
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A critical set of experiments was conducted where nanorod precursors that afforded
one-sided CoNP tipped nanorods were activated by an additional chemical treatment to
primarily afford two-sided CoNP tipped nanorods. One-sided Pt tipped nanorods (PtNP tip
size < 3 nm) were initially synthesized that were quenched after very short reaction time
(< 1 min) and were confirmed to primarily afford one-sided CoNP tipped nanorods upon
treatment with PS-COOH and Co2(CO)8, as previously described (Fig. 2.7a,c). These same
one-sided Pt-tipped nanorods (same batch, different experiments) were subjected to an
additional PtNP deposition step, by exposure to Pt(acac)2, oleylamine, oleic acid and 1,2hexadecanediol at elevated temperature. TEM confirmed that a higher yield of two-sided
PtNP-tipped nanorods were obtained after this 2nd PtNP deposition step, where PtNP tip
sizes were still much smaller (less than 3 nm) than in conditions previously described (Fig.
2.7b). However, it is important to note the approximately 50% of these products were still
one-sided Pt-tipped matchstick nanorods. CoNP deposition onto these mixtures of one- and
two-sided PtNP tipped nanorods almost exclusively formed two-sided CoNP tipped
nanorods in a fashion similar to those obtained for earlier one-pot activation conditions
described previously (Fig. 2.7d). These experiments revealed that the yield of both
matchstick and dumbbell CoNP tipped nanorods could be kinetically controlled using
purely chemical methods to control the preparation of PtNP and CoNP tipped nanorods. It
can be further concluded that electronic coupling within the heterostructured nanorod or
electrochemical mechanisms were not at work in the selective formation of two-sided
CoNP tipped dumbbell nanorods under these reaction conditions.
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Figure 2.7: a) Isolated matchstick Pt-tipped and unmodified nanorods after 20 seconds
reaction time. b) Mixture of matchstick and dumbbell Pt-tipped nanorods after Pt-tipping
the products from Fig. 2.7a for 45 seconds. Insets in 7a and 7b show the small PtNP-tips
in these samples. c) Mixture of unmodified and matchstick Co-tipped products from
treating Pt-tipped nanorods from Fig. 2.7a with Co-tipping conditions. d) Primarily
dumbbell Co-tipped products from treating 2.7b with Co-tipping conditions.
To investigate the contribution of chemical etching on the activation of nanorods
for CoNP deposition, a series of control experiments were conducted by systematic
treatment of rods with the reagents used in the PtNP deposition reaction. Native
CdSe@CdS nanorods (L = 45 + 4 nm, D = 7 + 1 nm) were treated with oleic acid,
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oleylamine, and 1,2-hexadecanediol in diphenyl ether at 225 oC for 8 minutes and subjected
to CoNP deposition reactions to afford a mixture of one-sided CoNP tipped matchstick
nanorods (CoNP tip diameter (D) = 17 + 3 nm) and bare CdSe@CdS nanorods, with a
minimal yield of two-sided CoNP tipped dumbbell nanorods (Appendix A, Fig. A.18). The
overall yield of CoNP tipped matchstick nanorods was significantly lower in contrast to
experiments using Pt-tipped nanorod precursors. CoNP tipped nanorods prepared by
chemical activation of bare CdSe@CdS nanorods also exhibited a more random placement
of CoNPs along the nanorod, in contrast to selective deposition onto nanorod termini.
Nevertheless, this experiment revealed that the mixture of ligands and reducing agent used
in the Pt deposition step were sufficient to chemically activate one terminus of the
CdSe@CdS nanorod to enable one-sided deposition of a single CoNP tip.
The kinetic and morphological observations presented above are consistent with
previous reports correlating structure and reactivity of wurtzite chalcogenide nanorods,
where the chalcogen-rich {001̅} facet was found to be more reactive towards metal
deposition than the diametrically opposed cadmium-rich {001} facet for wurtzite
CdSe@CdS, and CdS nanorods.284, 347, 354, 356, 362, 368 In our hands, PtNP-tip deposition was
observed to occur preferentially at one terminus for a given nanorod followed by statistical
growth of a second, smaller, PtNP-tip at the diametrically opposed nanorod terminus after
additional reaction time. The second, smaller, PtNP-tip was generally observed to be
deposited off center with respect to the long axis of the nanorod substrate (Fig. 2.1,6, and
Appendix A, Fig. A.22). We assign the sulfur-rich {001̅ } facet as the location of initial
PtNP-tip deposition onto CdSe@CdS nanorods due to its known greater chemical
availability and reactivity towards metal deposition.6, 95, 284, 356, 362, 368 The diametrically
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opposed nanorod terminus can be assigned to the {001} Cd-rich end of the wurtzite CdS
nanorod phase, where metal growth has been observed to preferentially proceed onto
diagonally positioned sulfur-rich {101̅} facets as previously reported by Ryan et al. and
Banin et al.362,

368

Attempts to directly image CdSe seeds imbedded in CdSe@CdS

nanorods by HRTEM were unsuccessful, presumably due to the smaller (< 2.8 nm) CdSe
seed sizes used to grow CdSe@CdS nanorods with diameters averaging 5 – 7 nm, in
contrast to related reports..284, 320
We were unable to eliminate the possibility that “activated” PtNP-tipped
matchsticks have a trace amount of platinum present on the {001} Cd-rich facet (or sulfurrich {101̅} facet) which is sufficient to promote Co-deposition, but below the detection
limits of TEM. Simple calculations show that samples containing > 60% apparently onesided matchstick PtNP tipped nanorods by TEM would need a small, undetectable, amount
of platinum on > 83% of the apparent PtNP tipped “matchsticks” to reach the observed Cotipped product distributions (> 90% CoNP-tipped dumbbells).
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Scheme 2.2. Cartoon summarizing the options presented in this work: (A) Directly Cotipping unmodified nanorods results in no reaction between Co and parent nanorods. Free
CoNPs and parent nanorods are formed; (B) “Activation” of the parent nanorods by etching
in the absence of Pt precursors results in activation of one terminus only towards Cotipping. The products of this reaction are matchstick CoNP-tipped and unmodified
nanorods where dashed circles indicate an “activated” terminus; (C) Kinetic resolution of
“true matchsticks”: Treating with Pt-tipping conditions for 1 minute or less gives a mixture
of matchstick PtNP-tipped nanorods and unchanged nanorods which subsequently provide
matchstick CoNP-tipped nanorods; D) Allowing the Pt-tipping reaction to proceed for 8
minutes or longer results in a mixture of activated matchstick and dumbbell PtNP-tipped
products. This mixture always results in primarily (> 90 %) dumbbell CoNP-tipped
nanorods after treating with Co precursors; E) Unactivated (“true”) Pt-tipped matchsticks
can be subsequently activated by further Pt-tipping to provide a mixture of activated Pttipped matchsticks and dumbbells with similar reactivity to those from route D.
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2.3: SYNTHETIC CHALLENGES
We found that several unorthodox techniques and previously unpublished
considerations were required in reproducing and scaling up the colloidal syntheses in this
work. As these are infrequently mentioned in the literature, we would like to notify the
reader that we have included all pertinent details in Appendix A including: centrifuge rotor
diameter, quantum dot synthesis quenching, insulation of the reaction vessel for synthesis
of nanorods, sensitivity to sonication, methods for obtaining yields from colloidal
dispersions, and calculations used for molecular weights of colloids. While some of these
items have been reported individually in other publications, we offer a collection herein.

2.4: CONCLUSION
Methods to selectively synthesize CoNP- and CoxOyNP-tipped CdSe@CdS
nanorods with controlled matchstick or dumbbell morphologies were established through
a five step total synthesis. The morphology and connectivity of CoNP-tips were shown to
evolve as a direct consequence of the conditions used to obtain PtNP-tipped nanorod
precursors. Mixtures of matchstick and dumbbell PtNP-tipped morphologies afforded
nearly quantitative CoNP-tipped dumbbell formation due to either chemical activation of
the untipped terminus or trace amounts of platinum at the apparently untipped terminus of
PtNP-tipped matchsticks. Variation of the Pt-deposition conditions enabled the synthesis
of samples enriched in matchstick CoNP-tipped products having a single CoNP-tip per
nanorod. This synthetic methodology, along with detailed synthetic procedures, offers an
alternative strategy to prepare heterostructured nanorods with core-shell nanoparticle tips
that enable the creation of nanoscopic semiconductor, or Schottky-type junctions. Future
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efforts will examine the electronic structure and photoelectrochemistry of these
nanocomposite materials.

2.5: ABBREVIATIONS
Trioctylphosphine oxide (TOPO); trioctylphosphine (TOP); n-hexylphosphonic
acid (HPA); n-octadecylphosphonic acid (ODPA); oleic acid (OLAC); oleylamine
(OLAM); 1,2-hexadecanediol (HDD); diphenyl ether (DPE); carboxylic acid terminated
polystyrene (PS-COOH); 1,2-dichlorobenzene (DCB); platinum nanoparticle (PtNP);
cobalt nanoparticle (CoNP); cobalt oxide nanoparticle (CoxOyNP); thermal gravimetric
analysis (TGA); power spectrum (PS); vibrating sample magnetometry (VSM).
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CHAPTER 3
Synthesis of Ferromagnetic Cobalt Nanoparticle Tipped
CdSe@CdS Nanorods: Critical Role of Pt-activation
With contributions from Nathaniel Richey (synthesis of CdSe quantum dots and
CdSe@CdS nanorods), Younghun Sung (synthetic support), Philip Dirlam (verification of
synthetic procedures), Jared Griebel (assistance with FE-SEM imaging), In-Bo Shim
(VSM), Nicola Pinna (microscopy data analysis and coauthor), Marc-Georg Willinger
(HRTEM and HAADF imaging), Walter Vogel (XRD), Kookheon Char (support of
Younghun Sung), and Jeffrey Pyun (coauthor and PI).
Reproduced in part from reference 289. Copyright 2014 Royal Society of Chemistry.

3.1: Introduction
Synthetic routes to multi-component inorganic nanocomposites have generated
considerable interest as a route to complex materials with enhanced optical, electronic,
magnetic, or catalytic properties.10-18, 21, 296, 369-372 Heterostructured nanorods composed of
a semiconducting nanorod coupled to a terminal metal nanoparticle “tip” are particularly
interesting due to the ability to systematically tune the size of each domain, which allows
for direct control of optoelectronic and magnetic material properties.16-18, 107-108, 297-298, 348,
354, 367, 373-374

The synthesis of cadmium selenide seeded cadmium sulfide nanorods with

either one, or two terminal cobalt nanoparticles (i.e., CoNP-tipped CdSe@CdS) nanorods
was recently reported using platinum nanoparticle tipped (PtNP-tipped) nanorods as
activated intermediates amenable to cobalt deposition.287 Control over the number of
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CoNP-tips per nanorod was achieved by variation of the Pt-activation time and subsequent
feed ratio of cobalt precursor (Co2(CO)8) used during cobalt deposition.
Herein, we demonstrate the synthesis of CdSe@CdS nanorods that incorporate a
single dipolar CoNP tip per nanorod (Scheme 3.1). Using a multi-step synthesis, magnetic
heterostructured nanorods were prepared with a single, dipolar, ferromagnetic CoNP
(CoNP-tip) conjugated to a CdSe@CdS nanorod (hereafter referred to as a “matchstick”,
versus a two-sided CoNP tipped nanorod or “dumbbell”). The key step in this colloidal
total synthesis was understanding and optimizing the nanorod activation step (Ptactivation) using Pt(acac)2, which enabled selective deposition of a single, dipolar,
ferromagnetic CoNP-tip. While previous reports have demonstrated deposition of CoNPtips onto semiconductor nanorods at one or both nanorod termini,280,

283-285, 287

the

methodology in this Chapter affords nanorod precursors for the formation of larger
(diameter (D) > 20 nm) dipolar cobalt nanoparticles attached at primarily one terminus per
nanorod. Dipolar cobalt domains on matchstick CoNP-tipped nanorods directed
spontaneous formation of linear nanorod assemblies through magnetic interactions of the
CoNP-tips,41, 44, 51-52, 235, 245-246, 255-256, 259-260, 263, 267, 274-278, 366, 375 while nanorods bearing
additional CoNP inclusions per nanorods were found to result in less ordered selfassembled architectures. This finding demonstrated that control over the morphology of
dipolar CoNP-tipped products was a crucial factor in directing the self-assembly modes of
these dipolar heterostructures. This Chapter focuses on synthetic control necessary for
obtaining dipolar matchstick CoNP-tipped nanorods capable of linear assembly, while
investigation of the self-assembly of these dipolar matchstick structures is reported
elsewhere.288
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3.2: Experimental Section.
3.2.1. Chemicals. 1,2,4-Trichlorobenzene (TCB) (> 99%) was purchased from both
Aldrich (St. Louis, MO) and Alfa Aesar (Ward Hill, MA) and passed through a 0.2 micron
syringe filter prior to use. 1,2-Dichlorobenzene (DCB) (> 99%) was purchased from both
Aldrich (St. Louis, MO) and Acros Organics (Fair Lawn, NJ) and passed through a 0.2
micron syringe filter prior to use. 1,2-Hexadecanediol (HDD) (90%), toluene (99.5%),
cadmium(II) oxide (CdO) (99.5%), selenium (99.999%), oleic acid (OLAC) (90%),
oleylamine (OLAM) (70%), and 1-octadecene (ODE) (90%) were purchased from Aldrich
(St. Louis, MO). Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine oxide
(TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine (TOP) (97%),
hexylphosphonic acid (HPA) (97%) and dicobalt octacarbonyl stabilized with 5% hexanes
(Co2(CO)8) were purchased from Strem (Newburyport, MA). Platinum (II) acetylacetonate
(Pt(acac)2) (98%) and diphenyl ether (DPE) (99%) were purchased from Acros Organics
(Fair Lawn, NJ). Sulfur (>99.0%) was purchased from EMD, and absolute ethanol (EtOH)
was purchased from Pharmco-Aaper (Brookfield, CT). All chemicals were commercially
available and used as received, unless otherwise noted.
3.2.2. Electron microscopy. Low resolution bright field TEM images (those not labeled
“high resolution”) were obtained on a Phillips CM12 transmission electron microscope
(CM12) at 80 kV, or a Tecnai Spirit transmission electron microscope (FEI) at 100 kV
using in house prepared carbon coated copper grids (Cu, hexagon, 200 mesh). Image
analysis was performed using ImageJ software (Rasband, W.S., National Institutes of
Health, http://rsb.info.nih.gov/ij/, 1997-2007) from bright field TEM images at a minimum
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of 110000x magnification by sizing a minimum of 100 particles (unless otherwise stated).
High resolution TEM (HRTEM) and high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images were acquired using a CM200FEG (Philips)
microscope with a field emission gun operated at 200 kV or a Cs corrected FEI Titan
operated at 300 kV.
3.2.3. X-ray diffraction. XRD measurements were performed on the µSpot beam line at
BESSY II synchrotron.376 A Si 111 Monochromator was used and an incident X-ray energy
of 12.48 keV (0.9933 Å) was selected. The beam size was 100 µm. A polymer sample
holder with 2 mm holes and a thickness of about 1 mm was used. Samples were filled into
the holes and covered with Scotch tape. To protect the area detector (MAR-CCD) the
primary beam was blocked by a 3.5 mm beam stop made of lead. Each sample was
measured twice with an acquisition time of 150 s. The program Fit2D was used for
integration of the images.
3.2.4. Optical spectroscopy. UV-vis measurements were obtained using a Shimadzu
Corporation UV-vis recording spectrophotometer (no. UV-2401PC, Kyoto Japan). CdSe
quantum dot diameters were estimated from UV-vis data by using the correlation of
quantum dot diameter with the low energy visible absorbance maximum reported by Peng
et al.377 Fluorescence measurements were obtained using a Photon Technology
International spectrometer (no. 3005, Weatherford TX).
3.2.5. Synthesis of CdSe quantum dots and CdSe@CdS nanorods. CdSe quantum dots
and CdSe@CdS nanorods were synthesized as previously reported,287 which was modified
from the methods of Manna et al.320
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3.2.6. Synthesis of Pt-activated nanorods. Pt-activation of CdSe@CdS nanorods was
conducted using a modification of the Pt-deposition conditions established by Mokari et
al,347 and full synthetic details are provided in Appendix B. Briefly, CdSe@CdS nanorods
(CdSe seed: D = 3.2 nm; nanorod: L = 66.0 nm, D = 5.3 nm, 43 mg, 20 wt-% organic
content by TGA, approximately 8 nanomol nanorods) were weighed into a 20 mL vial and
dispersed in 1,2-dichlorobenzene (1.2 mL) via vortex agitation, where sonication in certain
cases was briefly applied (< 2 min). A solution of platinum(II) acetylacetonate (1 mg in
0.1 mL DCB; 2.5 µmol) was then transferred to the vial containing the nanorod dispersion
via syringe no more than 5 min prior to use (see below).
Diphenyl ether (10 mL at 40 °C), oleic acid (0.2 mL; 0.61 mmol), oleylamine (0.2
mL; 0.63 mmol), and 1,2-hexadecanediol (43 mg; 0.17 mmol) were weighed into a 50 mL
three-neck-round bottom flask equipped with a reflux condenser and 1 inch magnetic stir
bar. The flask was fitted with rubber septa and a temperature probe was passed through a
septum until it came into direct contact with the solution. The solution was then heated to
80 °C in vacuo for 30 min using a heating mantle and temperature controller with
continuous stirring at 300 RPM and subsequently backfilled with Ar. The contents of the
flask were then heated to 225 °C under argon, followed by injection via syringe of
CdSe@CdS nanorods dispersed in a solution of Pt(acac)2/DCB (described above) to the
reaction mixture. The heating mantle was removed from the reaction flask after 30 s from
the injection of Pt(acac)2/nanorods/DCB. Toluene (10 mL) was injected via syringe into
reaction mixture once the internal temperature of the medium reached 100 °C, and the
orange dispersion was allowed to cool to room temperature prior to purification by
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centrifugation (Appendix B). The synthesis yielded an orange powder (32 mg, 21 wt-%
organic content from TGA).
3.2.7. Synthesis of CoNP-tipped CdSe@CdS nanorods. Full synthetic details are
provided in Appendix B. Carboxylic acid-terminated polystyrene (PS-COOH) was
synthesized by ATRP as previously reported and used for all Co-deposition reactions (Mn
= 8600 g/mol by GPC versus polystyrene; PDI = 1.07).256 A stock solution of Co2(CO)8
(300 mg, 0.9 mmol) dissolved in 1,2,4-trichlorobenzene (TCB, 3 mL) was prepared in a
glass vial before setting up the Co-deposition reaction. The vial was sealed with a screw
top cap and left to stand under ambient conditions (20 min) before vigorous vortex agitation
(no sonication) for several min to promote complete dissolution of all solids. The vial was
then subjected to vortex agitation for an additional 2 min.
Pt-activated CdSe@CdS nanorods (5 mg for 66.0 nm nanorods with 20.6% organic
content by mass, approximately 0.95 nanomol) were loaded into a 20 mL vial containing
PS-COOH (10 mg; 1.2 µmol), and TCB (1 mL) was added before the vial was fitted with
a screw top polypropylene cap and subjected to 10 min sonication. A 10 mm magnetic stir
bar was added to the vial after sonication, and the vial was fitted with a rubber septum. A
temperature probe was passed through the septum until it came into direct contact with the
reaction mixture before securing the septum with electrical tape. The reaction vessel was
evacuated for 2 min and backfilled with argon before heating to 160 °C using a heating
mantle and temperature controller with continuous stirring (1000 RPM). Upon reaching
160 °C, room temperature Co2(CO)8 dissolved in TCB (0.5 mL of the Co2(CO)8 stock
solution described above; approximately 50 mg or 146 µmol of Co2(CO)8) was injected.
The temperature was held at 160 °C for 15 min from the time of injection before the vial

121
was removed from the heating mantle and allowed to cool to room temperature before
purification by repeated magnetic collection steps (Appendix B). The purified product was
imaged via TEM and sized using ImageJ software (CoNP-tip diameter = 20 + 4 nm;
approximately 88% of dipolar CoNPs imaged carried a nanorod side chain). These CoNPtipped matchsticks were sensitive to sonication which resulted in an increased number of
shorter “broken” free nanorods being observed in sonicated samples. Dipolar CoNP-tipped
nanorods were stored as dispersions in PS-COOH/TCB (2 mg / mL) when intended for
further use. The sample was dried strictly for yield determination to yield a black powder
(43 mg, 66.6 weight-% organic content from TGA).
3.3: Results and Discussion
3.3.1. Activation of CdSe@CdS nanorods toward deposition of dipolar CoNP-tips.
Dipolar CoNP-tipped nanorods were synthesized over four steps using CdSe quantum dots
and CdSe@CdS nanocrystal reagents, with the key step of the synthesis being nanorod
activation with Pt(acac)2 (Scheme 3.1). CdSe quantum dots and CdSe@CdS nanorods were
synthesized as previously reported,287, 320 and these nanorods served as substrates for the
deposition of metal NPs to prepare the target dipolar CoNP-tipped structure. Native
CdSe@CdS nanorods were found to be ineffective precursors for the deposition of CoNPtips by the thermolysis of Co2(CO)8 in DCB in the presence of polystyrene ligands, which
resulted in the homogeneous nucleation of unattached CoNPs (Fig. 3.1a,d). This result
indicated that unmodified nanorods were not reactive toward metallic cobalt deposition,
and pointed to the need for additional activation of the terminal nanorod surface. The major
challenge in the deposition of a single, dipolar, CoNP-tip per nanorod was then in finding
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conditions which selectively activated a single nanorod terminus with minimal activation
of the opposing terminus, or lateral facets.287

Scheme 3.1: Synthesis of CoNP-tipped CdSe@CdS nanorods over four steps. CdSe
quantum dots and CdSe@CdS nanorods were synthesized as reported elsewhere.287, 320
CdSe@CdS nanorods were modified by a brief Pt-activation reaction which preferentially
activated these nanorods towards cobalt deposition at the sulfur-rich nanorod terminus with
minimal deposition of Pt onto the nanorod. Dipolar CoNP-tips were then deposited onto
these activated CdSe@CdS nanorods at primarily one terminus per nanorod (matchstick
morphology) and the CoNP-tips spontaneously assembled into chains due to magnetic
interactions. Abbreviations: OLAC = oleic acid; OLAM = oleylamine; HDD = 1,2hexadecanediol; PS-COOH = carboxylic acid terminated polystyrene256 (Mn = 8,600
g/mol; PDI = 1.07); TCB = 1,2,4-trichlorobenzene. Ligands are omitted for clarity.
The terminal deposition of PtNPs, or very small Pt clusters was investigated as a
route to activate nanorods towards the deposition of dipolar CoNP-tips, based on our
previously reported methodology for the installation of smaller CoNP-tips.287 CdSe@CdS
nanorods were therefore treated with Pt(acac)2, HDD, OLAC, and OLAM for 8 min at 225
°C in phenyl ether, where low concentrations of Pt(acac)2 (0.23 mM) resulted in nanorods
having small PtNP-tips at a single terminus per nanorod, as observed by bright field TEM
imaging (Fig. 3.1c). However, treatment of these Pt-activated CdSe@CdS nanorods with
Co2(CO)8 in DCB at elevated temperature resulted in mixtures of matchstick, or dumbbell
tipped nanorods (i.e., CdSe@CdS nanorods with one, or two CoNP tips) (Fig. 3.1F, and
Appendix B, Fig. B.7). Multiple attempts were made to alter this Pt-deposition reaction by
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variation of reaction time and concentration of Pt(acac)2 in an attempt to obtain PtNPtipped nanorods amenable to the formation of dipolar CoNP-tipped matchsticks. These
experiments produced one of two general results: either 1) PtNP-tipped nanorods were
obtained which afforded mixtures of CoNP-tipped products that did not efficiently form
linear dipolar assemblies (Fig. 3.1c), or 3.2) CdSe@CdS nanorods appeared unmodified
after Pt-deposition, as determined by bright field TEM imaging (Fig. 3.1b).

Figure 3.1: TEM images of (a) CdSe@CdS nanorods used in this figure (Length = L =
64.1 + 5.4 nm, n = 100; D = 5.7 + 0.6 nm, n = 100; CdSe seed D = 2.5 nm by UV-vis377).
(b) “Pt-activated” nanorods after 30 s Pt-activation. (c) PtNP-tipped nanorods after 8 min
Pt-activation. (d) Product of cobalt deposition onto native CdSe@CdS nanorods shown in
1a. (e) Product of cobalt deposition onto “Pt-activated” nanorods shown in 1b. (f) Product
of cobalt deposition onto PtNP-tipped nanorods shown in 1c.
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Determination of optimized Pt-activation conditions for nanorods to enable the
deposition of a single dipolar CoNP tip required screening of Pt-activation times and
concentrations of precursors followed by correlation of CoNP deposition products and
morphology (i.e., matchstick vs dumbbell). This effort was particularly challenging since
the required Pt-activation steps were typically very short and did not afford PtNP tips that
could be resolved by HRTEM. However, the effects of these short Pt-activation times were
easily discerned by the morphology of CoNP tips deposited onto Pt-activated nanorods,
where very short times tended to afford matchstick tipped nanorods, while lower activation
times yielded dumbell tipped nanorods. In this manner, optimized matchstick activation
conditions (referred to as “Pt-activated nanorods”) were discovered which required a
combination of low Pt precursor concentration (0.23 mM) and brief reaction time (30 s,
see Appendix B), as determined by characterization of the CoNP-tipped products by
standard bright field TEM imaging (Fig. 3.1b,e). Note that this short Pt-activation time
resulted in Pt-activated nanorods which were indistinguishable from the native nanorod
precursors by standard low resolution bright field TEM (Fig. 3.1b). Additional control
experiments confirmed the need for the low concentration of Pt(acac)2 used in these
experiments (Fig. B.5, Appendix B).

3.3.2. Dipolar matchstick CoNP-tipped nanorods.
Despite optimization of Pt-activation conditions to afford dipolar matchstick
CoNP-tipped nanorods, purification of the desired heterostructure from untipped nanorods
was required (Fig. 3.1e). Samples were enriched in dipolar CoNP-tipped nanorods by use
of a custom built magnetic probe which was inserted directly into the crude reaction
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product (Appendix B) to enable collection of magnetic material present in these samples
from a good solvent (TCB) in a reasonable amount of time (2 min). Collection of the
magnetic material from a good solvent was desirable to prevent aggregation of CoNPtipped nanorods, since these dipolar heterostructures could not be redispersed by sonication
without resulting in mechanical fracture of nanorod side chains. Repeated magnetic
collection steps resulted in samples highly enriched in dipolar CoNP-tipped nanorods, with
minimal free nanorods (< 10%) observed by TEM after purification (Fig. 3.3a).
Approximately 88% of the dipolar CoNPs imaged in these samples carried a nanorod side
chain.
Upon magnetic purification, spatial and structural characterization of each colloidal
component in the nanocomposite was conducted by HRTEM and power spectrum analysis
(Fig 3.2). Power spectrum analysis (defined as the square of the Fourier transform of the
image data) of the high resolution TEM image (HRTEM, Fig. 3.2b) presented rings that
were indexed to both the fcc phase of cobalt NPs and to the wurtzite modification of CdS.
The inner spots of the power spectrum were assigned to the CdSe@CdS nanorods (the red
ring overlaps with the 002 reflections of the wurtzite modification of CdS while just inside
and just outside that ring the 100 and the 101 reflections, respectively, are also present) and
the spots overlapping to the green ring were assigned to the fcc phase of the cobalt
nanoparticles. To further prove this assignment, Fourier analysis was carried out by
selecting the reflections close to the green and red ring (Fig. 3.2c and 3.2d, respectively).
The reflections corresponding to Co-phase arose only from the NP backbone (Fig. 3.2c),
which were constituted by ca. 20 nm Co particles made of smaller crystallites as clearly
visible from the phase contrast image. Moreover, the position and the orientation of the
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CdSe@CdS nanorods arising from the backbone were clearly visible when selecting the
most intense reflection of CdS only (Fig. 3.2d). The crystallite size was determined to be
4.2 nm from XRD line width analysis.288 XRD also clearly proved the unusual fcc structure
of cobalt, as noted by the presence of fcc-type peaks 111 and 200, and the absence of the
strongest hcp type 101 pattern.

Figure 3.2: (a) HRTEM image of CoNP-tipped nanorods. (b) Power spectrum of the
HRTEM image in Fig. 3.2a. (c) Fourier filtered image selecting the 111 reflections of the
cubic modifications of cobalt (in green) from Fig. 3.2b, (d) Fourier filtered image selecting
100, 002, 101 reflections of the hexagonal modification of CdS (region closer to the red
circle) from Fig. 3.2b.
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3.3.3. Effects of heterostructure morphology on the architecture of dipolar
assemblies.

Figure 3.3: (a) Low resolution TEM image of dipolar CoNP-tipped matchstick nanorods
prepared from optimized Pt-activated nanorods (from Fig. 3.1b), with higher resolution
inset (DCoNP-tip = 22.4 + 4.7 nm). (b) Low resolution TEM image of dipolar matchstick
and dumbbell CoNP-tipped nanorod mixtures prepared from PtNP-tipped nanorods
obtained from longer Pt-activation times (from Fig. 3.1c), with higher resolution inset
(DCoNP-tip = 23.0 + 4.8 nm).
As mentioned above, the ability to suppress the formation of nanorod side products
with lateral CoNP inclusions and/or dumbbell CoNP-tipped nanorods enabled the synthesis
of matchsticks that formed 1-D dipolar NP chains with nanorods carried into the assembly
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as densely grafted pendant functionalities (Fig. 3.3a). A striking feature of these dipolar
matchstick nanorods and the resulting dipolar assemblies was the exclusive perpendicular
orientation of CdSe@CdS nanorod side chains relative to the CoNP main chain and the
magnetic easy axis of each dipolar NP unit. As a result of this efficient dipolar coupling,
linear assemblies of dipolar matchstick CoNP-tipped nanorods frequently spanned several
microns in length when cast onto carbon coated TEM grids for imaging (Fig. 3.3a). By
comparison, mixtures containing dipolar matchstick nanorods with a fraction of either
dumbbell nanorods, or laterally decorated nanorods were obtained from PtNP-tipped
nanorods (which were activated for longer times, Fig. 3.1f). This mixture of CoNP-tipped
nanorod morphologies tended to afford less ordered colloidal assemblies, particularly
through branching from dumbbell nanorods, which pointed to the need for precisely
controlled Pt-activation in achieving CoNP-tipped nanorods capable of 1-D assembly (Fig.
3.3b). These examples demonstrated how selective control of the CoNP-tipped structure of
these “colloidal monomers” directly correlated with the architecture of the dipolar
assemblies, as observed for other colloidal polymer systems.120, 148, 156, 164, 166-167, 175, 181, 189190, 378

3.3.4. Characterization of Pt-activated CdSe@CdS nanorods.
While the importance of Pt-activation was demonstrated by the previously
described results, further investigation into this step was conducted to gain insight into the
effects of this chemical modification to the CdSe@CdS nanorods. As alluded to earlier, a
fundamental challenge in studying this Pt-activation step was the absence of discernable
Pt-metallic NPs, or clusters deposited onto the CdSe@CdS nanorod, particularly since
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solution optical absorption and emission spectroscopies did not reveal any chemical
changes to the parent nanorod (Appendix B, Fig B.8 and B.9).
Therefore, further investigation of the intermediate Pt-activated nanorod structure
was conducted to determine if chemical, or structural changes of the nanorod could be
observed via XRD or TEM. The incorporation of metallic platinum phases was not detected
in XRD for Pt-activated nanorods subjected to optimized activation conditions (30 s Ptactivation), hence, CdSe@CdS nanorods were further subjected to longer Pt-activation
times (5 min) to reveal at which point PtNP tips could be observed by conventional
characterization methods, such as, TEM and XRD. Even after longer reaction times for
Pt-activation (5 min), metallic platinum was still not detected in this sample by low
resolution TEM or by XRD as a nanocrystal phase (Fig. 3.4). The patterns of both samples
(activated for 30 s and 5 min) only showed the reflections of the wurtzite CdS nanorods
with more intense and sharper 002 reflections due to the preferential growth along this
crystallographic direction.
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Figure 3.4: XRD plots of CdSe@CdS nanorods after 30 s activation (black line) and 5 min
activation (red dashed line) scaled to similar CdSe@CdS intensity. Nanorod dimensions:
L = 69.1 + 5.5 nm, n = 109; D = 6.0 + 0.5 nm, n = 105.
To further investigate the morphological effects of the Pt-activation reaction on
CdSe@CdS nanorods, HRTEM and high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) were conducted on nanorods treated for brief (30 s,
Fig. 3.5a) and extended (5 min, Fig. 3.5b) Pt-activation times. For optimized Pt-activated
nanorods (30 s nanorod activation), the deposition of metallic PtNP-tips could not be
imaged using HRTEM. However, HAADF-STEM of these Pt-activated nanorods
suggested the deposition of very small PtNP-tips, as noted by faint particulate features on
nanorod termini (Fig. 3.5a). Conversely, HAADF-STEM permitted to image the
incorporation of very small high Z-contrast features at the end of CdSe@CdS nanorods
subjected to longer Pt-activation times (5 min; Fig. 3.5b). HRTEM imaging of the Pt-
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activated CdSe@CdS nanorods subjected to longer Pt-activation times (5 min) revealed
the presence of low contrast very small NP features (D < 1 nm) deposited onto the nanorod
terminus (Fig. 3.5c). It is important to note that cobalt deposition experiments onto
nanorods subjected to longer Pt-activation times (> 30 s) yielded mixtures containing twosided CoNP-tipped nanorods, which resulted in poorly defined self-assembled
morphologies (Fig. 3.3b).
The collective findings of these imaging and variation in Pt-activation studies
suggest that a trace amount of platinum that was below the resolution of conventional
HRTEM was present on the optimized Pt-activated nanorods (30 s) which enabled
subsequent one-sided deposition of dipolar CoNP-tips onto nanorods. Upon treatment of
CdSe@CdS nanorods with longer Pt-activation times, the growth of a very small, but
observable, PtNP-tip onto one side of the nanorod occurred, as confirmed by HAADFSTEM. However, concurrent chemical etching of the opposing nanorod terminus and
lateral facets resulted in an increased tendency towards cobalt deposition to form
“dumbbell” CoNP-tipped nanorods.287
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Figure 3.5: (a) HAADF-STEM image of Pt-activated CdSe@CdS nanorods (30 s reaction
time), with arrows pointing to few high atomic number atoms. (b) HAADF-STEM image
of Pt-activated CdSe@CdS nanorods after 5 min reaction time, with arrows pointing to
small (< 1 nm) PtNP-tips. (c) HRTEM of Pt-activated CdSe@CdS nanorods after 5 min
reaction time. The inset shows the power spectrum showing the 002 reflections of the
nanorods in the center of the image. No additional reflections from Pt or others phases
could be discerned.
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3.4. Conclusion.
The synthesis of dipolar heterostructured nanorods bearing a single CoNP-tip at one
terminus per CdSe@CdS nanorod required subtle optimization of the reactivity of
CdSe@CdS nanorods using a Pt-activation step. This variation in nanorod reactivity was
achieved by leveraging the key Pt-activation step to activate nanorod termini toward the
deposition of CoNPs to enable synthesis of the targeted nanomaterial. Complex
heterostructured nanocomposites were thus synthesized using nanocrystal reagents as
precursors with precise spatial control over heterostructure morphology. This precise
control over heterostructure morphology on 1-2 nm length scales was shown to strongly
impact the formation of hierarchical structures on mesoscopic length scales ranging several
micrometers.
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CHAPTER 4
Colloidal Polymers from Dipolar Assembly of Cobalt-Tipped
CdSe@CdS Nanorods
With contributions from Nathaniel Richey (synthesis of CdSe quantum dots and
CdSe@CdS nanorods), Younghun Sung (synthetic support), Philip Dirlam (verification of
synthetic procedures), Jared Griebel (assistance with FE-SEM imaging), Eli-LavoieHiggins (synthetic support for CdSe@CdS nanorods), In-Bo Shim (VSM), Nicola Pinna
(microscopy data analysis and coauthor), Marc-Georg Willinger (HRTEM and HAADF
imaging), Walter Vogel (XRD), Kookheon Char (support of Younghun Sung), and Jeffrey
Pyun (coauthor and PI).
Reproduced in part from reference 288. Copyright 2014 American Chemical Society.

4.1: Introduction
The use of well-defined inorganic nanocrystals as reagents for the construction of
novel colloidal compounds or assemblies is an emerging approach for the preparation of
complex mesoscopic materials.21,

379

Controlled large scale assembly of disparate

nanoparticles (NPs) into precisely organized forms is inherently challenging due to
thermodynamically driven phase separation of NPs of different size and composition.380381

However, a number of recent systems have demonstrated that controlled processing, or

precise conjugation of different NPs enabled the preparation of synergistic hybrid
nanocomposites. Seminal work by Murray et al. has demonstrated the concept of using
colloidal nanoparticles as “artificial atoms” via the co-assembly of disparate nanoparticles
into nanocrystalline superlattices.1-3 Similarly, the preparation of “artificial molecules” has
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been investigated by the chemical conjugation of two or more discrete nanoparticles into
heterodimeric nanomaterials.10-15 A wide variety of synthetic routes to complex
heterostructures have been reported that incorporate metal NPs and semiconductor nanorod
components for fundamental studies of charge transfer as a function of heterostructure
composition and morphology.16-18, 107-108, 297-298, 367, 373-374
The use of nanoparticles as “colloidal monomers” for the synthesis of onedimensional (1-D) mesostructures has received attention toward the formation of “colloidal
polymers.”184, 382 The seminal work of Kotov et al. demonstrated the polymerization of
cadmium telluride (CdTe) quantum dots into extended, continuous CdTe nanowires via
electrostatic dipolar assembly of colloidal monomers.37, 58 The polymerization of both gold
NPs and nanorods (AuNRs), has been reported to form a variety of colloidal
(co)polymers.33-34,

84, 117, 120, 132-133, 141, 145, 148, 158, 164-167, 178-180, 183, 190, 290, 296, 378, 383-388

Colloidal polymerization of dipolar magnetic nanoparticles has also been extensively
investigated using ferromagnetic metal colloids (e.g., Fe, Co, Ni), where the magnetic spin
dipole intrinsically embedded in certain ferromagnetic dipolar NPs allowed for strong,
directional associations to form colloidal polymers.41, 44, 51-52, 235, 245-246, 255-256, 259-260, 263, 267,
274-278, 366, 375

We have previously studied the synthesis and assembly of dipolar CoNPs and

core@shell Au@CoNPs to form magnetic colloidal polymers and cobalt oxide
nanomaterials.51 Similarly, reports by numerous groups, notably Gast, Bibette, and Pine et
al., have demonstrated the formation of complex microscopic chains via assembly of
micron sized magnetic beads.389-393 However, the synthesis of complex and multifunctional
magnetic dipolar NPs as colloidal monomers has not been as extensively investigated and
remains an open avenue for materials chemistry.
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While the control of macromolecular structure and architecture has been achieved
by controlled and living polymerization methods in classical polymer science,22 methods
to control fundamental structural features, such as, chain length, composition, and
architecture are still being developed for NP-based colloidal polymer systems. Applying
these “principles of polymerization” to the assembly of NP monomers into colloidal
polymers offers a new route to inorganic and nanocomposite materials that cannot be
achieved using current nanocrystal synthetic methods.22 Chen et al. demonstrated that Au
colloidal monomers exhibited “unconventional” chain growth features to control both
chain length and aggregation motifs of AuNPs into linear chains, or clusters of chains.175
Mechanistic and kinetic studies on the polymerization of AuNR monomers by the tracking
of plasmon resonance absorbances enabled precise monitoring of colloidal monomer
conversion and fitting of these kinetics to classical step-growth polymerization models.157,
181-182

A recent example of controlling the degree of polymerization in colloidal polymers

was also demonstrated by Kumacheva et al., where heterodimeric Au-FexOy NPs were used
as chain terminating agents to end-cap growing chains of AuNR colloidal polymers.189 The
application of these new concepts to dipolar magnetic NPs to form colloidal polymers are
inherently challenging due to the fast polymerization kinetics of these colloidal monomers
and the absence of spectroscopic probes to monitor colloidal monomer conversion.
Herein, we demonstrate the fundamental aspects of the self-assembly and dipolar
copolymerization of a novel class of dipolar colloidal monomers with pendant
semiconductor nanorods. Heterostructured nanorods based on a cadmium selenide seeded
cadmium sulfide (CdSe@CdS) nanorod conjugated to a single dipolar, ferromagnetic
cobalt nanoparticle “tip” were chosen due to the synthetic tunability of the semiconductor
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nanorod inclusion (Scheme 4.1).279-284, 286 Seminal work by Banin and Cozzoli elegantly
demonstrated the synthesis of CoNP-tipped semiconductor nanorods which were not
designed for colloidal polymerization, since non-dipolar CoNPs were used as tips for these
nanorods.284-285 By comparison, the colloidal monomers described herein spontaneously
self-assemble into linear colloidal polymer architectures through dipolar coupling of the
CoNP-tips. The resulting colloidal polymers are composed of CoNP units in the backbone
and CdSe@CdS nanorods carried as side chain groups to form a mesoscopic analog of a
bottlebrush polymer,228 or “colloidal bottlebrush polymers.”

Variation

of

the

nanorod length in the CoNP-tipped CdSe@CdS nanorod enabled, for the first time,
systematic study of dipolar (co)polymerization processes via “grafting through”
approaches to form colloidal bottlebrush polymers. By either blending of disparate
colloidal monomers, or in situ deposition of dipolar CoNP-tips onto nanorods of varying
length, homopolymers, segmented block-type, and statistical copolymer compositions
were obtained. Furthermore, due to the strong dipolar associations between dipolar CoNPs
in colloidal polymers, the phase behavior of blends of “bare” CoNP colloidal polymers
with CoNP-tipped nanorod colloidal bottlebrush polymers demonstrated that these
mesoscopic polymers exhibited phase behavior reminiscent of classical polymer systems.
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4.2: Results and Discussion

Scheme 4.1: Synthesis of dipolar colloidal monomers from heterostructured nanorods.
CdSe@CdS nanorods were modified by a brief Pt-activation reaction which preferentially
activated these nanorods towards cobalt deposition at the sulfur-rich nanorod terminus with
minimal deposition of Pt onto the nanorod. Dipolar CoNP-tips were then deposited onto
these activated CdSe@CdS nanorods at primarily one terminus per nanorod (matchstick
morphology) and the CoNP-tips spontaneously assembled into chains due to magnetic
interactions. Abbreviations: OLAC = oleic acid; OLAM = oleylamine; HDD = 1,2hexadecanediol; PS-COOH = carboxylic acid terminated polystyrene256 (Mn = 8,600
g/mol; PDI = 1.07); TCB = 1,2,4-trichlorobenzene. Ligands are omitted for clarity.
4.2.1. Preparation of dipolar CoNP-tipped CdSe@CdS nanorods. Dipolar cobalttipped CdSe@CdS nanorods were synthesized in four steps from commercially available
reagents. CdSe quantum dots (diameter (D) = 2.7 – 3.2 nm) and CdSe@CdS nanorods
(length (L) = 53.1 – 150.1 nm; diameter (D) = 5 – 6 nm) were synthesized as previously
reported,287 based on the work of Manna et al.320 In the key step of the synthesis, the Ptdeposition conditions reported by Mokari and coworkers347 to activate CdSe@CdS
nanorods were modified to enhance specificity for deposition of a single, dipolar CoNP-tip
(DCoNP-tip = 24 nm + 5 nm, Scheme 4.1).287 A series of “matchstick” dipolar CoNP-tipped
nanorods were then prepared with systematic variation of CdSe@CdS nanorod length
using our established conditions to grow ferromagnetic CoNPs (Fig. 4.1).255-256, 259 Using
this synthetic method, Pt-activated CdSe@CdS nanorods were tipped with a single
ferromagnetic CoNP with a small percentage (10-mol%) of free CoNPs (without nanorods)
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formed in the reaction. Synthetic procedures and characterization of these materials are
provided in Appendix C.

Figure 4.1: TEM image of: (a) CoNP-tipped CdSe@CdS nanorods (Lnanorod = 66.0 + 5.5
nm, Dnanorod = 5.3 + 0.6 nm; DCoNP-tip = 20 + 4 nm), (b) CoNP-tipped CdSe@CdS nanorods
(Lnanorod = 124.0 + 28.2 nm, Dnanorod = 5.4 + 0.7 nm; DCoNP-tip = 22 + 3 nm), (c) CoNP-tipped
CdSe@CdS nanorods (Lnanorod = 150.1 + 15.9 nm, Dnanorod = 5.7 + 0.9 nm; D = 22 + 4 nm),
(d) cobalt nanoparticles (DCoNP = 24 + 5 nm) synthesized under similar conditions, without
nanorod seeds. A minimum of 100 particles were analyzed to obtain each size distribution.
Scale bars are 100 nm.
4.2.2. Colloidal polymers from dipolar CoNP-tipped CdSe@CdS nanorods.
Heterostructured nanorods composed of dipolar CoNP-tips deposited onto Pt-activated
CdSe@CdS nanorods were sufficiently dipolar at room temperature and zero field
conditions to spontaneously form linear assemblies. These CoNP-tipped nanorods were
analogous to macromonomers that when homopolymerized via “grafting through” methods
formed bottlebrush polymers,228 where dipolar association of CoNP-tips formed the
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colloidal polymer backbone. These self-assembled colloidal polymers were composed of
CoNP chains that carried semiconductor nanorods as side chain groups in nearly every
repeating unit of the dipolar NP chain. Nanorod side chains were frequently observed to
adopt extended conformations relative to the CoNP-tip (colloidal polymer) backbone in a
manner visually reminiscent of AFM studies of bottlebrush polymers228 where the
CdSe@CdS nanorod was often observed to be oriented perpendicular to the magnetic
dipole of the CoNP-tip. The selective 1-D assembly of these heterostructured colloids
indicated that CdSe@CdS nanorods were solely oriented perpendicular to the CoNP
magnetic dipole. This is an important structural feature of these colloidal monomers
because it allowed repetitive connectivity of the “polymerizable” magnetic moieties
(CoNP-tips) and minimized steric hindrance from the nanorod side chains during the
assembly process. If the attached nanorods were not perpendicular to the CoNP magnetic
dipole, then the formation of dipolar dimers, or small clusters would likely have resulted
due to steric screening of either the north or south dipole of the CoNP with the nanorod
side chain. While the causality of the nanorod perpendicular orientation relative to the
CoNP dipole is pending further investigation, the Pt-activation of CdSe@CdS nanorods
likely deposited very small Pt-tips that directed the growth (and easy axis) of the resulting
CoNP-tip. TEM further revealed that nanorod side chains were commonly found to adhere
to, or associate along, the CoNP-tip backbone and associate with other nanorod side chains,
which resulted in significant bending of nanorods when cast onto a supporting substrate
(Fig. 4.1b,c). The formation of conformations with “bent” side chains was more
pronounced in dipolar assemblies formed with longer nanorods having larger aspect ratios
(Fig. 4.1). Similar bending of Au nanowires, carbon nanotubes, MnO2 nanowires, and Pd
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nanowires by polymeric nanoconfinement and tension at oil/water interfaces was observed
previously by Chen et al.394-396
To further investigate the effects of nanorod side chain groups on the gross
morphology of dipolar colloidal polymer chains, thicker, entangled films of dipolar chains
were cast and imaged on carbon coated TEM grids (Fig. 4.2). Bare dipolar CoNPs along
with heterostructured nanorods possesing dipolar CoNP-tips of comparable particle size
were selected for these studies, where the only structural differences were the presence of
CdSe@CdS nanorod side chains of varying length (Fig. 4.2). In concentrated regions of
these samples, colloidal polymers from bare dipolar CoNPs were observed to form bundles
up to several micrometers in width (Fig. 4.2a,d). Colloidal polymers from CoNP-tipped
nanorods with short nanorod side chains (L = 53 nm) also formed bundled networks of
chains; however, the degree of lateral aggregation was considerably mitigated by the
presence of nanorod side chains (Fig. 4.2b,e). Strikingly, large scale lateral aggregation
was almost completely supressed for CoNP-tipped nanorods with longer nanorod side
chains (L = 150 nm). These chains exhibited minimal aggregation of colloidal polymer
chains as a direct consequence of the steric isolation of CoNP colloidal polymer backbones
from longer nanorod side chains (Fig. 4.2c,f). Overall, these findings were in agreement
with the earlier findings of Hatton et al., where lateral association of dipolar colloidal
chains from bare CoNPs was observed due to out of registry association of north-south
magnetic dipoles from neighboring particle units.397 However, colloidal bottlebrush
polymers, particularly with increasing nanorod side chain length, suppressed lateral
bundling of CoNP polymer backbones due to enhanced steric screening from nanorod side
chain groups. The enhanced steric screening of CoNP polymer backbones with longer
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nanorod side chains were in good agreement with improved site isolation of polymer
backbones in poly(methyl methacrylate) molecular bottlebrush polymers as observed by
Sheiko and Matyjaszewski et al., with increasing lengths of grafted side chains.398

Figure 4.2: TEM images of: (a,d) CoNPs without attached nanorods (DCoNP = 21 nm), (b,e)
“short” CoNP-tipped nanorods (DCoNP-tip = 22 nm; Lnanorod = 53 nm), (c,f) “long” CoNPtipped nanorods (DCoNP-tip = 22 nm; Lnanorod = 150 nm). TEM samples were dried in an
external magnetic field to induce lateral bundling of NP chains. Scale bars are 500 nm for
the top row of images and 100 nm for the bottom row of images.
FE-SEM was conducted to image individual colloidal bottlebrush polymers cast
onto carbon coated TEM grids as a function of different nanorod side chain lengths (Fig.
4.3). FE-SEM imaging at high tilt angle revealed that CdSe@CdS nanorods were
preferentially oriented perpendicular to the CoNP backbone, where these nanorod side
chains tended to spread onto the carbon surface (Fig. 4.3). As observed in TEM, longer
nanorod side chains (L = 124 nm) on colloidal polymers were more commonly observed
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to be bent when compared to shorter nanorods (L = 53 nm) with similar diameters (5.4
nm). More strikingly, FE-SEM of colloidal polymers assembled from CoNP-tipped
nanorods with longer side chains indicated more efficient wetting on the carbon coated
substrate as noted by spreading of CdSe@CdS nanorods, affording flattened wormlike
assemblies (Fig. 4.3a). Similar polymeric nanostructures have been observed by
Matyjaszewski and Sheiko et al., with bottlebrush polymers, where poly(n-butyl acrylate)
side chains were imaged using AFM.228 The presence of both long nanorods and
hydrophobic aliphatic small molecule ligands on the nanorods likely promoted this
spreading onto the substrate.
Conversely, FE-SEM of colloidal polymers assembled with shorter nanorod side
chains exhibited more diverse chain conformations due to positioning of side chain
nanorods around the colloidal polymer backbone. While these shorter nanorods were
periodically observed to spread onto carbon coated grids as in the case of longer nanorods,
these short nanorods were also observed to “prop up” segments of the CoNP chains due to
end-on vertical orientation of nanorods on the supporting substrate (Fig. 4.3b).
Furthermore, relative to colloidal polymers containing longer nanorod side chains, FESEM imaging of colloidal polymers with shorter nanorods suggested a decrease in the
apparent density of nanorod side chains, since not all of the shorter nanorods were observed
to spread on the supporting substrate. However, TEM of these assemblies (Fig. 4.1)
confirmed the presence of a very high yield of CoNP-tipped nanorods (~ 90 %), which
indicated that a fraction of these shorter nanorods were hidden by the CoNP backbone at
the high tilt angle imposed for FE-SEM imaging. Although nanorod side chains affected
colloidal polymer chain conformation, TEM and FE-SEM imaging of dipolar CoNP-tipped
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nanorods demonstrated that dipolar associations dominated the assembly of these colloids
into 1-D chains (Fig. 4.1, Fig. 4.3, and Appendix C, Fig. C.5).

Figure 4.3: FE-SEM images of: (a) CoNP-tipped nanorods with long nanorod side chains
(Lnanorod = 124 nm, Dnanorod = 5.4 nm; DCoNP-tip = 22 nm). (b) CoNP-tipped nanorods with
short nanorod side chains (Lnanorod = 53 nm, Dnanorod = 5.4 nm; DCoNP-tip = 22 nm). Scale
bars are 100 nm. Samples for FE-SEM imaging were cast onto carbon coated TEM grids
and mounted at 90° relative to the incident beam.
4.2.3. Co-assembly experiments with dipolar nanoparticles and dipolar CoNP-tipped
nanorods. With a family of dipolar CoNP-tipped nanorods and CoNPs in hand, the coassembly of disparate dipolar colloids into mesoscopic NP chains was investigated as a
route to vary the composition in colloidal polymer chains. CoNPs with similar diameters
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and magnetic properties to those currently studied were previously observed to exist as
tightly associated chains of NPs in the dispersed state.44, 260 From the perspective of using
these dipolar colloids to form “colloidal copolymers,” a key question to examine was
whether disparate dipolar nanoparticles preferred to self-associate into their own NP
chains, or co-assemble into NP chains with random sequencing of the disparate NP units.

Figure 4.4: (a) Synthetic scheme for blends of dipolar bare CoNPs and CoNP-tipped
nanorods to form segmented colloidal copolymers. (b) TEM image of CoNP-tipped
nanorods (Lnanorod = 124 nm; DCoNP-tip = 22 nm) blended with free CoNPs (DCoNP = 24 nm)
in solution for 3 hours at room temperature (1:1 molar ratio; ca. 6 x 10-9 M nanoparticles;
Appendix C). (c) TEM image of residual non-conjugated “homopolymer” chains also
present after blending dipolar colloids. Scale bars are 100 nm.
In this series of co-assembly experiments, CoNP-tipped nanorods were blended in
an equimolar ratio with free CoNPs possessing similar size and magnetization (Fig. 4.4).
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TEM imaging under zero-field conditions indicated the formation of segmented NP chains
composed of CoNP units linked to CoNP-tipped nanorods units, resembling block
copolymers (Fig. 4.4a,b). Concurrently, “homopolymer” chains of non-conjugated CoNPs
and CoNP-tipped nanorods were also observed (Fig. 4.4c). Statistics taken from TEM
images (n > 1000) showed that approximately 77% of CoNPs and CoNP-tipped nanorods
were incorporated into “segmented copolymer” assemblies (Appendix C, Table C.3).
Co-assembly experiments were also conducted by blending preformed dipolar
CoNP-tipped nanorods of differing lengths to exclude any differences in the magnetic
properties of free CoNPs and CoNP-tipped nanorods that would affect co-assembly (Fig.
4.5). Nanorod side chain length was a useful probe for visualizing the composition of these
segmented colloidal copolymers consisting of dipolar CoNP-tipped nanorods, where the
length distributions obtained for the parent nanorods were sufficiently different to enable
image analysis and color contrasting of longer vs. shorter nanorods (Fig. 4.5b,d). TEM
imaging of these assemblies indicated the formation of segmented NP chains composed of
CoNP-tipped nanorod segments of different lengths segregating into their own 1-D
domains resembling block, or segmented, copolymers as described in the previous blending
experiment. The phenomenological conclusions were also consistent with blending
experiments with preformed dipolar CoNP-tipped nanorods and CoNPs shown in Fig. 4.4
which formed both homopolymer and segmented copolymer NP chains. Statistics taken
from TEM images (n > 1000) showed that approximately 72% of CoNP-tips were
incorporated into “segmented copolymer” assemblies (Appendix C, Table C.4).
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Figure 4.5: (a) Synthetic scheme for blends of dipolar CoNP-tipped nanorods having two
nanorod lengths (L1 = 66 nm and L2 = 124 nm) to form segmented colloidal copolymers.
Nanorods were blended in a 1:1 molar ratio (ca. 2 x 10-9 M nanoparticles). (b) Histogram
showing nanorod length distributions prior to cobalt deposition, where the 66 nm nanorods
are colored blue, and the 124 nm nanorods are colored red. (c) TEM image of a segmented
copolymer chain. (d) False colored TEM image from Fig. 4.5c. Nanorod side chains in the
TEM image were colored red if their measured length was > 80 nm, while all other nanorod
side chains were colored blue. Scale bars are 100 nm.
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4.2.4. Mechanism for the formation of “segmented copolymers”. The formation of
“segmented copolymer” mesostructures and the persistence of residual “homopolymers”
pointed to the persistence of short chains of dipolar nanoparticles in a kinetically frozen
state during mixing (nonergodic mixing).44, 260 Dipolar NPs existed primarily as dipolar
assemblies (as opposed to individually dispersed NPs) due to the large energetic gain for
dipolar coupling between dipolar colloids. This energy can be calculated using equation
4.1, where µ is the dipole moment of the nanoparticle, µr is the relative permeability of
water, µ0 is the permeability of free space, and r is center to center distance of nanoparticles
in contact.247, 399 To a first approximation, CoNPs with a 22 nm diameter, 3 nm thick PS
corona, and 76.8 emu/g magnetization possess an association energy of -32 kBT on contact,
which greatly exceeds thermal energy and strongly favors the assembled state of NP chains.
This large association energy dictates that vanishingly small amounts of nanoparticles will
be individually dispersed at any given time (about one in 1014 particles).247, 399

𝐸=−

𝜇2

(4.1)

2𝜋𝜇𝑟 𝜇0 𝑟 3

Simulations of equilibrium polymerization in a Stockmayer fluid reproduce many
experimental observations of magnetic nanoparticle self-assembly,247,

399

where

Stockmayer fluids that undergo equilibrium polymerization exist as loops, linear chains,
and hybrid branched structures all in dynamic equilibrium.400-404 Therefore, the postulated
mechanism for block formation in mixtures of CoNPs with CoNP-tipped nanorods dealt
with the interactions of these assemblies (Scheme 4.2). Prior to mixing, individual CoNP
and CoNP-tipped nanorod suspensions consisted primarily of homopolymer chains, loops,
and branched structures (not shown) formed during synthesis or shortly thereafter. When
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the two suspensions were blended together, one initially obtained a mixture of
homopolymers, and copolymerization could only occur when the north pole of one chain
end coupled to the south pole of another (i.e., loops can only copolymerize when they open
temporarily due to thermal fluctuations).400-404 For the picture in Scheme 4.2 to be true, the
dipolar interactions must be in a regime where the equilibrium strongly favored the
assembled NP chain state prior to mixing, but not so strong that the loops were kinetically
frozen over experimental time scales. Although the proposed mechanism indicated nothing
about the loop-opening kinetics, TEM images such as those in Figure 4.4 clearly
demonstrated the availability of chain ends for forming segmented copolymers. This
mechanism also applied to blends of dipolar CoNP-tipped nanorods (Fig. 4.5).
In order for “random” or “statistical copolymers” of CoNPs and CoNP-tipped
nanorods to form, dipolar nanoparticles would have to be mixed as individually dispersed
nanoparticles prior to assembly. The complete absence of statistical copolymers therefore
meant that individually dispersed CoNPs were present in vanishingly small concentrations
throughout the experiment due to predominant association of NPs into colloidal chains.
Therefore, additional blending experiments were conducted to determine if randomization
of dipolar colloids could be achieved to promote formation of “statistical colloidal
copolymers” by strong sonication of dispersion, application of alternating magnetic field,
or dilution and heating of the dispersed blends (Appendix C, Fig. C.8 and C.9). However,
in all of these experiments, randomization of disparate dipolar colloids was not observed,
supporting our hypothesis that dipolar colloids tended to reside as short NP chains when
dispersed in solution.
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Scheme 4.2: Proposed mechanism for formation of “block copolymers.” White arrows
represent magnetic dipoles present in CoNPs and CoNP-tips.
Additional chemical evidence was collected to support this proposed mechanism
via acid etching of strongly dipolar CoNP-tipped nanorods.405 Chemical etching of metallic
cobalt phases using oleic acid was found sufficient to reduce CoNP-tip diameters (from D
= 22 + 4 nm to D = 17 + 4 nm) and weakened interparticle magnetic associations. Contrary
to earlier blending studies (as shown in Fig. 4.4 & 4.5), the formation of randomized coassemblies were observed by TEM which supported our proposed mechanism where strong
dipolar interactions prevented random incorporation of individual colloidal monomers into
colloidal copolymer chains (Appendix C, Fig. C.10).

4.2.5. Statistical colloidal copolymers from blending Pt-activated nanorods prior to
cobalt deposition. As previously discussed, blends of disparate dipolar colloids afforded
mixtures of both segmented and homopolymer chains due to nonergodic mixing of the
individual magnetic nanoparticles. Furthermore, despite attempts to induce isotropic
dispersion and mixing of disparate dipolar colloids, the strong dipolar associations holding
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NP chains together dominated the co-assembly and suppressed the formation of statistical
colloidal copolymers with random sequencing of nanorods along the copolymer backbone.
A chemical solution to this problem was to blend dispersions of Pt-activated
CdSe@CdS nanorods of different lengths and then deposit CoNP-tips to form in situ
mixtures of dipolar nanorods. This chemical approach ensured isotropic mixing of
nanorods of varying size and was more true to a “grafting through” approach, since these
precursors did not self-associate prior to deposition of ferromagnetic CoNP-tips. Using this
method, dipolar CoNP-tipped CdSe@CdS nanorods were prepared which afforded CoNPtips on both lengths of nanorods simultaneously (Fig. 4.6). These CoNP-tips were similar
in size and morphology to those observed for cobalt deposition onto a single nanorod length
(e.g. Fig. 4.1). Unlike the previous co-assembly experiments with preformed dipolar
colloids, these dipolar assemblies exclusively formed random copolymer-like NP chains
as imaged by TEM. Furthermore, the presence of homopolymer chains composed of
nanorods of similar length was not observed as a consequence of this in situ Co-deposition
methodology. The ability to prepare random copolymer assemblies via this chemical
methodology further confirmed that random copolymer sequences were accessible via coassembly of disparate dipolar colloids, but blending conditions to achieve isotropic mixing
are complicated by the inherently strong magnetic associations of the ferromagnetic CoNPs
and CoNP-tips used in this study.
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Figure 4.6: (a) Synthetic scheme for synthesis of statistical colloidal copolymers by
deposition of CoNP-tips onto a 1:1 mixture of differing lengths of Pt-activated nanorods
(L1 = 66 nm and L2 = 124 nm). (b) TEM image of a statistical copolymer chain after cobalt
deposition (CoNP-tip diameter = 22 nm + 4 nm). (c) False colored TEM image from Fig.
4.6b. Color labels were chosen based on nanorod length distributions as described in the
caption for Fig. 4.5, and “homopolymers” were not observed. Scale bars are 100 nm.
4.2.6. Phase behavior of colloidal copolymers. Finally, the phase behavior of segmented
colloidal copolymer chains was investigated to ascertain if nanorod side chains would
induce phase separation when blended with colloidal polymers from bare CoNPs (Fig. 4.7).
Mesoscopic chains were anticipated to retain their connectivity due to the strong coupling
between CoNPs and CoNP-tips in colloidal polymers, as discussed above for segmented
colloidal copolymers. This would enable for the first time interrogation of the phase
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behavior of mesoscopic colloidal polymers to observe if phenomenon such as mixing
versus phase separation would occur. In our investigations of segmented copolymers,
dipolar chains were observed to phase separate into regions enriched in segments of bare
CoNPs or CoNP-tipped nanorods. Under these conditions, colloidal polymers containing
nanorod side chains were observed to form a semi-continuous matrix phase due to their
larger occupied area per nanoparticle, while bare CoNP chains phase segregated into more
densely bundled domains.

Figure 4.7: TEM image of CoNPs (D = 21 nm; without nanorod side chains) and CoNPtipped nanorods (DCoNP-tip = 22 nm; Lnanorod = 150 nm) blended in a 10:1 molar ratio. Scale
bar is 100 nm. TEM samples were prepared under zero field conditions.
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To amplify this effect, a segmented colloidal copolymer sample was prepared from
CoNPs and CoNP-tipped nanorods as in Fig. 4.4 above, with a 10-fold molar excess of
CoNPs. In these blended samples, the formation of microscopic domains reminiscient of a
phase separated spherical morphology in block copolymer thin films were observed in the
formation of tightly bundled domains of bare CoNP chains spaced with a quasi-continuous
phase of nanorod-bearing colloidal polymers (Fig. 4.7). However, it is important to note
that these more ordered regions were also accompanied by presence of larger, less ordered
phase separated regions of colloidal polymers of bare CoNPs (Appendix C, Fig. C.13).
Nevertheless, these blending experiments demonstrate that dipolar colloidal (co)polymer
chains exhibit striking phase behavior similar to conventional (co)polymer systems.

4.3: CONCLUSIONS
In conclusion, we have demonstrated the self-assembly of dipolar CoNP-tipped
CdSe@CdS nanorods into colloidal bottlebrush polymers. These colloidal polymers are
composed of a CoNP backbone with a high grafting density of CdSe@CdS nanorod side
chains which strongly influence the conformation and morphology of the colloidal polymer
chains. Strong magnetic interactions of these dipolar CoNP-tips enabled the formation of
magnetic colloidal copolymers with segmented compositions for the first time. Our
modular synthesis approach was utilized as a means of overcoming the tendency for the
formation of blocky structures, where blending non-dipolar precursors allowed the
formation of randomly connected colloidal monomers within the polymeric mesostructures
(statistical copolymers). This system is one of the few examples where colloidal polymers
and copolymers of different composition can be controlled on the mesoscale. Finally, the
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phase behavior of these colloidal polymers was investigated to demonstrate that
microphase separation concepts from traditional polymer science are applicable to
colloidal polymers.

4.4: METHODS
4.4.1. Materials and characterization: 1,2,4-Trichlorobenzene (TCB) (> 99%) was
purchased from both Aldrich (St. Louis, MO) and Alfa Aesar (Ward Hill, MA) and passed
through a 0.2 micron syringe filter prior to use. 1,2-dichlorobenzene (DCB) (> 99%) was
purchased from both Aldrich (St. Louis, MO) and Acros Organics (Fair Lawn, NJ) and
passed through a 0.2 micron syringe filter prior to use. 1,2-Hexadecanediol (HDD) (90%),
toluene (99.5%), cadmium(II) oxide (CdO) (99.5%), selenium (99.999%), oleic acid
(OLAC) (90%), oleylamine (OLAM) (70%), and 1-octadecene (ODE) (90%) were
purchased from Aldrich (St. Louis, MO). Octadecylphosphonic acid (ODPA) (97%),
trioctylphosphine oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine
(TOP) (97%), hexylphosphonic acid (HPA) (97%) and dicobalt octacarbonyl stabilized
with 5% hexanes (Co2(CO)8) were purchased from Strem (Newburyport, MA). Platinum
(II) acetylacetonate (Pt(acac)2) (98%) and diphenyl ether (DPE) (99%) were purchased
from Acros Organics (Fair Lawn, NJ). Sulfur (>99.0%) was purchased from EMD, and
absolute ethanol (EtOH) was purchased from Pharmco-Aaper (Brookfield, CT). All
chemicals were commercially available and used as received, unless otherwise noted. Airfree manipulations were performed under argon by using standard Schlenk techniques with
vacuum pressure at approximately 1 mm Hg using an Edwards High Vacuum International
vacuum pump (Model RV12, Sussex England). An Omega temperature controller CSC32K
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with a K-type utility thermocouple and a Glas-Col fabric heating mantle were used for
thermolysis reactions. All centrifugation steps were performed in 50 mL centrifuge tubes
using a rotor with a radius of 11 cm. UV-vis measurements were obtained using a Shimadzu
Corporation UV-vis recording spectrophotometer (no. UV-2401PC, Kyoto Japan).
Fluorescence measurements were obtained using a Photon Technology International
spectrometer (no. 3005, Weatherford TX). Low resolution bright field TEM images (those
not labeled “high resolution”) were obtained on a Phillips CM12 transmission electron
microscope (CM12) at 80 kV, or a Tecai Spirit transmission electron microscope (FEI) at
100 kV using in house prepared carbon coated copper grids (Cu, hexagon, 200 mesh).
Image analysis was performed using ImageJ software (Rasband, W.S., National Institutes
of Health, http://rsb.info.nih.gov/ij/, 1997-2007) from bright field TEM images at a
minimum of 110000x magnification by sizing a minimum of 100 particles (unless
otherwise stated). Relative uncertainty of particle size determinations using ImageJ was
found to be 1 % of diameter average (e.g., 20 ± 0.2 nm). High resolution TEM (HRTEM)
images were obtained using a CM200FEG (Philips) microscope with a field emission gun
operated at 200 kV. Thermogravimetric analysis was carried out under nitrogen
atmosphere using a TGA Q50 instrument and software from TA Instruments. 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) 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
on the µSpot beamline at BESSY II synchrotron. A Si 111 Monochromator was used and
an incident X-ray energy of 12.48 keV (0.9933 Å) was selected. The beam size was 100
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µm. A polymer sample holder with 2 mm holes and a thickness of about 1 mm was used.
Samples were filled into the holes and covered with Scotch tape. The primary beam was
blocked by a 3.5 mm beam stop made of lead to protect the area detector (MAR-CCD).
Each sample was measured twice with an acquisition time of 150 s. The program Fit2D
was used for integration of the images. XPS characterization was performed on a KRATOS
165 Ultra photoelectron spectrometer, using a monochromatic Al Kα radiation source.
SEM images were taken on a Hitachi 4800 FE-SEM (30 kV accelerating voltage) on the
as-prepared sample (i.e., no metallic overcoating).

Full synthetic details for all of the materials described in this Chapter are provided in
Appendix C, however, representative procedures for the synthesis of Pt-activated
CdSe@CdS nanorods and Co-tipped CdSe@CdS nanorods are discussed below.

4.4.2. Representative procedure for the synthesis of Pt-activated CdSe@CdS
nanorods (CdSe seed: D = 2.7 nm; nanorod: L = 69.1 nm, D = 6.0 nm)
CdSe@CdS nanorods (approximately 40 nanomol, 270 mg for 69.1 nm x 6.0 nm nanorods
with 17.7% organic content by mass) were weighed into a 20 mL vial and dispersed in 1,2dichlorobenzene (6 mL) via vortex agitation, where sonication in certain cases was briefly
applied (< 2 minutes). A solution of platinum(II) acetylacetonate (5 mg in 0.5 mL DCB;
12.7 µmol) was then injected into the vial containing the nanorod dispersion no more than
5 minutes prior to use. Diphenyl ether (50 mL at 40 °C), oleic acid (1.0 mL; 3.05 mmol),
oleylamine (1.0 mL; 3.15 mmol), and 1,2-hexadecanediol (215 mg; 0.85 mmol) were
weighed into a 100 mL three-neck-round bottom flask equipped with a reflux condenser
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and 1 inch magnetic stir bar. The flask was fitted with rubber septa and a temperature probe
was passed through a septum until it came into direct contact with the solution. The solution
was then heated to 80 °C in vacuo for 30 minutes using a heating mantle and temperature
controller with continuous stirring at 300 RPM and subsequently backfilled with Ar. The
contents of the flask were then heated to 225 °C under argon, followed by rapid injection
via syringe of CdSe@CdS nanorods dispersed in a solution of Pt(acac)2/DCB (described
above) to the reaction mixture. The heating mantle was removed from the reaction flask
after 30 seconds from the injection of Pt(acac)2/nanorods/DCB. Toluene (20 mL) was
injected via syringe into reaction mixture once the internal temperature of the medium
reached 100 °C, and the orange dispersion was allowed to cool to room temperature prior
to purification. Purification of as synthesized Pt-activated nanorods in this toluene
dispersion was accomplished via 3 cycles of dissolution, precipitation, and centrifugation.
The room temperature, crude, product (i.e., toluene dispersion) was divided evenly
between four centrifuge tubes, and the contents of each tube were diluted with toluene (to
30 mL) before diluting with EtOH (15 mL) to induce precipitation. Centrifugation of this
heterogeneous mixture (3500 RPM, 12 min) afforded orange pellets. The clear supernatants
were decanted and the pellets were each dispersed in toluene (30 mL) before diluting each
with EtOH (15 mL). Centrifugation (3500 RPM, 12 min) a second time afforded orange
pellets. The yellow-tinted, translucent, supernatants from the various tubes were decanted
and the pellets were each dispersed in toluene (30 mL) before diluting each with EtOH (15
mL). Centrifugation (3500 RPM, 12 min) a third time resulted in orange pellets. The
yellow-tinted, translucent, supernatants were decanted and the resulting precipitate was
dispersed in DCM (approximately 10 mL) before a sample was taken for TEM in toluene
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(DCM dispersion (0.2 mL) diluted into toluene (3 mL) in a separate vial). The DCM
dispersion was transferred into a tared vial via glass pipet and the solvent was evaporated
before drying the sample in vacuo at 55 °C overnight to yield an orange powder (202 mg,
14.9 weight % organic content by TGA).

4.4.3. Representative procedure for the synthesis of dipolar CoNP-tipped CdSe@CdS
nanorods (nanorod: L = 124.0 nm, D = 5.4 nm). Pt-activated CdSe@CdS nanorods (9.2
mg, approximately 0.73 nanomol,) were loaded into a 20 mL vial containing PS-COOH
(10 mg; 1.2 µmol), and TCB (1 mL) was added before the vial was fitted with a screw top
polypropylene cap and subjected to 10 minutes sonication. A 10 mm magnetic stir bar was
added to the vial after sonication, and the vial was fitted with a rubber septum. A
temperature probe was passed through the septum until it came into direct contact with the
reaction mixture before securing the septum with electrical tape. The reaction vessel was
evacuated for 2 minutes and backfilled with argon before heating to 160 °C using a heating
mantle and temperature controller with continuous stirring (1000 RPM). Upon reaching
160 °C, room temperature Co2(CO)8 dissolved in TCB (0.5 mL of the Co2(CO)8 stock
solution described above; approximately 50 mg or 146 µmol of Co2(CO)8) was injected.
The temperature was held at 160 °C for 15 minutes from the time of injection before the
vial was removed from the heating mantle and allowed to cool to room temperature. In the
first step of the magnetic purification process, the magnetic stir bar was removed and rinsed
using a solution of PS-COOH/TCB (2 mg PS-COOH / mL TCB, 3 mL) to recover the
magnetically associated crude product. The recovered mixture was then diluted with DCM
(to approximately 12 mL) before being shaken by hand and subjected to vortex agitation,
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after which the magnetic probe shown in Fig. B.2 (Appendix C) was immersed into the
dispersion to promote magnetic flocculation of dipolar nanorods onto the exterior of the
magnetized assembly. After immersion of the probe into this DCM dispersion for 2
minutes, a black precipitate was observed to accumulate along the length of the probe. The
syringe barrel was detached from the metal cylinder and bar magnet accessory, and the
viscous black ink was washed from the sleeve exterior into another vial using PSCOOH/TCB (3 mL). The black dispersion was then diluted to 12 mL with DCM before
collecting onto the magnetic probe as above. The entire process was repeated for a total of
3 magnetic collection steps per sample. The pellet obtained from the final magnetic
collection step was dispersed in PS-COOH/TCB (3 mL) and a sample was cast directly
from this dispersion onto a carbon coated copper grid for TEM imaging (no DCM was
added to the final product). The product was imaged via TEM and sized using ImageJ
software (CoNP-tip diameter = 22 + 3 nm; approximately 83% of dipolar CoNPs imaged
carried a nanorod side chain). These CoNP-tipped matchsticks were sensitive to sonication
which resulted in an increased number of shorter “broken” free nanorods being observed
in sonicated samples. Dipolar CoNP-tipped nanorods were stored as dispersions when
intended for further use. Complete drying of samples or sonication of samples resulted in
irreversible aggregation and nanorod fracture, respectively.
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APPENDIX A – SUPPLEMENTARY DATA FOR CHAPTER 2
Directing the Deposition of Ferromagnetic Cobalt onto Pt-Tipped
CdSe@CdS Nanorods: Synthetic and Mechanistic Insights
This Appendix is included to provide supplementary information and supporting
data for the experiments discussed in Chapter 2 on the synthesis of dumbbell cobalt-tipped
CdSe@CdS nanorods.
Reproduced in part from reference 287. Copyright 2012 American Chemical Society.
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A.1. Experimental
A.1.a)

Materials and Characterization All chemicals were used as purchased:

Anhydrous 1,2-dichlorobenzene (DCB), 1,2-hexadecanediol (90%), toluene (99.5%),
cadmium(II) oxide (99.5%), selenium (99.999%), oleic acid (90%) and oleylamine (70%),
were purchased from Aldrich (St. Louis, MO). Octadecylphosphonic acid (ODPA) (97%),
trioctylphosphine oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), hexylphosphonic
acid (HPA) (97%) and dicobalt octacarbonyl stabilized with 5% hexanes (Co2(CO)8) were
purchased from Strem (Newburyport, MA). Platinum (II) acetylacetonate (98%) was
purchased from Arcos Organics. Sulfur (>99.0%) was purchased from EMD, and absolute
ethanol (Pharmco-Aaper, Brookfield, CT) was commercially available and used as
received. An Omega temperature controller CSC32K with a K-type utility thermocouple
and a Glas-Col fabric heating mantle were used for thermolysis reactions. All
centrifugation was performed in 50 mL centrifuge tubes using a rotor with a radius of 11
cm. TEM images were obtained on a Phillips CM12 transmission electron microscope
(CM12) at 80 kV, using in house prepared carbon coated copper grids (Cu, hexagon, 200
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). TGA analysis was carried out using a TGA Q50 (TA Instruments) instrument and
software from TA Instruments. 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 60 K) with a maximum S-2 applied field of 1190 kA/m, a ramp
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rate of 2630 Am-1s-1 and a time constant of 0.1. XRD measurements were performed
using a Guinier diffractometer (Huber) at room temperature with a CuKα1 radiation source
at 40 kV and 20 mA. CoKα1 was used for the Co containing samples to avoid the excitation
of Co fluorescence radiation.

UV-Vis spectra were obtained using Agilent UV-vis

spectrometer (no. 8453A, Foster City, CA). Fluorescence measurements were obtained
using a Photon Technology International spectrometer (no. 3005, Weatherford TX). High
resolution TEM (HRTEM) was performed using a CM200FEG (Philips) microscope with
a field emission gun operated at 200 kV.
A.1.b) CdSe Quantum Dots
A.1.b.i) General considerations for the synthesis of CdSe quantum dots
We observed that rapid cooling of the reaction mixture immediately following
injection was necessary to yield smaller (~ 2.5 nm) quantum dots. Unsurprisingly, the
diameters of products formed became particularly technique sensitive to cooling rate for
larger batches. For all materials presented in this work, rapid cooling was achieved by
heating the reaction vessel past the injection temperature by 10 °C (i.e., to 380 oC),
removing the heating mantle, allowing the stir bar to stabilize, and only then injecting the
remaining precursors (TOP:Se) upon cooling to the prescribed injection temperature (370
o

C). Immediately following the injection of TOP:Se, the exterior of the reaction vessel was

cooled by spraying with copious amounts of acetone. After gaining some experience with
this cooling method, we were able to control quantum dot size by varying the acetone spray
rates for large scale reactions. Allowing the reaction mixture to cool naturally (without
acetone spray) resulted in larger quantum dots (> 3 nm) and removing the heating mantle
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after injection also resulted in larger quantum dots. Quantum dots were not sensitive to
sonication.
We experimented with alternative methods to speed cooling such as: lower
injection temperatures, following the injection of TOP:Se with cool high boiling solvent,
and injecting the TOP:Se cold (directly from a refrigerator). These methods had similar
results, but could be optimized. Spraying the reaction vessel with water shattered the glass
and was therefore avoided.
A.1.b.ii) Preparation of TOP:Se stock solution for CdSe quantum dots
To a 20 mL glass vial with stir bar was added 1.16 g (14.7 mmol) elemental Se.
The vial was sealed, evacuated, and filled with Ar. TOP (8.66 mL) was then injected
under argon and the mixture stirred / sonicated until clear and homogeneous.
A.1.b.iii) Synthesis of CdSe Quantum Dots on 300 mg scale (relative to CdO)
The synthesis of CdSe quantum dots was adapted from the literature.284 TOPO
(15.0 g, 3.88 × 10-2 mol), ODPA (1.4 g, 4.18 × 10-3 mol) and CdO (0.30 g, 2.33 × 10-3 mol)
were added to a 100 mL three-neck-round bottom equipped with a reflux condenser and 1
inch stir bar and heated to 150°C in vacuo for 30 minutes with continuous stirring (300
RPM) using a heating mantle and temperature probe. The red, heterogeneous mixture was
heated to 300°C under Ar to dissolve the CdO until an optically clear and colorless solution
formed. TOP (7.5 g, 2.02 × 10-2 mol) was then injected into the flask and the temperature
was increased to 380 oC. Upon reaching 380 oC the heating mantle was removed and the
temperature decreased to 370 oC. TOP:Se stock solution (2.15 mL; described above) was
then injected at 370 oC and the exterior of the reaction vessel was immediately and
continuously sprayed with acetone using a solvent bottle until the internal reaction
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temperature cooled to 200 oC. Room temperature toluene (20 mL) was slowly injected into
the reaction mixture upon reaching 200 °C to cool the crude quantum dot solution and
prevent solidification of low melting point solids (TOPO). The red, homogeneous product
was then directly taken through the purification steps below.
Purification involved 3 centrifugation steps using 50 mL centrifuge tubes. The
crude, room temperature product (i.e., toluene solution) was transferred from the reaction
vessel to one centrifuge tube with toluene. The total volume (ca. 40 mL) was then divided
evenly over four centrifuge tubes, each was diluted to 25 mL with toluene, and precipitated
with the addition of 20 mL ethanol. The mixture was subjected to centrifugation at 9000
rpm for 5 minutes which yielded a yellow tinted supernatant and red-orange pellet. The
supernatants were decanted and the pellets dispersed in 20 mL toluene before adding 25
mL EtOH to each centrifuge tube. These precipitation and centrifugation steps were
repeated for a total of three cycles. After the final centrifugation step, the red-orange pellets
were dried in vacuo at 55 oC overnight to yield 575 mg (39.5wt-% organics from TGA) of
a red solid. UV-vis spectroscopy indicated that CdSe quantum dots exhibited an average
diameter of 2.3 nm (λmax = 495 nm) as indicated by the low energy absorbance peak method
of Peng et al.377
Solution absorption spectroscopy of CdSe NPs in toluene exhibited spectra
characteristic of wurtzite CdSe.321 As noted by Talapin et al., wurtzite CdSe seeds are
required for the formation of CdSe@CdS nanorods, while zinc blende CdSe seeds in the
presence of the appropriate ligand mixture afforded CdSe@CdS tetrapods. Utilization of
these CdSe seeds primarily afforded the growth of CdSe@CdS nanorods. However, a
small fraction of tetrapods in the following growth of CdSe@CdS nanorods suggested that
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this protocol also generated a small fraction of zinc blende CdSe seeds that could not be
detected by optical spectroscopy. Similar observations from earlier reports using these
types of CdSe seeds also did not result in significant contamination of tetrapod
heterostructures.284, 298, 320

Figure A.1: TEM images of CdSe quantum dots. Diameters (from UV-vis) were 2.7 nm
(left) and 2.3 nm (right).
A.1.c) CdSe@CdS nanorods
A.1.c.i) General considerations in the synthesis of CdSe@CdS nanorods (CdSe
seeded CdS nanorods)
Obtaining a “good” large batch of quantum dots was necessary to enable the
synthesis of large batches of multiple nanorod lengths using the same quantum dot seed.
The quality of quantum dots synthesized was inferred from the nanorods formed using
these seeds. Polydisperse batches of CdSe@CdS nanorods were attributed to
heterogeneous (based on size uniformity, and/or phase purity) batches of CdSe seeds, and
large percentages of tetrapods formed (vs. nanorods) were attributed to a larger ratio of
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zinc blende to wurtzite CdSe seed. In either case, these batches were not used and new
batches were prepared. Once practiced, all (five) researchers involved in the synthesis of
these materials were able to regularly obtain “good” batches of CdSe quantum dots.
CdSe@CdS nanorod volumes (lengths) increased with decreasing CdSe seed concentration
as shown in figure A.4. Lengths are plotted instead of volumes due to similar nanorod
diameters (5-6 nm). Nanorods were not sensitive to sonication.
We observed that nanorod formation began approximately 90 seconds after
injection of CdSe/TOP:S. Injection of the CdSe/TOP:S stock solution resulted in a
temperature decrease from 350 oC (370 oC) to 320 oC for 75 mg (375 mg) scale reactions.
Slow temperature recovery after injection was observed to affect the uniformity of nanorod
width as shown in figure A.2. Insulation of the reaction vessel was found to enable rapid
temperature recovery to 350 oC (< 2 min) after the injection of CdSe/TOP:S. The reaction
vessels were wrapped in cotton 5 minutes prior to the injection and through the 6 minute
reaction time as shown in figure A.3. Note that cotton can ignite if allowed to remain at
this temperature for long periods of time. The reaction vessel was closely attended during
this time. Other materials (glass wool, aluminum foil) were found to provide inferior
insulation.
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CdSe@CdS nanorods with morphological defects due to slow temperature recovery

Figure A.2: CdSe@CdS nanorods with irregular diameters (i.e., “defects”) due to slow
temperature recovery. As can be seen in figure A.5, some defective rods are present in all
samples above 70 nm. In batches with nanorods having primarily uniform diameters, we
attribute the small population of defective nanorods to mass and heat transfer
inhomogeneity.
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Photograph of insulated reaction vessel for CdSe@CdS nanorod synthesis

Figure A.3: Insulation of reaction vessel with cotton wrap for synthesis of CdSe@CdS
nanorods to enable rapid temperature recovery after injection.
To synthesize CdSe@CdS nanorods, CdSe seeds in a trioctylphosphine sulfide
(TOP:S) stock solution were dispersed in the presence of CdO, TOPO, ODPA, and HPA
at elevated temperature using “hot injection” methods. Initial small scale reactions on a 60
mg scale (relative to CdO precursor) were carried out to determine optimal conditions for
nanorod growth. Reaction mixtures were heated to 350 °C prior to injection, followed by
maintaining a temperature of 350 °C for 6 minutes after injection of CdSe seeds

171
predissolved in a TOP:S stock solution to complete the CdS nanorod formation. Isolated
ligand capped CdSe quantum dots of known organic content (by TGA) were used to
prepare stock solutions of known amounts (on both a mass and molarity basis) for the
growth of CdS nanorod phases. The aspect ratios of CdSe@CdS nanorods were dictated
by the relative feed ratio of CdSe seeds to CdS precursors (i.e., CdO, TOP-S) for a given
reaction temperature and time. The concentration of sulfur in TOP:S was kept constant at
1.04 M and injection volumes were identical for a given reaction scale (1.8 mL). Four
TOP:S stock solutions containing decreasing concentrations of CdSe seed (36.6, 13.2, 9.9,
and 6.7 µM) were then used to prepare CdSe@CdS nanorods of increasing aspect ratio
(Fig. A.4, A.5). While variation of CdS precursor and ligand concentrations has been
shown to be a viable method to control the length of nanorods, changing the CdSe seed
concentration in stock solutions afforded more consistent control (in our hands) of
CdSe@CdS nanorod dimensions. This methodology led to isolated yields of ligand capped
CdSe@CdS nanorods in the range of 60 - 80 mg on smaller reaction scales. At all reaction
scales, insulation of the reaction vessel was found to be vital to enable rapid temperature
recovery after injection. It was observed that after the injection of the room temperature
CdSe seed stock solution into the reaction mixture at T = 350 °C, a slow recovery of the
temperature back to T = 350 °C (> 2 min, i.e., without efficient thermal insulation) led to
the formation of CdSe@CdS nanorods with an irregular morphology appearing as
defective spherical features embedded in the nanorod under TEM (Fig. A.2). Similar
temperature dependencies, where the temperature profile determined the uniformity of
cylindrical nanorod morphology, were observed by Banin et al. in the synthesis of pure
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CdSe nanorods, and is consistent with our finding that nanorod growth occurred after
approximately 90 seconds under these conditions.108
With these conditions established, further synthesis of nanorods of varying length
was enabled on a 375 mg CdO reaction scale, which was a direct five-fold increase of the
previous reaction conditions. The increased isolated yield of ligand capped nanorods (300350 mg for all lengths) further allowed screening of conditions to optimize the subsequent
Pt-tipping deposition step. A key difference in this larger scale synthesis of CdSe@CdS
nanorods was an increased injection temperature of the reaction mixture (T = 370 oC)
followed by maintaining the reaction mixture temperature at 350 oC. Increasing the
injection temperature to 370 oC at this scale was found to effectively compensate for the
decrease in temperature that occurred during the injection of CdSe/TOP:S stock solution
which was at room temperature. The products formed were comparable in size and
regularity to nanorods formed with smaller scale reactions.

By comparison, when

precursors for larger scale reactions were injected at 350 °C, the temperature was found to
drop to 300 °C after injection with slow recovery to T = 350 °C. This resulted in
CdSe@CdS nanorods of shorter than targeted lengths with significant morphological
defects.
We observed that the synthesis of well-defined CdSe@CdS nanorods of lengths
greater than 150 nm of the same the diameters studied (approx. 5 – 7 nm) was challenging
to consistently reproduce relative to nanorods of lower aspect ratio. Simply stated, the
synthesis of these longer nanorods was found to be very technique sensitive. In our hands,
we observed that synthetic experiments targeting shorter nanorods (< 100 nm) were
generally successful with reproducibility decreasing as a function of nanorod length.
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Successful experiments were defined by achieving the targeted nanorods dimensions with
uniform colloidal morphology. The products of unsuccessful experiments were typically
nanorods of broad size distributions, sometimes with irregular morphologies. We attribute
this to inherent mass and heat transfer issues associated with “hot injection” methods.
A.1.c.ii) Preparation of TOP:S stock solution CdSe@CdS nanorods (L = 39 nm)
To a 20 mL glass vial with stir bar was added 67.0 mg CdSe quantum dots (2.7 nm;
39.5 wt-% organic content-TGA) and 0.6 g (18.7 mmol) elemental S. The vial was sealed,
evacuated, and filled with Ar. TOP (18 mL) was then injected under argon and the mixture
stirred / sonicated until translucent red and homogeneous.
A.1.c.iii) Synthesis of CdSe@CdS nanorods (L = 39 nm, 75 mg scale relative to CdO)
The synthesis of CdSe seeded CdS nanorods was adapted from literature.284 TOPO (3.0
g, 7.76 × 10-3 mol), ODPA (0.29 g, 8.67 × 10-4 mol), CdO (0.075 g, 5.84 × 10-4 mol) and
HPA (0.08 g, 4.81 × 10-4 mol) were added to a 50 mL three-neck-round bottom equipped
with a reflux condenser and 1 inch stir bar and heated to 150°C in vacuo for 30 minutes
with continuous stirring (300 RPM) using a heating mantle and temperature probe. The
red, heterogeneous mixture was heated to 350°C under Ar where the formation of an
optically clear and colorless solution was observed. TOP (1.5 g, 4.05 × 10-3 mol) was
injected into the reaction vessel after which a transient drop in temperature was observed
before recovery of the original reaction temperature of 350°C where it was held for 30
minutes prior to injection. The reaction vessel was then wrapped with cotton five minutes
prior to injection (Fig. A.3). The CdSe/TOP:S stock solution (1.8 ml of stock) was
quickly injected into the flask and the nanocrystals were allowed to grow for 6 minutes
before the heating mantle and cotton wrap were removed. Toluene (10 mL) was injected
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after the internal reaction temperature had cooled to 60 oC to prevent solidification of low
melting point solids (TOPO). The homogeneous yellow/orange dispersion was then
purified as described below.
Purification involved 3 centrifugation steps using 50 mL centrifuge tubes. The
crude, room temperature product (i.e., toluene solution) was transferred from the reaction
vessel to one centrifuge tube with toluene. The total volume (ca. 20 mL) was then divided
evenly over two centrifuge tubes, each was diluted to 20 mL with toluene and precipitated
with the addition of 25 ml ethanol. Centrifugation at 7000 rpm for 7 minutes yielded yellow
tinted supernatants and orange pellets. The supernatants were decanted and the pellets
dispersed in 15 mL toluene before adding 30 mL EtOH to each centrifuge tube.
Centrifugation at 7000 rpm for 7 minutes yielded yellow tinted supernatants and orange
pellets. The supernatants were decanted and the pellets dispersed in 7 mL toluene before
adding 38 mL EtOH to each centrifuge tube. Centrifugation at 7000 rpm for 10 minutes
yielded yellow tinted supernatants and orange pellets which were dried in vacuo at 55 oC
overnight to yield 57 mg solid orange product. CdSe@CdS nanorods were imaged via TEM
and sized using ImageJ software (L = 39 + 3 nm; D = 5 + 1 nm).
Procedures for synthesis of CdSe@CdS nanorods on 375 mg scale (relative to CdO)
- see table A1 for summary
Synthesis of CdSe@CdS nanorods (40 nm)
Preparation of TOP:S stock solution for CdSe@CdS nanorods. To a 20 mL glass vial
with stir bar was added 21.9 mg CdSe quantum dots (2.3 nm; 33.2 % organic contentTGA); 6.58 x 10-7 mol) and 0.6 g (18.7 mmol) elemental S. The vial was sealed,
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evacuated, and filled with Ar. TOP (18 mL) was then injected under argon and the
mixture stirred / sonicated until translucent red and homogeneous.
The synthesis of CdSe@CdS nanorods on a larger scale was similar to the above
conditions with a change in injection temperature. TOPO (15.0 g, 3.88 × 10-2 mol), ODPA
(1.45 g, 4.34 × 10-3 mol), CdO (0.375 g, 2.92 × 10-3 mol) and HPA (0.40 g, 2.41 × 10-3
mol) were added to a 100 mL three-neck-round bottom equipped with a reflux condenser
and 1 inch stir bar and heated to 150°C in vacuo for 30 minutes with continuous stirring
(300 RPM) using a heating mantle and temperature probe. The red, heterogeneous mixture
was heated to 370°C under Ar where the formation of an optically clear and colorless
solution was observed. TOP (7.5 g, 20.2 mmol) was injected into the reaction vessel after
which a transient drop in temperature was observed before recovery of the original reaction
temperature of 370°C where it was held for 30 minutes prior to injection. The reaction
vessel was then wrapped with cotton five minutes prior to injection (Fig. A.3). The
CdSe/TOP:S stock solution (9.0 mL of stock) was quickly injected into the flask and the
nanocrystals were allowed to grow for 6 minutes before the heating mantle and cotton wrap
were removed. Toluene (15 mL) was injected after the internal reaction temperature had
cooled to 60 oC to prevent solidification of low melting point solids (TOPO). The
homogeneous yellow/orange dispersion was then purified as described below.
Purification involved 3 centrifugation steps using 50 mL centrifuge tubes. The
crude, room temperature product (i.e., toluene solution) was transferred from the reaction
vessel to one centrifuge tube with toluene. The total volume (ca. 30 mL) was then divided
evenly over four centrifuge tubes, each was diluted to 25 mL with toluene and precipitated
with the addition of 20 mL ethanol. Centrifugation at 7000 rpm for 7 minutes yielded
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yellow tinted supernatants and orange pellets. The supernatants were decanted and the
pellets dispersed in 15 mL toluene before adding 30 mL EtOH to each centrifuge tube.
Centrifugation at 7000 rpm for 7 minutes yielded yellow tinted supernatants and orange
pellets. The supernatants were decanted and the pellets dispersed in 7 mL toluene before
adding 38 mL EtOH to each centrifuge tube. Centrifugation at 7000 rpm for 10 minutes
yielded yellow tinted supernatants and orange pellets which were dried in vacuo at 55 oC
overnight to yield 347 mg (16.1 wt-% organic content-TGA) orange powder. CdSe@CdS
nanorods were imaged via TEM and sized using ImageJ software (L = 40 + 4 nm; D = 5 +
1 nm).
Synthesis of CdSe@CdS nanorods (77 nm) The procedure for the synthesis and workup
of 77 nm CdSe@CdS nanorods on 375 mg scale (relative to CdO) was identical to the
synthesis using 40 nm rods except for the concentration of CdSe in the TOP:S stock
solution. For 77 nm nanorods, a CdSe stock solution with a concentration of 13.2 µM (7.9
mg of 2.3 nm quantum dots in 18 mL TOP:S) was used. The resulting pellet was dried in
vacuo overnight yielding 222 mg (18.3 % organic) orange powder. CdSe@CdS nanorods
were imaged via TEM and sized using ImageJ software (L = 77 + 10 nm; D = 6 + 1 nm).
Synthesis of CdSe@CdS nanorods (126 nm) The procedure for the synthesis and workup
of 126 nm CdSe@CdS nanorods on 375 mg scale (relative to CdO) was identical to the
synthesis using 40 nm rods except for the concentration of CdSe in the TOP:S stock
solution. For 126 nm nanorods, a CdSe stock solution with a concentration of 9.9 µM (10.0
mg of 2.7 nm quantum dots in 18 mL TOP:S) was used. The resulting pellet was dried in
vacuo overnight yielding 350 mg (11.6 wt-% organic content-TGA) orange powder.
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CdSe@CdS nanorods were imaged via TEM and sized using ImageJ software (L = 126 +
13 nm; D = 6 + 1 nm).
Synthesis of CdSe@CdS nanorods (174 nm) The procedure for the synthesis and workup
of 174 nm CdSe@CdS nanorods on 375 mg scale (relative to CdO) was identical to the
synthesis using 40 nm rods except for the concentration of CdSe in the TOP:S stock
solution. For 174 nm nanorods, a CdSe stock solution with a concentration of 6.7 µM (4.0
mg of 2.3 nm quantum dots in 18 mL TOP:S) was used. The resulting pellet was dried in
vacuo overnight yielding 366 mg (14.0 wt-% organic content-TGA) orange powder.
CdSe@CdS nanorods were imaged via TEM and sized using ImageJ software (L = 174 +
18 nm, D = 6 + 1 nm, n = 100).
Parameters for synthesis of CdSe@CdS nanorods
CdSe
CdSe
Scale
seed
seed
Sample (relative
Diameter Percent
to CdO)
(nm) Organics
A
75 mg
2.7
39.5
B
75 mg
2.7
39.5
C
75 mg
2.7
39.5
D
75 mg
2.7
39.5
E
375 mg
2.3
33.2
F
375 mg
2.3
33.2
G
375 mg
2.7
39.5
H
375 mg
2.3
33.2

Mass Concentration
CdSe in CdSe seed in
stock stock (µM)
(mg)
67.0
66.3
47.0
46.5
21.0
20.8
15.0
14.8
21.9
36.6
7.9
13.2
10.0
9.9
4.0
6.7

Nanorod
Nanorod Nanorod Nanorod
Percent
Length Diameter Yield
Organics
(nm)
(nm)
(mg)
39 + 3
50 + 4
66 + 5
99 + 9
40 + 4
77 + 10
126 + 13
174 + 18

5+1
5+1
6+1
5+1
5+1
6+1
6+1
6+1

57.1
58.2
47.3
66.7
347
222
350
366

--------16.1
18.3
11.6
14.0

Table A.1: Parameters for synthesis of CdSe@CdS nanorods on 75 mg and 375 mg scales
relative to CdO precursor. All stock solutions were prepared using 18 mL TOP, 600 mg
sulfur, and the indicated mass of CdSe seeds. Molar masses of seeds were 56174 g/mol
(2.7 nm CdSe with 39.5 wt% organic content-TGA) and 33263 g/mol (2.3 nm CdSe with
33.2 wt-% organic content-TGA). Quantum dots were sized by correlating UV-vis spectra,
and nanorod dimensions were based on 100 measurements by TEM.377
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Nanorod length vs. seed concentration

Figure A.4: CdSe@CdS nanorod length plotted against CdSe seed concentration in TOP:S
stock solutions corresponding to data in table A.1. Note that all nanrods had similar
diameters (5 – 6 nm). Two batches of quantum dots (2.3 nm and 2.7 nm) were used as
shown in table A.1. Data labels are in nanometers with 10% error bars corresponding to
average standard deviation in length. The plotted line is a guide to the eye.
Parameters and trends for the synthesis of CdSe@CdS nanorods
CdSe@CdS nanorod volume was correlated with the concentration of CdSe
quantum dots in the stock solution used. For our purposes, it was more useful to correlate
seed concentration with nanorod length as the nanorod diameters changed little from
sample to sample (5 – 6 nm). This correlation of length (volume) with seed concentration
was expected as more nucleation sites (higher concentraion of CdSe in the stock solution)
should result in shorter nanorods for a given concentration of CdS precursors. We observed
that nanorod length became increasingly sensitive to small changes in CdSe seed
concentration when targeting longer (> 100 nm) nanorods. This trend is shown in figure
A.4 above. As can be seen in figure A.4, small changes in the seed concentration have little
effect on nanorod length at higher seed concentrations. A range of concentrations from 37
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– 66 µM afforded nanorods of similar length (39 – 50 nm). However, changing the seed
concentration from 10 – 7 µM resulted in a difference in length of nearly 50 nm (126 – 174
nm).
TEM of CdSe seeded CdS nanorods

Figure A.5: TEM of samples corresponding to Table A.1; all scale bars are 100 nm. a) L
= 39 + 3 nm; D = 5 + 1 nm; [CdSestock] = 66.3 µM; b) L = 50 + 4 nm; D = 5 + 1 nm;
[CdSestock] = 46.5 µM; c) L = 66 + 5 nm; D = 6 + 1 nm; [CdSestock] = 20.8 µM; d) L = 99
+ 9 nm; D = 5 + 1 nm; [CdSestock] = 14.8 µM; e) L = 40 + 4 nm; D = 5 + 1 nm; [CdSestock]
= 36.6 µM; f) L = 77 + 10 nm; D = 6 + 1 nm; [CdSestock] = 13.2 µM; g) L = 126 + 13 nm;
D = 6 + 1 nm; [CdSestock] = 9.9 µM; h) L = 174 + 18 nm; D = 6 + 1 nm; [CdSestock] = 6.7
µM. Sizes and distributions are based on at least 100 measurements in all cases.

A.1.d) PtNP-tipped nanorods
A.1.d.i) General consideration in the synthesis of platinumNP-tipped CdSe@CdS
nanorods
Synthesis of PtNP-tipped CdSe@CdS nanorods was a straightforward and robust
reaction. We chose conditions with a large excess of Pt precursors which resulted in the
formation of a large number of free PtNPs removed by the toluene/EtOH workup described

180
below. Additionally, these colloids were stored as dispersions when further modifications
were intended as these PtNP-tipped CdSe@CdS nanorods tended to irreversibly aggregate
when stored as powders. These nanorods were not sensitive to sonication.
A.1.d.ii) Synthesis of platinumNP-tipped CdSe@CdS nanorods (25 mg scale relative
to nanorods)
Synthesis of platinumNP-tipped CdSe@CdS nanorods (39 nm) The synthesis of
platinum tipped CdSe@CdS nanorods was adapted from the literature.347 Oleic acid (0.2
mL, 0.61 mmol), oleylamine (0.2 mL, o.63 mmol), 1,2-hexadecanediol (43 mg, 0.17
mmol) and 10 mL diphenyl ether were loaded into a 50 mL three-neck-round bottom
equipped with a reflux condenser and 1 inch stir bar. The reaction mixture was then
heated to 80°C under vacuum for 30 min at 300 RPM using a heating mantle and
temperature probe to deoxygenate the reaction mixture and remove adventitious moisture
from the vessel. The reation mixture was then heated to 225ºC under argon before
injecting the Pt precursor and nanorods in dichlorobenzene. Separately, Pt(II)
acetylacetonate (25 mg, 0.064 mmol) was added to a dispersion of CdSe@CdS nanorods
(25 mg in 1 ml dichlorobenzene) and the orange mixture was sonicated for 5 minutes to
promote dissolution of the Pt precursor. The Pt/nanorod dispersion was then injected via
syringe into the reaction mixture thermostated at 225 ºC under Ar. After 8 minutes the
reaction had turned completely black and was removed from the heating mantle. Toluene
(10 mL) was injected upon cooling to below 60 oC.

Purification involved 2 centrifugation steps using 50 mL centrifuge tubes. The
crude, room temperature product was transferred to one centrifuge tube, diluted to 35 mL
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with toluene and precipitated with the addition of 10 mL ethanol. Centrifugation at 2500
rpm for 12 minutes yielded a black supernatant and brown pellet. The supernatant was
decanted and the pellet dispersed in 35 mL toluene before adding 10 mL EtOH to the
centrifuge tube. Centrifugation at 2500 rpm for 12 minutes yielded a brown tinted
supernatant and brown pellet.


The pellet was dried in vacuo at 55 oC overnight to determine an isolated yield of
22.5 mg (12.8 wt-% organic content-TGA, black powder).



For products intended for further reactions, the supernatant was decanted and the
pellet (of PtNP-tipped CdSe@CdS nanorods) was immediately dispersed in 10 mL
1,2-dichlorobenzene in a scintillation vial. Again, isolation of Pt-tipped
CdSe@CdSe nanorods into powder form at this stage often resulted in irreversible
flocculation of nanorods which were not suitable for further tipping reactions with
cobalt. The black dispersion was spun on a rotary evaporator at 45 oC and 200 torr
for 15 minutes to remove residual toluene/EtOH. The volume of the DCB/PtNPtipped nanorod dispersion was then measured to obtain a total volume. Then, 0.5
mL of the dispersion was dried in vacuo at 55 oC for 24 hours in a vial of known
mass. The concentration of the remaining dispersion could then be calculated to
obtain a yield. This dilution step was applied to the full series of nanorod lengths
utilized in further tipping reactions.

A.1.d.iii) Synthesis of platinumNP-tipped CdSe@CdS nanorods on 150 mg scale
(relative to nanorods)
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Synthesis of platinumNP-tipped CdSe@CdS nanorods (40 nm)
The synthesis of platinum tipped CdSe@CdS nanorods on larger scale was similar to the
above conditions. Oleic acid (0.4 mL, 1.2 mmol), oleylamine (0.4 mL, 1.2 mmol), 1,2hexadecanediol (0.172 g, 0.66 mmol) and 10 mL diphenyl ether were loaded into a 50 mL
three-neck-round bottom equipped with a reflux condenser and 1 inch stir bar. The reaction
mixture was then heated to 80°C under vacuum for 30 min at 300 RPM using a heating
mantle and temperature probe to deoxygenate the reaction mixture and remove adventitious
moisture from the vessel. The reaction mixture was then heated to 225ºC under argon
before injecting the Pt precursor and nanorods in dichlorobenzene. Separately, Pt(II)
acetylacetonate (0.10 g, 2.54 × 10-4 mol) was added to a dispersion of CdSe@CdS nanorods
(150 mg in 2 ml dichlorobenzene) and the orange mixture was sonicated for 5 minutes to
promote dissolution of the Pt precursor. The Pt/nanorod dispersion was then injected via
syringe into the reaction mixture thermostated at 225 ºC under Ar. After 8 minutes the
reaction had turned completely black and was removed from the heating mantle. Toluene
(10 mL) was injected upon cooling to below 60 oC.
Purification involved 2 centrifugation steps using 50 mL centrifuge tubes. The
crude, room temperature product was distributed evenly between two centrifuge tubes,
each was diluted to 35 mL with toluene and precipitated with the addition of 10 mL ethanol.
Centrifugation at 2500 rpm for 12 minutes yielded a black supernatant and brown pellet.
The supernatant was decanted and the pellet dispersed in 35 mL toluene before adding 10
mL EtOH to the centrifuge tube. Centrifugation at 2500 rpm for 12 minutes yielded a brown
tinted supernatant and brown pellet.
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The pellet was dried in vacuo at 55 oC overnight to determine an isolated yield of
111 mg (10.7 wt-% organic content-TGA, black powder).



For products intended for further reactions, the supernatant was decanted and the
pellet (of PtNP-tipped CdSe@CdS nanorods) was immediately dispersed in 10 mL
1,2-dichlorobenzene in a scintillation vial. Again, isolation of Pt-tipped
CdSe@CdSe nanorods into powder form at this stage often resulted in irreversible
flocculation of nanorods which were not suitable for further tipping reactions with
cobalt. The black dispersion was spun on a rotary evaporator at 45 oC and 200 torr
for 15 minutes to remove residual toluene/EtOH. The volume of the DCB/PtNPtipped nanorod dispersion was then measured to obtain a total volume. Then, 0.5
mL of the dispersion was dried in vacuo at 55 oC for 24 hours in a vial of known
mass. The concentration of the remaining dispersion could then be calculated to
obtain a yield. This dilution step was applied to the full series of nanorod lengths
utilized in further tipping reactions.

Synthesis of platinumNP-tipped CdSe@CdS nanorods (77 nm)
The procedure for the synthesis and work up of platinumNP-tipped 77 nm CdSe@CdS
nanorods on 150 mg scale was identical to the synthesis using 40 nm rods except for the
use of longer rods. The resulting pellet was dried in vacuo overnight yielding 145 mg (12.2
wt-% organic content-TGA, black powder).
Synthesis of platinumNP-tipped CdSe@CdS nanorods (126 nm)
The procedure for the synthesis and work up of platinumNP-tipped 126 nm CdSe@CdS
nanorods on 150 mg scale was identical to the synthesis using 40 nm rods except for the
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use of longer rods. The resulting pellet was dried in vacuo overnight yielding 111 mg (7.8
wt-% organic content-TGA, black powder).
Synthesis of platinumNP-tipped CdSe@CdS nanorods (174 nm)
The procedure for the synthesis and work up of platinumNP-tipped 174 nm CdSe@CdS
nanorods on 150 mg scale was identical to the synthesis using 40 nm rods except for the
use of longer rods. The resulting pellet was dried in vacuo overnight yielding 140 mg (10.7
wt-% organic content-TGA, black powder).

Table of yields and percent organics for four lengths of PtNP-tipped nanorods on
large scale
parent nanorod

yield

wt-% organics

length

(mg)

(by TGA)

40 nm

111

10.7

77 nm

145

12.2

126 nm

111

7.8

174 nm

140

10.7

Table A.2: Nanorod lengths, yields, and percent organics used in Pt-tipping reactions on
150 mg scale relative to nanorods. In all cases, 150 mg nanorods and 100 mg Pt(acac)2
were used as per the procedure above. TEM images of the Pt-tipped products are shown in
figure A.6.
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Platinum tipped CdSe@CdS nanorods

Figure A.6. Four lengths of platinum-tipped nanorods. Parent nanorod dimensions: a) L
= 40 + 4 nm, D = 6 + 1 nm; b) L = 77 + 10 nm, D = 6 + 1 nm; c) L = 126 + 13 nm, D = 7
+ 1 nm; d) L = 174 + 19 nm, D = 6 + 1 nm. Scale bars are 100 nm. Sizes based on 100
measurements.
A.1.e) CoNP-tipped nanorods
A.1.e.i)

General

considerations

in

cobaltNP-tipping

of

platinumNP-tipped

CdSe@CdS nanorods
CoNP-tipping of PtNP-tipped CdSe@CdS nanorods was a straightforward and robust
reaction. The workup via magnetic filtration is described below. Additionally, these
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colloids were stored as dispersions when further modifications were intended as these
magnetic heterostructured nanorods tended to irreversibly aggregate when stored as
powders. These nanorods were highly sensitive to sonication which resulted in irreversible
mechanical fracture.
A.1.e.ii) Procedures for synthesis of cobalt-tipped (platinumNP-tipped CdSe@CdS
nanorods) with dumbbell morphology
Synthesis of cobaltNP-tipped (platinumNP-tipped CdSe@CdS nanorods) (40 nm)
Carboxylic acid end-functionalized polystyrene (0.10 g (Mn 12,500 g/mol), 8.00 µmol)
prepared as previously reported256 and 25 mg PtNP-tipped CdSe@CdS nanorods (40 nm)
were dissolved/dispersed in 20 mL DCB and loaded into a 100 mL three-neck round
bottom flask equipped with a reflux condenser and stir bar under argon. The black reaction
mixture was then heated to 173°C using a heating mantle and temperature probe before
injecting 250 mg Co2(CO)8 dissolved in 1.5 mL DCB into the hot mixture of polymeric
surfactants and nanocrystals with a subsequent drop in temperature to 160°C. Growth of
the nanocrystals was maintained at 160°C for 1 hour at which point the heating mantle was
removed.
Purification involved one magnetic filtration step. The nanorods were precipitated
via dropwise addition into vigorously stirring MeOH (500 mL) to yield a black precipitate
that was collected by sedimentation using a standard AlNiCo magnet and decanting of the
MeOH phase. A slightly grey supernatant was decanted leaving behind a black precipitate.



For characterization requiring a powder, the pellet was dried in vacuo at 55 oC
overnight to yield 225 mg (43.1 wt-% organic content-TGA, black powder).
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For products intended for further modification, the supernatant was decanted and
the pellet dispersed in 10 mL 1,2-dichlorobenzene in a scintillation vial. The black
dispersion was spun on a rotary evaporator at 45 oC and 200 torr for 15 minutes to
remove residual MeOH. The volume of the DCB/CoNP-tipped nanorod dispersion
was then measured to obtain a total volume. Then, 0.5 mL of the dispersion was
dried in vacuo at 55 oC for 24 hours in a vial of known mass. The concentration of
the remaining dispersion could then be calculated to obtain a yield. This dilution
step was applied to the full series of nanorod lengths utilized in further reactions.

Synthesis of cobaltNP-tipped (platinumNP-tipped CdSe@CdS nanorods) (77 nm) The
procedure for the synthesis and workup for Co-tipping of PtNP-tipped 77 nm CdSe@CdS
nanorods was identical to the synthesis using 40 nm rods except for the use of longer rods.
The resulting pellet was dried in vacuo overnight yielding 176 mg (42.9 wt-% organic
content-TGA, black powder)
Synthesis of cobaltNP-tipped (platinumNP-tipped CdSe@CdS nanorods) (126 nm)
The procedure for the synthesis and workup for Co-tipping of platinumNP-tipped 126 nm
CdSe@CdS nanorods was identical to the synthesis using 40 nm rods except for the use of
longer rods. The resulting pellet was dried in vacuo overnight yielding 208 mg (48.8 wt-%
organic content-TGA, black powder).
Synthesis of cobaltNP-tipped (platinumNP-tipped CdSe@CdS nanorods) (174 nm)
The procedure for the synthesis and workup for Co-tipping of platinumNP-tipped 174 nm
CdSe@CdS nanorods was identical to the synthesis using 40 nm rods except for the use of
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longer rods. The resulting pellet was dried in vacuo overnight yielding 226 mg (37.7 wt-%
organic content-TGA, black powder).

Table of yields and percent organics for Co-tipping four lengths of PtNP-tipped
nanorods
parent nanorod

yield

percent organics

length

(mg)

(by TGA)

40 nm

225

43.1

77 nm

176

42.9

126 nm

208

48.8

174 nm

226

37.7

Table A.3: Parent nanorod lengths, yields, and percent organics used in Co-tipping
reactions on large scale. In all cases, 25 mg PtNP-tipped CdSe@CdS nanorods, 100 mg
PS-COOH, and 250 mg Co2(CO)8 were used as per the above procedure.
A.1.f) CoxOyNP-tipped nanorods
A.1.f.i) General consideration in the selective oxidation of cobalt on CoNP-tipped
(PtNP-tipped CdSe@CdS nanorods)
Oxidation of CoNP-tipped (PtNP-tipped CdSe@CdS nanorods) was a straightforward and
robust reaction. The workup via centrifugation is described below. Additionally, these
colloids were stored as dispersions when further modifications were intended as these
HNCs tended to irreversibly aggregate when stored as powders. These HNCs were highly
sensitive to sonication which resulted in irreversible mechanical fracture.
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A.1.f.ii) Procedures for selective oxidation of cobalt on CoNP-tipped (PtNP-tipped
CdSe@CdS nanorods)
Selective oxidation of cobalt on CoNP-tipped (PtNP-tipped CdSe@CdS nanorods) (40
nm) CobaltNP-tipped nanorods (150 mg) were dispersed in 35 ml DCB and loaded into a
100 mL three-neck-round bottom equipped with a reflux condenser and stir bar. The
reaction was then heated to 173°C using a heating mantle and temperature probe while
bubbling with oxygen for 24 hours.
Purification involved 1 centrifugation step using 50 mL centrifuge tubes. The crude,
room temperature product was transferred to 6 centrifuge tubes which were subsequently
filled to 45 mL with MeOH. The nanocrystals were isolated by centrifugation at 5000 rpm
for 15 minutes resulting in a clear supernatant and grey pellet. The supernatant was
decanted and the pellet dried in vacuo at 55 oC overnight to yield 125 mg (39.3 wt-%
organic content-TGA) solid product. These cobalt oxideNP-tipped nanorods were also
sensitive to sonication, which was avoided.
Selective oxidation of cobalt on CoNP-tipped (PtNP-tipped CdSe@CdS nanorods) (77
nm) The procedure for the synthesis and work up for selective oxidation of CoNP-tipped
(PtNP-tipped 77 nm CdSe@CdS nanorods) was identical to the synthesis using 40 nm rods
except for the use of longer rods. The resulting pellet was dried in vacuo overnight yielding
80 mg (37.6 wt-% organic content-TGA) black powder.
Selective oxidation of cobalt on CoNP-tipped (PtNP-tipped CdSe@CdS nanorods)
(126 nm) The procedure for the synthesis and work up for selective oxidation of CoNPtipped (PtNP-tipped 126 nm CdSe@CdS nanorods) was identical to the synthesis using 40
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nm rods except for the use of longer rods. The resulting pellet was dried in vacuo overnight
yielding 122 mg (41.9 wt-% organic content-TGA) black powder.
Selective oxidation of cobalt on CoNP-tipped (PtNP-tipped CdSe@CdS nanorods)
(174 nm) The procedure for the synthesis and work up for selective oxidation of CoNPtipped (PtNP-tipped 174 nm CdSe@CdS nanorods) was identical to the synthesis using 40
nm rods except for the use of longer rods. The resulting pellet was dried in vacuo overnight
yielding 113 mg (30.7 wt-% organic content-TGA) black powder.

Table of yields and percent organics for selective oxidation of cobalt in four lengths
of CoNP-tipped (PtNP-tipped CdSe@CdS Nanorods)
parent nanorod

yield

percent organics

length

(mg)

(by TGA)

40 nm

125

39.3

77 nm

80

37.6

126 nm

122

41.9

174 nm

113

30.7

Table A.4: Parent nanorod lengths, yields, and percent organics used in selective
oxidations. In all cases, 150 mg CoNP-tipped (PtNP-tipped CdSe@CdS nanorods) were
used.
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Table of cobaltNP vs. cobalt oxideNP-tip diameters
Row Parent Nanorod

Cobalt Tips (nm)

Cobalt Oxide Tips (nm) Characterization
TEM, XRD, VSM,

1

40 + 4 nm

12.1 + 2.9

18.8 + 4.2

optical, TGA

2

77 + 10 nm

19.1 + 4.1

22.3 + 5.3

TEM, optical, TGA

3

126 + 13 nm

16.8 + 5.1

19.6 + 4.6

TEM, optical, TGA

4

174 + 18 nm

14.3 + 3.3

19.4 + 3.5

TEM, optical, TGA

5

77 + 10 nm

16.7 + 3.6

22.1 + 4.9

TEM, XRD, VSM

6

134 + 18 nm

17.1 + 3.6

20.7 + 2.3

TEM, XRD, VSM

7

179 + 17 nm

11.7 + 2.5

-------

TEM, XRD, VSM

8

161 + 26 nm

-------

21.1 + 3.5

TEM, XRD, VSM

Table A.5: Parent nanorod lengths, and cobaltNP vs. cobalt oxideNP tip sizes after
selective oxidation of cobalt for 8 cases. Sizes based on at least 100 measurements.
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A.2. Thermogravimetric Analysis (TGA)

Figure A.7: TGA data for 4 series of CdSe@CdS nanorods (labelled by parent nanorod
length): “40 nm”: L = 40 + 4 nm, D = 6 + 1 nm; “77 nm”: L = 77 + 10 nm, D = 6 + 1 nm;
“126 nm”: L = 126 + 13 nm, D = 7 + 1 nm; “174 nm”: L = 174 + 19 nm, D = 6 + 1 nm.
Size distributions based on 100 measurements.
For CdSe@CdS nanorods we observed similar thermogravimetric profiles at all
lengths, with similar onsets of decomposition at 450 oC consistent with decomposition
temperature of ligands used in passivation (figure A.7). The percentage of mass attributed
to organics consistently ranged between 10 – 20 %.
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Figure A.8: TGA data for 4 series of PtNP-tipped CdSe@CdS nanorods (labelled by parent
nanorod length): “40 nm”: L = 40 + 4 nm, D = 6 + 1 nm; “77 nm”: L = 77 + 10 nm, D =
6 + 1 nm; “126 nm”: L = 126 + 13 nm, D = 7 + 1 nm; “174 nm”: L = 174 + 19 nm, D = 6
+ 1 nm. Sizes based on 100 measurements.
For PtNP-tipped CdSe@CdS nanorods we observed similar thermogravimetric
profiles at all lengths, with slight, but progessive loss (5-wt%) in weight in the
temperature ranges from 100-400 °C, followed by a sharp onset of decomposition at ca.
450 oC, corresponding to decomposition of organic ligands (figure A.8). In all cases,
ligand coverage of isolated Pt-tipped nanorods was around 10-wt% as determined by
temperature at which the percent mass remaining reached a local minimum.
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Figure A.9: TGA data for 4 series of CoNP-tipped (PtNP-tipped CdSe@CdS nanorods)
labelled by parent nanorod length: “40 nm”: L = 40 + 4 nm, D = 6 + 1 nm; “77 nm”: L =
77 + 10 nm, D = 6 + 1 nm; “126 nm”: L = 126 + 13 nm, D = 7 + 1 nm; “174 nm”: L = 174
+ 19 nm, D = 6 + 1 nm. Sizes based on 100 measurements.
For CoNP-tipped (PtNP-tipped CdSe@CdS nanorods) we observe similar
thermogravimetric profiles at all lengths, with slight, but progessive loss (10-wt%) in
weight in the temperature ranges from 100-400C, followed by a sharp onset of
decomposition at ca. 400 oC, corresponding to decomposition of organic ligands (figure
A.9). In all cases, ligand coverage of isolated Co-tipped nanorods was approximately 3040 wt% as determined by temperature at which the percent mass remaining reached a local
minimum. High temperature degradation of ligands occurred concomitantly with mass
gaining reactions of these materials with gaseous species as seen by the slight increase in
mass.255
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Figure A.10: TGA data for 4 series of CoxOyNP-tipped (PtNP-tipped CdSe@CdS
nanorods) labelled by parent nanorod length: “40 nm”: L = 40 + 4 nm, D = 6 + 1 nm; “77
nm”: L = 77 + 10 nm, D = 6 + 1 nm; “126 nm”: L = 126 + 13 nm, D = 7 + 1 nm; “174 nm”:
L = 174 + 19 nm, D = 6 + 1 nm. Sizes based on 100 measurements.
For CoxOyNP-tipped (PtNP-tipped CdSe@CdS nanorods) we observe similar
thermogravimetric profiles at all lengths, with slight, but progessive loss (10-wt%) in
weight in the temperature ranges from 100-400C, followed by a sharp onset of
decomposition at ca. 400 oC, corresponding to decomposition of organic ligands (figure
A.10). In all cases, ligand coverage of isolated CoxOy-tipped nanorods was approximately
40-50 wt% as determined by temperature at which the percent mass remaining reached a
stable value. No significant increases in mass were observed for these materials by TGA
as expected for oxidized CoxOy and observed for CdSe@CdS nanorods.
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A.3. Vibrating sample magnetometry (VSM)
The magnetic properties of Co tipped nanorods were measured via vibrating sample
magnetometry (VSM) at 300 K for four different lengths of heterostructured nanorods (L
= 40 + 4 nm; D = 5 + 1 nm; L = 77 + 10 nm; D = 6 + 1 nm; L = 134 + 18 nm; D = 5 + 1
nm; L = 179 + 17 nm; D = 5 + 1 nm; Sizes and distributions based on at least 100
measurements in all cases). CoNP tipped nanorod materials exhibited weak
ferromagnetism at 300 K with a saturation magnetization (Ms) ranging from 23 to 13 emu/g
and coercivities (Hc) between 135 and 224 Oe. CoNP tip diameters ranged from 12 to 17
nm as shown in table A.5. Differences in Ms tracked with the relative percent Co
composition of the heterostructures (as opposed to CoNP-tip diameter) as shorter nanorod
heterostructures had more Co per gram. Coercivities were observed to increase with
increasing CoNP-tip size rather than percent composition as expected for single domain
CoNPs (table A.5 rows 1,5-7 and figure A.11). Oxidation of the CoNP tips resulted in
decreased TEM contrast with concomitant dimensional expansion of terminal domains due
to the nanoscale Kirkendall effect.263 Oxidized CoxOyNP-tip diameters were larger than the
parent CoNP diameters and ranged from 19 – 22 nm. In the case of the longest nanorods
(179 nm) sample size was limited and VSM measurements were made on a comparably
long nanorod with CoxOyNP-tips (Nanorod 161 + 26 nm, n = 76; CoNP-tip diameter = 21.1
+ 3.5 nm, n = 100). Following solution oxidation, the saturation magnetization dropped by
greater than 20-fold in magnitude relative to the CoNP-tipped products, which was in
agreement with the conversion of metallic CoNP tips to paramagnetic cobalt oxides at room
temperature as noted by the slope of Ms values in the magnetometry (Fig. A.11). However,
despite the drastic decrease in Ms for all CoO tipped nanorods, an increase in the coercivity
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was observed for the 40 nm nanorods (from Hc = 135 to 322). These magnetic properties
are anticipated to arise from trace amount of bimetallic CoPt alloys, which are known to
possess high magnetic coercivities and were present in very small quantities difficult to
observe by microscopy and XRD. We observed similar behavior in the formation of PtCo3O4 nanowires prepared in a similar fashion of oxidation of core-shell Co@Pt NPs in
previous work.278 These shorter nanorods were anticipated to be more sensitive to VSM
measurements due to the larger percentage of CoNPs on a weight basis per heterostructured
nanorod.
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Figure A.11: VSM data for four lengths of (a,c,e,g) cobaltNP-tipped nanorods and (b,d,f,h)
cobalt oxideNP-tipped nanorods.
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A.4. Optical measurements: UV-vis spectroscopy (UV-vis) and Fluorimetry
The optical properties of all materials were measured by absorbance and emission
spectroscopy collected at room temperature. CdSe quantum dot diameters were obtained
using a known correlation with the first excitonic absorbance maximum.377 Significant
broadening of the absorption spectra was observed for all nanorod lengths after
modification with Pt. Emission was quenched by greater than two orders of magnitude for
each length after Pt-tipping, and completely quenched with the addition of CoNP or
CoONP tips.
A red shifting of the CdSe seed absorbance of the CdSe@CdS nanorod was
observed, consistent with earlier findings assigning the low energy absorbances to holes
confined in the CdSe seed and delocalized electrons in the semiconductor nanorod, which
was evidence for electronic coupling between the two phases.284, 318, 320-321, 343 Further
evidence of coupling in the CdSe@CdS nanorods was observed in the emission
spectroscopy, as noted by a single photoluminescence peak at approximately 580 nm for
nanorods synthesized using a 2.3 nm CdSe seed (607 nm for those nanorods synthesized
with a 2.7 nm CdSe seed), indicative of electron transfer of excited electrons to the CdSe
conduction band and subsequent emission in the CdSe seed.
The incorporation of Pt, Co, or CoxOy NP tips resulted in perturbation of the optical
spectral features of CdSe@CdS nanorods, indicative of electronic coupling of the II-VI
semiconductor phases to broad band strongly absorbing metals (e.g., Pt, Co) and cobalt
oxides. PtNP-tipped CdSe@CdS nanorods exhibit a similar absorbance spectrum as for
bare CdSe@CdS nanorods, with the exception of an overall dampening of the CdS band
edge absorption and broad band absorbance tail out to 700 nm, which was characteristic of
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the solution optical properties of metallic PtNPs. The emission spectroscopy of PtNPtipped CdSe@CdS nanorods exhibited significant quenching of the photolumiscence peak
at approx. 580 nm from emission from the CdSe seed. Both cobalt and cobalt oxide tipped
nanorods exhibited broad band, nearly featureless absorbance spectra, while the emission
spectra were also featureless due to quenching from the presence of either the metal, or the
metal oxide NP tips.
Emission spectroscopy of these materials exhibited characteristic changes as a
function of nanorod composition. Smaller CdSe seeds (D = 2.3 nm) were measured to
display a sharp emission centered around 514 nm, while the corresponding CdSe@CdS
nanorods had a red-shifted emission centered around 580 nm. As expected, CdSe@CdS
nanorods seeded with a larger diameter CdSe seed (2.7 nm) had an emission λmax redshifted relative to CdSe@CdS nanorods synthesized with a smaller CdSe seed (figure
A.13-b). Significant quenching of the fluorescence was observed after modifying these
nanorods with PtNP-tips as noted by a greater than 100-fold decrease in emission intensity.
Fluorescence was completely quenched following the installation of Co or CoxOy NP tips.
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A.4.a) Absorbance measurements

Figure A.12: UV-vis spectra for a) quantum dots; b) nanorods; c) PtNP-tipped nanorods;
d) CoNP-tipped nanorods; and e) cobalt oxideNP-tipped nanorods. All plots are
absorbance (a.u.) vs. wavelength (nm) normalized to absorbance at 300 nm.
Absorbance spectra for CdSe@CdS nanorods were dominated by the CdS phase of
the nanorods. After tipping with metal NPs, broad band absorbance was observed with
some CdS absorbance evident in the PtNP-tipped nanorods. Quantum dots were sized from
the spectra shown at top left of figure A.12 (low energy lambda max = 495 nm and 527
nm).377
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A.4.b) Emission measurements

Figure A.13: Emission spectra for a) quantum dots; b) nanorods; c) PtNP-tipped nanorods;
d) CoNP-tipped nanorods, and e) cobalt oxideNP-tipped nanorods. All plots are intensity
(counts) vs. wavelength (nm). The excitation wavelength was 366 nm. Plots for nanorods
before and after tipping with Pt are normalized by concentration.
Emission was not observed to depend on rod length for a given quantum dot seed
(note: 126 nm nanorods used a larger 2.7 nm vs. 2.3 nm CdSe seed) and significant
quenching was observed after platinum tipping. Emission was completely quenched after
the addition of cobalt and cobalt oxidation.
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A.4.b.i) Table of emission per unit concentration and λmax for PtNP-tipped nanorods
Emission / M

Lambda max emission

Nanorods

Pt-tipped

Nanorods

Pt-tipped

40 nm

1.14E+14

1.91E+11

40 nm

579

579

77 nm

1.52E+14

1.26E+12

77 nm

577

576

126 nm

4.86E+14

1.68E+12

126 nm

607

602

174 nm

1.10E+14

4.92E+11

174 nm

585

585

Table A.6: Quenching of fluorescence after PtNP-tipping and emission per unit
concentration and the wavelengths at which emission reached a maximum for PtNP-tipped
nanorods and parent nanorods. 126 nm nanorods were synthesized using a 2.7 nm CdSe
seed, while all others contained a 2.3 nm CdSe seed. In all cases, emission per mole
decreased by greater than two orders of magnitude after functionalizing with Pt. Molarities
calculated using bulk densities (CdSe = 5.816 g/cm3, CdS = 4.82 g/cm3, Pt = 21.45 g/cm3)
and % organics from TGA. CdSe seeds and PtNP tips were treated as spheres, and CdS
nanorods were treated as cylinders with hemispherical endcaps as shown in figure A.16.
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A.5. X-ray Diffraction (XRD)
Formation of hexagonal wurtzite-type CdS phase was confirmed after the nanorod
synthesis and high crystallinity was maintained throughout all modifications,406 in
agreement with HRTEM analysis. Debye function analysis (DFA) afforded a good fit for
defect-free Pt cuboctahedra clusters with two size distributions with one population
centered at approximately 2-2.5 nm and a smaller population at 5 nm in diameter.407
Metallic cobalt tips were found to be a highly disordered fcc-type variant while the
complete conversion to cobalt oxide tips resulted in rock salt CoO with a crystallite size of
2.6 nm. XRD patterns are shown in Fig. A.14.
CdSe@CdS nanorods (L = 156 nm + 20 nm, n = 100) were prepared as the starting
material for the synthesis of heterostructured nanorods used in this study (see Fig. A.14-d
for TEM of final product of cobalt oxide tipped nanorod) and exhibited diffraction lines of
the hexagonal wurtzite-type CdS phase (Fig. A.14-a). The c-axis was observed to be
oriented parallel to the rod axis, as indicated by the width of individual hkl-lines, with an
extremely narrow 002 line, corresponding to a large coherence length along the c-axis of
> 15 nm, while the 100-line gives a coherence length of 3.9 nm along the crystallographic
a-axis for nanorods of 156 nm length. The latter numbers correspond to the rod diameter
(cf. HRTEM study). Typically, all lines with l >> h,k are narrow, while lines with h,k >> l
are broadened (Fig. A.14-a). Stacking defects known for nano-size CdS quantum dots
cannot be observed, meaning the nano-rods show a high crystallinity.406 These findings are
in good agreement with the HRTEM analysis, as no defects were detected in the power
spectra (cf. Fig. 2.5b,d in Chapter 2).
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Characterization and assignment of Pt phases from PtNP-tipped CdSe@CdS
nanorods was conducted by carefully calibrating and subtracting the ‘background’
produced by the nanorods (Fig. A.14-b). The difference (curve shown with offset) clearly
represents an fcc-type platinum nanoparticle diffraction pattern. Simulation of this
diffraction pattern with Debye functions (DFA, Debye Function Analysis) afforded a good
fit to defect-free Pt cuboctahedra.407 The DFA method also allows determining the size
distribution, shown as insert to figure A.14-b. According to this study, the Pt clusters seem
to be rather uniform in size around 2 to 2.5 nm, with a certain fraction of larger particles,
size around 5 nm.
Diffraction patterns for CoNP-tipped nanorods were considerably more complex
than Pt-tipped CdSe@CdS nanorods, presumably due to the introduction of amorphous
material or compounds of low crystallinity which added to the total scattered intensity for
these samples. Determination of cobalt phases from CoNP tipped nanorods were calculated
from the difference pattern by subtracting the calibrated pattern of the CdSe@CdS
nanorods (Fig. A.14-c). Both metallic CoNP tips and PtNP tips were seen as diffuse peaks
in the XRD, the former apparently present in a highly disordered fcc-type variant. The
remaining peaks have so far not been identified (known cobalt oxides can be excluded).
The high background intensity and features at angles below b = 0.38 Å-1 are likely due to
the presence of (poorly crystallized) surfactants.408 The peak at b = 0.183 Å-1 including the
shoulder at larger angles could also be related to some cobalt oxide hydroxide phases,
which are known to be poorly crystallized. These phases developed during air exposure of
the metallic CoNPs, forming a thin passivation layer of disordered cobalt oxide/hydroxide
phases. The existence of the passivation layer is also supported by the HAADF-STEM
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images in Fig. 2.4 in Chapter 2. Peaks for the wurtzite CdS phases were also present in
these diffraction patterns, indicative of the stability of the CdSe@CdS nanorod under the
reaction conditions used for CoNP deposition.

Figure A.14: XRD patterns for one series of a) CdSe@CdS nanorods; b) PtNP-tipped
nanorods; c) CoNP-tipped nanorods; d) CoxOyNP-tipped nanorods. The offset curve in fig.
A.14-b is the difference pattern with the ‘background’ produced by the CdSe@CdS
nanorods subtracted (dotted line: experimental, solid line DFA simulation). Inset in fig.
A.14-b shows the size distribution obtained from DFA. The offset curve (blue line) in fig.
A.14-c is the difference intensity, with the ‘background’ from CdSe@CdS nanorod
precursors subtracted. S14-d is the difference intensity as in fig. A.14-c. Vertical bars
represent the relative peak intensities taken from ICSD database for compounds as indexed
in the figures. Patterns in fig. A.14-c and A.14-d were measured with Co-Ka1 radiation.
Nanoparticle dimensions (from TEM) were as follows: CdSe@CdS nanorods L = 156 +
20 nm, D = 5 + 1 nm; CoNP-tips D = 16 + 2 nm; CoxOyNP-tips D = 23 + 3 nm; 100
nanoparticles sized in each case.

207
XRD of cobalt oxide tipped nanorods confirmed the complete consumption of
metallic CoNP tips as a consequence of the solution oxidation reaction and the formation
of rock salt CoO (figure A.14-d). CoO crystallite size was determined to be 2.6 nm (Fig.
A.15) which was similar to the < 3 nm size determined by HRTEM analysis. It is important
to note that peaks for wurtzite CdS phases were also present in the XRD of the final cobalt
oxide tipped nanorod products, confirming that under these conditions, cobalt oxide tips
were formed without undesirable oxidation of CdS nanorod phases.

Figure A.15: XRD data used and peak fitting used to determine CoO crystallite size of 2.6
nm.
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A.6. Calculation of molar masses for colloids
Molar masses were calculated for all nanoparticles using three measured and/or known
parameters: size from UV-vis (for CdSe) or TEM (for all others); percent organics (from
TGA); density of colloids (bulk densities were used). CdSe quantum dot seeds, PtNP-tips,
and CoNP-tips were treated as spheres. CdS nanrods were treated as cylinders with
hemispherical endcaps and the calculated volume of the CdSe seed removed for
CdSe@CdS nanorods. Measure sizes and assumed geometry provided volume. Bulk
density provided mass of inorganic material per particle. The percent organics per unit
mass was then used to obtain the mass per particle which gave a molar mass.

total mass per particle = (volume per particle) * (bulk density) * 100 / (percent inorganic
material from TGA)
inorganic mass per particle = ∑ (calculated volume of inorganic phase) * (bulk density
of inorganic phase)
volume per particle:
spheres: volume = 4/3*pi*r3 ; where r = ½ diameter of nanoparticle
nanorods: volume = pi*r2*h + D - Vseed ; where r = ½ diameter of nanorod, h = length –
diameter, D = diameter, and Vseed = calculated volume of CdSe seed used.
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Figure A.16: Geometric approximations used to calculate volume per particle.
CdSe@CdS nanorods were treated as cylinders having hemispherical endcaps with total
length (L) and diameter (D) defined as that measured by TEM. The calculated volume of
the CdSe quantum dot seed was then subtracted from the total volume of CdS before using
CdS bulk density (4.82 g/cm3) to calculate mass of the CdS phase. The mass of the CdSe
quantum dot seed was then added for a total mass per particle. Bulk densities used: CdSe
= 5.816 g/cm3, CdS = 4.82 g/cm3, Pt = 21.45 g/cm3.
A.7. Control experiments
The PtNP deposition reaction was found to yield optimal products for CoNP
deposition under the conditions described in Chapter 2 and in the experimental section
A.1d by comparison with control experiments described in Chapter 2 and discussed
individually below. Control experiments showed the advantages of using PtNP-tipped
nanorods versus unmodified nanorods for CoNP deposition reactions (Fig. A.17). All of
the reagents from the PtNP deposition reaction were found to be capable of activating
CdSe@CdS nanorods towards CoNP deposition to some degree, with or without the
presence of Pt(acac)2 (Fig. A.18- A.20). In particular, the mixture of oleic acid and
oleylamine was found to be vital in obtaining PtNP-tipped dumbbells and matchsticks
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which were sufficiently activated to promote selectively dumbbell CoNP deposition (Fig.
A.20d,h). The PtNP deposition reaction in the absence of ambient light proceeded
normally, and oxygen was found to suppress PtNP deposition though these nanorods still
resulted in dumbbell CoNP-tip formation (Fig. A.21). A table listing all parameters
changed for these PtNP deposition control experiments is included below (Table A.7).

Advantages of Pt: Control experiments were conducted to confirm the advantages of using
Pt-tipped CdSe@CdS nanorods for the deposition of Co using PS-COOH ligands.
Attempting direct deposition of CoNP tips via the thermolysis of Co2(CO)8 using PSCOOH ligands (Mn = 12,500 g/mol; Mw/Mn = 1.14) in DCB onto CdSe@CdS nanorods (L
= 174 + 19 nm, D = 6 + 1 nm, n = 100) afforded only non-attached, free CoNPs (D = 21 +
9 nm, n = 100) along with the bare nanorods (Fig A.17). Additionally, Co deposition
experiments using blends of unmodified CdSe@CdS and PtNP-tipped CdSe@CdS
nanorods (both matchstick and dumbbell) (L = 85 + 16 nm, D = 7 + 1 nm, n = 100) with
equal feed ratios by weight in the thermolysis of Co2(CO)8 with PS-COOH ligands in DCB
at T = 173 oC afforded mixtures of bare CdSe@CdS nanorods and two-sided CoNP-tipped
nanorods (Fig. A.17-c,d). This series of experiments confirmed the advantages of using
PtNP tips on CdSe@CdS nanorods as seeds to promote selective deposition of metallic
CoNP tips and confirmed that the thermolysis of Co2(CO)8 using PS-COOH ligands at T =
173 oC in DCB was dramatically altered by growth in the presence of PtNP-tipped
CdSe@CdS nanorods. Selective CoNP growth at PtNP-tips is attributed to the decreased
surface passivation of these PtNP-tips afforded by deposition using oleic acid and
oleylamine ligands versus phosphonic acids used in the nanorod synthesis.
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Figure A.17: a) Directly Co-tipping unmodified CdSe@CdS nanorods resulted in free Co
nanoparticles and unmodified nanorods. b) Extending the reaction time (from 1 to 24
hours) did not result in any Co-tipped nanorods. c) A 50 wt % blend of unmodified
nanorods and the same parent nanorods after Pt-tipping. d) Co-tipping this blend resulted
in a blend of dumbbell Co-tipped nanorods and untipped CdSe@CdS nanorods.
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Figure A.18: “Activated” nanorods without platinum. a) CdSe@CdS nanorods after being
exposed to oleic acid, oleylamine, 1,2-hexadecanediol and diphenyl ether, which were all
reagents used in Pt-tipping conditions without addition of Pt(acac)2. b) Co-tipped products
obtained by applying Co-tipping conditions to the “activated” nanorods shown in S18-a.
Some untipped nanorods and free Co nanoparticles were observed. Importantly, some
matchstick CoNP-tipped products were formed.
Activation without Pt(acac)2: Chemical etching experiments were conducted with the
ligands and reducing agent present in a typical Pt deposition reaction in the absence of
Pt(acac)2, followed by direct CoNP deposition onto these treated CdSe@CdS nanorods to
determine if dumbbell CoNP tipped nanorods could be prepared without using PtNP tipped
precursors. These control experiments indicated that the yield of two-sided CoNP tipped
nanorods was significantly lower, or negligible in contrast to the conditions using all of the
components in the PtNP deposition step, as previously described. TEM of the reaction
mixtures from these chemical etching and CoNP tipping reactions revealed that the major
products were bare CdSe@CdS nanorods, although the formation of some singly, or
multiply attached CoNP decorated nanorods were also observed. These CoNP inclusions
were more randomly placed with respect to nanorod termini, or along the length of
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CdSe@CdS nanorods, in contrast to selective central growth onto nanorod termini as
obtained from PtNP tipped CdSe@CdS precursors (Fig. A.18). Systematic removal of each
component of the ligand-reducing agent mixture using otherwise identical conditions (T =
225 oC for 8 minutes in diphenyl ether) demonstrated that 1,2-hexadecanediol, oleic acid,
and oleylamine were each capable of activating CdSe@CdS nanorods to some extent for
deposition of CoNPs (Fig. A.19). These findings differed from those in the seminal report
of Mokari et al. where one reagent (didodecyldimethylammonium bromide) was found to
be responsible for activation of CdSe nanorods to noble metal NP deposition via chemical
etching, and no change in nanorod dimensions was observed in these control
experiments.107 Longer activation times (5 hours vs. 8 min) in the presence of oleic acid,
oleylamine, and 1,2-hexadecanediol did result in more attached CoNPs per nanorod upon
Co deposition, though the no clear preference for terminal CoNP deposition (“tipping”)
was observed over randomly associated CoNPs from increased activation time without
Pt(acac)2 (Fig. A.19-a). Reaction conditions for the above experiments are listed in table
A.7.
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Figure A.19: Co-tipped products after from nanorods activated without Pt(acac)2 under
various conditions and subsequently treated with Co deposition conditions. a) Nanorods
obtained randomly associated CoNPs after 5 hours activation without Pt(acac)2 in the
presence of all other reagents normally used for Pt-tipping (oleic acid, oleylamine, 1,2hexadecanediol) followed by exposure to CoNP deposition conditions. For comparison,
normal Pt-tipping reactions were 8 minutes long. b-d) Matchstick Co-tipped nanorods were
observed after treating CdSe@CdS nanorods with different reagents from the Pt deposition
conditions normally used in the absence of Pt(acac)2 for 8 minutes followed by exposure
to CoNP deposition conditions. Free CoNPs and free nanorods were always the major
product, and apparent morphology depended strongly on sample region by TEM. The
samples shown in S19-b,c,d taken together are representative of the variety of products
obtained in all three cases (ie, all three gave similar mixtures of products). CdSe@CdS
nanorods were injected into 225 oC diphenyl ether containing only b) OLAC and OLAM,
c) HDD and OLAM, d) HDD and OLAC at concentrations normally used for Pt-tipping to
obtain the activated nanorods prior to treating wit Co deposition conditions.
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Activation with Pt(acac)2: The presence of each component in the ligand/reducing agent
mixture used for Pt deposition was systematically varied in the presence of Pt(acac)2 to
evaluate the role of each of the ligands and reducing agent in activation of nanorods toward
CoNP deposition under otherwise typical Pt deposition reaction conditions (T = 225 oC for
8 minutes in diphenyl ether). These experiments revealed that the ligand mixture used for
typical PtNP deposition conditions (both oleic acid and oleylamine) plays some role in
activation of the untipped end of Pt-tipped matchsticks when used in the presence of
Pt(acac)2 (Fig. A.20). Mixtures of Pt-tipped matchsticks and dumbbells, and subsequently
Co-tipped dumbbells, were obtained from nanorods Pt-tipped with any one of the reagents
removed other than Pt(acac)2 (HDD, OLAC, or OLAM). However, only Pt-tipped
matchsticks and unmodified nanorods were formed after removing both OLAC and
OLAM from the PtNP deposition step, and a significant increase in the yield of CoNPtipped matchsticks and unmodified nanorods were observed after treating this product with
CoNP deposition conditions relative to the > 90% CoNP-tipped dumbbells typical obtained
(Fig. A.20-d,h). Reaction conditions for the above experiments are listed in table A.7.
PtNP deposition experiments were also conducted in the dark (in a foil covered
box) to evaluate the possible role of ambient light.362, 367 No difference was observed in the
Pt-tipped or Co-tipped products for those synthesized under ambient light when compared
to reactions performed in the dark (Fig. A.21-c,f vs. A.21-a,d). Similarly, oxygen was found
to have little effect on the Pt-tipping reaction, which differs significantly from previous
work by Saunders et al. regarding Au deposition onto CdS nanorods.356 Pt-tipping reactions
under atmospheric conditions were not significantly different than those conducted under
argon. Sparging the reaction mixture with O2 prior to Pt-tipping did decrease the size and
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number of observed PtNP-tips, but still resulted in dumbbell Co-tipped products (Fig.
A.21-b,e).

Figure A.20: (a-d) Pt-tipped products after removal of reagents from standard Pt
deposition conditions: a) A mixture of matchstick and dumbbell Pt-tipped products was
obtained after Pt-tipping without HDD that was similar to that observed when HDD is used.
b) A mixture of matchstick and dumbbell Pt-tipped products was obtained after Pt-tipping
without OLAC, though the PtNP-tips tended to be larger and more irregular. c) Nanorods
with small PtNPs (< 3 nm) at various positions (laterally attached, matchsticks, dumbbells)
were obtained after Pt-tipping without OLAM. Additionally, some large clusters of PtNPs
were aggregated with these products. d) Pt-tipped matchsticks with small PtNP-tips (< 3
nm) were obtained along with unmodified nanorods after removing both OLAC and
OLAM for the Pt deposition step. (e-h) Co-tipped products obtained from the above Pttipped nanorods. (e-g) Co-tipped dumbbells were the major product when only one reagent
was removed, regardless of the reagent. (h) The yield of Co-tipped matchsticks and free
nanorods were significantly increased for nanorods Pt-tipped without OLAC or OLAM
after Co deposition.
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Figure A.21: (a-c) Pt-tipped products under various conditions. a) A mixture of Pt-tipped
matchsticks and dumbbells resulted from a Pt-tipping reaction performed in the dark. b) A
mixture of Pt-tipped matchsticks and dumbbells obtained after sparging the reaction
mixture with oxygen prior to injection of nanorods and Pt(acac)2 in DCB. The inset shows
the small PtNP-tips. c) A mixture of Pt-tipped matchsticks and dumbbells obtained under
normal Pt deposition conditions using the same parent nanorods as S21-a,b for comparison.
d-f) Co-tipped products obtained from the above Pt-tipped nanorods.
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Table A.7: Reaction conditions for PtNP deposition and activation without Pt(acac)2
control experiments. All reactions followed the experimental given in procedure 1d-ii with
the above changes to amounts of materials used. The bottom row shows standard
conditions used in procedure 1d-ii for comparison. The first two rows (activation of
matchstick and 2nd activation for dumbbell PtNP-tipped nanorods) were direct increases or
decreases in scale of all reagents with no procedural changes. Abbreviations: HDD = 1,2hexadecanediol; OLAC = oleic acid; OLAM = oleylamine; CdSe@CdS = CdSe seeded
CdS nanorods; DCB = 1,2-dichlorobenzene; DPE = diphenyl ether. * The PtNP-tipped
nanorods shown in Fig. A.7b resulted from a second treatment of previously unactivated
matchstick PtNP-tipped nanorods with Pt deposition conditions as discussed in Chapter 2.
Therefore, unactivated matchstick PtNP-tipped CdSe@CdS nanorods were used instead of
purely CdSe@CdS nanorods.
A.8. Evolution of PtNP-tip morphology.
PtNP-tip deposition was found to occur preferentially at one nanorod terminus for a given
nanorod at early reaction times followed by deposition of a second, typically off-center,
PtNP-tip at the diametrically opposed nanorod terminus at later reaction times. At the
reaction times typically used for PtNP-tipping reactions presented in Chapter 2 (8 min),
mixtures of matchstick and dumbbell PtNP-tipped nanorods were observed (Fig. 2.1 in
Chapter 2). At early reaction times (up to 1 min) only one PtNP-tip was generally observed
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for a given nanorod and PtNP-tips were observed to preferentially occur in a central
location relative to the nanorod long axis for these matchstick PtNP-tipped nanorods, while
a more diagonally positioned PtNP-tip was observed less frequently on matchstick Pttipped nanorods. Nanorods with PtNP-tips diagonally positioned at both termini were
rarely observed at any reaction time, though two PtNP-tips on a single terminus were
observed (Fig. A.22). These observations are similar to those of Banin et al. where Au
formation was found to occur on sulfur-rich 101̅ facets which are diagonally positioned
with respect to the long axis of the nanorod.362 The ratio of PtNP-tipped matchsticks to
dumbbells was found to stabilize after 8 minutes, and the ratios of unmodified : matchstick
: dumbbell PtNP-tipped nanorods at 1 min, 8 min, and 30 min are shown in figure A.23.

Figure A.22: Pt-tipped CdSe@CdS nanorods after a) 1 minute and b) 2 minutes. a)
Matchstick Pt-tipped nanorods obtained by rapidly quenching a kinetic sample in toluene
(crude product shown). PtNP-tips were generally located centrally with respect to the
nanorod long axis at 1 minute, though occasionally a PtNP-tip was found to be diagonally
positioned. Nanorods having PtNP-tips on both termini were uncommon at 1 minute. b)
A mixture of matchstick and dumbbell Pt-tipped nanorods was obtained by rapidly
quenching a kinetic sample at 2 minutes reaction time. One centrally located PtNP-tip was
generally observed for Pt-tipped dumbbells with one (or two) diagonally positioned PtNPtip(s) on the opposing terminus.
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Figure A.23: CdSe@CdS nanorod PtNP-tip morphology at 1 minute, 8 minutes, and 30
minutes reaction time. Sample sizes were > 140 nanoparticles in each case.
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APPENDIX B – SUPPLEMENTARY DATA FOR CHAPTER 3

Synthesis of Ferromagnetic Cobalt Nanoparticle Tipped
CdSe@CdS Nanorods: Critical Role of Pt-activation
This Appendix is included to provide supplementary information and supporting
data for the experiments discussed in Chapter 3 on the synthesis of dipolar matchstick
cobalt-tipped CdSe@CdS nanorods.
Reproduced in part from reference 289. Copyright 2014 Royal Society of Chemistry.
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B.1. Materials and methods: 1,2,4-Trichlorobenzene (TCB) (> 99%) was purchased from
both Aldrich (St. Louis, MO) and Alfa Aesar (Ward Hill, MA) and passed through a 0.2
micron syringe filter prior to use. 1,2-Dichlorobenzene (DCB) (> 99%) was purchased
from both Aldrich (St. Louis, MO) and Acros Organics (Fair Lawn, NJ) and passed through
a 0.2 micron syringe filter prior to use. 1,2-Hexadecanediol (HDD) (90%), toluene
(99.5%), cadmium(II) oxide (CdO) (99.5%), selenium (99.999%), oleic acid (OLAC)
(90%), oleylamine (OLAM) (70%), and 1-octadecene (ODE) (90%) were purchased from
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Aldrich (St. Louis, MO). Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine
oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine (TOP) (97%),
hexylphosphonic acid (HPA) (97%) and dicobalt octacarbonyl stabilized with 5% hexanes
(Co2(CO)8) were purchased from Strem (Newburyport, MA). Platinum (II) acetylacetonate
(Pt(acac)2) (98%) and diphenyl ether (DPE) (99%) were purchased from Acros Organics
(Fair Lawn, NJ). Sulfur (>99.0%) was purchased from EMD, and absolute ethanol (EtOH)
was purchased from Pharmco-Aaper (Brookfield, CT). All chemicals were commercially
available and used as received, unless otherwise noted. Air-free manipulations were
performed under argon by using standard Schlenk techniques with vacuum pressure at
approximately 1 mm Hg using an Edwards High Vacuum International vacuum pump
(Model RV12, Sussex England). An Omega temperature controller CSC32K with a K-type
utility thermocouple and a Glas-Col fabric heating mantle were used for thermolysis
reactions. All centrifugation steps were performed in 50 mL centrifuge tubes using a rotor
with a radius of 11 cm. UV-vis measurements were obtained using a Shimadzu Corporation
UV-vis recording spectrophotometer (no. UV-2401PC, Kyoto Japan). CdSe quantum dot
diameters were estimated from UV-vis data by using the correlation of quantum dot
diameter with the low energy visible absorbance maximum reported by Peng et al.377
Fluorescence measurements were obtained using a Photon Technology International
spectrometer (no. 3005, Weatherford TX). Low resolution bright field TEM images (those
not labeled “high resolution”) were obtained on a Phillips CM12 transmission electron
microscope (CM12) at 80 kV, or a Tecnai Spirit transmission electron microscope (FEI) at
100 kV using in house prepared carbon coated copper grids (Cu, hexagon, 200 mesh).
Image analysis was performed using ImageJ software (Rasband, W.S., National Institutes
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of Health, http://rsb.info.nih.gov/ij/, 1997-2007) from bright field TEM images at a
minimum of 110000x magnification by sizing a minimum of 100 particles (unless
otherwise stated). Relative uncertainty of particle size determinations using ImageJ was
found to be 1 % of diameter average (e.g., 20 ± 0.2 nm). High resolution TEM (HRTEM)
and high-angle annular dark field scanning transmission electron microscopy (HAADFSTEM) images were acquired using a CM200FEG (Philips) microscope with a field
emission gun operated at 200 kV or a Cs corrected FEI Titan operated at 300 kV.
Thermogravimetric analysis was carried out under nitrogen atmosphere using a TGA Q50
instrument and software from TA Instruments. XRD measurements were performed on the
µSpot beam line at BESSY II synchrotron.376 A Si 111 Monochromator was used and an
incident X-ray energy of 12.48 keV (0.9933 Å) was selected. The beam size was 100 µm.
A polymer sample holder with 2 mm holes and a thickness of about 1 mm was used.
Samples were filled into the holes and covered with Scotch tape. To protect the area
detector (MAR-CCD) the primary beam was blocked by a 3.5 mm beam stop made of lead.
Each sample was measured twice with an acquisition time of 150 s. The program Fit2D
was used for integration of the images.

B.2. Synthesis of Pt-activated nanorods and CoNP-tipped nanorods
CdSe quantum dots and CdSe@CdS nanorods. CdSe quantum dots and CdSe@CdS
nanorods were synthesized as previously reported,287 which was modified from the
methods of Manna et al.320
Synthesis of Pt-activated CdSe@CdS nanorods. CdSe@CdS nanorods were activated to
promote matchstick Co-deposition based on kinetic observations of the Pt-deposition
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reaction previously reported by us,287 using a modification of the Pt-deposition conditions
of Mokari et al.347 CdSe@CdS nanorods (CdSe seed: D = 3.2 nm; nanorod: L = 66.0 nm,
D = 5.3 nm, 43 mg, 20 wt-% organic content by TGA, approximately 8 nanomol nanorods)
were weighed into a 20 mL vial and dispersed in 1,2-dichlorobenzene (1.2 mL) via vortex
agitation, where sonication in certain cases was briefly applied (< 2 minutes). A solution
of platinum(II) acetylacetonate (1 mg in 0.1 mL DCB; 2.5 µmol) was then transferred to
the vial containing the nanorod dispersion via syringe no more than 5 minutes prior to use
(see below).
Phenyl ether is a low melting solid, and was heated to 40 °C in a water bath prior
to use. Diphenyl ether (10 mL at 40 °C), oleic acid (0.2 mL; 0.61 mmol), oleylamine (0.2
mL; 0.63 mmol), and 1,2-hexadecanediol (43 mg; 0.17 mmol) were weighed into a 50 mL
three-neck-round bottom flask equipped with a reflux condenser and 1 inch magnetic stir
bar. The flask was fitted with rubber septa and a temperature probe was passed through a
septum until it came into direct contact with the solution. The solution was then heated to
80 °C in vacuo for 30 minutes using a heating mantle and temperature controller with
continuous stirring at 300 RPM and subsequently backfilled with Ar. The contents of the
flask were then heated to 225 °C under argon, followed by injection via syringe of
CdSe@CdS nanorods dispersed in a solution of Pt(acac)2/DCB (described above) to the
reaction mixture. The heating mantle was removed from the reaction flask after 30 seconds
from the injection of Pt(acac)2/nanorods/DCB. Toluene (10 mL) was injected via syringe
into reaction mixture once the internal temperature of the medium reached 100 °C, and the
orange dispersion was allowed to cool to room temperature prior to purification.
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Purification of as synthesized Pt-activated nanorods in this toluene dispersion was
accomplished via 3 cycles of dissolution, precipitation, and centrifugation. The room
temperature, crude, product (i.e., toluene dispersion) was transferred to a 50 mL centrifuge
and diluted with toluene (to 30 mL) before adding EtOH (15 mL) to induce precipitation.
Centrifugation of this heterogeneous mixture (3500 RPM, 12 min) afforded an orange
pellet. The clear supernatant was decanted and the pellet was dispersed in toluene (30 mL)
before diluting with EtOH (15 mL). Centrifugation (3500 RPM, 12 min) a second time
afforded an orange pellet. The yellow-tinted, translucent, supernatant was decanted and the
pellet was dispersed in toluene (30 mL) before diluting with EtOH (15 mL). Centrifugation
(3500 RPM, 12 min) a third time resulted in an orange pellet. The yellow-tinted,
translucent, supernatant was decanted and the resulting precipitate was dispersed in DCM
(approximately 10 mL total) before a sample was taken for TEM in toluene (DCM
dispersion (0.2 mL) diluted into toluene (3 mL) in a separate vial). The DCM dispersion
was transferred to a tared vial via glass pipet and the solvent was evaporated before drying
the sample in vacuo at 55 °C overnight to yield an orange powder (32 mg, 20.6 wt-%
organic content from TGA).
The extent of nanorod activation was sensitive to small changes in reaction time
and concentration of Pt(acac)2. The optimal ratio of Pt(acac)2 : CdSe@CdS nanorods was
found to be 1 mg (2.54 µmol) Pt(acac)2 : 8 nmol CdSe@CdS nanorods. Higher Pt(acac)2
: nanorod ratios and longer reaction times afforded more activated nanorods with an
increased tendency towards deposition of CoNP-tips onto both nanorod termini and lateral
facets. The effects of the very short Pt-activation step on CdSe@CdS nanorods were
difficult to visualize by bright field TEM imaging (Fig. 3.1b). Nanorod dimensions were
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also observed to be unaffected by this short Pt-activation step. Furthermore, XRD (Fig.
3.4) of CdSe@CdS nanorods subjected to this short Pt-activation step was essentially
unchanged relative to the initial wurtzite structure of unmodified CdSe@CdS nanorods
which was in agreement with previous reports utilizing more harsh Pt-deposition
conditions.287, 347 Optical spectroscopy was also found to be comparable before and after
Pt-activation, where fluorescence quenching of nanorod emission was not observed after
Pt-activation (Fig. B.8 and B.9).
General considerations for Co-deposition (procedures follow under the next bold
heading) Deposition of large, dipolar, CoNP-tips onto Pt-activated CdSe@CdS nanorods
was carried out by dispersing Pt-activated nanorods in a solution of polymer ligand (PSCOOH) in high boiling solvent (TCB), followed by heating the concentrated dispersion to
the target temperature before injecting a solution of the cobalt precursor (Co2(CO)8).
Co2(CO)8 / TCB solutions were prepared at least 20 minutes prior to use and subjected to
vigorous vortex agitation to promote complete dissolution of the cobalt precursor. Care
should be taken during injection of Co2(CO)8/TCB due to the large amount of carbon
monoxide which is evolved during injection which, aside from being a poisonous gas, can
splash the reaction mixture onto the sidewalls of the glassware and increase the likelihood
of obtaining polymodal products. Product morphology was sensitive to dilution of the
reaction mixture (Fig. B.4). The morphology of the CoNP-tipped products was strongly
dependent on the temperature used during the Co-deposition step, with 160 °C being the
optimized temperature. Maintaining a precise temperature during the short reaction times
used here was challenging in practice, and reaction temperatures in the range of 155-160
°C were deemed optimal since higher temperatures tended to result in more free CoNPs
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and CoNP inclusions per nanorod (Fig. B.6). In short: higher quality CoNP-tipped products
were obtained by holding the reaction temperature at or below 160 °C during the Codeposition reaction. The use of an end-functional polymer ligand was advantageous during
cobalt-deposition since the larger size of these ligands imparted additional steric
stabilization of strongly associating dipolar CoNP-tips in comparison to small molecule
ligands.
Synthesis of dipolar matchstick CoNP-tipped CdSe@CdS nanorods. Matchstick
dipolar CoNP-tipped nanorods were prepared using our established conditions to grow
ferromagnetic CoNPs.255-256, 259 Carboxylic acid-terminated polystyrene (PS-COOH) was
synthesized by ATRP as previously reported and used for all Co-deposition reactions (Mn
= 8600 g/mol by GPC versus polystyrene; PDI = 1.07).256
A stock solution of Co2(CO)8 (300 mg, 0.9 mmol) dissolved in TCB (3 mL) was
prepared in a glass vial before setting up the Co-deposition reaction. The vial was sealed
with a screw top cap and left to stand under ambient conditions (20 minutes) before
vigorous vortex agitation (no sonication) for several minutes to promote complete
dissolution of all solids. The vial was then subjected to vortex agitation for an additional 2
minutes.
Pt-activated CdSe@CdS nanorods (5 mg for 66.0 nm nanorods with 20.6% organic
content by mass, approximately 0.95 nanomol) were loaded into a 20 mL vial containing
PS-COOH (10 mg; 1.2 µmol), and TCB (1 mL) was added before the vial was fitted with
a screw top polypropylene cap and subjected to 10 minutes sonication. A 10 mm magnetic
stir bar was added to the vial after sonication, and the vial was fitted with a rubber septum.
A temperature probe was passed through the septum until it came into direct contact with
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the reaction mixture before securing the septum with electrical tape. The reaction vessel
was evacuated for 2 minutes and backfilled with argon before heating to 160 °C using a
heating mantle and temperature controller with continuous stirring (1000 RPM). Upon
reaching 160 °C, room temperature Co2(CO)8 dissolved in TCB (0.5 mL of the Co2(CO)8
stock solution described above; approximately 50 mg or 146 µmol of Co2(CO)8) was
injected. The temperature was held at 160 °C for 15 minutes from the time of injection
before the vial was removed from the heating mantle and allowed to cool to room
temperature.
The crude reaction mixture at this stage contained the target matchstick dipolar
CoNP-tipped nanorods along with a fraction of both unmodified nanorods and CoNPtipped nanorods with smaller, non-dipolar CoNP inclusions. The proportion of dipolar,
CoNP-tipped nanorods was enriched by collecting the dipolar nanorods via magnetic
isolation methods onto a custom built magnetic probe (see Fig. B.2 and B.3). A solution of
PS-COOH in TCB (2 mg PS-COOH : 1 mL TCB) was used for all washing steps to prevent
excess stripping of polymer ligands from the sample. In the first step of this magnetic
purification process, removal and rinsing of the magnetic stir bar was required using a
solution of PS-COOH/TCB (3 mL) to recover the magnetically associated crude product.
The recovered mixture was then diluted with DCM (to approximately 12 mL) before being
shaken by hand and subjected to vortex agitation (sonication of these materials resulted in
nanorod fracture), after which the magnetic probe shown in Fig. B.2 was immersed into
the dispersion to promote magnetic flocculation of dipolar nanorods onto the exterior of
the magnetized assembly. After immersion of the probe into this DCM dispersion for 2
minutes, a black precipitate was observed to accumulate along the length of the probe (Fig.
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B.3 inset). The protective sleeve (syringe barrel) was detached from the metal cylinder and
bar magnet accessory, and the viscous black ink was washed from the sleeve exterior into
another vial using PS-COOH/TCB (3 mL). The black dispersion was then diluted to 12 mL
with DCM before collecting onto the magnetic probe as above. The entire process was
repeated for a total of 3 magnetic collection steps per sample. The pellet obtained from the
final magnetic collection step was dispersed in PS-COOH/TCB (3 mL) and a sample was
cast directly from this dispersion onto a carbon coated copper grid for TEM imaging (no
DCM was added to the final product). The product was imaged via TEM and sized using
ImageJ software (CoNP-tip diameter = 20 + 4 nm; approximately 88% of dipolar CoNPs
imaged carried a nanorod side chain). These CoNP-tipped matchsticks were sensitive to
sonication which resulted in an increased number of shorter “broken” free nanorods being
observed in sonicated samples.
Dipolar CoNP-tipped nanorods were stored as dispersions in PS-COOH/TCB when
intended for further use, since drying of these heterostructures was observed to result in
irreversible flocculation of these samples. The dispersion of CoNP-tipped nanorods in PSCOOH/TCB was precipitated and dried strictly to enable yield determination (described
below). The final TCB dispersion was transferred to a centrifuge tube via pipet and diluted
to 20 mL with MeOH prior to centrifugation at 10000 RPM for 5 minutes, which yielded
a black pellet. The clear supernatant was decanted and PS-COOH (20 mg, 2.4 µmol) was
added before dispersing the pellet in DCM (3 mL) to ensure sufficient material remained
after drying for characterization by TGA. The DCM dispersion was transferred to a tared
vial via glass pipet and the solvent was evaporated before drying the sample in vacuo at 55
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°C overnight to yield a black powder (43 mg, 66.6 weight-% organic content from TGA).
The final yield of inorganic material was calculated to be 14 mg.

Figure B.1: Small scale Co-deposition reaction setup, as discussed in the procedure for
Co-deposition onto CdSe@CdS nanorods (CdSe seed: D = 2.7 nm; nanorod L = 69.1 nm;
D = 6.0 nm). Small scale Co-deposition reactions (50 mg Co2(CO)8, scaled for 0.96 nmol
Pt-activated nanorods) were carried out in 20 mL scintillation vials using a heating mantle,
10 mm stir bar, and temperature probe (a). An image of the crude reaction mixture (15
minutes after injection of Co2(CO)8) is shown in panel B.1b.
Cobalt deposition reactions for the products shown in this work were carried out in
20 mL glass scintillation vials (as described in the Co-deposition procedure and shown in
Fig. B.1). These small reaction scales afforded economical use of material, and purification
was greatly simplified by use of a custom built magnetic probe shown in Fig. B.2. This
magnetic collection method quickly yielded well-dispersed products which were largely
free of unreacted nanorods. A magnetic probe was used to allow selective magnetic
isolation of the CoNP-tipped nanorods due to the ferromagnetic nature of the material.
Glass vials (20 mL) were used (as opposed to wider glassware such as beakers) to promote
close contact of the probe with the entire dispersion during the collection step. In addition,
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it was useful to be able to remove the magnetic interactions prior to rinsing the magnetic
fraction from the probe, and the protective sleeve was useful for this purpose, as shown in
Fig. B.2-and B.3. Lastly, a solution containing the stabilizing ligand used in the
nanoparticle synthesis (PS-COOH in TCB, 2 mg / mL) was used for all rinsing steps to
retain colloidal stability and avoid stripping excess ligands during rinsing steps (Fig. B.3
and Co-deposition procedure).

Figure B.2: Custom built magnetic probe used for purification of CoNP-tipped
matchsticks. The assembly consisted of three parts: syringe barrel, metal cylinder, and
magnet. The small end of a plastic 5 mL syringe barrel (Norm-Ject) was sealed to create a
protective sleeve by heating the tip of the syringe until it melted using a hot surface, and
cooling to room temperature (bottom). A cylinder of ferrous metal (rolled steel) was
machined so that it fit snugly into the barrel of the syringe (cylinder dimensions: L = 64
mm, D = 12 mm) while being just long enough to attach to a strong magnet (Nickel-coated
NdFeB, grade N52; Surface Field: 6,451 Gauss; Brmax: 14,800 Gauss; dimensions: 1 inch
x 1 inch x 1 inch) to complete the assembly (top). The sleeve was fitted over the metal
cylinder before use, and the image to the right shows the completed assembly referred to
as a “magnetic probe”. Note: the syringe barrel used here served only as a protective sleeve,
which prevented the metallic portions of the magnetic probe from coming into direct
physical contact with liquid dispersions during purification (shown below in Fig. B.3).
Since the syringe tip was melt-sealed, the interior volume of the syringe barrel was
inaccessible.
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Figure B.3: Scheme for purification of dipolar CoNP-tipped nanorods by magnetic
collection, as described in the procedure for Co-deposition. The magnetic probe described
in Fig. B.2 was lowered into a dispersion containing both CoNP-tipped nanorods and free
nanorods and left to stand for two minutes. Magnetic association of the metal cylinder with
dipolar particles in the dispersion occurred through the thin barrier imposed by the plastic
sleeve, which prevented direct physical contact of the metal cylinder with the NP
dispersion. The probe was then removed and black material enriched in dipolar product
was present along the exterior of the protective sleeve, as shown in the inset. The probe
was then placed into a new vial and the metallic portion was separated from the sleeve. The
dipolar product was then rinsed into this vial, in the absence of magnetic interactions, using
a solution of PS-COOH in TCB as described in the procedure for Co-deposition. The
purified sample was diluted further and the entire process was then repeated for a total of
3 cycles.
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B.3. Control experiments for nanoparticle synthesis
B.3.a. Control experiment: Co-deposition using twice the amount of TCB solvent

Figure B.4: Diluting the entire cobalt deposition reaction mixture twofold (by using twice
the amount of TCB relative to the standard conditions) resulted in the appearance of free
CoNPs in addition to CoNP-tipped nanorods.
Mixtures of CoNP-tipped heterostructures and free CoNPs were observed in
products obtained by diluting the Co-deposition reaction mixture twofold (by using twice
the volume of TCB solvent). An apparent increase in the number of nanorods with laterally
attached CoNPs was also observed, which might point to contribution from an etching
mechanism under more dilute conditions similar to that observed by Cozzoli et al.284
Interestingly, the increased activation of these nanorods relative to unmodified CdSe@CdS
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nanorods was able to compete with homogeneous nucleation of free CoNPs for
consumption of Co monomers even under these more dilute conditions (Fig. B.4).

Smaller CoNP-tips were observed after decreasing only the concentration of Co2(CO)8,
though many of these CoNP-tips appeared to be fused together in the crude product.
Product morphology was not sensitive to moderate variations (approximately a factor of 2)
in the concentration of PS-COOH used during Co-deposition other than a decrease in
colloidal stability with decreasing ligand concentration. Using 1,2-dichlorobenzene (DCB)
in place of TCB gave similar results, though DCB correlated with the observation of more
free CoNPs – possibly due to faster precipitation of Co.
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B.3.b. Control experiments: the role of Pt(acac)2 concentration during activation as
observed in the CoNP-tipped products.

Figure B.5: TEM images of samples cast directly from the crude reaction mixture after
cobalt deposition onto nanorods activated without using Pt(acac)2 (a), and with excess
Pt(acac)2 at 5x the concentration in the standard procedure (b). The inset in panel b shows
the PtNP-tipped nanorods obtained from activation with a fivefold excess of Pt(acac)2.
We investigated the role of Pt(acac)2 in the activation of CdSe@CdS nanorods. As
previously reported,287 the other reagents present during this activation step can alter the
reactivity of these nanorods towards Co-deposition. The experiments shown in Fig. B.5
examined cobalt deposition onto nanorods activated without Pt(acac)2 (Fig. B.5a), and with
five times the concentration of Pt(acac)2 under conditions otherwise identical to the
optimized conditions (Fig. B.5b).
Removing Pt(acac)2 from the activation conditions (given in the representative
procedure for the synthesis of dipolar CoNP-tipped nanorods) resulted in fewer nanorods
receiving a CoNP-tip after Co-deposition, and free CoNPs and free nanorods were
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observed to be the major product (Fig. B.5a). By comparison, activating nanorods with a
fivefold excess of Pt(acac)2 relative to the representative procedure resulted in PtNP-tips
which were observable by standard bright field TEM imaging (Fig. B.5b-inset). However,
Co-deposition onto these PtNP-tipped nanorods resulted in heterostructures more
commonly having CoNPs attached at lateral facets and on both termini (Fig. B.5b), and
these CoNP-tips were commonly smaller than the dipolar CoNP-tips obtained from
nanorods activated under the optimized conditions. Taken with the other control
experiments included here, the apparent number of CoNP/nanorod increased with the
amount of Pt(acac)2 used during activation and with activation time (Fig. B.5 and Chapter
3, Fig. 3.1). CoNP-tips are assigned to the sulfur-rich nanorod facet of these Pt-activated
nanorods which were treated with Pt(acac)2 for very short reaction times based on our
previous report (e.g., Chapter 2) that this Pt-activation reaction occurs preferentially on the
sulfur-rich nanorod terminus under kinetically controlled conditions.287
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B.3.c. Control experiments: the role of reaction temperature during Co-deposition.

Figure B.6: TEM images of samples cast directly from the crude reaction mixture after
Co-deposition onto Pt-activated nanorods at 120 °C for 15 minutes (a), 120 °C for 23 hours
(b), and 200 °C for 15 minutes (c).
We also investigated the role of temperature during the Co-deposition reaction. The
rate of decomposition of Co2(CO)8 increases with temperature, so controlling temperature
is one way to control the feed rate of Co metal over time for a given concentration of
Co2(CO)8. We observed that 160 °C was the optimal temperature for Co-deposition for the
temperatures studied.
Co-deposition at lower temperature (120 °C versus 160 °C) resulted in few
nanorods receiving a CoNP-tip, and a large polydispersity was observed in the CoNP-tips
formed (Fig. 3.6a). Allowing the reaction to proceed for longer times (120 °C, 23 hours
versus 15 minutes) resulted in the formation of polydisperse free CoNPs along with an
increase in the apparent number of tipped nanorods (Fig. 3.6b). Co-deposition at higher
temperature (200 °C versus 160 °C) resulted in the formation of free CoNPs with
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concomitant Co-deposition onto both termini of the Pt-activated nanorods, and CoNPs
were also frequently observed to be present at lateral nanorod facets (Fig. 3.6c). In general,
the apparent number of CoNPs/nanorod increased with temperature over the range of
temperatures studied (120 °C, 160 °C, and 200 °C).
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B.3.d. Control experiment: modifying the Co-deposition conditions to yield dipolar
CoNP-tips for nanorods activated for longer times.

Figure B.7: Dipolar assemblies obtained from nanorods activated for 8 minutes (versus 30
seconds) by decreasing the concentration of Pt-activated nanorods used to 1/3 of that in the
standard procedure (approximately 0.33 nmol Pt-activated nanorods). TEM images of
samples cast directly from the crude reaction mixture after Co-deposition show that the
dipolar assemblies formed contain a large fraction of dumbbell CoNP-tipped nanorods
which provide branching points between neighboring chains (a) and form ladder-like
structures (b).
Cobalt deposition onto nanorods which were activated for longer times (or with
higher concentrations of Pt(acac)2) resulted in more CoNPs per nanorod, where the CoNPtips were less frequently found to be dipolar as observed by their assembly. We then sought
to increase the CoNP-tip diameter on these nanorods which were activated for longer times
to ascertain whether the Co-deposition conditions could be modified to allow these
intermediates could be used as precursors to dipolar CoNP-tipped nanorods.
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A Co-deposition reaction was carried out using the same nanorods which were
activated for 8 minutes shown in Chapter 3 Fig. 3.1c, but using 1/3 the original
concentration of Pt-activated nanorods (all other parameters were unchanged, Fig. 3.7).
The heterostructures formed using these nanorods activated for longer times again had
CoNPs positioned frequently at both nanorod termini and along the lateral facets, though
many of these CoNP-tips were now large enough to form dipolar assemblies. However, the
resulting assemblies were highly branched structures. This branching was most evident in
the formation of ladder-like structures, where two chains of CoNP-tips were oriented
parallel to one another and bridged by CdSe@CdS nanorod linkers (Fig. 3.7b).
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B.4. Optical spectroscopy of Pt-activated nanorods

Optical spectroscopy of a representative sample of CdSe@CdS nanorods (nanorod
length = 69.0 nm + 6.5 nm, nanorod diameter = 5.9 nm + 0.6 nm) was comparable before
and after activation with Pt(acac)2. UV-vis spectroscopy of nanorods at similar
concentrations were taken in toluene before and after activation, and both samples showed
similar absorbance profiles over the spectral window observed (Fig. 3.8). Fluorescence
quenching was not observed as demonstrated by the nearly identical emission spectra for
native nanorods and Pt-activated nanorods at comparable optical density (Fig. 3.9).
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Figure B.8: UV-vis spectra for native CdSe@CdS nanorods (black line) and Pt-activated
nanorods after 30 seconds reaction time (red line) at similar concentration. The UV-vis
spectra were not scaled in any way for this figure. Nanorod dimensions: length = 69.0 nm
+ 6.5 nm, diameter = 5.9 nm + 0.6 nm.
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Figure B.9: Photoluminescence data for native CdSe@CdS nanorods (black line) and Ptactivated nanorods after 30 seconds reaction time (red line) at similar concentration. The
fluorescence spectra were not scaled in any way for this figure. The excitation wavelength
was 366 nm. Nanorod dimensions: length = 69.0 nm + 6.5 nm, diameter = 5.9 nm + 0.6
nm.
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APPENDIX C – SUPPLEMENTARY DATA FOR CHAPTER 4
Colloidal Polymers from Dipolar Assembly of Cobalt-Tipped
CdSe@CdS Nanorods
This Appendix is included to provide supplementary information and supporting
data for the experiments discussed in Chapter 4 on the self-assembly of dipolar matchstick
cobalt-tipped CdSe@CdS nanorods.
Reproduced in part from reference 288. Copyright 2014 American Chemical Society.
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C.1. Experimental
C.1.a. Materials and characterization: 1,2,4-Trichlorobenzene (TCB) (> 99%) was
purchased from both Aldrich (St. Louis, MO) and Alfa Aesar (Ward Hill, MA) and passed
through a 0.2 micron syringe filter prior to use. 1,2-Dichlorobenzene (DCB) (> 99%) was
purchased from both Aldrich (St. Louis, MO) and Acros Organics (Fair Lawn, NJ) and
passed through a 0.2 micron syringe filter prior to use. 1,2-Hexadecanediol (HDD) (90%),
toluene (99.5%), cadmium(II) oxide (CdO) (99.5%), selenium (99.999%), oleic acid
(OLAC) (90%), oleylamine (OLAM) (70%), and 1-octadecene (ODE) (90%) were
purchased from Aldrich (St. Louis, MO). Octadecylphosphonic acid (ODPA) (97%),
trioctylphosphine oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine
(TOP) (97%), hexylphosphonic acid (HPA) (97%) and dicobalt octacarbonyl stabilized
with 5% hexanes (Co2(CO)8) were purchased from Strem (Newburyport, MA). Platinum
(II) acetylacetonate (Pt(acac)2) (98%) and diphenyl ether (DPE) (99%) were purchased
from Acros Organics (Fair Lawn, NJ). Sulfur (>99.0%) was purchased from EMD, and
absolute ethanol (EtOH) was purchased from Pharmco-Aaper (Brookfield, CT). All
chemicals were commercially available and used as received, unless otherwise noted. Airfree manipulations were performed under argon by using standard Schlenk techniques with
vacuum pressure at approximately 1 mm Hg using an Edwards High Vacuum International
vacuum pump (Model RV12, Sussex England). An Omega temperature controller CSC32K
with a K-type utility thermocouple and a Glas-Col fabric heating mantle were used for
thermolysis reactions. All centrifugation steps were performed in 50 mL centrifuge tubes
using a rotor with a radius of 11 cm. UV-vis measurements were obtained using a Shimadzu
Corporation UV-vis recording spectrophotometer (no. UV-2401PC, Kyoto Japan). CdSe
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quantum dot diameters were estimated from UV-vis data by using the correlation of
quantum dot diameter with the low energy visible absorbance maximum reported by Peng
et al.377 Fluorescence measurements were obtained using a Photon Technology
International spectrometer (no. 3005, Weatherford TX). Low resolution bright field TEM
images (those not labeled “high resolution”) were obtained on a Phillips CM12
transmission electron microscope (CM12) at 80 kV, or a Tecai Spirit transmission electron
microscope (FEI) at 100 kV using in house prepared carbon coated copper grids (Cu,
hexagon, 200 mesh). Image analysis was performed using ImageJ software (Rasband,
W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007) from bright field
TEM images at a minimum of 110000x magnification by sizing a minimum of 100 particles
(unless otherwise stated). Relative uncertainty of particle size determinations using ImageJ
was found to be 1 % of diameter average (e.g., 20 ± 0.2 nm). High resolution TEM
(HRTEM) images were obtained using a CM200FEG (Philips) microscope with a field
emission gun operated at 200 kV. Thermogravimetric analysis was carried out under
nitrogen atmosphere using a TGA Q50 instrument and software from TA Instruments.
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) 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 on the µSpot beamline at BESSY II synchrotron. 376 A Si 111
Monochromator was used and an incident X-ray energy of 12.48 keV (0.9933 Å) was
selected. The beam size was 100 µm. A polymer sample holder with 2 mm holes and a
thickness of about 1 mm was used. Samples were filled into the holes and covered with
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Scotch tape. To protect the area detector (MAR-CCD) the primary beam was blocked by a
3.5 mm beam stop made of lead. Each sample was measured twice with an acquisition time
of 150 s. The program Fit2D was used for integration of the images. XPS characterization
was performed on a KRATOS 165 Ultra photoelectron spectrometer, using a
monochromatic Al Kα radiation source. SEM images were taken on a Hitachi 4800 FESEM (30 kV accelerating voltage)
on the as-prepared sample (i.e., no metallic overcoating).

C.1.b. Synthesis of Pt-activated CdSe@CdS nanorods
Representative procedure for the synthesis of Pt-activated CdSe@CdS nanorods
(CdSe seed: D = 2.7 nm; nanorod: L = 69.1 nm, D = 6.0 nm) CdSe quantum dots and
CdSe@CdS nanorods were synthesized as previously reported,287 based on the work of
Manna et al.320 CdSe@CdS nanorods (approximately 40 nanomol, 270 mg for 69.1 nm x
6.0 nm nanorods with 17.7% organic content by mass) were weighed into a 20 mL vial and
dispersed in 1,2-dichlorobenzene (6 mL) via vortex agitation, where sonication in certain
cases was briefly applied (< 2 minutes). A solution of platinum(II) acetylacetonate (5 mg
in 0.5 mL DCB; 12.7 µmol) was then injected into the vial containing the nanorod
dispersion no more than 5 minutes prior to use (see below).
Diphenyl ether (50 mL at 40 °C), oleic acid (1.0 mL; 3.05 mmol), oleylamine (1.0
mL; 3.15 mmol), and 1,2-hexadecanediol (215 mg; 0.85 mmol) were weighed into a 100
mL three-neck-round bottom flask equipped with a reflux condenser and 1 inch magnetic
stir bar. The flask was fitted with rubber septa and a temperature probe was passed through
a septum until it came into direct contact with the solution. The solution was then heated to
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80 °C in vacuo for 30 minutes using a heating mantle and temperature controller with
continuous stirring at 300 RPM and subsequently backfilled with Ar. The contents of the
flask were then heated to 225 °C under argon, followed by injection via syringe of
CdSe@CdS nanorods dispersed in a solution of Pt(acac)2/DCB (described above) to the
reaction mixture. The heating mantle was removed from the reaction flask after 30 seconds
from the injection of Pt(acac)2/nanorods/DCB. Toluene (20 mL) was injected via syringe
into reaction mixture once the internal temperature of the medium reached 100 °C, and the
orange dispersion was allowed to cool to room temperature prior to purification.
Purification of as synthesized Pt-activated nanorods in this toluene dispersion was
accomplished via 3 cycles of dissolution, precipitation, and centrifugation. The room
temperature, crude, product (i.e., toluene dispersion) was divided evenly between four
centrifuge tubes, and the contents of each tube were diluted with toluene (to 30 mL) before
diluting with EtOH (15 mL) to induce precipitation. Centrifugation of this heterogeneous
mixture (3500 RPM, 12 min) afforded orange pellets. The clear supernatants were decanted
and the pellets were each dispersed in toluene (30 mL) before diluting each with EtOH (15
mL). Centrifugation (3500 RPM, 12 min) a second time afforded orange pellets. The
yellow-tinted, translucent, supernatants from the various tubes were decanted and the
pellets were each dispersed in toluene (30 mL) before diluting each with EtOH (15 mL).
Centrifugation (3500 RPM, 12 min) a third time resulted in orange pellets. The yellowtinted, translucent, supernatants were decanted and the resulting precipitate was dispersed
in DCM (approximately 10 mL) before a sample was taken for TEM in toluene (DCM
dispersion (0.2 mL) diluted into toluene (3 mL) in a separate vial). The DCM dispersion
was transferred into a tared vial via glass pipet and the solvent was evaporated before
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drying the sample in vacuo at 55 °C overnight to yield an orange powder (202 mg, 14.9
weight % organic content by TGA). Fig. C.1d shows a TEM image of the Pt-activated
nanorod product.

TEM images of Pt-activated CdSe@CdS nanorod intermediates

Figure C.1: TEM images of CdSe@CdS nanorods after activation with Pt(acac)2. Parent
nanorod dimensions: a) Length = 66.0 + 5.5 nm, n = 102; CdSe seed diameter = 3.2 nm;
diameter = 5.3 + 0.6 nm, n = 102. b) Length = 124.0 + 28.2 nm, n = 106; diameter = 5.4 +
0.7 nm, n = 104; CdSe seed diameter = 2.8 nm. c) Length = 150.1 + 15.9 nm, n = 100;
diameter = 5.7 + 0.9 nm, n = 100; CdSe seed diameter = 3.0 nm. d) Length = 69.1 + 5.5
nm, n = 109; diameter = 6.0 + 0.5 nm, n = 105; CdSe seed diameter = 2.7 nm. e) Length
= 69.0 + 6.5 nm, n = 100; diameter = 5.9 + 0.6 nm, f) Length = 53.1 + 7.7 nm, n = 100;
diameter = 5.4 + 0.5 nm, n = 100; CdSe seed diameter = 2.7 nm.
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Table C.1: Compiled yield data after Pt-activation. a Weight-% organic content obtained
from TGA. b Molar mass was approximated using the bulk density of CdSe for the
quantum dot seed (5.81 g/cm3)409 and CdS for the nanorod shell (4.82 g/cm3)410 as shown
in the calculations above. TEM images of the Pt-activated nanorod products are shown in
Fig. C.1.
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C.1.c. Synthesis of dipolar CoNP-tipped matchsticks and co-assembly experiments

Figure C.2: Custom built magnetic probe used for purification of CoNP-tipped
matchsticks. The tip of a 5 mL syringe barrel (Norm-Ject) was sealed to create a protective
sleeve by heating the tip of the syringe until it melted using a hot surface, and cooling to
room temperature (bottom). A rolled steel cylinder was machined so that it fit snugly into
the barrel of the syringe (cylinder dimensions: L = 64 mm, D = 12 mm) while being just
long enough to attach to a strong magnet (Nickel-coated NdFeB, grade N52; Surface Field:
6,451 Gauss; Brmax: 14,800 Gauss; dimensions: 1 inch x 1 inch x 1 inch). Since the
syringe tip was melt-sealed, the interior volume of the syringe barrel was inaccessible.
Representative procedure for the synthesis of dipolar CoNP-tipped CdSe@CdS
nanorods (nanorod: L = 124.0 nm, D = 5.4 nm) Carboxylic acid-terminated polystyrene
(PS-COOH) was synthesized by ATRP as previously reported and used for all Codeposition reactions (Mn = 8600 g/mol by GPC versus polystyrene; PDI = 1.07).256
A stock solution of Co2(CO)8 (300 mg, 0.9 mmol) dissolved in TCB (3 mL) was
prepared in a glass vial before setting up the Co-deposition reaction. The vial was sealed
with a screw top cap and left to stand under ambient conditions (20 minutes) before
vigorous vortex agitation (no sonication) for several minutes to promote complete
dissolution of all solids. The vial was then subjected to vortex agitation for an additional 2
minutes.
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Pt-activated CdSe@CdS nanorods (9.2 mg, approximately 0.73 nanomol,) were
loaded into a 20 mL vial containing PS-COOH (10 mg; 1.2 µmol), and TCB (1 mL) was
added before the vial was fitted with a screw top polypropylene cap and subjected to 10
minutes sonication. A 10 mm magnetic stir bar was added to the vial after sonication, and
the vial was fitted with a rubber septum. A temperature probe was passed through the
septum until it came into direct contact with the reaction mixture before securing the
septum with electrical tape. The reaction vessel was evacuated for 2 minutes and backfilled
with argon before heating to 160 °C using a heating mantle and temperature controller with
continuous stirring (1000 RPM). Upon reaching 160 °C, room temperature Co2(CO)8
dissolved in TCB (0.5 mL of the Co2(CO)8 stock solution described above; approximately
50 mg or 146 µmol of Co2(CO)8) was injected. The temperature was held at 160 °C for 15
minutes from the time of injection before the vial was removed from the heating mantle
and allowed to cool to room temperature.
In the first step of the magnetic purification process, the magnetic stir bar was
removed and rinsed using a solution of PS-COOH/TCB (2 mg PS-COOH / mL TCB, 3
mL) to recover the magnetically associated crude product. The recovered mixture was then
diluted with DCM (to approximately 12 mL) before being shaken by hand and subjected
to vortex agitation, after which the magnetic probe shown in Fig. C.2 was immersed into
the dispersion to promote magnetic flocculation of dipolar nanorods onto the exterior of
the magnetized assembly. After immersion of the probe into this DCM dispersion for 2
minutes, a black precipitate was observed to accumulate along the length of the probe. The
syringe barrel was detached from the metal cylinder and bar magnet accessory, and the
viscous black ink was washed from the sleeve exterior into another vial using PS-
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COOH/TCB (3 mL). The black dispersion was then diluted to 12 mL with DCM before
collecting onto the magnetic probe as above. The entire process was repeated for a total of
3 magnetic collection steps per sample. The pellet obtained from the final magnetic
collection step was dispersed in PS-COOH/TCB (3 mL) and a sample was cast directly
from this dispersion onto a carbon coated copper grid for TEM imaging (no DCM was
added to the final product). The product was imaged via TEM and sized using ImageJ
software (CoNP-tip diameter = 22 + 3 nm; approximately 83% of dipolar CoNPs imaged
carried a nanorod side chain). These CoNP-tipped matchsticks were sensitive to sonication
which resulted in an increased number of shorter “broken” free nanorods being observed
in sonicated samples. Dipolar CoNP-tipped nanorods were stored as dispersions when
intended for further use. Complete drying of samples or sonication of samples resulted in
irreversible aggregation and nanorod fracture, respectively.

Synthesis of dipolar CoNP-tipped CdSe@CdS nanorods from two lengths of Ptactivated nanorods (Referred to as “statistical colloidal copolymer” in chapter 4; 50
mg scale relative to Co2(CO)8)
(Pt-activated nanorod: L1 = 66.0 nm, D1 = 5.3 nm)
(Pt-activated nanorod: L2 = 124.0 nm, D2 = 5.4 nm)
Samples from two batches of Pt-activated nanorods were used in an approximately
1:1 molar ratio and Co-deposition was carried out using the conditions given in the
representative procedure for Co-deposition described above for the synthesis of dipolar
CoNP-tipped nanorods (nanorod: L = 124.0 nm, D = 5.4 nm), with no other modifications
to the procedure. Pt-activated nanorods were used in the following amounts: nanorod L1
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(66.0 nm) = 2.5 mg, approximately 0.48 nmol; nanorod L2 (124.0 nm) = 4.6 mg,
approximately 0.36 nmol. The amounts of all other reagents were unchanged from the
representative procedure above, and purification was carried out as in the representative
procedure. The product was characterized by TEM imaging (Chapter 4, Fig. 4.6), and sized
using ImageJ software (CoNP-tip diameter = 22 + 4 nm; approximately 93% of dipolar
CoNPs imaged carried a nanorod side chain). The final mass of product was found to be
17 mg having 77.3 weight % organic content (by TGA), and the final yield of inorganic
material was calculated to be 4 mg.

Synthesis of CoNPs for co-assembly experiments (no nanorods, 250 mg scale relative
to Co2(CO)8) CoNPs were synthesized for co-assembly experiments under conditions
similar to those used for Co-deposition onto Pt-activated nanorods. PS-COOH (50 mg; 5.8
µmol) was weighed into a 50 mL three neck round bottom flask and TCB (5 mL) was
added. The flask was equipped with a reflux condenser and ½ inch stir bar, fitted with
rubber septa, and a temperature probe was passed through one of the septa until it came
into direct contact with the reaction mixture. The air was evacuated for 15 minutes before
backfilling with Ar and heating to 160 °C using a heating mantle and temperature controller
while stirring at 1500 RPM. At 160 °C, Co2(CO)8 dissolved in TCB (2.5 mL of the
Co2(CO)8 stock solution described above; approximately 250 mg or 731 µmol Co2(CO)8)
was injected via syringe. The temperature was held at 160 °C for 15 minutes from the time
of injection, after which the heating mantle was removed. PS-COOH (450 mg; 52 µmol)
dissolved in argon-purged toluene (10 mL) was injected upon reaching 110 °C and the
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crude product was allowed to cool to room temperature with continuous stirring at 1500
RPM.
The room temperature crude product was divided evenly between two centrifuge
tubes, and each dispersion was diluted with toluene (to 20 mL) before diluting each with
hexanes (20 mL) and subjecting the heterogeneous mixture to centrifugation (4000 RPM,
15 minutes) to afford black pellets. The black supernatants were decanted and the pellets
were dispersed in DCM (10 mL) before a sample was taken for TEM imaging in toluene
(0.2 mL of the DCM dispersion into 3 mL toluene). The DCM dispersion was transferred
to a tared vial and the solvent was evaporated before drying in vacuo to yield a black
powder (113 mg, 20.2 weight % organic content by TGA). A TEM sample cast from the
toluene dispersion taken before drying was imaged via TEM (Chapter 4, Fig. 4.1d) and
sized using ImageJ software (CoNP diameter = 24 + 5 nm). This sample was also
characterized by XRD (see XRD section below).

Co-assembly experiments with preformed dipolar colloids: CoNPs with CoNP-tipped
nanorods
- referred to as “segmented colloidal copolymers” in chapter 4
(Lnanorod = 124.0 nm, Dnanorod = 5.4 nm, CoNP-tip diameter = 22 nm)
(CoNP D = 24 nm)
Co-assembly experiments were performed by blending dispersions of the
preformed CoNPs and CoNP-tipped nanorods in a vial containing excess polymer ligands
and solvent and stirring at room temperature for 3 hours before casting a sample for TEM
imaging. Specifically, CoNPs (diameter = 24 nm; approximately 1.5 pmol; 50 µL of the
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toluene dispersion used for TEM imaging) and CoNP-tipped nanorods (approximately 1.5
pmol; 150 µL of the final TCB dispersion; nanorod length = 124.0 nm, CoNP-tip diameter
= 22 nm) were loaded into a vial containing TCB (300 µL) and PS-COOH (145 mg). A 10
mm stir bar was added, the vial fitted with a screw top polypropylene cap, and the contents
stirred (500 RPM) for 3 hours at room temperature. A sample of this dispersion (3 µL) was
cast directly onto a carbon coated TEM grid placed on filter paper as an absorbent material
to wick away excess solvent and ligands (Chapter 4, Fig. 4.4 and Fig. C.6).

Co-assembly experiments with preformed dipolar colloids: two lengths of CoNPtipped nanorods
- referred to as “segmented colloidal copolymers” in Chapter 4
(nanorod: L1 = 66.0 nm, D1 = 5.3 nm; CoNP-tip diameter = 20 nm)
(nanorod: L2 = 124.0 nm, D2 = 5.4 nm; CoNP-tip diameter = 22 nm)
Co-assembly experiments were performed by blending dispersions of the
preformed CoNP-tipped nanorods in a vial containing excess polymer ligands and solvent
and stirring at room temperature for 3 hours before casting a sample for TEM imaging.
Specifically, CoNP-tipped nanorods (approximately 0.5 pmol; 50 µL of the final TCB
dispersion; nanorod length = 66.0 nm, CoNP-tip diameter = 20 nm) and CoNP-tipped
nanorods (approximately 0.5 pmol; 50 µL of the final TCB dispersion; nanorod length =
124.0 nm, CoNP-tip diameter = 22 nm) were loaded into a vial containing TCB (200 µL)
and PS-COOH (90 mg). A 10 mm stir bar was added, the vial fitted with a screw top
polypropylene cap, and the contents stirred (500 RPM) for 3 hours at room temperature. A
sample of this dispersion (3 µL) was cast directly onto a carbon coated TEM grid placed
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on filter paper as an absorbent material to wick away excess solvent and ligands (Chapter
4, Fig. 4.5).
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Table C.2: Compiled data for Co-deposition reactions. a The bottom row contains data for
the 1:1 statistical copolymer shown in Fig. 4.6 of Chapter 4. b The percent of free CoNPs
was obtained from TEM images by counting the number of CoNPs having attached
nanorod side chains. c Weight-% organic content obtained from TGA.
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HRTEM imaging
The HRTEM imaging of dipolar CoNP-tipped nanorods confirmed the connectivity and
morphology of the desired product (Fig. C.3). A thin (1-2 nm) oxide layer was observed
on these ferromagnetic CoNP-tips, which was confirmed by XPS (Fig. C.19).

Figure C.3: HRTEM images of dipolar CoNP-tipped nanorods.
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C.2. Control experiments and additional images for blending experiments
Additional images from co-assembly experiments and control experiments are included in
this section.

C.2.a. Effect of polymer ligand concentration on conformation of nanorod side chains
in dipolar CoNP-tipped nanorods

Figure C.4: The effect of polymer ligand concentration on nanorod side chain
conformation. TEM images of samples of the 1:1 statistical copolymer (from Fig. 4.6 in
Chapter 4) cast without adding PS-COOH beyond that used in the standard workup
procedure (a) and with excess polymer ligand added to the dispersion prior to drop casting
(200 mg/mL PS-COOH in TCB) (b).
We observed a tendency for the nanorod side chains to conform to the CoNP-tip
backbone in TEM images of the dipolar CoNP-tipped products, as discussed in Chapter 4.
This was attributed to a surface drying effects of polymer corona from PS ligands on CoNP
tips, which impose strong confinement effects on nanorods as the glassy shell dries around
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the CoNP chain. The addition of polymer ligands to the dispersion before casting a sample
for TEM imaging (ca. 200 mg PS-COOH / mL TCB dispersion) suppressed these drying
effects, since the nanorods were supported within a matrix of the PS ligands co-deposited
around CoNP chains (Fig. C.4). Samples were drop cast onto carbon coated copper TEM
grids (200 or 300 mesh) on filter paper to wick away excess solvent. An increase in
background signal was observed during imaging due to increasing thickness of the PSCOOH film as more PS-COOH was added (Fig. C.4).

C.2.b. Co-assembly experiments with dipolar colloids and free nanorods. Blending
experiments were conducted to observe the effect of nanorods on the self-assembly of
dipolar colloids. Separately, nanorods preferentially assemble into shape anisotropically
driven smectic type liquid crystal phases, while dipolar NPs spontaneously form linear
assemblies due to magnetic coupling of individual particles. In these blending experiments,
bare CoNPs (D = 21 nm; without attached nanorod side chains) and CoNP-tipped nanorods
(nanorod: L = 150.1 nm; D = 5.7 nm; CoNP-tip D = 22 nm) were each blended with a
large excess of unmodified CdSe@CdS nanorods (10 mol nanorods : 1 mol dipolar NPs;
L = 150.1 nm; D = 5.7 nm) in TCB (final particle concentrations were ca. 50 pM in
particles), and the solvent was allowed to slowly evaporate from a drop of these dispersions
cast onto carbon coated TEM grids (Fig. C.5). In these mixtures, free nanorods were
observed to form locally ordered 2D smectic phases previously observed for CdSe@CdS
nanorods,320 while dipolar colloids formed linear polymeric assemblies in both cases
(CoNPs and CoNP-tipped nanorods). Dipolar colloids were incorporated into these
nanorod assemblies despite the enthalpic incompatibility of PS-COOH ligands present on
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CoNPs or “tips” with alkyl substituents passivating nanorod surfaces, and the nanorod 2D
liquid crystalline phases were commonly interrupted by inclusion of the colloidal polymer
chains into the nanorod assemblies (Fig. C.5b). No differences in the ordering of free
nanorods near these dipolar assemblies were observed when comparing CoNP-tipped
nanorods to CoNPs (without attached nanorods). Note that nanorod bending was not
observed for these free nanorods, while nanorod side chains (attached to a dipolar “CoNPtip”) of identical length were commonly bent (Chapter 4, Fig. 4.1 and Fig. 4.3). The
assembly and apparent rigidity of “free” nanorods demonstrates that rotation and/or
translation are energetically preferred over bending of the free nanorods when acted on by
these dipolar assemblies. This observation points to the strength of individual dipolar
interactions by considering that nanorod side chain bending (Chapter 4, Fig. 4.1 and Fig.
4.3) occurs over separation of magnetically coupled dipolar colloids in these assemblies.
We conclude that dipolar coupling interactions dominate nanorod-nanorod interactions in
the self-assembly of these colloidal polymers, based on the fact that linear polymeric
assemblies were consistently present in a large excess of free nanorods while nanorod
assembly modes were disrupted by the presence of these colloidal polymer chains. Similar
results were obtained when shorter nanorods and nanorod side chains were used in blending
experiments.
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Figure C.5: Blends of dipolar CoNPs (a) and CoNP-tipped nanorods (b) with unmodified
CdSe@CdS nanorods (ratios 1 dipolar colloid : 10 unmodified nanorods). CoNPs (D = 21
+ 2 nm; without attached nanorod side chains); CoNP-tipped nanorods (nanorod: L = 150.1
nm; D = 5.7 nm; CoNP-tip D = 22 nm); unmodified CdSe@CdS nanorods (L = 150.1 nm;
D = 5.7 nm; CoNP-tip D = 22 nm). Scale bars are 100 nm.
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C.2.c. Segmented colloidal copolymers from blending experiments

Figure C.6: Gallery of segmented copolymer morphologies obtained by blending CoNPs
and CoNP-tipped matchsticks in TCB containing PS-COOH (~200 mg/mL PS-COOH in
TCB).
A variety of self-assembly morphologies were observed for the segmented
structures formed from blending CoNPs with CoNP-tipped nanorods, as discussed in
Chapter 4. These images are provided to give the reader a better understanding of the
morphologies observed in the product obtained from blending preformed dipolar colloids
(“segmented colloidal copolymers”). The formation of large rings consisting of alternating
segments of CoNP-tipped nanorods and CoNPs were commonly observed (Fig. C.6a,d)
along with “lasso” structures characterized by rings of CoNP-tipped nanorods associated
with linear chains of CoNPs (Fig. C.6b,e). Linearly assembled copolymers were less
common (Fig. C.6c,f).
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C.2.d. Colloidal “homopolymers” present in product obtained from blending
experiments
The segmented assemblies obtained by blending preformed colloids (Chapter 4,
Fig. 4.4 and Fig. 4.5) were present in mixtures with the parent “homopolymers” as shown
in Fig. 4.4c in Chapter 4. For segmented copolymers synthesized from CoNPs and CoNPtipped nanorods (Chapter 4, Fig. 4.4) segmented copolymers constituted approximately 77
% of the population of counted particles, with the remainder of counted particles
incorporated into homopolymer chains (Table C.3). Similarly, segmented copolymers
constituted approximately 72 % of the population for blends of short and long CoNP-tipped
nanorods (Chapter 4, Fig. 4.5 and Table C.4). For this analysis, we identified a “block” or
“segment” of a given nanoparticle type as four or more particles of that type continuously
connected. Two particles are considered to be in the same “chain” if a line can be drawn
on the TEM image from one particle to the other by passing through CoNPs or CoNP-tips
with no gap larger than 10 nm (approximately ½ CoNP particle diameter). Interestingly,
“homopolymers” were not observed when Pt-activated nanorods were blended prior to Codeposition (such as Chapter 4, Fig. 4.6). This observation provides additional evidence that
the structures obtained from Co-deposition onto mixtures of Pt-activated nanorods are
fundamentally different than the products obtained by blending preformed dipolar colloids.
Comparison of segmented versus homopolymers was complicated by several
factors. Long range magnetic attractive forces result in dipolar nanoparticles associating
during drying of samples for TEM imaging. Sample preparation conditions influence chain
length observed after drying magnetic NPs on a TEM grid, where higher concentrations
result in longer chains (see page S-8 for detailed procedures). These longer chains are the
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result of two shorter chains becoming magnetically coupled; therefore, longer chains (more
concentrated samples) will result in the observation of more segmented copolymers. To
summarize, a survey of the gross morphology resulting from blends of dipolar NPs reveals
that chains of homopolymers (consisting of one NP type) and segmented copolymers
(consisting of two or more connected homopolymer chains) are both common. We attribute
this observation to the fact that dipolar NPs are tightly bound within individual chains and
undergo minimal equilibration with the free colloidal monomer state (a magnetic NP not
bound to a chain). However, there is sufficient equilibration of chain ends to allow for
reversible end to end coupling of magnetic NP chains.

Homopolymers

Segmented copolymers

NP type

CoNPs

CoNP-tips

CoNPs

CoNP-tips

NPs counted

138

166

464

543

12.7%

35.4%

41.4%

% composition 10.5%
Totals

23.2%

76.8%

Table C.3: Statistics for segmented copolymers versus homopolymers in blends of dipolar
CoNPs and CoNP-tipped nanorods (Chapter 4, Fig. 4.4). For this analysis, we identified a
“block” or “segment” of a given nanoparticle type as four or more particles of that type
continuously connected. Two particles are considered to be in the same “chain” if a line
can be drawn on the TEM image from one particle to the other by passing through CoNPs
or CoNP-tips with no gap larger than 10 nm (approximately ½ CoNP particle diameter).
CoNP-tip diameter = 22 + 3 nm. CoNP diameter = 24 + 5 nm.
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Homopolymers

Segmented copolymers

NP type

short CoNP-tipped long CoNP-tipped short CoNP-tipped long CoNP-tipped

NPs counted

118

% composition 11.1%
Totals

28.0%

180

435

331

16.9%

40.9%

31.1%

72.0%

Table C.4: Statistics for segmented copolymers versus homopolymers in blends of dipolar
CoNP-tipped nanorods with short and long nanorod side chains (Chapter 4, Fig. 4.5). For
this analysis, we identified a “block” or “segment” of a given nanoparticle type as four or
more particles of that type continuously connected. Two particles are considered to be in
the same “chain” if a line can be drawn on the TEM image from one particle to the other
by passing through CoNP-tips with no gap larger than 10 nm (approximately ½ CoNP-tip
diameter). Nanorod lengths: L1 = 66 nm, L2 = 124 nm. CoNP-tip diameters, D1 = 20 + 4
nm, D2 = 22 + 3 nm.

266

Figure C.7: Sample of TEM images used to gather statistics for comparing ratios of
segmented copolymers versus homopolymers in blends of dipolar colloids. (a-f) CoNPs
blended with CoNP-tipped nanorods as per Fig. 4.4 (tabulated in Table C.3). (g-i) Blend
of short and long CoNP-tipped nanorods as per Fig. 4.5 (tabulated in Table C.4). Higher
magnification TEM images were used to enable measurement of side chain length for
blends of CoNP-tipped nanorods having short and long side chain lengths.
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C.2.e. Control experiments: attempts to randomize segmented colloidal copolymers
from blending experiments
Several control experiments were conducted to determine if the blending conditions
could be modified from the formation of segmented copolymers to yield randomized
assemblies (statistical copolymers). Primarily homopolymers were observed when
blending CoNPs with CoNP-tipped nanorods without adding PS-COOH ligands. When
disparate types of colloids were observed to associate, the associations appeared as a
mixture of dipolar interactions (CoNPs in close proximity) and Van der Waals interactions
(nanorods and CoNPs closely associated) in this ligand depleted condition (Fig. C.8a).
Nanorod side chains were found to be sensitive to sonication where sonication of these
samples resulted in irreversible mechanical fracture of nanorod side chains as evidenced
by the decreased grafting density of nanorod side chains along the CoNP-tip backbone and
the appearance of a large number of free nanorods of broad polydispersity (due to
individual nanorod breakage). The sample shown in Fig. C.8b was imaged after 60 minutes
in a sonication bath. Heating blends of dipolar colloids was also explored as a potential
route to randomizing the connectivity of individual colloidal monomers. Heating a blended
sample of dipolar colloids for 3 hours at 160 °C resulted in an increase in the polydispersity
of the CoNP-tip diameters (attributed to Ostwald ripening of the sample) with concomitant
decrease in the number of attached nanorod side chains, without any detectable
randomization of the colloidal monomer connectivity in these colloidal polymers (Fig.
C.8c). Taken together, these control experiments suggest that disrupting dipolar
interactions within a chain of these dipolar colloids sufficiently to induce randomization of
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the colloidal comonomers requires harsh conditions which result in the loss of nanorod side
chains (and our ability to determine the resulting connectivity of individual comonomers).

Figure C.8: Blending dipolar colloids under modified conditions. (a) Blending CoNPs
with CoNP-tipped nanorods without adding PS-COOH. (b) Sonicating blends of CoNPs
and CoNP-tipped nanorods for 60 minutes. (c) Heating blends of CoNPs and CoNP-tipped
nanorods for 3 hours in TCB under argon. (a,b) CoNP-tipped nanorods: L = 124 nm,
CoNP-tip diameter = 22 nm; CoNPs: D = 24 nm. (c) CoNP-tipped nanorods: L = 150
nm, CoNP-tip diameter = 22 nm; CoNPs: D = 21 nm. All scale bars are 100 nm.
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Figure C.9: a) Digital image of the configuration for generating the alternating magnetic
field used in attempts to randomize the connectivity of segmented copolymers. b)
Segmented copolymers which persisted after exposure of the sample to the alternating
magnetic field. (CoNP-tipped nanorods: L = 150.1 nm, D = 5.7 nm, CoNP-tip D = 22 nm;
CoNPs without attached nanorods: D = 21 nm). Scale bar is 100 nm.
Xu et al. previously demonstrated that an alternating magnetic field (current of 1 A
at 50 Hz) could be useful in disrupting the dipolar assembly of CoNPs.267 We therefore
attempted to randomize the magnetic dipoles of the dipolar colloids in these “segmented
copolymers” by exposing these samples to an alternating magnetic field. A pair of NdFeB,
grade N42 permanent magnets were polarized diametrically and rotated in opposite
directions with a 2 cm gap between them to give a sinusoidal 736 gauss magnetic field
(73.6 mT) at 5000 Hz (Fig. C.9a; magnets: 1/2 inch outer diameter, 3/16 inch inner
diameter, 1/4 inch thickness, surface field 6282 Gauss).

Dipsersions of segmented

copolymers (1.5 nM in particles) in TCB containing PS-COOH (30 µM; 8400 g/mol) were
then exposed to this field and subjected to vigorous vortex agitation for 2 minutes. These
samples were then drop cast onto TEM grids both within, and outside of, the alternating
magnetic field. Both homopolymers and segmented copolymers were observed by TEM
imaging before and after exposure of these samples to this alternating magnetic field (Fig.
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C.9b), and randomization of the connectivity of particles in these assemblies was not
observed in any of these experiments.

C.2.f. Etching CoNP-tips with oleic acid to decrease strength of interparticle dipolar
interactions

Figure C.10: Selective etching of CoNP-tips to decrease the strength of dipolar
interactions between colloidal monomers. a) Shorter CoNP-tipped nanorods prior to
etching (nanorod L = 53.1 nm, CoNP-tip D = 22 + 4 nm). b) Longer CoNP-tipped
nanorods prior to etching (L = 150.1 nm, CoNP-tip D = 22 + 4 nm). (c,d) TEM images of
random incorporation of longer nanorods into chains of CoNP-tipped nanorods after
selective etching of CoNP-tips (CoNP-tip D = 17 + 4 nm). (e,f) False colored TEM images
of c and d respectively. False coloring of nanorod side chains was done as per Chapter 4,
Fig. 4.5. Free (untipped) nanorods were not false colored. All scale bars are 100 nm.
The formation of blocks is due to strong dipolar magnetic coupling of individual
colloidal polymer chains. Previous control experiments which attempted to disrupt dipolar
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interactions without changing the structure of these CoNP-tipped nanorods were
unsuccessful at randomizing nanoparticle connectivity. Therefore, a control experiment
was performed to decrease the magnetic dipole of individual colloidal monomers by
selectively etching the CoNP-tips in blends of CoNP-tipped nanorods.405 After selective
etching of CoNP-tip domains, we observed a decrease in average CoNP-tip diameter
(Dbefore = 22 + 4 nm; Dafter = 17 + 4 nm) accompanied by an increase in the number of free
(untipped) nanorods and an increase in the polydispersity of CoNP-tips (standard deviation
of CoNP-tip diameter increased from 18% of diameter to 24% of diameter). Importantly,
longer CoNP-tipped nanorods were observed incorporated into chains dominated by
CoNP-tipped nanorods with shorter nanorod side chains (ca. 10 % of chains dominated by
shorter nanorods contained at least one anomalous longer nanorod). Segmented
copolymers and homopolymers of both short and long CoNP-tipped nanorods constituted
the remainder of the population after etching.
Procedure: Short CoNP-tipped nanorods (L1 = 53.1 nm, ca. 20 pmol NPs in 100 µL
TCB) and long CoNP-tipped nanorods (L2 = 150.1 nm, ca. 2 pmol NPs in 100 µL TCB)
were transferred via syringe into a 4 mL scintillation vial containing oleic acid (50 µL) and
a 10 mm stir bar. The vial was sealed with a rubber septum, and the reaction mixture was
sparged with argon for 30 minutes. The vial was then lowered into a thermostated oil bath
at 180 °C and 500 RPM stir rate. The vial was removed from the oil bath after 45 minutes
at 180 °C, and a sample of the room temperature crude product (3 µL) was drop cast onto
a carbon coated TEM grid in an external magnetic field for imaging (Fig. C.10). An
external magnetic field was used to enable alignment of smaller, less strongly dipolar,
CoNPs. An excess of shorter nanorods were used in this experiment, and incorporation of
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CoNP-tipped nanorods with longer nanorod side chains into colloidal polymer chains was
monitored. Based on the statistical distribution of lengths in a given batch of nanorods,
homopolymers / segments of longer nanorods are expected to contain a percentage of
shorter nanorod side chains (Fig. C.12 and Chapter 4, Fig. 4.5). However, homopolymers
/ segments of shorter nanorods do not contain longer nanorods (> 80 nm).

C.2.g. Control experiment: drying of “segmented copolymers” in a constant external
magnetic field
Segmented copolymers (nanoparticle dimensions: nanorod1: L = 150 nm, CoNPtip1: D = 22 nm; nanorod2: L = 53 nm, CoNP-tip2: D = 22 nm) were cast in an external
magnetic field to observe the effect on co-assembly behavior (Fig. C.11). After drying,
segmented copolymers and homopolymers were observed in a manner similar to samples
cast without an external magnetic field. However, an additional morphology was observed
which consisted of chains of loosely associated colloidal monomers when samples were
dried in an external magnetic field (interparticle spacing > 10 nm). While most of these
chains were loosely associated “homopolymers” or “segmented copolymers” these chains
did occasionally (< 1 %) incorporate a comonomer which differed from the primary
constituents of the colloidal polymer chain. This random incorporation of monomeric units
into chains composed of weaker interparticle interactions differs from the exclusive blocky
behavior for chains consisting of stronger dipolar interactions (long chains which
spontaneously self assemble).
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Figure C.11: Segmented copolymers obtained by blending dipolar CoNP-tipped nanorods
and casting in a constant magnetic field. Panel (a) shows the parallel orientation of chains
of dipolar colloids at low magnification, while panel (b) shows a particular segmented
copolymer chain. A chain of loosely associated colloidal monomers with a randomly
incorporated comonomer is shown in panel (c). Nanoparticle dimensions: nanorod1: L =
150 nm, CoNP-tip1: D = 22 nm; nanorod2: L = 53 nm, CoNP-tip2: D = 22 nm.
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C.2.h. Nanorod side chain analysis on a pure sample of CoNP-tipped nanorods
(nanorod L = 124 nm)

Figure C.12: Nanorod side chain analysis for a pure sample of CoNP-tipped nanorods
(nanorod length = 124 nm; CoNP-tip diameter = 22 nm) as seed in bright field TEM
imaging (a) and after false coloring of nanorod side chains based on a cutoff length of 80
nm (b). Nanorod side chains with measured lengths greater than 80 nm were colored red,
while all other side chains were colored blue, as discussed in Chapter 4. Black scale bars
are 100 nm.
Nanorod side chain length was a useful probe for visualizing the composition of
segmented versus statistical colloidal copolymers consisting of dipolar CoNP-tipped
nanorods (Chapter 4, Fig. 4.5 and Fig. 4.6). Analysis of nanorod side chain lengths in a
sample of CoNP-tipped nanorods obtained from a single nanorod length (from Chapter 4,
Fig. 4.1b, L = 124 nm) showed few shorter (blue) side chains after analysis (Fig. C.12). A
small percentage of shorter (blue) nanorod side chains are expected in the analysis based
on the nanorod length distribution prior to Co-deposition (Chapter 4, Fig. 4.5). By
comparison, both short and long nanorod side chain lengths were present in roughly equal
proportions throughout the colloidal polymers obtained by blending Pt-activated nanorods
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prior to Co-deposition (statistical copolymers), which supports the use of this analysis for
identifying statistical copolymers.

C.2.i. Phase separation in blends of colloidal polymers
“Segmented colloidal copolymers” were prepared from CoNPs (diameter = 21 nm;
approximately 3 pmol; 20 µL of the final TCB dispersion) and CoNP-tipped nanorods
(approximately 3 pmol; 60 µL of the final TCB dispersion; nanorod length = 150.1 nm,
CoNP-tip diameter = 22 nm) were loaded into a vial containing TCB (140 µL) and PSCOOH (60 mg). A 10 mm stir bar was added, the vial fitted with a screw top polypropylene
cap, and the contents stirred (500 RPM) for 3 hours at room temperature. The product
contained a mixture of “segmented copolymers” and the two parent homopolymers, as
described for Chapter 4, Fig. 4.4.
The morphology of dipolar colloidal chains cast from equimolar mixtures of CoNPs
(D = 21 nm) and CoNP-tipped nanorods (DCo = 22 nm; LCdSe@CdS = 150 nm) was
investigated to ascertain if nanorod side chains would induce phase separation when
blended with colloidal polymers from bare CoNPs. Small regions of phase separation of
CoNP-rich segments and homopolymers were observed, though these regions were found
intermittently due to the large amount of surface area occupied by CoNP-tipped nanorods
when compared to CoNPs (Chapter 4, Fig. 4.2). Therefore, excess CoNPs were added to
the segmented copolymer sample to enable visualization of phase separation behavior (10:1
molar excess relative to CoNP-tipped nanorods, Chapter 4, Fig. 4.7). TEM imaging of
concentrated regions of this segmented copolymer sample (drop cast under zero field
conditions) revealed that dipolar chains tended to phase separate into regions enriched in
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either colloidal polymers of bare CoNPs, or CoNP-tipped nanorods (Fig. C.13). Under
these conditions, colloidal polymers containing nanorod side chains were observed to form
a semi-continuous matrix phase with CoNP chains phase segregated into more densely
bundled domains. However, it is important to note that these more ordered regions were
also accompanied by presence of larger, less ordered phase separated regions of colloidal
polymers of bare CoNPs (Fig. C.13). We attribute the formation of both of these types of
phase separated morphologies to the presence of both colloidal homopolymer mixtures
from bare CoNPs and CoNP-tipped nanorods along with some portion of colloidal
segmented copolymers (Chapter 4, Fig. 4.7).

Fig. C.13: Phase separation present in concentrated samples of segmented colloidal
copolymers after the addition of excess CoNPs. a) Low magnification image showing the
variety of phase separated morphologies observed in this sample. b) A region rich in
CoNPs microphase separated in a quasi-continuous phase rich in nanorod side chains. c)
A region of phase separated CoNPs with minimal incorporation of nanorod functionality
(attributed to segmented copolymers).
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C.3. X-ray diffraction (XRD)

Figure C.14: Pure cobalt nanoparticles with PS-COOH ligands synthesized without
nanorod seeds. The solid black line is the signal from the powder plus Scotch tape support
which is shown without the nanoparticle sample as a dotted line. The red line above is the
difference signal and assigned to scattering from Co nanoparticles. Vertical bars indicate
peaks expected for bulk Co-HCP (blue) and Co-FCC (black), respectively.

Figure C.15: Enlarged difference signal from the peak in Fig. C.14 which was used to
extract crystallite size and phase.
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XRD analysis of the purified dipolar products was obtained from the difference
pattern of the nanorod precursors and the CoNP-tipped products. Fig. C.14 shows the
powder XRD patterns of a sample of cobalt NPs (without nanorods), and Fig. C.16 shows
that of CoNP-tipped nanorods. The data suggest that the free, untipped PS-CoNPs made
from our method were highly heterogeneous as noted by the presence of both crystalline
and an X-ray amorphous phases. Conversely, Co-phases on tipped nanorods adopted a
preferential cubic stacking sequence of the (111) planes. A cubic cobalt structure with a
mean crystallite size of approximately 4.2 nm was observed for nanorods with CoNP-tip
diameters of 24 + 4 nm (n = 114). Interestingly, free CoNPs synthesized under otherwise
identical conditions (CoNP diameter = 24 + 5 nm, without nanorod seeds) contained both
Co-FCC and Co-HCP signals. Cozzoli and coworkers also observed a difference in the Co
crystal phases between tipped nanorods (epsilon phase CoNP tips) and free CoNPs (hcp
phase).284 This observation provided additional evidence that the growth of these CoNPtips occurred onto the termini of these Pt-activated nanorods and not homogeneously in the
solution.
Pure cobalt nanoparticles (without attached nanorods) (CoNPs: D = 24 + 5 nm, n = 113)
Fig. C.14 shows powder XRD patterns of a sample of cobalt nanoparticles (without
nanorods; TEM in Chapter 4, Fig. 4.1d) plus background pattern from Scotch tape used as
sample powder support. A high background level at smaller angles (b < 0.35 Å-1
(b=2sinθ/λ)) was also observed from the tape backing. Fig. C.15 shows an enlarged section
of this difference signal. An estimate of the size normal to the 111c, respectively 002hlayers can be extracted from the width of the central peak, which represents a lower limit
of ≈ 5 nm.
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CoNP-tipped nanorods (CoNP-tip: D = 24 + 4 nm, n = 114) (Nanorod dimensions: L =
69.1 + 5.5 nm,n = 109; D = 6.0 + 0.5 nm, n = 105)
Similar to the previous analysis, the Co crystallite size can be roughly extracted for
CoNP-tipped nanorods by taking the difference pattern of the CoNP-tipped nanorod sample
and the Pt-activated nanorod precursor after rescaling as shown in Fig. C.16. Within the
margins of error the mean crystallite size <L> ≈ 4.2 nm is about the same as for the pure
Co nanoparticles (Fig. C.17). However, the amorphous material, if any, is less than for the
pure CoNPs without nanorods. Also, it appears that Co is likely to adopt the cubic
symmetry when present as a “CoNP-tip” in contrast to the pure CoNP sample which had
both Co-FCC and Co-HCP signals (see vertical bars in Fig. C.16).

Figure C.16: XRD data for CoNP-tips on CoNP-tipped nanorods (blue line) taken as the
difference spectra between CoNP-tipped nanorods (solid black line) and the Pt-activated
nanorod precursors (red line). The black vertical bars correspond to expected peaks for CoFCC.
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Figure C.17: Enlarged difference signal from the peak in Fig. C.16 which was used to
extract crystallite size and phase for CoNP-tips on CoNP-tipped nanorods.
Note, that the mean crystallite diameter <D> is larger than the XRD crystallite size
<L> by a factor of 3/2 if an average spherical shape is assumed, i.e., <D> = (3/2)<L> = 6.3
nm (7.4 nm for free CoNPs without attached nanorods).

Samples for XRD characterization:
Slightly larger batches in the synthesis of nanorod intermediates and products were
utilized to prepare the samples used for XRD characterization. The procedure used for Codeposition onto Pt-activated nanorods (nanorod: L = 69.1 nm, D = 6.0 nm; 30.1 mg,
approximately 5.52 nmol) was similar to the representative procedure described above for
the synthesis of dipolar CoNP-tipped nanorods (nanorod: L = 124.0 nm, D = 5.4 nm), with
a fivefold increase in reaction scale and purification via centrifugation to remove excess
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organic content prior to solid state characterization. The product was divided evenly
between two centrifuge tubes and each dispersion was diluted with toluene (to 20 mL)
before diluting each dispersion with hexanes (20 mL). Centrifugation (4000 RPM, 15
minutes) afforded black pellets. The black supernatants were decanted and the pellets were
dispersed by diluting each pellet with toluene (20 mL) and vigorously shaking / vortexing
(no sonication). Each dispersion was then diluted with hexanes (to 30 mL) and centrifuged
(8000 RPM, 10 minutes) to afford black pellets. The translucent brown supernatants were
decanted and the pellets were dispersed once more by diluting each with toluene (to 20
mL) and vigorous shaking / vortexing (no sonication). Each dispersion was then diluted
with hexanes (to 30 mL) and centrifuged (8000 RPM, 10 minutes) to afford black pellets.
The translucent brown supernatants were then decanted. The pellets were dispersed in
DCM (10 mL) and a sample taken for TEM imaging in toluene (0.2 mL of the DCM
dispersion into 3 mL toluene). The DCM dispersion was transferred to a tared vial via pipet
and the solvent was evaporated before drying in vacuo to yield a black powder (101 mg, <
10 wt-% organic content by TGA). Note that this dried powder was not dispersible after
drying. A TEM sample cast from the toluene dispersion obtained prior to drying was
imaged via TEM and sized using ImageJ software (CoNP-tip diameter = 24 + 4 nm;
approximately 83% of dipolar CoNPs imaged carried a nanorod side chain). This sample
was used to obtain the HR-TEM data shown in Fig. C.3 and this sample was also
characterized using XRD.
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C.4. Vibrating sample magnetometry (VSM):

Figure C.18: Saturation magnetization versus coercivity data taken by VSM at room
temperature. CoNP-tipped nanorods showed strongly ferromagnetic behavior consistent
with the dipolar assembly observed in these samples. Sample information: CoNP-tip
diameter = 29 + 5 nm (n = 102); Nanorod length = 69.0 + 6.5 nm (n = 100); Nanorod
diameter = 5.9 + 0.6 nm (n = 100); Weight percent organic content = < 10 %.
Vibrating sample magnetometry of a sample of CoNP-tipped nanorods revealed
strongly ferromagnetic behavior at room temperature which was consistent with the dipolar
assembly observed by TEM (Fig. C.18). The room temperature saturation magnetization
of 76.8 emu/g and magnetic coercivity of 910.6 Oe observed are comparable to similar
reported dipolar CoNPs.259
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Samples for VSM characterization:
To facilitate VSM characterization, slightly larger batches in the synthesis of
nanorod intermediates and products were required. The procedure used for Co-deposition
onto Pt-activated nanorods (nanorod: 69.0 nm, D = 5.9 nm; 32.0 mg, approximately 4.51
nmol) was identical to the procedure used for samples used for XRD, except that a slightly
lower concentration of nanorods was used on a mole basis. The amounts of all other
reagents were unchanged from the procedure above for 250 mg scale relative to Co2(CO)8,
and purification was carried out in the same manner (centrifugation). The synthesis yielded
a black powder (79 mg, less than 10 wt-% organic content by TGA). Note that this dried
powder was not dispersible after drying. A TEM sample cast from the toluene dispersion
taken before drying was imaged via TEM and sized using ImageJ software (CoNP-tip
diameter = 29 + 5 nm; approximately 90% of dipolar CoNPs imaged carried a nanorod side
chain). This sample was characterized by VSM.
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C.5. X-ray photoelectron spectroscopy (XPS)
The presence of metallic cobalt was confirmed using XPS (Fig. C.19) on an isolated
powder of dipolar CoNP-tipped nanorods (nanorod: L = 53.1 + 7.7 nm, D = 5.4 + 0.5 nm;
CoNP-tip D = 21.5 + 3.7 nm). The XPS measurement was conducted on a sample drop
casted onto a HOPG substrate (3 drops of the toluene dispersion described in the synthesis
below; ca. 3 mg particles / mL). Peaks at 285 eV and 289 eV were assigned to C1s peaks
present in polystyrene. XPS revealed the presence of oxygen (532 eV), cobalt (II) (782 eV)
and cobalt (0) (777 eV) species, which confirmed the formation of metallic cobalt and
cobalt oxide (CoO). Sulfur peaks were not significantly represented in the XPS spectrum
due to the low cross section of sulfur. Due to the limited penetration depth of XPS (a few
nanometers), X-rays are able to more efficiently expel electrons from the polystyrene and
CoO shells, and to a lesser degree from the cobalt metal core. The relative content of the
CoO phase is therefore inflated in the XPS spectrum, but nevertheless confirms the
formation of a cobalt material, in agreement with HRTEM, VSM, and XRD data.
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Figure C.19: (a) XPS spectrum of CoNP-tipped nanorods (nanorod : L = 53.1 + 7.7 nm,
D = 5.4 + 0.5 nm; CoNP-tip D = 21.5 + 3.7 nm) (b) expanded spectrum of cobalt peaks (c)
expanded spectrum of carbon peaks.
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Samples for XPS analysis:
The procedure used for the synthesis of dipolar CoNP-tipped nanorods (Ptactivated nanorod: L = 53.1 mg, 5.1 mg, approximately 1.2 nmol) was identical to the
representative procedure described above for the synthesis of dipolar CoNP-tipped
nanorods (nanorod: L = 124.0 nm, D = 5.4 nm), except that a slightly higher concentration
of nanorods was used on a mole basis and an additional purification step via centrifugation
was employed to remove excess organic content prior to solid state characterization, while
leaving the product amenable to dispersing in organic solvents to allow drop casting for
XPS. The amounts of all other reagents were unchanged from the representative procedure
above. The product was divided evenly between two centrifuge tubes and each dispersion
was diluted with toluene (to 25 mL) before diluting each dispersion with hexanes (20 mL).
Centrifugation (7000 RPM, 7 minutes) afforded black pellets. The clear supernatants were
decanted and the pellets were dispersed in DCM (3 mL) and vigorously shaking / vortexing
(no sonication). A sample was taken (0.5 mL) and dispersed in toluene (1 mL) for XPS
analysis. For yield determination, the DCM dispersion was transferred to a tared vial via
pipet and the solvent was evaporated before drying in vacuo to yield a black powder (33
mg having 44 weight % organic content by TGA), and the final yield of inorganic material
was calculated to be 18 mg. Note that this dried powder was not dispersible after drying.
A TEM sample cast from the toluene dispersion obtained prior to drying was imaged via
TEM and sized using ImageJ software (CoNP-tip diameter = 22 + 4 nm; approximately
88% of dipolar CoNPs imaged carried a nanorod side chain; n = 105).
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