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ABSTRACT 

 

This dissertation contains six chapters detailing recent advances that have been 

made in the synthesis and characterization of metal-semiconductor hybrid nanocrystals 

(HNCs), and the applications of these materials. Primarily focused on the synthesis of well-

defined II-VI semiconductor nanorod (NR) and tetrapod (TP) based constructs of interest 

for photocatalytic and solar energy applications, the research described herein discusses 

progress towards the realization of key design rules for the synthesis of functional 

semiconductor nanocrystals (NCs). As such, a blend of novel synthesis, advanced 

characterization, and direct application of heterostructured nanoparticles are presented.  

Additionally, for chapters two through six, a corresponding appendix is included 

containing supporting data pertinent to the experiments described in the chapter. 

The first chapter is a review summarizing the design, synthesis, properties, and 

applications of multicomponent nanomaterials composed of disparate semiconductor and 

metal domains. By coupling two compositionally distinct materials onto a single 

nanocrystal, synergistic properties can arise that are not present in the isolated components, 

ranging from self-assembly to photocatalysis. While much progress was made in the late 

1990s and early 2000s on the preparation of a variety of semiconductor/metal hybrids 

towards goals of photocatalysis, comprehensive understanding of nanoscale reactivity and 

energetics required the development of synthetic methods to prepare well-defined 

multidimensional constructs. For semiconductor nanomaterials, this was first realized in 

the ability to tune nanomaterial dimensions from 0-D quantum dot (QD) structures to 

cylindrical (NR) and branched (TP) structures by exploitation of advanced colloidal 

synthesis techniques and understandings of NC facet reactivities. Another key advance in 
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this field was the preparation of “seeded” NR and TP constructs, for which an initial 

semiconductor QD (often CdSe) is used to “seed” the growth of a second semiconductor 

material (for example, CdS). These advances led to exquisite levels of control of 

semiconductor nanomaterial composition, shape, and size. Concurrently, many 

developments were made in the functionalization of these NCs with metallic nanoparticles, 

allowing for precise tuning of metal nanoparticle deposition position on the surface of 

preformed semiconductor NCs. To date, photoinduced and thermally induced methods are 

most widely used for this, providing access to metal-semiconductor hybrid structures 

functionalized with Au, Pt, Ag2S, Pd, Au/Pt, Ni, and Co nanoparticles (to name a few). 

With colloidal nanomaterial preparation becoming analogous to traditional molecular 

systems in terms of selectivity, property modulation, and compositional control, the field 

of nanomaterial total synthesis has thus emerged in the past decade. With a large toolbox 

of reactions which afford selectivity at the nanoscale developed, to date it is possible to 

design a wider array of materials than ever before. Only recently (the past ~ 5 years), 

however, has the transition from design of model systems for fundamental characterization 

to realization of functional materials with optimized properties begun to be demonstrated. 

The emphasis of chapter 1 is thus on the key advances in the preparation of metal-

semiconductor hybrid nanoparticles made to date, with seminal synthetic, characterization, 

and application milestones being highlighted. 

The second chapter is focused on the synthesis and characterization of well-defined 

CdSe-seeded-CdS (CdSe@CdS) NR systems synthesized by overcoating of wurtzite (W) 

CdSe quantum dots with W-CdS shells. 1-dimensional NRs have been interesting 

constructs for applications such as solar concentrators, optical gains, and photocatalysis. In 
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each of these cases, a critical step is the localization of photoexcited excitons from the 

light-harvesting CdS NR “antenna” into the CdSe QD seed, from which emission is 

primarily observed. However, effects of seed size and NR length on this process remained 

unexplored prior to this work. Previous work had demonstrated that, for core@shell 

CdSe@CdS systems, small CdSe seed sizes (< 2.8 nm in diameter) resulted in quasi-type 

II alignment between semiconductor components (with photoexcited electrons delocalized 

across the structure and holes localized in the CdSe seed), and large seed sizes (> 2.8 nm) 

resulted in type I alignment (with photoexcited electrons and holes localized in the CdSe 

seed). Through synthetic control over CdSe@CdS NR systems, materials with small and 

large CdSe seeds were prepared, and for each seed size, multiple NR lengths were prepared. 

Through transient absorption studies, it was found that band alignment did not affect the 

efficiency of charge localization in the CdSe core, whereas NR length had a profound 

effect. This work indicated that longer NRs resulted in poor exciton localization 

efficiencies owing to ultrafast trapping of photoexcited excitons generated in the CdS NR. 

Thus, with increasing rod length, poorer efficiencies were observed. This work served to 

highlight the ideal size range for CdSe@CdS NR constructs targeted towards 

photocatalysis, with ~ 40 nm NRs exhibiting the best rod-to-seed localization efficiencies. 

Additionally, it served to expand the understanding of exciton trapping in colloidal NC 

systems, allowing development of a predictive model to help guide the preparation of other 

nanorod based photocatalytic systems. 

The third chapter describes the synthesis of Au-tipped CdSe NRs and studies of the 

effects of selective metal nanoparticle deposition on the band edge energetics of these 

model photocatalytic systems. Previous studies had demonstrated ultrafast localization of 
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photoexcited electrons in Au nanoparticles (AuNP) (and PtNP) deposited at the termini of 

CdSe and CdSe@CdS NR constructs. Also, for similar systems, the hydrogen evolution 

reaction (HER) had been studied, for which it was found that noble metal nanoparticle tips 

were necessary to extract photoexcited electrons from the NR constructs and drive catalytic 

reactions. However, in these studies, energetic trap states, generally ascribed to surface 

defects on the NC surface, are often cited as contributing to loss of catalytic efficiency. In 

this study, we found that the literature trend of assuming the band-edge energetics of the 

parent semiconductor NC applies to the final metal-functionalized catalyst did not present 

a complete picture of these systems. Through a combination of ultraviolet photoelectron 

spectroscopy and waveguide based spectroelectrochemistry on films of 40 nm long CdSe 

NRs before and after AuNP functionalization, we found that metal deposition resulted in 

the formation of mid-gap energy states, which were assigned as metal-semiconductor 

interface states. Previously these states had only been seen in single particle STS studies, 

and their identification in this study from complementary characterization techniques 

highlighted a need to further understand the nature of the interface between 

metal/semiconductor components for the design of photoelectrochemical systems with 

appropriate band alignments for efficient photocatalysis.  

The fourth chapter transitions from NR constructs to highly absorbing CdSe@CdS 

TP materials, for which a single zincblende (ZB) CdSe NC is used to seed the growth of 

four identical CdS arms. These arms act as highly efficient light absorbers, resulting in 

absorption cross sections an order of magnitude greater than for comparable NR systems. 

In the past, many studies have been published on the striking properties of TP nanocrystals, 

such as dual wavelength fluorescence, multiple exciton generation, and inherent self-
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assembly owing to their unique geometry. Nonetheless, these materials have not been 

exploited for photocatalysis, primarily owing to challenges in preparing TP from ultrasmall 

ZB-CdSe seed size (owing to phase instability of the zincblende crystal structure), thus 

preventing access to quasi-type II structures necessary for efficient photocatalysis. In this 

study, we successfully break through the type I/quasi-type II barrier for TP NCs, reclaiming 

lost ground in this field and demonstrating for the first time quasi-type II behavior in 

CdSe@CdS TPs through transient absorption measurements. This was enabled by new 

synthetic protocols for the synthesis and stabilization of ultrasmall (1.8 – 2.8 nm) ZB-CdSe 

seeds, as well as for the synthesis of CdSe@CdS TPs with arm lengths of 40 nm. Easily 

scalable, TPs were prepared on gram scales, and the quasi-type II systems showed 

dramatically enhanced rates of selective photodeposition of AuNP tips under ultraviolet 

and solar irradiation. These are promising materials for photocatalytic and solar energy 

applications. 

The fifth chapter continues with the study of CdSe@CdS TPs, and elaborates on a 

new method for the selective functionalization of the highly symmetrical TP construct. 

Previous studies had demonstrated that access to single noble metal NP tips was vital for 

efficient photocatalytic HER from NR constructs. However, TP materials have been 

notoriously difficult to selectively functionalize, owing to their symmetric nature. Using a 

novel photoinduced electrochemical Ostwald ripening process, we found that initially 

randomly deposited AuNPs could be ripened to a single, large (~ 7 nm) AuNP tip at the 

end of one arm of a type I CdSe@CdS TP with 40 nm arms. To demonstrate the selectivity 

of this tipping process, dipolar cobalt was selectively overcoated onto the AuNP tips of 

these TPs, resulting in dipolar Au@Co-CdSe@CdS TP nanocrystals. These particles were 
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observed to spontaneous self-assemble into 1-D mesoscopic chains, owing to pairing of N-

S dipoles of the ferromagnetic CoNPs, resulting in the first example of “colloidal 

polymers” (CPs) bearing bulky, tetrapod (“giant t-butyl”) pendant groups.   

The sixth chapter elaborates further on the preparation of colloidal polymers, 

further extending the analogy between molecular and colloidal levels of synthetic control. 

One challenge in the field of colloidal science is the realization of new modes of self-

assemble for compositionally distinct nanoparticles. In this work, it was found that Au@Co 

nanoparticle dipole strength could be systematically varied by tuning of AuNP size on 

CdSe@CdS nanorods/tetrapods. In the first example of a colloidal analogue to reactivity 

ratios observed for traditional chain growth polymerization systems, highly disparate 

AuNP tip sizes (and thus final Au@Co NP dipole strength) were found to result in 

segmented colloidal copolymers upon dipolar self-assembly, whereas similar AuNP tip 

sizes ultimately led to random dipolar assemblies. Clearly visualized through incorporation 

of NR and TP sidechains into these colloidal polymers, this study presented a compelling 

case for continued exploration of colloidal analogues to traditional molecular levels of 

synthetic control. 
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CHAPTER 1. Selective Reactions on Semiconductor Nanocrystals 

Selective Reactions at the Surface of Semiconductor Nanocrystals: Methods 

and Applications 

With contributions from Jeffrey Pyun (coauthor and PI) 

 

1.1 Introduction  

In recent years, the combination of disparate materials onto single nanoparticle 

scaffolds has generated much interest owing to the realization of combined and synergistic 

properties that arise from the intimate coupling of compositionally distinct domains.1-12 

Semiconductor nanocrystals (NCs) have received the most attention as functionalizable 

nanoparticles, wherein they are used as precursors onto which additional nanoparticle 

functionalities are deposited.13-16 Most often, a single nanoparticle is used as starting 

material, onto which additional nanoparticles are deposited or grown to result in a 

multicomponent hybrid nanoparticle (HNP) using what has been referred to as a 

nanomaterial total synthesis approach.9-10 Over time, the studies of these systems have 

continued to advance along with increasing synthetic control, allowing for HNPs to be 

synthesized in high yield with exquisite control of nanoparticle shape and composition.15, 

17-28 In particular, semiconductor NC based systems onto which metal nanoparticles are 

deposited have received the most attention, owing to their synthetic accessibility and 

tunable optoelectronic properties as a function of size.  

 Early examples of semiconductor based HNPs revolved around the deposition or 

growth of discrete metal nanoparticles of Au, Ag, or Pt on ZnO or TiO2 nanostructures to 

enhance photoinduced charge separation within the composite material.29-32 However, 
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while pioneering in terms of understanding the interactions between metal/semiconductor 

nanoparticle components, these systems lacked specific control over semiconductor shape 

and size, as well as secondary metal nanoparticle shape, size, and deposition location. First 

demonstrated by Banin and coworkers, the advent of “site-selective” reactions on the 

surface of semiconductor nanorods (NRs) pioneered a new field in the synthesis, 

functionalization, and characterization of structurally complex hybrid nanoparticles.13, 15, 

19-21, 33-36 By taking advantage of the varying reactivities of different facets of CdSe NRs, 

Au nanoparticles (AuNP) were observed to deposit selectively onto the termini, or “tips,” 

of the CdSe NRs, which then acted as “tethers” for nanoparticle self-assembly or anchors 

for electrical connections. Subsequent studies have expanded the synthetic library to 

include semiconductor scaffolds of varying composition and structural complexity, as well 

as multiple metal,17, 37-59 metal oxide,6, 44-48, 53, 60-61 and semiconductor functionalities.62-65 

It has been found that selectivity in tipping processes results in an enhancement of 

charge separation properties, as well as provides an anchor site for controlled assembly of 

individual nanocrystals.49, 52, 66-68 In order to obtain selective functionalization of 

semiconductor NCs, a number of methods have been developed to date, which address the 

substantial challenges of combining multiple different material types onto a single 

nanoparticle in a controlled fashion.  

The focus of this review is the recent advances in the synthesis of selectively 

functionalized semiconductor nanocrystals, with an emphasis on HNPs containing metal 

nanoparticle functionalities. As the first step in the preparation of selective HNPs, Section 

II focuses on the preparation of well-defined semiconductor NCs, which has rapidly 

advanced in the past decade, with ongoing efforts focused on precise 
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compositional/dimensional tuning of complex structures. Owing to the extensive studies 

that have been performed on anisotropic NCs for photoinduced charge separation, seeded 

and unseeded NR constructs are primarily highlighted, with additional emphasis on the 

recent development of selective reactions for higher order, tetrapod architectures and the 

types of selectivity that can be accessed to date for each. In Section III, methods of selective 

deposition of secondary nanoparticles onto preformed semiconductor NCs are discussed, 

with emphasis on thermal induced and photoinduced methods to accessing HNPs. In 

Section IV, synthetic applications of selectively functionalized HNPs are discussed with an 

emphasis towards the self-assembly of discrete HNPs into colloidal polymers (CPs). 

Lastly, the key photo-optical properties of these materials are highlighted in Section V, 

followed by a brief discussion of the outlook of this field in Section VI.  

 

1.2 Synthesis of well-defined semiconductor NCs (nanorods and tetrapods) 

Selective functionalization of nanomaterials requires an initial nanoparticle 

“scaffold” with well-defined structures and composition. To achieve this, methods have 

been developed in recent years to prepare a variety of II-VI semiconductor (CdX; X= S, 

Se, Te) based nanoparticles. In general, colloidal semiconductor NCs are synthesized upon 

reaction of molecular precursors (containing the necessary components for the final 

nanomaterial, i.e. cadmium and selenium for CdSe NPs) in a solvent system containing 

stabilizing ligands, such as small molecules that bind selectively to exposed facets to aid 

in directing nanoparticle growth, polymeric stabilizing agents that prevent particle 

aggregation, or surfactants for templated micellar growth.8, 69-73 Established protocols for 

the synthesis of colloidal semiconductor NCs can be broadly categorized into two distinct 
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groups. First, control of NC shape beyond spherical quantum dot (QD) structures (referred 

to as 0-dimensional systems) were initially demonstrated using single-component systems 

(Section 2.1), wherein reactive precursors corresponding to the final particle composition 

were reacted in varying ligand mixtures to generate 1-dimensional NR architectures, as 

well as complex branched and four armed “tetrapod” (TP) NCs (Scheme 1A).74-83 Second, 

driven by further interest in structural and energetic control, multicomponent nanocrystals 

(MNCs) have since been extensively studied, wherein a preformed semiconductor QD or 

NR is used as the nucleation site onto which a second semiconductor component is 

deposited (Scheme 1B), affording exquisite control of NC shape, dimensions, and surface 

reactivity (Section 2.2).23, 26, 46-47, 84-90 
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Scheme 1.1. Overview of unseeded growth (A) and seeded growth (B) mechanisms for the 

synthesis of well-defined semiconductor colloidal nanocrystals. (A) Unseeded growth 

(homonucleation) is highlighted for CdSe NCs, resulting in mixtures of nanorod-like and 

tetrapod CdSe single crystals. (B) Seeded growth is shown for CdSe-seeded-CdS NC 

species, which have been most extensively studied in recent years. Preformed W-CdSe or 

ZB-CdSe QDs are used as seed-sites upon which Cd- and S- molecular species are 

deposited, with the crystal structure of the QD seed having a profound impact on final 

product distribution. 
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1.2.1 Synthesis of single component semiconductor nanocrystals (SNCs) 

Driven by interests in enhancing the properties of inorganic nanoparticles, multiple 

methods for the synthesis of anisotropic single component semiconductor nanocrystals 

(SNCs) have been developed.  Whereas shape control had been achieved to some degree 

for III-VI semiconductor NCs in the late 1990s, these approaches required top-down levels 

of control wherein static templates or engineered strain between substrate and vapor-phase 

deposited nanocrystals resulted in preferential growth of one crystallographic facet over 

another.91-98 

The first breakthrough in the colloidal synthesis of well-defined anisotropic 

semiconductor NCs built off of the top-down shape control methods previously described. 

Through thermal decomposition of elevated concentrations of cadmium and selenium 

precursors in high boiling point organic solvent, Alivisatos and coworkers found that CdSe 

nanoparticle structure could be selectively tuned from spherical, to NR, and TP shaped 

NCs by variation of hexylphosphonic acid (HPA) ligand concentration.75-76 In these 

systems, initial CdSe nanoparticles were observed to nucleate primarily in the wurtzite (W) 

crystal structure, resulting in NR growth primarily along the vertical-axis of the NCs (the 

(001) and (001̅) faces) owing to preferential ligand binding to lateral (011̅0) and (112̅0) 

faces as later modeled by Puzder.73 Interestingly, TP formation was found to result from 

CdSe nanoparticles initially nucleated in the less stable zincblende (ZB) phase. Owing to 

the crystallographic equivalence of the ZB (111) face and wurtzite (001̅) face, four WZ 

arms were observed to grow from a single ZB CdSe nanoparticle with four exposed (111) 

faces. In these early systems NR/TP arm length could be tuned through multiple precursor 

injections, although polydisperse product distributions were still obtained, with TPs 
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accounting for 15% of isolated species from a standard reaction. (Figure 1.1) Nonetheless, 

this initial study served to highlight the types of materials that could be accessed through 

colloidal syntheses, spurring much interest in semiconductor NC shape control. 

 

Figure 1.1. (A-C) Product mixtures obtained in initial work on the shape control of 

colloidal CdSe NCs synthesized through hot injection methods, with a single precursor 

injection and varying ratios of hexylphosphonic acid ligand, with elongated  structures 

obtained as HPA mol% was increased from 8% (A), to 20% (B), to 60% (C). (D-F) Product 

mixtures obtained when HPA mol% was kept constant at 20%, and Se-precursor injection 

was varied from 1.0 mL (D), to 1.5 mL (E), to 2.0 mL (F; same as condition B).  (G) 

Elongated nanorod/nanoarrows/tetrapods obtained from multiple Se-precursor injections, 

where NR length increases from ~ 20 nm (condition shown in B, F) to ~35 nm after 

multiple injections. (H) BF-TEM image of a single CdSe tetrapod that could be found as a 

minority product (5-15 %) of the reaction mixtures shown in A-G. Figures adapted with 

permission from reference 75, copyright 2000, American Chemical Society. 
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This pioneering work led to the development of protocols for the preparation of 

single-component II-VI semiconductor NRs with good control over NR diameter and 

length, and highlighted the significance of crystallographic control in the preparation of II-

VI semiconductor NCs.43, 80, 99 In each of these reactions, anisotropic nanoparticle growth 

is perceived to follow a classical Llamer-type mechanism, wherein rapid decomposition of 

nanocrystal precursors results in in situ formation of CdX species that ultimately make up 

the final nanocrystals.100 (Scheme 1.2) Thus, the highest quality nanomaterials (as 

measured by final particle uniformity) are obtained through a two-step process comprising 

a rapid nucleation event to form the initial nanocrystals species (homonucleation), followed 

by the subsequent growth of the NCs through the deposition of precursor species onto these 

nuclei to form the desired structure (heteronucleation).  
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Scheme 1.2 Schematic illustration of the nucleation and growth mechanism proposed for 

colloidal nanocrystals. Molecular Cd- and X- (X= S, Se, Te) precursors in solution are 

initially decomposed at high temperature to form molecular CdX species, which 

subsequently aggregate to form discrete CdX particulate nuclei. These nuclei subsequently, 

grow by diffusion of addition CdX species to the nanocrystals surface. Scheme reproduced 

from reference 100 with permission, copyright 2014, Wiley. 
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1.2.2 Synthesis of multicomponent semiconductor nanocrystals (MNCs) 

The synthesis of multicomponent semiconductor nanocrystals, wherein two or 

more disparate semiconductor components are incorporated onto a single nanoparticle, was 

a natural extension of the advances described above. For these systems, low lattice 

mismatch between different semiconductors has been exploited to allow for colloidal 

preparations of core@shell systems, wherein one semiconductor NC is surrounded by a 

thin layer of the second material. While initially demonstrated for spherical quantum dot 

systems by Bawendi,16, 101 it was found that preferential semiconductor-semiconductor 

interactions at differing crystallographic facets could also be exploited to enable 

preparation of a wide variety of geometrically complex HNCs.74 In the seminal work of 

Alivisatos, a multitude of branched heterostructured nanocrystals were prepared from 

extension of CdTe domains on either ends of preformed CdSe NRs or TPs,74 with 

subsequent works demonstrating a high degree of control over branched structure 

composition (PbS, PbSe, CdS, CdSe, CdTe) and broad HNC shape (nanorod-tetrapod 

branched, tetrapod-tetrapod dendritic, nanorod bundled, octapod).102-107  

However, challenges yet remained in the preparation of discrete nanorod and 

tetrapod heterostructures, particularly from photocatalytically relevant CdSe/CdS system, 

such as the ability to precisely engineer energetics, size, and degree of branching at the 

nanoscale.  In order to decrease variability in these syntheses, and expand the scope of 

accessible semiconductor NCs, it was postulated that the nucleation and growth steps 

described in Scheme 1.2 could be isolated, wherein preformed nuclei or “seed” crystals 

could be used for the growth of well-defined nanomaterials with narrow size distributions. 

Initially demonstrated for mixed CdSe/CdS heterostructured nanocrystals (MNC) systems, 
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CdSe QDs were synthesized in the W-crystal structure, and subsequently used to seed the 

growth of CdS NRs.23 These methods have been expanded to other II-VI systems, affording 

uniform nanomaterials from CdSe, CdS, and CdTe particles.  

Seeded growth approaches today are by far the most widely employed method to 

access well defined semiconductor NCs containing multiple disparate components. In these 

systems, the lower activation energy for heteronucleation of a second semiconductor 

material onto a preexisting seed allows for the synthesis of structurally distinct core@shell 

systems. To date, this has extended to CdSe-seeded-CdS (CdSe@CdS) NRs and TPs, 

CdTe@CdSe TPs, as well as alloyed materials (Scheme 1B). 23, 89-90, 108-112 These 

structurally diverse materials exhibit a variety of enhanced properties depending upon 

composition and core/shell size, which have significant ramifications on selective surface 

reactions as well as optoelectronic properties, which will be discussed in subsequent 

sections. 

 

1.2.2.1 CdSe@CdS nanorods 

The realization of multicomponent semiconductor nanocrystals (MNCs) is of 

fundamental interest since the combination of disparate materials at the nanoscale creates 

heterojunctions with energetic offsets that serve to enhance their optical and electronic 

properties. Of core@shell heterostructured MNCs, CdSe@CdS NRs are by far the most 

studied, wherein a W-CdSe QD is used to seed the growth of a W-CdS nanorod. Through 

judicious control of reaction parameters such as temperature at which CdSe QD seed 

crystals are injected, and concentration of Cd/S precursors used for overcoating of the QDs 

with CdS, NR size control can be reliably tuned between 20-120 nm (Figure 1.2).23 
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Additionally, an alternative method for controlling NR length has previously been 

demonstrated by our group, wherein the CdSe QD seed concentration is varied while 

keeping all other parameters constant (effectively tuning the amount of Cd/S precursor 

available per nanoparticle), with decreasing CdSe concentrations resulting in longer 

NRs.46-47 

 

Figure 1.2. Size control of CdSe@CdS nanorod, with length tunable between 20-120 nm 

through Cd/S precursor concentration control. (A) Scheme of the seeded growth approach. 

(B) Self-assembled 19x5 nm CdSe@CdS nanorods. (C) Self-assembled 35x4 nm 

CdSe@CdS nanorods. (D) 53x4 nm CdSe@CdS nanorods. (E) 70x4 nm CdSe@CdS 

nanorods. (F) 110x4 nm CdSe@CdS nanorods. All scale bars are 50 nm. Reproduced with 

permission from reference 23, copyright 2007, American Chemical Society. 

 

 

These methods have proven effective not only for tuning NR aspect ratio, but are 

also amenable to varying of W-CdSe nanoparticle size, allowing for effective tuning of 
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heterostructure band alignment.112 The realization of core@shell structures, in which one 

or more components are grown on the surface of an initial particle, has allowed for efficient 

removal of detrimental defect states at the surface of the initial nanoparticle, resulting in 

an increase in photoluminescent quantum yield of Type I systems, wherein the valence and 

conduction bands of the core material are encompassed by the respective energy levels of 

the shell. Additionally, for type-II and quasi-type II systems (Scheme 1.3), wherein band-

edges are offset, charge separation upon photoexcitation has been explored as a promising 

photocatalytic platform.112-119 

 
Scheme 1.3. Energy band alignment of CdSe@CdS nanorod with (A) type I band 

alignment, wherein the CdSe seed is larger than 2.8 nm in size, resulting in lowest 

photoexcited energy electrons and holes localizing in the CdSe core and (B) quasi-type II 

band alignment, wherein the CdSe seed is smaller than 2.8 nm in size, resulting in lowest 

energy photoexcited holes localizing in the CdSe core and photoexcited electrons 

delocalized across the CdSe/CdS interface. Adapted with permission from reference 113, 

copyright 2012, Wiley.  
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1.2.2.2 CdSe@CdS tetrapods 

Tetrapod architectures represent a unique class of highly branched and well defined 

heterostructured MNCs which have garnered much interest since their initial reporting 

owing to their unique structural motif and potential applications in self-assembly, sensing, 

photovoltaics, and photocatalysis.116, 120-128 Alivisatos and coworkers demonstrated the 

synthesis of CdSe@CdS TPs from well-defined 4.0 nm ZB-CdSe seeds, resulting in 

primarily TP products for the first time in 2007 (Figure 1.3).87  In these initial studies, these 

materials were found to exhibit large absorption cross sections owing to the highly efficient 

light absorbing CdS arms of the TP, arm-length dependent dual emission from arm and 

seed components, and even tunable charge carrier recombination efficiency under applied 

compressive strain.88, 109, 123, 128-130 However, despite rapid advances in the preparation of 

CdSe@CdS NR materials that have allowed for tuning of seed size and arm length, similar 

levels of control for CdSe@CdS TP constructs have proven uniquely challenging to 

demonstrate owing in part to the phase instability of the ZB-CdSe core required to seed the 

growth of four W-CdS arms per NC.131-132 Indeed, ZB-CdSe has been shown to convert to 

the more stable W polytype at elevated temperatures required for overcoating with CdS 

shells, providing a unique challenge in the synthesis of these materials. 
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Figure 1.3. (A) TEM image of an individual CdSe@CdS tetrapod synthesized from a 4.0 

nm ZB-CdSe QD seed using standard hot-injection methods. (B) HRTEM image of a 

section of one tetrapod, for which the interface between the ZB-CdSe <<111>> planes and 

W-CdS <<001>> planes can be seen. (C) HAADF image of a single CdSe@CdS tetrapod, 

with (D) corresponding elemental profile obtained for an EDX line scan across the yellow 

line shown in (C), highlighting the presence of Se at the center of the tetrapod. (E-G) 

Control of CdSe@CdS tetrapod arm length by precursor concentration and reaction 

temperature variation. Adapted with permission from reference 87, copyright 2007, 

American Chemical Society. 
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  Nonetheless, in recent years, further synthetic advances have enabled excellent 

control over TP morphology, allowing TP arm length and morphology to be tuned for TPs 

synthesized from large (> 4 nm) ZB-CdSe seeds. One notable example is the work of Chan 

and coworkers, for which the TP arm shape was successfully tuned from cylindrical to 

conical through use of a mixed weak/strong binding phosphonic acid/carboxylic (PA/CA) 

acid ligand mixture. In the case of the mixed system, this provided a facile handle for tuning 

of TP arm lengths, wherein increasing the ratio of weak to strong binding ligand resulted 

in shorter arm lengths under identical conditions owing to competitive binding of CA/PA 

ligands along the growing tetrapod arms in these Type I systems.133  (Figure 1.4) 
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Figure 1.4. Tuning of tetrapod arm diameter and morphology through variation in ligand 

mixture. (A) CdSe@CdS tetrapods synthesized from 4.0 nm ZB-CdSe QD seeds in the 

presence of a weak/strong binding carboxylic acid/phosphonic acid ligand mixture, 

resulting in tapered structures as a consequence of competitive binding of oleic acid at the 

growing CdS arm surfaces. (B) CdSe@CdS tetrapods synthesized from 4.0 ZB-CdSe QD 

seeds in a manner identical to (A), except with only strong binding phosphonic acid 

ligands, resulting in smaller arm diameter and elongation of the CdS arm. (C) Schematic 

representation of the mechanism of formation of tetrapods with short, tapered arms shown 

in (A). (D) Schematic representation of the mechanism of formation of tetrapods with 

elongated, cylindrical arms shown in (B). Adapted with permission from reference 135, 

copyright 2016, American Chemical Society.  
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While much work has been carried out to study these materials, due to the difficulty 

in preparing large quantities of ZB-CdSe seeds and the decreasing stability of ZB seeds 

with decreasing size, similar control of CdSe core size as has been demonstrated for NR 

systems has not been realized for tetrapods until recently. By employing an incremental 

injection approach, wherein CdS precursor is slowly injected to a stock solution of ZB-

CdSe nanocrystals, we were able to demonstrate for the first time seed size control for 

CdSe@CdS TPs from a 2-6 nm CdSe core size range.134 In this study, by using a mixed 

ligand system similar to Chan, TPs with nearly identical external dimensions but highly 

uniform arm lengths were prepared with core sizes ranging from 2-6 nm (Figure 1.5). This 

was the first demonstration of successful tuning of CdSe@CdS TP band alignment from 

Type I (seed sizes > 2.8 nm) to quasi-Type II (seed sizes < 2.8 nm), which was leveraged 

along with the high absorption cross section of the quasi-Type II CdSe@CdS TPs to 

dramatically accelerate a model photocatalytic reaction under ambient sunlight when 

compared to Type I systems.  
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Figure 1.5. Seed size control of CdSe@CdS tetrapods. (A) BF-TEM image of 2.0 nm ZB-

CdSe QD seeds used to seed the growth of (B) CdSe@CdS TPs with ~ 32 nm CdS arms 

that exhibit  maximum emission at 587 nm (C), corresponding to the embedded 2.0 nm 

ZB-CdSe seed. (D) BF-TEM image of 2.8 nm ZB-CdSe QD seeds used to seed the growth 

of  (E) CdSe@CdS TPs with ~ 35 nm  CdS arms that exhibit maximum emission at 624 

nm (F), corresponding to the embedded 2.8 nm ZB-CdSe seed. (G) BF-TEM image of 3.7 

nm ZB-CdSe QD seeds used to seed the growth of (H) CdSe@CdS TPs with ~ 34 nm CdS 

arms that exhibit maximum emission at 635 nm (I), corresponding to the embedded 3.7 nm 

ZB-CdSe seed. (J) BF-TEM image of 6.2 nm ZB-CdSe QD seeds used to seed the growth 

of (K) CdSe@CdS TPs with ~35 nm arms that exhibit maximum emission at 667 nm (L), 

corresponding to the embedded 6.2 nm ZB-CdSe seed. Reproduced with permission from 

reference 127.  
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1.3 Selective nanoparticle deposition onto semiconductor nanocrystals 

Exploitation of semiconductor NC surface chemistry has provided a tunable handle 

for advanced site-selective deposition of secondary nanoparticles at specific locations of 

seeded and unseeded NR and TP architectures. To date, site selective deposition has been 

demonstrated for single component CdSe and CdS nanocrystals (SNCs), as well as 

multicomponent CdSe@CdS core@shell materials (MNCs), with variable nanoparticle 

composition such as Au,13, 15, 18, 24, 35, 83, 89-90 Pt,22, 42, 46-47, 57-58, 67, 135-138 PtNi,135, 139 Ag2S,17 

Co,140 Ni,56 and Au/Pt.51 Primarily, either thermal or photoinduced methods have been used 

to realize these structures, for which different deposition parameters (metal type, 

temperature, metal precursor reactivity, and precursor concentration) lead to different types 

of deposition (single tips, multiple tips, or random decoration). For example, 

photodeposition of AuNP on CdS NRs at room temperature was observed to result in a 

AuNP single tips (STs) of tunable size depending on precursor concentration,18, 24 whereas 

thermal induced methods resulted in Au-deposition either along the length of the NR or at 

single locations depending on Au-precursor concentration.17, 141 On the other hand, 

photodeposition of PtNPs on CdS nanorods at room temperature is very difficult, generally 

resulting in randomly decorated NRs/TPs, wherein Pt is deposited at defect sites where 

photoexcited electrons are localized.42 However, thermally induced PtNP deposition on 

CdS NRs results in the growth of PtNP single-tipped NRs or TPs with PtNPs deposited at 

the ends of each arm, where Pt reacts with the sulfur-rich NR apex.46-47, 89, 135 In addition, 

seeded constructs provide interesting rate and particle location tunability, depending upon 

the size of the seed and resulting local/long range energetic effects.18, 44 These categories 

will be discussed in subsequent sections. 
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1.3.1 Thermal induced growth methods 

As mentioned, Banin and coworkers were the first to demonstrate the ability to 

selectively deposit a single metal nanoparticle at the tips of CdSe NRs. In their seminal 

study, preformed CdSe NRs were reacted in nonpolar solvent at room temperature with 

AuCl3 in the presence of dodecylamine (DDA) reducing agent and didodecyldimethyl 

ammonium bromide (DDAB) surfactant. Over the course of minutes, single AuNPs 

between 2-5 nm in effective diameter were observed to form at the ends of the NRs, as well 

as at sites of crystallographic defects, with AuNP size tunable by AuCl3 precursor 

concentration (Figure 1.6).13 Due to the temperature dependence of AuNP deposition in 

this and later related systems, this method of selective metal nanoparticle deposition is 

referred to as the thermal growth mechanism, wherein AuNPs are reduced at the reactive 

sites on the NCs surface through a heterogeneous nucleation reaction assisted by the amine 

reducing agent.1, 141 Further work on these system demonstrated tunability of the number 

of AuNP tips (single tips or double tips), surface functionalization of AuNPs to form linked 

self-assemblies, and photoinduced charge separation properties for these materials. 

Nonetheless, charge carrier recombination within the CdSe portion of the heterostructure 

inhibited efficient photocatalytic behavior. 
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Figure 1.6. Au-CdSe nanorod hybrid nanoparticles synthesized by reaction of AuCl3 with 

presynthesized CdSe nanorods. (A) Unseeded CdSe nanorods of 29x4 nm dimensions 

synthesized via hot injection methods. (B-D) Au-tipped CdSe NR HNPs with tunable 

AuNP tip sizes obtained by increasing AuCl3 addition from 4 mg (B), to 8 mg (C), to 13.5 

mg (D). (E) HRTEM image of a doubly-tipped Au-CdSe HNP. Adapted with permission 

from reference 13, copyright 2004, AAAS.  

 

Interestingly, comparable procedures for CdS NRs resulted primarily in random 

AuNP decoration along lateral NR surfaces and tips. It was found that lateral AuNP 

deposition could be almost entirely suppressed if reaction mixtures were purged with argon 

throughout the Au-deposition step, resulting primarily in NRs functionalized with single, 

small (2 nm) AuNP tips.20 Upon introduction of air to the reaction mixture, a second tip 

was observed to form, in addition to random decoration of AuNPs along the lateral facets 

of the NR shortly thereafter. This was posited to result from the anisotropic nature of the 

W-CdSe crystal structure, which results in one terminus of the NR being cadmium rich, 
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and the other sulfur rich. Thus, under anaerobic conditions, single tipping occurred only at 

the sulfur-rich terminus of the NRs, due to the high Au-S bond enthalpy (418 kJ/mol).142 

Upon introduction of molecular oxygen and trace water, it was posited that etching of the 

Cd-rich terminus to expose S-rich facets could occur, promoting double-tipped structures 

and that over time similar etching at lateral NR facets was responsible for the final 

randomly decorated structures (Figure 1.7). Additionally, CdSe@CdS NR systems 

provided an additional level of control over AuNP deposition, wherein thin CdS shells (<2 

nm) resulted in AuNP deposition selectively at the CdSe core site along the NR length, 

presumably due to electrochemical Ostwald ripening of initially random decorated AuNP 

onto the CdS shell surrounding the seed, which was shown in previous studies to localize 

electrons in these systems.18 To date, these materials are studied to understand the nature 

of charge-separation and recombination pathways of interest in photocatalytic applications. 
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Figure 1.7. (A) Schematic of the growth process observed by Saunders and coworkers for 

the growth of AuNPs on the surfaces of unseeded CdS NRs. Without the presence of 

oxygen, AuNP growth occurs only at the S-terminated tip of the NR under Ar. Upon 

exposure to trace oxygen and water, the NR undergoes partial etching of the Cd-rich 

terminus, resulting in growth of a second AuNP tip. Upon continued exposure to O2/H2O, 

etching occurs on lateral facets as well, introducing defect sites where AuNPs randomly 

nucleate. (B) BF-TEM image of initial 100x4 nm CdS NRs. (C) AuNP deposition under 

Ar, resulting in mixtures of singly-tipped and double-tipped CdS NR HNPs. (D) Randomly 

decorated AuNR HNPs resulting from continued exposure to O2/H2O. Adapted with 

permission from reference 20, copyright 2006, American Chemical Society. 

 

A more ideal system for efficient photocatalysis and charge separation uses CdS as 

the light absorbing antennae, coupled with PtNP cocatalysts to facilitate charge separation 

across the heterojunction. A number of procedures have been developed in recent years to 

realize this architecture on the nanoscale, wherein unseeded CdS NRs or seeded 

CdSe@CdS systems have been functionalized with PtNPs either randomly or selectively. 

In 2008, Mokari and coworkers demonstrated thermally induced selective PtNP deposition 
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at both termini of CdS NRs, with 5.7 nm PtNP tips being deposited at both ends of the NR 

(double tipping, DT) at high temperatures (200oC) in a mixture of diphenyl 

ether/OLAC/oleylamine (OLAM) over short reaction times (< 10 minutes).135 (Figure 1.8) 

Similar to the case of AuNP deposition, selectivity in this system was posited to be a result 

of the wurtzite crystal structure of the CdS NR, which resulted in PtNP decoration of 

terminal sulfur-rich facets. More recently, exquisite control over PtNP deposition has been 

demonstrated by Hill and coworkers, wherein single or double PtNP functionalized NRs 

were realized for CdSe@CdS NR systems across a range of NR lengths.46-48 Recent 

theoretical work has further elaborated on the nature of the Pt-CdS interface, indicating 

that PtNP tipping is a consequence of long-range electrostatic interactions of metallic Pt+ 

ions with sulfur-rich CdS tips.143 

 

 

Figure 1.8. PtNP tipped CdS NR HNPs prepared by thermal growth methods. (A) Parent 

120x4 nm CdS nanorods. (B) Single tipped Pt-CdS NR HNPs synthesized with low 

concentrations of Pt-precursor. (C) Double tipped Pt-CdS NR HNPs synthesized with high 

concentrations of Pt-precursor. Adapted with permission from reference 137, copyright 

2008, American Chemical Society. 
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Increased understanding of the nature of these semiconductor-metal interactions 

and selective functionalization has yielded very promising photocatalyst materials, with 

calculated photon-to-exciton conversion efficiencies approaching 100% for the HER half 

reaction for a single tipped Pt-CdSe@CdS NR system reported by Amirav and coworkers 

in 2016.54 These methods of selectivity have also been expanded to other metal systems, 

such as Ni, which is of interest as a low cost substitute for platinum in photocatalytic 

systems.56 

 

1.3.2 Photoinduced growth methods 

Another approach for selective NP formation on semiconductor nanomaterials 

utilizes the well documented light harvesting ability of II-VI materials to drive metal 

deposition reactions. Such photoinduced nanoparticle growth mechanisms have been 

known since the 1980s, where Pt ions were reduced onto bulk CdS substrates under UV-

irradiation.144-145 In these systems, photoexcited electrons generated in the CdS upon 

irradiation are used to reduce Pt-salt precursors onto the semiconducting substrate in the 

presence of sacrificial reducing agents, forming heterojunctioned semiconductor-metal 

materials geared towards photocatalytic hydrogen evolution reactions. When applied to the 

case of CdS NRs in the presence of (1,5-cyclooctadiene)dimethylplatinum(II) 

((CH3)2PtCOD), a similar lack of selectivity was observed in these reactions as for bulk 

systems, where PtNPs were observed to randomly deposit onto defect sites of the CdS 

NRs.146 (Figure 1.9) 
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Figure 1.9. Randomly decorated PtNP-CdS NR HNPs synthesized via photoinduced 

deposition method. (A) Parent CdS NR. (B) Randomly decorated PtNP-CdS NR HNPs 

formed after 2 hours of 458 nm irradiation. Adapted with permission from reference 148, 

copyright 2008, Wiley. 

 

The first demonstration of selectivity in photoinduced metal nanoparticle growth 

onto well-defined semiconductor NCs was observed for the case of CdS NRs irradiated at 

365 nm in the presence of AuCl3, DDA hole scavenger, and DDAB surfactant. Under these 

conditions, large AuNP tips of up to 20 nm in size were observed to form on one end of 

the CdS NRs after 120 minutes of prolonged irradiation, with mild lateral deposition 

observed in some cases.24 It was thus postulated that initial AuNP formation followed a 

similar mechanism to that reported for thermally induced methods, with AuNPs initially 

depositing on sulfur-rich terminal CdS facets and lateral defect sites. Upon irradiation, 

electrons generated in the semiconductor were then transferred to the AuNP tip, and used 

for further reduction of subsequent Au ions. (Figure 1.10). Nonetheless, some lateral 
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deposition was also observed to form small (< 2 nm) AuNPs randomly along the NR 

surface. 

 

Figure 1.10.  Photodeposition of AuNPs on CdS NRs in the presence of 

AuCl3/DDA/DDAB. (A) BF-TEM image of the CdS NR starting materials. (B) Selectively 

single tipped CdS NR HNPs formed upon UV-irradiation of CdS NRs in the presence of 

AuCl3, with some lateral AuNP deposition. (C) Control experiment of AuNP deposition 

without UV-light. (D) Proposed mechanism of photoinduced AuNP deposition, wherein 

an initially formed large gold domain at the sulfur-rich NR terminus acts as the site for 

electron localization upon irradiation, and subsequent AuNP growth. Reproduced with 

permission from reference 24, copyright 2009, American Chemical Society. 
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Subsequently, the mechanism of photoinduced AuNP growth was studied in detail 

by Banin, where it was found that the temperature dependence of ligand binding dynamics 

at NR surfaces could be tuned to control the formation of singly tipped, or randomly 

decorated, CdS or CdSe@CdS NRs.141 In this case, the key to selectivity was found to be 

dependent upon amine alkyl chain length, wherein the dynamic nature of ligand binding 

decreases at a given temperature with increasing chain length. Thus, short chain amines 

(such as DDA) at high temperatures result in overall less ligand coverage on lateral NR 

surfaces, enabling the lateral or “random” AuNP deposition along NR surfaces previously 

observed.24 On the contrary, longer chain amines, such as octadecylamine (ODA), were 

observed to completely suppress lateral AuNP deposition under irradiation, with AuNP 

formation only occurring at the less passivated sulfur rich NR tips. (Figure 1.11) 
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Figure 1.11. (A) Photoinduced AuNP growth at 293 K in the presence of dodecylamine, 

demonstrating single tip-selectivity as well as lateral decoration (similar to Figure 1.10). 

(B) Photoinduced AuNP growth at 293 K in the presence of octadecylamine, for which 

lateral decoration is suppressed and single tipped AuNP-CdS NR HNPs are obtained.  

Reproduced with permission from reference 143, copyright 2009, American Chemical 

Society. 

 

From these studies, it can be seen that amines in the photodeposition process can 

act as sacrificial hole scavengers as well as a tunable handle for degree of selectivity in 

metal nanoparticle deposition. Similar to the thermal growth methods described above, 

they can also act as reducing agents, which can serve to homonucleate AuNPs in reaction 

mixtures upon irradiation. In order to suppress undesired AuNP formation in the 

photodeposition of AuNPs onto CdSe@CdS TPs, we found that removal of the amine 

reducing agent from the photodeposition reaction resulted in initial random AuNP 

formation on the surface of CdSe@CdS TPs.89-90 In these systems, it was found that when 

TPs are reacted at room temperature with AuCl3 in the presence of DDAB/DDA under 365 

nm irradiation, rapid Au-deposition occurs resulting in random decoration of small (2 nm) 
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AuNPs along the TP arm surfaces, with larger (4 nm) particles at the tips of each of the 

CdS arms, consistent with previous reports for photoinduced AuNP deposition on 

CdSe@CdS NRs.  

By reducing the reaction temperature to -4 oC, however, it was found that initial 

AuNP deposition could be driven primarily to the apex of one of the four CdS arms per 

TP, along with random AuNP deposition on other surfaces. Upon continued irradiation, 

the laterally deposited small AuNPs were observed to dissolve back into solution as the 

larger particles at the ends of the CdS arms continued to grow in size. This ripening process 

was observed to be dependent upon irradiation, with ripening ceasing if the light source 

was removed. After 1 hour of irradiation, CdSe@CdS TPs with a single, large (7-10 nm) 

AuNP tips were observed to form, providing a unique method of introducing asymmetry 

on highly symmetric TP MNCs. We posit that selectivity in this system is a combination 

of reaction temperature and deposition conditions, wherein low reaction temperatures 

result in formation of a single large AuNP per TP as well as small AuNPs on less passivated 

sites (similar to CdS NRs), and continued irradiation localizes electrons in the large AuNP 

tip. This drives a photoinduced electrochemical Ostwald ripening process, where less redox 

stable small AuNPs are dissolved into solution in favor of subsequent Au deposition on the 

larger, more stable nanoparticle (Figure 1.12). 
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Figure 1.12. Photoinduced synthesis of Au-CdSe@CdS TP HNPs. (A) At initial 

timepoints (5 minutes), random decoration of TP surfaces with small (<2 nm) AuNPs is 

observed, in addition to a single large AuNP per TP. (B) Upon continued irradiation, small 

AuNPs are observed to completely dissolve out of solution, in favor of growth onto the 

single large AuNP tip, forming selectively AuNP-tipped CdSe@CdS TP HNPs. (C) 

HAADF-STEM image of a single Au-CdSe@CdS TP after 1 hour of irradiation, with inset 

EDX elemental map highlighting the selectivity of the AuNP deposition (red). Reproduced 

with permission from reference 89, copyright 2015, Wiley. 

 

Recently, we have also shown profound rate dependence for this process with 

modulation of ZB-CdSe seed size.134 In the initially reported system, TPs synthesized from 

large CdSe seeds (~ 6.5 nm) with type I band alignment required an hour of UV-irradiation 

to promote selective AuNP formation. However, recent synthetic advances have provided 

access to CdSe@CdS TPs from 2.8 nm seeds, which demonstrate quasi-type II band 

alignment between CdSe/CdS components. In these systems, AuNP deposition was 

observed to occur selectively in less than 5 minutes under UV-irradiation. We propose a 

combination of the high absorption cross section of the CdSe@CdS TP architecture, as 

well as the increased electron localization in CdS arms which has been documented for 

quasi-type II systems, to be responsible for these dramatic rate enhancements. These 
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systems currently are under continued study for photocatalytic hydrogen evolution 

reactions.  

 

1.4 Self-Assembly applications of nanoparticle-semiconductor hybrid 

nanoparticles 

The ability to selectively introduce discrete nanoparticle functionalities onto 

semiconductor NCs has resulted in a variety of applications for HNPs ranging from 

directed self-assembly, electronic contacts, and photocatalytic hydrogen evolution. In 

addition to the unique electro-optical properties that arise from nanoparticle-semiconductor 

hybrid nanoparticles (HNPs), which will be discussed in Section V, the installation of 

specific nanoparticles on NR and TP constructs can also be exploited to enable new 

reactions to introduce additional functionality and compositional asymmetry to these 

systems. For example, deposition of cobalt nanoparticles (CoNPs) onto CdS NRs generally 

requires highly reactive Co-precursors and high temperatures with little control of single 

or double tipping, but cobalt deposition onto AuNPs deposited selectively onto NR termini 

affords a rapid and selective route to NRs tipped with Au@Co nanoparticles, with 

interesting dipolar properties. These reactions take advantage of nanoscale selectivity to 

further enhance nanomaterial properties, with the most common application being self-

assembly of discrete nanoparticle units.   

Self-assembly of inorganic nanocrystals has generated considerable interest from a 

fundamental science perspective, as analogies to traditional polymer systems and 

molecular chemistry are continually being made, in addition to interest in the ensemble 

properties of discrete nanoparticles coupled to one another through covalent or secondary 
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interactions. The term “colloidal polymers” has been used to describe the assembly of 

discrete nanoparticles into long-range ordered assemblies, and to date, multiple 

correlations between colloidal polymerization reactions and molecular polymerizations 

have been demonstrated.46-47, 147-156 For selectively functionalized HNPs, self-assembly 

methods can be classified as ligand-directed self-assemblies, surface directed assemblies, 

and dipolar assemblies, each of which will be discussed in this section. 

 

1.4.1 Ligand directed self-assembly 

Ligand directed self-assembly of NCs herein describes the assembly of 

functionalized semiconductor NCs through either covalent or non-covalent interactions of 

the ligand shell. The first reported application of selectively modified semiconductor 

nanocrystals was by Banin in 2004, wherein newly realized CdSe NRs functionalized with 

AuNPs at both termini were exposed to solutions of 1,6-hexanedithiol.13 Due to the large 

bond enthalpy between thiols and gold, the native amine ligands on the surface of the 

AuNPs were displaced with one end of the dithiol chain. Owing to the difunctional nature 

of the hexanedithiol ligand, a second Au-CdSe NR could be tethered by the dangling thiol 

chain, allowing for dimers to form as the simplest observed structures. Long range 1-D 

ordering was also observed in this system, with each NR tethered to two other Au-NR 

species. Additionally, this was extended using an elegant biochemical linking strategy, 

wherein disulfide modified biotin was first used to displace native ligands on the AuNP of 

Au-CdSe NRs, followed by introduction of avidin, which can conjugate up to four biotin 

molecules.157 In this manner, the degree of assembly, as well as architecture of the structure 

could be easily tuned from linear to star-like (Figure 1.13). 
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Figure 1.13. (A) Scheme of the reaction of biotin disulfide (green) with double tipped Au-

CdSe NR HNPs and avidin (orange) in different molar ratios, resulting in linear dimers, 

trimers, and star-like assembles. (B) BF-TEM image of dimers, (C) trimers, and (D) star-

like assemblies obtained at varying linker ratios. Reproduced with permission from 

reference 159, copyright 2008, American Chemical Society. 

 

In addition to covalent interactions between metal nanoparticles and ligands, non-

covalent interactions have also been exploited to induce self-assembly in Au-CdSe 

systems. Using a similar approach as described above, thiol containing 11-

mercaptoundecanoic acid (MUA) ligands were used to selectively modify the AuNPs of 

doubly tipped Au-CdSe.158 Effectively, this introduced polar ligands on the AuNPs, 

whereas the CdSe NRs remained functionalized with nonpolar octadecylphosphonic acid 

(ODPA) ligands. As a result, upon exposure to mixed solvent systems, the NR regions were 
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observed to bundle together, resulting in 2-D lattices of CdSe NRs (Figure 1.14). An 

interesting effect was observed under similar conditions for singly tipped NRs, wherein the 

assembly could be tuned from 1-D chains, to 2-D lattices, and star-shaped aggregates 

depending upon volume fraction of CdSe in the HNP (ACdSe) and solvent condition (Figure 

1.15).159 

 

 

Figure 1.14. (A) Scheme of the self-assembly of doubly tipped Au-CdSe NR HNPs 

mediated by reduced solvent quality for side ligands (SL). (B) Dark field TEM image of 

close-packed NR array (top-view). (C) SEM image of self-assembled Au-CdSe NR HNP 

array (side-view). Reprinted (adapted) with permission from reference 160, copyright 

2009, American Chemical Society. 
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Figure 1.15. (A) Scheme of the observed ligand/solvent directed self-assemblies of singly 

tipped Au-CdSe NR HNPs. (B) Phaselike diagram of self-assembled structures with 

varying ACdSe and volume % of 2-propanol solvent (C1). Reprinted (adapted) with 

permission from reference 161, copyright 2011, Wiley. 
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1.4.2 Surface directed self-assembly 

In the case of surface directed self-assemblies, nanowelding of various II-VI 

semiconductor based nanostructures has been exploited to obtain long-range net-like 

structures with improved electrical conductivity compared to discrete nanoparticles.28, 160-

161 Again, this is achieved by exploiting the unique chemistry afforded by metallic AuNPs, 

and the selectivity with which they can be deposited on semiconductor heterostructures of 

differing structural motifs (cylindrical rods, bullet shaped rods, tetrapods, etc.). To this end, 

Manna and coworkers demonstrated that AuNPs at the tips of varying semiconductor NCs 

could be “welded” together on the nanoscale by destabilization of native stabilizing ligands 

on the AuNPs with small amounts of molecular iodine.160 Molecular iodine and I- ions are 

known to destabilize AuNP surfaces, inducing coalescence of Au domains belonging to 

different nanocrystals, effectively forming larger nanocrystals and “welding” discrete 

AuNPs together.162-164 Similarly, heating of Au-functionalized nanorods in organic solvent 

above 100 oC has also been demonstrated to induced AuNP coalescence, presumably due 

to a similar mechanism wherein a transition from strong to weak ligand binding destabilizes 

nanoparticle surfaces (Figure 1.16).  
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Figure 1.16. (A) Scheme for the assembly of doubly tipped Au-CdSe NR HNPs through 

coalescence of AuNPs mediated by I2 or heat induced surface destabilization. (B) BF-TEM 

image of doubly-tipped Au-CdSe NR HNPs. (C) I2 induced coalescence of AuNP tips, 

resulting in formation of covalent self-assembled Au-CdSe NP inorganic networks. (a-c) 

Reproduced with permission from reference 162, copyright 2009, American Chemical 

Society. (D) Thermally induced coalescence of AuNP resulting in self-assembled colloidal 

polymer (unpublished results). 

 

1.4.3 Magnetic dipole directed self-assembly 

The self-assembly of nanoparticles based on magnetic dipolar interactions has been 

demonstrated primarily for discrete spherical ferromagnetic nanoparticles, for which 

dipolar interactions with enough strength to overcome thermal fluctuations and maintain 

consistent assemblies can be easily obtained. Indeed, such colloidal polymers have even 

been observed in biological systems, such as in magnetotactic bacteria that form 

magnesome chains comprised of discrete Fe3O4 nanoparticles.165 However, functionalizing 

magnetic nanoparticle chains with additional components has remained a challenge. 
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The overcoating of AuNP dipolar cobalt shells has been demonstrated previously 

by our group as a method to improve the electrochemical properties of cobalt oxide chains 

formed upon oxidation of CoNPs.153, 166 In the work of Hill and coworkers, the ability to 

functionalize NRs with a single noble metal nanoparticle was leveraged to prepare 

functionalized dipolar colloidal polymers.47 In this study, single PtNPs deposited on the 

terminus of CdSe@CdS NRs through thermal growth methods were used as seed sites onto 

which dipolar CoNPs were subsequently overgrown. Pairing of N-S dipoles of individual 

CoNPs was observed to result in linear chains of CoNPs bearing NR “sidechains” of 

tunable length, providing one of the first examples of a semiconductor functionalized 

colloidal homopolymer. Additionally, by blending of Pt-CdSe@CdS ST NRs of differing 

lengths prior to CoNP deposition, random copolymers could be obtained with varying 

sidechain lengths. Furthermore, using Au-CdSe@CdS TPs synthesized through 

photoinduced growth methods, we have recently demonstrated TP functionalized colloidal 

polymers, with tunable TP sidechain grafting density (Figure 1.17).89 Additionally, owing 

to the size control afforded through AuNP photodeposition, we found that blending of Au-

tipped NRs and TPs of differing AuNP sizes followed by CoNP deposition resulted in 

Au@Co-TP and Au@Co-NR species with differing Au@Co NP sizes (between 18-25 

nm).90 These particles were observed to assemble into the first example of a segmented 

colloidal polymer containing bulky sidechains, wherein Au@Co NPs of similar size 

preferentially aligned with one another due to more efficient dipole neutralization (Figure 

1.18). 
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Figure 1.17. Colloidal homopolymers based upon dipolar cobalt nanoparticle association. 

(A) Au@Co dipolar colloidal polymers, synthesized by deposition of cobalt onto 

preformed metal (Au) NP seeds. (B) Dipolar “bottlebrush” homopolymers prepared from 

singly tipped PtNP CdSe@CdS NR HNPs, synthesized by deposition of cobalt selectively 

onto PtNPs. (C) Dipolar homopolymers bearing “giant t-butyl” groups prepared from 

singly tipped AuNP CdSe@CdS TP HNPs, synthesized by deposition of cobalt selectively 

onto AuNPs. All scale bars are 50 nm. Reproduced with permission from reference 90, 

copyright 2016, American Chemical Society.  
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Figure 1.18. Effect of AuNP size on colloidal polymer morphology. (A) Segmented 

copolymers formed from AuNP-CdSe@CdS NR HNPs with small (1.3 nm) AuNP tips and 

AuNP-CdSe@CdS TP HNPs with large (10.5 nm) AuNP tips. (B) Processed, color coded 

BF-TEM image of segmented copolymer with NR in red, and TPs in blue. Scale bar is 50 

nm. Reproduced with permission from reference 90, copyright 2016, American Chemical 

Society.  

 

1.5 Photo-optical and photocatalytic properties of nanoparticle-semiconductor 

hybrid nanoparticles 

As has been mentioned, hybrid metal-semiconductor nanoparticles have been 

extensively studied due to the synergistic properties than can be realized when 

compositionally distinct domains are coupled on the nanoscale. To date, one of the most 

widely studies applications of HNPs has been nanoparticle driven photocatalysis, for which 

CdS and CdSe/CdS systems have been most extensively studied. CdS is a particularly 
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promising candidate for photocatalysis, owing to its absorption band-gap being within the 

visible region of the solar spectrum and bulk band edges encompassing both HER and OER 

half reaction potentials. Many studies of bulk materials have found that the coupling of 

noble metal nanoparticles with semiconductor photoabsorbers results in an increase in 

overall catalytic efficiency in the hydrogen evolution reaction.30-32 For example, the early 

work of Reber and coworkers found that suspensions of cadmium zinc sulfide/silver sulfide 

could achieve apparent quantum yields up to 37% under 450 nm irradiation when modified 

with PtNPs, but the materials were not stable to the photocatalytic process.167 More 

recently, Bao and coworkers reported an apparent quantum yield of up to 60 % under 420 

nm irradiation for a PtNP loaded nanoporous CdS structure.168 However, the stability of 

this system was limited, with 20% of the catalytic activity being lost within only 12 hours 

of illumination. These works highlighted the need for a deeper understanding of charge 

carrier generation, separation, and recombination processes on the nanoscale to achieve 

systems with high efficiency and stability. Thus, the exploration of nanoscale catalytic 

systems that allow for better tuning of component energetics, charge separation, particle 

stability, and conversion efficiencies/turnover frequencies/numbers remains an area of 

intense research to date. 

To this end, many of the semiconductor nanocrystals described herein have been 

studied for this purpose. One dimensional semiconductor nanorods are the most promising 

of these systems to date, as they can exhibit both energetic tunability as a function of 

quantum confinement on the nanoscale as well as bulk-like charge carrier transport 

properties.68 In particular, core@shell systems, and more specifically CdSe@CdS 

core@shell NR systems, allow for excellent tuning of band-edge energetics between CdSe 
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and CdS components through the size controls previously described. This provides access 

to nanoscale model systems for which photoexcited electrons and holes can be spatially 

separated – which is a vital process in photocatalytic systems. Furthermore, by exploiting 

the exquisite level of control that has been realized in recent years for the preparation of 

hybrid-semiconductor metal nanoparticles, controllable charge separation distances can be 

realized, allowing for a level of understanding of charge-separation and recombination 

properties not possible for poorly defined and/or bulk systems. Herein, key recent advances 

in this area are highlighted. 

 

1.5.1 Applications of NR based hybrid-metal semiconductor nanoparticles 

The first report of CdSe@CdS NR based HNPs for photocatalytic hydrogen 

evolution was made by Amirav and Alivisatos in 2010, for which parameters of CdSe seed 

presence, seed size, and NR length were systematically studied.49 In this study, it was found 

that for identical Pt-NR HNP lengths, seeded structures showed a profound increase in 

apparent quantum efficiency for hydrogen production over unseeded structures. This effect 

was especially pronounced for NRs synthesized from small, 2.3 nm W-CdSe seeds. This 

was attributed to the quasi-type II band alignment of CdSe@CdS systems prepared from 

CdSe QD of diameter 2.8 nm or below. In such a system, upon photoexcitation, the lowest 

energy holes become spatially confined to the CdSe core region, whereas the lowest energy 

electrons are delocalized across the CdSe/CdS interface, as confirmed by the STS studies 

of Steiner.114 Additionally, by tuning NR length, quantum efficiencies approaching 20% 

could be obtained for 60 nm Pt-CdSe@CdS NRs, which was approximately 28x better than 

unseeded systems. In addition to increased quantum yield, the seeded nanorods were 
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observed to exhibit highly stable catalytic efficiencies over elongated reaction times, 

whereas unseeded constructs exhibited a sharp decrease in efficiency, indicating the vital 

role of the CdSe seed both in enhancing charge separation but also improving the stability 

of the PtNP-NR HNP. These results are summarized in Figure 1.19. Most recently, these 

systems have been further optimized, allowing for 100% photon-to-exciton conversion 

efficiencies to be realized for the HER half reaction.54   

 
Figure 1.19. (A) Schematic representation of a single PtNP-CdSe@CdS HNP for which 

the anticipated band energy diagram is depicted (B) wherein photoexcited electrons are 

expected to localize in the PtNP tip and photoexcited holes in the CdSe seed. (C) BF-TEM 

image of a single HNP. (D) Dark field TEM image of a single HNP. (E) Relative quantum 

efficiencies for hydrogen evolution, obtained from unseeded PtNP-CdS NR HNPs 

(yellow), and various samples of seeded PtNP-CdSe@CdS NR HNPs, with seed diameters 

of 3.1 nm (red) and 2.3 nm (green). The length of each NR sample is included below the 

corresponding histogram bar. (F) Hydrogen evolution rate from seeded PtNP-CdSe@CdS 

NR HNPs (red) and unseeded PtNP-CdS NR HNPs over 12 hours. Reproduced with 

permission from reference 49, copyright 2010, American Chemical Society. 

The work of Amirav highlighted two important considerations in the preparation of 

hybrid nanoparticles for photocatalysis: (i) seeded constructs allow for increased catalytic 
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efficiency and catalyst stability, and (ii) nanorod length has a profound effect on catalyst 

efficiency. Further studies also served to elucidate the effects of single vs double metal 

tipping, and found that singly-tipped NRs allowed for more efficient hydrogen evolution 

than doubly tipped or randomly decorated geometries.169 Presumably, this is due to the 

nature of the hydrogen evolution reaction, which is a two electron process. Thus, the 

highest efficiencies are expected for systems wherein all photoexcited electrons are 

dissociated into a single NP tip, as opposed to being shared among multiple tips (Figure 

1.20).  

 
Figure 1.20. Hydrogen evolution for CdSe NRs functionalized with single and double 

AuNP and PtNP tips, with singly PtNP-CdSe HNPs showing the highest hydrogen rate 

over the course of 2 hours. Reproduced with permission from reference 171, copyright 

2012, American Chemical Society, 

In the case of PtNP tipped systems, it has been demonstrated by the elegant studies 

of Lian and coworkers that charge transport to PtNPs deposited selectively at the termini 
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of CdSe@CdS occurs on ultrafast timescales, with efficiency near unity (thus, the majority 

of photoexcited electrons in CdS are rapidly transferred to the PtNP tip).67, 138 Interestingly, 

in the same study, similar ultrafast electron transfer trends were observed for unseeded 

PtNP-CdS NR HNPs. This indicates that in unseeded systems, rapid electron transfer to 

the PtNP tip allows for initial catalysis as observed in Amirav’s 2010 study, but 

uncompensated hole-buildup in the CdS nanorod results in rapid degradation of the NR 

surface. However, in quasi-type II seeded systems, photoexcited holes are transferred in 

part to the CdSe seed, where they are then removed by sacrificial electron donors, thus 

preventing rapid NR corrosion.67, 112, 170 Nonetheless, stability against photoinduced 

oxidation, and understanding of average and local energetics and charge transport rates in 

these systems, remains an area of continued study. 

 While energetics of parent semiconductor components are often ascribed to the 

final hybrid metal-semiconductor nanoparticles in photocatalytic studies, an intimate 

understanding of the energetic impact of metal deposition processes is vital to the design 

of efficient photocatalysts. To this end, we recently studied the effect of metal-

semiconductor heterojunction formation in unseeded CdSe nanorods.83 Through a 

combination of ultraviolet photoemission spectroscopy (UPS) and in situ 

spectroelectrochemistry on CdSe NRs before and after AuNP deposition, we found the 

addition of AuNP tips alters the NR band edge energy level, and introduces metal-

semiconductor interface (MSI) states both above the NR valence band edge and below the 

NR conduction band edge. Evidence for such states previously had only been detected in 

the STS studies of Steiner on single AuNP-CdSe NR HNPs, and their detection in ensemble 

UPS/spectroelectrochemical measurements highlights the importance of understanding the 



67 

 

energetic effects of metal tipping in the design of efficient energy conversion systems.33 

Probing of the precise origin of these MSI states are the subject of ongoing studies. 

 

1.5.2 Applications of TP based hybrid-metal semiconductor nanoparticles 

While CdSe@CdS tetrapod NCs have been demonstrated to have absorption cross 

sections nearly an order of magnitude greater than nanorod systems, their use in 

photocatalytic applications and studies have been severely limited. Primarily, this can be 

related to two overall synthetic challenges in the preparation and functionalization of 

CdSe@CdS TPs: (i) preparation of ZB-CdSe QDs in high purity and yield, which are 

required as the seed crystals for TP synthesis and (ii) selective and single functionalization 

(single metal NP deposition) onto CdSe@CdS TPs, which has been demonstrated to be 

vital for solar fuel applications.  

Notable exceptions to the first challenge (i) include the work of Talapin and 

coworkers, wherein CdSe@CdS tetrapods were synthesized from large 4.0 nm ZB-CdSe 

QD seeds with variable CdS arm lengths.116, 121, 171-173 While the photo-optical/electronic 

properties of these materials were extensively studied, the large ZB-CdSe seeds resulted in 

type I band alignment, making these systems highly luminescent emitters, capable of dual-

emission from the CdSe seed and CdS arms.129 As a consequence, studies of CdSe@CdS 

tetrapod systems have largely focused on the highly emissive properties of these unusual 

type I systems, such as compression induced tuning of fluorescence (stress sensors),88, 128, 

130, 174 and dual-electroluminescence (LEDs).126 Additionally, addressing the second 

challenge (ii), for similar large seeded CdSe@CdS TPs, we have recently demonstrated the 

selective deposition of a single noble metal nanoparticle on the tip of one arm per 
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CdSe@CdS tetrapod using a unique photoinduced electrochemical Ostwald ripening 

process described above.89-90 While these have been used for purposes of nanomaterial self-

assembly as described in Section 4, the lack of available synthetic methods to prepare 

quasi-type II CdSe@CdS tetrapods from small (2.8 nm) ZB-CdSe seeds has hindered the 

study of tetrapod photocatalytic behavior. 

Only this year has the first demonstration of access to quasi-type II CdSe@CdS 

tetrapods been realized by our group.134 This was accomplished for the first time by using 

newly designed protocols for the preparation of ultrasmall ZB-CdSe QDs in the 1.8-2.8 nm 

size regime, and a modified TP synthesis designed to prevent conversion of ZB-CdSe QDs 

to the more stable wurtzite polytype (which traditionally has been a persistent challenge in 

the synthesis of CdSe@CdS tetrapods from small seeds). These advances led to the 

successful preparation of CdSe@CdS TPs on large scale (~ 1 g) from 2.0 nm, 2.8 nm, 3.7 

nm, and 6.2 nm ZB-CdSe seeds, with near identical arm lengths. Representing the most 

comprehensive study on CdSe@CdS tetrapod band-edge energetics, it was found that 

tetrapods prepared from seed sizes below 2.8 nm possessed quasi-type II band alignment 

(Figure 1.21), as probed by transient absorption spectroscopy. In previous studies, we 

found that AuNPs could be selectively deposited at the terminus of a single arm of type I 

CdSe@CdS TPs on small scale (8 mg) over an hour of continuous intense UV irradiation.89-

90 When an identical reaction was performed on 2.0 nm seeded quasi-type II CdSe@CdS 

tetrapods, a 20x increase in reaction rate was observed, while the selectivity of the tipping 

process was fully maintained. This was believed to be due to enhanced charge separation 

into the CdS arms of the quasi-type II CdSe@CdS TPs, which provided more electrons for 

photoreduction of AuNPs than in the previous type I systems. This inspired the largest 
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scale synthesis of singly-metal tipped CdSe@CdS structure to date, wherein 2.8 nm seeded 

CdSe@CdS tetrapods were exposed to ambient solar irradiation for 90 seconds, resulting 

in ~ 2.5 g of singly-tipped CdSe@CdS tetrapods (Figure 1.22). Owing to the promising 

nature of this system for solar energy conversion, further studies on the photocatalytic 

properties of these materials are planned. 

 

Figure 1.21. Transient absorption spectra of CdSe@CdS tetrapods 1-2 ps after selectively 

excitation of the ZB-CdSe seed at 580 nm for the 2.8 nm and the 3.7 nm seeds, and at 590 

nm for the 6.2 nm seed. Reproduced with permission from reference 128. 
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Figure 1.22. (A) Schematic representation of band edge alignment as a function of CdSe 

core size in tetrapods with identical CdS components. With decreasing size, the 

heterostructure band alignment shifts from type I to quasi-type II, resulting in enhanced 

charge separation across the heterostructure with smaller seed sizes, and thus more rapid 

AuNP photodeposition due to delocalization of photoexcited electrons into the CdS shell. 

(B-E) The benefit of quasi-type II CdSe@CdS TPs: large scale synthesis of AuNP-

CdSe@CdS TP from 2.8 nm seeded TPs. (B-C) 1.0 g of CdSe@CdS tetrapods synthesized 

from 2.8 nm ZB-CdSe seeds were observed to undergo selective AuNP deposition at scale 

at 30 oC in 90 seconds using only solar irradiation as the driving force, resulting in a (D) 

300x scale-up of AuNP-CdSe@CdS TP HNP products (2.5 g) relative to standard scales 

for type I systems. (E) TEM image of Janus AuNP-CdSe@CdS TPs synthesized on 300x 

scale under solar irradiation. Reproduced with permission from reference 128. 

 

 

 

 



71 

 

1.6 Conclusions 

The synthesis of anisotropic semiconductor nanocrystals in 2000 by Alivisatos and 

coworkers inspired a new field of chemistry in colloidal nanomaterial synthesis. Dramatic 

synthetic advances have rapidly been made, allowing for the synthesis of a wide library of 

semiconductor nanomaterials from seeded and unseeded growth mechanisms with highly 

tunable composition and architecture. Similarly, the work of Banin and coworkers in 2004 

on the synthesis of hybrid metal-nanoparticle semiconductor nanocrystals catalyzed the 

study of selective reactions at the surface of anisotropic semiconductor nanocrystals, and 

in the past decade alone, advances to the field of nanomaterial total synthesis now allow 

for a level of synthetic tunability of multifunctional nanocrystals that is analogous to 

molecular functional group chemistry. To date, a number of the key properties that drove 

the pioneering synthetic achievements in this field have been realized, yet along with them, 

fundamental challenges only made clear through the design of well-defined nanoscale 

model systems have also been encountered and remain unresolved.  

Presently, the synergy of synthetic advance and characterization science places the 

field of semiconductor nanomaterials, particularly for photocatalytic applications, at the 

cusp of an interesting horizon. In the area of synthetic advances, despite the field of 

nanomaterial total synthesis rapidly advancing to achieve levels of control analogous to 

familiar molecular systems, there are yet many areas synthetically that remain entirely 

unexplored. Additionally, in terms of the realization of efficient photocatalytic systems, 

key challenges of controlling charge transfer processes have been overcome in part with 

respect to the hydrogen evolution half-reaction, but many questions yet remain to be 

answered in the case of challenges to realizing efficient OER. This also doesn’t address 
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fundamental catalytic issues such as turnover number and frequency, which will need to 

be optimized in future studies. Thus, the advances to date effectively have provided a 

robust toolbox with which to explore, understand, and address the remaining challenges in 

these material systems.  
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CHAPTER 2: Synthesis and Characterization of CdSe@CdS NRs  

Universal Length Dependence of Rod-to-Seed Exciton Localization Efficiency in Type I 

and Quasi-Type II CdSe@CdS Nanorods 

 

With contributions from Kaifeng Wu (spectroscopic characterization and coauthor), 

Lawrence Hill (synthetic support and coauthor), James McBride (elemental 

characterization support), Nathaniel E. Richey (synthetic support), Jeffrey Pyun (support 

for Lawrence Hill, Nathaniel E. Richey, coauthor, and PI),  and  Tianquan Lian  (support 

for Kaifeng Wu, coauthor, and PI) 

 

Reproduced with permission from reference 113, copyright  2015, American Chemical 

Society. 

 

2.1 Introduction 

Compared to zero-dimensional (0D) quantum dots (QDs), colloidal one-dimensional 

(1D) quantum confined semiconductor nanostructures, such as nanorods (NRs) and 

tetrapods,75, 102, 175-176 have larger absorption cross sections,177-179 enhanced stabilities,180-

181 longer multi-exciton lifetimes,182-185 and linearly-polarized emissions,186-191 making 

them promising light harvesting, light emitting and photocatalysis materials.183, 192-201 

Among them, 1D NR heterostructures consisting of multiple components can lead to 

properties that cannot be achieved in single component materials.175-176, 202-207 CdSe@CdS 

dot-in-rod NRs (CdSe@CdS hereafter for simplicity), with a CdS NR grown from a CdSe 

QD seed, is one of the most intensely-studied 1D heterostructures.87, 114-117, 187-188, 201, 208 
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Due to the large valence band (VB) offset (>0.45 eV) and small conduction band (CB) 

offset (<0.3 eV) between bulk wurtzite CdSe and CdS,114, 187 the band alignment of these 

CdSe@CdS NRs can be tuned by the seed size and rod diameter from type I (with the 

lowest energy electron and hole levels confined in the CdSe seed) to quasi-type II (with 

the lowest energy hole confined in CdSe seed and the lowest energy electron level 

degenerate in CdSe and CdS).114-117, 208-215 While it is clear that in Type I NRs, the lowest 

energy exciton is confined in the CdSe seed, extensive recent studies have revealed that in 

quasi type II NRs, the electron in the lowest energy exciton state is also localized at and 

near the CdSe seed,117, 209, 216 due to strong electron-hole bindings in 1D nanostructures.217 

Therefore, in these heterostructures, the CdS rod acts as nanoscale light harvesting 

antennas and the photogenerated excitons in the rod can be transported and localized to the 

CdSe seed,116 mimicking natural light harvesting complexes.218-219 For this reason, 

CdSe@CdS NRs have been applied to solar-to-fuel conversion,195, 199, 220 luminescent solar 

concentrators,221 and optical gains.200-201, 222 These applications all take advantage of the 

large volume of CdS rods for efficient light absorption and funneling of photogenerated 

excitons into CdSe seeds, where chemical reactions or light emissions occur.   

Exciton transport from the CdS rod to CdSe seed in CdSe@CdS NRs involves not 

only energy relaxation from higher to lower energy exciton states but also charge transport 

over a length scale of 10-1000 nm. Such long distance exciton transport is susceptible to 

energetic disorder along the length of the rod caused by diameter variations and trap 

states.116 It has been reported that the rod-to-seed exciton localization efficiency is not unity 

and there exist long-lived excitons trapped on the CdS rod in addition to localized excitons 

at the CdSe seed.213, 223-224 But it remains unclear how these excitons are transported along 
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the rods and how the branching ratio of the aforementioned pathways depends on the length 

of the rods and the seed/rod band alignment. In this chapter, we report a study of the rod 

length dependence of exciton localization efficiency in CdSe@CdS NRs with both type I 

and quasi-type II band alignments. By photoluminescence excitation (PLE) spectroscopy 

and transient absorption (TA) spectroscopy, we observed that the exciton localization 

efficiency was independent of the band alignment but decreased at longer rod length. We 

showed that this universal length-dependence could be accounted for by the competition 

between 1D exciton diffusion from the rod to the seed and exciton trapping at the rod. We 

believe that the proposed model is generally applicable to other 1D nanoheterostructures, 

providing guidance for a rational design of NR morphology for their many applications.   

 

2.2 Results and Discussion 

2.2.1 Preparation and Morphological Characterization of CdSe@CdS NRs. 

CdSe@CdS NRs of varying dimensions were synthesized using modified 

approaches from the method of Manna and coworkers,16, 37, 46-47 where CdSe QDs of 

different sizes were used as seeds to prepare CdS NRs. Synthetic details can be found in 

the Methods section and Appendix A. An attractive feature of these heterostructures is the 

ability to prepare NRs of uniform length and diameter by controlling the ratio of CdSe QD 

seeds to CdS NR precursors (see Appendix A). In the current report, seven NR samples 

were prepared using three CdSe seed sizes (diameter = 2.5 nm, 2.7 nm, and 3.8 nm): three 

NRs of different lengths were grown with 2.7 nm and 3.8 nm CdSe seeds and one NR was 

grown for 2.5 nm seeds. For convenience we labeled them by their seed diameters and rod 

lengths. For example, CdSe2.5@CdS36 has a seed diameter of 2.5 nm and rod length of 36 
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nm. Representative transmission electron microscopy (TEM) images of NRs grown from 

2.7 nm and 3.8 nm seeds are shown in Column 1 of Figure 2.1 and Figure 2.2, respectively. 

These seeded NRs exhibit relatively uniform diameters without the incidence of geometric, 

or morphological defects along the 1-D CdS phase (see Appendix A Figure A.1-A.4 and 

Table A.1 for NR dimensional analysis).87, 116
 In addition, we observed that increasing rod 

length was accompanied by a slight decrease in the average rod diameter (Table A.1 of 

Appendix A) from 5.6 ±0.7 nm in CdSe2.7@CdS29  to 4.9±0.6 nm in CdSe2.7@CdS117. 

Similarly, for 3.8 nm seeds, the average rod diameter decreased from 5.9 ± 0.6 nm in 

CdSe3.8@CdS31 to 4.8 ± 0.7 nm in CdSe3.8@CdS116. In general, the morphology of these 

nanorods can be approximately represented by a uniform CdS nanorod with an enclosed 

CdSe seed as depicted in Scheme 2.1A. 

 Energy dispersive X-ray spectroscopy (EDX) was used to analyze the element 

distribution along the NRs and to identify the position of the CdSe seed for the series of 

NRs investigated in this study. These seed positions are crucial when determining rod-to-

seed exciton transport distances. As shown in the insets of Column 1 of Figure 2.1, the 

CdSe seeds can be traced by the green Se regions, from which average seed positions were 

determined (Table A.2). Roughly, the seeds were located at ~1/2, 1/3, and 1/5 of the total 

rod lengths of CdSe2.7@CdS29, CdSe2.7@CdS47 and CdSe2.7@CdS117, respectively. Similar 

trends were observed for NRs with 2.5 nm (see Appendix A - Figure A.2) and 3.8 nm seeds 

(Column 1, Figure 2.2). It has often been assumed that the seed is located at 1/4 of the rod 

length due to different growth rates of the two terminating facets of CdS NRs.188, 208 Our 

result indicates that the seed is close to the center of short rods but deviates gradually from 

the center for longer rods. The detailed morphological parameters (including seed size, 
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seed position, rod length and rod diameter) for all investigated NRs are summarized in 

Table A.1 of Appendix A.  

 
Figure 2.1.  Quasi-type II CdSe@CdS NRs (2.7 nm seed). (Column 1) Representative 

TEM images, (Column 2) Absorptance (black solid line), Photoluminescence (PL, blue 

solid line) and Photoluminescence excitation (PLE, red dashed line) spectra and (Column 

3) Wavelength-dependent relative PL quantum yield (QY) of a) CdSe2.7@CdS29 , b) 

CdSe2.7@CdS47, and c) CdSe2.7@CdS117 NRs. Column 1 insets: color coded EDX 

elemental maps of Se (green, indicating location of CdSe seed), Cd (red) and S (blue). Note 

that they are arbitrarily enlarged and do not share the same scale bar as the TEM images. 

The PLE and absorptance spectra in Column 2 have been normalized at the lowest energy 

exciton peak (an expanded view is shown in the insets). The shaded areas in Column 3: 

regions of gradual decrease of relative PL QYs.  
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Figure 2.2. Type-I CdSe@CdS NRs (3.8 nm seed). (Column 1) Representative TEM 

images, (Column 2) Absorptance (black solid line), Photoluminescence (PL, blue solid 

line) and Photoluminescence excitation (PLE, red dashed line) spectra and (Column 3) 

Wavelength-dependent relative PL QYs of a) CdSe3.8@CdS31, b) CdSe3.8@CdS48, and c) 

CdSe3.8@CdS116 NRs. Column 1 insets: colored coded EDX elemental maps of Se (green, 

indicating location of CdSe seed), Cd (red) and S (blue). Note that they are arbitrarily 

enlarged and do not share the same scale bar as the TEM images. The PLE and absorptance 

spectra in Column 2 have been normalized at the lowest energy exciton peak (an expanded 

view is shown in the insets). The shaded areas in Column 3: regions of gradual decrease of 

relative PL QYs. 
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Scheme 2.1. Electronic structure and exciton dynamics in type I and quasi-type II 

CdSe@CdS NRs. a) Schematic illustration of a CdSe@CdS seeded NR and the relaxation 

processes (localizing to the CdSe seed or trapping at the CdS rod) of an exciton generated 

at the CdS rod. Schematic energy level diagrams of (b) quasi-type II (2.7 and 2.5 nm seeds) 

and (c) type I (3.8 nm seeds) CdSe@CdS NRs, showing bulk band edges of CdS and CdSe 

(gray dotted lines) and lowest electron and hole energy levels in CdSe seed and CdS rod 

(black solid lines) and sub-band gap hole trapping states on CdS rod (black dotted lines). 

Also labeled are excitons trapped on CdS rod (X1) and localized at CdSe seed (X2) as well 

as lowest energy transitions in the CdS rod (B1) and the CdSe seed (B2). 
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2.2.2 Electronic structure of type I and quasi-type II CdSe@CdS NRs. 

The optical absorption and emission spectra of these NRs confirmed that the band 

alignment of CdSe and CdS can be tuned from type I to quasi-type II by decreasing the 

CdSe seed sizes. The absorption spectra of all NRs are shown in Figure A.7 of Appendix 

A. The absorptance, photoluminescence (PL), and photoluminescence excitation (PLE) 

spectra of NRs with 2.7 nm and 3.8 nm seeds and different lengths are shown in Column 2 

of Figure 2.1 and Figure 2.2, respectively. For a better comparison with PLE spectra (PL 

intensity as a function of excitation wavelength), we have shown the absorptance spectra 

(absorptance = 1-10-OD, where OD was optical density, representing the percentages of 

absorbed photons as a function of wavelength) instead of the absorption spectra in Figure 

2.1 and 2.2. Extensive studies of related CdSe@CdS NRs have shown that their electronic 

structure can be described by the schematic energy level diagrams depicted in Scheme 2.1B 

and 2.1C.115-116, 208, 211, 213-214, 223-224 Because of the large valence band (VB) and small 

conduction band (CB) offsets between CdSe and CdS, CdSe@CdS NRs can exhibit band 

alignments of either quasi type II for small CdSe seeds208 (Scheme 2.1B) or type I for large 

CdSe seeds114 (Scheme 2.1C) depending on the extent of quantum confinement in the 

seed.115 Quantum confinement in the radial direction leads to discrete electron and hole 

energy levels in the CdS rod and excitonic transitions between these levels give rise to the 

1D exciton bands at < 480nm in the absorption spectra. 208, 223 As shown in Column 2 of 

Figure 2.1 and Figure 2.2 (and Figure A.7 of Appendix A), the absorption bands at ~ 475 

and 420 nm can be attributed to the lowest energy 1Σ (or B1) and 1Π excitonic bands of 

CdS rods, respectively. In addition, the absorption spectra showed excitonic features >512 

nm (smaller than the CdS bulk band gap of 2.42 eV225) that can be associated with 
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transitions from the CdSe seed. The transition energies of CdSe features depend sensitively 

on the size of CdSe seeds, with the lowest excitonic band at ~580 nm and ~610 nm for NRs 

with 2.7 nm and 3.8 nm seeds, respectively. We labeled this transition as B2 in Scheme 

2.1B and 2.1C. With increasing rod length, the relative amplitude of the CdS absorption 

(B1) became larger because of its increasing volume. For both NRs with the 2.7 and 3.8 

nm seed, the B1 exciton peak positions are blue-shifted with increasing rod length (Figure 

A.7 of Appendix A), reflecting decreasing diameters at longer rod lengths. Interestingly, 

the same length dependence was observed in B2 transition for NRs with a 2.7 nm seed, but 

not for NRs with a 3.8 nm seed (Figure A.7 and Table A.2 of Appendix A). This result 

suggests that B2 transition energy of NRs with a 2.7 nm seed is sensitive to the energy 

level of the CdS rod, consistent with a quasi-type II band alignment (Scheme 2.1B) and the 

B2 transition energy of NRs with a 3.8 nm seed is insensitive to the energy level of CdS 

rod, exhibiting a type I band alignment (Scheme 2.1C).  

 To further confirm the band alignment in these NRs, we carried out transient 

absorption (TA) study following previous works.208, 223, 226 In these measurements, we 

selectively excited these samples at 575 nm, the lowest energy transition (B2), to generate 

an X2 exciton (see Scheme 2.1B and 2.1C) in the seed. The resulting TA spectra (averaged 

between 1-2 ps delay) for NRs with 2.7 nm and 3.8 nm seeds are shown in Figure 3a and 

3b, respectively. Their kinetics in Figure A.9 show that these spectral features form 

instantaneously (<10 fs) and only slightly decay (<15%) within 1 ns, indicating dominant 

single-exciton conditions.201 For NRs with a 2.7 nm seed (Figure 2.3A), 575 nm excitation 

led to both a strong bleach of the B2 band of the CdSe seed (~580 nm) and the B1 band of 

the CdS rod (~475 nm). Since these bleaches are caused by the state filling of the CB 
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electron level,223 the instantaneous formation of both B1 and B2 bleach indicates that the 

electron wavefunction of the X2 exciton extends from the CdSe seed into the CdS rod, 

consistent with a quasi-type II electronic structure (Scheme 2.1B).117, 223 A similar electron 

wavefunction delocalization and quasi type II band alignment was observed for 

CdSe2.5@CdS36 NR (Figure A.10 of Appendix A). In contrast, for NRs with a 3.8 nm seed 

(Figure 3b), 575 nm excitation led to a strong B2 bleach and negligible B1 bleach, 

indicating that the electron wavefunction of X2 exciton has negligible amplitude at the CdS 

rod, consistent with a type I electronic structure (Scheme 2.1C). There exists a derivative-

like feature near B1 (Figure 2.3B), which is also observed in CdSe QDs of similar 

confinement energy (Figure 2.3B) and can be attributed to the effect of the lowest energy 

exciton on the higher energy transitions (i.e. bi-exciton interaction) of the CdSe seed.227    
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Figure 2.3. Averaged Transient Absorption (TA) spectra of NRs with a 2.7 nm (a) and 3.8 

nm (b) seed measured at 1-2 ps after 575 nm excitation. For comparison, TA spectra of 

corresponding CdSe QDs with similar confinement energies are also shown. 

 

2.2.3 Length-dependent exciton localization efficiency. 

PL spectra of all NRs studied in this work (column 2 of Figure 2.1 and 2.2 and 

Figure A.8C of Appendix A) showed pronounced X2 exciton emission that was slightly 

red-shifted from the B2 absorption band of the seed and negligible emission from the CdS 

rod, consistent with previous reports.87, 188 PLE spectra shown in Figure 2.1 and 2.2 were 

acquired by monitoring the emission at the PL peak (with a detection bandwidth of 2 nm) 

and have been normalized to the same amplitude as the absorptance spectra at the B2 band. 
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The ratio of normalized PLE over absorptance yields relative PL quantum yields (QYs), 

which is also the efficiency of converting (localizing) the initial photogenerated exciton on 

the rod to X2 exciton in the seed (with the localization efficiency for excitation at the B2 

band set to 1).223 As shown in column 3 of Figure 2.1 and 2, for all these NRs, the exciton 

localization efficiencies were constant (unity) at wavelength longer than 520 nm where 

light absorption occurs at the CdSe seed; decreased gradually at 480-520 nm when the 

absorption of CdS rods increased; and leveled off at wavelengths shorter than 480 nm to 

~75.7±1.5% (74.2±1.2%), 55.9±1.6% (55.8±0.7%), and 30.5±2.6% (31.3±3.0%), for 

CdSe2.7@CdS29 (CdSe3.8@CdS31), CdSe2.7@CdS47 (CdSe3.8@CdS48), and 

CdSe2.7@CdS117 (CdSe3.8@CdS116), respectively. At < 480 nm (above the CdS rod band 

gap), the absorption is dominated by CdS rods due to its much larger volume than CdSe 

seeds and the measured exciton localization efficiency reflects the localization of excitons 

generated at the CdS rod to (near) CdSe seed in these NRs, driven by the large VB offset 

(>0.45 eV).220, 223 Similar measurements were performed on the CdSe2.5CdS36 sample and 

the rod-to-seed exciton localization efficiency was determined to be 64.6±2.8% (Figure 

A.8 of Appendix A). These results, plotted in Figure 2.4, showed that the rod-to-seed 

exciton localization efficiency for these NRs was independent of the seed size but 

decreased with rod length. Since the NRs with 2.5 nm and 2.7 nm seeds have quasi type II 

band alignments different from the type I band alignment in NRs with 3.8 nm seeds, the 

seed size independence indicates that the band alignment does not affect the exciton 

localization process in these NRs. 
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Figure 2.4. Universal length dependence of exciton localization. a) Measured (symbols) 

and simulated (dashed line) exciton localization efficiencies in CdSe@CdS NRs with 2.5 

nm (blue triangles), 2.7 nm (red circles) and 3.8 nm (green squares) seeds. b) CdS rod 

absorption cross-section (black solid line) and effective CdSe seed absorption cross-section 

(red dashed line) as a function of rod length.  

 

2.2.4 Exciton trapping on nanorods. 

The observed non-unity rod-to-seed exciton localization efficiencies and their rod 

length dependence suggest the presence of other exciton localization pathways that 

compete with exciton transport to the CdSe seed. Through studies of related CdSe@CdS 

NRs and CdS NRs, we have previously attributed this competition process to hole trapping 

induced exciton localization on CdS NRs.223 Although the hole trapping time constant was 

reported to be ~0.7 ps for CdS NRs with an average length of 29 nm,228 the length 

dependence of this process remains unknown. To this end, we have measured the hole 
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trapping time for NRs used in this study by TA spectroscopy. Representative average TA 

spectra at 5-10 ps after 400 nm excitation for CdSe2.7@CdS117 and CdSe3.8@CdS116 are 

shown in Figure 2.5A. These spectra exhibited a small and broad photoinduced absorption 

(PIA) signature at wavelengths longer than the B2 exciton band, which has been assigned 

to trapped holes on the surfaces of CdS rods (by selective removal of electrons from the 

rods in the presence of electron acceptors).228 Comparison of NRs with 2.7 nm and 3.8 nm 

seeds of different lengths (Figure 2.5B) showed that the formation kinetics of the PIA 

signal was independent of the rod length or seed size. Single exponential fit to these kinetics 

revealed a hole trapping time of τTrap = 0.78±0.13 ps, similar to our previous result of CdS 

NRs.228 Although the reason for the lack of length dependence in the hole trapping rate is 

unclear, it may indicate that the hole trap density is independent of rod length. We speculate 

that they are likely associated with defects on the rod surfaces, such as the unpassivated 

sulfur anions,229 that increase proportionally with the rod length.  
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Figure 2.5. a) TA spectra of CdSe2.7@CdS117 (black solid line) and CdSe3.8@CdS116 (red 

dashed line) averaged between 5-10 ps after 400 nm excitation. The inset is the expanded 

view of the photoinduced absorption (PIA) signal from 640 nm to 760 nm. b) Formation 

kinetics of PIA signal for CdSe2.7@CdS29 (red triangles), CdSe2.7@CdS47 (green circles), 

CdSe2.7@CdS117 (blue squares), and CdSe3.8@CdS116 (purple diamonds). The black solid 

line is a fit using single exponential formation. 

 

2.2.5 Mechanism of universal length-dependent exciton localization efficiency. 

In the following, we consider three possible mechanisms of exciton localization from 

the CdS rod to the CdSe seed: energy transfer, ballistic exciton transport, and exciton 

diffusion.230 These mechanisms can be differentiated by their dependence on the rod 

length. The energy transfer time constant is proportional to the sixth power of donor-
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acceptor distance according to the Forster Resonant Energy Transfer (FRET) theory.231 

Therefore, the length dependence of energy transfer rate can be readily calculated, even 

though reliable estimates of the absolute energy transfer rate, requiring the information of 

absorption and emission cross sections, are difficult for these NRs. The simulated results 

in Figure A.11 of Appendix A showed that the FRET mechanism led to a much stronger 

distance dependence of the exciton localization efficiency than the measured trend shown 

in Figure 2.4. Further details of the simulation can be found in Appendix A. 

Ballistic transport occurs within the carrier mean free path (Lmfp). Lmfp in CdS NRs is 

related to product of the scattering time constant, τc, and thermal velocity at room 

temperature (RT), vth, through Lmfp~τc ∙ vth.232 τc can be calculated from the reported 

carrier mobility (μ) through τc = μm∗/q,232 where m* and q are effective mass and charge 

of the particle, respectively. The reported upper limit of electron (hole) mobility in bulk 

single crystal CdS at room temperature is ~400 (~48) cm2 s-1 V-1, 233-237 which corresponds 

to an upper limit of mean free path of ~4 (1.6) nm. Exciton mean free path should be limited 

by holes and also has a upper limit of ~1.6 nm in CdS NRs. The short carrier mean free 

path in CdS has been attributed to their strong interactions with phonons, through Frohlich, 

deformation potential, or piezoelectric scatterings.238 Therefore, in our NRs with lengths 

of 10s to 100s of nanometers, exciton and carrier transport should proceed through 

diffusion. 

We then model the exciton localization process by accounting for the competition 

between exciton diffusion and exciton trapping. As shown in Scheme 2.1A, the CdSe seed 

divides CdS NR into two segments with length of L1 and L2. We solve the exciton 

localization problem within L1 and L2 using the modified 1-D diffusion equation: 
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∂N(x,t)

∂t
= D

∂2N(x,t)

∂2x
−

N(x,t)

τTrap
                        (2.1), 

where D is the exciton diffusion constant and N(x, t) is the concentration of excitons at 

distance x from the seed at time t. The second part on the right-hand side of equation (1) 

accounts for depopulation of CdS band edge excitons due to trapping. The boundary 

conditions for this equation are: N(x, t = 0) = N0, N(x = 0, t) = 0, and J(x = L1(2), t) =

∂N(x=L1(2),t)

∂x
= 0. The first boundary condition indicates randomly generated excitons along 

the rod; the second one assumes that exciton transfer across the CdS/CdSe interface (i.e. 

capture by the CdSe seed) is much faster than the diffusion process within the CdS rod; the 

third one indicates that the fluxes cross the NR ends are zero. Using these boundary 

conditions, equation (2.1) is analytically solvable and the details are shown in Appendix 

A. With the solution of N(x,t), the ensemble-averaged exciton population on the rod, S(t), 

is obtained by integrating N(x,t) over the rod length: 

SL1
(t) ∝ ∫ N(x, t)dx

L1

0
∝ ∑

1

n2
∞
n=1 e

−[D(
nπ

2L1
)2+

1

τTrap
]t

              (2.2), 

where n is an odd integer 1, 3, 5…. The exponent in equation (2.2) reflects the competition 

between carrier trapping, with time constant of τTrap, and diffusion, whose characteristic 

time scale is proportional to the square of the diffusion length.239 The efficiency of exciton 

localization to the seed within L1 is calculated as: 

Φ(L1) = ∑
1

n2
∞
n=1

D(
nπ

2L1
)2

D(
nπ

2L1
)2+

1

τTrap

∑
1

n2
∞
n=1⁄                        (2.3). 

Φ(L2) can be calculated in the same way and the overall localization efficiency Φ(L) is 

obtained by length weighted average of Φ(L1) and Φ(L2): 

Φ(L) =
L1∙Φ(L1)+L2∙Φ(L2)

L1+L2
                              (2.4). 
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With the exciton diffusion constant D as the only fitting parameter, we simultaneously 

fit the localization efficiency for all NRs, as shown in Figure 4a. From the best fit, we 

obtained a diffusion constant D of 2.3×10-4 m2/s. The electron (De) and hole ( Dh) diffusion 

constants in bulk CdS, calculated from their mobilities, are ~10×10-4 and 1.2×10-4 m2/s, 

respectively. The exciton center of mass diffusion constant (DX) can be calculated to be 

3.2×10-4 m2/s. Our fitted exciton diffusion constant in CdS NRs is slightly smaller than the 

bulk value, which is reasonable considering additional scattering channels due to the 

presence of large surface areas in NRs.240 Our simulation result confirms that the rod-to-

seed exciton localization efficiency is controlled by the competition between exciton 

diffusion and exciton trapping, which is independent of the rod/seed band alignment, and 

is dependent on the rod length in a predictable manner.  

 

2.2.6 Implications for device performance 

CdSe@CdS NRs have been used as light absorbing materials in luminescent solar 

concentrators in which the large CdS rod absorption, efficient rod-to-seed exciton 

localization and small CdSe seed reabsorption loss enable the concentration of absorbed 

solar flux by the rod into the emission at the seed.221 Although the requirement of large rod 

absorption and small seed reabsorption can be realized by increasing the rod length, there 

exists an optimal rod length because the rod-to-seed localization efficiency decreases at 

longer rod length. Thus it is useful to define an effective light harvesting power (or effective 

absorption cross section) for these CdSe@CdS NRs as a product of the absorption cross 

section of the rod and the rod-to-seed exciton localization efficiency. This quantity 

represents the effective cross section for creating excitons in the seed through absorption 
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at the rod. The fit to the measured data discussed above gives a prediction of exciton 

localization efficiencies of all NRs in the length ranges of 10 nm to 200 nm, as shown in 

Figure 2.4A. In this calculation, we have assumed that the seed positions followed the trend 

observed for the NRs we studied (Appendix A - Figure A.12) and the absorption cross 

section of the rod increases linearly with the rod length. The calculated effective seed 

absorption cross section (Figure 2.4B) initially increases with the rod length and levels off 

at a rod length of ~100 nm. In this calculation, we have set the cross sections to one for 

NRs of 10 nm in length. The effective seed absorption cross section levels off at a value 

that is 3.5 times of a 10 nm rod, despite a factor of 10 and higher total absorption cross 

section of the CdS rod at a rod length exceeding 100 nm. Further increase in the rod length 

does not lead to enhanced ability of creating excitons at the seed because of the reduced 

rod-to-seed exciton localization efficiency. This result confirms the existence of an optimal 

rod length for light harvesting applications.  

 

2.3 Conclusions 

In conclusion, we have examined the mechanism of rod–to-seed exciton 

localization in CdSe/CdS dot-in-rod NR heterostructures with both type I or quasi-type II 

band alignments. We observed a universal rod length dependent exciton localization 

efficiency that decreased with the rod length (~75.7±1.5% in a ~29 nm rod to 30.5±2.6% 

in a 117 nm rod) and was independent of the CdSe/CdS band alignment. We showed that 

this universal length dependence could be reproduced by a model that accounted for the 

competition between ultrafast 1-D exciton diffusion and ultrafast exciton trapping (τTrap = 
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0.78±0.13 ps) on the CdS NR. Best fit to the measured results revealed an exciton diffusion 

constant of 2.3×10-4 m2/s that is slightly smaller than the reported value in bulk CdS. The 

proposed model can be used to predict the exciton localization efficiency in CdSe/CdS of 

any length and should be applicable to other NRs, providing a rational approach for 

optimizing NR morphologies for efficient yet cost-effective 1D heterostructure based 

devices.      

 

2.4 Methods 

CdSe@CdS NRs of varying dimensions were synthesized using approaches 

reported by Manna and coworkers,16 with slight modifications.46-47 CdSe QDs of different 

sizes were used as seeds and the lengths and diameters of overcoated CdS NRs were 

controlled by the ratio of CdSe QD seeds to CdS NR precursors. Details can be found in 

Appendix A. Instruments for structural and optical characterizations of these CdSe@CdS 

NRs were also documented in Appendix A. Femtosecond transient absorption (TA) 

measurements were performed using laser lights from a regeneratively amplified 

Ti:sapphire laser system (Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, and 1 kHz 

repetition rate). Further details can be found in Appendix A.  
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CHAPTER 3. Synthesis and Characterization of Au-NRs 

Characterization of Band Edge Energetics and Rates of Charge Injection 

Processes in Heterostructured Nanorods: Photoemission Spectroscopy and 

Waveguide Spectroelectrochemistry of Au-Tipped CdSe Nanorod 

Monolayers 

 

With contributions from Ramanan Ehamparam (spectroelectrochemical 

characterization), Michael W. Liao (photoemission spectroscopy characterization), S. 

Scott Saavedra (support for Ramanan Ehamparam and coauthor), Neal R. Armstrong 

(support for Michael W. Liao and coauthor), and Jeffrey Pyun (coauthor and PI). 

 

Reproduced with permission from reference 83, copyright  2015, American Chemical 

Society. 

 

3.1 Introduction 

Multi-component inorganic nanocomposite materials have generated considerable 

recent interest since the combination of different materials (e.g. metals and II-VI 

semiconductors) at the nanoscale creates heterojunctions with energetic offsets that 

enhance their optical, electronic, magnetic and/or photo-catalytic properties.13, 241-247 These 

enhancements most often occur in lower symmetry constructs, e.g. nanorods (NRs) vs. 

nanoparticles (NPs) or quantum dots, since internal potential energy gradients can be 

developed that, for example, enhance efficiency of charge separation and charge transport 
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vs. recombination.138, 241-242, 245, 248-259 Understanding the energetic impact of heterojunction 

formation in NR materials (e.g. shifts in valence band (EVB) and conduction band (ECB) 

energies upon addition of metal or metal oxide tips) is a complex endeavor, preferably 

addressed using two or more complementary measurement approaches. 

Banin and coworkers demonstrated the first synthesis of heterostructured metal-

semiconductor NRs by depositing metallic Au NPs onto the termini of cadmium selenide 

(CdSe) NRs.13  AuNPs selectively deposit at the NR termini presumably because of their 

high surface free energy and lower coverage of passivating ligands. The electronic coupling 

between these “Au tips” and CdSe NRs was subsequently confirmed using conductive tip 

atomic force microscopy (CAFM), scanning tunneling spectroscopy (STS) and 

electrostatic force microscopy (EFM), comparing the bare NRs260 with the Au-tipped 

NRs.241, 245  STS of the bare NRs, on highly ordered pyrolytic graphite substrates (HOPG), 

showed clean energy gap regions, with band gap energies that were dependent upon NR 

diameter (up to ca. 3-4 nm) and independent of rod length.260 Addition of a Au tip at both 

ends of CdSe NRs produced “metal-semiconductor interface” (MSI) states within the band 

gap that could be detected within 1-2 nm of the Au tip (on a ca. 15-40 nm rod), suggesting 

an “interphase” region at the CdSe/Au heterojunction with unique electronic properties.245  

At the center of the NR, however, the band gap and the relative valence band and 

conduction band energies appeared to be largely unchanged from those of the bare NR.  

Estimates of EVB and ECB referenced to the vacuum scale were not obtainable.  Manna and 

coworkers subsequently used transmission electron microscopy (TEM) to show that, even 

after annealing, a Au tip at the terminus of a CdSe NR appears to form an abrupt interface, 

with “epitaxial” registry of the Au and CdSe nanocrystals (NCs). 261 
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In the design of efficient photocatalytic materials, controlling both the average and 

local energy levels of symmetric or asymmetric NR materials with respect to the catalytic 

reactions they are intended to accelerate remains a challenge.242, 254, 262-266  Measuring these 

energy levels also presents significant challenges, including: a) defining EVB and ECB (and 

dispersion in these energies) with respect to vacuum scale, and b)  characterizing the shifts 

in local vacuum level that may result from metal modification of NRs.246, 267-271 An 

additional challenge is relating the band energies of heterostructured nanomaterials 

measured in vacuum to the energetics of these materials in solution/electrolyte media 

where they are ultimately intended to function. 

We previously reported on both UV photoemission (UPS) and 

spectroelectrochemical  characterization of CdSe nanoparticles (NPs) adsorbed or tethered 

to metal (Au) or metal oxide (indium-tin oxide, ITO) surfaces, to estimate band edge 

energies.153, 272 EVB was estimated for monolayer-tethered, ligand-capped CdSe NPs 

(diameter  6 nm) using He I UPS on clean Au substrates, after correcting for shifts in local 

vacuum level which result from the strong interface dipoles characteristic of these 

nanomaterials.272  This work built upon earlier reports by Colvin et al.,273 where EVB was 

estimated for cadmium sulfide (CdS) NPs tethered to multiple surfaces and, using 

synchrotron-based photoemission, as a function of NP diameter. Such studies must account 

for the fact that the sampling depth of the photoemission signal is often less than the 

diameter of the NP, i.e. they are quite sensitive to differences in surface chemistry that may 

not impact the entire NP. Our earlier UPS studies of CdSe NPs were also complicated by 

substantial photoemission background from the Au substrate and the thiol tether, both 

between or beneath the NPs in the thin film, which made estimation of EVB from the high 
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kinetic energy edge (HKE) of these spectra challenging. There have been several related 

reports of EVB determination for various types of NCs on a variety of contact surfaces, 

including oxides, where estimation of EVB in the HKE region can be problematic.267-269  

Other groups have shown, using both photoemission and electrochemistry, that the 

structure of the NC or its capping ligands can also affect band edge energies, altering the 

already strongly dipolar nature of these materials.270-272, 274-278 For example, Jasieniak et 

al.271 recently showed that changes in the structure of ligands on CdSe NPs can produce 

ionization energy shifts of up to 0.35 eV, and Boehme et al.270 showed that that differences 

in the size of the supporting electrolyte cation or the length of the capping ligand can 

produce shifts of up to 0.5 eV in ECB of CdSe NPs.  

New approaches to analysis of the high kinetic energy UPS data, at EVB and in the 

mid-gap region out to the Fermi energy, EF, as recently demonstrated for molecular 

semiconductor films,279-280 now provide more confidence in values of EVB extracted from 

UPS measurements on NC thin films. As will be shown below, however, for 

heterostructured NRs new challenges emerge, since both the core and the tip of the NR are 

simultaneously sampled in the UPS experiment (to depths less than the NR diameter).  

Solution electrochemical methods have been used to estimate both EVB and ECB for 

nanomaterials such as CdSe NPs, however multilayer films are typically required, and 

distinguishing Faradaic currents associated with charge injection/extraction from 

capacitive currents can be challenging.  Significant variations in EVB and ECB using these 

methods have been observed, which have been attributed to the sensitivity of the 

electrochemistry of these nanomaterials to surface defects and ligand effects.272, 281-283 

Brutchey and coworkers used voltammetry of multilayer NP thin films to estimate 
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conduction band energies on carefully prepared and purified NPs, to rationalize the effects 

of NP diameter and ligand type/size on the open-circuit photopotentials of PV platforms 

created from composites of NPs and a polymer host.274  

We recently demonstrated that attenuated total reflectance (ATR) 

spectroelectrochemistry284-285 can be used to estimate ECB of submonolayers of CdSe NPs 

tethered to electroactive (ITO) waveguide surfaces, where the low surface coverages 

ensure characterization of electron injection events into isolated NPs or small NP 

clusters.153 At potentials sufficiently negative to inject electrons into the NP conduction 

band, the excitonic absorbance band of CdSe is reversibly bleached. Correcting the 

electrode potential to the vacuum scale provides for an in situ estimate of ECB, which in 

combination with the optically determined band gap, provides for estimation of EVB.286 

Experiments on low surface coverage films may provide somewhat different estimates of 

ECB relative to transmission spectroelectrochemical experiments of multilayer NC films.275, 

287-288  

 Herein we report the first measurements of band edge energies, referenced to the 

vacuum scale, for thin films of CdSe and Au-tipped CdSe NRs (Fig. 1), using 

complementary UPS and spectroelectrochemical techniques. Both approaches show that 

EVB = 5.9–6.1 eV and ECB = 4.1– 4.3 eV for CdSe NRs. The UPS experiments detect 

photoemission dominated by the upper surface of the NR film, which nevertheless show 

significant shifts in both local vacuum level and EVB as Au tips of increasing size are added 

to these NRs, and the creation of mid-gap states (denoted MSI states per Steiner et al.245) 

at low densities above EVB. Waveguide-based ATR spectroelectrochemical experiments 

show that electron injection into the conduction band of CdSe NRs produces bleaching of 
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the lowest energy excitonic features (1Σe level).  For the Au-tipped NRs, additional 

absorbance changes are seen that are assigned to electron injection into MSI states (as 

suggested by earlier STS and transient absorbance studies).241-242, 245, 258, 289  These 

complementary characterization protocols are likely to be applicable across a variety of 

new heterogeneous NR materials. 

 

3.2 Results and Discussion 

3.2.1 Synthesis of heterostructured nanorods 

CdSe NRs and Au-tipped CdSe NRs were prepared for these studies using modified 

literature methods (Fig. 3.1; see Methods for details).  CdSe NPs (diameter (D) = 2.7 – 3.2 

nm) were synthesized using previously reported methods,46, 290 and used to seed the growth 

of CdSe NRs (length (L)  40 nm; D  9-10 nm) based on a modified literature procedure 

for CdSe NRs.46  In our hands, the use of a CdSe seed enabled more precise and 

reproducible tuning of NR dimensions and uniformity, although the majority of reports on 

these materials do not require the use of CdSe seeds.  Deposition of Au NPs onto NRs was 

conducted using modified methods of Banin et al.,13 with HAuCl4·3H2O as the gold 

precursor, didodecyldimethyl ammonium bromide as a surfactant for the gold salt, and 

dodecylamine as both the reducing agent and stabilizing ligand.  This approach afforded a 

mixture of CdSe NRs with one or two terminal Au NP tips (termed “matchstick” or 

dumbbell” tipped NRs, respectively).  Representative TEM images are shown in Fig. 3.2. 
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Figure 3.1. (upper) Synthetic scheme for creation of symmetric and asymmetric Au-tipped 

CdSe NRs used in this work; (lower) schematic views of (A) the pre-contact CdSe NR and 

Au NP, (B) the symmetric Au2.6-CdSe NR and (C) the symmetric Au5.6-CdSe NR (where 

the subscript on Au refers to the tip diameter in nm). The Au tips are drawn approximately 

to scale vs. the dimensions of the NRs. 
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Figure 3.2. TEM images of: (A, D) CdSe NRs (L = 40.1  4.1 nm; D = 9.6  1.2 nm); (B, 

E) Au2.6-CdSe NRs; and (C, F) Au5.6-CdSe NRs exhibiting both matchstick and dumbbell 

morphologies, with a small percentage of the Au NPs deposited along the NR axis as well 

as at the tips. All scale bars are 100 nm. 

3.2.2 Photoemission spectroscopy of heterostructured nanorods. 

UPS was used to estimate EVB for NR monolayers, to characterize low 

concentrations of mid-gap states extending out to EF (introduced by Au tipping), and to 

characterize variations in local vacuum level as Au tips were added to the NR.  CdSe NR 

or NP films were deposited on freshly cleaved HOPG, as described in SI, producing 

submonolayer to monolayer coverages. X-ray photoelectron spectroscopy (XPS) was 

performed on each sample to confirm NP or NR composition and stoichiometry (Se/Cd 

ratio; see Appendix B). Film morphology was assessed using field emission scanning 

electron microscopy (FE-SEM) (see Appendix B).  Low surface coverages were used for 
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these studies because the NR electronic and energetic properties are expected to be more 

uniform relative to multilayer films.270, 287-288  

UPS data for these NR films are shown in Figure 3.3, along with reference data for 

clean HOPG, HOPG coated with a thin film of dodecylamine-capped Au NPs, and HOPG 

coated with a thin film of CdSe NPs (2.5 nm diameter). The center panel of Fig. 3.3A 

shows the full photoemission spectra prior to data treatment.  The left and right panels 

show expanded views of the low and high kinetic energy (LKE and HKE) regions, 

respectively.  High sensitivity, log scale presentation of the HKE regions is shown in Fig. 

3.3B.  For these data we plot the kinetic energy on the x-axis and indicate the Fermi energy 

for the spectrometer/samples (EF in this case = 31.8 eV), which includes an energy offset 

from an added voltage applied to the substrate to accelerate photoelectrons to a higher 

kinetic energy, making their quantification easier.291-293  These kinetic energies are 

corrected to a binding energy scale for creation of the band energy diagrams in Fig. 3.4A. 
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Figure 3.3:  (A) He (I) photoemission spectra of: 1) freshly cleaved HOPG, 2) CdSe NPs, 

3) CdSe NRs, 4) Au2.6-CdSe NRs, 5) Au5.6-CdSe NRs and 6) Au2.6 NPs, all deposited on 

freshly cleaved HOPG. Background correction and satellite removal from these spectra and 

other details of the data analysis procedures are given in Appendix B;  (B) The HKE region 

of the spectra in (A), offset vertically for clarity, corrected for both secondary electron 

scattering background and satellite photoemission, on a semi-log scale to accentuate 

photoemission from states above EVB, out to EF, shown here as a dashed line at KE = 31.8 

eV.  Photoemission from the HOPG substrate is suppressed, and spectral features appear 

at energies out to EF due to defects in the NP or NR, or the addition of Au NPs that introduce 

MSI states (see text).  
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Figure 3.4:  Energetics for CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films and reference 

materials. (A) EVB values obtained from the UPS data for NP and NR films on HOPG, 

corrected for local vacuum level shifts.  The EVB shifts closer to vacuum and other 

ionization features are also observed, much deeper than EVB, as Au tips are added to the 

NR.  ECB values are estimated from EVB values and the optical band gap (blue arrows) for 

the NP or NR. (B) ECB values for NR films are estimated from the onset potentials for 

bleaching of the lowest energy band in the difference ATR spectra, which results from 

electron injection into the 1Σe level of the CdSe NR. The Au-tipped NRs show two 

“bleaching” transitions: the first is assigned to EIS (due to MSI states in the band gap region 

with onsets at 4.6 and 4.7 eV for Au2.6-CdSe and Au5.6-CdSe NR films, respectively) and 

the second is assigned to ECB (at 4.0 and 3.8 eV for Au2.6-CdSe and Au5.6-CdSe NR films, 

respectively).  EVB energies are estimated from the optical band gap (blue arrows). As in 

the UPS experiments, Au tipping moves ECB and EVB closer to vacuum. 
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In previous experiments using clean Au substrates modified with thiols to adsorb 

CdS, CdSe and related NPs, we noted the high photoemission background intensity from 

the substrate and from the thiol linkers themselves,272-273 whereas for CdSe or PbSe NPs 

supported on ZnO substrates267-269 and the HOPG substrates used here, lower secondary 

electron photoemission background is observed in the critical HKE spectral regions. This 

secondary emission is suppressed when thin NR or NP films are added to the HOPG 

surface. The onset of photoemission from the valence band of the NR or NP, along with 

photoemission from mid-gap states, if present, is much easier to distinguish with substrates 

that show only weak photoemission near the HKE region.294-296 The efficacy of HOPG as 

a substrate for the determination of valence band photoemission features has been shown 

to provide more accurate estimates of ionization onset energies for a variety of molecular 

systems, with fewer concerns about background correction relative to metal substrates such 

as Au.297-299 

The HKE data in Fig. 3.3B have been taken through a series of corrections to 

enhance the photoemission contribution from the NRs and NPs, since the HKE onset for 

photoemission above baseline is required to achieve a reliable estimate of EVB.  An 

expanded description of our data treatment is given in Appendix B.  We first correct for 

spectral features arising from He (I) satellite emission in the excitation source (β and γ) at 

+1.87 eV and +2.52 eV, relative to the He (I) primary excitation energy (21.2 eV).  While 

these satellite features are low in intensity, and often ignored in normal UPS experiments 

(and may be missing in PES experiments using monochromatic excitation sources),268, 279-

280 their presence can make estimates of EVB problematic in some instances.  Furthermore, 

defect states in NRs and other molecular and oxide semiconductors show photoemission 
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that directly overlaps these satellite features, at intensities which are important to the 

electronic and photocatalytic properties of these materials, but difficult to quantify without 

satellite removal.   

Second, we apply an integrated sigmoidal correction for the contribution to spectral 

background from the scattering of secondary photoelectrons in the HKE region, as 

described by Henrich and coworkers,300 and more recently by Zhu and coworkers, 268 which 

we find to be more significant for semiconductor nanomaterials than for organic 

semiconductors. The final correction is a weighted linear subtraction of the remaining 

background photoemission due to the HOPG substrate, which contributes to the 

photoemission tail that converges at the Fermi energy, and can be seen most clearly in the 

log-linear representation of the photoemission spectra (shown in Appendix B). If an 

adequate S/N ratio is achieved, and full correction for satellite photoemission and 

secondary electron background is performed, it is possible to distinguish differences in EVB 

energies and work function down to ca. +/- 0.05 eV.  

EVB levels for each NC assembly were next estimated from the difference in the 

source energy and the energetic width of the photoemission spectrum: EVB = 21.2 eV – 

[HKE – LKE], after confirming complete removal of satellite peaks and secondary electron 

scattering background using semi-log display (see Appendix B).291-292, 299 This approach 

provides EVB values (Fig. 3.4A) corrected for local vacuum level shifts.293 EVB obtained 

for a thin film of CdSe NP (2.5 nm diameter, optimized capping ligand coverage) is ca. 5.8 

eV, close to recent reports for CdSe NPs of comparable diameter and capping ligand,271 

but somewhat smaller than our previous UPS studies of CdSe NPs thiol-linked to Au 

substrates.272 EVB for the untipped CdSe NRs is comparable to that for the CdSe NPs.  As 
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Au tips are added to the NRs, the HKE ionization edge shifts in energy by ca. 0.3 – 0.4 eV, 

i.e. EVB decreases by up to 0.4 eV relative to the untipped NRs; this shift is discussed further 

below.  Additional higher binding energy features are present in the HKE region for the 

CdSe NRs (at 6.2 eV in Fig. 3.4A) that shift further from vacuum, to 6.8 and 7.7 eV, for 

the Au2.6-CdSe NRs and Au5.6-CdSe NRs, respectively.  The physical/chemical origin of 

these features is not clear and will be a subject of future investigations. 

The semi-log HKE region above EVB is relatively featureless for the bare CdSe 

NRs, however, new photoemission features (less than 10% of total photoemission 

intensity) appear in the band gap as Au tips are added; this is especially apparent for the 

Au5.6-CdSe NRs.  Even for the 2.6 nm Au tips, however, we estimate that these features 

have an energetic full width of ca. 0.5 eV and are located at energies close to those 

predicted for MSI states from STS studies of comparable Au-tipped CdSe NRs.241, 245, 301 

Interestingly, photoemission from these states appears to converge on the features seen for 

Au 6s states in the photoemission spectra of Au NPs on HOPG, just below EF, and it is 

reasonable to expect that, as the Au NP tip increases, we would see photoemission 

dominated by those portions of the Au tip well away from the CdSe NR/Au tip 

heterointerface. For both sizes of Au tips, the contribution from these new states extends 

from EVB all the way to EF, suggesting a very heterogeneous energetic environment for 

these metal-derived states, an observation that is complemented by the 

spectroelectrochemical results discussed below. 

The relatively featureless HKE spectral region above the EVB edge for the bare 

CdSe NRs enables these observations out to EF. It should be noted that for more 

polydisperse CdSe NPs or CdSe NRs with higher defect densities, we observe tailing of 
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the photoemission edge into the middle of the band gap region.  The use of our 

photoemission approach to characterize band edge dispersion in variably sized CdSe NPs 

and NRs, and the influence of defects on the density-of-state (DOS) distributions of these 

states, will be reported elsewhere. 

ECB levels for CdSe NPs, CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films were then 

estimated by adding the optical band gap, Eopt, to EVB.  Eopt values were estimated from the 

low energy onset of the lowest energy absorbance band (shown in Appendix B; Fig. A.5).  

For CdSe NPs, Eopt = 2.31 eV which yielded ECB = -3.2 eV vs. vacuum.  For CdSe, Au2.6-

CdSe, and Au5.6-CdSe NRs, the respective Eopt values were 1.78 eV, 1.78 eV, and 1.75 eV.  

Since there was no significant difference among these values and the EVB estimates have 

an associated error of less than ± 0.1 eV, Eopt = 1.8 eV was used to estimate the ECB levels 

for NRs shown in Figure 3.4A. 

As has been discussed extensively for other complex organic and inorganic 

semiconductor/contact heterojunctions, changes in effective work function, Δ, are 

expected for all HOPG/NR or HOPG/NP heterojunctions as they achieve electronic 

equilibrium (Fermi levels aligned with that of the spectrometer), and the sign and 

magnitude of these changes are determined by the pre-contact work functions of the 

individual components of the heterojunctions.291-293  Estimates of  were obtained from  

= 21.2 eV – [EF – LKE], where EF is the Fermi energy of the sample and spectrometer 

(dashed line, right side of Fig. 3.3B). The addition of CdSe NPs or NRs decreases  relative 

to the HOPG substrate, consistent with addition of a strongly dipolar layer to the HOPG 

surface (positive end of the dipole pointed toward vacuum) as a result of electronic 

equilibration.293  For CdSe NP thin films, there is a substantial vacuum level shift (ca. 0.8 
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eV), whereas for the CdSe NR films the vacuum level shift relative to clean HOPG is 

smaller, but still produces a lower  (see Fig. 3.4A). These data suggest that the CdSe NPs 

and CdSe NRs are n-type semiconductors with a pre-contact work function lower than that 

of bare HOPG,293 with EF within ca. 0.3 eV (or less) of the estimated ECB.  The observation 

of a Fermi energy this close to the estimated ECB suggests that, in the upper region of the 

NP and NR films (the sampling depth is less than ca. 3 nm for 21.2 eV excitation), these 

materials are rich in electron-donating sites (defects) which is consistent with the XPS-

derived Se/Cd ratios that are below stoichiometric values for both the NPs and NRs (see 

XPS data in Appendix B).  The role that these defect states play in achieving electronic 

equilibrium with the HOPG substrate is under investigation. 

Addition of Au tips results in an EF closer to the middle of the band gap region, as 

expected if electron transfer from the CdSe NR to an intrinsically higher work function Au 

tip takes place. However, the direction of charge flow as the Au tip equilibrates with the 

NR is difficult to predict. As depicted in Appendix B, (Fig. A14), at an isolated Au/CdSe 

heterojunction, an increase or decrease in local vacuum level might occur, depending upon 

the pre-contact work function of the Au NP, which in these studies is not well understood.  

For clean (bulk) Au,   ≈ 5.1 eV (shown schematically in Figure 3.4A).291-292 In contrast, 

recent studies of work functions for Au NPs have shown that, for small particle diameters, 

the effective work function can be substantially lower, 302  which is consistent with our 

measurement of  = 3.6 eV for Au NP thin films (Fig. 3.4A).  If the work function of the 

Au NP is lower than that of the bare CdSe NR (4.1 eV), then electron transfer from the Au 

tip to the CdSe NR would occur upon equilibration.  This case is consistent with the 

measured shifts in EVB towards vacuum (Fig. 3.4A) that indicate that Au tipping increases 
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the electron density in the NR.  Furthermore, when considering the measured changes in 

EVB and , it important to note that the Au tips are small with respect to the overall length 

of the NR (see Figs. 3.1 and 3.2), and photoemission must be dominated by the upper 

surface of the CdSe core of the NR, well removed from the Au/CdSe heterojunctions at 

one or both termini.  Thus the measured Δ, averaged over the entire NR upper surface, is 

expected to be less than the local change at/near the Au/CdSe heterojunctions.  In summary, 

these Au-tipped NR films are significantly more complex assemblies than previously 

characterized planar heterojunctions, which are relatively uniform in composition; 

however, the changes in band edge energies that we observe are entirely consistent with 

those observed in our spectroelectrochemical studies (see below). 

Finally, we also considered whether the ligands (didodecylamine and 

didododecyldimethyl ammonium bromide) introduced during Au tipping of CdSe NRs, 

which are different from those used for CdSe NR synthesis, might be responsible for the 

measured changes in EVB.  A ligand exchange reaction was performed on CdSe NRs in 

conditions identical to the process to produce 2.6 nm Au tips, except the AuCl3 precursor 

was absent.  The resulting local vacuum level was 0.6 eV lower than that of HOPG, and 

EVB was -5.8 eV; i.e., the measured EVB and vacuum level shifts are within experimental 

error of the values measured for CdSe NRs not subjected to ligand exchange.  

 

3.2.3 Spectroelectrochemical characterization of heterostructured nanorods 

Potential-controlled, visible ATR spectroscopy was performed using ITO-coated 

glass as the planar waveguide and working electrode, to provide estimates of ECB for NR 

films.  Details of the instrumentation and procedures are given in Appendix B and in 
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previous publications.153, 303  Briefly, bare ITO electrodes were first treated with 1,8-

octanediphosphonic acid (OdiPA), prior to spin coating of NR solutions, to ensure robust 

tethering and sufficient coverage of NRs on these electrodes.  NR-modified ITO substrates 

were then soaked in ethanol for 1 hr before characterization experiments were performed.  

This step improved the electrochemical response, presumably by removing unbound 

ligands and promoting NR adhesion to the OdiPA modifier.  Deposition conditions were 

identified that produced uniform low coverages (from near-monolayer for CdSe NRs and 

Au2.6-CdSe NRs to 1-2 monolayers for Au5.6-CdSe NRs), as verified by FE-SEM (see 

Appendix B).  

ATR spectra of NR films immersed in 0.4 M LiClO4 in degassed acetonitrile were 

acquired as a function of the potential applied to the ITO with respect to an Ag/AgNO3 

pseudo-reference electrode.  As potential was stepped to more negative values, progressive 

bleaching of the NR absorbance features was observed. These bleaching events correlate 

with Faradaic (electron injection) processes that are detected without interference from 

background charging currents inherent in conventional electrochemical measurements.270, 

287, 304-305 For this reason, optical probes of electron injection into low surface coverage NR 

films are far superior to conventional electrochemical probes.153  For all three types of NR 

films, the wavelength maxima of the bleaching bands in the ATR difference spectra 

(presented below) correspond well with the positions of the major bands in the absorbance 

spectra of the dissolved NRs (see Appendix B - Section B.3).  Furthermore, the bleaching 

was ca. 100% reversible for all three types of NR films when the potential was stepped 

back to the pre-bleach value, provided that potentials more negative than   -1.20 V were 

not applied. When potentials more negative than -1.20 V were applied, the reversibility 
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was ca. 90-95% (see ATR difference spectra presented below).  Less than complete 

reversibility is attributed in part to irreversible reduction of ITO, which has an onset near -

1.2 V. 

 

3.2.3.1 Spectroelectrochemistry of CdSe NRs 

Representative ATR difference spectra of CdSe NRs on ITO, referenced to the 

spectrum measured at -0.45 V, are plotted in Figure 3.5A.  At potentials more negative than 

-0.75 V, a bleaching band appeared with max  680 nm.  At potentials negative of ca. -

1.00 V, this band broadened to higher energies with max closer to 670 nm.  A less intense 

bleaching band with max  555 nm also appeared at potentials more negative than -0.75 V 

and, similar to the lower energy band, it broadened at potentials negative of ca. -1.00 V.  

The presence of more than one optical transition in each of these bands can be attributed 

to compositional heterogeneity and/or energetic heterogeneity. The uniformity of the 

untipped NRs in the images in Figure 3.2 and in Appendix B suggests that energetic 

heterogeneity in otherwise uniform NRs, i.e. charge injection to different quantum 

confined states, as first observed by Guyot-Sionnest and coworkers for CdSe NCs,287 is the 

more likely explanation. 

To determine the number of absorbance transitions and their respective spectral 

profiles (peak wavelength, FWHM, and intensity), each difference spectrum in Figure 3.5A 

was fit with  Gaussian components (see example in Appendix B; Fig. B.12). This analysis 

showed that at potentials positive of ca. -1.15 V, the difference absorbance band in the 590-

730 nm region is composed of one band with max  680 nm whereas at potentials negative 

of ca. -1.15 V, a second band with max  651 nm is present.  Likewise, the difference 
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absorbance band in the 500-590 nm region was fit with a single Gaussian component with 

max  555 nm at potentials > ca. -1.15 V; at potentials < ca. -1.15 V, a second, minor 

component appeared with max  534 nm. 

 

Figure 3.5:  (A) A representative set of potential-controlled ATR difference spectra of 

CdSe NRs tethered to OdiPA-modified ITO. Spectra were acquired at intervals of 0.05 V 

from -0.50 V to -1.55 V and normalized to the spectrum acquired at -0.45 V.  The plotted 

spectra cover the range of -0.70 V to -1.55 V. Bleaching of absorbance bands at ca. 680, 

651, 555, and 534 nm was observed.  The black curve is the spectrum measured when the 

potential was stepped back to -0.50 V, which shows the degree of reversible bleaching.  

The wavelength maxima were obtained by fitting the difference spectra to a model 

composed of Gaussian bands (two bands at  -1.15 V; four bands at  -1.15 V; see example 

in Appendix B).  (B, C) Difference absorbance (normalized) plotted as a function of 

potential at 680 nm, 651 nm (B), and (C) 555 nm.  Solid lines are sigmoidal fits. The black 

dashed lines are extrapolations drawn to estimate the onset potentials for these transitions. 

The red dashed curves are first derivative plots of difference absorbance vs. potential at 

680 nm and 555 nm. 

 

These absorbance features of CdSe NRs, assumed to arise from 1D excitons, are 

assigned based on the work of Efros and coworkers.306  In Figures 3.5B and 3.5C, the 

difference absorbance at the max for the three major bands is plotted, along with sigmoidal 

fits to the data.  The apparent onset potential for bleaching at each max was obtained by 

extrapolating the slope of each sigmoidal curve to the asymptote corresponding to the 
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neutral CdSe NR film (dashed lines).  The bands at 680 nm and 555 nm begin to bleach at 

onset potentials of -0.77 ± 0.01 V and -0.80 ± 0.33 V (n=4), respectively, showing that 

these transitions are correlated.  We posit that bleaching of these bands is due to electron 

injection into the 1Σe level of the CdSe NR conduction band.  The onset potential for 

bleaching of the 651 nm band occurs at ca. -0.93 ± 0.05 V, and is assigned to electron 

injection into the 1Πe level of the CdSe NR conduction band. The difference between the 

onset potentials for the 680 nm and 651 nm bleaching transitions, 0.16 V, is the 1Σe - 1Πe 

intraband energy.307 

The mid-point potentials for bleaching of the 555 and 680 nm bands were obtained 

by computing the first derivative of the sigmoidal fits to the bleaching data. Figure 3.5B 

shows the plot for the 680 band; the dashed line assigns the mid-point potential for injection 

into the 1Σe level which is -0.93 ± 0.06 V.  The same mid-point potential, -0.92 ± 0.06 V, 

was obtained for the 555 nm band (Fig. 3.5C).  The mid-point potential could not be 

determined accurately for the 651 nm band because the bleaching was incomplete at -1.5 

V. 

To estimate the onset ECB for CdSe NR films, the onset reduction potential was 

corrected to the vacuum scale using a value of -4.48 eV vs. vacuum for the potential of the 

normal hydrogen electrode (NHE).286 The mid-point potential of the ferrocene/ferricenium 

(Fc/Fc+) redox couple used to calibrate the Ag/AgNO3 (0.01M) reference electrode was 

0.07 V.  The potential of Fc/Fc+ was taken to be 0.64 V vs. NHE,308 and ECB was therefore 

estimated from ECB = - (Ered + 5.05) eV, where Ered is the onset reduction potential vs. 

Ag/AgNO3, which was -0.77 V for the 680 nm bleaching band.  This treatment yielded an 

onset ECB of -4.28 ± 0.01 eV for the 1Σe level.  The onset EVB, -6.06 eV, was estimated by 
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subtracting the optical band gap (Eopt = 1.78 eV).  These band energies are plotted in Figure 

3.4B. 

 

3.2.3.2 Spectroelectrochemistry of Au-tipped CdSe NRs 

The spectroelectrochemical properties of Au-tipped CdSe NRs showed absorbance 

changes vs. potential over a broader potential range than for the untipped NRs.  Changes 

in absorbance of the Au2.6-CdSe NR films began as the potential was stepped negative of -

0.35 V; the ATR difference spectra plotted in Fig. 3.6A were therefore referenced to the 

spectrum measured at 0.0 V.  The spectra were fit with two Gaussian bands in the 600-700 

nm region, with max  682 nm and max  650 nm.  Bleaching also was observed at ca. 555 

nm but the signal-to-noise ratio (S/N) of the spectra was too low to permit quantitative 

analysis.  

In Figure 3.6B, the difference absorbance data at 681 nm and 650 nm show that 

bleaching occurred over a wider potential range vs. bare CdSe NRs, and the 681 nm plot 

could not be fit to a single sigmoidal function; it contains two nearly linear regions which 

is indicative of two distinct bleaching processes. Onset potentials for each region were 

therefore estimated by extrapolation to the asymptote corresponding to the neutral NR film, 

from which values of -0.48 ± 0.03 V and -1.06 ± 0.04 V (n=3) were obtained, denoted 

respectively as Ered2 and Ered1.  An onset potential of -1.32 ± 0.03 V (n=3) for 650 nm 

bleaching curve, which is assigned to the 1Πe transition, was also estimated by 

extrapolation to the asymptote corresponding to the neutral NR film. (Note: mid-point 

potentials for these transitions were not determined because the absorbance changes were 

incomplete at -1.5 V and/or the curves could not be fit to a single sigmoidal function.  This 
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was true for all Au-tipped NR samples.)  Two onset energies, denoted EIS and ECB, were 

estimated from Ered2 and Ered1 using the procedure described above, yielding values of -

4.57 ± 0.03 eV and -3.99 ± 0.04 eV, respectively (Fig. 3.4). ECB is assigned as the 

conduction band edge (1Σe transition) and EIS is posited to result from electron injection 

into MSI states (see below).241, 245, 301 Subtracting Eopt = 1.78 eV from ECB yielded -5.77 

eV for the onset EVB.  These band energies are plotted in Figure 3.4B.   

 

 

Figure 3.6: (A) A representative set of potential-controlled ATR difference spectra of 

Au2.6-CdSe NRs on OdiPA-modified ITO.  Spectra were acquired at intervals of 0.05 V 

over the range of 0.00 V to -1.55 V at intervals of 0.05 V and ratioed to the spectrum 

acquired at 0.00 V.  The plotted spectra cover the range of -0.50 V to -1.55 V.  For clarity 

of presentation, some spectra were offset to compensate for potential-dependent shifts in 

the background. Bleaching peaks were observed at ca. 682 and 650 nm. The black curve 

is the spectrum measured when the potential was stepped back to 0.00 V, which shows the 

degree of reversible bleaching.  The wavelength maxima were obtained by fitting the 

difference spectra to a model composed of Gaussian bands. (B) Difference absorbance 

(normalized) as a function of potential at 682 and 650 nm and plotted from the spectral 

data shown in (A).  The solid red and blue lines are drawn to aid the eye in connecting the 

data points. The black dashed lines are extrapolations drawn to estimate the onset potentials 

for the transitions. 
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Control experiments were performed to determine if changes in ligand structure 

and ligand coverage that may have occurred during the Au tipping reaction affected band 

energies, as was discussed above for UPS experiments.  A ligand exchange reaction was 

performed on CdSe NRs which was identical to the process used to introduce 2.6 nm Au 

tips, except the AuCl3 precursor was absent.  Bleaching of the 680 nm band was fit to a 

single sigmoidal function with an onset potential of -0.73 ± 0.01 V, consistent with the 

results measured for CdSe NRs that were not subjected to ligand exchange.  Therefore, the 

observation of two distinct bleaching processes cannot be attributed to changes in the NR 

as a result of ligand exchange. 

ATR difference spectra showing the bleaching of the Au5.6-CdSe NR films as a 

function of applied potential are presented in Figure 3.7A.  The behavior was qualitatively 

similar to that of the Au2.6-CdSe NR films, however, some important differences were 

observed:  a) The spectra in the 600-700 nm region were adequately fit with only one 

Gaussian band with max  686 nm.  Bleaching in the 550-560 nm region was too minor to 

accurately quantitate.  These differences are attributable to the bleaching depth and S/N of 

these spectra, both of which were less than that of the CdSe and Au2.6-CdSe NR films.  b) 

The difference absorbance data at 686 nm, plotted in Figure 3.7B, show that bleaching 

occurred over a wider potential range compared to both CdSe and Au2.6-CdSe NR films.  

Similar to the Au2.6-CdSe NR data, the curve contains two distinct regions indicative of 

two bleaching processes. Onset potentials for each region were estimated as described 

above, from which values of -0.39 ± 0.03 V and -1.25 ± 0.15 V (n=4) were obtained for 

Ered2 and Ered1, respectively.  In comparison to the Au2.6-CdSe NR results, the bleaching 

process denoted by Ered2 accounted for a noticeably larger fraction of the total bleaching.  
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c) Two onset energies, EIS and ECB, were estimated using the procedure described above, 

yielding values of  -4.66 ± 0.03 eV and -3.80 ± 0.15 eV that are assigned to MSI states and 

the conduction band edge (the 1Σe transition), respectively.  Subtracting Eopt =1.75 eV from 

ECB yielded -5.54 eV for the onset EVB level.  These band energies are plotted in Figure 

3.4B. 

 

Figure 3.7:  (A) A representative set of potential-controlled ATR difference spectra of 

Au5.6-CdSe NRs on OdiPA-modified ITO. Spectra were acquired at over a potential range 

of -0.05 V to -1.50 V at 0.05 V increments and ratioed to the spectrum acquired at 0.00 V.  

The plotted spectra cover the range of -0.45 V to -1.55 V.  For presentation, some spectra 

were offset to compensate for potential-dependent shifts in the background. Bleaching was 

observed with a peak wavelength of 686 nm.  The black curve is the spectrum measured 

when the potential was stepped back to -0.05 V, which shows the degree of reversible 

bleaching.  (B) Difference absorbance (normalized) as a function of potential at 686 nm 

and plotted from the spectral data shown in (A).  The solid red line was drawn to aid the 

eye in connecting the data points. The black dashed lines are extrapolations drawn to 

estimate the onset potentials for two bleaching processes. 

 

The assignment of the bleaching transitions shown in Figures 3.6 and 3.7 to electron 

injection into MSI states (EIS) and the conduction band edge (ECB) are consistent with the 

STS studies of Millo, Banin and coworkers.245, 260 Measurements made near the center of 
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Au-tipped rods produced tunneling spectra with an energy gap of ca. 2 eV, corresponding 

to the CdSe band gap region, flanked by numerous conduction and valence band states.  

Measurements made in the vicinity of a Au tip revealed the presence of MSI states within 

the energy gap, as well as single electron tunneling (SET) features corresponding to the 

Coulomb staircase characteristic of Au NPs.245, 309   Also relevant are the reports by Costi 

et al.241-242 which indicate that multiple electrons can be injected into a single Au-tipped 

NRs. Unlike STS, the spectroelectrochemical experiments described herein address 

ensembles of Au-tipped NRs. As the ITO electrode potential is scanned to more negative 

potentials (closer to vacuum), electrons are injected into an ensemble of electrochemically 

active states, including SET levels, MSI states, and CdSe conduction band states.  Injection 

into the SET and MSI levels will occur at less negative potentials, followed by injection 

into the CdSe conduction band at more negative potentials.245  (Note: this process requires 

electrochemical coupling between the Au NP tips and the ITO surface; further 

experimental evidence supporting Au-ITO coupling is provided by the potential 

modulated-ATR results presented in Appendix B).  Since injection into the SET levels of 

the Au tip is unlikely to cause bleaching of the NR absorbance, the SET features observed 

by STS are unlikely to be detectable by spectroelectrochemistry.  However if the MSI states 

are electronically coupled to the NR conduction band (i.e., tunneling occurs between MSI 

states and the conduction band),245, 309 then injection into the MSI states will contribute to 

bleaching of the lowest energy NR absorbance.  We therefore posit that bleaching 

transitions of Au-tipped NRs having an onset near -4.6 eV are due to charge injection into 

MSI states.   
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Comparing Figures 3.6B and 3.7B, it appears that the energy distribution of MSI 

states broadens as the size of the Au tip is increased from 2.6 nm to 5.6 nm, which is 

indicated by comparing ECB - EIS for Au2.6-CdSe NRs (0.58 V) and Au5.6-CdSe NRs 

(0.86 V).  In addition, the EIS bleaching process accounts for a considerably larger fraction 

of the total bleaching of Au5.6-CdSe NR absorbance relative to that of Au2.6-CdSe NR 

absorbance. These observations suggest that the introduction of the 5.6 nm tip creates a 

greater density of MSI states having a broader energy distribution.   

 

3.2.4 Comparison of UPS and spectroelectrochemical approaches for estimating 

energetics of heterostructured nanorods. 

To our knowledge, the data presented in Figure 3.4 represent the first attempt to 

correlate measurements of EVB, obtained from photoemission experiments, with 

measurements of ECB obtained from electrochemical or spectroelectrochemical 

measurements, for nanorod semiconductors. Both the UPS results and the 

spectroelectrochemcial results show that for untipped CdSe NRs, EVB = 5.9 - 6.1 eV and 

ECB = 4.1 - 4.3 eV.  Both approaches show that Au tipping of CdSe NRs produces 

significant changes:  a) EVB and ECB levels are shifted closer to vacuum, by about 0.3 eV 

for Au2.6-CdSe NRs and about 0.4-0.6 eV for Au5.6-CdSe NRs. b) Mid-gap electron 

injection processes (MSI states) are introduced, with spectroelectrochemically detected 

onset energies (EIS) near -4.6 eV. Apparently complementary states above EVB are detected 

in the photoemission experiments, and are also assigned as MSI states.  Local vacuum level 

shifts that might allow prediction of charge flow during electronic equilibration of the Au 

tip with the NR are quite small, although the EVB and ECB shifts suggest that this process 



120 

 

involves electron transfer from a lower work function Au NP into the CdSe NR (see 

Appendix B - Fig. B.14). 

The UPS and spectroelectrochemical determinations of EVB/ECB are in good 

agreement despite significant differences between the physical basis of these methods and 

their sampling geometries: a) Photoemission is detected from the uppermost 1-3 nm of the 

NR film.272, 291-293 Since the NR diameter is ca. 9 nm, the measured EVB energies, and the 

shifts in EF relative to EVB/ECB due to charge exchange between the Au tip and the CdSe 

NR, primarily reflect the properties of the upper third of the horizontally arranged NRs on 

the HOPG substrate. In the waveguide ATR geometry, the entire NR film thickness is 

optically interrogated because the penetration depth of the evanescent field310 is much 

greater than the rod diameter. When the waveguide is used as a working electrode, the 

electroactive portion of the film is optically interrogated; thus the shifts in ECB and the 

introduction of MSI states below ECB due to Au tipping reflect energetic changes in NRs 

that are electrochemically coupled to the ITO electrode.  b) UPS measurements are made 

in vacuum, whereas spectroelectrochemistry is performed in relatively high concentrations 

of electrolytes, and both the solvent and the electrolyte may significantly affect the 

measured ECB.  For example, Boehme et al.270 recently showed that that differences in the 

size of the supporting electrolyte cation can produce shifts in the electrochemically 

determined ECB of CdSe NPs of up to 0.5 eV.  c) UPS measurements are corrected for local 

shifts in the vacuum level that can be attributed to a change in the local dipole in the 

photoemission sampling region, averaged over the length of the NR.272, 291-293 

Spectroelectrochemical data are not corrected for local vacuum shifts; it is assumed that 

the working and reference electrodes are at the same local vacuum level and that any local 
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dipolar fields are compensated in high ionic strength electrolyte environments. d) Previous 

studies have indicated that Au tipping allows for accumulation of multiple negative charges 

on a single NR,241-242 and the charge capacity per NR should increase as the size of the Au 

tip increases. We hypothesize that as the potential of the ITO electrode is scanned negative 

(toward vacuum), filling the lower energy SET and MSI levels in an Au-tipped NR, 

Coulombic repulsion makes it thermodynamically less favorable for additional electron 

injection. A larger overpotential may therefore be required for injection into the conduction 

band, which will be manifested as an apparent shift in ECB closer to vacuum. In summary, 

although the trends in EVB/ECB values measured for a series of NRs using UPS and 

spectrolectrochemistry are expected to be similar, the significant differences in these 

approaches make it possible that the respective EVB/ECB values will differ systematically.  

Band edge energies of semiconductor NCs, especially heterostructured nanomaterials, 

should therefore be characterized utilizing more than one measurement approach.   

 

3.3 Conclusions 

The band edge energies of heterostructured NRs directly affect the efficiency of 

these materials as catalysts for photoelectrochemical charge transfer reactions, e.g. the 

formation of H2 from protic solvents; thus it is clear that ECB and EVB must be characterized 

quantitatively as a function of NR structure and composition, ligand composition, 

solvent/electrolyte system, etc. To our knowledge, the UPS and spectroelectrochemical 

data described herein provide the first quantitative description of the effects of Au NP 

addition to CdSe NRs on ECB and EVB, referenced to the vacuum scale. The results provide 

considerable insight into the electronic structure of these heterostructured nanomaterials. 
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UPS with improved background correction procedures provides better estimates of EVB 

and local vacuum shifts as a function of NR composition and structure, and waveguide 

spectroelectrochemistry provides the sensitivity required to measure ECB of submonolayer 

NR films. For untipped CdSe NRs, both approaches show EVB = 6.0±0.1 eV and ECB = 

4.2±0.1 eV.  Upon Au tipping, shifts in the local vacuum level and in EVB toward vacuum 

were observed by UPS, as well as the introduction of mid-gap states. The 

spectroelectrochemical results show shifts in ECB upon Au tipping, similar to the UPS 

results; they also reveal that MSI states are generated and indicate that their energy 

distribution is dependent on the size of the Au NP. The combination of UPS and 

spectroelectrochemical methods is a powerful approach for studying of structure-property 

relationships of heterostructured NRs, and can be applied to a wide variety of other types 

of nanomaterial-based catalysts for photoelectrochemical reactions. 

 

3.4 Materials and Methods 

3.4.1 NC Synthesis: Materials and Instrumentation 

All chemicals were used as purchased. Anhydrous 1,2-dichlorobenzene (DCB) 

(99.9%), 1-octadecene (ODE) (90%), toluene (99.5%), cadmium (II) oxide (99.5%), 

selenium (99.999%), didodecyldimethyl ammonium bromide (DDAB) (98%), 

dodecylamine (DDA) (98%), and gold (III) chloride trihydrate (99.9%) were purchased 

from Aldrich. Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine oxide (TOPO) 

(99%), trioctylphosphine (TOP) (90%), trioctylphosphine (TOP) (97%), and 

hexylphosphonic acid (HPA) (97%) were purchased from Strem. Absolute ethanol was 

commercially available from Pharmco-Aaper and used as received. An Omega temperature 
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controller CSC32K with a K-type utility thermocouple and a Glas-Col fabric heating 

mantle were used for CdSe NP synthesis, CdSe NR synthesis, and Au-CdSe NR synthesis. 

All centrifugation was performed in 50 mL centrifuge tubes using a rotor with a radius of 

11 cm. TEM images were obtained on a Tecnai G2 Spirit transmission electron microscope 

at 80 kV, using carbon-coated copper grids (Cu, square, 200 mesh) purchased from 

Electron Microscopy Sciences. Image analysis was performed using ImageJ software 

(Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007). TGA 

analysis was carried out using a TGA Q50 (TA Instruments) instrument and software from 

TA Instruments. UV-Vis spectra were obtained using a Model 440 UV-Vis 

Spectrophotometer (S.I. Photonics). Fluorescence measurements were obtained using a 

FL3-11 Fluorolog®-3 Spectrofluorometer (Jobin Yvon-Spex Instruments SA). 

 

3.4.2 CdSe NP Synthesis 

3.4.2.1 Preparation of TOP=Se Stock Solution for CdSe NPs 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was 

added 1.34 g (1.70 x 10-2 mol) of elemental Se. The vial was sealed with a rubber septum, 

pumped to a vacuum for 10 minutes, and subsequently backfilled with Ar. The evacuating 

and backfilling process was repeated two times. TOP (97%, 10.0 mL, 8.31 g, 2.24 x 10-2 

mol) was then injected under argon and the mixture was stirred/sonicated until clear and 

homogeneous. 
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3.4.2.2 Synthesis of CdSe NPs on a 600 mg scale (relative to CdO) 

The synthesis of CdSe NPs was adapted from the literature.46 To a 250 mL three-

neck-round bottom flask equipped with a reflux condenser and 1” glass coated stirbar, 

TOPO (30.0 g, 7.76 x 10-2 mol), ODPA (2.80 g, 8.37 x 10-3 mol) and CdO (0.600 g, 4.67 

x 10-3 mol) were added. The contents of the flask were then heated to 150 oC in vacuo for 

30 minutes with continuous stirring (300 RPM) using a heating mantle and temperature 

probe to remove any adventitious moisture and air from the vessel. The red, heterogeneous 

mixture was subsequently heated to 300 oC under Ar to dissolve the CdO until an optically 

clear and colorless solution had formed. At this point, TOP (90%, 18.0 mL, 15.0 g, 4.05 x 

10-2 mol) was injected into the flask and the temperature was then allowed to recover to 

380 oC. Upon reaching 380 oC, the heating mantle was removed and the temperature was 

allowed to decrease to 370 oC. At 370 oC, the TOP=Se stock solution was injected (4.0 mL; 

described above). After 13 seconds, 40 mL of ODE was injected into the flask over 10 

seconds in order to facilitate rapid cooling. Room temperature toluene (20 mL) was 

injected into the flask upon cooling to 110 oC to prevent solidification of the low melting 

point solid in the reaction mixture (TOPO). The red, homogeneous product was then 

purified as described below. 

Purification involved three centrifugation steps using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between six centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 9000 rpm for 7 minutes, 

which yielded yellow tinted supernatants and red-orange pellets. The supernatants were 

then decanted and the pellets were dispersed in 20 mL of toluene before addition of 25 mL 
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of ethanol to each. The mixture was then subjected to centrifugation at 9000 rpm for 7 

minutes, which yielded clear supernatants and red-orange pellets. The supernatants were 

then decanted and the pellets were dispersed a final time in 20 mL of toluene before 

addition of 25 mL of ethanol to each. The mixture was then subjected to centrifugation at 

9000 rpm for 7 minutes, which yielded clear supernatants and red-orange pellets. After the 

final centrifugation step, the red-orange pellets were dried in vacuo at 55 oC overnight to 

yield 1.274 g (59.23 wt-% organics by TGA) of a red-orange solid. UV-vis spectroscopy 

indicated that the CdSe NPs exhibited an average diameter of 2.5 nm (λmax = 512 nm) as 

indicated by the low energy absorbance peak method of Peng et al.311  

 

3.4.3 CdSe NR Synthesis 

3.4.3.1 Preparation of TOP=Se stock solution for 40.1x9.6 nm CdSe NRs 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was 

added 62.6 mg CdSe NPs (2.5 nm; 59.23 wt-% organic content by TGA) and 0.820 g (1.04 

x 10-2 mol) elemental Se. The vial was sealed with a rubber septum, pumped to vacuum for 

10 minutes, and subsequently backfilled with Ar. The evacuating and backfilling process was 

repeated two additional times. TOP (97%, 10.0 mL, 8.31 g, 2.24 x 10-2 mol) was then injected 

under argon and the mixture was stirred/sonicated until clear and homogeneous. 

 

3.4.3.2 Synthesis of 40.1x9.6 nm CdSe NRs 

The synthesis of CdSe NRs was adapted from the literature.46 To a 100 mL three-

neck-round bottom flask equipped with a reflux condenser and 1” glass coated stirbar, 
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TOPO (15.0 g, 3.88 x 10-2 mol), ODPA (1.45 g, 4.34 x 10-3 mol), HPA (1.60 g, 9.63 x 10-

3 mol), and CdO (0.750 g, 5.84 x 10-3 mol) were added. The contents of the flask were then 

heated to 150 oC in vacuo for 30 minutes with continuous stirring (300 rpm) using a heating 

mantle and temperature probe to remove any adventitious moisture and air. The red, 

heterogeneous mixture was subsequently heated to 300 oC under Ar to dissolve the CdO 

until an optically clear and colorless solution formed. At this point, TOP (97%, 9.0 mL, 7.5 

g, 2.0 x 10-2 mol) was injected into the flask and the temperature was allowed to recover to 

370 oC. The temperature was held at 370 oC for 30 minutes prior to injection of the stock 

solution; for the first 20 minutes, the vessel was wrapped in aluminum foil, and for the final 

10 minutes prior to injection, the vessel was wrapped in cotton in order to facilitate quick 

temperature recovery after stock solution injection. The CdSe NP/TOP=Se stock solution 

(9.0 mL; described above) was then quickly injected into the flask and the nanocrystals 

were allowed to grow for 3 minutes before the heating mantle and cotton wrap were 

removed. Toluene (10 mL) was injected into the flask after cooling to 110 oC in order to 

prevent solidification of the low melting point solid in the reaction mixture (TOPO). The 

homogeneous red-brown dispersion was then purified as described below. 

Purification involved three centrifugation steps using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between four centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 7000 rpm for 5 minutes, 

which yielded clear and colorless supernatants and red-brown pellets. The supernatants 

were then decanted and the pellets dispersed in 20 mL of toluene before addition of 25 mL 

of ethanol to each. The mixture was then subjected to centrifugation at 7000 rpm for 5 
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minutes, which yielded clear and colorless supernatants and red-brown pellets. The 

supernatants were then decanted and the pellets dispersed in 10 mL of toluene before 

addition of 35 mL of ethanol to each. The mixture was then subjected to centrifugation at 

7000 rpm for 5 minutes, which yielded red-brown tinted supernatants and red-brown 

pellets. After this final centrifugation step, the red-brown pellets were dried in vacuo at 55 

oC overnight to yield 1.097 g (8.15 wt-% organics by TGA) of a red-brown solid. CdSe 

NRs were imaged by TEM (Fig. A1) and sized using ImageJ software (L = 40.1 ± 4.1 nm; 

D = 9.6 ± 1.2 nm). 

 

3.4.4 Au2.6CdSe NR Synthesis 

3.4.4.1 Preparation of CdSe stock solution (Au tip diameter = 2.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was 

added 60.0 mg of CdSe NRs (40.1 x 9.6 nm; 8.15 wt% organic content by TGA). Toluene 

(10.0 mL) was then added to the vial to afford a dark red-brown mixture, which was 

stirred/sonicated until a homogeneous dispersion was obtained. 

 

3.4.4.2 Preparation of gold stock solution (Au tip diameter = 2.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was 

added gold (III) chloride trihydrate (0.0063 g, 1.6 x 10-5 mol) as the gold precursor, DDAB 

(0.050 g, 1.1 x 10-4 mol) as a surfactant for the gold salt, and DDA (0.088 g, 4.7 x 10-4 mol) 

as the reducing agent. Toluene (10.0 mL) was then added to the vial to afford a dark orange-



128 

 

yellow heterogeneous mixture, and the vial was sealed followed by 5 minutes of sonication, 

which yielded a light yellow homogeneous solution.  

3.4.4.3 Synthesis of Au-CdSe NRs (Au tip diameter = 2.6 nm) 

The synthesis of Au-CdSe NRs was adapted from the literature.15 A 100 mL three-

neck-round bottom flask equipped with a 1” glass coated stirbar and a temperature probe 

was evacuated for 30 minutes, followed by backfilling with Ar. The CdSe NR stock 

solution (9.0 mL; described above) was then injected into the flask, after which it was 

diluted by addition of toluene (36.0 mL). At this point, the gold stock solution (9.0 mL; 

described above) was injected into the flask over 3 minutes with continuous stirring (300 

rpm) at room temperature (25o C). The homogeneous red-brown dispersion was then 

immediately purified as described below. 

Purification involved one centrifugation step using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between four centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 7000 rpm for 7 minutes 

which yielded clear and colorless supernatants and red-brown pellets. The supernatants 

were then decanted and the pellets dispersed in 10 mL of DCB. It was noted that the Au-

CdSe NRs settled out of solution at a much faster rate than the unmodified rods in similar 

solvents. At this point, 0.5 mL of the red-brown dispersion was dried in vacuo at 55 oC for 

24 hours in a vial of known mass. This allowed for calculation of the concentration of the 

dispersion and overall yield, and also provided a powder sample that was utilized for 

characterization requiring a powder (TGA). For the Au-CdSe NR synthesis reaction 

described, a typical yield of 57.0 mg (25.52 wt-% organics by TGA) was obtained.  Au-
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CdSe NRs were imaged by TEM (see example in Fig. B.2) from which the degree of Au 

tipping was found to be highly uniform, with a Au NP diameter of 2.6 nm ± 0.5 nm (n=100).  

From a total number of 412 rods that were counted, 76% were functionalized with at least 

one discernible Au NP tip and 24% of the rods were unmodified.  These nanorods are 

denoted Au2.6-CdSe NRs. 

 

3.4.5 Au5.6CdSe NR Synthesis 

 

3.4.5.1 Preparation of CdSe stock solution (Au tip diameter = 5.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was added 

18.4 mg of CdSe NRs (40.1 x 9.6 nm; 8.15 wt% organic content by TGA). Toluene (10.0 

mL) was then added to the vial to afford a dark red-brown mixture, which was 

stirred/sonicated until a homogeneous dispersion was obtained.  

 

3.4.5.2 Preparation of gold stock solution (Au tip diameter = 5.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stirbar was 

added gold (III) chloride trihydrate (0.0073 g, 1.9 x 10-5 mol) as the gold precursor, DDAB 

(0.050 g, 1.1 x 10-4 mol) as a surfactant for the gold salt, and DDA (0.089 g, 4.8 x 10-4 mol) 

as the reducing agent. Toluene (10.0 mL) was then added to the vial to afford a dark orange-

yellow heterogeneous mixture, and the vial was sealed followed by 5 minutes of sonication, 

which yielded a light yellow homogeneous solution.  
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3.4.5.3 Synthesis of Au-CdSe NRs (Au-tip diameter = 5.6 nm) 

The synthesis of Au-CdSe NRs was adapted from the literature.15 A 100 mL three-

neck-round bottom flask equipped with a 1” glass coated stirbar and a temperature probe 

was evacuated for 30 minutes, followed by backfilling with Ar. The CdSe NR stock 

solution (10.0 mL; described above) was then injected into the flask, after which it was 

diluted by addition of toluene (30.0 mL). At this point, the gold stock solution (8.0 mL; 

described above) was injected into the flask over 3 minutes with continuous stirring (300 

rpm) at room temperature (25 oC). The homogeneous red-brown dispersion was then 

immediately purified in the same manner as previously described for the Au2.6-CdSe NRs.  

A typical yield of 25.4 mg (19.02 wt-% organics by TGA) was obtained.  Au-CdSe NRs 

were imaged by TEM (see example in Fig. B.3), from which Au deposition on the termini 

as well as the lateral facets of the NRs was observed, with a Au NP diameter of 5.6 nm ± 

0.9 nm (n=100). From a total number of 234 rods that were counted, 100.0% were 

functionalized with at least one discernible Au NP tip and 0% of the rods were unmodified.  

These nanorods are denoted Au5.6-CdSe NRs. 

 

3.4.6 NC film preparation and characterization methods 

Further information on UV-vis, fluorescence, and TGA analysis of NCs, UPS and 

XPS procedures and data analysis of NR films, and spectroelectrochemical ATR and 

potential modulated-ATR procedures and data analysis of NR films are presented in 

Appendix B.  
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CHAPTER 4. Band Alignment Modulation in CdSe@CdS Tetrapods 

Type I vs Quasi-Type II Modulation in CdSe@CdS Tetrapods: 

Ramifications for Noble Metal Tipping 

With contributions from Jeffrey T. Dubose (synthetic support), Yawei Liu (ultrafast 

spectroscopy characterization), Xing Huang (HRTEM, HAADF-STEM, and EDX 

Mapping), Nicola Pinna (HRTEM and coauthor), Marc-George Willinger (support for 

Xing Huang and coauthor), Tianquan Lian (support for Yawei Liu and coauthor), 

Kookheon Char (coauthor), and Jeffrey Pyun (coauthor and PI) 

 

Reproduced with permission from reference 136. 

 

4.1 Introduction 

Colloidal core@shell tetrapod and nanorod heterostructures are promising 

nanomaterials for optoelectronics, mechanical sensing, self-assembly, and have also been 

studied for their catalytic properties.21, 76-77, 87-88, 123-124, 126, 129-130, 312-317 These 

heterostructured semiconductors are composed of a CdSe nanocrystal that is employed as 

the seed for the nucleation of a wurtzite (WZ) CdS continuous phase. The final morphology 

of the heterostructured nanocrystal is dependent upon the crystal structure of the central 

CdSe seed, with wurtzite CdSe resulting in nanorods (NRs), and the less stable zincblende 

(ZB) CdSe resulting in tetrapods (TPs).45, 109, 318-320 Among these II-VI semiconductor 

heterostructures, nanorod systems have been studied extensively for directed charge 

transfer, where metallic nanoparticles deposited on the surface of the heterostructure serve 

as energetic sinks for photoexcited electrons.2, 18, 20, 27-28, 49, 58, 67, 83, 138, 160, 321-322 
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Asymmetrically metal-tipped semiconductor nanocrystals (NCs) were pioneered by Banin 

et al., where the seminal NR systems were terminally tipped with either Au or Pt 

nanoparticles.13, 15, 22, 35 More recently, CdSe seeded CdS (CdSe@CdS) TPs with noble 

metal NP tips have been developed, in particular with high selectivity to enable 

photodeposition of a single AuNP tip on the end of one arm of each tetrapod. 89-90 

An attractive feature that has been exploited for CdSe@CdS NRs is the ability to 

modulate the energetics of the heterostructure junctions from type I (with lowest energy 

holes and electrons localized in the CdSe core) to quasi-type II (with the lowest energy 

holes localized in the CdSe core and lowest energy electrons delocalized across the 

CdSe/CdS components) by variation of the wurtzite CdSe NC seed size.46, 112-114, 116-118, 216, 

323 This phenomenon has been extensively investigated and revealed that control of the WZ 

CdSe NC near the 2.8 nm size regime (effective diameter) was the critical size range to 

access the transition from type I to quasi-type II energetics.113, 115 These energetics of the 

CdSe@CdS NR have been shown to profoundly affect the noble metal tipping process, 

where quasi-type II systems are more reactive toward metal deposition due to more 

efficient charge dissociation. 

While these effects have been extensively observed in CdSe@CdS NRs, similar 

energetic modulation has not been achieved in CdSe@CdS TPs materials, particularly for 

noble metal tipped heterostructured TPs. Notable exceptions include the seminal work of 

Talapin and Chan that reported on the synthesis and spectroscopic characterization of 

CdSe@CdS TPs with 4.0 nm zincblende CdSe NC seeds.87, 133 These elegant studies 

pointed to the possibility of modulating energetics of CdSe@CdS TPs by variation of ZB 

CdSe NC size from 2-6 nm. However, full energetic mapping of the type I/quasi-type II 
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energetic transition by variation of ZB CdSe seed size has not been conducted, primarily, 

due to synthetic challenges to prepare well-defined ZB CdSe NCs below 4 nm in size. 

Synthetic access to quasi-type II CdSe@CdS TPs would be desirable, as these have not 

been utilized for metal tipping processes and would be expected to be more reactive due to 

the enhanced charge dissociation of excitons, affording more electrons for noble metal 

reduction. In our earlier example for selective photodeposition of a single AuNP onto 

CdSe@CdS TPs, larger 6 nm ZB CdSe seeds were used, which presumably possessed type 

I band edge offsets, requiring long reaction times (~ 1 hr) and being limited to small 

synthetic scale (8 mg Au-CdSe@CdS TP).89-90 

Herein, we report on the large scale synthesis of Janus-type Au-tipped tetrapod 

nanocrystals (Au-CdSe@CdS TPs), enabled by the modulation of tetrapod heterostructure 

energetics across type I and quasi-type II band alignments. This was achieved through new 

methods for the scalable synthesis of high quality ZB CdSe NCs across the 2-8 nm size 

range, which were then utilized in an optimized tetrapod synthesis to prepare a series of 

heterostructured tetrapod NCs with near identical external dimensions (~ 35 nm arm 

lengths) but disparate ZB CdSe core-sizes (2.0 nm, 2.8 nm, 3.7 nm, 6.2 nm). The high level 

of control over tetrapod dimensions enabled by this method allowed for the seed-size 

dependent effects on charge separation in the heterostructure to be exclusively probed 

through a photoinduced AuNP deposition reaction.  This particular system is the first 

example of a chemical reactivity manifestation for the effect of CdSe seed sizes on 

heterostructured TP energetics.  The use of a chemical reactivity method for qualitatively 

probing seed size effects on TP energetics is useful, particularly as CdSe seed reduction 

approaches 2 nm, where the optical density of the CdSe seed relative to the CdS phase is 
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greatly diminished.  Profoundly enhanced rates of AuNP photodeposition onto CdSe@CdS 

TP as a function of using small CdSe NC seeds (D < 4 nm) were observed, which was 

attributed to the onset of quasi-type II energetics in CdSe@CdS TPs.  Conversely, by using 

these more reactive TPs, the synthesis of Janus nanoparticles composed of AuNP-tipped 

CdSe@CdS Au-TPs on very large scale for these types of materials (2.5 g), was conducted 

using only ambient solar irradiation for rapid and selective AuNP photodeposition. 

 

4.2 Results and Discussion 

The general strategy that enabled the large scale synthesis of Au-CdSe@CdS 

tetrapods was comprised of a three step “colloidal total synthesis”9-10, 46 of the following:  

(1) development of new synthetic methods to prepare well-defined zincblende CdSe seed 

nanocrystals in the size range from 2-8 nm, (2) a comprehensive synthetic approach to 

utilize these ZB CdSe NCs (particularly of ultrasmall sizes below 3 nm) to prepare well-

defined CdSe@CdS tetrapods with tunable energetics between type I vs quasi-type II 

junctions, and (3) the design and use of quasi-type II heterojunctioned CdSe@CdS TPs 

synthesized from ultrasmall seeds to accelerate the kinetics of the selective photodeposition 

of a single AuNP tip (D ~ 7 nm) per tetrapod.  Insights from these new advances enable 

for the first time the multi-gram synthesis of singly tipped Au-CdSe@CdS TPs using 

sunlight as the only irradiation source for photodeposition (which occurred in under 90 

sec). 
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4.2.1 Preparation and Characterization of Well Defined Zincblende CdSe 

Nanocrystals of Tunable Size (1.8 – 8.0 nm) 

While the preparation of well-defined wurtzite CdSe nanocrystals have been 

successful over a wide range of particle sizes (~ 2 - 6 nm) by simple variation of reaction 

time for standard hot injection approaches,46, 322 similar approaches cannot be readily 

applied to prepare ZB CdSe NCs due to the reduced stability of the zincblende phase, 

particularly for smaller NCs (D < 3.0 nm). The methods of Hens provided access to ZB 

CdSe NCs of varying seed sizes (2.2-4.9 nm) in yields suitable for optical studies,324 but 

while variables affecting size were identified (reaction time, temperature, precursor 

reactivity), detailed methods for tuning size and large scale synthesis were not extensively 

discussed. In a global sense, the synthesis of ZB CdSe NCs as precursors for tetrapod 

heterostructures has been limited to certain sizes (D ~ 4.0 - 6.0 nm), most notably using the 

elegant methods of Talapin and Cao.87, 325 In these seminal reports, the ability to control 

the size of ZB CdSe NCs are alluded to, but not explicitly demonstrated on large scale, 

particularly for much smaller ZB CdSe NCs for use as seeds in CdSe@CdS TP synthesis. 

These issues limit the ability to control the energetics of heterostructured CdSe@CdS TPs, 

particularly toward the design of quasi-type II band edge offsets that required ZB CdSe 

seeds of much smaller sizes (quasi-type II systems for CdSe@CdS nanorods required 

wurtzite seed sizes below 3.0 nm).115 

Consequently, as the first step of the colloidal total synthesis, ZB CdSe seed 

syntheses were developed using modified methods from Cao, Talapin, Hens, and our own 

previous work to allow for the preparation of well-defined NCs ranging in effective 

diameters from 2-8 nm.   Synthetic methods were investigated to afford materials on much 
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larger scales (~ 200-500 mg) than previously demonstrated for ZB CdSe.87, 89-90, 324-325 Due 

to the reduced phase stability of ZB CdSe at smaller particle sizes, the use of four different 

procedures for preparing ZB CdSe NCs of varying sizes were required, each using different 

formulations of cadmium and selenium precursors, along with ligand mixtures. For large 

particle sizes (5.5-8.0 nm), methods based off of our previously published work for 6 nm 

ZB CdSe NCs were utilized where near stoichiometric amounts of unpassivated selenium 

(selenium-octadecene suspension) and cadmium acetylacetonate precursor were reacted 

through hot injection methods in the presence of stabilizing ligands to generate ZB CdSe 

NCs (Scheme 4.1D).102,136 In this synthetic approach, oleic acid was utilized as a weakly 

binding ligand, and annealing at 275 ºC for 20-60 minutes resulted in ZB CdSe nanocubes 

of 5.5-8.0 nm size.  For ZB CdSe NCs with diameters between 2.8-5.5 nm, the injection-

free methods of Talapin and Cao were modified, wherein a selenium-octadecene 

suspension was reacted with excess cadmium myristate synthesized in situ at 240oC 

(Scheme 4.1B,C) 89,148 

From this method, to access ZB CdSe NCs with sizes between 2.8-4.4 nm, 

conditions of constant selenium concentration (72.4 mM) and variable reaction time (100-

3600 seconds) were utilized (Scheme 4.1B). For larger particle sizes (ie., 4.4-5.8 nm), a 20 

hour annealing step at 240 ºC was used to prepare uniform NCs of predominantly cubic 

crystal habit, with particle size control being afforded through variation of selenium 

concentration (18.4 – 72.2 mM). Additionally, by using a strongly binding amine ligand, 

particle aggregation was mitigated despite elongated reaction times.  Access to ZB CdSe 

NCs in the ultrasmall size regime (1.8-2.4 nm) was achieved through modifications to the 

approaches of Hens (Scheme 4.1A), where short-reaction times, more reactive Se precursor 
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species, and excess strong binding amine ligand were used to synthesize and stabilize the 

nanocrystals.324 While Hens reported using a constant reaction time of 5 seconds to prepare 

very small ZB CdSe NCs, size control in their studies depended upon variation of reaction 

temperature (170-230 ºC) as well as reaction quench rates through injection of different 

solvents (ODE, toluene, heptane, hexane). For our purposes, we found this resulted in poor 

isolated yields at sizes below 2.5 nm (< 10 mg), and was challenging to utilize for the 

preparation of sub-2.5 nm CdSe NCs. By maintaining a constant reaction temperature (170 

oC), and using reaction time as the sole handle for particle size (10-600 seconds), we found 

that the yield was improved dramatically (up to 275 mg isolated yield, from 250 mg 

cadmium precursor and 600 mg Se precursor) while allowing for highly reproducible size 

control in the regime of 1.8 - 2.4 nm. It should be noted that larger ZB CdSe NCs (D ~ 3 - 

8 nm) maintained excellent colloidal stability during preparation and isolation steps. 

Conversely, very small CdSe NCs (D < 3 nm) showed significant shifts/broadening of the 

low energy absorption transitions in solution after subjugation to our imposed isolation 

techniques, presumably due to partial corrosion induced from excess ligands and 

perturbations incurred from centrifugation (irreversible aggregation).  To circumvent this, 

modified conditions designed to remove excess Cd/Se species while maintaining 

dispersion of ultrasmall ZB CdSe NCs were needed. In this case, a high boiling point non-

coordinating solvent containing a small amount of carboxylic acid ligand (ODE/OLAC) 

was added to the nanocrystal pellet after each purification step (see Appendix C). Upon 

storage in an argon-filled glove box, particles purified via these methods exhibited no 

absorption broadening or variations in reactivity over the course of multiple months. 
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Scheme 4.1. Schematic showing the constant and key tunable parameters utilized (A) to 

access 1.8-2.4 nm zincblende CdSe NCs, (B) to access 2.8 -4.4 nm zincblende CdSe NCs, 

(C) to access 4.4 – 5.8 nm zincblende CdSe NCs, and (D) to access 5.5-8.0 nm zincblende 

CdSe NCs. 

 

Transmission electron microscopy (TEM) studies of the ZB CdSe seeds 

synthesized was conducted to confirm uniformity of particle size, morphology, and 

crystallinity (Figure 4.1). Bright field TEM confirmed the ability to prepare well-defined 

nanocrystals ranging from 2-8 nm (with size deviations below 10 %), where larger 5.5-8.0 

nm nanocrystals were observed to adopt more cubic morphologies, while smaller particles 

exhibited more spherical morphology.  Electron diffraction patterns of CdSe NCs were 

observed to exhibit prominent (111), (220), and (311) reflections characteristic of ZB CdSe 

(See Appendix C - Figure C.11).   It should be noted that while electron diffraction mapping 
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was performed for CdSe NPs below 2.5 nm in size, broad reflections owing to the small 

size of the nanocrystals were observed. Nonetheless, the complete absence of WZ CdSe 

(002), (110), and (112) reflections for all of these samples (D = 2.8 - 6.2 nm) confirmed 

the phase purity of the NCs to be ZB CdSe despite variation of the synthetic methods used 

to prepare these materials.  Optical absorption and emission spectra in solution for each of 

the seed sizes synthesized (Figure 4.2A) exhibited a progressive red shift in the absorption 

and emission bands observed with increasing NC size. It should be noted that in addition 

to the expected Stokes shifted emission for the 2.0 nm sample at 485 nm, a significant 

broad low energy emission tail is also observed, which was attributed to surface-trap state 

emission.204 From these samples and optical measurements, a familiar exponential 

relationship of increasing optical band gap with decreasing NC particle size was observed 

over the particle size range from 2-8 nm (Figure 4.2B).  The ability to reproducibly and 

precisely control the size of ZB CdSe NCs was the critical first step in the synthesis of 

CdSe@CdS TP with controlled energetics.  
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Figure 4.1. High Resolution TEM images of zincblende CdSe NCs with an effective 

diameter of (A) 2.0 nm, (B) 2.8 nm, (C) 3.7 nm, and (D) 6.2 nm. 

 

Figure 4.2. (A) Absorption (solid line) and emission (dashed line) spectra of zincblende 

CdSe NCs with effective diameters of 2.0 nm, 2.8 nm, 3.7 nm, and 6.2 nm. (B) Sizing curve 

of zincblende CdSe NCs synthesized herein, with band-gap energies determined from the 

low-energy absorption maxima, and sizes determined manually from TEM analysis. (n = 

100 per sample; see SI for detailed sizing data and absorption spectra for all samples) 
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4.2.2 Preparation and Characterization of Uniform CdSe@CdS Tetrapods with 

Disparate Energetics 

A major challenge for the synthesis of monodisperse CdSe@CdS tetrapods was the 

strict need for ZB CdSe NCs to maintain their crystallographic phase purity both prior to, 

and during, wurtzite CdS arm growth, which becomes increasingly challenging with 

decreasing particle size.22, 35, 89-90, 133 A major technical challenge that remained in the 

preparation of CdSe@CdS TPs was the ability to fully map the transition between type I 

vs. quasi-type II energetics by preparing uniform model tetrapods where only the size of 

the ZB CdSe was systematically varied from 2 - 6 nm.  This synthetic target has been 

historically challenging since ZB CdSe has been shown to partially convert to the more 

stable wurtzite phase with temperature or time, which raised concerns about the use of 

these crystals as precursors to tetrapod heterostructures, especially at ultrasmall sizes. In 

addition to maintaining high phase purity of ZB CdSe QDs across the size regime studied, 

it was vital for synthesized tetrapods to be of highly uniform dimensions and morphology. 

Talapin et al. experimentally verified that tetrapods with longer arm lengths exhibited 

better spatial connectivity, improved charge transport, and the potential for multiple 

exciton generation (MEG) before optical bleaching.123 Additionally, we have previously 

demonstrated varying degrees of charge separation in CdSe@CdS nanorods of differing 

lengths prepared from monodisperse WZ CdSe seeds,112 and similar observations have 

been made for 4.0 nm seeded CdSe@CdS tetrapods by Talapin.123 An attractive feature of 

the reported synthetic methods was the ability to prepare uniform CdSe@CdS TPs where 

the CdS arm lengths were precisely tuned over a range of 10 - 40 nm despite the variation 

of ZB CdSe seed sizes. 
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While the preparation of nanorod heterostructures from WZ CdSe NCs have been 

successful over a wide range of seed sizes and nanorod lengths using hot-injection 

methods, these approaches relied upon precise control over CdSe NC concentration.  

Unfortunately, when using ZB CdSe NC seeds to make CdSe@CdS TPs, the effective 

CdSe seed concentration was significantly lower (since 4 CdS arms are grown in TPs, vs. 

1 CdS arm in NRs), which was further exacerbated when using ultrasmall CdSe NC seeds.  

Hence, when attempting the synthesis of CdSe@CdS TPs using very small ZB CdSe NCs, 

competitive homonucleation of CdS NRs was also observed resulting in a mixture of CdS 

NRs and CdSe@CdS TPs (Figure 4.3C-D). In our previous work, we have demonstrated 

control of arm length for 6.0 nm seeded tetrapods synthesized from a one-pot hot-injection 

method, where CdS arm lengths were tuned between 20-120 nm for ZB CdSe seed 

concentrations ranging from 3.6-0.5 M.89-90 In the present study, we found that this 

worked for ZB CdSe NCs above 3.0 nm in size when the optical method of Hens was used 

to determine seed concentration and guide preparation of 1.7 M CdSe stock solutions in 

TOP.324 However, variations in arm length were observed between different seed sizes at 

identical calculated concentrations (up to 20 % difference from 3.7 nm seeds vs. 6.2 nm 

seeds both at 1.7 M), which we attributed to approximations in concentration 

determination and differing reactivities for different seed sizes. These approximations 

introduce significant error for seed sizes below 3.0 nm, where seed reactivity was expected 

to be higher and thus slight errors in calculated concentration caused mixed product 

distributions. Thus, when this approach was applied to 2.0-2.8 nm ZB CdSe NCs at a 

calculated concentration of 1.7 M, mixtures of tetrapods and tapered nanorods/nanorod 

fragments were observed, consistent with CdS homonucleation events (Figure 4.3D). One 
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possible explanation would be impure ZB CdSe seeds (mixtures containing the wurtzite 

polytype), however, electron diffraction analysis of CdSe seeds in this size regime 

confirmed exclusively the formation of the zincblende crystallographic phase (see 

Appendix C - Figure C.11). As a result, we posited that the observed product mixture seen 

in Figure 4.3D was attributed to global reduction of CdSe seed concentration due to the 

small seed sizes used in the TP reaction, which then allowed for kinetic competition of 

homonucleation of non-seeded CdS species and NR formation. 

 

Figure 4.3. (A) Schematic of the incremental injection approach utilized herein to prepare 

CdSe@CdS tetrapods from zincblende CdSe seeds of varying sizes, affording (B) uniform 

CdSe@CdS tetrapods that exhibit monolayer self-assembly as imaged by TEM (tetrapods 

shown from 2.0 nm seeds). (C) Comparative schematic for the standard “hot injection” 

synthesis of CdSe@CdS tetrapod heterostructures, which yields (D) polydisperse tetrapods 

with significant nanorod impurities at small zincblende CdSe seed sizes as seen by TEM 

(products shown are from the same 2.0 nm seeds) 

 

This issue was addressed by the development of an incremental injection approach 

for tetrapod synthesis from ultrasmall 2.0 nm ZB CdSe seeds (Figure 4.3A), as opposed to 

the standard one-pot hot injection method (which can only be employed for larger ZB CdSe 

seed). In this approach, a 1.7 M stock of 2.0 nm ZB CdSe NCs (molecular weight 

determined by geometric approximations) was prepared in trioctylphosphine (TOP), and 
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upon incremental injection of sulfur-precursor (0.55M TOP=S), overcoating of ZB CdSe 

NCs with WZ CdS arms was progressively accomplished over the course of four injections, 

resulting in highly uniform CdSe@CdS tetrapods. By separating the TOP=S injections into 

multiple sequential additions, the CdS precursor concentration was kept below the critical 

NR nucleation regime, and formation of CdSe@CdS heterostructures was observed as the 

exclusive product as determined by TEM imaging (Figure 4.3B). Through kinetic studies, 

it was found that the ideal growth time between injections was 3 minutes, after which the 

next TOP=S precursor injection would continue the growth of the tetrapods. Consistent 

with previous reports, we found that early time points are dominated by truncated tetrapod 

and cone-like species, which incrementally grow into tetrapods of ~ 35 nm arm lengths by 

the end of the fourth injection as evidenced by over 95% tetrapod heterostructures in the 

final product mixture before purification (n = 1225; Figure 4.4). 

 

Figure 4.4. Spontaneous micrometer self-assembly of CdSe@CdS tetrapods synthesized 

from 2.0 nm zincblende CdSe NCs, demonstrating over 95 % tetrapod yield prior to 

purification (n = 1225), with the most significant side product being conical NCs with an 

observed frequency less than 5%. 
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The uniformity of samples prepared by this method can be evidenced in the 

extensive long range monolayer ordering that these particles spontaneously exhibit upon 

drop-casting from solution (Figure 4.4). For nanorod systems, long range assembly of 

discrete nanoparticles into complex meso/macroscopic architectures has been extensively 

studied for the bottom-up fabrication of functional materials.317 Whereas previous reports 

have succeeded in preparing uniform semiconductor tetrapod nanocrystals,76-77, 87, 89-90, 109, 

326 the formation of ordered monolayers from tetrapods has not been observed to date. The 

long-range ordering observed for these samples was thus unusual, and was posited to be a 

manifestation of the highly uniform nature of the synthesized particles as enabled by the 

incremental injection method, and will be the subject of subsequent studies. 

Furthermore, unlike other sequential addition approaches, this method proved 

universal to all CdSe seed sizes utilized, providing access to uniform CdSe@CdS tetrapods 

of ~ 35 nm arm lengths from 2.0 nm, 2.8 nm, 3.7 nm, and 6.2 nm ZB CdSe seeds (Figure 

4.5). Using this technique, maximum arm length was controlled through a binary 

weak/strong binding ligand system consisting of carboxylic/phosphonic acids in ~ 4:1 

ratio, which previously has been demonstrated by Chan to affect final tetrapod 

dimensions.133 This allowed for the preparation of uniform tetrapods across all seed sizes 

at large scale (500-1000 mg), for which spatially resolved energy dispersive x-ray analysis 

(EDX) studies confirmed the expected tetrapod composition (a central CdSe NC core 

around which four CdS arms had been grown; see Appendix C - Figure C.7). To our 

knowledge, this is the first demonstration of synthetic accessibility to tetrapods of varying 

seed sizes and highly uniform arm lengths. 
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Figure 4.5. Low magnification TEM images of zincblende CdSe NCs (column 1) used to 

seed the growth of CdSe@CdS tetrapods via the incremental injection approach (column 

2), for which nearly identical absorption spectra are observed but progressive shifts in the 

emission maximum to lower energy with increasing seed size demonstrate the disparate 

CdSe core sizes in these otherwise identical HNCs (column 3). Row 1 (A-C): The synthetic 

progression from (A) 2.0 nm zincblende CdSe seeds to (B) CdSe@CdS TPs with 324.0 

nm arms and (C) emission maximum at 587 nm. Row 2 (D-F): The synthetic progression 

from (D) 2.8 nm zincblende CdSe seeds to (E) CdSe@CdS TPs with 37.23.9 nm arms 

and (F) emission maximum at 624 nm. Row 3 (G-I): The synthetic progression from (G) 

3.7 nm zincblende CdSe seeds to (H) CdSe@CdS TPs with 34.04.0 nm arms and (I) 

emission maximum at 635 nm. Row 4 (J-L): The synthetic progression from (J) 6.2 nm 

zincblende CdSe seeds to (K) CdSe@CdS TPs with 35.53.8 nm arms and (L) emission 

maximum at 667 nm. 
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Despite comparable external dimensions, increasing CdSe seed size leads to a red 

shift in the seed emission observed for the tetrapods, indicative of the significant energetic 

differences that result from variation in CdSe core size (Figure 4.5). Since CdS composes 

over 95% of the volumetric fraction of all of the samples prepared, the absorption profiles 

of each sample appear nearly identical and characteristic of CdS as the primary light-

absorbing component of the tetrapods. However, emission spectra of each of the tetrapods 

revealed primary emission from the respective ZB CdSe seed (Figure 4.5C/F/I/L), 

confirming the strong electronic coupling between the light absorbing CdS arms and 

emitting CdSe core. Whereas slight shifts in emission are observed for the larger seed sizes 

(3.7 nm and 6.2 nm), dramatic red shifts were observed for samples below 3 nm relative to 

bare seeds (~ 80 nm for 2.0 nm CdSe NCs).  This was consistent with observations of 

quasi-type II behavior in CdSe@CdS nanorods, where increased electron delocalization 

into the CdS shell results in continuous red shifting and broadening of the emission signal 

with incremental shell growth (Figure 4.5).89, 327 

To further investigate the effect of seed size on CdSe@CdS tetrapod band 

alignment, transient absorption studies were carried out. In Figure 4.6, we compared the 

transient absorption spectra of CdSe@CdS tetrapods with seed sizes of 2.8 nm, 3.7 nm and 

6.2 nm (and arm lengths of  ~ 35 nm) at 1-2 ps after selective excitation of the CdSe 

transition at 580, 580 and 590 nm, respectively. These excitations of the lowest energy 

exciton bands in these tetrapods produced an exciton at the band edge. For CdSe@CdS 

tetrapods with seed size of 2.8 nm, the transient spectrum showed the bleach of the lowest 

energy exciton bands of both CdS arm (at ~500 nm) and CdSe seed (at 620 nm). 

Furthermore, both bleach features form instantaneously and decay with the same kinetics 
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(see Appendix C - Figure C.12).  Extensive previous transient absorption studies of CdSe, 

CdS and CdSe@CdS nanorods showed that these exciton bleach bands are caused by the 

state filling of the conduction band electron levels, with negligible contributions of valence 

band hole.67, 112, 138, 185 This result suggested that for CdSe@CdS tetrapods with seed size 

of 2.8 nm, the electron wavefunction in the lowest energy excitons extends from the CdSe 

seed into the CdS rod, showing a quasi-type II band alignment showing in Scheme 4.2. 

Interestingly, for CdSe@CdS tetrapods with larger seed sizes (3.7 nm and 6.2 nm), the 

transient absorption spectra in Figure 4.6 showed only the bleach of the CdSe exciton band, 

without the pronounced CdS exciton bleach. A small exciton bleach at ~ 520 and 510-540 

nm (for 3.7 nm and 6.2 nm seeds, respectively) can be attributed to higher energy 

transitions in CdSe seed. This assignment was supported by comparison with transient 

spectra of CdSe quantum dots (seed only) shown in Appendix C - Figure C.13. Thus for 

these tetrapods with larger seeds, the wavefunction of electrons in the lowest energy 

excitons is confined within the CdSe seed, with negligible extension into the CdS rod, 

which was consistent with the type I band alignment shown in Scheme 4.2.  
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Figure 4.6. Transient absorption spectra of CdSe@CdS tetrapods, at 1-2ps after selective 

excitation of CdSe seed. Excitation wavelength: 580 nm for 2.8 nm and 4.0nm seed, and 

at 590nm for 6.2 nm seed. 

 

Scheme 4.2. Schematic representation of band edge alignment as a function of CdSe core 

size in tetrapods with identical CdS components. With decreasing size, the heterostructure 

band alignment shifts from Type I to quasi-Type II, resulting in enhanced charge separation 

across the heterostructure with smaller seed sizes, and thus more rapid AuNP 

photodeposition due to delocalization of photoexcited electrons into the CdS shell. 
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4.2.3 Seed Size Dependent Au-Tipping Kinetics 

Access to tetrapods with uniform dimensions that span quasi-type II/type I band 

alignments provided a unique opportunity to probe the effect of CdSe seed size on the 

chemical reactivity of the overall tetrapod heterostructures. While similar studies have been 

performed on CdSe@CdS nanorods, tetrapod systems have been demonstrated to have 

higher molar absorptivities than nanorod systems (owing to the four CdS light-absorbing 

arms), making them attractive candidates for photocatalytic applications if charge 

separation can be tuned to the same level as has been reported for nanorod systems.  

In our previous work, the CdSe@CdS tetrapods were exposed to gold (III) chloride 

precursor in the presence of organic solvent, and over the course of 1 hour of continued 

irradiation at low temperature (-4 oC), initially deposited small AuNPs were observed to 

ripen into a single, large (D ~ 7 nm) AuNP at the terminus of one of four identical CdS 

arms for each tetrapod. For this system, the initial AuNP deposition was perceived to 

proceed through mild sacrificial corrosion of CdS arm surfaces upon photoexcitation in the 

presence of Au3+ precursor, and the photoinduced electrochemical Ostwald ripening event 

proposed by Banin for nanorod systems provided rationale for the selectivity of the final 

Au-CdSe@CdS TPs.  

To investigate the effects of band-alignment on chemical reactivity of the tetrapod 

NCs, a photoinduced Au-deposition reaction was chosen. For both nanorod and more 

recently, tetrapod systems, irradiation in the presence of Au+ precursor has been shown to 

result in reduction of AuNPs onto exposed CdS surfaces, for which selectivity can be tuned 

by reaction conditions and nanocrystal composition.13, 89-90 With increasing ZB CdSe NC 

size, one might expect that Au-photodeposition processes would not proceed owing to 
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recombination of photoexcited charge carriers in the seed region of the type I systems. 

However, we have previously demonstrated that CdSe@CdS tetrapods from 6 nm ZB CdSe 

seeds (presumably with type I band alignment) were in fact able to facilitate reduction of 

small AuNPs (D ~ 2 nm) randomly on CdS arm surfaces upon 365 nm irradiation in the 

absence of reducing agent.102,136 We speculate that incomplete electron transfer from the 

CdS arms to the CdSe seeds upon excitation allows for slow Au-reduction at the surface of 

the tetrapod arms, despite the energetic driving force for charge transfer and recombination 

within the CdSe seed of these type I structures.   Current studies are in progress via 

spectroelectrochemistry and ultraviolet photoelectron spectroscopy to determine these 

band edge energies and offsets as we have previously demonstrated.83 

In the present study, under identical conditions, we fully investigated the effects of 

AuNP tipping on CdSe@CdS TPs with ZB CdSe seeds from 2.0-6.2 nm.  Remarkably, we 

observed a 20-fold increase in rate of selective Au-deposition onto CdSe@CdS TPs upon 

365 nm irradiation, where the TPs were exactly identical with the exception of varying ZB 

CdSe seed size.  Despite the energetics of the CdSe@CdS TP, upon completion of the 

noble metal photodeposition, AuNP tips were converted to 7 nm in effective diameter, 

which allowed us to plot the effect of the ZB CdSe seed size vs. the final time required to 

grow a 7 nm AuNP tip. A linear trend was observed in final reaction time as a function of 

CdSe core size of the TP, as monitored by TEM, with reaction time decreasing 

proportionally with decreasing seed size (Figure 4.7). The rate acceleration observed is in 

agreement with increased charge separation between CdS/CdSe components with 

decreasing core size (Scheme 4.2). 
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Figure 4.7. Kinetic plot for small scale (8 mg on Au-TP basis) Au-CdSe@CdS TP Janus 

nanoparticle synthesis under 365 nm irradiation as a function of seed-size, with smaller 

seed sizes resulting in rapid acceleration of reaction completion as monitored by TEM. 

 

To further investigate the origins of the dramatic rate enhancement for Au-

photodeposition observed, TEM imaging of aliquots removed from the reaction mixture at 

varying times was conducted (Figure 4.8B-E). For 2.0 nm seeded tetrapods, early reaction 

times (under 30 seconds) revealed the formation of small AuNPs (D = 1.8  0.2 nm) 

randomly decorating the CdS surfaces, which are observed to completely dissolve and 

ripen into a single large AuNP (D = 7.00.5 nm) over the course of the subsequent 2 

minutes (Figure 4.8B-E). This trend was also supported by optical spectroscopy of the 

kinetic time points, wherein progressive AuNP growth was observed in the development 

of the size-dependent Au-SPR band between 550-600 nm (Figure 4.8F). These 

observations are in strong agreement with the kinetic trends observed for photodeposited 

Au-CdSe@CdS NRs.35 
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Figure 4.8. Kinetic progression of small-scale Au-CdSe@CdS tetrapod synthesis from 2.0 

nm seeded tetrapods under 365 nm UV-irradiation. (A) Schematic representation of kinetic 

product distributions with corresponding TEM images shown below at (B) 0 seconds, (C) 

30 seconds, (D) 60 seconds, and (E) 150 seconds. (F) Absorption spectra of kinetic aliquots 

further supports the observed reaction kinetics, wherein the progression from TPs 

randomly decorated with small (< 2 nm) AuNPs at short reaction times followed by rapid 

ripening to a single, large (7 nm) AuNP results in an Au-SPR band of increasing magnitude 

and red-shifted character throughout the 2.5 minute reaction. 

 

This kinetic study revealed that the selective AuNP deposition onto CdSe@CdS 

TPs consisted of a two-step process: (i) initial deposition of small AuNPs on the CdS 

surface, which can only be initiated through reduction of Au3+ species by photoexcited 

electrons in the CdS arms, and (ii) the subsequent ripening of small AuNPs into a single, 

large AuNP through dissolution of less redox stable small AuNPs in favor of redeposition 

to form a more energetically stable, large AuNP (Figure 4.8).35, 89-90 Previously Banin had 

studied Au-photodeposition on nanorod systems, where the important role of amine 

capping ligands in the selective deposition of AuNPs onto nanorods of varying lengths was 

highlighted. However, in the present system, Au-deposition occurs onto CdSe@CdS TPs 

in the absence of reducing agents and is found to be solely dependent on irradiation. We 
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therefore postulated that the initial AuNP deposition can proceed due to the ability of the 

CdSe@CdS tetrapods to undergo mild sacrificial photo-corrosion to facilitate Au3+ 

reduction and initial AuNP formation. Indeed, marginal corrosion of tetrapod surfaces was 

observed during the reaction (~ 5% of initial TP arm length), which was consistent with 

sacrificial oxidation of CdS species that would be expected for a reducing agent free 

synthesis due to uncompensated hole-buildup. In the presence of 2-propanol, a known 

sacrificial donor for CdSe@CdS systems, identical reaction kinetics are observed as those 

described above, without the corrosion of tetrapod surfaces, further supporting this 

argument. Since this process relied on charge carrier generation and separation across the 

heterostructure upon irradiation, the rate of the Au-deposition processes in the smaller 

seeded tetrapods was enhanced owing to the quasi-type II alignment of these samples. 

Similar to initial AuNP deposition, the subsequent ripening process was expected 

to be highly dependent upon photoexcited charge carrier separation in the tetrapod 

heterostructure. Electrochemical Ostwald ripening processes were driven by increasing 

redox stability of metallic nanoparticles with increasing size.328 When larger and smaller 

Au-nanoparticles were shorted to each other through contact with a conductive substrate, 

they effectively function as cathode and anode in a galvanic cell, wherein sacrificial 

oxidation of smaller particles precedes reduction of the oxidized species onto larger 

nanoparticles. In the present study, complete ripening was only observed under irradiation, 

indicating the necessity of charge carrier generation for ripening processes to occur.18 To 

further investigate the dependence of ripening kinetics on irradiation, intensity modulated 

experiments were performed on a single tetrapod sample prepared from 2.8 nm seeds, for 

which photon flux at 450 nm was systematically varied by tuning irradiation intensity 
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between 0.037-1.17 W/m2s. For the lowest intensities (0.037 W/m2s), incomplete ripening 

was observed after 10 hours of irradiation (see Appendix C - Figure C.8), whereas complete 

ripening for an identical system was achieved at high photon flux (1.17 W/m2s) in under 3 

hours (see Appendix C - Figure C.9).53 These experiments revealed that the ripening 

process was highly sensitive to charge carrier generation and localization in the tetrapod 

arms, which was enhanced for quasi type-II systems. While detailed studies on the charge 

carried dynamics are required to fully elucidate this mechanism, we posit that increasing 

quasi-type II character allowed for greater charge separation into the tetrapod arms, 

allowing charge balanced ripening (oxidation/reduction) of AuNPs under irradiation. 

 

4.2.4 Large Scale Janus Au-TP Nanocrystal Synthesis Enabled by Quasi-Type II 

Tetrapods. 

Synthetic accessibility to CdSe@CdS tetrapods with quasi-type II band alignment 

from seed sizes below 3.0 nm enabled the rapid and scalable synthesis of highly 

asymmetric Janus-type Au-CdSe@CdS tetrapods by direct utilization of photoexcited 

charge carriers for metal nanoparticle deposition and size-focusing. The ability to prepare 

multigram quantities of single AuNP tipped CdSe@CdS TPs was demonstrated using TPs 

containing 2.8 ZB CdSe seeds, which was chosen for scale up due to both the synthetic 

accessibility of these colloidal precursors and the increased reactivity of these quasi-type 

II TPs toward photodeposition. While more reactive CdSe@CdS TPs with smaller 2.0 nm 

seeds were observed in the previous kinetic study, these smaller seeded TPs were more 

difficult to prepare and isolate on a larger scale (i.e., greater than 1g). The mechanistic and 

structure-reactivity insights garnered from the earlier kinetic studies motivated the design 
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of a scaled-up reaction of the photodeposition process reported above (300x larger than our 

earlier reports), where it was envisioned that more reactive CdSe@CdS TPs could be 

directly exposed to ambient sunlight (without any other photoirradiation) to provide the 

driving force to enable AuNP photodeposition.    Upon exposure to ambient sunlight at 

room temperature, rapid and selective tipping of 2.8 nm seeded tetrapods was observed 

(less than 90 seconds to reaction completion). Under these conditions, the sample was 

exposed to orders of magnitude greater photon flux across the visible spectrum, resulting 

in near-instantaneous gold deposition and ripening, as can be seen from the noticeably 

purple hue of the reaction mixture that develops in under two minutes of reaction time 

(Figure 4.9A-B).  This particular demonstration is, to our knowledge, the largest reaction 

scale for the preparation of any Janus-type metal tipped semiconductor nanocrystal (i.e., 

both metal tipped semiconductor nanorod or tetrapod). Recently, Amirav and coworkers 

have shown enhanced catalytic efficiency for binary metal cocatalyst systems combined 

with CdSe@CdS heterostructured light absorbers,50-51, 53, 55-56, 329-330
 and we envision the 

work presented herein to be a valuable contribution to ongoing efforts towards efficient 

and high-yielding hydrogen evolution catalyst systems. 
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Figure 4.9. The benefit of quasi-type II heterostructures: large scale synthesis of Janus Au-

TP heterostructures from 2.8 nm seeded tetrapods. (A-B) 1.0 g of CdSe@CdS tetrapods 

synthesized from 2.8 nm zincblende CdSe seeds were observed to undergo selective AuNP 

deposition at scale at 30 oC in 90 seconds using only solar irradiation as the driving force, 

resulting in a (C) 300x scale-up of Janus Au-TP product nanoparticles (2.5 g) relative to 

standard scales for Type I systems. (D) TEM image of Janus Au-CdSe@CdS TPs 

synthesized on 300x scale under solar irradiation. 

 

4.3 Conclusions 

In summary, we present a controllable, scalable, and simple method to prepare 

CdSe@CdS tetrapods from a wider range of zincblende CdSe seed sizes than reported 

previously. Notably, methods to prepare highly stable ZB CdSe NCs from 2.0-8.0 nm in 

size are presented, and a new synthetic method for accessing tetrapod nanoparticles of 

highly uniform arm lengths from these seeds is demonstrated. These synthetic advances 

allowed us to break the previous record reported for smallest ZB CdSe core size within a 
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CdSe@CdS tetrapod, and the implications of seed size on charge separation were probed 

using photoinduced Au-deposition and ripening, with an over 20x increase in reaction rate 

under UV-irradiation. To demonstrate the utility of such systems, a 300x scale up of Au-

CdSe@CdS Janus nanoparticles is performed, allowing for selective Au-deposition in 

under 90 seconds using ambient Arizona sunlight as the sole driving force for metal 

deposition and ripening. Such a facile method of selective functionalization has not been 

demonstrated to date for CdSe@CdS tetrapod or nanorod heterostructures, highlighting the 

value of pushing the synthetic limits for these systems. Due to the novelty of these 

ultrasmall seeded tetrapods, subsequent studies on these materials should focus on the 

detailed characterization of band-edge energetics, and utilization for visible light driven 

photocatalysis. 

 

4.4 Materials and Methods 

4.4.1 Materials and characterization 

All chemicals were commercially available and used as received, unless otherwise noted. 

1-octadecene (ODE, 90%) was purchased from Acros. Gold (III) chloride (AuCl3, 

99.99%), cadmium oxide (CdO, 99.998%), hexadecylamine (HDA, 98%), myristic acid 

(99.99%), and elemental sulfur (99.5%) were purchased from Alfa Aesar. Cadmium (II) 

acetylacetonate (Cd(acac)2) (99.9%), didodecyldimethylammonium bromide (DDAB, 

98%), oleic acid (OLAC, 90%), and oleylamine (OLAM, 70%) were purchased from 

Sigma Aldrich. Octadecylphosphonic acid (ODPA) (97%), elemental selenium (99.99%), 

trioctylphosphine (TOP) (97%), and trioctylphosphine oxide (TOPO) (90%) were 

purchased from Strem. Absolute ethanol was commercially available from Decon labs and 



159 

 

used as received. Acetone, methanol, 2-propanol, and toluene were commercially available 

from Fisher Scientific. All reactions reported herein are performed in flame dried glassware 

under Ar atmosphere using standard Schlenk techniques, with a vacuum pressure of 

approximately 1 mmHg using an Edwards High Vacuum International vacuum pump 

(Model RV12, Sussex England). An Omega temperature controller CSC32K with a K-type 

thermocouple and Glas-Col fabric heating mantle were used for high temperature syntheses 

reported herein (> 150 oC), unless otherwise noted. All centrifugation steps were performed 

on an Eppendorf 5804 benchtop centrifuge with rotor radius of 11 cm. UV-Vis 

measurements were obtained using an Agilent 8453 spectrophotometer. Fluorescence 

measurements were obtained using a FL3-11 Fluorolog-3 Spectrofluorometer (Jobin 

Yvon-Spex Instruments SA). Low resolution bright field TEM images (all not specifically 

labeled “high resolution”) were obtained using a Technai Spirit transmission electron 

microscope (FEI) at 120 kV or a CM200 LaB6 (Philips) at 200 kV using in-house prepared 

carbon coated copper grids (Cu, hexagon, 300 mesh). Image analysis was performed using 

ImageJ software (Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/) from 

bright field TEM images at a minimum of 110000x magnification by sizing a minimum of 

100 nanoparticles. High-resolution TEM (HRTEM), bright field scanning TEM (STEM), 

high angle annular dark field STEM (HAADF-STEM) images and EDX maps were 

obtained using a JEM-ARM200F (Jeol) double-corrected Cold Field Emission T EM 

operated at 200 kV. Thermogravimetric analysis was carried out under nitrogen 

atmosphere using a TGA Q50 instrument and software from TA Instruments. SEM images 

were taken on a Hitachi 4800 FE-SEM (30kV accelerating voltage) on the as-prepared 

samples (no metallic overcoating). Note: Complete synthetic details, include reaction 

http://rsb.info.nih.gov/ij/
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schemes, stoichiometries, and tunable conditions described in this report are provided in 

Appendix C; however, representative procedures for the synthesis of zincblende CdSe NCs 

from 1.8 – 8.0 nm in size, synthesis of tetrapods from these NCs by the incremental 

injection approach, and the small scale and large scale preparations of Janus Au-

CdSe@CdS TPs are discussed below. 

 

4.4.2 Small zincblende CdSe NC synthesis (1.8-2.4 nm) 

Highly monodisperse ZB CdSe seeds crystals were prepared using a hot-injection 

method, with seed size control afforded by modulating reaction time between 10-600 

seconds. (i) Preparation of a TOP=Se Stock Solution: To a 20 mL scintillation vial was 

added a ½” PTFE stir bar followed by elemental selenium (0.789 g; 10.0 mmol). The vial 

was evacuated of air and backfilled with Ar, followed by addition of TOP (8.31g; 10.0 mL; 

30.7 mmol). The resulting mixture was sonicated, stirred, and vortex mixed until 

homogeneous. (ii) Preparation of Cd(OLAC)2: To a 250 mL three neck round bottom flask 

equipped with a 1” PTFE stirbar and reflux condenser was added Cd(acac)2 (248.5 mg; 

0.800 mmol) followed by OLAC (1.02 g; 1.13 mL; 3.60 mmol). The contents of the flask 

were evacuated of air at 50oC for 45 minutes, followed by heating to 150oC under Ar at 50 

RPM stir rate.  The solution turned slightly yellow and transparent in color during the 45 

minutes at elevated temperature. Subsequently, 1-ODE was injected (30.0 mL), and the 

flask was cooled to room temperature under Ar, in preparation for the following step. (iii) 

Synthesis of 1.8 – 2.4 nm ZB CdSe QD: To the same flask used to prepare the Cd(OLAC)2 

precursor was added HDA (1.12 g; 4.80 mmol), followed by ODA (0.040 g, 0.15 mmol). 

The flask was evacuated of air for 10 minutes at 50 oC, followed by backfilling with Ar 
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and heating to 170oC. Next, the flask was wrapped with cotton, and incubated at 170oC for 

30 minutes. To initiate growth of the nanocrystals, the previously prepared TOP=Se stock 

solution was injected (8.0 mL) to the reaction solution at 170oC (with the cotton wrap still 

on), and the reaction was quenched by rapid injection of hexanes (30.0 mL) at the desired 

timepoint. A particle growth of 10 – 600 seconds at this temperature was modulated to 

target ZB CdSe QDs of size 1.8 – 2.4 nm (see Appendix C - Figure C.1 for detailed reaction 

time/particle size correlations), with reaction quenching being achieved by hexane 

injection (15 mL). After cooling to room temperature, careful precipitation/redispersion 

methods were employed to prevent particle ripening/aggregation, which are detailed 

specifically in Appendix C. 

 

4.4.3 Medium zincblende CdSe NC synthesis (2.8-5.8 nm) 

Monodisperse ZB CdSe NCs were prepared using a one pot method, with seed size 

control afforded by tuning either reaction time (for 2.8 – 4.4 nm nanocrystals) or selenium 

precursor addition (for 4.4 – 5.8 nm nanocrystals) (i) Preparation of Cadmium Myristate: 

To a 50 mL three neck round bottom flask equipped with a ½” PTFE stir bar and a reflux 

condenser was added CdO (115.5 mg; 0.900 mmol), myristic acid (435 mg; 1.91 mmol), 

and 1-ODE (7.5 mL). The flask was evacuated of air then subsequently backfilled with Ar, 

and heated to 250oC under Ar at a stir rate of 300 RPM. Upon a color change to slightly 

yellow and transparent, an additional 48.0 mL of 1-ODE was injected into the flask and 

the solution was allowed to cool to room temperature. (ii) Preparation of the Stabilizing 

Ligand Stock Solution: To a 20 mL scintillation vial was added 1-ODE (8.0 mL), OLAM 

(1.63 g; 2.00 mL, 6.08 mmol), and OLAC (179 mg; 0.201 mL; 0.634 mmol). Subsequently, 
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the mixture was sparged with Ar for 20 minutes followed by brief vortex mixing. (iii) 

Synthesis of 2.8-4.4 nm ZB-CdSe QDs: To the same 250 mL three neck round bottom flask 

in which the cadmium myristate was prepared was added elemental selenium (36.0 mg, 

456.0 mol). After Se addition, the flask was evacuated of air and subsequently backfilled 

with Ar, followed by heating to 240 oC at a stir rate of 300 RPM. Once at 240 oC, 7.65 mL 

of the previously prepared stabilizing ligand stock solution was injected dropwise via 

syringe into the reaction flask over the course of 3 minutes. A particle growth time of 100 

- 3600 seconds at 240 oC was modulated to target ZB CdSe QDs of size 2.8-4.4 nm (see 

Appendix C - Figure C.2 for detailed reaction time/particle size correlations), with reaction 

quenching being achieved by ODE injection (15 mL). After cooling to room temperature, 

purification was carried out through two precipitation/redispersion cycles using acetone as 

the nonsolvent and toluene for redispersion. Additional details on workup conditions are 

included in the Appendix C. (iv) Synthesis of 4.4-5.8 nm ZB CdSe QDs: To the same 250 

mL three neck round bottom flask in which the cadmium myristate was prepared was added 

a variable amount of selenium (116-456 mol), depending upon the desired particle size 

(see Appendix C - Table C.1 for detailed selenium concentration/particle size correlation). 

After Se addition, the flask was evacuated of air and subsequently backfilled with Ar, 

followed by heating to 240 oC at a stir rate of 300 RPM. Once at 240 oC, 7.65 mL of the 

previously prepared stabilizing ligand stock solution was injected dropwise via syringe into 

the reaction flask over the course of 3 minutes. The material was allowed to grow/anneal 

for 20 hours at 240 oC (± 5 oC) for the formation of ZB CdSe NCs, after which the reaction 

was quenched by removing from heat and allowing to cool naturally to room temperature. 

After cooling to room temperature, purification was carried out through two 
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precipitation/redispersion cycles using acetone as the nonsolvent and toluene for 

redispersion. Additional details on workup conditions are included in Appendix C. 

 

4.4.4 Large zincblende CdSe NC synthesis (5.5 – 8.0 nm) 

 Monodisperse ZB CdSe NCs were prepared using a one pot method, with seed size 

control afforded by tuning reaction time between 20 minutes and 1 hour. (i) Preparation of 

Cd(acac)2 stock solution: In a 50 mL three-neck round bottom flask equipped with a reflux 

condenser and ½” PTFE stirbar was added Cd(acac)2 (398 mg; 1.28 mmol), followed by 

OLAC (6.68 g; 7.50 mL; 23.6 mmol). The contents of the flask were subsequently heated 

to 150oC while stirring at 300 RPM until a clear and colorless solution forms. (ii) Synthesis 

of 5.5 – 8.0 nm ZB CdSe QDs: In a 100 mL three-neck round bottom flask equipped with 

a reflux condenser and 1” glass-coated stirbar was added elemental Se (78.9 mg; 1.00 

mmol) followed by 1-ODE (15.0 mL). Subsequently, the flask was heated to 300 oC while 

stirring at 300 RPM until a clear and yellow tinted homogeneous solution forms. Upon 

reaching 300 oC, 5.0 mL of the previously prepared Cd-stock solution was rapidly injected 

into the Se/ODE solution at 300oC, resulting in a temperature decrease to 270 oC. The 

temperature was then maintained between 270-275oC for the desired reaction time, 

yielding ZB CdSe nanocrystal of cubic crystal habit. The flask was then removed from heat 

1-ODE (10 mL) was injected to quench the reaction. After cooling to room temperature, 

purification was carried out through two precipitation/redispersion cycles using acetone as 

the nonsolvent and toluene for redispersion. Additional details on workup conditions are 

included in Appendix C. 
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4.4.5 CdSe@CdS Tetrapods via Incremental Injection Approach 

The synthesis of uniform CdSe@CdS tetrapods via incremental injection was 

modified from our previously reported seeded-growth approach.89-90 Briefly, to  a 100 mL 

three-neck round-bottom flask equipped with a reflux condenser and 1” glass-coated stirbar 

was added TOPO (5.40 g; 140 mmol), ODPA (285 mg; 0.852 mmol), CdO (110 mg; 0.857 

mmol), and OLAC (912 mg; 1.02 mL; 3.63 mmol). The contents of the flask were 

subsequently degassed at 150 oC for 30 minutes while stirring at 300 RPM. The reaction 

mixture was then heated to 300oC under Ar. To this solution, TOP (1.01 g; 1.22 mL; 3.73 

mmol) is added and the temperature was allowed to recover to 350 oC. After equilibrating 

at 350oC for 30 minutes, a freshly prepared 1.7 M stock solution of ZB CdSe QDs of the 

desired core-size (≤ 2.8 nm for quasi-type II TPs, > 3.0 nm for type I TPs) in TOP was 

swiftly injected into the reaction mixture. Subsequently, 0.20 mL of a freshly prepared 0.55 

M stock of TOP=S was injected into the flask, and the tetrapod shell was allowed to grow 

for 3 minutes post-injection at 350 oC.  This process was repeated three additional times 

(0.80 mL TOP=S injected, 12 minute reaction time). The heating mantle was removed after 

the final growth period, and the flask was allowed to cool naturally to 110oC where toluene 

(10 mL) was injected to prevent solidification of the low melting point solid (TOPO). 

Purification was carried out through three precipitation/redispersion cycles using a mixture 

of MeOH:IPA as the nonsolvent mixture, and toluene for redispersion. Additional details 

on workup conditions are included in Appendix C. 
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4.4.6 Synthesis of Janus Au-CdSe@CdS tetrapods on small scale (8 mg) using 365 nm 

UV-irradiation 

The small scale synthesis of Au-CdSe@CdS TPs followed our previously reported 

procedure.89-90 (i) Preparation of AuCl3/DDAB Stock Solution: To a 20 mL scintillation 

vial was added DDAB (41.7 mg; 90.1mol) and AuCl3 (26.7 mg; 88.0 mol) in an Ar-

filled glovebox. Subsequently, the vial was sealed and removed from the glovebox, 

anhydrous sparged toluene was added to the vial (10.0 mL), and the contents of the vial 

were homogenized using a bath sonicator to result in a transparent yellow/orange solution 

(9.01 mM DDAB, 8.80 mM AuCl3). (ii) Small Scale Synthesis of Au-TP: A 1 dram vial 

equipped with a 10 mm PTFE-coated stirbar was sealed with a rubber septum and 

evacuated for 5 minutes, followed by backfilling with Ar. This evacuation and backfilling 

process was repeated twice for a total of three cycles. Subsequently, 0.68 mL of a 

previously prepared 0.325 M stock solution of tetrapods (2.21x10-10  mol tetrapods) in 

anhydrous sparged toluene was injected to the vial, followed by 0.25 mL of the 

AuCl3:DDAB stock. The resulting solution was irradiated at 365 nm in a custom-build 

photochemical reactor between 2.5 minutes to 1 hour (depending upon CdSe core size) 

while stirring at 300 RPM, resulting in singly-tipped Au-TP Janus nanoparticles. 

Purification was carried out through one precipitation/redispersion cycle using acetone as 

the nonsolvent and toluene for redispersion. Additional details pertaining to the procedure 

and workup conditions can be found in Appendix C. 
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4.4.7 Synthesis of Janus Au-CdSe@CdS tetrapods on large scale (2500 mg) using solar 

irradiation 

The large scale synthesis of Au-CdSe@CdS TPs follows a modification of our 

previously reported procedures.89-90 A 500 mL three-neck round bottom flask equipped 

with a 1” PTFE stir bar was evacuated for 30 minutes, followed by backfilling with Ar. 

This evacuation and backfilling process was repeated twice for a total of three cycles. 

Subsequently, 250.0 mL of a previously prepared 0.325 M stock solution of tetrapods 

synthesized from 2.8 nm seeds (1.004 g, 70 wt% organics by TGA, Larm=37.2 nm, 81.3 

nmol) in anhydrous sparged toluene (250.0 mL) was injected into the flask along with 36.2 

mL of IPA. Exposed surfaces of the flask were wrapped with Al-foil, and then 91.9 mL of 

the AuCl3:DDAB stock was added via syringe (prepared identically as above, but at 100 

mL scale). The reaction mixture was taken outdoors, stirred at 300 RPM, and the Al-foil 

was removed from the flask, exposing the reaction mixture to Tucson, AZ sunlight. During 

the course of the subsequent 90 seconds, the solution turned from a bright orange, 

translucent color (characteristic of CdSe@CdS TPs) to a deep purple and slightly 

translucent color. The flask was wrapped with Al-foil once again to stop the reaction, and 

the product was subsequently worked up through one precipitation/redispersion cycle using 

acetone as the nonsolvent and toluene for redispersion, yielding 2.5 g of Au-CdSe@CdS 

TP Janus nanoparticles. Additional details pertaining to the workup conditions can be 

found in Appendix C. 

 

 

 



167 

 

CHAPTER 5. Synthesis and Characterization of Dipolar Tetrapods 

Synthesis and Assembly of Dipolar Heterostructured Tetrapods: Colloidal 

Polymers with “Giant t-butyl” Groups 

With contributions from Jeffrey T. Dubose (synthetic support), Nicola Pinna (microscopy 

data analysis and coauthor), Marc-George Willinger (HRTEM, HAADF-STEM, and EDX 

Mapping), Kookheon Char (coauthor), and Jeffrey Pyun (coauthor and PI) 

 

Reproduced with permission from reference 89, copyright  2016,  Wiley. 

 

5.1 Introduction 

    The synthesis of complex nanoparticles (NPs) composed of discrete and disparate 

components and their subsequent assembly into well-defined, asymmetric hybrid colloids 

has garnered significant interest as an approach to create novel materials with modular 

properties.10 In particular, the construction of “colloidal molecules” has recently been 

explored via total synthesis approaches where well-defined nanoparticles are used as the 

chemical precursors to prepare the desired multi-component colloidal material.9 

Colloidal heterostructured materials based on metal NP tipped semiconductor 

nanorods (NRs) are an intriguing class of multi-component NPs that were pioneered by 

Banin et al. where the composition and asymmetry of the NR can be precisely controlled.2, 

13 In particular, the development of precise synthetic methods have enabled metal NP 

deposition onto either one, or both NR termini to control NR topology, allowing access to 

either “dumbbell,” or “matchstick” NRs by careful control of reaction conditions, or 

harnessing of electrochemical ripening processes.15 Alternatively, the use of photo-
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irradiation has been demonstrated as a means to promote selective deposition of a single 

AuNP tip onto the semiconductor NR has been demonstrated.331  We have also 

demonstrated kinetic control over the deposition of metallic platinum (Pt) NP tips onto 

CdSe@CdS NRs by control of reagent stoichiometry and reaction time to afford 

either matchstick, or dumbbell tipped NRs.46 To date, the ability to selectively control the 

number of NP tips onto more architecturally complex semiconductor nanocrystals remains 

a synthetic challenge. The semiconductor tetrapod construct (e.g., CdSe@CdS TPs) is 

particularly challenging to selectively functionalize with metal NP tips, due to the 

symmetry and comparable reactivity of the four CdS “arms,” generally affording 

distributions of multi-tipped NR products.    A notable exception was the controlled AuNP 

deposition onto CdSe@CdS TPs by Chan et al., where careful control of conditions 

promoted the growth of a single AuNP tipped NR, along with asymmetric NRs with NP 

tips of different compositions (i.e., Au, Ag2S).45 These challenges were most notably 

illustrated when we attempted to control the deposition of a single PtNP tip onto a 

CdSe@CdS TP using conditions that were successful for CdSe@CdS NRs, which actually 

afforded multiple Pt NP tips per TP. Hence, there also remain opportunities to explore new 

synthetic methods to promote selective metal deposition onto semiconductor NPs, in 

particular for use as key precursors in colloidal total synthesis routes to prepare multi-

component NP materials. 

Colloidal heterostructured materials have also been used as monomeric building 

blocks for assembly into 1-D or network assemblies that have been referred to as colloidal 

polymers. 147-148, 332-334 Earlier work from our group has focused on preparing colloidal 

polymers from dipolar cobalt nanoparticles (CoNPs) and heterostructured dipolar NPs that 
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introduce noble metal NPs, or CdSe@CdS NRs as inclusions, or side chain groups into the 

colloidal polymer material.46-47  The key to preparing these complex colloidal polymers 

has been the development of selective synthetic methods to prepare multi-component 

colloids that combine dipolar CoNPs with disparate colloidal materials.  However, to date 

the preparation of heterostructured semiconductor tetrapods capable of dipolar assembly 

for “colloidal polymerization” has not been conducted.   

 

Scheme 5.1: (a) Total synthesis scheme for heterostructured Au@Co-CdSe@CdS TPs (b) 

a schematic and TEM (c) of colloidal polymers from tetrapod assembly. Scale bar is 10 

nm. 
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Herein, we report on a four-step colloidal total synthesis of CdSe@CdS tetrapods 

that carry a single NP tip composed of a dipolar, core/shell Au@Co colloid (Scheme 5.1).  

Synthetic accessibility to this dipolar heterostructured tetrapod enabled the use of these as 

colloidal monomers to form colloidal polymers that carry the semiconductor tetrapod as a 

side chain group attached to the CoNP colloidal polymer main chain.  The key step in the 

synthesis of these heterostructured tetrapods and colloidal polymers was the selective 

deposition of a single AuNP tip onto a CdSe@CdS tetrapod under UV-irradiation using a 

modified method from Banin et al. developed for NR systems.331 To our knowledge the 

current report details a number of novel discoveries on the selective synthesis of an 

asymmetric heterostructured tetrapod that is capable of 1-D dipolar assembly into colloidal 

polymers that carry tetrapods as side chain groups that mimic “giant t-butyl groups.” 

 

5.2 Results and Discussion 

5.2.1 Synthesis of CdSe@CdS Tetrapods 

The general strategy for the preparation of dipolar tetrapods comprised of a four-

step synthesis that was enabled by a new method for the synthesis of CdSe@CdS tetrapods 

and the use of UV-irradiation during the AuNP deposition step to promote electrochemical 

ripening and formation of CdSe@CdS tetrapods with a single AuNP tip.  Synthetic 

accessibility to this highly asymmetric tetrapod enabled selective deposition of the dipolar 

CoNP around the AuNP tip using our earlier methods for the preparation of dipolar CoNPs. 

In the first step of this synthesis, CdSe@CdS tetrapods were prepared using a 

modified seeded growth approach utilizing for the first time zinc blende (ZB) CdSe 

nanocubes (effective diameter, Deff = 6.2±0.9 nm) which  were prepared using the method 
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of Li et al.335 While a number of methods have been developed to prepare CdSe, or  

CdSe@CdS tetrapods,87 we were surprised to find that these ZB CdSe nanocubes 

reproducibly seeded the growth of CdSe@CdS tetrapods without nanorod side products.  

By varying the concentration of quantum dot seeds (3.6-0.5M) while keeping all other 

parameters constant, it was found that the length of CdS arms grown could be tuned 

between 20 nm to 100 nm (see Appendix D - Fig. D.2), similar to that which has been 

shown for CdSe@CdS nanorods.23, 46  It is also important to note that when ZB CdSe seeds 

of spherical, or other non-cubic geometries were employed using identical conditions the 

formation of CdSe@CdS nanorods of broad size distributions were observed. 

 

5.2.2 Synthesis of Au-CdSe@CdS Tetrapods 

As alluded to earlier, the key step in the total synthesis of the dipolar tetrapod was 

the selective deposition of a single AuNP tip onto a CdSe@CdS tetrapod.  Due to the 

symmetry and identical chemical nature of the termini of the tetrapod, conventional 

solution deposition methods used in the past to obtain single PtNP tipped nanorods in our 

group afforded multiple tipping (See Appendix D - Fig. D.8). The key literature precedence 

to enable our total synthesis strategy was demonstrated by Banin et al. for the selective 

deposition of a single AuNP tip onto the terminus of a CdSe@CdS NR.331 However, we 

postulate that the photo-deposition process can proceed when using CdSe@CdS tetrapods 

devoid of amine reducing agents due to the ability of the non-tipped tetrapod arms to 

undergo slight sacrificial photo-corrosion to enable reductive deposition of the AuNP tip.  

These photo-deposition experiments were conducted with argon sealed vessels in air, 

however, transfer of the reagents in this synthesis into reaction vessels were done in a Ar-
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filled dry box using degassed, anhydrous solvents which otherwise afforded uncontrolled 

deposition of AuNPs.  Furthermore, to compensate for light induced heating of the reaction 

vessel during irradiation, reaction mixtures were pre-cooled (T  -4 ºC), which otherwise, 

also resulted in poor control of AuNP deposition.  As alluded to earlier, when we attempted 

control experiment to deposit a single PtNP tip onto CdSe@CdS TPs in the dark using low 

concentrations of the Pt(II) salt precursor and short reaction times,  we observed almost 

exclusive formation of TPs with four Pt NP tips (See Appendix D - Fig. D.8).  These same 

conditions in our earlier study afforded primary single PtNP tipped CdSe@CdS NR which 

we previously found to enable deposition of a single PtNP tip onto the heterostructured 

NR.  These critical control experiments further confirmed the need for the photo-irradiation 

step to impart selective Au NP deposition.   
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Figure 5.1. Au-CdSe@CdS TPs. (A) Representative HRTEM image of an Au-CdSe@CdS 

TPs after reaction time of 5-min. clearly showing a large, single AuNP and laterally 

deposited AuNPs. (B) HRTEM image of a single Au-CdSe@CdS TP after 1 hour of 

reaction time. (C) HAADF-STEM image of a single Au-CdSe@CdS TP after 1 hour of 

reaction time, inset, Au, Cd and Se EDX elemental map of a similar tetrapod (Se map 

proves the presence of the seed particle in the center of the tetrapod). Scale bars are 10 nm. 

 

To investigate the mechanistic aspects of the AuNP photodeposition, TEM imaging 

of aliquots removed from the reaction mixture at varying times was conducted (Fig. 5.1A). 

Early reaction times (within 5 min) revealed the formation of very small AuNPs (D ~ 

1.6±0.4 nm) laterally deposited along tetrapod arms, along with terminal deposition onto a 

tetrapod arm of a larger single AuNP tip (4.2 + 1.0nm). However, after irradiation of the 

tetrapod in the presence of Au(III) salts for 1 hr (Figure 5.1B,C), complete dissolution of 

these smaller AuNPs was observed, along with significant growth of a single AuNP tip 

(8.8 + 1.4 nm) on a single tetrapod arm, which was indicative of the electrochemical 

Ostwald ripening mechanism posited by Banin et al. for singly tipped Au-CdSe@CdS 

NRs.331 Both bright field TEM, high-angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM), and EDX elemental mapping confirmed the 

selective growth of a single AuNP tip onto CdSe@CdS tetrapods without residual AuNPs 

(either free in solution, or laterally deposited along the tetrapod).  To our knowledge this 
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is the first example of a photoelectrochemically driven Ostwald ripening process being 

utilized to selectively functionalize a semiconductor tetrapod with a noble metal tip with a 

high degree of selectivity  (96% single tipped, 4% unmodified, n=200). 

 

5.2.3 Synthesis of Au@Co-CdSe@CdS Tetrapods 

Synthetic accessibility to CdSe@CdS tetrapods with a single AuNP tip enabled the 

preparation of dipolar heterostructured tetrapods by direct overcoating of the AuNP with a 

ferromagnetic CoNP outer shell. We previously demonstrated that both noble metal NPs, 

or noble metal NP tipped CdSe@CdS NRs, were able to seed the selective deposition of 

dipolar CoNPs,46, 153, 336 which was the strategy also applied in this total synthesis.  In the 

CoNP deposition reaction, the thermolysis of dicobaltoctacarbonyl (Co2(CO)8) with 

carboxylic acid terminated polystyrene ligands (PS-COOH) was conducted in 1,2,4-

trichlorobenzene at elevated temperatures (T = 140 ºC) to form the desired dipolar tetrapod.  

The diameter of the CoNP tips was found to be tunable in the range of 10-20 nm by 

variation of PS-COOH ligand concentrations (0.510 -1.99 mM) (See Appendix D - Fig. 

D.3). High resolution bright field and HAADF-STEM images confirmed the connectivity 

of the desired heterostructured tetrapod (Fig. 5.2A,B).  The successful incorporation of 

tetrapods was noted by the imaging of intact CdS tetrapod arms for these materials. 

Furthermore, the preparation of the desired core-shell NP tip was confirmed by the 

presence of a high contrast, high Z colloidal core (D  9 nm), which corresponded to the 

AuNP tip, along with the formation of an outer shell of polycrystalline cobalt.  To further 

confirm the composition of this complex nanocomposite material, elemental mapping of 

the target dipolar tetrapod shown in Fig. 5.2C,D was conducted and also correlated 
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precisely with the anticipated synthetic transformations in the colloidal total synthesis.  As 

shown in Fig. 5.2, spatial and elemental mapping of Cd and S was observed to be localized 

to only the regions of the tetrapod arms, while both Au and Co were observed at only one 

terminus of a tetrapod arm. 

 

Figure 5.2. Au@Co-CdSe@CdS TP. (A), (B) Representative bright field (BF) and 

HAADF-STEM images of an assembly of Au@Co-CdSe@CdS TP. (C), (D) BF and 

HAADF-STEM images of a single heterostructure. (scale bars are 10 nm), lower part) 

corresponding elemental maps for S, Cd, Au, Co, and the superimposed S, Au, and Co 

maps.  
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5.3 Self-Assembly of Au@Co-CdSe@CdS Tetrapods 

The ability to tune the size of the CoNP outer shell on AuNP tipped CdSe@CdS 

nanorods (typically CoNP shells > 5 nm) enabled the incorporation of inherently dipolar 

NP tips onto tetrapods, which promoted their spontaneous 1-D assembly (at room 

temperature and under zero-field conditions) into colloidal polymers carrying tetrapod side 

chain groups in every repeating unit.        

An attractive feature of this synthetic methodology was the ability to control the 

grafting density of tetrapod side groups by variation of conditions in the total synthesis of 

the dipolar tetrapod. The preparation of CdSe@CdS tetrapods with a single core-shell 

Au@CoNP tip was initially pursued as an approach to prepare colloidal copolymers that 

carried a single CdSe@CdS tetrapod per CoNP repeating unit (Fig. 5.3B, D).  However, 

the grafting density of tetrapods in these colloidal polymers could be lowered by the 

addition of free dodecylamine reducing agent (9.68 mM) in the photo-deposition step of 

AuNP tips onto CdSe@CdS tetrapods (Fig. 5.3A).  The addition of the excess reducing 

agent in solution resulted in both the deposition of a single AuNP tip onto tetrapods and 

the formation of unbound AuNPs in solution.  When this mixture was subsequently 

overcoated with dipolar CoNP shells, both dipolar tetrapods and free dipolar core-shell 

Au@CoNPs were concurrently formed resulting in random colloidal copolymers 

composed of “bare” and tetrapod carrying NP units. Conversely, increasing the grafting 

density to more than one tetrapod per CoNP unit was achieved by reducing the PS-COOH 

ligand concentration in the CoNP deposition step onto singly AuNP tipped CdSe@CdS 

tetrapod (which were devoid of free unbound AuNPs) (Fig. 5.3C).  The lowered PS-COOH 

ligand concentration likely promoted slight agglomeration of CoNP  
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Figure 5.3. Self-Assembly of Au@Co-CdSe@CdS TP. (A) Dipolar self-assembly resulting 

from treating a blend of free AuNP and Au-TP to Co deposition conditions, resulting in low 

grafting density. (B) Dipolar assembly with a grafting density of 1 TP per Au@Co NP as a 

consequence of Co deposition onto pure Au-TPs synthesized without reducing agent. (C) 

Highly grafted colloidal polymer chains resulting from a low concentration of stabilizing 

ligand in the Co deposition. (D) Long range dipolar assembly resulting from conditions 

identical to those in (B) (1TP per Au@CoNP). All scale bars are 50 nm. 

 

tipped tetrapods resulting in a high concentration of tetrapods around the CoNP main chain.  

This precise tuning of the colloidal (co)polymer composition and architecture were direct 

results of the synthetic parameters in the discrete reactions compiled to complete the total 

synthesis of these heterostructured tetrapods. 
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5.4 Conclusions 

In conclusion, the synthesis of heterostructured CdSe@CdS tetrapods that carry a 

single dipolar Au@CoNP tip has been achieved using a colloidal total synthesis approach.  

The key step in the synthesis was the selective deposition of a single AuNP tip onto the 

CdSe@CdS tetrapod which required UV-irradiation in a photodeposition step.  This further 

enabled selective deposition of a dipolar CoNP shell onto the tetrapod, where the intrinsic 

ferromagnetic nature of the NP tip promoted spontaneous 1-D assembly into colloidal 

polymers, where CdSe@CdS tetrapods were carried as side chain groups to the CoNP main 

chain and the tetrapod grafting density could be precisely controlled. To our knowledge, 

this is the first example of an asymmetrically functionalized CdSe@CdS tetrapod 

architecture being synthesized via a photoexcitation-induced metal deposition process and 

subsequent electrochemical ripening of the deposited nanoparticles, as well as the first 

example of such a structure being utilized to form controlled self-assembled colloidal 

polymers of more complex architecture and composition. 
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CHAPTER 6. Synthesis of Colloidal Terpolymers 

Colloidal Random Terpolymers: Controlling Reactivity Ratios of Colloidal 

Comonomers via Metal Tipping 

With contributions from Jeffrey T. Dubose (synthetic support), Erin D. Hartnett (synthetic 

support), Kookheon Char (coauthor), and Jeffrey Pyun (coauthor and PI) 

 

Reproduced with permission from reference 90, Copyright  2016, American Chemical 

Society. 

 

6.1 Introduction 

The use of well-defined inorganic nanoparticles as monomeric units to form one-

dimensional (1-D) assemblies, termed “colloidal polymers,” has recently gained attention 

as a route to prepare nanocomposites that possess intriguing optical, catalytic, and 

electrochemical properties.154, 333-334, 337 Current efforts in this field have focused on the 

synthesis of new colloidal monomers that possess strong associative and directional non-

covalent interactions, which promote selective 1-D polymerizations as opposed to poorly 

defined network aggregation.10, 153, 156, 160, 338-340 To this end, recent advances in the total 

synthesis of complex inorganic colloids, coupled with selective methods to promote 

“colloidal polymerization,” have enabled a wide variety of colloidal polymers to be 

prepared. These polymers are formed by harnessing non-covalent secondary interactions 

designed into the monomers, such as nanoparticle (NP) surface associations, electrostatic 

forces, or dipolar associations. The focus of our work and this report has been the 

preparation of colloidal monomers incorporating ferromagnetic metallic cobalt 

nanoparticles (CoNPs) which spontaneously form 1-D colloidal polymers via N-S dipole 

interactions between CoNP units. Furthermore, we have also shown that noble metal 

colloidal NPs, such as gold (AuNPs),153, 156 can serve as seeds to promote selective 

deposition and overcoating of a ferromagnetic CoNP shell to form dipolar Au@CoNP 
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colloidal monomers that spontaneously polymerize to form dipolar colloidal polymers 

(Figure 6.1A). 

 
Figure 6.1. Colloidal homopolymers based upon dipolar cobalt nanoparticle association. 

(A) Au@Co dipolar colloidal polymers, synthesized by deposition of cobalt onto 

preformed metal (Au) NP seeds. Reprinted (adapted) with permission from (Chem. 

Commun. 2011, 47, 890-892). Copyright (2010). (B) Dipolar “bottlebrush” homopolymers 

bearing CdSe@CdS NR pendant groups, synthesized by deposition of cobalt onto the metal 

(Pt) NP portion of preformed Pt-CdSe@CdS NR. Reprinted (adapted) with permission 

from (ACS Nano, 2014, 8 (4), pp 3272–3284). Copyright (2014). (C) Dipolar 

homopolymers with “giant t-butyl” groups, synthesized by deposition of cobalt onto the 

preformed metal (Au) NP portion of preformed Au-CdSe@CdS TPs. Reprinted (adapted) 

with permission from (Angew. Chem. Int. Ed. 2015, 55 (5), 1787-1791), Copyright  (2015). 

All scale bars are 50 nm.  

 

A major motivation in the field of colloidal polymers has been the application of 

classical polymer science concepts to these systems, such as, the control of macromolecular 

molar mass, architecture, and composition. To this end, Kumacheva et al. reported on the 
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preparation of Au nanorods (AuNR) with lateral hydrophilic CTAB ligands and 

hydrophobic polystyrene functionalized termini which, upon exposure to THF:water 

solutions, were observed to form linear polymers via tip-to-tip interactions.332 Furthermore, 

the degree of polymerization was shown to be tunable as a function of reaction time.154 

Kotov et al. demonstrated the ability to control colloidal copolymer compositions by the 

formation of alternating copolymers of differently sized AuNPs achieved via polymerase 

chain reactions (PCR) from the surface of the AuNPs.341 Additionally, segmented 

copolymers have been recently reported by Chen et al. via the pH-dependent 

copolymerization of AuNPs functionalized with poly(styrene-block-poly(acrylic acid)) 

(PS-b-PAA) ligand shells.342  The preparation of colloidal statistical copolymers has also 

been recently demonstrated.156, 340, 342 

Our group has demonstrated the preparation of colloidal polymers of bare core-

shell NPs (Au@CoNPs) that associate via north-south (N-S) dipolar interactions to form 

robust 1-D assemblies (Fig 6a).153, 166 We have also demonstrated the ability to prepare 

more complex dipolar colloidal monomers by combining dipolar CoNPs with CdSe@CdS 

nanorods. 47  

The key synthetic breakthrough to prepare these heterostructured colloidal 

monomers was the selective deposition of a single dipolar CoNP tip onto a noble metal 

(e.g., Au, Pt) NP tipped CdSe@CdS nanorod, where the Au, or PtNP tipped CdSe@CdS 

NR were synthesized using the methods of Banin et al.13 The presence of a single dipolar 

CoNP tip onto the CdSe@CdS NP resulted in spontaneous NP polymerization to form 

colloidal “bottlebrush” polymers, wherein each monomer unit was composed of a Pt@Co 

dipolar nanoparticle bearing a pendant nanorod group (Figure 6.1B). Similarly, we have 
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extended this methodology to CdSe@CdS tetrapods that carry a single dipolar NP tip that 

form colloidal polymers that carry tetrapods as side chain groups resembling “giant t-butyl 

groups” (Fig. 6.1C) .89  To prepare these dipolar tetrapods, the deposition of a single dipolar 

CoNP tip was conducted onto a CdSe@CdS tetrapod that contained a single AuNP tip.  For 

each of these dipolar colloidal polymer systems, statistical copolymers have also been 

accessed where Pt-tipped NRs of varying length (see Appendix E - Figure E.10A) or Au-

tipped TPs with free AuNP (see Appendix E - Figure E.10B) are isotropically blended in 

solution prior to cobalt deposition, resulting in statistical copolymers. While these earlier 

reports demonstrate the ability to prepare dipolar colloidal copolymers of varying 

composition, there remains a need to develop methods to enable copolymerization of 

colloidal monomers with disparate NP side chains as well as the ability to controllably tune 

copolymer composition. 

Herein, we report on the controllable synthesis of colloidal statistical and 

segmented copolymers incorporating CdSe@CdS NRs, CdSe@CdS TPs, and bare AuNP 

units.  We demonstrate for the first time that the controllable photodeposition of a single 

AuNP tip onto both CdSe@Cd NRs and TPs enables deposition of a single dipolar CoNP 

shell which spontaneously assembles into colloidal random copolymers.   Furthermore, we 

show for the first time that the composition of these co-, or terpolymers can be directly 

controlled by the size of AuNP tips (and subsequently the CoNP shell) on the NRs and TPs 

to ultimately prepare either random, or block-like colloidal copolymers.  The ability to 

control the copolymerization kinetics of these dipolar colloidal monomers by AuNP tip 

size has previously been unexplored and is analogous to the concept of comonomer 
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reactivity ratios as observed in classical polymer chemistry.343-344 An attractive feature of 

this system is the ability to directly image copolymer composition using TEM. 

 

6.2 Results and Discussion 

6.2.1 Synthesis of Au-CdSe@CdS Nanorods 

In the first step, CdSe@CdS nanorods were prepared using the seeded growth 

approach of Hill and coworkers, wherein wurtzite CdSe quantum dots (QDs) are initially 

prepared (D = 3.8 nm) and used to seed the growth of a CdS NR shell around the QDs. 47 

For this study, NR lengths around 100 nm were targeted to enable facile discernment of 

composition via TEM in the resulting colloidal copolymers. Subsequently, these NRs were 

functionalized with a single AuNP tip using the photodeposition method of Banin, et al., 

wherein the NRs are irradiated in the presence of an Au3+ precursor, amine reducing agent, 

and ammonium bromide surfactant to result in initial non-selective deposition of small 

AuNPs (<1 nm) onto various surfaces of the NR.331  For this report, AuNP tipped 

CdSe@CdS NRs bearing a single large AuNP tip (D ~ 7.5 nm) were initially prepared.  

Furthermore, the addition of a slight excess of the AuNP reducing agent in this procedure 

allowed for both AuNP tipping onto CdSe@CdS NRs and the formation of free, bare 

AuNPs in solution. The ability to introduce free AuNPs into these reaction mixtures hence 

allows for introduction of “bare” Au@CoNP units into colloidal co-, and terpolymers.    

6.2.2 Synthesis of Au-CdSe@CdS Tetrapods 

To synthesize the CdSe@CdS TPs with single AuNP tips, a similar seeded growth 

motif was utilized as for nanorods.  Initially, highly uniform zinc blende (ZB) CdSe 
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nanocubes (D ~ 4.9 nm) were prepared as recently reported by our group,89 which were 

then used to seed the growth of CdSe@CdS TPs with approximately 40 nm arms in high 

yield and without NR side products.  These were then functionalized with a single AuNP 

(D ~7.5 nm) on the end of only one of the CdS arms via photodeposition in the same manner 

as for NRs, except without the use of reducing agent, mitigating the formation of free 

AuNPs.  
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Figure 6.2. Total synthesis of colloidal random terpolymers. (A) Synthetic pathway to 

obtain Au-CdSe@CdS TPs. (B) Synthetic pathway to prepare Au-CdSe@CdS NRs. (C) 

Blending of AuTP and AuNR/AuNP comonomers and subsequent deposition of dipolar 

cobalt to result in colloidal polymers. A schematic representation of the terpolymer is 

shown (top), with a TEM image and processed image shown (bottom right). All scale bars 

are 50 nm. 
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6.3 Synthesis of Colloidal Copolymers 

6.3.1 Synthesis of Random Colloidal Polymers 

With these precursors in hand, the preparation of colloidal copolymers was then 

conducted by solution blending of these AuNP tipped CdSe@Cd NRs and TPs followed 

by overcoating of the AuNP tips with ferromagnetic CoNP shells.  We found that it was 

most optimal to separately prepare CdSe@CdS NR (L = 108.2 nm, W = 6.5 nm) and TPs 

(Larm = 39.6nm, Warm = 8.11 nm) both with ~ 7.5 nm AuNP tips, followed by solution 

blending into a single pot for the final CoNP deposition step which afforded CoNP tips of 

approximately 20 nm in size.  For the deposition of dipolar CoNP shells onto AuNP-tipped 

semiconductor nanocrystals,  the thermolysis of dicobaltoctacarbonyl (Co2(CO)8)  was 

carried out at elevated temperature (140 oC) in 1,2,4-tricholorobenzene (TCB) using 

carboxylic acid terminated polystyrene ligands (PS-COOH; Mn = 8,400 g/mol).  TEM 

revealed that the size of CoNP tips on either CdSe@CdS NRs, or TPs were very similar in 

size (DCo NR = 19.8±2.2 nm, DCo TP = 18.2±2.7 nm) which further confirmed the role of 

AuNP tip size on semiconductor nanocrystal precursors. 

TEM of both low and high coverage colloidal films enabled direct visualization of 

TP and NR side chains in colloidal copolymers, where the sequence and composition of 

these side chains were stochastic in nature, which confirmed that colloidal random 

copolymers were formed (for clarity, NRs are falsely colored-red and TPs are falsely 

colored-blue in Figure 6.2).    Furthermore, the comparable incorporation of CdSe@CdS 

TPs and CdSe@CdS NRs into dipolar colloidal statistical copolymers indicated that the 

AuNP deposition step onto semiconductor nanocrystals directly influenced the size of the 

CoNP tip and the composition of the colloidal copolymer.  Hence, the control of Au and 
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Au@CoNP tip size of these colloidal comonomers was analogous to the concept of 

modulating reactivity ratios of comonomer pairs in classical polymer science.  In this case 

having CoNP tips (D  20 nm) on CdSe@CdS NRs (L = 108.2 nm) and CdSe@CdS TPs 

(Larm = 39.6 nm) equated to equivalent reactivity ratios allowing for the formation of 

colloidal random copolymers.  

 Due to the modularity of this approach, the composition of colloidal copolymers 

carrying NR or TP side chains was readily controlled by variation of molar feed ratios of 

AuNP tipped precursors. By reacting blends of AuNP tipped NRs and TPs with near 

identical tip sizes (7.6±1.3 and 7.4±1.3 nm, respectively), followed by deposition of dipolar 

cobalt, random copolymers composed of differing amounts of NRs and TPs could be 

prepared (Figure  6.3).  In order to track colloidal copolymer composition as a function of 

monomer feed ratios, statistical analyses were performed on multiple separate electron 

microscope (EM) images of each of the polymers, for which the side chain for each of the 

individual cobalt nanoparticles present were individually identified (n = 500). In addition 

to qualitative assessment based on broad polymer morphology by EM, these analyses 

confirmed the tracking of colloidal polymer composition with AuNP tipped precursor 

ratios, with an excess of TPs (2:1 on a mole basis) in feed stocks resulting in TP enriched 

compositions of colloidal copolymers (1.6:1 by analysis) (Figure 6.3A). Conversely, 

variation of AuNP-tipped NRs (4:1 on a mole basis) in feed stocks were observed to enrich 

these units into colloidal copolymers materials (3:1 by analysis) (Figure 6.3B).  
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Figure 6.3. Control of random terpolymer composition by uniform Au-NP sizes and varied 

comonomer feed ratios. (A) Random copolymers formed with an excess of Au-CdSe@CdS 

TP colloidal monomers in the initial feed, resulting in excess TP-containing units in the 

polymer (1.6:1 TP:NR). (B) Random copolymers formed with an excess of Au-CdSe@CdS 

NR colloidal monomers in the initial feed, resulting in an excess of NR-containing units in 

the polymer (3:1 NR:TP). For each, a schematic representation of the polymer is shown, 

with a processed TEM image for clear monomer visualization. All scale bars are 20 nm. 
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6.3.2 Synthesis of Segmented Colloidal Copolymers 

An attractive additional feature of this system is the ability to tune the size of dipolar 

CoNP tips and the resulting composition of colloidal copolymers (i.e., statistical vs. 

segmented) by directly controlling the AuNP tip size on the semiconductor NR or TP 

(Figure 6.4).  As we previously discussed, AuNP tipped CdSe@CdS NRs and CdSe@CdS 

TPs with very similar AuNP diameters (D = 7.6±1.3 and 7.4±1.3 nm, respectively) afforded 

CoNP tips of comparable sizes (D ~ 20 nm), which formed colloidal random copolymers 

(Figure  6.4A).  However, the sizes of AuNP tips can be easily modulated during the 

photodeposition step, which we exploited to prepare CdSe@CdS NRs with a single very 

small AuNP tip (D = 1.3 + 0.4 nm) and CdSe@CdS TPs with a single larger AuNP tip (D 

= 10.5 + 1.8 nm).  When these AuNP tipped semiconductor nanocrystals are solution 

blended in TCB (1:1 molar feed ratios) and then subjected to the previously described 

CoNP deposition reactions, we observe that CdSe@CdS NRs possessed small CoNP tips 

(D = 11.5±2.0 nm) relative to CoNP tips (D = 22.2±2.6 nm) on CdSe@CdS TPs, which 

directly correlate to the size of the AuNP seed.  However, the differences in the sizes of 

these CoNP tips resulted in more selective magnetic associations which suppressed chain 

randomization and promoted the formation colloidal block copolymers (Figure  6.4B).  Due 

to the differences in CoNP tip size, this also resulted in different magnetic properties, where 

larger CoNP tips preferred to self-associate with other larger CoNP tips of comparable size 

and magnetization, followed by similar self-association tendencies with the smaller CoNP 

tips to form colloidal copolymer segments.  These dipolar association tendencies can be 

attributed to more efficient neutralization of N-S NP dipoles with other N-S NP dipoles of 

equivalent size, magnetization, and magnetic flux.  The direct association of a larger and 
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smaller CoNP tip would be possible, but this less energetically favorable self-association 

of differently sized CoNPs would only occur after depletion of the preferred CoNP 

associations (see Appendix E - Fig. E.11 for an example of segmented colloidal copolymers 

formed by blending of dipolar CoNPs of different sizes).  Ultimately, these findings 

revealed that the composition of colloidal copolymers can be easily tuned from segmented 

vs. statistical sequencing, which can be directly controlled by the size and reactivity of the 

AuNP tip size. This for the first time, to our knowledge, points to the ability to tune the 

reactivity ratios of these colloidal copolymers, where AuNP tips of equivalent size 

ultimately affords statistical compositions, while AuNP tips of different sizes followed by 

CoNP overcoating enables the formation of colloidal block copolymers. 

 

 

Figure 6.4.  Effect of Au-NP tip size on colloidal polymer morphology with identical molar 

feed ratios. (A) Random copolymers formed from monomers with AuNP tips of near 

identical size and (B) Segmented copolymers formed from monomers with significantly 

differently sized tips. Processed, color coded TEM images are provided for NR (red) and 

TP (blue) side chain visualization. All scale bars are 50 nm. 
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6.4 Conclusions 

In conclusion, the synthesis of colloidal random copolymers and terpolymers 

composed of functionalized and bare dipolar Au@Co NPs has been achieved, and control 

over composition has been demonstrated. Additionally, for the first time it has been shown 

that the size of AuNPs prior to colloidal polymerization directly controls copolymer 

compositions, with comparably sized AuNPs resulting in random copolymers and highly 

differentiated tip sizes resulting in segmented polymers. A consequence of CoNP size 

tracking with AuNP diameter, this finding provides a unique method to control colloidal 

monomer reactivity ratios, and thus mesoscopic colloidal copolymer composition.   
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APPENDIX A. Supplementary Data for Chapter 2 

Universal Length Dependence of Rod-to-Seed Exciton Localization 

Efficiency in Type I and Quasi-Type II CdSe@CdS Nanorods 

 

This Appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 2 on the synthesis and characterization of Au-tipped 

CdSe nanorods. 

 

Reproduced with permission from reference 113, copyright  2015, American Chemical 

Society. 

 

A.1 Materials, instrumentation, and synthetic methods 

A.1.1 Materials and instrumentation 

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. Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine 

oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine (TOP) (97%), and 

hexylphosphonic acid (HPA) (97%) were purchased from Strem. Sulfur (>99.0%) was 

purchased from EMD, and absolute ethanol (EtOH) was purchased from Pharmco-Aaper. 

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 
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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 spectra 

were acquired using Agilent 8453 spectrometer equipped with a diode-array detector. 

Photoluminescence (excitation) spectra were recorded using FluoroMax 3 

spectrofluorimeter. 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). Energy-dispersive X-ray spectroscopy (EDS) was 

performed using a FEI Tecnai Osiris operated at 200 kV. In the mapping, we used a sub 

nanometer probe (~0.5 nm) and a beam current of 2.2 nA. Drift-corrected EDS maps were 

obtained using Bruker Esprit software. The map acquisition time was about 5 mins.   

 

A.1.2 Synthesis of CdSe@CdS NRs 

CdSe quantum dots and CdSe@CdS nanorods were synthesized as previously 

reported,345-346 based on the work of Manna et al.188 However, representative procedures 

are shown below to illustrate the methods and isolation of materials used in this study. 
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A.1.2.1 Preparation of TOP=Se stock solution for CdSe quantum dots (D = 3.8 nm) 

Elemental selenium (1.16 g, 14.7 mmol) was combined with TOP (8.66 mL) under 

argon and the grey heterogeneous mixture was subjected to sonication until clear and 

homogeneous. 

 

A.1.2.2 Synthesis of CdSe quantum dots (3.8 nm) 

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 flask equipped with a 

reflux condenser and 1” stir bar. The mixture was 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 then 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 °C. Upon reaching 380 °C, 

the heating mantle was removed and the temperature decreased to 370 °C. TOP=Se stock 

solution (2.15 mL; described above) was then injected at 370 °C and the reaction was 

allowed to proceed for 25 seconds. Room temperature 1-octadecene (25 mL) was then 

injected into the reaction mixture to quench the reaction and prevent solidification of low 

melting point solids upon cooling to room temperature. 

The crude, room temperature product was transferred from the reaction vessel to 

one 50 mL 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 to each centrifuge tube. The mixture was subjected to 
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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 ethanol 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 °C overnight to yield 656.9 mg (60.23 

wt-% organics from TGA) of a red solid. UV-vis spectroscopy indicated that CdSe 

quantum dots exhibited an average diameter of 3.8 nm (λmax = 578 nm) as indicated by the 

low energy absorbance peak method of Peng et al.347   

 

A.1.2.3 Preparation of QD/TOP=S stock solution of  CdSe3.8@CdS31 nanorods  

CdSe quantum dots (3.8 nm; 118.9 mg, 60.23 wt-% organic content-TGA) and 

elemental sulfur (0.633 g, 19.8 mmol) were dispersed/dissolved in TOP (19 mL) under 

argon and subjected to sonication until red and homogeneous. 

 

A.1.2.4 Synthesis CdSe3.8@CdS31 nanorods  

TOPO (9.0 g, 2.33 × 10-2 mol), ODPA (0.87 g, 2.60 × 10-3 mol), CdO (0.225 g, 

1.75 × 10-3 mol) and HPA (0.24 g, 1.44 × 10-3 mol) were added to a 100 mL three-neck-

round bottom flask equipped with a reflux condenser and 1” 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 then heated to 350 °C under Ar 

where the formation of an optically clear and colorless solution was observed. TOP (4.5 g, 

1.22 × 10-2 mol) was injected into the reaction vessel and the temperature was set to 360 

°C where it was held for 30 minutes prior to injection. The reaction vessel was then 
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wrapped with cotton five minutes prior to injection. The QD/TOP=S stock solution (5.4 

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 after the internal reaction temperature had cooled below 110 °C to prevent 

solidification of low melting point solids (TOPO). 

The crude, room temperature product was transferred from the reaction vessel to 

one 50 mL centrifuge tube with toluene. The total volume (ca. 40 mL) was then divided 

evenly over two 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 clear 

supernatants and orange pellets. The supernatants were decanted and the pellets dispersed 

in 25 mL toluene before adding 20 mL ethanol to each centrifuge tube. Centrifugation at 

9000 rpm for 7 minutes yielded orange tinted supernatants and orange pellets which were 

dried in vacuo at 55 oC overnight to yield 183 mg solid orange product.  

 

A.2 CdSe@CdS NR dimensional analysis 

Nanorod diameters were measured at five equally spaced locations per nanorod to 

quantify deviation of size as a function of nanorod length. The average diameter and 

standard deviation for each measured segment are plotted in Figure A.1, A.2 and 

summarized in Table A.1. Diameters were measured beginning at 1/6 the length of each 

nanorod, starting from the thicker end of each particle (if applicable). Thus, the graphs in 

Figure A.1 and A.2 represent cross sections of the average morphology for each sample. 

Measurements were conducted using ImageJ software. The raw data TEM images for these 

NR diameter analysis (Figure A.3, A.4) were at a minimum of 110000x direct 
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magnification. In general, NRs created from CdSe2.7 and CdSe3.8 QD seeds afforded 

CdSe@CdS NRs of comparable diameter (D ~4.9-5.8 nm) with the deviation of the 

diameter ranging from 0.6-0.7 nm.  Furthermore, NR diameters became slightly smaller 

(from D ~ 5.7 nm to 4.9 nm) with increasing NR length (from L ~ 29 nm to 117 nm).  

Nanorod lengths were also determined using TEM, histogram of which are plotted 

in Fig. A.5, A.6. The CdSe seed positions are determined from the EDX mapping and they 

are labeled by the shorter distances from one end of NRs. All of these details are 

summarized in Table A.1. 

 

Figure A.1. Graphs showing variation of nanorod diameter versus nanorod length for a) 

CdSe2.7@CdS29, b) CdSe2.7CdS47, c) CdSe2.7CdS117, d) CdSe3.8CdS31 , e) CdSe3.8CdS48, 
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and f) CdSe3.8CdS116. Error bars correspond to the standard deviation associated with each 

measured segment. The average diameters and standard deviations are labeled on each 

graph. A minimum of 80 nanorods were conducted for each sample. 

 

 

Figure A.2. Graph showing variation of nanorod diameter versus nanorod length for 

CdSe2.5@CdS36. Error bars correspond to the standard deviation associated with each 

measured segment. This average diameter and standard deviation are labelled on the graph. 

A minimum of 80 nanorods were conducted for this sample. 

 

 



199 

 

 

Figure A.3. TEM images used for measuring diameter of samples a) CdSe2.7@CdS29, b) 

CdSe2.7CdS47, c) CdSe2.7CdS117, d) CdSe3.8CdS31 , e) CdSe3.8CdS48, and f) CdSe3.8CdS116. 

The lines in these images correspond to selected positions on NRs where the diameters are 

measured. 
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Figure A.4. TEM image used for measuring diameter of sample CdSe2.5@CdS36. The lines 

in the image correspond to selected positions on NRs where the diameters are measured. 
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Figure A.5. Histograms for nanorod length of samples a) CdSe2.7@CdS29, b) 

CdSe2.7CdS47, c) CdSe2.7CdS117, d) CdSe3.8CdS31 , e) CdSe3.8CdS48, and f) CdSe3.8CdS116.  

 

 

Figure A.6. Histogram for nanorod length of sample CdSe2.5@CdS36.  

 

 

Sample  

Length (nm)  Diameter 

(nm)  

Seed position 

(nm)  

CdSe2.5@CdS36  35.9±2.4  5.11±0.57  14.9±1.7  

CdSe2.7@CdS29 28.6 ±2.1  5.57±0.71  13.4±1.1  

CdSe2.7@CdS47 46.7±3.6  5.66±0.63  16.1±1.4  

CdSe2.7@CdS117 116.6±13.1  4.89±0.61  23.1±2.1  

CdS3.8@CdS31 30.6 ± 1.7  5.87± 0.61  15.5±1.4  

CdSe3.8@CdS48 48.2 ± 5.2  5.58 ±0.56  16.9±1.7  

CdSe3.8@CdS116 115.7 ±11.8  4.83± 0.68  22.5±1.5  

 

Table A.1:  Tabulated nanorod lengths, diameters and seed positions. 
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A.3 Femtosecond pump-probe transient absorption spectroscopy 

Transient absorption (TA) measurements were conducted in a Helios spectrometer 

(Ultrafast Systems LLC) with pump and probe beams derived from a regeneratively 

amplified Ti:sapphire laser system (Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, and 1 

kHz repetition rate). The 800 nm output pulse was split in two parts with a 50% 

beamsplitter. One part was used to pump a Coherent Opera Optical Parametric Amplifier 

(OPA) to generate two tunable near-IR pulses from 1.1 to 2.5 m. The idler beam was used 

to generate the 575 nm excitation beam through sum frequency mixing with the 800 nm 

fundamental beam in a BBO crystal. 400 nm pump beam was made by frequency-doubling 

of 800 nm beam in the BBO crystal. A series of neutral-density filter wheels were used to 

adjust the power the pump beam. The pump beam was focused at the sample with a beam 

waist of about 300 μm. A white light continuum (WLC) from 420 to 800 nm was generated 

by attenuating and focusing ∼10 μJ of the 800 nm pulse into a sapphire window. The WLC 

was splitted into a probe and reference beam. The probe beam was focused with an Al 

parabolic reflector onto the sample (with a beam waist of ~150 μm at the sample). The 

reference and probe beams were focused into a fiber optics-coupled multichannel 

spectrometer with complementary metal-oxide-semiconductor (CMOS) sensors and 

detected at a frequency of 1 kHz. The intensities of the pump and probe beams were ratioed 

to correct for pulse-to-pulse fluctuation of the white-light continuum. The delay between 

the pump and probe pulses was controlled by a motorized delay stage. The pump beam was 

chopped by a synchronized chopper to 500 Hz. The change in absorbances for the pumped 

and unpumped samples was calculated. 1 mm cuvettes were used for all spectroscopy 

measurements. The instrument response function (IRF) of this system was measured to be 
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~160 fs by measuring solvent responses under the same experimental conditions (with the 

exception of a higher excitation power). 

 

A.4 Absorption spectra of CdSe@CdS NRs 

UV-vis absorption spectra of all studied CdSe@CdS NRs are shown in Figure A.7. 

In these graphs, we have normalized the absorptions of NRs with the same seeds but 

different lengths either at the seed absorption (b and c) or at the rod absorption (d and e). 

Since the diameters of NRs decrease at longer lengths, the excitonic peaks of CdS rods are 

blue-shifted for longer rods due to stronger quantum confinement effects. Interestingly, the 

seed absorptions in 2.7 nm seeded NRs are also blue-shifted for longer rods while seed 

absorptions in 3.8 nm seeded NRs remain relatively unchanged. This is summarized in 

Table A.2 by comparing the rod diameters and seed absorption positions. These 

observations are consistent with quasi type II and type I band alignments in 2.7 nm and 3.8 

nm seeded NRs, respectively. 
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Figure A.7. UV-vis absorption spectra of a) 2.5 nm, b) 2.7 nm, and c) 3.8 nm seeded NRs 

with different lengths. Expanded views of the seed absorptions are shown in the insets. d) 

and e) are the absorption spectra of 2.7 nm and 3.8 nm seeded NRs, respectively, after 

normalizing their absorbances at 300 nm. 
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Sample   

number 

Diameter 

(nm) 

Seed absorption 

(eV) 

CdSe2.5@CdS36  5.11±0.57  2.15±0.01  

CdSe2.7@CdS29 5.57±0.71  2.15±0.02  

CdSe2.7@CdS47 5.66±0.63  2.13±0.03  

CdSe2.7@CdS117 4.89±0.61  2.10±0.02  

CdS3.8@CdS31 5.87± 0.61  2.02±0.01  

CdSe3.8@CdS48 5.58 ±0.56  2.03±0.01  

CdSe3.8@CdS116 4.83± 0.68  2.02±0.01  

Table A.2. Comparison of rod diameters and seed absorption positions 
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A.5 Exciton localization efficiency of NR CdSe2.5@CdS36 

 

Figure A.8. a) Representative TEM image of CdSe2.5@CdS36 NR. b) Colored EDX 

element maps of this NR. Se is shown in green and is the location of CdSe seed. c) 

Absorptance (black solid line), photoluminescence (PL, blue dotted line) and 

photoluminescence excitation (PLE, red dashed line) spectra of CdSe2.5@CdS36. The insets 

show the normalization of absorptance and PLE at the 1S CdSe excitonic peak (~580 nm). 

d) Wavelength-dependent PL quantum yields (QYs) relative to excitation at the 1S CdSe 

excitonic peak. 
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A.6 TA kinetics and spectra of 575 nm excited samples 

575 laser light was used to selectively excite the B2 transition in CdSe@CdS NRs. 

The TA spectra for 2.7 nm and 3.8 nm seeded NRs are shown in Figure 2.3 and their 

kinetics are shown in Figure A.9A and A.9B, respectively. The TA spectrum and kinetics 

for CdSe2.5@CdS36 are shown in Figure A.10A and A.10B, respectively. In these 

experiments, the pump power density are generally controlled to below 0.1 mW/cm2 so 

that the NRs are dominated by single exciton excitation. This is confirmed by the slight 

signal decay (<15%) of all the NRs within 1 ns. 
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Figure A9. TA kinetics of B2 bleach feature for a) 2.7 nm and b) 3.8 nm seeded NRs of 

different lengths from 0 to 1000 ps after 575 nm excitation. All of these kinetics show 

instrument response function (IRF, 160 fs) limited formation (<10 fs) and slight decay 

within 1000 ps (~10% and ~15% for 2.7 nm and 3.8 nm seeded NRs, respectively).  

 



209 

 

 

Figure A.10. a) Averaged TA spectrum of CdSe2.5@CdS36 measured at 1-2 ps after 575 

nm excitation. TA spectrum of CdSe QD with similar confinement energy is also shown 

for comparison. b) TA kinetics of B2 bleach feature for CdSe2.5@CdS36 from 0 to 1000 ps 

after 575 nm excitation. It shows instrument response function (IRF, 160 fs) limited 

formation (<10 fs) and negligible (~3%) decay within 1000 ps. 
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A.7 Simulating exciton localization with FRET model 

In the Forster resonant energy transfer (FRET) theory, the energy transfer time 

constant can be calculated as:231, 348 

τEnT = τ0(
L

R
)6                           (A.1), 

where τ0 is the donor excited state lifetime in the absence of the acceptor, L is the donor-

acceptor distance, and R is the Forster radius, defined as the distance between donor and 

acceptor at which the fluorescence quenching efficiency is 50% . As shown in Figure A11a, 

we use τ0/R6 as a fitting parameter C to simulate the exciton localization process. At 

distance Li from the seed, the energy transfer time is τEnT,i = C·Li
6. Due to competition with 

exciton trapping process, the efficiency of exciton generated at Li being localized is: Φi = 

τTrap/(τTrap+τEnT,i).We average over all the possible Li to obtain the ensemble exciton 

localization efficiency: 

ΦLoc =
1

N
∙ ∑ τTrap/(τTrap + τEnT,i)

N
i=1               (A.2), 

To obtain the localization efficiency of 75% for DIRs with a length of ~30 nm 

(CdSe2.7@CdSe29 and CdSe3.9@CdS31), the fitting parameter C is ~10-6 ps·nm-6. Using this 

parameter, the localization efficiency for 48 nm and 116 nm NRs are estimated to be 40.4% 

and 17.5%, respectively. As shown in Figure A.11B, they are considerably lower than the 

experimental values. This is because the sixth power dependence on rod length is too 

drastic so that exciton localization efficiency quickly vanishes as distance increases. 

Therefore, the FRET model is not an appropriate description for exciton localization 

process due to its sixth power dependence on rod length. Since excitons are free to move 
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along the NRs, it is natural to consider that exciton can diffuse to core location, which is 

modeled in Chapter 2.  

 

Figure A.11. a) A scheme showing the competition between exciton energy transfer and 

exciton trapping. The localization efficiency is an average over all the excitons generated 

randomly along the rod. b) Measured and simulated exciton localization efficiencies. The 

2.7 nm and 3.8 nm seeded NRs with different lengths are shown in red circles and green 

squares, respectively. The black solid line is simulated exciton localization efficiency using 

FRET model. 

 

A.8 Analytic solution of exciton diffusion and trapping in NRs 

Differential Equation (1) in the main text can be solved using Variable Separable 

Method by assuming: 

N(x, t) = X(x) ∙ T(t)    (A.3) 

Consequently, we have: 

dT(t)

DT(t)dt
=

d2X(x)

X(x) d2x
−

1

τTrapD
= C    (A.4). 
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We further introduce a parameter k so that: 

d2X(x)

 X(x) d2x
= C +

1

τTrapD
= −k2     (A.5). 

Therefore, 

dT(t)

DT(t)dt
= C = −(k2 +

1

τTrapD
)       (A.6). 

Solving equation A.6 gives:  

T(t) = e
−(Dk2+

1

τTrap
)t

        (A.7). 

Equation A.5 can be solved using Fourier series accounting for the boundary conditions in 

the main text, which result in: 

X(x) = ∑
2N0

nπ
∞
n=1 Sin

nπ

2L
x          (A.8), 

where n is an odd integer 1,3,5… 

Therefore, 

N(x, t) = X(x) = ∑
2N0

nπ
∞
n=1 Sin

nπ

2L
x ∙ e

−(D(
nπ

2L
)2+

1

τTrap
)t

  (A.9). 

Integration of N(x,t) over length L gives equation (2.2) in Chapter 2. 

 

To make predictions for the exciton localization efficiency of NRs with any length ranging 

from 20 to 200 nm, we need to have the seed positions for them. To this end, we fit the 

measured length-dependent seed size positions in Table A.1 using a saturation curve: y =

24 ∙ [1 − exp(−0.026 ∙ x)], as shown in Figure A.12. From this curve, we can calculate 

the seed position for a given NR length.  
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Figure A.12. Experimentally measured seed positions as a function of NR length (red 

circles) and their fit to a saturation curve. 
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APPENDIX B. Supplementary Data for Chapter 3 

Characterization of Band Edge Energetics and Rates of Charge Injection 

Processes in Heterostructured Nanorods: Photoemission Spectroscopy and 

Waveguide Spectroelectrochemistry of Au-Tipped CdSe Nanorod 

Monolayers 

This Appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 3 on the synthesis and characterization of Au-tipped 

CdSe nanorods. 

 

Reproduced with permission from reference 83, copyright  2015, American Chemical 

Society. 

 

B.1 Nanocrystal (NC) TEM Images 

 

Figure B.1:  TEM images of CdSe NRs.  A sample size of 100 NRs was used to determine 

L= 40.1 ± 4.1 nm and D = 9.6 ± 1.2 nm. 
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Figure B.2: Representative TEM images of Au2.6-CdSe NRs at a) low magnification and 

b) high magnification. The number of rods with a Au NP at one tip, two tips, and devoid 

of tips was counted and is presented as a histogram in c), where n = 412.  

 

 

Figure B.3: Representative TEM images of Au5.6-CdSe NRs at a) low magnification and 

b) high magnification. The number of rods with a AuNP at one tip, two tips, and no tips 

were counted and represented as a histogram(c), where n = 234). 
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B.2 Thermogravimetric Analysis (TGA) 

The TGA profile for the CdSe NPs shows a slight but progressive loss in weight in 

the temperature range from 100-400 oC, followed by onset of decomposition of the organic 

passivating ligands at ca. 475 oC (Fig. B.4A).  For the CdSe NRs, progressive loss in weight 

in the range of 100-450 oC is observed, followed by onset of decomposition of the 

passivating ligands at ca. 450 oC (Fig. B.4B).  For the Au2.6-CdSe NRs, almost no loss in 

weight to 200 oC, followed by the onset of decomposition of ligands and residual organic 

content at ca. 250 oC (Figures B.4C). For the Au5.6-CdSe NRs, progressive loss in weight 

in the range of 100-400 oC is observed (Fig. B.4D).  These results show that Au tipping of 

CdSe NRs is likely accompanied by changes in the type of ligand as well as the ligand 

coverage, as expected based on the synthetic schemes described above.  
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Figure B.4: Thermogravimetric analysis data for each of the synthesized materials: (A) 

CdSe NPs (D = 2.6 nm), (B) CdSeNRs (L = 40.1 ± 4.1 nm and D = 9.6 ± 1.2 nm), (C) 

Au2.6-CdSe NRs, and (D) Au5.6-CdSe NRs. 

 

B.3 UV-Vis and Fluorescence Spectroscopy of Dispersed NCs 

The absorbance spectrum of CdSe NPs (Fig. B.5A) was used to estimate their size 

(lowest energy excitonic band, λmax = 512 nm) based on the method of Peng et al.311 As 

expected, the luminescence emission peak (λmax = 527 nm) is red shifted from the lowest 

energy band in the absorbance spectrum.  The absorbance spectrum of CdSe NRs (Fig. 

B.5B) shows broad absorbance in the visible region. The emission peak (λmax = 692 nm) 

is red shifted from the lowest energy band in the absorbance spectrum.  For Au2.6-CdSe 

NRs, and Au5.6-CdSe NRs (Fig. B.5C, and Fig. B.5D respectively), broad absorption is 

observed in the visible region similar to that observed for the unmodified CdSe NRs.  

However, the emission is quenched by gold tipping, as observed previously,13 indicating 

coupling between the metal and semiconductor.  For all three NR types, absorption bands 

are observed at ca. 555 nm and 680 nm (marked by green arrows), which matches the 

positions of the major bleaching bands in Figs. 3.5A, 3.6A, and 3.7A in the article.  
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Figure B.5:  Absorbance (red) and emission (blue) spectra for each of the synthesized 

nanocrystals:  (A) CdSe NPs (D = 2.5 nm); (B) CdSe NRs (L = 40.1 ± 4.1 nm; D = 9.6 ± 

1.2 nm); (C) Au2.6-CdSe NRs; and (D) Au5.6-CdSe NRs. The excitation wavelength was 

367 nm.  The discontinuity near 460 nm in the absorbance spectra is due to a change in the 

source lamp.  The green arrows in B-D indicate the positions of the absorbance bands which 

correspond to the bleached bands observed in the ATR difference spectra in Figs. 3.5A, 

3.6A, and 3.7A, respectively, in the article.  

 

B.4 Photoemission Spectroscopy 

B.4.1 Sample Preparation 

All photoemission (PES) experiments were performed on highly-ordered pyrolytic 

graphite (HOPG) purchased from Bruker AFM Probes. On the day of the experiment, the 

substrate was prepared by rinsing with toluene, drying with a N2 stream, and a fresh surface 
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was exposed by exfoliation at least five times. Nanocrystal (NC) solutions were adjusted 

to ca. 0.2 mg/mL before drop-casting directly onto the unmodified substrate and allowed 

to dry in CHCl3 vapor to produce submonolayer coverages. The sample was then 

introduced into the spectrometer, and the presence of the NC was verified by collecting X-

ray photoelectron spectra of the Cd 3d, Se 3d, and Au 4f orbital regions. Furthermore, field-

emission scanning electron microscopy (FE-SEM) of each interrogated sample was 

performed after each PES experiment to evaluate coverage of NCs on the HOPG surface. 

FE-SEM micrographs were obtained using a Hitachi S-4800 Type II/ThermoNORAN NSS 

EDS Field Emission Scanning Electron Microscope.  Typical images are shown in Figure 

B.6.   

 

B.4.2 X-ray Photoelectron Spectroscopy of NCs 

X-ray photoelectron spectroscopy (XPS) was performed on NC films on HOPG 

using a Kratos Axis-Ultra spectrometer. The samples were interrogated with a 

monochromatic Al Kα photon source (1486.6 eV, 300 W) at normal takeoff angle. All 

spectra were collected at a 0.1 eV step size, 500 ms dwell time, and 20 eV pass energy. 

The samples were electrically coupled to the spectrometer but no sample bias was applied. 

Samples were referenced to the primary C 1s peak at 284.5 eV, which is assigned to the 

HOPG substrate.  
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Figure B.6: FE-SEM images of samples used to perform PES experiments. Each of the 

four images is representative and indicates that drop cast samples were at or below 

monolayer coverages. Samples are (A) CdSe NPs, (B) CdSe NRs, (C) Au2.6-CdSe NRs, 

and (D) Au5.6-CdSe NRs. 

 

High resolution XPS data for the NC samples are shown in Figure B.7. Spectra 

were not corrected for binding energy, as the primary C 1s peak due to HOPG did not shift 

appreciably (see below), which indicates that any observed shifts in the Cd 3d, Au 4f, or 
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Se 3d lines can be ascribed to differences in NC structure rather than substrate effects.  In 

Figure B.7A, the Cd 3d peaks are shown as the synthesis proceeds from CdSe NPs to CdSe 

NRs to Au2.6-CdSe NRs to Au5.6-CdSe NRs, as well as for Au NPs. A symmetric shift, ca. 

700 meV, of both the Cd 3d 5/2 and 3/2 lines towards lower binding energy is observed 

upon the transition from CdSe NPs to CdSe NRs. This shift may be due to the reduced 

surface-to-volume ratio of Cd atoms. The addition of the Au NPs produces a small shift 

back towards higher binding energy as the tip gets larger, which appears to be consistent 

with the UPS and electrochemistry results (Fig. 3.4 in the Chapter 3) that indicate electron 

transfer from the CdSe NR to the Au NP.  In Fig. B.7B, the substrate HOPG C 1s peak at 

284.5 eV and the ligand C 1s peak at higher BE, 285.4 eV, are plotted. Since shifts in the 

HOPG C 1s peak position were not observed, all observed shifts in other peaks can be 

ascribed to chemical and structural differences among the samples. The shift of the ligand 

C 1s peak upon Au tip addition, to 285.2 eV, is therefore attributed to the ligand exchange 

that accompanies the addition process. Changes in the intensity ratio of the C 1s peaks are 

due to the NC surface coverage. For example, in the CdSe NP spectrum (red trace), the 

intensity ratio of the ligand C 1s peak to the HOPG C 1s peak is greater than that of the 

CdSe NR spectrum (yellow-green trace), which indicates greater ligand surface coverage 

on the NP.  The position of the Au 4f peaks, shown in Fig. B.7C, is unchanged between 

the Au2.6-CdSe and Au5.6-CdSe NR. However, the BE of the Au 4f peaks is greater than 

those of the tipped NR. This is consistent with the proposed electron transfer from Cd to 

Au upon addition of the Au tip.  Finally, the Se 3d peaks for these materials are shown in 

Fig. B.7D. From the CdSe NP to CdSe NR samples, there is a ca. 500 meV shift towards 

lower binding energy, as was observed in the Cd 3d lines. Au tipping produces a 100-200 
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meV shift to higher BE, which was also observed in the Cd 3d lines, and is attributed to 

electronic coupling of the Au NP to the CdSe NR. 

 

Figure B.7: High resolution XPS spectra of (A) Cd 3d, (B) C 1s, (C) Au 4f, and (D) Se 3d 

regions for the series of nanomaterials. In each of the subsets, (1) represents CdSe NPs, (2) 

CdSe NRs, (3) Au2.6-CdSe NRs, (4) Au5.6-CdSe NRs, and (5) Au NPs. The dashed lines 

are guides to indicate the center of the peaks.  

B.4.3 Ultraviolet Photoelectron Spectroscopy (UPS) of NCs 

UPS was performed using a Kratos Axis-Ultra spectrometer equipped with a Specs 

UVS-20 He(I) (21.2 eV) excitation source. The instrument analyzer was set to a pass 

energy of 5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots 

were analyzed per sample, with signal averaged four times per spot. A 10.00 V bias was 
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applied between the sample stage and the detector to ensure that the lowest kinetic energy 

electrons could be detected, by moving them to a higher absolute kinetic energy. The 

chamber pressure during operation was ca. 1.1 x 10-7 torr. The Fermi energy of the 

spectrometer was determined by analyzing a freshly cleaved HOPG surface (work function 

of 4.4 eV) heated to 270 °C for one hour under vacuum to desorb contaminants. The Fermi 

energy was verified by analyzing freshly cleaved HOPG periodically.   

The UPS data were treated with a series of correction procedures to enhance the 

photoemission arising from the samples of interest, as shown in Figure B.8. A more 

rigorous description of the correction procedure is forthcoming in a paper in preparation. 

Briefly, the spectra are a convolution of various photoemission events – the primary sample 

photoemission, substrate photoemission, secondary scattered photoelectrons, and 

photoemission from source satellite photons impinging the surface, which produce new 

photoemission peaks at higher kinetic energy. We apply corrections to minimize the 

contribution of all but the primary sample photoemission. The final estimates of energy 

levels and shifts are limited by the spectrometer resolution, and thus all reported values of 

EF, EVB, ϕ, and local vacuum level shifts have an associated error of ± 0.1 eV, unless stated 

otherwise. 

Figure B.8 shows two representations of the data and correction process applied to 

spectra obtained from CdSe NP films: Figures B.8A, B.8C, and B.8E are semi-log plots; 

Figures B.8B, B.8D, and B.8F are the corresponding linear plots. In Figure B.8A, the black 

trace represents the raw spectrum before any treatment. There is an obvious photoemission 

tail that appears to terminate at EF. However, there is photoemission above the EF (visible 

at ca. 32-33 eV) as well, which is due to photoemission generated by the He(I)-β and He(I)-
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γ satellites. We apply an estimation of the satellite photoemissions of the He(I) source, 

He(I)-β at 23.05 eV and He(I)-γ at 23.74 eV, by shifting the raw spectrum towards higher 

KE and scaling the intensity to the relative satellite intensities (1.2-1.5% and 0.3-0.5%, 

respectively), which is shown in Fig. B.8A as the dark purple dashed trace and produces 

the solid red trace. The result is that the satellite photoemission above EF is removed and 

that photoemission beyond EF is constant. The linear representation  (Fig. B.8B) shows that 

the data are not significantly altered. The secondary electrons are removed by applying an 

integral background, as suggested initially by Henrich and coworkers,300 shown as the 

dashed orange trace in Figure B.8C. The result of both subtractions is the solid green trace.  

Again, there is no significant alteration to the data, which can be seen in Figure B.8D.  The 

final substrate correction is shown Figure B.8E.  The final, fully corrected spectrum, shown 

as the solid blue trace, is obtained by subtraction of the dashed magenta trace (the scaled 

substrate photoemission) from the green trace (the satellite and secondary corrected data). 

In both Figures B.8E and B.8F, it is clear from the overlay of the substrate correction on 

the partially corrected data (green trace) that the photoemission between ca. 29-32 eV is 

nearly identical, and thus is not likely representative of the photoemission from our sample 

of interest. The fully corrected spectrum (blue trace) shows two clear photoemission 

cutoffs, one terminating ca. 30.1 eV, and the second terminating at ca. 29.3 eV, which 

describe the photoelectrons from the frontier orbitals of the CdSe NP film. This correction 

procedure was also applied to the UPS data obtained from CdSe NRs, Au2.6-CdSe NRs, 

Au5.6-CdSe NRs, and Au2.6 NPs. 
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Figure B.8: (A) and (B) show the raw UPS data (black trace) from a CdSe NP film, in 

linear and semi-log scales, respectively. The dashed purple trace is the satellite signal that 

is subtracted to produce the satellite corrected trace (red).  (C) and D) show the linear and 

semi-log plots of the secondary scattered photoelectron correction (dashed orange trace), 

and the resulting satellite and secondary corrected data (green trace).  (E) and (F) show the 

linear and semi-log plots of the scaled substrate photoemission (dashed magenta trace) and 

the final, fully corrected spectrum (blue trace).  

Figure B.9 shows the HKE region of HOPG, CdSe NP, CdSe NR, Au2.6-CdSe NR, 

Au5.6-CdSe NR, and Au2.6 NP samples plotted in semi-log to highlight the subtle changes 

at the photoemission cutoff that describe the valence band edge of the materials. All of the 
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spectra are fully satellite, secondary photoelectron, and substrate corrected, where 

necessary. In Fig. B.9A, the HOPG photoemission cutoff is clearly defined at the Fermi 

energy of 31.8 eV, with no evidence of mid-gap states. The photoemission cutoff for the 

CdSe NP film in Figure B.9B is less clear, since there is some small density of states that 

extends from the edge of the valence band into the gap. This may be a product of the high 

surface-to-volume ratio of NPs, which produces a greater relative abundance of surface 

traps. The magnitude of these mid-gap states is significantly reduced in the CdSe NR film, 

which is shown in Figure B.9C. The addition of the Au2.6 NP tips to CdSe NRs introduces 

new photoemission from the Au 6s states, which manifests as the tail that terminates near 

the Fermi energy, as shown in Figure B.9D. Increasing the size of the Au NP tip to 5.6 nm 

predictably increases the photoemission from the Au 6s states. This appears as the shoulder 

that terminates at the Fermi energy in Figure B.9E. Finally, Figure B.9F shows the HKE 

region of Au2.6 NPs. 
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Figure B.9: HKE region of the UP spectra plotted in semi-log: (A) HOPG, (B) CdSe NPs, 

(C) CdSe NRs, (D) Au2.6-CdSe NRs, (E) Au5.6-CdSe NRs, and (F) Au2.6 NPs. All spectra 

are fully satellite, secondary, and substrate corrected (where necessary). 
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B.5 Preparation of NR Films on ITO and FE-SEM imaging 

Soda lime glass coated with indium-tin oxide (ITO, ca. 100 nm thick) was 

purchased from Thin Film Devices (total thickness of 1.1 mm) and Colorado Concept 

Coatings, LLC (total thickness of 0.4 mm) with a sheet resistance of 15-20 Ω/sq.  ITO-

coated planar electrodes were cleaned by scrubbing with detergent (1% Triton X-100) 

followed by sonicating in detergent, water (Barnstead nanopure, 18.3 MΩ•cm), and ethanol 

for 15 minutes for each step. Cleaned ITO was stored in ethanol. Immediately before use, 

ITO slides were dried under flowing nitrogen gas followed by room temperature air plasma 

(Harrick PDC-3XG) cleaning for 15 minutes at medium RF level. After removing from the 

air plasma cleaning chamber, cleaned ITO slides were placed in 10 mM 1,8-

octanediphosphonic acid (OdiPA) solution for 3 hours followed by rinsing with copious 

amount of ethanol.  

Initial attempts to adsorb NRs onto OdiPA-modified from NR solutions were 

largely unsuccessful, therefore NR films were deposited by spin coating at 550 rpm for 20 

seconds followed by 4000 rpm for 40 seconds. The concentrations used for spin-coating 

were approximately 2 mg/ml for CdSe, 2.8 mg/ml for Au2.6-CdSe and 6 mg/ml for Au5.6-

CdSe NRs. These concentrations produced submonolayer to monolayer (ML) coverage for 

CdSe and Au2.6-CdSe NRs, and 1-2 ML coverage for Au5.6-CdSe NRs. After spin coating, 

the slides were either characterized without further treatment or they were soaked in 

ethanol for 1 hour to remove unbound ligands. In some cases, one half of the cleaned ITO 

slide was masked with tape and the unmasked half was spin-coated as described above, 

after which the tape was removed. The uncoated half of the slide served as a blank for ATR 

spectroscopy. FE-SEM images of spin-coated NRs on OdiPA-modified ITO were taken 
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using a Hitachi S-4800 Type II/ThermoNORAN NSS EDS Field-Emission Scanning 

Electron Microscope.  Typical images are shown in Figure B.10. No difference was 

observed in images taken before and after the ethanol soaking step. These images show 

that the NR films became progressively less ordered through the progression of CdSe NRs 

to Au5.6-CdSe NRs. 

 

Figure B.10:  Representative FE-SEM images of spin-coated films of (A) CdSe NRs, (B) 

Au2.6-CdSe NRs and (C) Au5.6-CdSe NRs on ITO modified with 1,8-octanediphosphonic 

acid.    
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B.6 Potential-controlled ATR spectroscopy 

B.6.1 Instrumentation 

A detailed description of the custom-built visible ATR instrument has been 

published.349-350  Briefly, the TE polarized output of a broadband source (xenon lamp) was 

coupled into and out of the waveguide (the ITO-coated slide) using BK7 prisms.  The 

outcoupled light was directed into a monochromator (Newport MS260i) and detected using 

a CCD (Andor iDus420A).  ITO-coated slides from Thin Film Devices were used as 

waveguides. The distance between the prisms defines the active length (3 cm) of the 

waveguide, over which approximately 7-8 internal reflections occurred.  For visible ATR 

spectroscopy, an OdiPA-modified waveguide served as the blank. To perform ATR 

spectroscopy under potential control, a conventional three-electrode arrangement was 

added to the ATR flow cell.  An ITO-coated slide was the working electrode (active area 

= 0.8 cm2) and a Pt wire was used as the counter electrode.  Spectra of NR films were 

acquired after a potential step was applied to the ITO electrode and held for at least 5 

seconds.  In initial spectroelectrochemical experiments, either lithium perchlorate (LiClO4) 

or tetrabutyl ammonium perchlorate (TBAP) dissolved in acetonitrile was used as the 

background electrolyte. The relative change in absorbance observed in potential-controlled 

ATR experiments was found to be significantly greater when using LiClO4 vs. TBAP. All 

further experiments were therefore performed using 0.4 M LiClO4 in degassed acetonitrile. 
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B.6.2 ATR spectroscopy of CdSe NRs: Determining the number of absorbance bands 

and respective peak wavelengths 

Figure B.11 shows a typical open circuit ATR spectrum of CdSe NRs on OdiPA-

modified ITO.  A broad absorbance band is observed at   680 nm and a less intense band 

at    555 nm. The spectral profile is similar to the absorbance spectrum of CdSe NRs 

dissolved in toluene (in Figure B.5B), indicating that adsorption to OdiPA-modified ITO 

did not significantly alter the NR electronic properties. 

 

Figure B.11:  ATR spectrum of a CdSe NR film on OdiPA-modified ITO measured at 

open circuit in TE polarization. 
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ATR difference spectra of NR films were acquired as a function of potential applied 

to the ITO electrode and ratioed to a spectrum at which no bleaching was observed (e.g., 

Figs. 3.5A, 3.6A, and 3.7A in the article). Background shifts were observed as the potential 

was stepped progressively more negative, and also when the potential was reversed to the 

initial potential. These shifts are largely attributable to the onset of ITO reduction and were 

corrected by subtraction of a fitted background from each difference spectrum, generated 

by a straight line fit between points on either side of a selected bleaching band where the 

bleaching amplitude was ca. zero. When more than one bleaching band was present in a 

spectrum, the correction procedure was applied to each band. 

After background correction, each difference spectrum was fit to a model composed 

of a variable number (up to 4) of Gaussian bands, from which the number of absorbance 

bands was determined. An example using difference spectra measured on a CdSe NR film 

is shown in Figure B.12. In the center panel of (A), the difference spectrum at -1.20 V over 

the range of 590-730 nm is plotted (red line) along with the fit composed of two Gaussian 

components (dashed blue line) that corresponds to two optical transitions.  Plots of each 

component, labeled Band 0 and Band 1, are shown in the bottom panel.  In the center panel 

of (B), the difference spectrum at -1.20 V over the range of 500-590 nm is plotted (red line) 

along with the fit composed of two Gaussian components (dashed blue line).  Plots of each 

component, labeled Band 2 and Band 3, are shown in the bottom panel. 

 

This procedure was applied to all ATR difference spectra shown in Figure 3.5A of 

Chapter 3 (and three additional trials – data not shown) to determine the number of optical 

transitions present at each potential and their respective profiles (peak wavelength, FWHM, 
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and intensity). At potentials more positive than -1.15 V, the difference spectra (500-730 

nm) could be fit with two Gaussian components (Band 1 and Band 3), whereas at potentials 

more negative than -1.15 V, four components were required. As described in the article, 

Band 1 and Band 3 were assigned to electron injection into the 1Σe level of the CdSe NR 

conduction band, whereas Band 0 was assigned to electron injection into the 1Πe level of 

the CdSe NR conduction band. Band 2 may also be associated with the 1Πe level. 

Bleaching bands assignable to the CdSe seed were not detected in the ATR 

difference spectra of CdSe and Au-tipped CdSe NR films. In contrast, when cadmium 

sulfide (CdS) NRs are grown from a CdSe seed, the spectroscopic signature from the seed 

is observable and distinct from that of rod.46 The absence of bands assignable to the CdSe 

seed is not unexpected, however, because: a) The seed and rod are composed of the same 

material and during growth of the rod, the seed may have been incorporated into the rod 

material such that it was no longer a structurally distinct entity. b) The applied potential 

needed to reduce a 2.5 nm CdSe NP on ITO is expected to be considerably negative of the 

potential range examined here.153 
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Figure B.12: Example of Gaussian peak fitting to the difference ATR spectrum a CdSe 

NR film on OdiPA-modified ITO measured at an applied potential of -1.20 V and ratioed 

to the spectrum measured at -0.45 V.  (A) The 590-730 nm spectrum (red trace in the center 

panel) can be fit using a sum of two Gaussian components (blue dashed trace in the center 

panel). The background spectrum is also plotted in the middle panel (green trace).  The 

lower panel shows plots of each component obtained from the fit. The residuals from the 

fitting procedure are plotted in the upper panel.  (B) Plots of the corresponding data for the 

500-590 nm spectrum which show the fit to two Gaussian components.  



235 

 

B.7 Potential-modulated attenuated total reflectance (PM-ATR) spectroscopy 

The electronic coupling of CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films on ITO 

was further evaluated by measuring dark electron injection/extraction rate constants using 

potential-modulated ATR spectroscopy. PM-ATR is a waveguide-based form of 

electroreflectance spectroscopy that can be used to measure reversible charge transfer rates 

of electroactive films.153, 303, 350-351  The experiment is conducted by poising the working 

electrode at a potential corresponding to the bleaching of a major absorbance feature and 

modulating the applied potential across a broad range of frequencies.  The reversible charge 

transfer rate constant is obtained by measuring the real and imaginary components of the 

electroreflectance as a function of modulation frequency.352  We have used this approach 

to characterize injection/extraction rates for CdSe NCs tethered to ITO surfaces, and for 

various molecular semiconductor small molecules and polymers.153, 303, 350-351, 353  

Here the experimental parameters were selected to probe the kinetics of reversible 

electron injection into the 1Σe level (680 nm) of CdSe, Au2.6-CdSe, and Au5.6-CdSe NR 

films. A spectroelectrochemical flow cell having a conventional three-electrode system 

was used, in which the ITO-coated waveguide (active area= 0.8 cm2) is both the ATR 

element and the working electrode, a Pt wire is the counter electrode, and Ag/AgNO3 is 

the pseudo-reference electrode. ITO-coated slides from Colorado Concepts were used as 

waveguides. An EG&G Princeton Applied Research Model 263A potentiostat/galvanostat 

and Model 1025 frequency response detector operated with PowerSuite 2.00.5 software 

(Princeton Applied Research) were used for both PM-ATR experiments and 

electrochemical impedance spectroscopy (EIS).  
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In a PM-ATR experiment, a sinusoidally modulated voltage (Eac) centered around 

a DC bias (Edc) is applied to the working electrode. To select Edc values, optically detected 

anodic sweep voltammetry was performed using the following parameters: scan range of -

0.45 V to -1.5 V vs. Ag/AgNO3, scan rate of 10 mV/s, Eac value of 20-50 mVRMS, frequency 

of 1 Hz, λ = 680 nm. The Edc values selected for experiments on CdSe, Au2.6-CdSe, and 

Au5.6-CdSe NRs were (-1.0 to -1.2) V, (-1.1 to -1.25) V and -1 V vs. Ag/AgNO3, 

respectively.  The choice was based on observing a significant difference between the real 

and imaginary portions of the electroreflectance signal, balanced by the need to maintain 

the potential: a) sufficiently positive to prevent reduction of ITO and b) sufficiently 

negative to fill the SET levels and MSI states so that the kinetics of electron injection occurs 

into the NR conduction band are measured. 

Optical complex plane plots, shown in Fig. B13, were obtained by acquiring the 

real (Re(Rac)) and imaginary (Im(Rac)) components of the optical signal (at 680 nm, TE 

polarization) by varying the frequency of Eac from 0.1 Hz to 6300 Hz, using an Eac value 

in the range of 30-50 mVRMS. Complex plane plots were subjected to a polynomial fit to 

determine the modulation frequency (ω) at which the real reflectance was zero. Apparent 

heterogeneous electron transfer rate constants (ks,opt) were calculated from ks,opt = 

0.5ω2RsCdl, where Rs is the solution resistance and Cdl is the double layer capacitance which 

were measured by EIS. The EIS measurements were performed at -0.45 V vs. Ag/AgNO3. 

The high and low frequency regions of Bode plots were used to obtain Rs and Cdl, 

respectively.352 The ks,opt, Rs and Cdl values for the three types of NR films are listed in 

Table B.1.   
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Table B.1: Values of ks,opt, Rs and Cdl for CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films 

deposited on OdiPA-modified ITO.  

 
a The mean and standard deviation were obtained from at least three trials. 

b Rs and Cdl were determined from impedance measurements (see Appendix B for further 

description).  
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Figure B.13:  Representative complex plane plots of normalized electro-reflectance (real 

and imaginary components) obtained for (A) CdSe NRs, (B) Au2.6-CdSe NRs, and (C) 

Au5.6-CdSe NRs deposited on OdiPA-modified ITO. 
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The average time need to complete a single PM-ATR experiment was 15-20 minutes, 

during which the working electrode was held constant at Edc. For CdSe and Au2.6-CdSe NR 

films, after each experiment was complete the modulation frequency was returned to 1 Hz 

and Re(Rac) was measured again. The final Re(Rac) value was at least 86% of the value 

measured at the beginning of the experiment, and sometimes exceeded 100%. This finding 

shows that the electrochemical properties of these NR films were largely reversible under 

these experimental conditions, which agrees with the bleaching results presented in 

Chapter 3. 

The ks,opt for Au2.6-CdSe NRs is 6-fold greater than that of the untipped NRs. This 

result suggests that the charge injection from ITO to CdSe preferentially occurs through 

the Au tips, and provides additional support to the discussion presented in Chapter 3 

regarding Au-CdSe electronic coupling. However the ks,opt for Au5.6-CdSe NRs was 

equivalent to that of the untipped NRs. This is likely due to the higher surface coverage of 

Au5.6-CdSe NRs on ITO relative to that of Au2.6-CdSe NRs on ITO (compare Figs. B.10B 

and B.10C). The higher surface coverage may impede counter ion migration into the film 

upon charge injection, and also could result in a higher degree of self-exchange of injected 

charges among NRs.  Furthermore, during the time required to perform the PM-ATR 

analysis, spontaneous fusion of some Au5.6-CdSe NRs through Au tips was observed, 

producing oligomers, which may have increased the degree of self-exchange in the film.  

We note that ks,opt for all three types of NR films are higher than the rate constants 

of ca. 0.5×103  s-1 measured previously for 5.5 nm diameter CdSe NPs tethered to ITO.153  

There are several significant differences between the previous and present studies, which 

makes it difficult to identify the origin of the different rates:  a) Different modifiers were 
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used to tether the NC to ITO (diphosphonic acid here vs. thiol-carboxylic acid for the CdSe 

NPs).  b) The electrolyte was LiClO4 in the present study vs. TBAP in the prior study.  A 

recent paper by Boehme et al.270 showed that due to a smaller solvated radius, Li+ ions 

more effectively compensate the charge injected into CdSe NPs.  c) The surface coverage 

of the CdSe NP films, about 15% of a monolayer, was lower than that of the NR films 

examined here.  The surface conductivity of ITO is spatially heterogeneous; some areas 

are highly conductive while others are not.354-355 A lower surface coverage decreases the 

probability of self-exchange among adsorbed NCs, and thus the lowers the probability that 

a NC is in contact with an electrically active “hot spot” on the ITO surface. 
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B.14 Charge exchange at the CdSe/Au heterojunction 

 

Figure B.14: (A) Schematic view of the Au tipping process and (B, C) local vacuum level 

shifts, at the Au/CdSe heterojunction, if the Au tip pre-contact work function is higher (B) 

or lower (C) relative to the work function of the untipped CdSe NR.  The UPS and 

spectroelectrochemical results show that EVB and ECB shift toward vacuum upon Au tipping 

(Fig. 3.4 in Chapter 3), which suggests that electron transfer occurs from a lower work 

function Au NP into the CdSe NR.    
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APPENDIX C. Supplementary Data for Chapter 4 

Type I vs Quasi-Type II Modulation in CdSe@CdS Tetrapods: 

Ramifications for Noble Metal Tipping 

This Appendix is included to provide supplementary information and supporting 

data for the experiments discussed in Chapter 4 on the modulation of band alignment in 

CdSe@CdS tetrapods. 

 

Reproduced with permission from reference 136. 

 

C.1 Experimental 

C.1.1 Materials and characterization 

All chemicals were commercially available and used as received, unless otherwise noted. 

1-octadecene (ODE, 90%) was purchased from Acros. Gold (III) chloride (AuCl3, 

99.99%), cadmium oxide (CdO, 99.998%), hexadecylamine (HDA, 98%), myristic acid 

(99.99%), and elemental sulfur (99.5%) were purchased from Alfa Aesar. Cadmium (II) 

acetylacetonate (Cd(acac)2) (99.9%), didodecyldimethylammonium bromide (DDAB, 

98%), oleic acid (OLAC, 90%), and oleylamine (OLAM, 70%) were purchased from 

Sigma Aldrich. octadecylphosphonic acid (ODPA) (97%), elemental selenium (99.99%), 

trioctylphosphine (TOP) (97%), and trioctylphosphine oxide (TOPO) (90%) were 

purchased from Strem. Absolute ethanol was commercially available from Decon labs and 

used as received. Acetone, methanol, 2-propanol, and toluene were commercially available 

from Fisher Scientific. All reactions reported herein are performed in flame dried glassware 



243 

 

under Ar atmosphere using standard Schlenk techniques, with a vacuum pressure of 

approximately 1 mmHg using an Edwards High Vacuum International vacuum pump 

(Model RV12, Sussex England). An Omega temperature controller CSC32K with a K-type 

thermocouple and Glas-Col fabric heating mantle were used for high temperature syntheses 

reported herein (> 150 oC), unless otherwise noted. All centrifugation steps were performed 

on an Eppendorf 5804 benchtop centrifuge with rotor radius of 11 cm. UV-Vis 

measurements were obtained using an Agilent 8453 spectrophotometer. Fluorescence 

measurements were obtained using a FL3-11 Fluorolog-3 Spectrofluorometer (Jobin 

Yvon-Spex Instruments SA). Low resolution bright field TEM images (all not specifically 

labeled “high resolution”) were obtained using a Technai Spirit transmission electron 

microscope (FEI) at 120 kV or a CM200 LaB6 (Philips) at 200 kV using in-house prepared 

carbon coated copper grids (Cu, hexagon, 300 mesh). Image analysis was perfomed using 

ImageJ software (Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/) 

from bright field TEM images at a minimum of 110000x magnification by sizing a 

minimum of 100 nanoparticles. High-resolution TEM (HRTEM), bright field scanning 

TEM (STEM), high angle annular dark field STEM (HAADF-STEM) images and EDX 

maps were obtained using a JEM-ARM200F (Jeol) double-corrected Cold Field Emission 

TEM operated at 200 kV. Thermogravimetric analysis was carried out under nitrogen 

atmosphere using a TGA Q50 instrument and software from TA Instruments. SEM images 

were taken on a Hitachi 4800 FE-SEM (30kV accelerating voltage) on the as-prepared 

samples (no metallic overcoating).  

The transient absorption set-up used for this study has been described in details in our 

previous work.112, 170 Briefly, transient absorption measurements were conducted in a Helio 
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spectrometer (Ultrafast Systems LLC) with pump and probe beams derived from a 

regeneratively amplified Ti: Sapphire laser system (Coherent Legend, 800nm, 150fs, 

2.4mJ/pulse, and 1kHz repetition rate). The 800nm output was split equally into two parts 

by beamsplitter. One part was used to pump a Coherent Optical Parametric Amplifier 

(OPA) to generate two tunable near-IR pulses from 1100nm to 2500 nm, signal and idler 

beam respectively. The signal beam was used to generate the 580nm and 590nm excitation 

through frequency-doubling by a BBO crystal. 400nm pump was also made by frequency-

doubling of 800nm fundamental beam in a BBO crystal. A series of neutral-density filter 

wheels were used to adjust the power of pump to eliminate the non-linear response of the 

CdS tetrapods and maintain the system under the single exciton condition. The pump beam 

was focused at the sample with a beam waist around 400um. A white light continuum 

(WLC) from 420 to 800nm was generated by attenuating and focusing ~10uJ/s of the 

800nm pulse into a sapphire window. The WLC was split into a probe and reference beam.  

The probe beam was focused with an Al parabolic mirror onto the sample with a beam 

waist of about 150um. The decay between pump and probe was controlled by a delay stage. 

Pump beam was chopped by a synchronized chopper to 500Hz. The instrument response 

of the system was determined to be ~230fs by measuring the solvent response. 
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C. 1.2 Synthesis of zincblende (ZB) CdSe nanocrystals (NCs) 

C.1.2.1 ZB CdSe NCs – Diameter: 1.8 – 2.4 nm 

C.1.2.1.1 General considerations: The synthesis of ultrasmall zincblende CdSe NCs 

reported herein was inspired by the methods of Hens and coworkers.324 In general, the 

synthesis of ultrasmall CdSe nanocrystals (of zincblende or wurtzite crystal structure) can 

be challenging owing to the necessity of rapid quenching steps to arrest particle growth 

and the low yields of nanocrystals that results from these procedures. Through 

incorporation of strong binding ligands (HDA/ODA) in the nanocrystal synthesis, as well 

as a constant growth temperature, nanocrystals within the 1.8-2.4 nm size range could be 

reproducibly synthesized in higher molar yield than any other procedure reported herein 

(5.5x10-7 moles). In general, quenching of the reaction within 100 seconds of selenium 

precursor injection results in nanoparticles below 2.1 nm in size, whereas long reaction 

times (1000 seconds) result in a maximum particle size of 2.4 nm. Kinetic studies allowed 

for plotting of CdSe NC size as a function of reaction time (Figure C.1), which was helpful 

in determining reaction time for the desired particle size. 

Additionally, we found that standard purification procedures designed to minimize 

organic content resulted in irreversible aggregation of the synthesized particles in this size 

regime. Consequently, purification methods were developed to remove excess 

solvent/precursor, while maintaining stability of the nanocrystals in ODE/OLAC 

dispersion. This not only served to stabilize the nanocrystals over time, but in our hands 

also made the preparation of quantum dot stock solutions for tetrapod synthesis easier and 

more reproducible than when using dried nanocrystal powders. 
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C.1.2.1.2 Preparation of 1.0 M TOP=Se stock solution: A trioctylphosphinie selenide 

(TOP=Se) stock solution of concentration 1.0 M selenium in TOP was prepared by addition 

of selenium powder (789.6 mg, 0.01 mol) to a 20 mL scintillation vial equipped with a ½”  

PTFE coated stir bar and fitted with a septum. The vial was evacuated of air and backfilled 

with Ar three times. Then, 10.0 mL of TOP (97%) was added to the vial via syringe, and 

the resulting mixture was sonicated, stirred, and vortex mixed until homogeneous. 

 

C.1.2.1.3 Preparation of Cd(OLAC)2: To a 250 mL three neck round bottom flask equipped 

with a 1” PTFE coated stirbar and a reflux condenser was added Cd(acac)2 (248.5 mg, 

0.800 mmol) followed by OLAC (1.02 g, 1.13 mL; 3.60 mmol) and 1-ODE (10.0 mL). The 

contents of the flask were evacuated and backfilled with Ar at 50oC three times, followed 

by heating to 150oC under Ar for 15 minutes. Over the course of the 15 minutes, a 

homogeneous colorless and transparent solution formed, indicating complexation of the 

cadmium precursor. Subsequently, 1-ODE was injected (30.0 mL), and the flask was 

cooled to room temperature under Ar for the synthesis of the ZB CdSe NCs. 

 

C.1.2.1.4 Synthesis of ZB CdSe NCs on a 300 mg scale: To the same flask used to prepare 

the Cd(OLAC)2 precursor was HDA (1.12 g, 4.80 mmol), followed by ODA (0.040 g, 0.15 

mmol). The flask was evacuated and backfilled with Ar at 50oC three times to evacuate 

any air introduced during the addition of HDA/ODA. Next, the flask was heated to 170oC 

under Ar at 300 RPM, wrapped with cotton, and incubated at 170oC for 30 minutes. To 

initiate growth of the nanocrystals, the previously prepared TOP=Se stock solution was 

injected (8.0 mL) to the reaction solution at 170oC (with the cotton wrap still on), and the 



247 

 

reaction was quenched by rapid injection of hexanes (30.0 mL) at the desired timepoint 

(10-600 seconds, see Figure C.1). The reaction flask was then allowed to cool to room 

temperature for workup. 

Workup of 1.8 – 2.4 nm CdSe NCs was performed by separating the crude reaction 

mixture into three 45 mL centrifuge tubes (~15 mL each), followed by centrifugation at 

10,000 RPM for 10 minutes to crash out the excess HDA. A pristine white pellet of HDA 

was obtained, with a transparent orange/yellow supernatant which contained the NCs. The 

supernatant from each tube was decanted into a new centrifuge tube, followed by equal 

volumes of IPA and MeOH. Thus, 15 mL of IPA and 15 mL of MeOH were added to the 

15 mL of supernatant in each tube (for a typical synthesis), resulting in a cloudy white 

emulsion. Centrifugation at 10,000 RPM for 20 minutes yielded a viscous yellow oil (~3 

mL) and a clear/colorless supernatant. The multiple yellow oil droplets suspended in the 

supernatant were allowed to settle for 5 minutes prior to careful removal of the supernatant 

via syringe. Subsequently, a solution of OLAC in ODE (0.3 mL, 10 vol%) was added to 

each centrifuge tube to prevent aggregation of the ultrasmall ZB CdSe NCs.  Subsequenty, 

the same process was repeated, wherein 3.0 mL of IPA and 3.0 mL of MeOH were added 

to the ~3.0 mL of viscous oil containing the CdSe NCs. The cloudy yellow emulsions were 

then centrifuged at 10,000 RPM for 10 minutes to yield a highly viscous orange “pellet” 

of < 0.3 mL volume each. The oil was viscous enough that the clear/colorless supernatant 

was easily decanted. Subsequently, a solution of OLAC in ODE (0.03 mL, 10 vol%) was 

added to each pellet to prevent aggregation of the ultrasmall ZB CdSe NCs.   This yielded 

276.55 mg (97.90 wt% organics by TGA, 5.49x10-7 mol ZB CdSe QD) of a viscous yellow 
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oil. Storage of the purified samples prepared from this procedure under an inert N2 

atmosphere ensured stability of the particles over multiple months. 

 

Figure C.1. Effect of Reaction Time on NC Diameter. (A) UV-Visible spectra of crude 

kinetic timepoints between 10-70 seconds for the synthesis of 1.8 – 2.4 nm ZB CdSe NCs. 

(B) UV-Visible spectra of kinetic timepoints between 80-600 seconds for the synthesis of 

1.8 – 2.4 nm ZB CdSe NCs. (C) Plot of ZB CdSe NC diameter as a function of reaction 

time, as determined from the sizing curve shown in Figure 2 of the main text. Minimum 

sizes approaching 1.8-2.1 nm could be reproducibly obtained by quenching the reaction in 

under 100 seconds, whereas long reaction times (~ 15 minutes) resulted in a maximum 

particle size of ~ 2.4 nm. 
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C.1.2.2 ZB CdSe NCs – Diameter: 2.8 – 4.4 nm 

C.1.2.2.1 General considerations: The synthesis of zincblende CdSe NCs in the 2.8 – 4.4 

nm size regime developed herein was inspired by the methods of Cao and Talapin.87, 325  

Similar to the procedure for the synthesis of ultrasmall CdSe NCs, the synthesis of 

nanocrystals in the 3.0 – 4.4 nm size range relied on reaction time as the sole handle for 

final particle size. In this case, nanocrystals between 2.8-2.9 nm could be obtained if the 

reaction was quenched within 100 seconds of injection of stabilizing ligand, whereas 

particles between 3.0 – 4.4 nm in size were accessible by annealing the reaction mixture at 

240oC for extended periods of time (past 10 hours). Over the course of this annealing step, 

CdSe NC morphology was observed to shift from spherical to cubic in nature. Kinetic 

studies of this reaction allowed for plotting of CdSe NC size as a function of reaction time 

(Figure C.2), which was helpful in determining reaction time for the desired particle size. 

 

C.1.2.2.2 Preparation of ligand stock solution 

To a 20 mL scintillation vial was added 1-ODE (8.0 mL) along with OLAM (1.63 g, 2.00 

mL, 6.08 mmol), and OLAC (179 mg, 0.200 mL, 0.634 mmol). The solution was sparged 

for 20 minutes with Ar and subsequently homogenized via vortex mixing. 

 

C.1.2.2.3 Synthesis of ZB CdSe NCs on a 200 mg scale 

To the same 250 mL three neck round bottom flask in which the cadmium myristate was 

synthesized was added elemental selenium powder (36.0 mg, 456.0 mol). After Se 

addition, the flask was evacuated of air and backfilled with Ar three times, followed by 

heating to 240oC at a stir rate of 300 RPM. Once at 240oC, 7.65 mL of the previously-
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prepared ligand stock solution was injected dropwise via syringe into the reaction flask 

over the course of 1 minute. This resulted in a temperature drop to 225-230 oC. After the 

ODE/OLAM/OLAC injection, the reaction was the reaction was quenched by rapid 

injection of 1-ODE (40.0 mL) at the desired timepoint (30 seconds-3600 seconds, see 

Figure C.2). The reaction flask was then allowed to cool to room temperature for workup. 

Workup of the 2.9 – 4.4 nm CdSe NCs was performed by separating the crude 

reaction mixture into six 45 mL centrifuge tubes (~ 20 mL each), followed by addition of 

acetone to result in a total volume of 45 mL. Centrifugation at 10,000 RPM for 10 minutes 

yielded a viscous orange or red oil (depending on particle size) and a yellow tinted and 

transparent supernatant.  The supernatant was decanted, and the viscous oil was redispersed 

in 20 mL of acetone and 5 mL of methanol. Centrifugation at 10,000 RPM for 10 minutes 

yielded a solid orange or red pellet and a colorless and transparent supernatant. The pellets 

were dried in vacuo at room temperature overnight to yield 157.21 mg (97.18 wt% organics 

by TGA, 5.02x10-8 mol) of an orange solid. 
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Figure C.2. Effect of Reaction Time on NC Diameter. (A) UV-Visible spectra of crude 

kinetic time points between 0-60 seconds for the synthesis of 2.9 – 4.4 nm ZB CdSe NCs. 

(B) UV-Visible spectra of kinetic time points between 70-3600 seconds for the synthesis 

of 2.9 – 4.4 nm ZB CdSe NCs. (C) Plot of ZB CdSe NC diameter as a function of reaction 

time, as determined from the sizing curve shown in Figure 2 of the main text. Minimum 

sizes approaching 2.8/2.9 nm could be reproducibly obtained by quenching the reaction in 

under 100 seconds, whereas long reaction times (1-10 hrs) resulted in a maximum particle 

size of ~ 4.4 nm. 
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C.1.2.3 ZB CdSe NCs – Diameter: 4.4 – 5.8 nm 

C.1.2.3.1 General considerations: Access to zincblende CdSe nanocrystals of the 4.4 – 5.8 

nm size range was afforded by a slight modification to the procedure previously described 

for 2.9 – 4.4 nm nanocrystals. Instead of varying reaction time, it was found that variation 

of selenium concentration allowed for tuning of nanocrystal size after a 20 hour reaction at 

240oC. Interestingly, with decreasing selenium concentration, increasing particle size was 

observed (Table C.1). Increasing particle size also corresponded to a decrease in NC yield, 

indicative of fewer nucleation events at the early stages of the reaction, which would be 

expected in a precursor-starved reaction.  

 

C.1.2.3.2 Preparation of ligand stock solution: To a 20 mL scintillation vial was added 1-

ODE (8.0 mL) along with OLAM (1.63 g, 2.00 mL, 6.08 mmol), and OLAC (179 mg, 

0.200 mL, 0.634 mmol). The solution was sparged for 20 minutes with Ar and subsequently 

homogenized via vortex mixing.            

 

C.1.2.3.3 Preparation of cadmium myristate: To a 250 mL three neck round bottom flask 

equipped with a ½” PTFE coated stir bar and reflux condensor was added CdO (115.5 mg, 

0.900 mmol), myristic acid (435 mg, 1.91 mmol), and 1-ODE (7.5 mL). The reaction flask 

was evacuated of air and backfilled with Ar three times. Subsequently, the contents of the 

flask were heated to 250oC at a stir rate of 300 RPM. Over the course of 10 minutes, the 

solution changed from deep red and opaque (characteristic of CdO) to colorless and 

transparent, indicating complexation of cadmium and formation of active Cd-myristate 
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species. Upon the observed color change, 1-ODE (48.0 mL) was injected and the solution 

was cooled to room temperature. 

 

C.1.2.3.4 Synthesis of ZB CdSe NCs on a 300 mg scale: To the same 250 mL three neck 

round bottom flask in which the cadmium myristate was synthesized was added 167.1-

456.0 mol (13.2 – 36.0 mg) of selenium powder, depending on the desired particle size 

(see Table S1 for correlation of Se addition and particle size). After Se addition, the flask 

was evacuated of air and backfilled with Ar three times, followed by heating to 240oC at a 

stir rate of 300 RPM. Once at 240oC, 7.65 mL of the previously-prepared capping ligand 

stock solution was injected dropwise via syringe into the reaction flask over the course of 

3 minutes. The mixture was allowed to react for 20 hours at 240 oC (± 5 oC), allowing for 

the the formation of high quality ZB CdSe NCs. After 20 hours, the reaction was quenched 

by removing from heat and allowing the crude solution to cool naturally to room 

temperature. The reaction mixture was then worked up as described below. 

Workup of the 4.4 – 5.8 nm CdSe NCs was performed by separating the crude 

reaction mixture into six 45 mL centrifuge tubes (~ 12.5 mL each), followed by addition 

of acetone to result in a total volume of 45 mL. Centrifugation at 10,000 RPM for 10 

minutes yielded a viscous orange oil and a clear/colorless supernatant.  The supernatant 

was decanted, and the viscous oil was redispersed in 20 mL of acetone and 5 mL of 

methanol. Centrifugation at 10,000 RPM for 10 minutes yielded a solid orange pellet and 

a colorless and transparent supernatant. The pellets were dried en vacuo at room 

temperature overnight to yield 316.72 mg (90.49 wt% organics by TGA, 1.01x10-7 mol) of 

an orange solid. 
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Table C.1: Effect of Amount of Selenium Concentration Particle Diameter 

 

C.1.2.4 ZB CdSe NCs – Diameter: 5.9 – 8.0 nm 

C.1.2.4.1 General considerations: The procedure for accessing zincblende CdSe 

nanocrystals of the 5.9 – 8.0 nm size range was adopted from our previously reported 

procedures for 6.2 nm CdSe nanocrystals.89-90  We found that while this reaction was not 

sensitive to air or moisture, a minimum of 20 minutes of reaction time was required to 

produce nanocrystals from which tetrapods could be synthesized reproducibly. For the 

purposes of this study, the reaction was stopped at 45 minutes to obtain 6.2 nm CdSe NCs, 

with further reaction times of 1 hour resulting in a maximum particle size of 8.0 nm. 

 

C.1.2.4.2 Preparation of Cd(acac)2 stock solution: In a 50 mL three-neck round bottom 

flask equipped with a reflux condenser and ½” PTFE coated stirbar was added Cd(acac)2 

(398 mg; 1.28 mmol), followed by OLAC (6.68 g, 7.50 mL, 23.6 mmol). The contents of 

the flask were subsequently heated to 150oC while stirring at 300 RPM until a clear and 

colorless solution formed (approximately 15 minutes). 

Amount of 

Selenium 

[Se] Reaction 

Time 

Particle Diameter 

116 μmol 

(9.20 mg) 

18.4 mM 20 hrs 5.77± 1.14 nm 

168 μmol 

(13.3 mg) 

26.6 mM 20 hrs 5.39± 0.76 nm 

374 μmol 

(29.5 mg) 

59.1 mM 20 hrs 5.11± 0.69 nm 

456 μmol 

(36.0 mg) 

72.2 mM 20 hrs 4.36± 0.504 nm 
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C.1.2.4.3 Synthesis of ZB CdSe NCs on a 500 mg scale: The synthesis of zincblende CdSe 

NCs was adapted from the literature.89 To a 50 mL three-neck round bottom flask fitted 

with a reflux condenser and a ½” PTFE-coated stir bar was added elemental selenium (78.9 

mg, 1.00 mmol) followed by 1-ODE (15 mL). The flask was then heated under ambient air 

to 300 oC while stirring at 300 RPM until a yellow-tinted and transparent solution was 

formed (approximately 30 minutes). Upon reaching 300oC, 5.0 mL of the OLAC/Cd(acac)2 

solution was swiftly added to the ODE/Se solution via a glass syringe, resulting in a rapid 

color change from clear/yellow-tinted to a deep red (indicative of the formation of CdSe 

species) and a temperature decrease to ~ 270oC. The temperature was then maintained 

between 270-275oC for the desired reaction time (0-60 minutes), yielding ZB CdSe 

nanocrystal of cubic crystal habit. After the desired reaction time, 1-ODE (10 mL) was 

injected to rapidly cool the reaction mixture, the heating mantle was removed, and the 

crude mixture was allowed to cool to room temperature. The reaction mixture was then 

worked up as described below. 

 

Workup of the 5.9 – 8.0 nm CdSe NCs was performed by separating the crude reaction 

mixture into two 45 mL centrifuge tubes (~15 mL each), followed by dilution to 25 mL 

with toluene. The clear, dark red dispersions were then precipitated with 10 mL of EtOH, 

resulting in cloudy red dispersions. Centrifugation at 9,000 RPM for 7 minutes to yield 

dark red pellets and red/transparent supernatants. The supernatants were decanted, and the 

pellets were dispersed in 25 mL of toluene followed by vortex mixing until homogeneous. 

Once again, 10 mL of ethanol was added to each tube, and the mixtures were centrifuged 
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at 9000 RPM for 7 minutes, yielding dark red pellets and light red/transparent supernatants. 

The supernatants were decanted, and the pellets were dried in vacuo at 50 oC overnight to 

yield 463.29 mg (32.93 wt% organics by TGA, 3.74x10-7 mol) of a red solid. 

 

C.1.3 Synthesis of CdSe seeded CdS tetrapods (CdSe@CdS TPs) via incremental 

injection 

C.1.3.1 General considerations 

The tetrapod synthesis reported herein was inspired by our previously reported methods, 

as well as procedures for the seeded growth of CdSe@CdS nanorods that has been 

extensively published on to date.23, 46-47, 89-90 In general, we found the synthesis of tetrapods 

through standard hot injection methods to be highly sensitive to air and moisture as well as 

zincblende CdSe seed concentration. While issues of air/moisture could be mitigated 

through standard Schlenk line techniques and heating solid reagents at 50 oC in vacuo prior 

to use, the challenge of zincblende CdSe seed concentration persisted, especially at small 

seed sizes where concentration determination is traditionally challenging. We posited that 

nonoptimized seed concentrations led to homonucleation of CdS species, resulting in 

product mixtures of nanorods and tetrapods from the hot injection method. To mitigate 

this, the sulfur precursor was incrementally injected to a reaction mixture containing 

zincblende CdSe quantum dots, allowing for slow-growth of tetrapod species without CdS 

homonucleation (Figure 4.3). While initially developed for small seed sizes (~ 2.0 nm), 

where concentration of seeds was approximated through geometric considerations, this 

incremental injection approach proved universal to all seed sizes studied herein. From this 
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method, highly uniform tetrapods could be obtained in high purity and yield, regardless of 

the zincblende CdSe seed size (Figures C.3-C.6). 

 

C.1.3.2 Preparation of ZB CdSe NC/TOP stock solution 

A quantum dot stock solution of concentration 1.7 M in TOP was prepared by addition 

of CdSe quantum dots of the desired size (13.57 mg – 24.14 mg, for 2.0 – 6.2 nm ZB CdSe 

NCs, respectively; MW2.0nm= 6.95x105 g/mol with 97.9% organics; MW6.2nm= 1.24x106 

g/mol with 32.8% organics; 1.95x10-8 mol in all cases) to a 20 mL scintillation vial fitted 

with a rubber septum. The vial was evacuated of air and backfilled with Ar three times. 

Subsequently, 1.62 mL of TOP (97%) was added to the vial via syringe, and the resulting 

mixture was sonicated and vortex mixed until homogeneous.  

 

C.1.3.3 Preparation of TOP=S stock solution 

A trioctylphosphine sulfide (TOP=S) stock solution of concentration 0.59 M sulfur in TOP 

was prepared by addition of sulfur powder (262.5 mg; 8.19 mmol) to a 20 mL scintilliation 

vial and fitted with a septum. The vial was evacuated of air and backfilled with Ar three 

times. Then, 15.0 mL of TOP (97%) was added to the vial via syringe, and the resulting 

mixture was sonicated and vortexed mixed until homogeneous. 

C.1.3.4 Synthesis of CdSe@CdS tetrapods from 2.0 – 6.2 nm ZB CdSe NCs 

The synthesis of CdSe@CdS tetrapods was modified from our previously-reported 

literature procedures.89-90 To a 50 mL three neck round-bottom flask equipped with a 1” 

PTFE coated stirbar and reflux condenser was added TOPO (5.40 g, 140 mmol), ODPA 
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(0.285 g, 0.852 mmol), OLAC (0.912 g, 1.02 mL,  32.3 mmol), and CdO (0.110 g, 0.857 

mmol). The contents of the flask were subsequently degassed at 150oC in vacuo for 30 

minutes while stirring at 300 RPM.  The reaction mixture was then heated to 300oC under 

Ar to dissolve the CdO and form a clear and colorless solution. To this solution, TOP (1.01 

g, 1.22 mL, 27.3 mmol) was then injected into the flask and the temperature was allowed 

to recover to 350oC. After equilibrating at 350oC for 30 minutes, a freshly prepared 1.7 M 

stock solution of ZB CdSe QDs of the desired core-size in TOP (97%) was swiftly injected 

into the reaction mixture. After approximately 4 seconds, the first injection of a freshly 

prepared 0.55 M stock solution of TOP=S (0.20 mL)  was injected into the flask, and the 

tetrapod shell was allowed to grow for 3 minutes post-injection at 350oC. This process was 

repeated three additional times (0.80 mL of TOP=S injected total, 12 minute reaction time). 

After each injection, alioquots were taken for TEM imaging to monitor the growth of the 

tetrapod NCs (Figure C.3). After the final growth perior, the heating mantle was removed 

and the flask was allowed to cool naturally to 110 oC whereupon toluene (10 mL) was 

injected to prevent solidification of the low melting point solid (TOPO). Purification was 

carried out through three precipitation/redispersion cycles using a 1:1 mixture of 

MeOH:IPA as the nonsolvent mixture, and toluene for redispersion. 

 

 To purify the crude product from excess TOPO/ODPA, as well as unreacted 

S species, two centrifugation steps were performed using 50 mL centrifuge tubes. The room 

temperature product was distributed evenly between two centrifuge tubes, each a volume 

of ~10 mL of crude reaction mixture. In order to precipitate the nanocrystals, 5 mL of 

methanol was then added to each tube, resulting in cloudy yellow dispersions. The mixtures 
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were then centrifuged at 9000 rpm for 9 minutes to yield yellow/orange pellets and clear 

and colorless supernatants. The supernatants were then decanted and each pellet was 

dispersed in 10 mL of toluene and vortex mixed until homogeneous. As before, 5 mL of 

methanol was then added to each tube to precipitate the nanocrystals, resulting in cloudy 

yellow dispersions. The mixture were then centrifuged at 9000 rpm for 9 minutes to yield 

yellow/orange pellets and clear and colorless supernatants. After decanting of the 

supernatants, the yellow/orange pellets were dried in vacuo at 50 oC overnight to yield 

0.5586 g (74.29 wt-% organics by TGA, 7.063x10-9 mol) of a dark yellow, waxy solid. 

Transmission electron-microscope imaging confirmed the formation of uniform 

CdSe@CdS tetrapods with nearly no nanorod/quantum dot impurities, and the materials 

were sized using ImageJ software (Larm= ~35 nm) (Figure C.3).  

 To confirm the purity of tetrapod nanomaterials produced via this synthesis, 

investigation into the % impurities of a standard incremental injection tetrapod synthesis 

were done via TEM imaging, with n=1226 particles investigated in a 3μm region of a 

carbon-coated TEM grid (Figure C.4). 
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Figure C.3. Kinetic study of tetrapod growth from 2.0 nm ZB CdSe NCs by incremental 

injection. (A) Initial product distribution 3 minutes after the first injection of TOP=S. (B) 

Product distribution 3 minutes after the second injection of TOP=S. (C) Product 

distribution 3 minutes after the third injection of TOP=S. (D) Product distribution 3 

minutes after the fourth injection of TOP=S. Scale bars are 100 nm. 
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Figure C.4. Product distribution from crude incremental injection reaction mixture. (A) 

Micrometer self-assembly of 2.0 nm seeded CdSe@CdS TPs from a crude reaction mixture 

prior to purification. (B) False colored image of the TEM micrograph shown in (A), where 

green dots represents tetrapod NCs and red dots represent impurities in the sample, yielding 

95.7% tetrapods and 4.3% impurities (n = 1226). Scale bar is 500 nm. 
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Figure C.5. SEM imaging of CdSe@CdS Tetrapods. SEM image of submonolayer 

assembly of 2.8 nm seeded CdSe@CdS TPs on an indium-tin oxide (ITO) substrate. Scale 

bar is 500 nm. 
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Figure C.6. Elemental Mapping of CdSe@CdS Tetrapods. (A) HAADF-STEM image of 

two 6.2 nm seeded CdSe@CdS tetrapod heterostructures. (B-G) Corresponding EDX 

elemental maps for Cd, S, Se, and the superimposed Cd/S and Cd/Se maps. Note that Se is 

located at the center of each tetrapod. Scale bar is 20 nm. 

 

C.1.4 Synthesis of single Au-tipped CdSe@CdS tetrapods (Au-CdSe@CdS TP) on a 

8 mg scale 

C.1.4.1 Preparation of DDAB stock solution 

To a tared 20 mL glass scintillation vial was added DDAB in an Ar-filled glovebox, 

followed by sealing the vial with a tared rubber septum and removing from the glovebox. 

After removing from the glovebox, the vial fitted with the septum and loaded with the 

surfactant was remassed, and the mass of DDAB added was determined by difference. An 

appropriate quantity of anhydrous, Ar-sparged toluene was then added to the vial under 

standard Schlenk line techniques to result in a concentration of 9.01 mM DDAB in toluene. 

The contents of the vial were then sonicated for 5 minutes until homogeneous, resulting in 

a clear and colorless solution. As an example, a typical preparation would result in 81.1 

μmol (0.03750 g) of DDAB added to the vial as determined by difference, and 9.0 mL of 
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anhydrous, Ar-sparged toluene would then be added to the vial. It should be noted that this 

preparation could be performed entirely in the glovebox, if equipped with an analytical 

balance. However, in our experience, massing by difference resulted in consistent results 

if care was taken to keep the surface of the vial free of debris or oils while transferring 

between the glovebox and analytical balance. 

C.1.4.2 Preparation of AuCl3 stock solution 

To a tared 20 mL glass scintillation vial was added AuCl3 in an Ar-filled glovebox, 

followed by sealing the vial with a tared rubber septum and removing from the glovebox. 

After removing from the glovebox, the vial fitted with the septum and loaded with AuCl3 

was remassed, and the mass of AuCl3 added was determined by difference. An appropriate 

quantity of the previously prepared DDAB stock solution was then added to the vial under 

standard Schlenk line techniques to result in a concentration of 8.80 mM of AuCl3 in the 

DDAB stock. The contents of the vial were then sonicated for 5 minutes until 

homogeneous, resulting in a clear and light yellow/orange solution. As an example, a 

typical preparation would result in 35.8 μmol (0.01087 g) of AuCl3 added to the vial as 

determined by difference, and 4.07 mL of the previously prepared DDAB stock would then 

be added to the vial. The stock solution was then cooled and stored at -4oC. 

 

C.1.4.3 Preparation of CdSe@CdS tetrapod stock solution 

To a tared 1 dram vial was added CdSe@CdS tetrapods (2.21x10-9 mol; generally ~ 27 mg 

at ~70 % organics) and the vial was fitted with a rubber setpum. The vial was evacuated of 

air and backfilled with Ar three times. Anhydrous, Ar-sparged toluene (6.80 mL) was then 

added to the vial to result in a concentration of 0.325 μM tetrapods in toluene. The vial was 
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then vortex mixed for 5 minutes until a homogeneous, clear and light yellow/orange 

solution was obtained. It should be noted that the vial should not be sonicated, as this was 

observed to result in fragmentation of the tetrapods, presumably due to mechanical strain 

imparted by the cavitation process. 

 

C.1.4.4 Synthesis of Au-CdSe@CdS tetrapods using 365 nm irradiation 

The synthesis of Au-CdSe@CdS tetrapods was adapted from our previous literature.89-90 

A 1 dram vial was equipped with a 10 mm stirbar, sealed with a rubber septum, and 

evacuated of air and backfilled with Ar three times. The previously prepared CdSe@CdS 

tetrapod stock solution (0.68 mL, 2.21x10-10 mol CdSe@CdS TPs) was then added to the 

reaction vial, and the vial was cooled at -4 oC for 15 minutes. The AuCl3:DDAB stock 

solution was also cooled at -4 oC for 15 minutes prior to use. Once cooled, the AuCl3 stock 

solution (0.25 mL, 2.2 μmol AuCl3) was added to the reaction vial containing the 

CdSe@CdS tetrapod stock, and the resulting solution was irradiated at 365 nm in a custom-

built photochemical reactor with continuous stirring (600 RPM) between 2.5 – 60 minutes 

depending upon the size of the CdSe seed used to prepare the tetrapod sample (see Figure 

4.7). Throughout the course of the reaction, the color of the solution was observed to 

change from light yellow/orange to deep amber, while remaining entirely homogeneous. 

Formation of a precipitate or a purple-colored solution was consistent with non-selective 

tipping of the tetrapods (multiple tipping), which was found to result from trace moisture 

in the system and/or inadequate cooling of the precursors prior to the reaction. The custom-

built photochemical reactor was constructed from a TLC UV-lamp affixed atop a magnetic 
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stir plate, and covered with a black box to prevent external irradiation from ambient 

lighting.  

 To purify the crude product from excess gold precursor and DDAB surfactant, one 

centrifugation step was performed. The crude product was added to a single 15 mL 

centrifuge tube, followed by diluting to 2 mL with acetone in order to precipitate the 

nanocrystals, resulting in a cloudly, amber dispersion. The mixture was then centrifuged at 

9000 RPM for 7 minutes to yield an amber pellet and a clear and colorless supernatant. 

Transmission electron microscopy confirmed the formation of selectively Au-tipped 

CdSe@CdS tetrapods with no free Au NPs. 

 

C.1.4.5 Synthesis of Au-CdSe@CdS tetrapods using variable irradiation intensity 

To study the effects of photon flux on Au-tipping kinetics, a standard Au-tipping reaction 

was performed on 2.8 nm CdSe seeded CdSe@CdS tetrapods using a Zahner CIMPS 

Photo-Electrochemical Workstation with a calibrated photodiode to tune irradiation 

intensity at 450 nm.  A photoelectrochemical cell (Zahner PECC-1) with a transparent 

window was used as the reaction vessel for the Au-photodeposition reaction. Overall, the 

Au-tipping reaction was identical in all respects (TP concentration, Au-concentration, etc.) 

as that described above, except scaled up by 10x to accommodate the 8 mL 

photoelectrochemical cell volume. The dependence of Au-tipping on photon flux was thus 

studied by carrying out the Au-deposition reaction under either low (0.037 W/m2) or high 

(1.17 W/m2s) irradiation intensity at 450 nm.  Under low intensity irradiation, incomplete 

ripening was observed after 10 hours of photoexcitation (Figure C.7), whereas complete 

Au-NP ripening was observed under high intensity irradiation after 3 hours (Figure C.8). 
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These results confirmed expectations that photon flux has a dramatic effect on Au-

deposition rate, inspiring the large scale synthesis under solar irradiation described below. 

 

Figure C.7. Kinetic Study of Au-Tipping at Low Photon Flux. Standard Au-tipping of 2.8 

nm seeded tetrapods under 450 nm irradiation at 0.037 W/m2s irradiation intensity. (A) 1 

hour timepoint, (B) 5 hour timepoint, (C) 8 hour timepoint, (D) 10 hour timepoint. Scale 

bars are 20 nm. 
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Figure C.8. Kinetic Study of Au-Tipping at High Photon Flux. Standard Au-tipping of 2.8 

nm seeded tetrapods under 450 nm irradiation at 1.17 W/m2s irradiation intensity. (A) 15 

minute timepoint, (B) 1 hour timepoint, (C) 2hour timepoint, (D) 3 hour timepoint. Scale 

bars are 20 nm. 
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C.1.5 Synthesis of Au-CdSe@CdS tetrapods on 2500 mg scale 

C.1.5.1 Preparation of DDAB stock solution 

To a tared 120 mL glass bottle was added DDAB in an Ar-filled glovebox, followed by 

sealing the bottle with a tared rubber septum and removing from the glovebox. After 

removing from the glovebox, the bottle fitted with the septum and loaded with the 

surfactant was remassed, and the mass of DDAB added was determined by difference. An 

appropriate quantity of anhydrous, Ar-sparged toluene was then added to the bottle under 

standard Schlenk line techniques to result in a concentration of 9.01 mM of DDAB in 

toluene. The contents of the bottle were then sonicated for 5 minutes until homogeneous, 

resulting in a clear and colorless solution. For this reaction, this resulted in 884.5 μmol 

(409.2 mg) of DDAB being added to the bottle as determined by difference, and 92.37 mL 

of anhydrous, Ar-sparged toluene was then added using Ar via standard Schlenk line 

techniques. 

 

C.1.5.2 Preparation of AuCl3 stock solution 

To a tared 120 mL glass bottle was added AuCl3 in an Ar-filled glovebox, followed by 

sealing the bottle with a tared rubber septum and removing from the glovebox. After 

removing from the glovebox, the bottle fitted with the septum and loaded with AuCl3 was 

remassed, and the mass of AuCl3 added was determined by difference. An appropriate 

quantity of the previously prepared DDAB stock solution was then added to the bottle 

under standard Schlenk line techniques to result in a concentration of 8.80 mM of AuCl3 

in the DDAB stock. The contents of the bottle were then sonicated for 5 minutes until 

homogeneous, resulting in a clear and light yellow/orange solution. For this reaction, this 



270 

 

resulted in 424.0 μmol (128.6 mg) of AuCl3  being added to the bottle as determined by 

difference, and 96.33 mL of the previously prepared DDAB stock was then added to the 

bottle under Ar using standard Schlenk line techniques. The stock solution was then cooled 

and stored at -4oC. 

 

C.1.5.3 Preparation of CdSe@CdS tetrapod stock solution 

To a tared glass bottle was added CdSe2.8@CdS Tetrapods (1.004 g, 70 wt% organics by 

TGA, Larm = 37.2 nm, 81.3 nmol) and the bottle was fitted with a rubber septum. The bottle 

was evacuated of air and backfilled with Ar three times. Anhydrous, Ar-sparged toluene 

(250.0 mL) was then added to the bottle using stanrdard Schlenk line techniques to result 

in a concentration of 0.325 μM tetrapods in toluene. The bottle was then vortex mixed for 

5 minutes until a homogeneous, clear and light yellow/orange solution was obtained. It 

should be noted that the solution was not sonicated, as this can result in fragmentation of 

the tetrapods, presumably due to mechanical strain imparted by the cavitation process. 

 

C.1.5.4 Synthesis of Au-CdSe@CdS tetrapods using ambient sunlight 

A 500 mL three-neck round bottom flask equipped with a 1” PTFE-coated stir bar was 

evacuated of air for 30 minutes, and backfilled with Ar. This process was repeated two 

additional times for a total of three evacuation/backfilling cycles. Subsequently, 250 mL 

of the previously prepared 0.325 μM stock solution of tetrapods (CdSe quantum dot core 

diameter = 2.8 nm) in anhydrous, sparged toluene was injected into the flask, along with 

36.2 mL of IPA (10% by volume sacrificial hole scavenger). The flask was carefully 

wrapped in aluminum foil in order to minimize exposure to ambient light light. 
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Subsequently, 90.4 mL of the previously prepared AuCl3 stock solution (at -4oC) was 

injected via syringe. The reaction flask was taken outdoors (still wrapped in aluminum foil 

to prevent premature initiation of the reaction), stirred at 300 RPM, and the aluminum foil 

was removed from the flask in order to expose the reaction mixture to Tucson, AZ sunlight 

at midday. During the course of 90 seconds, the solution turned from a bright orange, 

translucent color (characteristic of CdSe@CdS tetrapods) to a deep purple and slightly 

translucent color (Figure C.9). The flask was then wrapped with aluminum foil, and the 

product was subsequently worked up through one precipitation/redispersion cycle using 

acetone as the nonsolvent and toluene for redispersion, yielding 2500 mg of Au-

CdSe@CdS tetrapods. 
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Figure C.9. Images of Large Scale Tipping Reactions. (A-I) Images of large scale tipping 

reaction taken at 10 second intervals over the course of 90 seconds of total reaction time. 

The T0 sample can be seen in Figure 4.9A. 
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C.2 Electron diffraction analysis of ZB CdSe NCs 

 

Figure C.10. Selected Area Electron Diffraction Pattern for CdSe NCs. (A) SAED pattern 

of 2.8 nm CdSe NCs, (B) SAED pattern of 3.7 nm CdSe NCs, (C) SAED pattern of 6.2 nm 

CdSe NCs. 

 

Selected area electron diffraction pattern analysis was performed on the 2.8 nm, 3.7 nm, 

and 6.2 nm CdSe seeds from which the tetrapod samples described in the main text were 

prepared. For the 2.8 nm and 3.7 nm samples (Figure C.11A-B), reflections from the 

zincblende (111), (220), and (311) planes could be clearly seen, confirming the crystal 

structure of these nanocrysrals as zincblende. For the 6.2 nm sample, additional (400) and 

(331) reflections were observed (Figure C.11C), corresponding to lower intensity 

zincblende CdSe reflections. 

 

 

 

 



274 

 

C.3 Transient kinetics of CdS and CdSe exciton bleach features at 580 nm 

excitation for 2.8 nm seeded CdSe@CdS tetrapods 

 

Figure C.11. Transient Kinetics of Exciton Bleach in Quasi-Type II Tetrapods. Transient 

kinetics of exciton bleach recovery in quasi-type II CdSe2.8CdS35 tetrapod probed at CdS 

rod (500 nm) and CdSe seed (620 nm) exciton bands after selective excitation of CdSe seed 

at 580 nm. Thin solid line is a biexponential fit to the exciton bleach kinetics. The formation 

of exciton bleach can be fit by a rise time of 5.7 fs after convolution with instrument 

response function. 
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C.4 Comparison of transient spectra of CdSe@CdS tetrapods and CdSe@CdS 

quantum dots 

 

Figure C.12. Transient Absorption Spectra of CdSe@CdS Tetrapods and Quantum Dot 

Seeds. Comparison of the transient absorption spectra of CdSe@CdS tetrapods and CdSe 

quantum dot seeds for (A) 2.8 nm seeded CdSeCdS TPs, (B) 3.7 nm seeded CdSeCdS TPs, 

and (C) 6.2 nm seeded CdSeCdS TPs. The transient spectra are averaged spectra at 1- 2 ps 

after excitation. The quantum dots were excited at 400 nm and the tetrapods were excited 

at 580 nm for 2.8 nm and 3.7 nm seeds and 590 nm for 6.2 nm seed 
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C.5 Relevant thermogravimetric analysis (TGA) data 

 

Figure C.13. TGA data for the series of ZB CdSe NCs used to seed the growth of CdSe@CdS 

tetrapod samples. (A) 2.0 nm ZB CdSe NCs, (B) 2.8 nm ZB CdSe NCs, (C),  4.4 nm ZB CdSe NCs, 

(D) 6.2 nm ZB CdSe NCs.  

 

For the zincblende CdSe quantum dots synthesized herein, we observed two consistent 

onsets of decomposition in all samples at approximately 250 oC and 400 oC, corresponding 

to the loss of ligands used in the passivation and complexing of Cd/Se species, as well as 

residual ODE solvent. For 2.0 nm, 2.8 nm, and 3.7 nm samples, an additional low 

temperature decomposition onset was observed at 100 oC, corresponding to toluene 

remaining from the purification of the nanocrystals. 
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C.6 Molar mass calculations for CdSe NCs and tetrapods 

Molar mass calculations for CdSe NCs as well as CdSe@CdS tetrapods followed our 

previously reported methods, utilizing geometric approximations and percent organic (as 

determined by TGA) to calculate nanomaterial molecular weight.89-90 For example, CdSe 

NCs are geometrically approximated to be spheres at sizes below 3 nm, cubes as sizes 

above 3 nm, and tetrapod arms are model as cylinders of uniform diameter. 
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APPENDIX D. Supplementary Data for Chapter 5 

Synthesis and Assembly of Dipolar Heterostructured Tetrapods: Colloidal 

Polymers with “Giant t-butyl” Groups 

This Appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 5 on the synthesis and characterization of dipolar 

tetrapods. 

 

Reproduced with permission from reference 89, copyright  2016,  Wiley. 

 

D.1 Experimental 

D.1.1 Materials 

All chemicals were used as purchased. Dichlorobenzene (DCB) (99%), diphenyl ether 

(DPE) (99%), and 1-octadecene (ODE) (90%) were purchased from Acros. Gold (III) 

chloride (AuCl3) (99.99%), cadmium oxide (CdO) (99.998%), octadecylamine (ODA) 

(98%), sulfur (99.5%), and 1,2,4-trichlorobenzene (TCB) were purchased from Alfa Aesar. 

Cadmium (II) acetylacetonate (Cd(acac)2) (99.9%), didodecyldimethylammonium 

bromide (DDAB) (98%), 1,2-hexadecanediol (HDD) (90%), oleic acid (OLAC) (90%), 

and oleylamine (70%) were purchased from Sigma Aldrich. Dicobalt octacarbonyl 

(Co2(CO)8) (stabilized in 1-5-wt% hexane), octadecylphosphonic acid (ODPA) (97%), 

selenium (99.99%), trioctylphosphine (TOP) (97%), and trioctylphosphine oxide (TOPO) 

(99%) were purchased from Strem. Absolute ethanol was commercially available from 

Decon labs and used as received. Acetone, methanol and toluene were commercially 
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available from Fisher Scientific 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 quantum dot synthesis and tetrapod synthesis. All centrifugation was performed 

in 50 mL centrifuge tubes (unless otherwise stated) using a rotor with a radius of 11 cm. 

TEM images were obtained on a Tecnai G2 Spirit transmission electron microscope at 100 

kV, using carbon coated copper grids (Cu, square, 200 mesh) purchased from Electron 

Microscopy Sciences. Image analysis was performed using ImageJ software (Rasband, 

W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007). TGA analysis 

was carried out using a TGA Q50 (TA Instruments) instrument and software from TA 

Instruments. UV-Vis spectra were obtained using Agilent UV-vis spectrometer (no. 

8453A, Foster City, CA). High resolution TEM (HRTEM) was performed using a 

CM200FEG (Philips) microscope with a field emission gun operated at 200 kV. 

 

D.1.2 Zinc Blende CdSe Seeds with Cubic Crystal Habit 

D.1.2.1 Preparation of Cd(acac)2 Stock Solution 

To a 50 mL round bottom flask equipped with a ½” Teflon coated stirbar was added 

Cd(acac)2 (0.3990 g, 1.284x10-3 mol)  followed by oleic acid (6.71 g, 7.50 mL, 2.38x10-2 

mol). The flask was then heated in an oil bath thermostated at 150oC open to air while 

stirring at 300 RPM until a clear and colorless, homogeneous solution was formed 

(approximately 15 minutes).  
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D.1.2.2 Synthesis of CdSe Quantum Dots on a 50 mg Scale 

The synthesis of zinc-blend CdSe quantum dots was adapted from the literature.335 To a 50 

mL three-necked-round bottom flask equipped 1” Teflon coated stirbar and a reflux 

condenser was added elemental Se (78.9 mg, 1.00x10-3 mol) followed by the addition of 

1-octadecene (15.0 mL, 4.69x10-2 mol) via syringe. The contents of the flask were then 

heated to 300 oC with a heating mantle and temperature probe open to air while stirring at 

300 RPM until a clear, yellow tinted, homogeneous solution formed (approximately 30 

minutes). Once at 300oC, the OLAC/Cd(acac)2 solution (5.0 mL) was quickly added to the 

ODE/Se solution via a glass syringe, resulting in rapid color change from clear/yellow 

tinted to deep red, characteristic of formation of CdSe species in situ. In order to obtain 

seeds with cubic geometry, which were found to be necessary for the synthesis of well-

defined tetrapods, quick recovery of the reaction temperature to 270-275oC was required, 

as lower temperatures resulted in particles with spherical/triangular geometry. 

Consequently, the OLAC/Cd(acac)2 solution was transferred via a glass syringe partially 

wrapped in cotton to prevent loss of heat on transfer, and the temperature controller was 

set to 275 oC immediately after injection. Upon injection of the cadmium solution, the 

temperature of the resulting mixture dropped to 267 oC, and recovered to 275 oC after 53 

sec. The temperature of the reaction mixture was then held between 270-275 oC for 40 

minutes to facilitate nucleation and growth of zinc blende CdSe quantum dots with cubic 

geometry. After 40 minutes, the heating mantle was removed and 10 mL of room 

temperature 1-ODE was injected into the flask followed by spraying of the flask with 

acetone in order to facilitate rapid cooling and arrest further particle growth. The dark red, 

homogeneous product was then purified as described below. 
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To purify the crude product from excess OLAC/ODE, as well as unreacted Se/Cd 

species, two centrifugation steps were performed using 50 mL centrifuge tubes. The room 

temperature product was evenly distributed into two centrifuge tubes (approximately 15 

mL each), followed by dilution to 25 mL with toluene, resulting in clear, dark red 

dispersions. In order to precipitate the nanocrystals, 10 mL of ethanol was then added to 

each tube, resulting in cloudy red dispersions. The mixtures were then centrifuged at 9000 

rpm for 7 minutes to yield dark red pellets and clear, dark red supernatants. The 

supernatants were then decanted and the pellets were dispersed in 25 mL of toluene and 

vortex mixed until homogeneous. As before, 10 mL of ethanol was then added to each tube 

to precipitate the nanocrystals, resulting in cloudy red dispersions. The mixtures were 

centrifuged at 9000 rpm for 7 minutes to yield dark red pellets and clear, slightly red tinted 

supernatants. After decanting of the supernatants, the dark red pellets were dried in vacuo 

at 50oC overnight to yield a dark-red, waxy solid (48.6 mg, 66.5 wt-% organics by TGA, 

1.96x10-8 mol). Transmission electron-microscope imaging confirmed that the zinc blende 

CdSe seeds exhibited cubic geometry, and the products were sized using ImageJ software 

(Deff= 6.2 ± 0.9 nm) (Figure D.1). 
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Figure D.1. Zincblende CdSe quantum dots exhibiting cubic geometry. Representative low 

magnification (A) and high magnification (B) TEM images of zinc blende CdSe quantum 

dots (Deff= 6.2 ± 0.9nm) exhibiting cubic geometry which were used to seed the growth of 

CdSe@CdS TP. All scale bars are 50 nm. 

 

D.1.3 CdSe seeded CdS Tetrapods (CdSe@CdS TP) 

D.1.3.1 Preparation of CdSe/TOP=S Stock Solution for Tetrapods with 36.2x7.7 nm 

Arms 

To a 20 mL scintillation vial equipped with a ½” glass coated stirbar was added CdSe 

quantum dots (4.30 x 10-3 g, 66.5 wt-% organic content; Deff= 6.2 nm, 1.7x10-9 mol) 

followed by elemental S (3.40 x 10-2 g, 1.06x10-3 mol). Subsequently, the vial was sealed 

with a rubber septum, the seal was wrapped tightly with electrical tape, and the vial was 

exposed to vacuum for 10 minutes, followed by being backfilled with Ar. This evacuation 

and backfilling process was repeated twice for a total of three cycles. TOP (0.81 g, 0.97 

mL, 2.2x10-3 mol) was then injected via syringe under argon, and the mixture was stirred 

at 300 RPM until clear and homogeneous. While experiments reported in the main text 
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highlight the functionalization of tetrapods with 36.2x7.7nm arms (Arm Length (Larm) x 

Arm Midpoint Diameter (Darm,mid)), it was found that the arm length could be 

systematically varied from 20-100 nm by controlling the concentration of CdSe quantum 

dot seeds in the stock solution, as highlighted in Figure D.2 and Table D.1, below. For each 

stock solution, the generic procedure included below could be followed to synthesize 

tetrapods with varying arm lengths, in a highly controllable and reproducible fashion. 

 

 

Figure D.2. CdSe@CdS Tetrapods with arms of varying lengths based on [CdSe] seeds. 

(A) CdSe@CdS tetrapods synthesized with short (21.1±2.6 x 7.4±1.0 nm) arms, (B) 

medium length (36.2±3.7 x 7.7±0.9 nm) arms, and (C) long (103.3±8.1 x 7.3±1.0 nm) arms. 

The sample shown in (B) was used for all experiments reported in chapter 5. All scale bars 

are 50 nm. 

 

Table D.1. Concentrations of CdSe QD in CdSe QD/TOP=S Stock Solution Required to 

Obtain Various Tetrapod Arm Lengths 

 

Tetrapod Arm Length (nm) Mid-point Tetrapod Arm Width (nm) [QD] (M) 

21.1±2.6 7.4±1.0 3.58 

36.2±3.7 7.7±0.9 2.15 

103.3±8.1 7.3±1.0 0.46 
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D.1.3.2 Synthesis of CdSe@CdS Tetrapods 

The synthesis of CdSe@CdS tetrapods was adapted from literature procedures for the 

synthesis of CdSe@CdS nanorods.23 To a 100 mL three-neck-round-bottom flask equipped 

with a 1” glass coated stirbar and reflux condenser, TOPO (5.40 g, 1.40x10-2 mol), ODPA 

(0.285 g, 8.52x10-4 mol), CdO (0.110 g, 8.57x10-4 mol), and oleic acid (0.912 g, 1.02 mL,  

3.23x10-2 mol) were added. The contents of the flask were then heated in vacuo to 150oC 

using a heating mantle and temperature probe for 30 minutes while stirring at 300 RPM. 

The red, heterogeneous mixture was then heated to 300 oC under Ar to dissolve the CdO 

and form a clear and colorless solution. To this solution, TOP (1.01 g, 1.22 mL, 2.74x10-2 

mol) was then injected into the flask and the temperature was allowed to recover to 350oC. 

The temperature was held at 350oC prior to injection of the previously prepared 

CdSe/TOP=S stock solution; the flask was wrapped with aluminum foil for 20 minutes, 

followed by removal of the aluminum foil and wrapping with cotton for 10 minutes prior 

to stock injection, in order to facilitate rapid temperature recovery post injection. The 

CdSe/TOP=S stock solution (0.81 mL; described above) was then quickly injected into the 

flask, resulting in a temperature drop to 334.6 oC. The nanocrystals were allowed to grow 

for 10 minutes after the temperature had recovered to 350oC. The flask was then removed 

from the heating mantle and cotton wrap and allowed to cool to 110 oC, at which point 

toluene (10.0 mL) was injected into the flask to prevent solidification of the low melting 

point solid (TOPO). The homogeneous yellow/orange mixture was then purified as 

described below. 
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To purify the crude product from excess TOPO/ODPA, as well as unreacted S 

species, two centrifugation steps were performed using 50 mL centrifuge tubes. The room 

temperature product was distributed evenly between two centrifuge tubes (approximately 

10 mL each). In order to precipitate the nanocrystals, 5 mL of methanol was then added to 

each tube, resulting in cloudy yellow dispersions. The mixtures were then centrifuged at 

9000 rpm for 9 minutes to yield yellow/orange pellets and clear and colorless supernatants. 

The supernatants were then decanted and each pellet was dispersed in 10 mL of toluene 

and vortex mixed until homogeneous. As before, 5 mL of methanol was then added to each 

tube to precipitate the nanocrystals, resulting in cloudy yellow dispersions. The mixtures 

were then centrifuged at 9000 rpm for 9 minutes to yield yellow/orange pellets and clear 

and colorless supernatants. After decanting of the supernatants, the yellow/orange pellets 

were dried in vacuo at 50oC overnight to yield a dark yellow, waxy solid (0.5586 g; 74.3 

wt-% organics by TGA, 7.063x10-9 mol). Transmission electron-microscope imaging 

confirmed the formation of uniform CdSe@CdS tetrapods with nearly no 

nanorod/quantum dot impurities, and the materials were sized using ImageJ software 

(Larm= 36.2 ± 3.7 nm; Darm,mid= 7.7±0.9 nm) (Figure D.2B). 

 

 

 

D.1.4 Selective Au-Tipped CdSe@CdS Tetrapods (Au-CdSe@CdS TP) 

D.1.4.1 Preparation of DDAB Stock Solution 

The gold tipping of CdSe@CdS tetrapods was found to be very sensitive to adventitious 

air and moisture in the system. Consequently, all solid reagents were handled in a Ar-
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purged glovebox, with masses of reagents being determined by difference. Briefly, to a 

tared 20 mL scintillation vial was added DDAB in a glovebox, followed by sealing the vial 

with a tared rubber septum and removing from the glovebox. After removing from the 

glovebox, the vial fitted with the septum and loaded with the surfactant was massed, and 

the mass of DDAB added was determined by difference. An appropriate quantity of 

anhydrous, Ar-sparged anhydrous toluene was then added to the vial under Ar to result in 

a concentration of 9.01 mM of DDAB in toluene. The contents of the vial were then 

sonicated for 5 minutes until homogeneous, resulting in a clear and colorless solution. As 

an example, a typical preparation would result in 3.75 x 10-2 g (8.11x10-5 mol) of DDAB 

added to the vial, and 9.0 mL of Ar-sparged anhydrous toluene would then be added to the 

vial.  

 

D.1.4.2 Preparation of Gold Stock Solution 

To prepare the gold stock solution, the gold precursor was transferred in a glovebox and 

massed by difference, as described previously. In a 20 mL scintillation vial, a 8.80 mM 

AuCl3 stock solution was prepared by addition of AuCl3 (1.09 x 10-2 g, 3.58x10-5 mol) 

followed by the previously prepared DDAB stock solution (4.07 mL). The contents of the 

vial were then sonicated for 5 minutes until homogeneous, resulting in a clear and light 

yellow/orange solution.  

D.1.4.3 Preparation of Tetrapod Stock Solution 

To a tared 1 dram vial was added CdSe@CdS tetrapods (3.47 x 10-2 g, 74.3 wt-% organic 

content by TGA; 36.2x7.7 nm, 4.39x10-10 mol). Subsequently, the vial was sealed with a 

rubber septum, the seal was wrapped tightly with electrical tape, and the vial was exposed 
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to vacuum for 10 minutes, followed by being backfilled with Ar. This evacuation and 

backfilling process was repeated twice for a total of three cycles. Ar-sparged anhydrous 

toluene (6.80 mL) was then added to the vial (64.5 nM TPs). The vial was then vortex 

mixed for 5 minutes until a homogeneous, clear and light yellow/orange solution was 

obtained. It should be noted that the vial should not be sonicated, as this was observed to 

result in fragmentation of the tetrapods, presumably due to mechanical strain imparted by 

the cavitation process. 

 

D.1.4.4 Synthesis of Au-CdSe@CdS TPs 

The synthesis of Au-CdSe@CdS tetrapods was adapted from literature procedures for the 

synthesis of matchstick Au-CdSe@CdS nanorods via a photoinduced electrochemical 

Ostwald ripening process.[3] A 1 dram vial was equipped with a 10 mm stirbar, sealed with 

a rubber septum, and exposed to vacuum for 10 minutes, followed by being backfilled with 

Ar. This evacuation and backfilling process was repeated twice for a total of three cycles. 

The CdSe@CdS tetrapod stock solution (0.68 mL, 4.39x10-11 mol CdSe@CdS TPs) was 

then added to the reaction vial, and the vial was cooled at -4 oC for 15 minutes. The 

AuCl3:DDAB stock solution was also cooled at -4 oC for 15 minutes prior to use. Once 

cooled, the AuCl3 stock solution (0.25 mL, 2.2x10-6 mol AuCl3) was added to the reaction 

vial containing the CdSe@CdS tetrapod stock, and the resulting solution was irradiated at 

365 nm in a custom-build photochemical reactor for 1 hour with continuously stirring (600 

RPM). Throughout the course of the reaction, the color of the solution would change from 

light yellow/orange to deep amber, while remaining entirely homogeneous. Formation of 

a precipitate or a purple-colored solution was consistent with non-selective tipping of the 
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tetrapods (multiple tipping), which was found to result from trace moisture in the system 

and/or inadequate cooling of the precursors prior to the reaction. The custom-built 

photochemical reactor was constructed from a TLC UV-lamp affixed atop a magnetic stir 

plate, and covered with a black box to prevent external irradiation from ambient lighting. 

HRTEM images of the synthesized Au-CdSe@CdS TPs can be found in chapter 5. 

To purify the crude product from excess gold precursor and DDAB surfactant, one 

centrifugation step was performed using one 15 mL centrifuge tube. The crude product was 

added to a single centrifuge tube (approximately 1 mL), followed by diluting to 2 mL with 

acetone in order to precipitate the nanocrystals, resulting in a cloudy amber dispersion. The 

mixture was then centrifuged at 9000 rpm for 7 minutes to yield an amber pellet and a clear 

and colorless supernatant.  

In preparation for the following Co-tipping reaction, the supernatant was then 

decanted and the pellet was subsequently dispersed in a solution (0.60 mL) of carboxylic 

acid-terminated polystyrene (MW = 8,400 g/mol, Mw/Mn= 1.1) in TCB (19.5 mg/mL, 2.32 

mM) to result in a concentration of 76.1 nM Au-CdSe@CdS TP in PS-COOH:TCB (based 

on initial quantities of CdSe@CdS TP used in the Au-tipping). In order to characterize the 

Au-CdSe@CdS TP material, a sample of a purified pellet prior to addition of PS-

COOH:TCB was dried in vacuo at 50 ºC overnight to yield an amber, waxy solid (7.20  

mg, 75.2 wt-% organics by TGA). Transmission electron-microscope imaging confirmed 

the formation of selectively Au-tipped CdSe@CdS tetrapods with no free Au NPs, and the 

resulting materials were sized using ImageJ software (DAu= 8.8±1.4 nm). 
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D.1.4.5 Synthesis of Au-CdSe@CdS TPs w/ Free AuNPs (Au-CdSe@CdS TP + AuNP) 

The synthesis of Au-CdSe@CdS tetrapods with free Au NPs was adapted from literature 

procedures for the synthesis of matchstick Au-CdSe@CdS nanorods via a photoinduced 

electrochemical Ostwald ripening process.[3] A 1 dram vial was equipped with a 10 mm 

stirbar, sealed with a rubber septum, and exposed to vacuum for 10 minutes, followed by 

being backfilled with Ar. This evacuation and backfilling process was repeated twice for a 

total of three cycles. The CdSe@CdS tetrapod stock solution (0.68 mL, 4.39x10-11 mol 

CdSe@CdS TPs) was then added to the reaction vial, and the vial was cooled at -4 oC for 

15 minutes. The AuCl3:ODA:DDAB stock solution was also cooled at -4 oC for 15 minutes 

prior to use. Once cooled, the AuCl3 stock solution (0.25 mL, 2.2x10-6 mol AuCl3) was 

added to the reaction vial containing the CdSe@CdS tetrapod stock, and the resulting 

solution was irradiated at 365 nm in a custom-build photochemical reactor for 1 hour with 

continuously stirring (600 RPM). Throughout the course of the reaction, the color of the 

solution would change from light yellow/orange to deep purple/red, while remaining 

entirely homogeneous.  

 

 

To purify the crude product from excess gold precursor and DDAB surfactant, one 

centrifugation step was performed using one 15 mL centrifuge tube. The crude product was 

added to a single centrifuge tube (approximately 1 mL), followed by diluting to 2 mL with 

acetone in order to precipitate the nanocrystals, resulting in a cloudy amber dispersion. The 

mixture was then centrifuged at 9000 rpm for 7 minutes to yield an amber pellet and a clear 

and colorless supernatant.  
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In preparation for the following Co-tipping reaction, the supernatant was then 

decanted and the pellet was subsequently dispersed in a solution (0.60 mL) of carboxylic 

acid-terminated polystyrene (MW = 8,400 g/mol, Mw/Mn= 1.1) in TCB (19.5 mg/mL, 2.32 

mM) to result in a concentration of 76.1 mM Au-CdSe@CdS TP in PS-COOH:TCB (based 

on initial quantities of CdSe@CdS TP used in the Au-tipping). In order to characterize the 

Au-CdSe@CdS TP material, a sample of a purified pellet prior to addition of PS-

COOH:TCB was dried in vacuo at 50oC overnight to yield an amber, waxy solid (8.4 mg) 

Transmission electron-microscope imaging confirmed the formation of selectively Au-

tipped CdSe@CdS tetrapods with no free Au NPs, and the resulting materials were sized 

using ImageJ software (DAu= 10.0±1.7 nm). 

 

D.1.5 Dipolar Cobalt Tipped Au-CdSe@CdS Tetrapods (Au@Co-CdSe@CdS TPs) 

D.1.5.1 Preparation of Co2(CO)8 Stock Solution 

To a 20 mL scintillation vial was added dicobalt octacarbonyl (0.300 g, 8.77x10-4 mol; 

5wt-% hexane stabilizer), followed by TCB (3.0 mL) (0.29 M Co2(CO)8). The vial was 

sealed with a rubber septum followed by continuous vortex mixing for 1 minute until a 

black and homogeneous solution is obtained. It should be noted that the TCB must be added 

shortly after weighing out the cobalt precursor, to prevent drying out and subsequent 

decomposition of the cobalt precursor prior to use. Additionally, the resulting solution 

should not be sonicated, as this may result in rapid decomposition of the cobalt precursor, 

releasing toxic CO gas. 
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D.1.5.2 Synthesis of Au@Co-CdSe@CdS TPs 

The synthesis of Au@Co-CdSe@CdS TPs was adapted from literature procedures for the 

synthesis of Pt@Co-CdSe@CdS NRs. 46 To a 1 dram vial equipped with a 10 mm stirbar 

was added the previously prepared solution of Au-CdSe@CdS TP in PS-COOH:TCB (0.6 

mL, 4.39x10-11 mol Au-CdSe@CdS TP based on initial quantity of TP in Au-tipping), 

followed by the previously prepared Co2(CO)8 stock solution (0.10 mL, 2.9x10-5 mol 

Co2(CO)8). In this solution, the effective concentration of stabilizing PS-COOH ligand was 

1.99 mM. The vial was sealed with a rubber septum equipped with a vent needle, and the 

vial was heated to 140 oC in an oil bath with continuous stirring (600 RPM) for 3 minutes. 

The vial was then removed from the oil bath and partially submerged in a room temperature 

water bath to facilitate rapid cooling of the reaction media and to suppress further Co 

growth.  

While the procedure included herein result in dipolar colloidal polymers of 

Au@Co-CdSe@CdS TPs with a 1:1 grafting density of tetrapods in the self-assembled 

linear chains, the grafting density could be decreased by performing this exact same Co 

deposition reaction on the blend of Au-CdSe@CdS TPs and free Au NPs reported above. 

Additionally, highly grafted colloidal polymer chains could be synthesized if the Au-

CdSe@CdS TPs with no free Au NP (Section D.1.4) are dispersed in a lower concentration 

solution of carboxylic acid-terminated polystyrene (MW = 8,400 g/mol, Mw/Mn= 1.1) in 

TCB (5.00 mg/mL, 0.595 mM), resulting in an effective PS-COOH concentration of 0.510 

mM during the cobalt deposition. The abovementioned Co-deposition conditions could 

then be employed to afford high grafting density of tetrapods due to aggregation of 

individual CoNPs due to lower ligand concentration. Whereas the colloidal polymers 
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synthesized with high concentrations of PS-COOH stabilizing ligand resulted in large 

discrete CoNP (D=20nm), the polymers synthesized from low concentrations of stabilizing 

ligand resulted in smaller individual CoNP (D=10 nm) that aggregated over the course of 

the Co-deposition to form highly grafted polymers (Fig. D.3). 

 

Figure D.3. Effect of stabilizing ligand on CoNP size. (A) High concentrations of PS-

COOH stabilizing ligand lead to discrete and large (D~20 nm) Au@Co NPs, whereas (B) 

low concentrations of stabilizing ligand lead to aggregated and comparatively smaller 

(D~10 nm) Au@Co NPs which appear to coalesce, forming colloidal polymers with high 

TP grafting density. 

 

To purify the crude colloidal polymers from excess PS-COOH and Co precursor, 

three centrifugation steps and a single magnetic filtration were employed using one 15 mL 

centrifuge tube. The crude product was added to a single centrifuge tube (approximately 1 

mL), followed by diluting to 2 mL with acetone in order to precipitate the nanocrystals, 

resulting in a cloudy grey dispersion. The mixture was then centrifuged at 10,000 rpm for 

10 minutes to yield a black pellet and a clear and deep brown tinted supernatant. The 
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supernatant was then decanted and the pellet was dispersed in 0.60 mL of a solution of PS-

COOH in TCB (5.00 mg/mL, 0.595 mM), followed by vortex mixing for 1 minute to fully 

disperse the pellet. For these colloidal polymers, it was found that a small amount of 

polystyrene needed to be added after each purification step, in order to prevent irreversible 

aggregation of the colloidal polymer chains. Additionally, in order to redisperse the 

samples, vortex mixing needed to be employed exclusively, as sonication of the material 

at any stage results in mechanical fracturing of the tetrapods from the dipolar chains. After 

obtaining a pellet from the first centrifugation, the sample was then diluted to 2 mL with 

acetone as before, resulting in a cloudy grey dispersion. The mixture was then centrifuged 

for a second time at 10,000 rpm for 10 minutes to yield a black pellet and a clear and light 

yellow tinted supernatant. The supernatant was then decanted and the pellet was dispersion 

in 0.60 mL of the PS-COOH:TCB solution (5.00 mg/mL, 0.595 mM), followed by vortex 

mixing for 1 minute to fully disperse the pellet. The sample was then diluted to 2 mL with 

acetone, resulting in a cloudy grey dispersion. The mixture was then centrifuged for a third 

time at 10,000 rpm for 10 minutes to result in a black pellet and a clear and colorless 

supernatant. The supernatant was then decanted and the pellet was dispersed in 0.80 mL of 

a different PS-COOH:TCB solution (7.50 mg/mL, 0.893 mM), followed by vortex mixing 

for 1 minute to fully disperse the pellet. A AlNiCo magnet was then applied to the outside 

of the centrifuge tube for 10 minutes, resulting in a magnetically associated black pellet 

forming on the side of the centrifuge tube nearest to the magnet, and a clear and yellow 

tinted supernatant. After decanting the supernatant, the black pellet was dried in vacuo at 

50oC overnight to yield a black, flaky solid (32.6 mg (89.6 wt-% organics by TGA). 
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Transmission electron-microscopy imaging confirmed the selective overcoating of AuNPs 

with dipolar cobalt, resulting in linear chains of Au@Co-CdSe@CdS tetrapods. 

 

D.2 Thermogravimetric analysis (TGA) 

 

Figure D.4. TGA data for the series of CdSe quantum dot seeds through the final colloidal 

polymers. (A) Zinc blende CdSe quantum dots (Deff= 6.2 ± 0.9 nm), (B) CdSe@CdS 

tetrapods (36.2±3.7 x 7.7±0.9 nm), (C) Au-CdSe@CdS tetrapods with no free AuNP, and 

(D) Au@Co-CdSe@CdS colloidal polymers synthesized from (C). All plots are weight 

percent (wt-%) vs. temperature (oC). 

 

For zinc blende CdSe quantum dots, we observe two sharp stages of decomposition, with 

approximately 50-wt% loss in the range of 100-200 oC, and an additional 30-wt% loss 

between 450-500oC, corresponding to the loss of ligands used in passivation and 

complexing of Cd/Se species. CdSe@CdS tetrapods show an initial sharp decomposition 
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between 100-200oC (40-wt%) followed by gradual loss of organic ligands in the range of 

200-450oC (30-wt%). For Au-CdSe@CdS tetrapods, we see gradual weight loss in the 

range of 100-450oC (20-wt%) with an onset of decomposition of passivating ligands at 

450oC (40-wt%). Au@Co-CdSe@CdS tetrapods show a similar profile as Au-CdSe@CdS 

tetrapods, with gradual weight loss in the range of 100-400oC (10-wt%) and onset of 

decomposition of passivating ligands at 400oC (80-wt%), primarily consisting of PS-

COOH ligands. 

 

D.3 Optical measurements: UV-Vis spectroscopy (UV-Vis) 

The absorbance spectra for the CdSe@CdS tetrapods were primarily dominated by the CdS 

phase of the nanomaterials. The presence of broad absorbance features is consistent with 

those of bulk CdS. After singly tipping with Au-NPs, the absorbance shoulder at ~475nm 

corresponding to bulk CdS is retained, while an additional broad absorbance is observed 

~550nm, consistent with surface plasmon resonance from gold nanoparticles. Upon 

functionalizing with cobalt nanoparticles, significant background absorption is observed 

presumably due to scattering resulting from the micron-sized assemblies. 
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Figure D.5. UV-Vis data for the series of CdSe quantum dot seeds through the final 

colloidal polymers. (A) Zincblende CdSe quantum dots (6.2 ± 0.9 nm), (B) CdSe@CdS 

tetrapods (36.2±3.7 x 7.7±0.9 nm), (C) Au-CdSe@CdS tetrapods with no free AuNP, and 

(D) Au@Co-CdSe@CdS colloidal polymers synthesized from (C). All plots are 

absorbance (a.u.) vs. wavelength (nm), and are normalized to absorbance at 350 nm. 

 

D.4 Approximations used for calculation of molar masses of tetrapods 

Calculating the molar mass of the tetrapods allowed for Au-tipping and subsequent Co-

tipping reactions to be performed reproducibly both within a single batch of tetrapods, and 

upon varying the batch of tetrapods used. This value could be calculated from three known 

parameters: sizes for each relevant component of the tetrapods (measured directly from 

TEM images); percent organics (measured by TGA) and the bulk densities of CdS and 

CdSe. From this point, the tetrapods were approximated as being composed of four 

cylindrical CdS arms (the diameters and lengths of which could be measured by TEM), 
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and a spherical core (with diameter equal to that of the cylinders) that consisted of a CdS 

shell surrounding a cubic CdSe core (the side length of which could be measured by TEM). 

 

Figure D.6. Geometric approximations used to calculate volume per particle. CdS arms 

were treated as cylinders with a height (h) and diameter (D) as measured from TEM images. 

The core of the tetrapod was treated as a sphere, with a CdS shell surrounding a cubic CdSe 

seed. The diameter of the sphere is approximated as equal to the arm diameter, and the 

length of the side of the cubic CdSe seed (L) is measured from TEM images. 

 

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: 

Cube: volume = L3; were L= side length of the CdSe cubic seeds 

Sphere: volume = 4/3*pi*r3; where r = ½ diameter of CdS cylinder arms 

Cylinder: volume = h*pi*r2; where r= ½ diameter of CdS cylinder arms and h= height of 

CdS cylinder arms 

Example Calculation (for tetrapods utilized in all experimentals) 

VolumeCdSe Seed= L3 = (6.2nm)3 = 238.33nm3 

VolumeCdS Shell= VCdS Sphere
 – VCdSe Seed

 = (4/3*pi*(3.85nm)3) - 238.33nm3 = 0.71 nm3 

VolumeCdS Arms= h*pi*r2 = (36.2nm)*pi*(3.85nm)2 = 1685.70 nm3 
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MassCdS per TP= (4*(VCdS Arms) + (VCdS Shell))*(bulk density CdS) = (6743.50nm3)*(4.82*10-

21g/nm3) = 3.25*10-17 g 

MassCdSe per TP= (VCdSe Seed)*(bulk density CdSe) = (238.33nm3)*(5.816*10-21g/nm3) = 

1.39*10-18g 

Massper TP= MCdS + MCdSe = (3.25*10-17 g) + (1.39*10-18g) = 3.39*10-17g 

Mass in 1 mole of inorganic particles = (3.39*10-17g) * (6.023*1023) = 2.04x107 g/mol 

Molar mass w/ ligands = (Inorganic molar mass)*100/(100 - Organics) = (2.04x107 

g/mol)*100/(100-74.29) = 7.94*107 g/mol 

 

D.5 Control Experiments 

D.5.1 Au-tipping of CdSe@CdS TPs without UV-Irradiation 

In order to elucidate the role of UV-irradiation in the synthesis of Au-CdSe@CdS 

tetrapods, a control experiment was run identical to the experiment described in section 

D.1.4 described above, except the solution of CdSe@CdS tetrapods and AuCl3/DDAB in 

toluene was not placed under UV-irradiation. After 1 hour of reaction time at room 

temperature and under ambient lighting, very little deposition of AuNPs onto the TP 

surfaces was observed, and where deposition did occur, it was highly non-selective in 

nature (Figure D.7). 
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Figure D.7. Au-Tipping control experiment without UV-irradiation. Representative low 

magnification (A) and high magnification (B) TEM images of CdSe@CdS tetrapods after 

being exposed to standard Au-tipping conditions without UV-irradiation. All scale bars are 

50 nm. 

 

D.5.2 Pt-tipping of CdSe@CdS tetrapods 

In order to obtain tetrapods with single metal tips, the Au-tipping procedure was utilized 

which required a UV-irradiation step in order to facilitate ripening of non-selectively 

deposited small Au NPs from various surfaces along the tetrapod to a single tip. These 

singly tipped materials then provide access to the synthesis of dipolar tetrapods by 

overcoating of the Au tip with ferromagnetic cobalt, which then form colloidal polymers 

by magnetic self-assembly. Singly metal tipped CdSe@CdS NRs have been previously 

accessed  by careful control of precursor ratios in a high temperature platinum deposition 

reaction, affording materials which, when treated with cobalt tipping conditions similar to 

those included herein, result in linear colloidal polymers of Pt@Co-CdSe@CdS NRs.47 

Attempting to reproduce this Pt-tipping procedure with CdSe@CdS TPs, however, did not 
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result in selective Pt-tipping, but rather resulted in functionalization of each apex of the 

tetrapod with small (<2 nm) PtNPs (Figure D.8), due to the highly symmetrical nature of 

each of the CdS arms of the TP. The procedure utilized for this control reaction is included, 

below. 

The procedure for Pt-functionalized CdSe@CdS tetrapods was adapted from the 

literature for a procedure for single-tipped CdSe@CdS NRs.[5] To a 50 mL three-neck 

round-bottom flask equipped with a ½” stirbar and a reflux condenser was added HDD 

(0.0430g, 1.66x10-4 mol), OLAC (0.20 mL, 6.30x10-4 mol), and OLAM (0.07 mL, 2.13x10-

4 mol), and DPE (10.0 mL). The contents of the flask were then heated to 80oC under 

vacuum for 30 minutes in order to remove any adventitious moisture and air from the 

reaction vessel. The contents of the flask were then heated to 225oC under argon, at which 

point 1.0 mL of a stock solution consisting of CdSe@CdS TPs (6.30 x 10-3 g, 7.9x10-11 

mol) and Pt(acac)2 (2.50  x 10-2 g, 6.36x10-3 mol) in DCB (1.0 mL) was quickly injected. 

The reaction was allowed to run for 45 seconds post injection of the stock solution before 

the heating element was removed and the reaction was rapidly quenched by spraying with 

acetone. The crude dark green dispersion was then purified as described below. 

To purify the crude product from excess reducing agent, surfactant, and PtNPs, one 

centrifugation cycle was performed using one 50 mL centrifuge tube. The crude product 

was added to a single centrifuge tube (approximately 12 mL), followed by diluting to 45 

mL with ethanol, and then to 50 mL with methanol, resulting in a cloudy green dispersion. 

The mixture was then centrifuged at 5000 rpm for 12 minutes to yield a yellow/green pellet 

and a dark green tinted supernatant. The supernatant was then decanted, and the pellet was 

redispersed in toluene (1.0 mL), and a sample was taken for TEM imaging. 
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Figure D.8. Pt-tipping of CdSe@CdS tetrapods. Representative low magnification (A) and 

high magnification (B) TEM images of CdSe@CdS tetrapods after being exposed to Pt-

tipping conditions that would normally result in single tipped CdSe@CdS NRs. Most 

tetrapods are functionalized with multiple PtNP tips, primarily located at the apexes of the 

heterostructure. All scale bars are 50 nm. 
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APPENDIX E. Supplementary Data for Chapter 6 

Colloidal Random Terpolymers: Controlling Reactivity Ratios of Colloidal 

Comonomers via Metal Tipping 

This Appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 6 on the synthesis of colloidal terpolymers from 

dipolar nanorods and tetrapods. 

 

Reproduced with permission from reference 90, Copyright  2016, American Chemical 

Society. 

 

E.1 Experimental 

E.1.1 Materials 

All chemicals were used as purchased. 1-octadecene (ODE) (90%) was purchased from 

Acros. Gold (III) chloride (AuCl3) (99.99%), cadmium oxide (CdO) (99.998%), 

octadecylamine (ODA) (98%), sulfur (99.5%), and 1,2,4-trichlorobenzene (TCB) were 

purchased from Alfa Aesar. Cadmium (II) acetylacetonate (Cd(acac)2) (99.9%), 

didodecyldimethylammonium bromide (DDAB) (98%), oleic acid (OLAC) (90%), and 

oleylamine (70%) were purchased from Sigma Aldrich. Dicobalt octacarbonyl (Co2(CO)8) 

(stabilized in 1-5-wt% hexane), hexylphosphonic acid (97%), octadecylphosphonic acid 

(ODPA) (97%), selenium (99.99%), trioctylphosphine (TOP) (97%), and trioctylphosphine 

oxide (TOPO) (90% for  and 99%) were purchased from Strem. Absolute ethanol was 

commercially available from Decon labs and used as received. Acetone, methanol and 
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toluene were commercially available from Fisher Scientific. An Omega temperature 

controller CSC32K with a K-type utility thermocouple and a Glas-Col fabric heating 

mantle were used for quantum dot synthesis (zinc blende and wurtzite), tetrapod, and 

nanorod syntheses. All centrifugation was performed in 50 mL centrifuge tubes (unless 

otherwise stated) using a rotor with a radius of 11 cm. TEM images were obtained on a 

Tecnai G2 Spirit transmission electron microscope at 80-100 kV, using carbon coated 

copper grids (Cu, square, 200 mesh) purchased from Electron Microscopy Sciences. Image 

analysis was performed using ImageJ software (Rasband, W.S., National Institutes of 

Health, http://rsb.info.nih.gov/ij/, 1997-2007). TGA analysis was carried out using a TGA 

Q50 (TA Instruments) instrument and software from TA Instruments. UV-Vis spectra were 

obtained using an Agilent 8453A UV-Vis spectrophotometer (Foster City, CA).  

 

E.1.2 Synthesis of CdSe@CdS tetrapods (39.1x8.1 nm arms) 

E.1.2.1 Preparation of zincblende (ZB) CdSe seeds with cubic crystal habit 

E.1.2.1.1 Preparation of Cd(acac)2 precursor stock: To a 50 mL round bottom flask 

equipped with a ½” Teflon coated stirbar is added Cd(acac)2 (0.3990 g, 1.28x10-3 mol) 

followed by oleic acid (6.71 g, 7.50 mL, 2.38x10-2 mol). The flask is then submersed in an 

oil bath thermostats at 150 oC open to air while stirring continuously at 300 RPM. This is 

continued until a clear and colorless, homogeneous solution is formed in which no 

undissolved Cd(acac)2 is observed (approximately 15 minutes), indicating formation of 

cadmium oleate. 
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E.1.2.1.2 Synthesis of ZB-CdSe seed quantum dots on a 100 mg scale: For the synthesis of 

ZB-CdSe seeds, the procedure previously developed in our group based on the methods of 

Li, et al. for the synthesis of zincblende seeds bearing cubic geometry was utilized.89, 335 

To a 50 mL three-necked round bottom flask equipped with a ½” Teflon coated stirbar is 

added elemental Se (78.9 mg, 1.00x10-3 mol) followed by the addition of 1-octadecene 

(15.0 mL, 4.69x10-3 mol) via syringe. Subsequently, the flask is equipped with a reflux 

condenser and rubber septa, and the contents of the flask are heated to 300 oC with a heating 

mantle and temperature probe while stirring at 300 RPM open to air. After approximately 

30 minutes, a clear, yellow tinted, homogeneous solution formed. At this point, the 

previously prepared Cd(Acac)2/OLAC precursor stock solution (5.0 mL) is rapidly injected 

into the Se/ODE solution at 300 RPM via a glass syringe. Immediately upon injection, a 

rapid color change from clear/yellow tinted to orange and progressively deep red was 

observed, which is characteristic of the formation of CdSe species in situ. To obtain seeds 

of highly uniform nature and cubic geometry, which were previously demonstrated to be 

necessary for high yields of tetrapods, rapid recovery of the reaction temperature to the 

270-275oC regime was necessary, followed by growth at 275oC open to air for a total of 40 

minutes post Cd-stock injection. Consequently, immediately after injection the temperature 

controller was reset from 300oC to 275oC. Upon injection of the Cd-stock, the temperature 

of the reaction mixture dropped to 269 oC, and had recovered to 275oC within 45 seconds. 

The contents of the flask were then allowed to react at 275 oC (± 0.5-1oC) for 40 minutes 

to facilitate nucleation and growth of ZB-CdSe nanocubes. After 40 minutes of reaction, 

10 mL of room temperature 1-ODE is injected followed by removal of the heating mantle 

and spraying the outside of the flask with acetone in order to rapidly quench the nanocrystal 
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growth and facilitate rapid cooling. The dark red, homogeneous solution was then purified 

of excess organic content as described below. 

 

Figure E.1. Zinc blende CdSe seeds exhibiting cubic geometry. Representative low 

magnification (A) and high magnification (B) TEM images of zinc blende CdSe seeds with 

cubic geometry (LSide = 4.9 ± 0.6 nm) , which were used to seed the growth of CdSe@CdS 

TPs. All scale bars are 50 nm. 

 

Purification of the synthesized nanocubes is designed to remove excess 

OLAC/ODE, as well as any unreacted Se/Cd species. Following a two-step procedure, the 

contents of the flask are initially separated into two 50 mL centrifuge tubes (~ 15 mL each), 

followed by dilution to 25 mL with toluene to thoroughly disperse the nanocrystals and 

dissolve any residual organic content, and subsequent precipitation by addition of 10 mL 

of ethanol. The resulting cloudy red dispersions were then centrifuged at 9000 RPM for 7 

minutes, yielding dark red pellets and transparent, dark red supernatants. The supernatants 

were discarded, and the pellets were dispersed in 25 mL of toluene, followed by addition 
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of 10 mL of methanol. The cloudy red mixtures were then centrifuged at 9000 RPM for 7 

minutes, yielding dark red pellets and transparent, slightly red tinted supernatants. After 

decanting the supernatants, the pellets were collected and dried in vacuo at 50 oC overnight 

to yield a dark-red, waxy solid (91.04 mg, 29.91 wt-% organics by TGA, 1.6x10-7 mol). 

 

E.1.2.2 Preparation of CdSe@CdS Tetrapods 

E.1.2.2.1 Preparation of CdSe QD/TOP=Se stock solution for tetrapod synthesis (39.6x8.1 

nm arms):  To a 1 dram scintillation vial equipped w/ a 10 mm Teflon coated stirbar is 

added the previously synthesized ZB-CdSe nanocubes (2.80x10-3 g, 29.91 wt-% organic 

content; LSide= 4.9 nm, 4.8x10-9 mol) followed by elemental S (1.42x10-2 g, 4.42x10-3 mol). 

Subsequently, the vial was sealed with a rubber septum, the seal was wrapped tightly with 

electrical tape, and the vial was evacuated for 5 minutes, followed by backfilling with Ar. 

This evacuation and backfilling process was repeated two additional times, for a total of 

three cycles. Subsequently, TOP (97%) (0.97 g, 0.81 mL, 2.2x10-3 mol) is injected to the 

vial under Ar, and the dispersion is stirred at 300 RPM until transparent and homogeneous.   

 

E.1.2.2.2 Synthesis of CdSe@CdS tetrapods (39.6x8.1 nm arms) on a 300 mg scale: The 

procedure previously developed in our group for the synthesis of highly uniform 

CdSe@CdS TPs is used to synthesize CdSe@CdS tetrapods herein.89 To a 100 mL three-

necked round bottom flask equipped with a 1” glass coated stirbar and reflux condenser, 

TOPO (5.40 g, 1.40x10-2 mol), ODPA (0.285 g, 8.52x10-4 mol), CdO (0.106 g, 8.25x10-4 

mol), and oleic acid (0.912 g, 1.02 mL, 3.23x10-2 mol) were added. The flask and condenser 

are then sealed with rubber septa, and the contents of the flask are then heated in vacuo to 



307 

 

150oC using a heating mantle and temperature probe for 30 minutes while stirring at 300 

RPM. The red, heterogeneous mixture was then heated to 300 oC under Ar to dissolve the 

CdO and form a clear and colorless solution. To this solution, TOP (97%)(1.01 g, 1.22 mL, 

2.74x10-2 mol) is injected and the temperature was allowed to recover to 350oC. The 

temperature was held at 350oC prior to injection of the previously prepared ZB-

CdSe/TOP=S stock solution; the flask was wrapped with aluminum foil for 20 minutes, 

followed by removal of the aluminum foil and wrapping with cotton for 10 minutes prior 

to stock injection, in order to facilitate rapid temperature recovery post injection. The ZB-

CdSe/TOP=S stock solution (0.81 mL; as described above) was then quickly injected into 

the flask, resulting in a temperature drop to 337.9oC. The nanocrystals were allowed to 

grow for 5 minutes after injection of the ZB-CdSe/TOP=S stock. The flask was then 

removed from the heating mantle and cotton wrap and allowed to cool to 110 oC, at which 

point toluene (10.0 mL) was injected into the flask to prevent solidification of the low 

melting point solid (TOPO). The homogeneous yellow/orange mixture was then purified 

as described below. 
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Figure E.2. CdSe@CdS TPs synthesized from ZB-CdSe cubes. Representative low 

magnification (A) and high magnification (B) TEM images of CdSe@CdS TPs (Larm = 

39.6±3.4 nm, Wmidpoint = 8.1±1.1 nm ) utilized in the colloidal total synthesis. All scale bars 

are 100 nm. 

 

Purification of the synthesized tetrapods is designed to remove excess 

TOPO/OLAC/ODPA, as well as any unreacted S/Cd species. Following a two step 

procedure, the contents of the flask are initially separated into two 50 mL centrifuge tubes 

(~ 10 mL each), followed by precipitation by addition of 5 mL of methanol. The resulting 

cloudy yellow dispersions were then centrifuged at 9000 RPM for 9 minutes, yielding 

yellow/orange pellets and transparent, colorless supernatants. The supernatants were 

discarded, and the pellets were dispersed in 10 mL of toluene, followed by addition of 5 

mL of methanol. The cloudy yellow mixtures were then centrifuged at 9000 RPM for 9 

minutes, yielding yellow/orange pellets and transparent, colorless supernatants. After 

decanting the supernatants, the pellets were collected and dried in vacuo at 50 oC overnight 

to yield a dark-yellow, waxy solid (304.3 mg, 75.87 wt-% organics by TGA, 3.0x10-9 mol).  
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Transmission electron-microscope imaging confirmed the product as highly uniform 

CdSe@CdS tetrapods with nearly no nanorod/quantum dot sideproducts or impurities. The 

materials were sized using ImageJ software (Larm= 39.6±3.4 nm; Darm,mid= 8.1±1.1 nm). 

 

E.1.3 Synthesis of CdSe@CdS Nanorods (108.2x6.5 nm) 

E.1.3.1 Preparation of wurtzite (W) CdSe seeds 

E.1.3.1.1 Preparation of TOP=Se precursor stock solution: To a 20 mL scintillation vial 

equipped with a ½” Teflon coated stirbar is added elemental Se (1.16 g, 1.47x10-3 mol). 

The vial is then sealed with a rubber septum and wrapped tightly with electrical tape before 

being evacuated for 10 minutes and backfilled with Ar. This process is repeated two 

additional times, for a total of three cycles. Subsequently, TOP (97%) (7.20 g, 8.66 mL, 

1.94x10-2 mol) is injected to the vial under Ar and the dispersion is stirred at 300 RPM 

until transparent and homogeneous.  

 

E.1.3.1.2 Synthesis of W-CdSe seed quantum dots on a 150 mg scale: For the synthesis of 

W-CdSe seeds, the procedure previously developed in our group based on the methods of 

Manna, et al. for size controlled wurtzite CdSe seeds was utilized.23, 46, 356 To a 50 mL 

three-necked round bottom flask equipped with a ½” Teflon coated stirbar and reflux 

condenser is added TOPO (4.50 g, 1.16x10-2 mol), ODPA (0.420 g, 1.26x10-3 mol), CdO 

(0.090 g, 7.0x10-4 mol).The flask and condenser are then sealed with rubber septa, and the 

contents of the flask are then heated in vacuo to 150oC using a heating mantle and 

temperature probe for 30 minutes while stirring at 300 RPM. The red, heterogeneous 
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mixture was then heated to 300oC under Ar to dissolve the CdO and form a clear and 

colorless solution. To this solution, TOP (90%)(2.24 g, 2.70 mL, 6.05x10-3 mol) is injected 

and the temperature is allowed to recover to 370 oC. The temperature was held at 370oC 

prior to injection of the previously prepared TOP=Se stock solution.  The flask was 

wrapped with aluminum foil for 20 minutes, followed by removal of the aluminum foil and 

wrapping with cotton for 10 minutes prior to stock injection, in order to facilitate rapid 

temperature recovery post injection. In order to target 3.8 nm CdSe seeds, the flask 

remained wrapped in cotton and heating at 370oC for 60 seconds post injection of the 

TOP=Se stock solution. After 60 seconds of reaction, 10 mL of room temperature 1-ODE 

is injected followed by removal of the heating mantle and spraying the outside of the flask 

with acetone in order to to rapidly quench the nanocrystal growth and facilitate rapid 

cooling. The dark orange, homogeneous solution was then purified of excess organic 

content as described below. 

Purification of the synthesized W-CdSe quantum dots is designed to remove excess 

TOPO/ODPA, as well as any unreacted Se/Cd species. Following a three step procedure, 

the contents of the flask are initially separated into two 50 mL centrifuge tubes (~ 10 mL 

each), followed by dilution to 25 mL with toluene to thoroughly disperse the nanocrystals 

and dissolve any residual organic content, and subsequent precipitation by addition of 20 

mL of methanol. The resulting cloudy orange dispersions are then centrifuged at 9000 RPM 

for 9 minutes, yielding orange pellets and transparent, orange tinted supernatants. The 

supernatants were discarded, and the pellets were dispersed in 20 mL of toluene, followed 

by addition of 25 mL of ethanol. The cloudy orange mixtures were then centrifuged at 9000 

RPM for 9 minutes, yielding orange pellets and transparent, colorless supernatants. The 
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supernatants were discarded, and the pellets were dispersed in 15 mL of toluene, followed 

by addition of 30 mL of ethanol. The cloudy orange mixtures were then centrifuged at 9000 

RPM for 9 minutes, yielding orange pellets and transparent, colorless supernatants. After 

decanting the supernatants, the pellets were collected and dried in vacuo at 50 oC overnight 

to yield a dark-orange, waxy solid (148.7 mg, 50.08 wt-% organics by TGA, 7.4x10-7 mol).  

The first exciton peak absorption method of Peng, et al. was utilized to correlate the lowest 

energy excitonic transition in the UV-Visible region to nanocrystal diameter (max= 578 

nm, D = 3.75 nm).347 For purposes of molecular weight calculations, the effective diameter 

of the synthesized seeds is taken to be 3.8 nm. 

 

Figure E.3. Representative TEM Micrograph of W-CdSe seeds. Representative low 

magnification (A) and high magnification (B) TEM images of W-CdSe seeds (D = 3.8 nm), 

which were used to seed the growth of CdSe@CdS NRs. All scale bars are 50 nm. 

 



312 

 

E.1.3.2 Preparation of CdSe@CdS Nanorods (108.2x6.5 nm) 

E.1.3.2.1 Preparation of CdSe QD/TOP=S stock solution for nanorods (108.2x6.5 nm): To 

a 1 dram scintillation vial equipped w/ a 10 mm Teflon coated stirbar is added the 

previously synthesized W-CdSe quantum dots (6.61x10-3g, 50.08wt% organic content; D 

= 3.8 nm, 3.3x10-8 mol) followed by elemental S (6.00x10-2g, 1.87x10-3 mol). 

Subsequently, the vial was sealed with a rubber septum, the seal was wrapped tightly with 

electrical tape, and the vial was evacuated for 5 minutes, followed by backfilling with Ar. 

This evacuation and backfilling process was repeated two additional times, for a total of 

three cycles. Subsequently, TOP (97%) (1.50 g, 1.80 mL, 4.04x10-3 mol) is injected to the 

vial under Ar, and the dispersion is stirred at 300 RPM until transparent and homogeneous.   

 

E.1.3.2.2 Synthesis of CdSe@CdS nanorods (108.2x6.5 nm) on a 300 mg scale: The 

procedure previously developed in our group for the synthesis of highly uniform 

CdSe@CdS NRs based on the work of Manna, et al. is used to synthesize CdSe@CdS NRs 

herein.[3-5] It should be noted that nanorods with length dimensions above 100 nm were 

targeted for this study, in order to allow clear differentiation between nanorods and 

tetrapods in the final colloidal polymers. As such, the seed concentration utilized in the 

CdSe QD/TOP=S stock is optimized to target ~100 nm NRs. With that said, a 50 mL three-

necked round bottom flask is equipped with a ½” Teflon stirbar and reflux condenser, 

followed by addition of TOPO (3.0 g, 7.76x10-3 mol), ODPA (0.290 g, 8.67x10-4 mol), 

CdO (0.075 g, 5.8x10-4 mol), and HPA (0.080 g, 4.8x10-4 mol).The flask and condenser 

are then sealed with rubber septa, and the contents of the flask are then heated in vacuo to 

150oC using a heating mantle and temperature probe for 30 minutes while stirring at 300 
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RPM. The red, heterogeneous mixture was then heated to 300 oC under Ar to dissolve the 

CdO and form a clear and colorless solution. To this solution, TOP (97%)(1.50 g, 1.80 mL, 

4.04x10-3 mol) is injected and the temperature was allowed to recover to 350oC. The 

temperature was held at 350oC prior to injection of the previously prepared W-

CdSe/TOP=S stock solution; the flask was wrapped with aluminum foil for 20 minutes, 

followed by removal of the aluminum foil and wrapping with cotton for 10 minutes prior 

to stock injection, in order to facilitate rapid temperature recovery post injection. The ZB-

CdSe/TOP=S stock solution (1.80 mL; as described above) was then quickly injected into 

the flask, resulting in a temperature drop to 335.6oC. The nanocrystals were allowed to 

grow for 6 minutes after injection of the W-CdSe/TOP=S stock. The flask was then 

removed from the heating mantle and cotton wrap and allowed to cool to 110 oC, at which 

point toluene (10.0 mL) was injected into the flask to prevent solidification of the low 

melting point solid (TOPO). The homogeneous yellow/orange mixture was then purified 

as described below. 

Purification of the synthesized CdSe@CdS NRs is designed to remove excess 

TOPO/ODPA/HPA, as well as any unreacted S/Cd species. Following a three step 

procedure, the contents of the flask are initially separated into two 50 mL centrifuge tubes 

(~ 10 mL each), followed by dilution to 25 mL with toluene to thoroughly disperse the 

nanocrystals and dissolve any residual organic content, and subsequent precipitation by 

addition of 20 mL of ethanol. The resulting cloudy orange dispersions are then centrifuged 

at 9000 RPM for 9 minutes, yielding orange pellets and transparent, orange tinted 

supernatants. The supernatants were discarded, and the pellets were dispersed in 20 mL of 

toluene, followed by addition of 25 mL of ethanol. The cloudy orange mixtures were then 
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centrifuged at 9000 RPM for 9 minutes, yielding orange pellets and transparent, colorless 

supernatants. The supernatants were discarded, and the pellets were dispersed in 10 mL of 

toluene, followed by addition of 40 mL of ethanol. The cloudy orange mixtures were then 

centrifuged at 9000 RPM for 9 minutes, yielding orange pellets and transparent, colorless 

supernatants. After decanting the supernatants, the pellets were collected and dried in 

vacuo at 50 oC overnight to yield a dark-orange, waxy solid (302.7 mg, 19.81 wt-% 

organics by TGA, 2.39x10-8 mol).  Transmission electron-microscope imaging confirmed 

the product as highly uniform CdSe@CdS tetrapods with nearly no tetrapod/quantum dot 

sideproducts or impurities. The materials were sized using ImageJ  software (L= 108.2±4.7 

nm; W= 6.5±0.8 nm). 

 

 

Figure E.4. CdSe@CdS NRs synthesized from W-CdSe seeds. Representative low 

magnification (A) and high magnification (B) TEM images of CdSe@CdS NRs (L = 

108.2±4.7 nm, W = 6.5±0.8 nm ) utilized in the colloidal total synthesis. All scale bars are 

100 nm. 
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E.1.4 Selectively Au-tipped CdSe@CdS tetrapod colloidal monomers (Au-

CdSe@CdS TP) 

E.1.4.1 Preparation of DDAB Stock Solution 

To prepare the DDAB stock solution, the DDAB precursor was transferred in a glovebox 

and massed by difference. To a tared 20 mL scintillation vial was added DDAB (0.0375 g, 

8.11x10-5 mol). Ar-sparged anhydrous toluene (9.0 mL) was then added to the vial under 

Ar, and the contents of the vial were sonicated for 5 minutes until homogeneous, resulting 

in a clear and colorless solution (9.01 mM DDAB). 

 

E.1.4.2 Preparation of AuCl3 stock solution 

To prepare the gold stock solution, the gold precursor was transferred in a glovebox and 

massed by difference. In a 20 mL scintillation vial, an AuCl3 stock solution was prepared 

by addition of AuCl3 (0.0095 g, 3.12x10-5 mol) followed by the previously prepared DDAB 

stock solution (3.55 mL). The contents of the vial were then sonicated for 5 minutes until 

homogeneous, resulting in a clear and light yellow/orange solution (8.80 mM AuCl3). In 

order to obtain large sized AuNP tips (~ 10 nm) for segmented copolymer preparation, the 

concentration of AuCl3 precursor is increased to 15.6 mM while keeping all other 

parameters constant. 
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E.1.4.3 Preparation of CdSe@CdS TP stock solution 

To a tared 1 dram vial was added CdSe@CdS tetrapods (0.04459 g, 75.87 wt-% organic 

content by TGA; 39.6x8.1 nm, 4.39x10-10 mol). Subsequently, the vial was sealed with a 

rubber septum, the seal was wrapped tightly with electrical tape, and the vial was exposed 

to vacuum for 10 minutes, followed by being backfilled with Ar. This evacuation and 

backfilling process was repeated twice for a total of three cycles. Ar-sparged anhydrous 

toluene (6.80 mL) was then added to the vial (64.6 nM TPs). The vial was then vortex 

mixed for 5 minutes until a homogeneous, clear and light yellow/orange solution was 

obtained. It should be noted that the vial should not be sonicated, as this was observed to 

result in fragmentation of the tetrapods, presumably due to mechanical strain imparted by 

the cavitation process. 

 

E.1.4.4 Synthesis of Au-CdSe@CdS TP colloidal monomers with 7.41.3 nm AuNP tips 

The synthesis of Au-CdSe@CdS tetrapods is adapted from the procedure recently 

developed in our group.89 A 1 dram vial is equipped with a 10 mm stirbar, sealed with a 

rubber septum, and exposed to vacuum for 10 minutes, followed by being backfilled with 

Ar. This evacuation and backfilling process is repeated twice for a total of three cycles. 

The CdSe@CdS tetrapod stock solution (0.68 mL, 4.39x10-11 mol CdSe@CdS TPs) is then 

added to the reaction vial, and the vial is cooled at -4 oC for 15 minutes. The AuCl3: DDAB 

stock solution is also cooled at -4 oC for 15 minutes prior to use. Once cooled, the AuCl3 

stock solution (0.25 mL, 2.2x10-6 mol AuCl3) is added to the reaction vial containing the 

CdSe@CdS tetrapod stock, and the resulting solution is irradiated at 365 nm in a custom-

build photochemical reactor for 1 hour with continuously stirring (600 RPM). Throughout 
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the course of the reaction, the color of the solution changes from light yellow/orange to 

deep purple/red, while remaining entirely homogeneous.  

Purification of the synthesized Au-CdSe@CdS TPs is designed to remove excess 

AuCl3/DDAB. To this end, one centrifugation step is performed using one 15 mL 

centrifuge tube. The crude product is added to a single centrifuge tube (approximately 1 

mL), followed by diluting to 2 mL with acetone in order to precipitate the nanocrystals, 

resulting in a cloudy amber dispersion. The mixture is then centrifuged at 9000 rpm for 7 

minutes to yield an amber pellet and a clear and colorless supernatant.  

In preparation for the following Co-tipping reaction, the supernatant was then 

decanted and the pellet was subsequently dispersed in a solution (0.60 mL) of carboxylic 

acid-terminated polystyrene (MW = 8,400 g/mol, Mw/Mn= 1.1) in TCB (19.5 mg/mL, 2.32 

mM) to result in a concentration of 73.17 nM Au-CdSe@CdS TP in PS-COOH:TCB (based 

on initial quantities of CdSe@CdS TP used in the Au-tipping). In order to characterize the 

Au-CdSe@CdS TP material, a sample of a purified pellet prior to addition of PS-

COOH:TCB was dried in vacuo at 50oC overnight to yield an amber, waxy solid (7.9 mg) 

Transmission electron-microscope imaging confirmed the formation of selectively Au-

tipped CdSe@CdS tetrapods with no free Au NPs, and the resulting materials were sized 

using ImageJ software (DAu= 7.4±1.3 nm). 
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Figure E.5. Representative TEM Micrograph of Au-CdSe@CdS TPs. Representative low 

magnification (A) and high magnification (B) TEM images of Au-tipped CdSe@CdS TPs 

(DAu = 7.4±1.3 nm) . All scale bars are 25 nm. 

 

E.1.5 Selectively Au-tipped CdSe@CdS nanorod colloidal monomers w/ free AuNP 

(Au-CdSe@CdS NR + AuNP) 

E.1.5.1 Preparation of ODA:DDAB stock solution 

To prepare the ODA:DDAB stock solution, the ODA and DDAB precursors were 

transferred in a glovebox and massed by difference, as previously described. To a tared 20 

mL scintillation vial was added DDAB (0.0375 g, 8.11x10-5 mol) and ODA (0.0873 g, 

3.24x10-4 mol). Ar-sparged anhydrous toluene (9.0 mL) was then added to the vial under 

Ar, and the contents of the vial were sonicated for 5 minutes until homogeneous, resulting 

in a clear and colorless solution (36.0 mM ODA, 9.01 mM DDAB). 
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E.1.5.2 Preparation of AuCl3 stock solution 

The AuCl3 stock is prepared identically to the stock for Au-CdSe@CdS TPs. The gold 

precursor is transferred in a glovebox and massed by difference, as described previously. 

In a 20 mL scintillation vial, a 8.80 mM AuCl3 stock solution was prepared by addition of 

AuCl3 (0.0095 g, 3.12x10-5 mol) followed by the previously prepared DDAB stock solution 

(3.55 mL). The contents of the vial were then sonicated for 5 minutes until homogeneous, 

resulting in a clear and light yellow/orange solution. In order to obtain small sized AuNP 

tips (~1 nm) for segmented copolymer preparation, the concentration of AuCl3 precursor 

is decreased to 2.2 mM while keeping all other parameters constant. 

 

E.1.5.3 Preparation of CdSe@CdS NR stock solution 

To a tared 1 dram vial was added CdSe@CdS nanorods (0.02205 g, 19.81 wt-% organic 

content by TGA; 108.2x6.5 nm, 1.74x10-9 mol). Subsequently, the vial was sealed with a 

rubber septum, the seal was wrapped tightly with electrical tape, and the vial was exposed 

to vacuum for 10 minutes, followed by being backfilled with Ar. This evacuation and 

backfilling process was repeated twice for a total of three cycles. Ar-sparged anhydrous 

toluene (6.98 mL) was then added to the vial (0.249 M NRs). The vial was then vortex 

mixed for 5 minutes until a homogeneous, clear and light yellow/orange solution was 

obtained.  

 

E.1.5.4 Synthesis of Au-CdSe@CdS NR colloidal monomers with 7.6±1.3 nm AuNP tips 

The synthesis of Au-CdSe@CdS tetrapods with free Au NPs was adapted a procedure 

recently developed by our group for Au-CdSe@CdS TP with free AuNP.[3] A 1 dram vial 
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was equipped with a 10 mm stirbar, sealed with a rubber septum, and exposed to vacuum 

for 10 minutes, followed by being backfilled with Ar. This evacuation and backfilling 

process was repeated twice for a total of three cycles. The CdSe@CdS NR stock solution 

(0.68 mL, 1.69x10-10 mol CdSe@CdS NRs) was then added to the reaction vial, and the 

vial was cooled at -4 oC for 15 minutes. The AuCl3:ODA:DDAB stock solution was also 

cooled at -4 oC for 15 minutes prior to use. Once cooled, the AuCl3 stock solution (0.25 

mL, 2.2x10-6 mol AuCl3) was added to the reaction vial containing the CdSe@CdS tetrapod 

stock, and the resulting solution was irradiated at 365 nm in a custom-build photochemical 

reactor for 1 hour with continuously stirring (600 RPM). Throughout the course of the 

reaction, the color of the solution would change from light yellow/orange to deep 

purple/red, while remaining entirely homogeneous.  

Purification of the synthesized Au-CdSe@CdS NRs is designed to remove excess 

AuCl3/ODA/DDAB. To this end, one centrifugation step is performed using one 15 mL 

centrifuge tube. The crude product is added to a single centrifuge tube (approximately 1 

mL), followed by diluting to 2 mL with acetone in order to precipitate the nanocrystals, 

resulting in a cloudy amber dispersion. The mixture is then centrifuged at 9000 rpm for 7 

minutes to yield an amber pellet and a clear and colorless supernatant.  

 

In preparation for the following Co-tipping reaction, the supernatant was then 

decanted and the pellet was subsequently dispersed in a solution (0.60 mL) of carboxylic 

acid-terminated polystyrene (MW = 8,400 g/mol, Mw/Mn= 1.1) in TCB (19.5 mg/mL, 2.32 

mM) to result in a concentration of 282 mM Au-CdSe@CdS TP in PS-COOH:TCB (based 

on initial quantities of CdSe@CdS TP used in the Au-tipping). In order to characterize the 
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Au-CdSe@CdS TP material, a sample of a purified pellet prior to addition of PS-

COOH:TCB was dried in vacuo at 50oC overnight to yield an amber, waxy solid (8.3 mg) 

Transmission electron-microscope imaging confirmed the formation of selectively Au-

tipped CdSe@CdS nanorods in addition to the formation of free AuNPs, and the resulting 

materials were sized using ImageJ software (DAu= 7.6±1.3 nm).  

 

Figure E.6. Representative TEM Micrograph of Au-CdSe@CdS NRs. Representative low 

magnification (A) and high magnification (B) TEM images of Au-tipped CdSe@CdS NRs 

(DAu = 7.6±1.3 nm) . All scale bars are 25 nm. 

 

E.1.6 General considerations for the synthesis of colloidal copolymers 

E.1.6.1 Preparation of Co2(CO)8 Stock Solution 

To a 20 mL scintillation vial was added dicobalt octacarbonyl (0.300 g, 8.77x10-4 mol; 

5wt-% hexane stabilizer), followed by TCB (3.0 mL) (0.29 M Co2(CO)8). The vial was 

sealed with a rubber septum followed by continuous vortex mixing for 1 minute until a 

black and homogeneous solution is obtained. It should be noted that the TCB must be added 
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shortly after weighing out the cobalt precursor, to prevent drying out and subsequent 

decomposition of the cobalt precursor prior to use. Additionally, the resulting solution 

should not be sonicated, as this may result in rapid decomposition of the cobalt precursor, 

releasing toxic CO gas. 

 

E.1.6.2 Synthesis of random colloidal copolymers 

For all cobalt-tipping reactions reported herein, the same general procedure was followed, 

as detailed below. The only differences presented between different samples of random 

copolymers are feed ratios of AuNP-tipped monomers, and between random and 

segmented copolymers, the only differences that exist are the sizes of the AuNP-tips on the 

TP and NR species. Consequently, the following represents a general procedure for cobalt 

tipping. While quantities of Au-TP and Au-NR differed between samples, it was found that 

the concentration of PS-COOH was of vital importance to obtain well defined polymers in 

all cases. At a concentration of 1.99 mM, spherically well-defined CoNP are observed 

regardless of the ratios of Au-TP to Au-NR. Consequently, composition could be 

selectively tuned solely by tuning quantities of Au-TP and Au-NR precursors, while 

keeping all other parameters constant. 

 

The synthesis of Au@Co-CdSe@CdS TPs and NRs is adapted from literature 

procedures for the synthesis of Au@Co-TPS.89 To exemplify a typical synthesis, to a 1 

dram vial equipped with a 10 mm stirbar was added a previously prepared solution of Au-

CdSe@CdS TP in PS-COOH:TCB, followed by a previously prepared solution of Au-

CdSe@CdS NRs in PS-COOH:TCB. The quantities of each of these solutions added 
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depend upon the feed ratio desired for the product targeted (Table 3), and in order to ensure 

the concentration of PS-COOH remained constant between compositions, a stock solution 

of PS-COOH:TCB at the same concentration as that used to disperse the Au-NM 

monomers (19.5 mg/mL, 2.32 mM) was added, as necessary. Subsequently, the previously 

prepared Co2(CO)8 stock solution (50.0 L, 1.46x10-5 mol Co2(CO)8). The vial was sealed 

with a rubber septum equipped with a vent needle, and the vial was heated to 140 oC in an 

oil bath with continuous stirring (600 RPM) for 3.5 minutes. The vial was then removed 

from the oil bath and partially submerged in a room temperature water bath to facilitate 

rapid cooling of the reaction media and to suppress further Co growth. For clarity, Table 

E.1 presents the reaction conditions for the preparation of various random copolymer 

compositions. 

 

 

 

 

 

 

 

Table E.1. Reaction Conditions for Random Copolymers of Varying Composition. 

Reaction conditions for the preparation of random copolymers with differing compositions 

are shown, with Au-NM stock quantities as the method of control of copolymer 

composition. In each case, concentration of PS-COOH is kept constant in order to ensure 

uniform cobalt tipping. Molar quantities of Au-NM monomers are calculated from the 

initial moles of untipped nanorod or tetrapod precursors utilized in Au-tipping and 

redispersed in PSCOOH/TCB for Co-tipping. 

 Excess of TP Excess of NR 

Au-TP Stock 150.0 L 150.0 L 
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To purify the crude colloidal polymers from excess PS-COOH and cobalt 

precursor, three centrifugation steps and a single magnetic filtration were employed using 

one 15 mL centrifuge tube. The crude product was added to a single centrifuge tube 

(approximately 0.5 mL), followed by diluting to 1 mL with acetone in order to precipitate 

the nanocrystals, resulting in a cloudy grey dispersion. The mixture was then centrifuged 

at 10,000 rpm for 10 minutes to yield a black pellet and a clear and deep brown tinted 

supernatant. The supernatant was then decanted and the pellet was dispersed in 0.30 mL of 

a solution of PS-COOH in TCB (5.00 mg/mL, 0.595 mM), followed by vortex mixing for 

1 minute to fully disperse the pellet. For these colloidal polymers, it was found that a small 

amount of polystyrene needed to be added after each purification step, in order to prevent 

irreversible aggregation of the colloidal polymer chains. Additionally, in order to 

redisperse the samples, vortex mixing needed to be employed exclusively, as sonication of 

the material at any stage results in mechanical fracturing of the tetrapods from the dipolar 

chains. After obtaining a pellet from the first centrifugation, the sample was then diluted 

to 2 mL with acetone as before, resulting in a cloudy grey dispersion. The mixture was then 

centrifuged for a second time at 10,000 rpm for 10 minutes to yield a black pellet and a 

(1.10x10-11 mol Au-TP) (1.10x10-11 mol Au-TP) 

Au-NR Stock 20.0 L 

(5.40x10-12 mol Au-NR) 

150.0 L 

(4.05x10-11 mol Au-NR) 

PSCOOH/TCB Stock 130.0 L 0 L 

Co2(CO)8 Stock 50.0 L 50.0 L 
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clear and light yellow tinted supernatant. The supernatant was then decanted and the pellet 

was dispersion in 0.30 mL of the PS-COOH:TCB solution (5.00 mg/mL, 0.595 mM), 

followed by vortex mixing for 1 minute to fully disperse the pellet. The sample was then 

diluted to 1 mL with acetone, resulting in a cloudy grey dispersion. The mixture was then 

centrifuged for a third time at 10,000 rpm for 10 minutes to result in a black pellet and a 

clear and colorless supernatant. The supernatant was then decanted and the pellet was 

dispersed in 0.40 mL of a different PS-COOH:TCB solution (7.50 mg/mL, 0.893 mM), 

followed by vortex mixing for 1 minute to fully disperse the pellet. A AlNiCo magnet was 

then applied to the outside of the centrifuge tube for 10 minutes, resulting in a magnetically 

associated black pellet forming on the side of the centrifuge tube nearest to the magnet, 

and a clear and yellow tinted supernatant. After decanting the supernatant, the black pellet 

was dried in vacuo at 50oC overnight to yield a black, flaky solid (18.7 mg). Transmission 

electron-microscopy imaging confirmed the selective overcoating of AuNPs with dipolar 

cobalt, resulting in linear chains of Au@Co-CdSe@CdS tetrapods. Electron microscope 

images for each of the compositions shown in Figure E.7 are included, below. 
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Figure E.7. Representative TEM Micrographs of Colloidal Random Copolymers. 

Representative low magnification TEM images of Au@Co-CdSe@CdS TP/NR colloidal 

random copolymers enriched in tetrapods  through an excess of TP in the Au-NM feed 

ratios (A) and enriched in nanorods through an excess of NR in the Au-NM feed ratios (B). 

All scale bars are 50 nm. 
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E.1.6.3 Synthesis of segmented colloidal copolymers 

The synthesis of segmented colloidal polymers utilizes the same synthetic protocol as the 

preparation of random colloidal polymers. As highlighted in the main text, the only 

difference between the preparation of random copolymers and segmented copolymers is 

the AuNP tip size distributions, wherein random copolymers are obtained from similarly 

sized AuNP tips, and segmented copolymers are obtained from tips that are highly different 

in size.  

Consequently, segmented copolymers were prepared by adding a previously 

prepared dispersion of Au-CdSe@CdS TP with large AuNP tips in PS-COOH:TCB (150.0 

L, 1.10x10-11 mol; DAu = 10.48±1.8 nm) to a 1 dr vial equipped with a 10 mm stirbar, 

followed by a previously prepared dispersion of Au-CdSe@CdS NR with small AuNP tips 

in PS-COOH:TCB (40.0 L, 1.13x10-11 mol; DAu = 1.27±0.4 nm). In order to ensure a PS-

COOH concentration of 1.99 mM, a stock of PS-COOH:TCB was also added (110.0 L, 

19.5 mg/mL). Subsequently, the previously prepared Co2(CO)8 stock solution was injected 

(50.0 L, 1.46x10-5 mol Co2(CO)8).  The vial was sealed with a rubber septum equipped 

with a vent needle, and the vial was heated to 140 oC in an oil bath with continuous stirring 

(600 RPM) for 3.5 minutes. The vial was then removed from the oil bath and partially 

submerged in a room temperature water bath to facilitate rapid cooling of the reaction 

media and to suppress further Co growth. Workup conditions were performed identically 

to this described above to result in a black, flaky solid (5.6 mg). 
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Figure E.8. Representative TEM Micrographs of Colloidal Segmented Copolymers. 

Representative TEM images of Au-NR synthesized with small AuNP tips (DAu=1.3±0.4 

nm) (A) and Au-TP synthesized with large AuNP tips (DAu=10.5±1.8 nm) (B), which are 

then blended and exposed to colloidal polymerization conditions to result in Au@Co-

CdSe@CdS TP/NR colloidal segmented copolymers (C and D). All scale bars are 50 nm. 
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E.2 Relevant thermogravimetric analysis (TGA) data 

 

Figure E.9. TGA Data for CdSe@CdS TP and CdSe@CdS NR (108x6.5 nm) Used to 

Calculate Molar Feed Ratios. TGA data for the synthesized CdSe@CdS tetrapods (A) and 

CdSe@CdS nanorods (B), which was used to calculate molar quantities of each used in 

Au-tipping reactions, allowing for Au-NM feed ratios to be determined for relevant 

copolymerizations.  

 

CdSe@CdS tetrapods show an initial sharp decomposition between 200-300oC (~50-wt%) 

followed by gradual loss of organic ligands in the range of 300-400oC (~5-wt%), and 

another sharp decomposition between 400-500oC (~20-wt%). For CdSe@CdS nanorods, 

with significantly lower organic content, gradual loss of organic ligands is observed in the 

range of 100-400oC (~5-wt%), follow by sharp decomposition between 400-500oC (~20-

wt%).  
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E.3 Molar mass calculations for tetrapods and nanorods 

E.3.1 General considerations 

In order to control colloidal polymer composition, control of Au-CdSe@CdS tetrapod and 

nanorod feed ratios used in the cobalt deposition step was utilized. For this, a method for 

determining molar amounts of each Au-NM monomer species was required. In this work, 

the molar mass of the initially synthesized CdSe@CdS tetrapods and nanorods were 

approximated, and these values were used to determine the quantities of CdSe@CdS 

tetrapods and nanorods exposed to Au-tipping conditions. Due to the high yielding nature 

of the Au-deposition step, the recovered quantity of Au-NM was assumed to be equal to 

the quantity of CdSe@CdS tetrapods or nanorods used in the tipping procedure. As such, 

feed ratios of Au-NM could be tuned by assuming the moles of Au-NM recovered from 

the Au-deposition step is equivalent to the amount of unfunctionalized Au-NM utilized in 

the tipping.  

 

E.3.2 CdSe@CdS tetrapods 

To determine the molar mass of the synthesized CdSe@CdS tetrapods, previously 

published methods were utilized.89 Briefly, the total volume of CdS and CdSe components 

of the tetrapod were approximated from seed size and average arm length/width, which 

allowed for the mass per tetrapod to be calculated. This was then used along with the 

thermogravimetric analysis data to calculate the molar mass of the synthesized CdSe@CdS 

tetrapods. Using these methods, the CdSe@CdS tetrapods utilized herein were found to 

have a molecular weight of approximately 1.08x108 g/mol. 
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E.3.3 CdSe@CdS nanorods 

The method for calculating the molecular weight of nanorods is similar to that for tetrapods, 

based on the work of Hill, et al.46-47 Briefly, the total volume of CdS and CdSe components 

of the nanorods were approximated from seed size and average nanorod length/width, 

which allowed for the mass per nanorod to be calculated. This was then used along with 

the thermogravimetric analysis data to calculate the molar mass of the synthesized 

CdSe@CdS nanorods. Using these methods, the CdSe@CdS nanorods utilized herein were 

found to have a molecular weight of approximately 1.27x107 g/mol. 
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APPENDIX F. Permissions for Reuse of Copyrighted Materials 

 

General Permissions Statement (ACS): 

 

General Permissions Statement (RSC) 
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