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ABSTRACT 

 

Nanoparticles can be used as a new type of fundamental building blocks to construct 

macroscopic materials, and hierarchically organized nanoparticles often show enhanced 

properties originated from the collective interactions among these individual nanoscale 

building blocks. Taking one step further, colloidal molecules with well-defined architectures 

made by directed assembly of nanoparticles could serve as the basic structural units of more 

complex functional materials. This is highly desirable but challenging due to the lack of 

“bonding structures” on nanoparticles. In this thesis, we aim to create “bonding structures” on 

nanoparticles by modifying them with heterogeneously functionalized polymers bearing 

“click” moieties. We hypothesize that by controlling the location of “click” recognition pairs 

on nanoparticles, well-defined polymer linkers, nanoparticle geometry and reaction 

stoichiometry, the “directionality”, “bonding length”, and “valency” characteristics of real 

chemical bonds could be introduced on as-synthesized nanoparticles, which will help 

organize nanoparticles into colloidal molecules via highly specific and efficient “click” 

reactions. Using gold nanoparticles as models, we show here that well-defined, 

heterogeneously functionalized polymer chains bearing “click” recognition pairs can be 

prepared, and subsequently used to modify gold nanoparticles at controlled locations. Our 

future work is to study the broad utility of this strategy on creating “bonding structures” on 

nanoparticles to transform them into “artificial atoms”, as well as the system design to 

assemble these nanoparticles into well-defined colloidal molecules.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Directed assembly of nanoparticles 

Colloidal particles of metals and semiconductors have become one of the most interesting 

and prolific research areas in nanotechnology, enabling fundamental studies and applications 

in a variety of scientific disciplines. Colloidal nanoparticles are sometimes referred to as 

‘artificial atoms’ due to the density of their electronic states that make their physical 

properties widely and easily tunable when their composition, size and shape are adjusted. 

Their unique physical properties, such as optical, electronic and magnetic properties, often 

facilitate potential applications as spectroscopic enhancers, chemical sensors, photothermal 

therapy agents and imaging contrast agents.
1-3

 Taking this analogy one step further, the focus 

is gradually shifted from studying individual ‘artificial atoms’ to creating ‘artificial 

molecules’: assemblies of colloidal nanoparticles to nanostructures with more complex yet 

precisely controlled architectures and compositions.
4-8

 When inter-particle coupling is 

effectively controlled, concentrated electric field can generate unique emergent properties and 

may therefore exhibit a remarkable range of new functionalities. These colloidal molecules 

are expected to form the basic structural units of nanoparticle-based, macroscopic materials 

that may bring forth unprecedented opportunities for nanotechnology. 

In order to create complex and hierarchically organized nanostructures, numerous 

synthesis and assembly methodologies have been developed, such as nanoscale 

lithographies,
9,10

 controlled colloidal nucleation,
11

 templated approaches,
12

 thin-film 

techniques,
13

 electric field induced assembly
14

 etc. Despite the great progress, development of 

a broadly applicable method that could organize large amount of different individual 

nanoparticles (i.e., artificial atoms) into stable and well-defined architectures (i.e., colloidal 

molecules) is still challenging. Unlike real atoms, there are no analogous chemical bonds with 

defined valency and direction in the nanoparticle world. A fundamental question that needs to 

be answered is how to design a bottom-up assembly approach to direct spontaneous 

particle-particle association in a highly specific and reproducible manner.  
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Inspired by the supramolecular structures commonly seen in biology, many research 

groups are exploring the utility of biomolecules on nanoparticle assembly. In particular, 

highly specific molecular recognition pairs, such as base-pairing DNA with complementary 

strands
15-20

 or protein-protein interaction pairs
21,22

 are tagged onto individual nanoparticles, 

which in turn direct the spontaneous assembly of these nanoparticles into more complex 

architectures. Although this “bio-nano” approach has yielded many interesting results, its 

broad utility in engineered systems faces a number of technological barriers. For instance, the 

production of specially-designed DNA or protein at a practically useful industry scale is 

challenging, and these biomolecules are often subjected to various enzymatic or chemical 

degradation pressures when used in the field, just to name a few. Most importantly, if organic 

linkers are to be used in-between nanoparticles, we would wish these organic materials have 

tunable physical properties commensurate with their nanoparticle partners to achieve 

desirable bulk state properties. However, very limited flexibility exists on adjusting the 

structures, hence properties, of these biomolecular linkers. There is an urgent need on 

expanding our tool box to spontaneously assemble nanoparticle-based colloidal molecules via 

a bottom-up approach in a predictable manner.    

 

1.2 Our objective and project design 

Our long-term objective is to develop a simple, rapid, and efficient wet-chemistry 

approach that enables spontaneous assembly of nanoparticles into well-defined colloidal 

molecules. We view nanoparticles as “artificial-atom-preforms”: unlike real atoms that have 

well-defined bonding structures allowing their specific interactions with each other to form 

distinctive molecular architectures, as-synthesized nanoparticles don’t have that bonding 

capability. We hypothesize that the “bonding structures” of nanoparticles can be created by 

modifying different nanoparticles with different reactive moieties that recognize each other 

highly specifically, and the synergistic control of the localization of these reactive moieties, 

reaction stoichiometry, and nanoparticle geometry may allow us to reproduce the “valency” 

and “directionality” characteristic of these “bonding structures”.  

In this thesis work, we test the feasibility of our hypothesis with gold nanoparticles. In 
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particular, we will choose two representative nanoparticle morphologies of gold: nanorod and 

nanospheres. We will introduce “bonding structures” on gold nanoparticles by modifying 

them with well-defined, heterogeneously functionalized polymer chains. These polymer 

chains will be prepared by controlled/living free radical polymerization methods to have 

nearly monodisperse chain sizes. Each of the polymer chain will have a thiol moiety on one 

end – which react with Au to modify gold nanoparticles spontaneously – and a “click” 

reaction moiety on the other end. We choose “click” reactions to mimic the highly specific 

biomolecular recognition pairs because the reaction between “click” reactive pairs can be 

accomplished under mild conditions with near 100% conversion.
23,24

 We choose polymers as 

linker molecules between nanoparticles not only because their sizes can be easily adjusted 

(e.g., tunable “bond length” between nanoparticles), but also because versatile chemical 

designs exist to modulate their compositions and physical properties to be commensurate with 

their nanoparticle partners. A schematic representation of our experimental design on creation 

of “bonding structures” on nanoparticles is shown in Figure 1.1.  

 

Figure 1.1 Illustrations of creation of “bonding structures” on gold nanoparticles 
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   In this thesis, we will first review relevant literatures on the synthesis of gold 

nanoparticles with well-defined geometry, discuss previous work on the assembly of gold 

nanoparticles by different approaches, explain the concept and examples of “click” reactions, 

and review recent development on controlled/living free radical polymerizations, particularly 

Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization. We will then 

discuss our experimental approaches and characterization data on the synthesis of 

well-defined gold nanoparticles and heterogeneously functionalized polystyrene chains. 

Following that, we will discuss our effort on building “bonding structures” on gold 

nanoparticles, e.g., how to best modify gold nanoparticles with well-defined, heterogeneously 

functionalized polystyrene chains, how to control the localization of these chains on 

nanoparticles, and how to confirm the successful modification of nanoparticles. Our future 

work will focus on the directed assembly of gold nanoparticles with “bonding structures” into 

colloidal molecules with well-defined architectures. 
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CHAPTER 2 RELEVANT LITERATURE REVIEW 

 

2.1 Gold nanoparticles: synthesis and assembly  

Gold nanoparticles have been synthesized for over 2000 years in a whole range of media 

including glasses, salt matrices, polymers, and in water - invariably these methods have 

resulted in the formation of spheres. Since the classic Turkevitch-Frens synthesis with citrate 

stabilizer,
25,26

 alkanethiolate and various functional thiolate ligands have been widely used to 

form very stable, relatively monodisperse Au NPs and the two-phase Schiffrin synthesis have 

been a breakthrough.
27

 These facile syntheses have been shown to be particularly favorable 

for easy manipulations, such as place-exchange reactions and extensive physical 

characterizations, formation of superlattices and crystals, and rich molecular chemistry. 

It is only in the past decade that significant development of non-spherical metal 

nanoparticles synthesis has been achieved, among which, gold nanorods were the first 

anisotropic nanopaticles obtained with high yield and the most established protocol. Of the 

reported methods, a two-step process, termed “seed-mediated growth” has been so far the 

most efficient and popular approach for gold nanorod formation. The typical procedure 

includes very small, uniform, spherical seed particles are generated first, followed by the 

restricted growth of the seeds into larger particles via altering the reaction conditions, such as 

more gold ions and a milder reductant, together with some shape templating surfactant. For 

example, in the most popular synthetic route reported by Nikoobakht and El-Sayed,
28

 ascorbic 

acid is added to an aqueous hexadecyltrimethylammonium bromide (CTAB) solution of 

HAuCl4 to selectively reduce Au(III) to Au(I), followed by addition of the seed solution 

(containing single-crystals, CTAB-capped gold nanoparticles with diameters around 1.5 nm). 

One thing needs to be mentioned is that silver nitrate (AgNO3) is a necessary additive in this 

system in order to get extremely high yield of nanorods.
29

     

Whereas a variety of different growth mechanisms for gold nanorods have been proposed, 

most of them involve a discriminate interactions of surfactant molecules on different gold 

facets. Murphy and co-workers
29

 proposed a “zipping” mechanism that the cationic 
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quaternary ammonium head groups from CTAB provide preferential binding to facets along 

the rod sides, with simultaneous van der Waals stabilization of a surfactant bilayer. 

Surfactant-containing complexes are specifically incorporated into the {100} side edges, 

whereas non-complexed ion-pairs or Au(0) atoms/clusters are added to the {111} end faces. 

The discrimination could be due to the increased stability of the close-packed {111} surfaces 

compared to the edge sites, where numerous defects exist. Moreover, CTAB are more readily 

accommodated on the {100} side edges than on the close-packed {111} faces, where the 

Au–Au spacing is too small to facilitate epitaxy. As the nanorods grow in length, the area of 

the side faces increases, and this could facilitate the assembly of a bilayer of CTAB molecules 

at the crystal surface. In turn, the bilayer would provide additional stabilisation and growth 

inhibition, and this could explain why elongation of the nanorods is rapid once the shape 

anisotropy has been established. 

 

Figure 2.1 Underpotential deposition of Ag atoms (light grey circles) on different Au facets 

(illustrations adapted from ref. 29).Each silver atom has three nearest neighbours on Au {111} 

facets, four on {100} facets, and five (one in the second layer right beneath the Ag atom) on 

the {110} facets. The first and second layers are separated by a dashed plane. 

Additives such as benzyldimethylhexadecylammonium chloride, AgNO3, and small 

aromatic molecules are used to construct a more secure and stable bilayer earlier during the 

growth process. Silver ions are not reduced to the metal during rod growth,
30

 but could still be 

deposited on the gold surface via underpotential deposition (UPD), which refers to an initial 

deposition of a less noble metal monolayer at potentials much more positive than the Nernst 

potential of the metal being deposited. As shown in Figure 2.1, silver atoms deposited on the 
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{110} facet have five neighbouring gold atoms, while on the close-packed {111} and {100} 

surfaces, adsorbed silver atoms have just 3 and 4 neighbours, respectively. UPD shift of silver 

on gold surfaces decreases in the order {110} > {100} > {111}. Based on these observations, 

there are several possible ways that silver might influence rod formation. One model is the 

silver monolayer on the Au {110} surface acts as a strong binding agent, inhibiting further 

growth. Another hypothesis is that the gold nanorod tips, comprised of {100} facets, covered 

with much less silver, and therefore grow faster, leading to one- dimensional growth along the 

[100] direction.  

The symmetry breaking needed to initiate rod formation can also be explained by UPD. 

For example, slower growth of {110} side faces and faster growth of {100} end facets lead to 

breaking of the growth symmetry, and this in turn controls the final anisotropic shape of the 

nanoparticles. However, as with many other models, this does not explain the crucial fact that 

the single crystalline rods grow along the [100] direction, and yet the {100} facets on the 

edges of the rods do not grow. Ultimately, it may be that UPD of silver occurs on most of the 

facets, but poorer coverage of the tips prevents efficient inhibition of the particle growth in 

that direction.  

Gold nanoparticles with different shapes and morphologies, from platonic solids through 

to rods and branched metal nanocrystals, have been synthesized with different chemical 

environments. For example, more complex “branched” particles
31

 and triangular or hexagonal 

plates
6
 generate much interest, due to their sharp edges and the correspondingly high 

localisation of any surface plasmon modes. This makes them potential candidates for a 

number of applications such as biosensing and surface-enhanced Raman spectroscopy 

(SERS).  

In order to create the complex and hierarchical nanostructures, assemblies of gold 

nanoparticles have been accomplished through a variety of techniques. The nanostructures 

formed by widely used templated approaches are easy to predict and control, but it is almost 

impossible to build other architectures with one fixed templates. Take carbon nanotubes 

(CNTs) as an example, they present natural choices for templating 1-D nanostructures owning 

to their highly linear shapes. A recent example that took advantage of AuNP adsorption onto 

CNT templates is the work by Rance,
32

 who looked at using van der Waals forces to assemble 
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AuNPs on CNTs. In this case, citrate-capped nanoparticles were added to a solution of 

multiwalled CNTs, resulting in the formation of a nanotube-nanoparticle precipitate. Another 

relatively novel method of nanoparticle self-assembly that yields a variety of structures, 

including chains, rings and branches in one system is through binding of hydrophobic 

polymer chains to the ends of hydrophilic gold nanorods. Kumacheva and co-workers
33

 have 

created metal polymer analogue of amphiphilic triblock copolymers. Controlling the solvent 

quality for this amphiphilic ABA system resulted in a step-growth polymerization with the 

end-functionalized gold nanorods acting as monomers. However, due to the nature of 

step-growth polymerization, quantitative prediction and control of the architecture of these 

nanoparticle ensembles remains a challenge, and the aggregated gold nanoparticles will easily 

dissociate in a good solvent of the polymer linkers. 

 

Figure 2.2 Nanostructure assembly induced by sequence-specific DNA binding events:
12

     

(a) discrete clusters of AuNPs synthesized using a single DNA strand as a template, (b) 

polyvalent DNA-AuNP conjugates organized into extended aggregates via the addition of 

multiple DNA linking strands, (c) solution color change due to plasmon coupling upon 

DNA-templated assembly of AuNPs, (d) the change in absorbance of DNA duplexes upon 

thermal dissociation shows a sharp melting transition for assembled DNA-AuNP conjugates.  
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Bio-mimicking nanoparticle assembly, which uses the highly specific recognition pairs 

commonly seen in biology to direct the formation of organized nanoparticle architectures, has 

gained a lot of momenta in recent years. One of the first examples on DNA-conjugated 

assembly was reported by Mirkin and Alivisatos (Figure 2.2).
4,34

 While Alivisatos et al 

usedsingle DNA strand conjugated to the surface of the nanoparticles to direct their assembly, 

Mirkin functionalized two sets of gold nanoparticles with many non-complementary DNA 

strands. In the next step, a duplex containing 8-base-pair sticky ends which are 

complementary to the oligonucleotides that are covalently attached to the AuNPs, thus 

assembled them into macroscopic polymeric aggregates. This method not only allows the 

controlled and reversible assembly of AuNPs, but also results in a DNA-AuNP conjugate 

with increased DNA hybridization strength and greater selectivity against mismatched 

sequences commonly seen in single DNA duplex systems. 

 

Figure 2.3 Arrays of chaperonin proteins serve as binding sites for different sizes of 

particles.
35

 Top: TEM images, with the electron diffraction pattern inset. Bottom: Schematics 

of protein arrays and AuNP binding sites. Scale bars are 30 nm.   

The assembly methods using more complex biological templates such as peptides and 

proteins are not as well understood as in the case of DNA, primarily because of more diverse 

set of chemical functionalities are involved. However, examples such as the utility of 

chaperonin proteins to template 2-D arrays of nanoparticles (Figure 2.3)
35

 still indicate that 
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peptides and proteins present an interesting class of biomolecule for the purpose of 

synthesizing nanomaterial templates, where the proteins were modified to specifically express 

cysteine residues at selected points on their surface. Depending on the site of alteration, these 

cysteine modifications were arranged in rings that were either 3 or 9 nm in diameter. They 

contain many of the same basic functional groups derived from their amino acid building 

blocks and their naturally varying degrees of order, including1-, 2-, and 3-D arrays. 

 

2.2 “Click” reactions 

Current advances in bio- and nanotechnology have fueled increasing demands for 

materials with more sharply defined structures.
36

 However, many of the currently synthetic 

materials do not match the superb “reactive” properties of natural materials such as proteins 

or DNA, which can recognize and bind with their respective partners highly specifically 

under mild conditions. To address this gap, powerful synthetic organic chemistry concepts 

were extended into nanotechnology. For a synthetic concept to be applicable to the nano- and 

macroscale dimensions, the reactions must i) result in a stable linkage, ii) exhibit minimal 

cross-reactivity with other functional groups, iii) high yielding, iv) create only inoffensive 

by-products, and v) simple to perform and proceed under benign reaction conditions. 

To fulfill all the criteria above, a framework of reactions referred to “click” reactions 

was developed, including cycloaddition of unsaturated species, nucleophilic substitution/ring 

–opening reactions, addition to carbon-carbon multiple bonds, carbonyl reactions of the 

non-aldol typs. Whereas a range of reactions exist, the Huisgen 1,3-dipolar cycloaddition of 

alkynes and azides to yield 1,2,3-triazoles is the premier example of a click reaction (as 

illustrated in Figure 2.4). The ease of synthesis of the alkyne- and azide- functionalities, 

coupled with their kinetic stability and tolerance to a wide variety of functional groups and 

reaction conditions, make these complementary coupling partners particularly attractive. 

Only a few years after the Cu(I) catalysed Huisgen reaction was conceived, its importance 

in numerous areas was demonstrated. One application goes to development of state of the art 

bioconjugation. High density functionalisation of modified DNA was carried out by Carell 

and coworkers,
37

 wherein the ‘click reaction’ was used to post-synthetically decorate alkyne- 
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modified DNA. Another useful application is to use “click” reactions to conjugate fluorescein 

dye molecules on non-fluorescent biomolecules for microscopic studies;
38

 this has evolved 

into a standard benign and efficient method to put fluorescent labels on biological structures.  

 

Figure 2.4 The Cu(I) catalysed Huisgen “click reaction”
23

 

The value of “click” chemistry for materials synthesis perhaps becomes most apparent in 

the area of polymer chemistry, for the synthesis of dendritic, branched, linear, or cyclic co- 

polymers. The first synthesis of a “click” based dendrimer was by Fokin and co-workers,
39

 

where individual ‘branches’ were synthesized onto a bis-alkynyl scaffold, which comprised a 

labile Cl group, amenable to substitution with azide anion at a later stage. Not limited to 

dendrimers, the remarkable functional-group tolerance of click reactions enabled the facile 

introduction of reactive groups, such as hydroxyl and carboxyl groups. For example, after 

various functional groups were attached to the ends of polymers prepared by ATRP, 

biomolecules were grafted to the polymer chain ends. When an unsaturated difunctional 

initiator was used, the resulting telechelic polymer was coupled with a crosslinker to yield 

degradable networks.
40

 

Taking advantage of the extreme selectivity of Huisgen’s 1,3-dipolar cycloadditions, a 

range of different methods were further developed for modification of Au nanoparticles. 

Chidsey and coworkers developed a selective procedure for creating well-defined surface 

arrays of acetylene-containing oligonucleotides onto azide-functionalized gold.
41

 One 
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intriguing example is based on directed hydrogen-bonding systems that were covalently 

immobilized onto self-assembled monolayers of alkanethiols by using Huisgen’s 

cycloaddition reaction.
42

 In a subsequent step, Au nanoparticles were bound to these anchors 

through the formation of multiple hydrogen bonds. By modifying the surface of Au 

nanoparticles with azide group, several types of functional molecules has been grafted 

through alkyne–azide reaction,
43-45

 but as far as we know, no literature has covered the 

assembly of Au nanoparticles by “click” chemistry. 

 

2.3 Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization 

Controlled/living free radical polymerization processes offer polymer chemists many 

benefits, including the ability to precisely control molecular weight and polydispersity and to 

prepare block copolymers and other polymers of complex architectures materials which are 

not readily synthesized using other methods.  

Compared to the conventional radical polymerization, where chain termination occurs 

when the propagating radicals react by combination or disproportionation, in an ideal living 

radical polymerization, all chains are initiated at the beginning, grow at the same rate, and 

survive the polymerization (there is no termination, which is regarded as the most important 

character). To achieve living polymerization, a specific reagent that reacts with the 

propagating radicals by reversible deactivation or reversible chain transfer so that the majority 

of chains are in a dormant form (Pn-X). Rapid equilibration between the active and dormant 

forms ensures that all chains have an equal chance for growth. 

There are three most widely used methods that have been proved to achieve 

controlled/living free-radical polymerization. The first example is known as 

nitroxide-mediated polymerization (NMP) with reversible termination by coupling.
46

 The 

second is radical polymerization with reversible termination by ligand transfer to a metal 

complex, which is abbreviated as ATRP.
47

 The third method for achieving living character is 

free-radical polymerization with reversible chain transfer (RAFT). The mechanism for 

achieving control in RAFT polymerization differs significantly from that in other two 

methods.
48,49

 RAFT polymerization is not controlled by the ‘persistent radical effect’, while 
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the deactivation-activation equilibria are chain-transfer reactions. As shown in Figure 2.5, 

radicals are neither formed nor destroyed in the chain equilibration step. Rapid equilibratium 

between the active propagating radicals (Pn and Pm) and the dormant polymerica 

thiocarbonylthio compound provides equal probability for all chains to grow, and allows for 

the production of polymers with narrow polydispersity. 

 

Figure 2.5 Mechanism of RAFT polymerization
48

 

RAFT polymerization is based on a process that consists of the simple introduction of a 

small amount of thiocarbonylthio chain transfer agent (CTA) in a conventional free-radical 

system (monomer + initiator). The transfer of the CTA between growing radical chains 

(present at a very low concentration) and dormant polymeric chains (present at a higher 

concentration) regulates the growth of polymer chain size and size distribution.  

Just as with other living radical polymerization techniques, RAFT polymerization 

permits the design of specific macromolecular architecture by the variation of the monomer 

composition and the topology. One of the specific advantages of RAFT over both ATRP and 

NMP is its ability to effectively polymerize functional monomers. End functional polymer 

chains (including telechelic polymers) can be prepared, as well as statistical, gradient, block, 
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and comb/brush copolymers and a variety of architectures such as star, hyperbranched and 

network (co)polymers. Another specific advantage of RAFT is that thiocarbonylthio groups 

easily undergo reaction with nucleophiles and ionic reducing agents to produce a polymer 

with a thiol end-group, which is used to bind polymers onto gold nanoparticles. In this thesis 

work, we will devise RAFT polymerization approaches to prepare well-defined, 

heterogeneously functionalized polymer chains that have thiol and click moieties on their 

chains ends. These heterogeneously functionalized polymer linkers will help create “bond 

structures” on gold nanoparticles mimicking the highly specific binding-pairs exist in biology. 
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CHAPTER 3 EXPERIMENTAL APPROACHES 

 

3.1 Materials and methods 

Materials. Styrene (St, ≥99%, contains 4-tert-butylcatechol as stabilizer) was purified by 

passing through a column with base aluminum oxide. 2,2'-Azobis(2-methylpropionitrile) 

(AIBN) was purified by recrystallization in ethanol and dried in a vacuum oven at room 

temperature. Anhydrous tetrahydrofuran (THF), 1-Dodecanethiol(≥98%), acetone, tetrabutyl 

ammonium bromide (Reagent Plus, ≥99%), sodium hydroxide, chloroform, carbon disulfide, 

methylene chloride, hydrochloric acid, propargyl alcohol, 4-(Dimethylamino) pyridine 

(DMAP), sodium borohydride (NaBH4, 99%), 2-bromoethanol (95%), sodiem azide, 

hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 99.999%), N,N-Dimethylformamide 

(DMF, Aldrich 99.9%), N,N,N’,N’’,N’’- pentamethyl diethylenetriamine (PMDETA, Aldrich, 

99%) are used as received from Sigma-Aldrich. Silver nitrate (AgNO3, ≥99%), 

L-(+)-Ascorbic acid (98%), N, N’-Dicyclohexylcarbodiimide (DCC, 99%), 

hexadecyltrimethylammonium bromide (CTAB, 98%) are used as received from Alfa Aesar.  

Characterization. The chemical structure of synthesized polymers was characterized by 

1
H and 

13
C NMR (500M JEOL liquid-state NMR spectrometer and CDCl3 as solvent) and 

Fourier transform infrared (FTIR) spectra (Thermo-Electron Nicolet 4700 spectrometer) and 

their molecular weight was measured by Gel permeation chromatography (GPC) on a 

Viscotek GPCmax VE-2001 chromatograph equipped with Viscotek Model 270 Series 

differential viscometer /low angle laser light scattering detectors and a refractive index 

detector Model 3580. Dimethylformamide (DMF) with ammonium acetate (0.02 M) was used 

as the eluent with a flow rate of 1 mL/min. TEM was performed on a Philips CM200 with an 

accelerating voltage of 200 kV and samples were put on a 400 mesh ultrathin Type-A grid 

(Ted Pella).  UV-Vis adsorption spectra were measured with a HP 8453 photodiode array 

spectrometer, and the data was processed with Chemstation software.  
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3.2 Synthesis of well-defined, heterogeneously functionalized polystyrene (PS) chains 

In our work, we would like to use carboxyl-terminated trithiocarbonates as CTA. These 

trithiocarbonates have extremely high chain-transfer efficiency because the carbon attached to 

the labile sulfur atom is tertiary and bears a radical-stabilizing carboxyl group. Taking 

advantages of this CTA, heterogeneously functionalized PS can be prepared by RAFT 

polymerization. 

3.2.1 Experimental design 

The synthetic route was designed as shown in Figure 3.1. 

 

Figure 3.1 Experimental design to synthesize heterogeneously functionalized polystyrene. 
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3.2.2 Synthesis of chain transfer agents (CTAs) 

Synthesize of S-1-Dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate, CTA 1. 

1-Dodecanethiol (26.92 g, 0.13 mol), acetone (64.13 g, 1.10 mol), and tetrabutyl ammonium 

bromide (1.14g, 3.55 mmol) were mixed in a round-bottom flask cooled to 0 °C under a 

nitrogen atmosphere. Sodium hydroxide aqueous solution (50%) (11.18 g, 0.14 mol) was 

added dropwise over 20 min. The reaction was stirred for an additional 15 min before carbon 

disulfide (10.14 g, 0.13 mol) in acetone (13.45 g, 0.23 mol) was added slowly, during which 

time the color turned red. Ten minutes later, chloroform (23.75 g, 0.20 mol) was added in one 

portion, followed by dropwise addition of 50% sodium hydroxide solution (53.33 g, 0.67 mol) 

over 30 min. The reaction was stirred overnight and then 200 mL of water was added, 

followed by 33.3 mL of concentrated HCl to acidify the aqueous solution. Nitrogen was 

purged with vigorous stirring to evaporate acetone. The solid was collected with a Buchner 

funnel and then stirred in 0.33 L of 2-propanol. After the undissolved solid was filtered off, 

the 2-propanol solution was concentrated to dryness, and the resulting solid was recrystallized 

from hexanes twice to afford yellow crystalline solid. The obtained product was confirmed by 

NMR spectra.  

Synthesis of S-1-Dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate propargyl 

Ester, CTA 2. CTA 1(3.64g, 0.01 mol), propargyl alcohol (2.8g, 0.05 mol, 5 equiv) and 

DMAP (0.24g, 2 mmol, 0.2 equiv) were dissolved in 25 mL methylene chloride in a 

round-bottom flask, and the solution was cooled to 0 °C under a nitrogen atmosphere. A 

solution of DCC (2.48g, 0.012 mol) in methylene chloride (5 mL) was added dropwise over 

10 min. The solution was allowed to reach room temperature after 3 h and stirred overnight. 

The resulted mixture was filtrated to remove undissolved white salt and washed with 

saturated aqueous sodium bicarbonate solution (50 mL×3), water (50 mL ×2), and saturated 

NaCl solution (50 mL ×3), successively. The organic layer was separated, dried over MgSO4, 

filtered and concentrated under reduced pressure. The resulting oily residue was purified by 

column chromatography (silica gel, eluent: ethyl acetate/hexanes (1:20)) to give the product 

(1.27 g, 35% yield). The bromide-terminated CTA 3 was synthesized via the similar method 

as that of CTA 2 by replacing propargyl alcohol with 2-bromoethanol. The obtained CTAs 



18 

were confirmed by NMR and FT-IR spectra. 

 

3.2.3 RAFT polymerization of polystyrenes  

An example RAFT polymerization procedure was as follows. Alkyne-terminated 

polystyrene (PS) was synthesized with the alkyne-functionalized CTA. The mixture of 

styrene (2.08 g, 0.02 mol), CTA 2 (49 mg, 0.125 mmol), AIBN (3.4 mg, 0.02 mmol), and 

DMF (2.0 mL) was placed in a 10 mL Schelenk flask equipped with a magnetic stir bar. After 

degassed by three freeze-pump-thaw cycles, the flask was sealed and immersed in a constant 

temperature bath at 70 °C. After 24h, the reaction mixture was diluted with THF and 

precipitated in 10-fold methanol (2×). The yellow polymer was collected by centrifuged and 

dried in a vacuum oven overnight. Specific reaction conditions for all polymerizations are 

given in Table 3.1. 

Table 3.1 Conditions for the RAFT Polymerizations of Styrene (St) 

 

Entry 

St 

(concn) 

 

CTA
a
 

 

[M]:[CTA]:[I] 

T 

(°C) 

time 

(h) 

conv
b 

(%) 
Mn 

c
 

(g/mol) 

 

Mw/Mn
c
 

A 10 1 160: 1: 0.17 70 24 71.9 12300 1.11 

B 10 2 160: 1: 0.17 70 24 69.0 11500 1.12 

C 5 2 50: 1: 0.17 70 24 65.2 3200 1.10 

D 10 3 160: 1: 0.17 70 48 65.3 10800 1.15 

E 5 3 50: 1: 0.17 70 40 63.2 3100 1.11 

a
CTA: chain transfer agent; CTA 1: S-1-Dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) 

trithiocarbonate; CTA 2: S-1-Dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate 

propargyl Ester; CTA 3: S-1-Dodecyl-S’-(α,α’-dimethyl- α’’-acetic acid) trithiocarbonate 

bromo-ethyl ester. 
b
Monomer conversion as determined by weights of products. 

c
As 

determined by GPC in N,N-dimethylformamide. CTA: chain transfer agent; M: monomer; I: 

initiator; Mn: number-average molecular weight; Mw: weight-average molecular weight. 

3.2.4 Synthesis of thiol-terminated polystyrenes 

Polystyrenes with different functionalized end groups were dealkyled to introduce 
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thiol-group via the same methods. Polystyrene (0.2 g) and NaBH4 (38mg, 50equiv) were 

dissolved in DMF (5mL) and stirred at room temperature for 24h under the N2 atmosphere. 

After precipitated into 10-fold H2O (3×), methanol (3×) and dried under vacuum, 

thiol-terminated polystyrenes were obtained.  

 

3.3 Synthesis of nanoparticles with different morphologies 

The past decade has witnessed successful synthesis of both isotropic and anisotropic gold 

nanoparticles with well-controlled and uniform-dispersed sizes.
28,29

 Taking advantages of 

these reported methods, we chose gold nanospheres and nanorods as example nanparticles. 

3.3.1 Synthesis of gold nanorods (Au NRs) 

Gold nanorods with longitudinal SPR of more than 750 nm were synthesized based on the 

“seed-mediated growth” method reported by Nikoobakht and El-Sayed.
28

 Specifically, seed 

nanoparticles were prepared by reducing HAuCl4 (0.25 ml, 10 mM) mixed with 10 ml of an 

aqueous 0.1M solution of CTAB and sodium borohydride (0.6 ml, 10 mM) in ice-cold water. 

For the preparation of a growth solution, a mixture of HAuCl4 aqueous solution (15ml, 

10mM), CTAB solution (292.5 ml, 0.1M), and AgNO3 solution (2.4 ml, 10mM) was 

incubated in 30°C water bath. Ascorbic acid solution (1.65 ml, 0.1M) solution was added as a 

mild reducing agent, changing the dark yellow solution to colorless. Finally, 0.36 ml of a 

5-min-aged seed solution of nanoparticles was added to the growth solution. After 6h, the 

nanorods were purified using three 15-min-long centrifugation cycles at 12,000 r.p.m. At the 

end of each centrifugation cycle, the supernatant was removed and the precipitated nanorods 

were redispersed in deionized water. 

 

3.3.2 Synthesis of arrow-head gold nanorods 

The arrow-head NRs were synthesized based on a modified procedure reported by 

Xiang.
50

 Specifically, 0.1g of the solution of NRs synthesized as described above (1.25×10
-8

 

M) were mixed with aqueous solutions of CTAB (2.0 mL, 0.10 M), HAuCl4 (96 μL, 10 mM), 

AgNO3 (96 μL, 10 mM), and ascorbic acid (96 μL, 0.10 M). The mixture was diluted with 



20 

deionized water to a volume of 6.0 mL and incubated in a water bath at 30 °C for 3 days. 

Then, the solution was centrifuged for 15 min at 10,000 r.p.m., the supernatant was removed 

and the arrow-headed NRs were concentrated at the bottom of centrifugation tubes.  

 

3.3.3 Synthesis of gold nanospheres  

Gold nanospheres with diameters around 22 nm were synthesized based on the 

“seed-mediated” method reported by Murphy.
29

 Specifically, seed nanoparticles were 

prepared by reducing HAuCl4 (0.25 ml, 10 mM) mixed with 10 ml of an aqueous 0.1M 

solution of CTAB and sodium borohydride (0.6 ml, 10 mM) in ice-cold water. For the 

preparation of a growth solution, a mixture of HAuCl4 aqueous solution (10ml, 0.5 mM), 

CTAB solution (10 ml, 0.16M) was incubated in 30°C water bath. Ascorbic acid solution 

(0.11 ml, 0.1M) solution was added and final 0.24mL of seed solution was added. After 6h, 

AuNPs were collected by centrifuging the above solution at 11 000 rpm. The average size of 

AuNPs (20±3.9 nm) was measured from TEM images. 

 

3.4 Functionalizing nanoparticles with “click” groups-terminated PS 

   In the first graft process to introduce PS at the selective-ends of gold nanorods, different 

reaction conditions such as the molar ratio between PS and nanorods, molecular weight of PS, 

the sonication time, incubation time, etc., were explored. The detailed conditions were listed 

in Table 3.2.  

A successful example of entire surface modification of Au NRs with two different 

thiol-terminated PS was performed through a two-step ligand exchange approach. 7.5 mg of 

alkyne-terminated polystyrenes (PS) were dissolved in 5 mL of anhydrous tetrahydrofuran. 

Approximately 0.05 ml of the concentrated (2×10
-8

 M) aqueous solution of nanorods was 

added dropwise under sonication. The solution was sonicated continuously for 1h and 

incubated for 4 h. The modified nanorods were purified using four 10-min- long 

centrifugation cycles at 10,000 r.p.m. The supernatant was removed and the precipitated 

nanorods were redispersed in THF. Furthermore, non-click-moiety-functionalized PS-SH (0.2 

g) in chloroform was added to the resulting PS-CCH-coated Au NRs solution, followed by the 
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same sonication, incubation, and purification process as carried out above. Finally, Au NRs 

with alkyne- or azide-terminated PS selectively positioned on the ends and 

non-click-moiety-functionalized PS positioned on the sides were thus obtained.  

As for the surface modification of gold nanospheres (Au NSs), excessive PS (0.2g) was 

dissolved in 5g THF. Approximately 0.1 ml of the concentrated (5×10
-8

 M) aqueous solution 

of nanospheres was added dropwise, followed by the same sonication, incubation, and 

purification process as carried out above. This was a one-step exchange process. 

Table 3.2 Functionalize Au NRs with thiol-terminated PS 

 

Entry 

PS 

Mn
a
 

Molar ratio 

(PS/NRs) 

PS 

conc. (wt%)
b
 

H2O 

(wt%)
c
 

Sonication 

Time (h) 

Incubation 

Time (h)
d
 

a 3.2K 1×10
6
 0.1 0.9 0.5 24 

b 6.5K 1×10
6
 0.1 0.9 0.5 24 

c 12K 1×10
6
 0.1 2.1 0.5 24 

d 12K 1×10
5
 0.2 0.7 0.5 24 

e 12K 1×10
4
 0.2 2.1 0.5 24 

f 12K 0.5×10
4
 0.2 2.5 0.5 24 

g 12K 8×10
4
 0.2 0.9 1 0 

h 12K 8×10
4
 0.2 1.7 1 3 

i 12K 8×10
4
 0.2 1.0 1 23 

j 12K 8×10
4
 0.2 1.0 0 4 

k 12K 8×10
4
 0.2 0.9 0.25 4 

l 12K 8×10
4
 0.2 1.0 1 3 

All the reactions were performed in anhydrous THF at 30 °C. 
a
Mn: Molecular weight of PS 

determined by GPC; b: weight concentration of PS Vs THF; c: weight concentration of H2O 

(introduced because of the aqueous solution of Au NRs) Vs THF; d: incubation time means 

the solution set at r.t after sonication.  
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CHAPTER 4 RESULTS AND DISCUSSION 

 

4.1 Alkyne- and bromo-terminated RAFT agent 

In our initial design to obtain alkyne- and azido-terminated PS, we synthesized PS with 

DATC and then tried to graft propargyl alcohol or 2-bromothanol to polymer chain ends, 

which bear a carboxyl group, through an esterification reaction. However, the yield of 

functionalized PS was quite low due to the steric hindrance the large polymer chains.  

We discovered a different synthetic route that ensures a nearly 100% functionalizing of 

polymer chains, in which CTAs were terminated with alkyne- or bromo-groups first and then 

used for the polymerizations of PS. 

Figure 4.1 
1
H NMR spectra of CTAs in CDCl3: (a) S-1-Dodecyl-S’-(α,α’- dimethyl- 

α’’-acetic acid) trithiocarbonate (DATC, CTA 1); (c) S-1-Dodecyl-S’-(α,α’-dimethyl 

-α’’-acetic acid) trithiocarbonate propargyl ester, (CTA 2); (d) S-1-Dodecyl-S’- 

(α,α’-dimethyl- α’’-acetic acid) trithiocarbonate bromo-ethyl ester, (CTA 3); (b) 
13

C NMR 

spectra of DATC in CDCl3.  
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Taking advantages of the carboxylic acid group of DATC, a variety of functional groups 

can be introduced via esterification reactions as long as the molecule contains both the 

objective functional group and a hydroxyl or amido group. The successful synthesis of 

functionalized CTAs was confirmed by NMR spectra as shown in Figure 4.1. 

 

4.2 Synthesis of PS 

The low propagation rate and low steric bulk of the styryl radical allow the RAFT 

polymerization of styrenes to be very well controlled by most CTAs. In this work, all the 

funcationalized CTAs we synthesized provided very well control on molecular weight and 

polydispersity (see Figure 4.2). We also found that the bromo-terminated CTA was a less 

active RAFT agent for polymerization as compared to DATC, whereas the alkyne-terminated 

one is almost as efficient as DATC. It requires a longer reaction time to obtain the 

bromo-terminated PS with CTA 3 shown in Table 3.1.  

8 10 12 14 16 18 20

Retention time (min)

(a)

8 10 12 14 16 18 20

Retention time (min)

(b)

 

Figure 4.2 GPC traces of PS from RAFT Polymerization: (a) PS-C≡CH, Mn =11.5K Da, PDI 

= 1.12; (b) PS-Br, Mn = 10.8K Da, PDI = 1.15. 

Figure 4.3 exhibits the FT-IR spectra of polystyrenes synthesized with different CTAs. 

Compared with the nonfunctionalized PS (a), curves (b) and (c) show obvious peak at 3294 

cm
-1

, which is the characteristic peak for alkyne- group. Thus, we conclude that 

alkyne-terminated PS chains were successfully synthesized. As shown in Figure 4.4, azide- 

terminated PS was obtained via bromo-teminated PS and congfirmed by FT-IR. Azide stretch 

peak is at 2100 cm
-1

.  
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Figure 4.3 FT-IR spectra of (a) nonfunctionalized PS (Mn = 12300 Da); (b) PS-C≡CH (Mn = 

3000 Da); (c) PS-C≡CH (Mn = 11500 Da).  
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Figure 4.4 FT-IR spectra of (a) PS-Br (Mn = 10500 Da); (b) PS-N3 (Mn = 10500 Da). 

4.3 Dealkyl PS 

In order to graft PS onto the surface of gold nanorods, reduction reactions of the 

thiocarbonylthio end group to a thiol group were performed in two different methods using 

NaBH4 in DMF and hexylamine in THF. Disappearance of the thiocarbonylthio group in 

each reduced PS was confirmed by UV–vis absorption spectra (see Figures 4.6 and 4.7) and 

1
H NMR spectra. As the reduction reaction went on, an obvious transition from yellow 

solution to colorless one was observed after a few hours in both cases. Figure 4.5 shows a 

typical picture of color removal after the reduction reaction. 
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Although aminolysis has been often reported to generate thiol functions on RAFT 

polymers,
51

 we found aminolysis is not an efficient way to introduce thiol group based on our 

experimental results, which may be attributed to the coupling of the polymer through a 

disulfide group. The degree of dimerization reaction is really high in the case of aminolysis as 

present in Figure 4.8. However, the principal reason why we didn’t use aminolysis was that 

we found the Au NRs mixed with PS reduced by amine would precipitate in THF very soon, 

indicating that the residue reaction byproducts of amines may disrupt the CTAB coating on 

gold nanorods needed to stabilize these Au NRs before PS could be successfully grafted . 

 

Figure 4.5 Pictures of PS-C≡CH synthesized by the RAFT polymerization (a) before and                      

(b) After dealkyl with NaBH4.  
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Figure 4.6 UV-vis adsorption spectra of (a) PS-C≡CH synthesized by RAFT polymerization 

and (b) PS-C≡CH reduced by hexylamine in THF.  
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Figure 4.7 UV-vis adsorption spectra of (a) PS-C≡CH synthesized by RAFT polymerization 

and (b) PS-C≡CH reduced by NaBH4 in DMF. 
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Figure 4.8 GPC traces of PS-C≡CH reduced by (a) hexylamine in THF and (b) NaBH4 in 

DMF.  

Nishi and Kobatake
 
have studied the reduction reactions of PS using various methods, 

including NaBH4, NaBH4 with TAOB, propylamine, super-hydride.
52

 They concluded that PS 

with the dithiobenzoate end group was reacted to not only PS with the thiol group but also the 

dimerized PS thorough the disulfide group and other minor species except for the reduction 

condition using NaBH4 in water/THF. Although reduced with NaBH4 in different solvent, the 

PS we got also had a high quality that no coupling happened.  

However, we found that NaBH4 would destroy –N3 group in the reduction reaction. As 

shown in FT-IR spectra (see Figure 4.9 and 4.10), azide-group disappeared completely and 

alkyne-group survived. To get around that, we changed our strategy to cleave the C=S bond 

first and finally react with NaN3.  
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Figure 4.9 FT-IR spectra of PS-N3 (10K) (a) as-prepared; (b) reduced by hexylamine in THF 

and (c) reduced by NaBH4 in DMF.  
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Figure 4.10 FT-IR spectra of PS-C≡CH (10K) (a) as-prepared and (b) reduced by NaBH4 in 

DMF. 

4.4 Gold nanoparticles 

In this work, the gold nanoparticles were prepared through “seed-mediated method” as 

discussed in Chapter 2.  

4.4.1 Gold nanorods (Au NRs) 

“Seed-mediated method” is currently a quite mature way to synthesize cylindrical gold 
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nanorods with a wide scale of length and aspect ratio. As we discussed previously, the 

exposure of the high-energy {110} facet should endow the nanorod with a high reactivity, 

thus making the growth to more stable morphologies possible. During the growth of the Au 

NRs, the preferential underpotential deposition (UPD) of silver atoms on the Au {110} facet 

is suggested to restrict the deposition of gold atoms on the {110} facet, thus inducing one- 

dimensional growth along the [100] direction. 

The two kinds of Au NRs we prepared were shown in Figure 4.11 and 4.12. At a 

considerable Au
3+

 concentration (1×10
-4 

M), a blue-shift in the longitudinal surface plasmon 

resonance (SPR) band occurs from 772 to 750 nm, while the transverse SPR slightly 

red-shifts from 510 to 522 nm with an enhanced intensity (Figure 4.12). The rapid decrease in 

the AR indicates the favorable deposition at the side of the rod, which is reflected in their 

TEM images. The mean length and width of the NRs were determined by analyzing the TEM 

micrographs of about 150 NRs. As compared to the change in the length of the rod, the 

increase in width is more significant. For example, from spectra a-b in Figure 4.11, the length 

increases 0.15 times, whereas the width increases 0.4 times. 

 

Figure 4.11 TEM images of (a) Au NRs, Length=39.2±1.9nm, Width=9.8±1.3nm, Aspect 

ratio = 4.0; (b) Arrow- head Au NRs, Length=46.2±2.7nm, Width=13.6±1.6nm, Aspect ratio 

= 3.4. 

The comprehensive mechanism of arrow-head NRs was explored in literature.
25

 

According to our study, we found to achieve the formation of arrow-head, the concentration 

of Au NRs precursor, Au
3+

/Au NRs and reaction time are also important parameters besides 
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the reported parameters on Ag
+
/Au

3+
 and AA/Au

3+
 ratios, and CTAB concentration.

50
 With 

the constant ratios of AA/Au
3+

 and Au
3+

/Ag
+
 kept at 10 and 1, the concentration of gold and 

silver ions should be high enough to enable the arrow-head growth. Even if the concentration 

of reactants was high, the growth of arrow-head hardly happened if the time was not as long 

as enough, which indicated that the switch from cylindrical to arrow-head NRs happens 

slowly.  

TEM images of resulted arrow-head Au NRs (see a-f, Figure 4.13) one to one correspond 

to the conditions shown in Table 4.1. In a-c, when the concentration of Au
3+

 (Ag
+
) ions went 

to as low as 0.4 mM, with all the reaction time from 12 h to 7 days, even though almost none 

arrow-head NRs were found, we can still noticed that a remarkable transfer from curved to 

acuate tips occurred at the ends of NRs. The same situations were noticed when the time was 

limited to 12h with different reactant concentrations. One thing to be mentioned is that there 

exists an optimized ions concentration (around 0.04 nM in our work), beyond which the ions 

diffuse too much, resulting in linkage of Au NRs (see Figure 4.13 e).   

Table 4.1 Synthesis of arrow-head gold nanorods 

 

Entry 

Arrow-head 

Au NRs
b
 

HAuCl4 

concn(M) 

AgNO3 

concn(M) 

AA
b
 

concn(M) 

Au NRs 

concn(M) 

time 

(day) 

a none 4×10
-5

 4×10
-5

 4×10
-4

 0.21nM 0.5 

b 10% formation 4×10
-5

 4×10
-5

 4×10
-4

 0.21nM 3 

c none 4×10
-5

 4×10
-5

 4×10
-4

 0.21nM 7 

d almost none 8×10
-5

 8×10
-5

 8×10
-4

 0.21nM 0.5 

e linkages 4×10
-4

 4×10
-4

 4×10
-3

 0.21nM 0.5 

f 95% formation 1.6×10
-5

 1.6×10
-5

 1.6×10
-4

 0.21nM 3 

All the experiments were conducted at 30°C, with a total volume of 6 mL and the 

concentration of CTAB was 0.033 M; 
b
: the percentages of formed arrow-head Au NRs were 

determined by analyzing TEM micrographs of 100 NRs; 
c
AA: Ascorbic acid.  
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Figure 4.12 UV-vis adsorption spectra of (a) Cylindrical Au NRs and (b) Arrow-head Au NRs 

solutions. 

 

 

Figure 4.13 TEM images of arrow-head rods grow with concentritions of HAuCl4 and time at 

growth solutions were (a) 4×10
-5

 M, 12h, (b) 4×10
-5

 M, 3d, (c) 4×10
-5

 M, 7d, (d) 8×10
-5

 M, 

12h, (e) 4×10
-4

 M, 12h and (f) 1.6×10
-4

 M, 3d. AA/Au
3+

 and Au
3+

/Ag
+
 ratios were kept 

constant at 10 and 1, respectively. 



31 

4.4.2 Gold nanospheres (Au NSs) 

Different from gold nanorods, where two distinct Surface Plasmon Resonance (SPR) 

bands show up in UV-vis spepctra due to the two dimensions, there is usually a single peak 

appears for gold nanospheres. Our successful synthesis of Au NSs was confirmed by both 

TEM macrograph (see Figure 4.14, where diameters of NSs were analyzed directly from 

TEM macrographs) and UV-vis spectrum (see Figure 4.15). 

 

 

Figure 4.14 TEM image of Au NSs, Diameter=20±3.9nm. 
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Figure 4.15 UV-vis spectrum of Au NSs in H2O. 

 

4.5 Graft PS onto gold nanoparticles 

In our work, we used polystyrene as a model polymer to illustrate the successful creation 
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of “bonding structures” on nanoparticles. We expect this same strategy apply to other types of 

polymers with different physical properties.  

 

4.5.1 Introduce click functionalized polymer chains on Au NRs 

The ability of thiol-terminated molecules to replace CTAB from the {111} facets at the 

ends of Au NRs has been reported
54

, but several parameters have to be taken into 

consideration in order to obtain well-dispersed Au NRs tethered with a hydrophobic 

homopolymer in THF. 

The surfactant used in our “seed-mediated” synthesis of Au NRs was CTAB, which is 

water-soluble. Thus, when CTAB-coated NRs were introduced in the solution of the polymer 

in THF, two competing processes took place as shown in Figure 4.16: polymer adsorption to 

the NR ends and the association of the NRs, due to the attraction forces between CTAB 

ligands in a poor solvent. It is generally believed that the CTAB coating do not automatically 

dissociate from Au NRs in THF, if thiol terminated polymers were not introduced. 
53

 

 

Figure 4.16 A schematic representation of the ligand exchange reaction in a mixture of 

CTAB-coated gold nanorods and thiol-terminated polystyrenes in THF, which introduce 

“click” functionalized PS on well-controlled locations (i.e., ends) on Au NRs 
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The first process would suppress NR association in the end-to-end manner, since THF is a 

good solvent for PS, whereas the second process would result in gold nanoparticles 

aggregations. In order to obtain well-dispersed individual gold nanoparticle with “bonding 

structure”, the associations of NRs were expected to be suppressed, while the balance shifted 

to the first process. Thus, the conditions should be controlled to assist the polymer chains to 

attach the ends of Au NRs as well as restrain the associations of NRs. 

 

4.5.1.1 Effect of sonication  

Our first focus was on the necessity of sonication and our study indicated that sonication 

was necessary when CTAB-coated hydrophilic NRs were introduced in the solution of PS in 

THF. In contrast to a homogenous solution obtained with 1h sonication, NRs were trapped in 

the aggregates and came out from the PS solution without sonication (see Figure 4.17). While 

polymers were anchored onto the NR ends, the association of the NRs took place 

simultaneously in both side-by-side and end-to-end modes. The aggregations were also 

confirmed by UV-vis spectra (see Figure 4.18), where both the longitude and transverse SPR 

bands shift to form a broad absorption peak rather than a trace with two distinct bands. The 

sonication step led to disintegration of the NR clusters and assisted in polymer adsorption to 

the NR ends. 

  

Figure 4.17 TEM image of Au NRs tethered with PS in THF without sonication (insert image 

shows the associations of Au NRs). 



34 

0.0

0.5

1.0

1.5

2.0

300 400 500 600 700 800 900 1000

 a
 b

A
b

s
. 

(a
.u

.)

 c

Wavelength (nm)
 

Figure 4.18 UV-vis adsorption spectra of Au NRs tethered with PS in THF and (a) without 

sonication and sonicated for (b) 15min and (c) 1h.  

 

4.5.1.2 Effect of polymer chain length  

We also hypothesized that the polymer chains should be large enough to drive the 

hydrophilic CTAB-coated Au NRs to non-polar solvent THF and it was confirmed by our 

research results. We intended to modify the NRs with PS3K, PS6.5K and PS12K (the 

methods were shown in Table 3.2) but found that PS3K, 6.5K-grafted NRs are unstable in 

THF and form precipitations.  

 

Figure 4.19 TEM images of Au NRs grafted with PS (a) 3.2K; (b) 6.5K. 

Obvious aggregations were also confirmed by TEM images (see Figure 4.19) and UV-vis 

adsorption spectra (see Figure 4.20). Theoretical and experimental studies demonstrate when 
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the polymer brushes are introduced to NRs, an unfavorable entropic interaction still remains, 

due to the so-called “autophobic dewetting” effect.
54

 The surface wettability of polymer 

brushes on NPs depends on the relative length of polymer brushes to the size of NPs and the 

surface curvature of NPs. Generally, increasing the molecular weight of the brush can 

suppress the autophobic dewetting, and usually decrease the rods-rods interaction due to 

increase of steric hindrance.  
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Figure 4.20 UV-vis adsorption spectra of Au NRs in THF tethered with PS with different 

molecular weights (a) 3.2K, (b) 6.5K and (c) 12K.  

4.5.1.3 Thiol-terminated polymers obtained by different reduce agents  

While the alkyne-terminated PS could be always grafted onto Au NRs successfully, we 

noticed a weird solution color change followed by precipitations coming out from the solution 

when azide-terminated PS was introduced to graft Au NRs, and when aminolysis reaction was 

used to prepare the thiol- and azide-functionalized PS. To clarify what happened, we 

separated the precipitations from the solution and check them by UV-vis spectrum and TEM 

(Figure 4.21). An unexpected morphology change from nanorods to large spheres occurred. 

We attributed this change to the effect of residue aminolysis byproducts or amines, which 

destabilized CTAB coatings on Au NRs and triggered recrystallization of Au, may be with the 

help of azide groups, since both amine and azide can function as reducing agents that react 
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with free Au ions present on Au NRs. The exact mechanism of this phenomenon is not clear 

and still under our further investigation. However, when we changed our reaction design to 

prepare Br-terminated CTA first, then used this CTA to prepare Br- and thiol-terminated PS, 

followed an azide-replacement reaction to obtain the azide- and thiol-terminated PS, 

well-shaped Au NRs modified with the heterogeneously functionalized PS chains could still 

be obtained.  

 

Figure 4.21 Precipitations after Au NRs mixed with azide-terminated PS(reduced by 

hexylamine) in THF. (a) UV-vis spectra of the precipitations after 4h (blue trace) and 18h 

(red trace); (b) TEM image of precipitations after 18h.  

4.5.1.4 Effect of localization of polymers on nanoparticles  

Preferential binding of CTAB along the longitudinal {100} and {110} faces of the NRs 

left their ends (the {111} faces) deprived of CTAB and favors the replacement of CTAB with 

thiol-terminated molecules. To achieve the site-specific replacement of CTAB at the NR ends, 

the relative amount of the polymer ligands to the Au NRs and the incubation time should also 

be well-controlled: an excessive amount of the polymer ligand with sufficient incubation time 

can lead to the replacement of CTAB at both the ends and the long side of the NRs. In the 

first modification step, we made the ratio of PS/NRs constantly to be 8×10
4
/1 and the 

concentration of PS in THF to be 0.2wt%. We explored the effect of incubation time and 

found the 4h-incubated one can show end-to end assembly, whereas 10h- and 24h-incubated 
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ones can’t.  

Last but not least, even though the conditions mentioned above were well-controlled, we 

found that NRs would link with each other after reactions were performed between these two 

sets of Au NRs in a random model rather than a well-controlled end-to-end fashion (Figure 

4.22). We attributed this phenomenon to the reactive moieties failed to be localized at 

selective sites, namely the ends of NRs. As we mentioned before, THF is good solvent for PS 

while not for CTAB. In THF, the PS anchored on the ends would intend to collapse along the 

sides of NRs, which were initially coated with CTAB, leading to Au NRs packed with 

hydrophobic PS all around (Figure 4.23a).  

 

Figure 4.22 “click” product of Au NRs tethered with PS only on both ends. 

 

Figure 4.23 Illustrations of PS-grafted Au NRs in THF. (a) PS chains collapse on the sides of 

NRs; (b) Two-step ligand exchange reactions (nonfunctionalized PS along the sides, “click” 

reactive group terminated PS on the ends). 
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Figure 4.24 UV-vis adsorption spectra of (a) Alkyne-PS tethered Au NRs in THF; (b) Au 

NRs with alkyne-PS on the ends and nonfunctionalized PS around sides in CHCl3; (c) the Au 

NRs(b) were transferred to DMF. 

 

Figure 4.25 Au NRs grafted with heterogeneously functionalized PS with two-step exchange 

reactions. 

Therefore, we developed a two-step ligand exchange reaction to protect the NRs sides 

with nonfunctionalized PS, while leave the reactive moieties founctionalized PS on the ends. 

As shown in Figure 4.23 b, by doing this, fucnctionalized PS on the ends can be 

well-confined to stretch into solvent, resulting in the well-controlled localizations of reactive 

moieties on nanoparticles. 

Taking all the parameters into consideration, we finally obtained the well-dispersed Au 

NRs with click moieties specifically positioned on both ends and nonfunctionalized PS 

around the side through a two-step ligand exchange method. The resulted NRs solution after 
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each step was checked by UV-vis. As present in Figure 4.24 and 4.25, the PS grafted Au NRs 

we got were quite well-controlled and their solution in THF or DMF stayed unchanged for at 

least three weeks. If unexpected aggregations occurred, the corresponding UV-vis adsorption 

spectra would show blue-shift in the longitudinal SPR band together with a slightly red-shift 

in the transverse SPR.  

4.5.2 Introduce click functionalized polymer chains on Au NSs 

Whereas the SPR of a solution of Au NRs is typically split between transverse and 

longitudinal dipole resonances due to the distinct dimensions along the width and length of 

the particles, small spherical particles usually have a single, sharp absorption band due to the 

excitation of what is called a dipole plasmon resonance, where the entire charge distribution 

of the particle oscillates at the frequency of the incident electric field.
14

 After modified with 

thiol-terminated PS in THF, the Au NSs remained well-dispersed, which can be confirmed by 

both UV-vis spectra (see Figure 4.26). 
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Figure 4.26 UV-vis adsorption spectra of (a) Au NSs as-synthesized in water; (b) Au NSs 

functionalized with azide-terminated PS in THF. 
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CHAPTER 5 CONCLUSIONS AND OUTLOOK 

 

In this thesis, we mapped out reaction conditions to prepared well-defined, 

heterogeneously functionalized polymers to create “bonding structures” on Au nanoparticles. 

Taking advantages of a widely used controlled/living radical polymerizations-RAFT 

polymerization, we synthesized “click” reactive groups-terminated PS with well-defined 

structures. Homogeneous gold nanoparticles with different morphologies were prepared, and 

the site-specific bindings of “click” moieties (i.e., functionalized PS) on these nanoparticles 

were achieved. Whereas the ability of thiol group attached to gold surface was well-known, 

conditions of the grafting process including the concentrations of gold nanodods and 

polymers, polymer chains sizes, sonication, incubation time and temperature should be 

well-controlled to selectively control the location of polymer linkers on Au nanoparticles.  

Although we used gold nanoparticles and polystyrenes as models in this study, we expect 

that similar strategies that take advantage of thiol reactions may be also applicable to create 

“bond structures” on nanoparticles of different materials, such as semiconductor nanocrystals 

(such as CdS, CdSe, CdTe, and HgTe etc.) and other metal nanoparticles (such as Pt, Ag, Pd 

etc.). Furthermore, we expect that a similar strategy can be used to create “bonding structures” 

on metal oxides (TiO2, Fe2O3 etc.) nanoparticles when the thiol moiety is replaced with 

carboxyl group.  

Once the “bonding structures” are successfully introduced onto as-synthesized 

nanopartciles, these nanopartciles are transformed into “artificial atoms”, and their bonding 

capability will allow rational design of directed assembly strategies to construct complex and 

hierarchically organized colloidal molecules via a bottom-up manner. Our further studies on 

this topic are still underway.      
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