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ABSTRACT 

 

 The synthesis, characterization and amphiphilic self-assembly of polymer brush 

functionalized nanoparticles (PBNPs) using a block copolymer template is described herein. To 

study the effect of polymer brush composition on self-assembly, four samples were created using 

a mixture of PS-b-PAA (polystyrene-block-polyacrylic acid) and PMMA-b-PAA (poly(methyl 

methacrylate)-block-polyacrylic acid) diblock copolymers to create PBNPs with a CdS quantum 

dot (QD) core and different ratios of PS and PMMA in the coronal brush. Static light scattering 

showed that despite differences in brush composition, the PBNPs formed nanoparticles of similar 

aggregation number and chain density but showed evidence of asymmetric structure in a 

common solvent for both blocks at higher PS contents. After subsequent hydrolysis of the 

hydrophobic PMMA to hydrophilic poly(methacrylic acid) (PMAA), these amphiphilic particles 

were then self-assembled in THF/H2O solution in which it was determined that increasing the 

hydrophobic content of the brush composition, the initial nanoparticle concentration (c0) or the 

added salt content (RNaCl), would cause the assembly of low curvature assemblies. Compilation 

of this data allowed for the construction of phase diagrams for PBNP systems based on brush 

composition and c0 at different salt contents. Lastly, PS-b-PAA-b-PMMA triblock copolymers 

with variable PMMA chain length were assembled into PBNPs around a CdS QD core using a 



iv 
 

block copolymer template approach. Light scattering showed these particles also had similar 

aggregation number and chain density despite the difference in PMMA chain length. After 

hydrolysis of PMMA to PMAA these particles were then self-assembled in THF/H2O mixtures 

to determine the role of PMAA block length on the produced morphological structures. The 

resulting assemblies suggest that chain length played a minimal role in their self-assembly 
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1.1 General Introduction 

The ever-growing needs of the modern world requires the creation of new classes of 

materials to drive innovation and scientific research beyond the current limits of human 

ingenuity.  One avenue of particular interest is that of colloidal inorganic nanoparticles, whose 

capabilities and functionalities have intrigued the scientific community and opened up promising 

new lines of investigation and inquiry. Specifically, metallic and semiconducting nanoparticles 

with their alluring size-tunable properties (e.g. photoluminescence, non-linear optics and surface 

plasmonic resonances), have found their place in fields as varied as fluorescent bio-imaging1-3, 

sensors4-7, heavy metal detection in water8, photonics9-12 and drug delivery agents13-15. But for all 

of their promise, the controlled assembly of these nanoparticles has proven difficult in their 

naked, non-functionalized form. In order to control the assembly of inorganic nanoparticles into 

films and colloids, researchers either follow a lithographic (top-down) approach or a self-

assembly (bottom-up) based methodology. Top down lithographic approaches such as 

photolithography16-19, colloidal lithography20,21 and electron lithography22-25 have proven capable 

of assembling quantum dots, but are less economically viable and don’t allow for the 

organization of nanoparticles in colloidal structures. The bottom up approach of self-assembly 

has seen an increased focus, including the co-assembly of inorganic nanoparticles with block 

copolymers in solution.26-30 The addition of a coronal brush of polymers to the inorganic 

nanoparticles gives far superior solubility and dispersability in the solution phase, leading to 

greater control over the assembly, deposition and application of these materials. 

This thesis consists of three main components. In Chapter 2, a novel approach for the self-

assembly of cadmium sulfide (CdS) nanoparticles functionalized with a pair of diblock 

copolymers will be presented. This innovative approach uses a blend of diblock copolymers to 
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create a mixed polymer-brush functionalized nanoparticle (PBNP). While previous approaches 

attempt to functionalize to31 or from32 a previously synthesized inorganic nanoparticle, or grow 

in-situ from a triblock copolymer template33, this diblock copolymer template approach uses 

materials that allows for the creation of PBNPs with readily variable brush composition, 

allowing for the role of brush composition in self-assembly to be explored. 

Chapter 3 of this thesis highlights the self-assembly of a series of blends of these mixed 

brush functionalized nanoparticles in a tetrahydrofuran (THF) / H2O solution. Of particular note 

are the differences in hierarchical assemblies created by altering the ratio of polystyrene (PS) and 

poly(methacrylic acid) (PMAA) found in the polymer brush coating. 

Chapter 4 will investigate the effect of PMAA chain length on the self-assembly of polymer 

brush-functionalized nanoparticles. To this end, a pair of triblock copolymer templated mixed 

polymer brush nanoparticles were produced and the different hierarchical assemblies created by 

altering the number of monomer units found in the PMAA coronal chains were investigated.  

This remainder of Chapter 1 will be divided as follows. The first section consists of a 

discussion of types of polymers and important properties. This will be followed by a description 

of diblock and triblock copolymer micellization in selective solvents, as well as amphiphilic 

block copolymers in aqueous solvents. An introduction to quantum dots and the quantum 

confinement effect will follow. The next component will describe synthetic approaches to the 

creation of PBNPs, followed shortly by an examination of different types of mixed brush block 

copolymer functionalized nanoparticles and their hierarchical assemblies. The penultimate 

section will consist of background information of the major characterization techniques used to 

examine these materials. Finally, specific goals of this thesis will be defined. 
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1.2 Polymers and Block Copolymers 

1.2.1 Polymers 

A polymer is a large molecule consisting of a repeating series of smaller molecules 

(monomers) linked together.34 The monomers are then known as repeat units once 

polymerization has occurred and the number of times that repeat unit is found is known as the 

degree of polymerization. 

If there is only one monomer unit that repeats in the polymer chain, it is known as a 

homopolymer. If there are several different repeat units found throughout the polymer, this is 

known as a copolymer. There are several types of copolymers based on how the repeat units are 

ordered within the polymer. Such varieties of copolymer include: random copolymers, block 

copolymers, alternating copolymers and graft copolymers (Figure 1.1). 

 

AAAAAAAAAAAAAAAABBBBBBBBBBBBBB  Block Copolymer 

ABABABABAAABABBBABBAABABABAABA  Random Copolymer 

ABABABABABABABABABABABABABABAB  Alternating Copolymer 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA  Graft Copolymer 

   B 

   B 

   B 

   B 

Figure 1.1. Varieties of possible copolymers formed using A and B repeat units 

  

 A block copolymer is a polymer in which multiple chains of a single repeat unit are 

covalently linked to each other. If there are two chains linked together, the polymer is a diblock 
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copolymer. If there are three chains linked together, whether it be in an ABA, BAB or ABC 

orientation (where all three blocks are different), this is known as a triblock copolymer. A 

random copolymer consists of two or more repeat units distributed randomly throughout the 

chain. An alternating copolymer consists of two repeat units attached in an interchanging 

fashion. A graft copolymer consists of one block of repeat units attached onto the backbone of 

another block. 

 

1.2.2 Molecular Weight Distribution 

Polymers are dissimilar from small molecules in that a sample of multiple polymer chains 

will have a distribution of molecular weights. This is attributed to the random nature of the 

polymerization reaction itself, as all chains do not grow at exactly the same rate.35 The size of the 

polymer is characterized by its average molar mass, which is based on the molar mass of an 

individual repeat unit and the number of times it repeats (degree of polymerization).  

Due to the distribution of molecular weights found in each sample of polymer chains, 

there are two different averages that are generally reported for a given polymer. The number 

average molecular weight, Mn, is based on the number of polymer chains with a given molecular 

weight found in the sample.34 It is defined by the following equation: 

Mn = 
𝛴𝑁𝑖𝑀𝑖

𝛴𝑁𝑖
     (Equation 1.1) 

where Ni is the number of molecular species i of molecular weight Mi. This value is often 

determined from techniques that measure molecular weight based on the colligative properties of 

polymer solutions, as they are dependent on the number of polymer chains present. 
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 The second molecular weight average that is often reported is the weight-average 

molecular weight, Mw.
34 This value is usually measured by techniques that are more sensitive to 

the size of the polymers in a given sample. This means that larger polymer chains are weighted 

much more than smaller chains in the final average molecular weight. Mw is defined by equation 

(1.2). 

    𝑀𝑤 =  
𝛴𝑊𝑖𝑀𝑖

𝛴𝑊𝑖
=  

𝛴𝑁𝑖𝑀𝑖
2

𝛴𝑁𝑖𝑀𝑖
    (Equation 1.2) 

Wi is the weight of all the molecules of species i with molar mass Mi. Using these two average 

molecular weight values, one can determine the width of the molecular weight distribution, or  

polydispersity index (P.I.). The polydispersity index can be determined by the use of equation 

(1.3): 

     𝑃. 𝐼. =  
𝑀𝑤

𝑀𝑛
    (Equation 1.3) 

 A polydispersity index of 1 denotes a sample that is monodisperse, in which all of the 

polymer chains all the same length. Most polymers will have a P.I. value >1 due to the 

distribution of polymer chains lengths.  
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Figure 1.2. Depiction of the positions of Mn and Mw based on the molar mass distribution of a 

theoretical polymer.36 

 

1.3 Micellization of Diblock and Triblock Copolymers in Selective Solvents 

1.3.1 Formation of Block Copolymer Micelles  

The dissolution of diblock copolymers in a solvent that is a good solvent for one block 

segment and a poor solvent for the other block will often lead to the aggregation of single chains 

into micelles.  The insoluble blocks collapse in the solvent to form a central core while the 

soluble block will become swollen with the solvent, forming the corona of the micelle. This 

micellization only occurs once the concentration of polymer chains reaches the critical micelle 

concentration (cmc).35 Micelles are placed in two general categories. Reverse micelles, where the 
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hydrophobic block forms the corona and the hydrophilic block forms the core. These tend to 

form in organic solvents. If aqueous solvents are used, the micelles are known as regular 

micelles and the hydrophilic block instead forms the corona and the hydrophobic block is found 

in the core. The micelles can be further categorized as “star-like” if the block that forms the 

corona is long as that which forms the core, or “crew-cut” if the opposite case is true.37 

 

 

Figure 1.3. Schematic depicting A) regular star-like B) regular crew-cut C) reverse star-like and 

D) reverse crew-cut. A and B would form in aqueous solvents while C and D would be formed in 

organic. Red indicates hydrophobic blocks while blue indicates hydrophilic blocks. 

 

1.3.2 Thermodynamics of Block Copolymer Micellization  

In order for micellization to occur, the overall Gibbs free energy of the solution, ΔG, must be 

negative for the micellization process to be spontaneous.38 ΔG can be defined in terms of 

enthalpy (ΔH) and entropy (ΔS) and their relationship is defined by equation 1.4: 

    ΔG = ΔH – TΔS    (Equation 1.4) 

 T in this case is the temperature. The micellization of block copolymers arises from a 

series of enthalpic and entropic driving forces created by the interaction of the polymer chains 

with the solvent environment. In organic solvents, there is an overall decrease in entropy brought 

about by the localization of the polymer blocks at the corona/core interfacial region as well as the 

chain stretching during the packing of the core and coronal blocks in the micelle. Both of these 
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factors lead to a loss of conformational entropy and hence a more negative entropy term. This is 

counter balanced by a decrease in enthalpy that results from the interchange energy that is 

produced when the core forming block moves from a region of unfavourable polymer/solvent 

interactions to a more favourable area of polymer/polymer interactions in the core of the micelle. 

This interchange enthalpy is the main driving force for micellization in organic solvents.39,40 

 When these block copolymers are placed in an aqueous solvents, there are a different 

combination of factors in play. While there is an entropic penalty associated with the formation 

of micelles, this is counteracted by the hydrophobic effect. The hydrophobic effect refers to the 

increase in entropy of the water as micelle structures form, excluding the water molecules from 

the hydrophobic block on the micelle corona. This overall increase in entropy caused by the 

hydrophobic effect is much stronger than the entropic penalty of the block copolymer assembly, 

leading to the formation of micelles above the cmc.41,42 

1.3.3 Micellization of Ionic Diblock Copolymers in Organic Solvents  

An ionic block copolymer is one in which one of the blocks on the block copolymer contains 

charged repeat units.42 The large electronic difference between the charged ionic blocks and the 

hydrophobic coronal blocks provides the necessary driving force for phase separation between 

these two blocks, leading to micellization.43 In the present work, a cadmium acrylate base will be 

used to deprotonate poly(acrylic acid), creating a charged acrylate block that will have a very 

unfavourable interaction with the apolar organic solvent (benzene).  The polyacrylate block will 

form the core of the micelles and while the hydrophobic polystyrene or 

poly(methylmethacrylate) block will disperse favourably in the solvent to form the corona of the 

micelle.  This has been represented in Figure 1.4: 
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Figure 1.4. Formation of block ionomer micelles by deprotonation of poly(acrylic acid) chains 

in organic solvent. The polymer structure before and after deprotonation are displayed with their 

corresponding configurations at each step of the synthesis. 

 

1.4 Inorganic Nanoparticles and Quantum Dots  

Inorganic metallic or semiconducting nanoparticles are used in a broad array of applications 

due to their ability to display useful properties attributed to their small size compared to their 

bulk counterparts. A nanoparticle is usually found to be between 1-10 nm in length, larger than 

single molecules but smaller than bulk solids.44 The size-dependent properties of nanoparticles 

arise from increased surface-to-volume ratio as well as changes in electronic structure compared 

to bulk solids.43 For example, comparing the melting points of bulk CdS with a sample of CdS in 

the nanoparticle regime, bulk CdS has a melting point of ~1600 °C while a nanoparticle of CdS 

that is 2.5 nm will have a much lower melting point around ~400 °C45. This large disparity in 

melting point is a direct result of the increased surface energy brought on by the larger surface 

area of the nanoparticle.  
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Quantum dots are a specific type of inorganic nanoparticle consisting of semiconducting 

material whose optical and electronic properties are strongly-dependent on the size of the 

particle.150 The molecular orbitals in bulk semiconductors are so numerous and closely-spaced in 

energy that they can be viewed as continuous bands. The valence band consists of the lower 

energy orbitals which are generally filled with available electrons first. The conduction band 

consists of the higher energy orbitals which are either partially filled with electrons or are empty. 

When a photon of light excites the semiconductor with sufficient energy, electrons are excited 

from the valence band to the conduction band. The valence band will now have a positively 

charged hole where the electron once was while the negatively charged electron is now located 

in the conduction band. The pairing of the hole with the electron is known as an exciton, which 

has a size characterized by the Bohr exciton radius.   

When the size of the particle becomes comparable to the size of the exciton Bohr radius, the 

properties of the material change due to the quantum confinement effect. As the particles get 

smaller, the number of available states at a given energy level that electrons are allowed to 

occupy decreases. This is also known as the density of states, found in units of N/eV, where N is 

the number of states.151 Figure 1.5 shows how the decreased density of states creates larger 

transitions between energy levels, requiring more energy for each transition.152 
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Figure 1.5. Schematic depicting of the change in the density of states once the size of the 

particle (rNP) approaches the exciton Bohr radius (rb) 

Quantum dots have been described using the particle-in-a-box model by Brus46, in which the 

particle is represented by the electron and the box takes on the spherical shape of the 

nanoparticle. In the model, the electron is confined by an infinitely high surface energy on the 

nanoparticle itself. Under these conditions, the exciton energy of the semiconducting 

nanoparticles was determined to be: 

   𝐸∗ =  𝐸𝑔 +
ℏ2𝜋2

2𝑅2 [
1

𝑚𝑒
+

1

𝑚ℎ
] −

1.8𝑒2

𝜖𝑅
+ ⋯  (Equation 1.5) 

where E* is the energy of the exciton, Eg is the energy of the band gap, R is the radius of the 

particle, me and mh are the masses of the electrons and holes in the lattice, e is the charge of an 

electron and ϵ is the permittivity. The positive confinement term (second from the right) is 

inversely proportional to the square of the radius of the particle, meaning that as the size of the 

particle decreases, the energy of the exciton increases exponentially. The negative term (first 

from the right) is the bound exciton energy term. It arises from the Coulombic attraction between 
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the electron and the hole that comprise the exciton. As the positive confinement term scales more 

strongly with size than the electrostatic term, the net result is that as the size decreases the 

positive term dominates and the energy increases. 46 The absorption spectra of CdS nanoparticles 

of differing sizes dispersed in aqueous solution can be found in Figure 1.6: 

 

Figure 1.6. UV-Vis absorption spectra of CdS QDs of different mean sizes in aqueous solution43 

 

 NPs that were greater than 5 nm absorbed wavelengths of light smaller than 515 nm. As 

the size of the particles decrease, the absorption threshold shifts to higher energy wavelengths 

that correspond to shorter wavelengths (blue shift). This demonstrates how the quantum 

confinement effect (and subsequent absorbance) is dominated by the size of the nanoparticle in 

question.  
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 Quantum dots have found uses in many applications. Quantum dots of TiO2 has been 

used in dye-sensitive solar cells as a charge carrier transporter to accept electrons from the 

sensitizer dyes into their conduction band, promoting the flow of electrons in the cell (Figure 

1.7).153 Quantum dots are used because varying the size of the nanoparticle allows for greater 

tunability of the band gap compared to bulk materials. This allows one a greater variety of 

options for the other components in the solar cell that can be paired with a specific size of QD.  

 

Figure 1.7.  Schematic depicting the flow of electrons through a dye-sensitized solar cell using a 

TiO2 nanocrystal. 
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 QDs  have also been used commercially by companies such as Sigma-Aldrich (Qdot®)154 

and Nanoshel Pvt Ltd (InP/ZnS QDs (surface modified))154, as well as many researchers in the 

scientific community for the labelling of biological samples.156-159 The size-dependent optical 

properties of the QDs have also allowed for new avenues of research to solve our most pressing 

issues.  In the field of quantum computing, quantum dots are used to confine electrons of a 

selected spin within energy wells.  A gate between these electrons is controlled by a current. 

When the gates are open, the wavelengths of the electrons are allowed to overlap and interfere. 

The pairing of up and down spins in a series of combinations allows for more information to be 

stored and processed than the current binary system.160-162
 QDs are also finding uses in the field 

of display materials. New classes of QDs such as inorganic halide perovskite quantum dots are 

showing strong photoluminescence across the entire visible as a result of the quantum 

confinement effect, a feat not seen for previous cadmium chalcogenide species due to limitations 

in processing. These new class of QDs are far more robust than previous materials while 

producing similar quantum yields, removing one more barrier towards active use in modern 

electronic displays163-165
  As can be seen, QDs are continuing to be used for new approaches and 

applications in the modern world. 

 

1.5 Synthesis of Polymer/Nanoparticle Composite Micelles 

Initial approaches for the brush functionalization of inorganic NPs involved the use of either 

a graft-to or a graft-from methodology. A graft-to approach involves the use of preformed 

polymer chains with functionalized terminal groups that undergo a ligand exchange with groups 

located on the inorganic NP (see Figure 1.6.A).27 
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Figure 1.8. Schematic presenting A) graft-to approach and B) graft-from approach depicting the 

i) anchor ligands found on the NP ii) initiation of polymer growth initiation site iii) and 

continued growth of the polymer chain 

 

Emrick et al. used this technique to displace pyridine ligands on the surface of CdSe/ZnS 

core-shell QDs with thiol-terminated PEO.31 A similar procedure was carried out by Lennox et 

al. to attach thiol terminated PS and PEO chains to Au NPs during their growth stage.47,48 In each 

case, both polymers and nanoparticles were performed before attaching them through ligand 

exchange. 

A graft-from approach involves the growth of polymers from initiation sites located on the 

NP (Figure 1.6.B). Emrick’s group has grown PS and PS-b-PMMA on CdSe QDs using a 

nitroxide mediated living radical polymerization.32 Work by Fukuda et al. created a PMMA 

brush on Au nanoparticles using surface-initiated living radical polymerization via a copper 
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complex.49 Nitroxide-mediated radical polymerization was also used by Takahara et al to control 

the growth of PS and poly(3-vinylpyridine) (P3VP) on the surface of Fe3O4.
50 The graft-to 

approach had proven useful in creating PBNPs and allows for tunability of the length of polymer 

chains as they grow on the NP. 

A different approach to the creation of PBNPs is to use a block copolymer micelle template. 

This methodology uses block copolymers to create reverse micelles in a polar solvent and metal 

ions complex with the core forming region as NP building blocks. The nanoparticles are then 

precipitated within the cores and become covalently attached to the polymer brushes of the 

micelle.  This technique has been used by Moller et al. to precipitate Au NPs with a PS polymer 

brush coating from within PS-b-P2VP51,52 and PS-b-PEO micelles.53 Eisenberg54 and Moffitt55 

used a PS-b-PAA dibock copolymer template to synthesize PS brush functionalized CdS NPs. 

This approach has also been performed to create PS/PMMA mixed polymer brush covalently 

attached to a CdS QD using a PS-b-PAA-b-PMMA triblock copolymer template.33 This 

technique will be further explored in this work for both a PS-b-PAA-b-PMMA triblock 

copolymer template and a mixed PS-b-PAA/PMMA-b-PAA diblock copolymer template.  

 

1.6 Varieties of Mixed Brush Block Copolymer Nanoparticles  

Multiple varieties of PBNPs have been identified by Moffitt27 based on the number of brush 

components, the arrangement of the brush components on the core NP surface and the degree of 

anisotropy found in the NP at rest or when induced by external stimuli, such as solvent. The 

three classes are labelled as type I, type II and type III PBNPs. 
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A type I PBNP is characterized by having an isotropic, single-component brush. A schematic 

depicting this can be found in Figure 1.9 A). Due to the repulsive nature of the polymer chains, 

self-assembly of these nanoparticles often leads to two-dimensional arrays, as seen in Figure 1.6 

b). Au NPs covalently linked to PS chains using a PS-b-PEO template as synthesized by Moller 

et al (an example of a type I PBNP) shows a periodic array of NP cores evenly spaced apart 

based on repulsive effects between PS chains in the corona.52 The ability to create periodicity has 

shown promise in creating sensors and photonic devices.56 

 

 

Figure 1.9. Schematic depicting A) a type I PBNP and B) the repulsive interactions caused by 

polymer brushes, creating nanoparticle arrays. 

 

 In comparison, a type II PBNP is defined as having anisotropic patterning that arises 

from either single or multicomponent particles. The polymer brush pattern is imprinted directly 

onto the NP surface, creating either a patchy or Janus distribution (Figure 1.10). A Janus 

distribution is one in which the polymer brushes phase separate around the NP core, forming 

singular regions containing a single polymer. A patchy distribution is one in which polymer 

brushes of the type form multiple clusters throughout the brush layer.  
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Figure 1.10 Schematic representing type II PBNPs with single component (A,B) and 

multicomponent (C,D) anistropic brushes. They are represented as having either Janus (A,C) and 

patchy (B,D) polymer chain distributions.  

 

While type I PBNPs self-assemble into periodic arrays due to polymer repulsion, type II 

PBNPs are surface patterned so that they are inherently phase separated. As the two polymer 

chains are incompatible, they will phase separate around the NP in the core. As a result, the NPs 

will form the interface between the polymer layers. Kumacheva et al. created so called “pom-

pom” building blocks made of Au nanorods with cetyl trimethylammonium bromide (CTAB) 

ligands located on the ends of the rods. She was able to use the CTAB regions to graft together 

multiple Au nanorods due to the anisotropic nature of the ligands on the NPs.57 Chen et al. used a 

hydrophilic and hydrophobic ligand on the surface of a Au NP to selectively bind PS-b-PAA to 

one side of the Au and a nonpolymeric hydrophilic ligand to the other. This created a Janus like 

distribution, with the Au NP forming the interface between each brush.59 These materials exist 

because of how the polymer interacts and separates around the NP. 
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Type III PBNPs differ from the previous two cases in that they are contextually 

anisotropic.59-61 The polymers are not attached to the core NP in a pattern beforehand, but are 

induced to form anisotropic distributions due to chemical incompatibility with solvent. As the 

cores are relatively small compared to length of the polymer chains, any changes in the solvent 

will allow the polymer chains to wrap around the core in order to find their lowest energy 

conformation. A schematic of these particles before and after stimulation can be found in Figure 

1.11. 

 

Figure 1.11. Schematic depicting A) before generation of anisotropy and B) after generation of 

anisotropy. 

 Type III PBNPs have been prepared by Song et al, using a mixed graft-to/graft-from 

method for attaching PEO chains and growing PMMA chains to Au NPs.62 The chains wrapped 

around the core when dispersed in water, creating a patchy topology. Moffitt et al created mixed 

brush micelles from a PS-b-PAA-b-PMMA triblock copolymer template covalently attached to a 

CdS core.63 The random distribution of chains rearranged to form a Janus morphology once 

placed in H2O, creating a CdS QD interface in the resulting macromolecular morphologies. Each 

of these methods create particles in which anisotropy must be induced. 
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1.7 Major Characterization Techniques 

A series of techniques were employed to characterize the synthesized PBNPs at different 

stages throughout this work. Gel permeation chromatography (GPC) , dynamic and static light 

scattering (DLS and SLS) and transmission electron microscopy (TEM) were used to determine 

the sizes and structural integrity of the particles at many stages of the synthetic process. TEM 

and laser scanning confocal fluorescence microscopy (LSCFM) were used to characterize the 

self-assembled morphologies in Chapters 3 and 4. This section will give a brief introduction for 

each of these techniques.  

 

1.7.1 Gel Permeation Chromatography (GPC) 

GPC is a form of chromatography in which the separation column is packed with a 

mechanically stable, highly cross-linked gel. This gels consists of a distribution of pore sizes that 

will impede the flow of particles through the column. Specimens with smaller hydrodynamic 

radii in the eluent solution will become trapped in the pores, increasing their retention times as 

larger radii particles continue along the column.35 While many GPC systems perform 

calibrations based upon the creation of a calibration curve comparing elution times determined 

for standards of known molecular weight, calibration of the Viscotek Model 302 liquid 

chromatography system uses the intensity of the elution peak for a known standard based on the 

low angle light scattering detector and applies an algorithm that calibrates voltage outputs and 

offset volumes in the machine.64 
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1.7.2 Static and Dynamic Light Scattering (SLS and DLS) 

Static light scattering is employed to find the Mw, Rg and A2 of a given NP sample. It measures 

the time-average scattered light intensity from polymer or micelle solutions at multiple 

concentrations (c) and angles (θ). Zimm plot analysis allows the determination of the weight-

average molecular weight (Mw), radius of gyration (Rg), and the second virial coefficient (A2) 

according to the Zimm equation (equation 1.6)35: 

    
𝐾𝑐

𝑅𝜃
=

1

𝑀𝑤𝑃(𝜃)
+ 2𝐴2𝑐    (Equation 1.6) 

Where Rθ is the Rayleigh Ratio which can be derived from Rθ =iθr
2/I0, where I0 is the 

intensity of incident light, iθ is the scattered light intensity per unit volume at angle θ, and 

distance r from the sample to the observer. P(θ) is an angle-dependent term called the form 

factor, which describes attenuation in the scattering light intensity due to interparticle 

interference and is dependent on particle size and shape. 

𝑃(𝜃) = [1 +
16𝜋2𝑟𝑔

2

3𝜆2 sin
𝜃

2

2
]    (Equation 1.7) 

 

 K is the composite of optical and fundamental constants of which the differential refractive 

index, dn/dc, is included (equation 1.8): 

𝐾 =
2𝜋2𝑛0

2(
𝑑𝑛

𝑑𝑐
)2

𝜆0
4𝑁𝐴

     (Equation 1.8) 

Where NA is Avogadro’s number, n0 is the refractive index of the solvent and λ is the wavelength 

of the incident light. 
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rg describes the average distance from the center of gravity to the chain ends of a polymer in 

solution. A2 is a thermodynamic quantity that attractive and repulsive forces in between polymers 

or particles in solution. It is dependent on solvent and temperature.  

Dynamic light scattering is used to determine the hydrodynamic radii, rh, of a polymer or 

micelle sample.33 DLS experiments measure the normalized time correlation function of an 

electric field using a cumulant expansion for pointlike, isotropic particles with a distribution of 

particle sizes: 

   |𝑔(𝜏)| =  exp [−𝛤𝜏 + (
µ2

2!
) 𝜏2 + ⋯ ]   (Equation 1.9) 

where Γ is the intensity-weighted mean relaxation rate (first moment), µ2,is the second moment, 

and τ is the delay time. When Γ is determined at various scattering angles, it can be related to the 

effective translational diffusion coeffeicient DT through equation 1.10: 

     Γ = DTq2    (Equation 1.10) 

where q is the scattering vector which can be determined from equation 1.11: 

𝑞 =  
4𝜋𝑛

𝜆
sin

𝜃

2
    (Equation 1.11) 

where n is the refractive index of the scattering liquid, λ is the wavelength of incident light and θ 

is the scattering angle. In order to account for interparticle interactions in solution, DT is 

expressed as a function of concentration: 

     DT = Do(1 + kdc)   (Equation 1.12) 
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in which the single-particle diffusion coefficient, Do is obtained by extrapolation to zero 

concentration. The hydrodynamic radius, rh, can be calculated from Do values using the Stokes-

Einstein equation (equation 1.13): 

     𝑅h =
𝑘𝑇

6𝜋𝐷𝑜
    (Equation 1.13) 

where k is the Boltzmann constant, T is the temperature, and η is the solvent viscosity. The result 

of rg/rh
65 can give information about the shape of the particle in solution. rg/rh ~ 0.775 indicates 

the presence of hard spheres, 1.1 agrees with star-like structures and 1.5 is the theoretical value 

for rod-like polymer chains.66,67 

 

1.7.3 Transmission Electron Microscopy (TEM) 

TEM is a technique used to view NPs on the nanoscale through the use of an electron beam 

instead of a typical light source. Electrons are used and give much higher resolution as the 

wavelength of an electron is orders of magnitude smaller than that of visible light. An electron 

gun sits atop a vertical column and directs a beam of electrons through a series of lenses to focus 

the beam. The electrons in the beam will either scatter upon contact with the specimen or remain 

unhindered on its path to the objective aperture and onto a fluorescent screen. The image that is 

produced will present dark and light regions, the darkest of which show where more scattering 

has occurred (usually at electron dense regions of the material). Lighter regions represent either a 

lack of specimen or a regions of low electron density in the specimen, allowing the electrons to 

pass through with limited scattering.68 
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1.7.4 Laser Scanning Confocal Fluorescence Microscopy (LSCFM) 

LSCFM is a fluorescence imaging technique in which fluorescent emissions from QDs or 

organic dyes provide contrast between fluorescent and non-fluorescent regions of the 

microscopes optical regime on the micron scale. A laser provides excitation light at a given 

wavelength that is expanded by a lens and reflected off a dichroic mirror onto the sample. As the 

sample becomes excited, the emitted light is focused back through the lens and dichroic mirror 

and then through a focusing lens and pinhole aperture to the photomultiplier detector. The 

computer then compiles an image by scanning through x- and y-directions.70  

LSCFM has a distinct advantage over ordinary epifluoresnce microscopy in that there is an 

adjustable pinhole in the photomultiplier detector that allows for optical sections to be measured 

at various depths along the z-direction throughout the sample. Therefore, 3-D images can be 

attained by compiling snapshots of each optical section using computer software imaging.  

 

Figure 1.12 Schematic representation of laser scanning confocal fluorescence microscopy 

(LSCFM).70 
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1.8 Content of this Thesis 

This thesis will consist of three main parts: 1) the synthesis and characterization of 

PS/PMAA-(CdS) NPs from mixed diblock copolymer templated brush approach 2) the self-

assembly of the PS/PMAA-(CdS) in aqueous solutions to probe the effects of brush composition 

on the created morphologies and 3) the synthesis, characterization and self-assembly of 

PS/PMAA(x)-(CdS) NPs created from a triblock copolymer templated approach to determine the 

effect that varying the length of the PMAA block will have on self-assembly. The content of 

each chapter will be described below. 

Chapter 2 describes the synthesis and characterization of PS/PMAA-(CdS) NPs created 

from a mixed PS-b-PAA/PMMA-b-PAA reverse micelle template in which CdS QDs were 

precipitated in the core. Four different weight fractions of PS/PMMA were created: fPS = 0.5, 0.7, 

0.8 and 0.9. GPC and dispersability tests were used to determine the stability of the particles in 

various solvent. SLS and DLS were used to measure the aggregation number and size of the 

mixed brush particles in solution. UV-Vis spectroscopy and TEM were used to probe the size 

and optical properties of the CdS QD core while 2D 1H NOESY NMR was used to determine the 

chain distribution around the core. These particles represent a new diblock copolymer mixed 

brush templated approach to making PBNPs. 

Chapter 3 outlines the self-assembly of the NPs synthesized in Chapter 2 in aqueous 

solvent. The effect of changing brush composition was probed, as well the effect of initial 

nanoparticle composition and the effect of salt addition to the solutions before assembly. The 

produced morphologies were visualized using TEM and LSCFM and their characteristic sizes 

were measured by TEM and DLS. Based on the trends that appear in this data, a series of phase 
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diagrams will be developed, creating an invaluable tool for further experimentation in the field of 

polymer brush functionalized nanoparticles.  

The final chapter outlines the synthesis and characterization of PS/PMAA(x)-(CdS) NPs 

designed from a PS-b-PAA-b-PMMA triblock copolymer template in which CdS QDs 

precipitated within the NPs after micellization. The two triblock copolymers have identical PS 

and PAA blocks lengths but different PMMA block lengths (x = 154 and x = 54) in order to 

determine the effect that changing the soluble block length will have on self-assembly of these 

NPs once PMMA has been hydrolyzed to PMAA. These particles will be extensively 

characterized to test for NP stability, brush distribution, QD stability and NP size information in 

various solvents. Self-assembly experiments in aqueous solvent will be performed in which 

differences in PMAA block length, initial nanoparticle concentration and salt content will be 

probed in order to determine their effect on the morphological aggregates formed.  
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 Chapter 2 

Synthesis and Characterization of Polystyrene/Poly(meth acrylic acid) Mixed 

Brush-Functionalized Inorganic Nanoparticles of Variable Brush Composition 
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2.1 Introduction 

 In recent years, there has been an increased amount of interest in the potential 

applications for inorganic nanoparticles (NPs), including quantum dots (QDs), but there 

currently exist limitations on the ability of these particles to organize and self-assemble into 

organized arrays and structures. For example, Gopalakrishnan et al.1 attempted to use CdSe as a 

bio-imaging agent for the examination of cellular processes. Poor dispersability and 

biocompatibility of CdSe in the human body meant that the NPs would have to be modified 

before entering the bloodstream. Once a phospholipid coating was applied to the NPs, the 

nanoparticles became dispersible and were able to be used in the human body.  This same 

problem can be found in fields as varied as photonics71,72, drug delivery73,74
, sensors4,6,8, and 

biolabelling1,75, where the inability of NPs to self-assemble into more ordered and deliberate 

structures and morphologies has been a major stumbling block. Therefore, it has become 

necessary to develop methods that allow us to control assembly into larger structures on a 

functional length scale. Recently, polymer functionalization of NP surfaces has been used as a 

method of incorporating colloidal NPs into polymer nanocomposites, as well as imbuing their 

own mechanical, optical and electronic properties onto the nanocomposite.76 Methods of polymer 

functionalization of NPs include the growth of polymers on the surface of an NP (grafting-from 

approach),31,50,77 attaching polymers to binding sites already located on the NP (grafting-to 

approach)32,78 or growth of NPs from within block copolymer micelles.54,55,79  

Initial work on polymer-brush functionalized inorganic NPs was performed with only a 

single type of polymer chain within the brush.80-82 While this type of polymer brush provides 

dispersability in organic solvents and polymer materials, structural complexity arising from self-

assembly of these particles is limited since particle-particle interactions are isotropic. The 
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polymer brushes can either assemble into ordered arrays of NPs separated by the extended 

polymer chains if the interparticle interactions are repulsive (good solvent environments), or into 

disordered aggregates of NPs if the interparticle interactions are attractive (poor solvent 

environments). For example, Spatz et al. created ordered arrays of PS-coated Au NPs by treating 

PS-P2VP with HAuCl4 in toluene to induce micellization. The Au3+ ions were then reduced to 

form Au particles in the core of the micelle. Repulsive interactions between the extended PS 

chains created an ordered array of the Au NPs in a film.52  

In order to increase the structural complexity arising from self-assembly, anisotropic 

interparticle interactions have been introduced by synthesizing mixed polymer brushes consisting 

of two different polymer chain types.60,82 By adopting a mixed brush of polymers instead (so-

called “smart” NPs), each component in the mixed brush will respond differently to specific 

solvent environments due to the amphiphilicity of the particles, leading to anisotropic 

interactions with each. For example, Song et al. created Au NPs coated with a mixed polymer 

brush consisting of both a hydrophobic (poly(methyl methacrylate)) and hydrophilic 

(polyethylene glycol) polymer. These particles then self-assembled into the vesicles when the 

solvent environment was changed from chloroform to water, as a result of microphase separation 

of the two polymer brushes around the Au NP.62  

 A more recent approach to creating mixed polymer brush NPs involves the self-assembly 

of triblock copolymers. This method was initially used to create polymer micelles with mixed 

coronal layers,83,84 but was later adapted to produce composite nanoparticles with inorganic NP 

cores surrounded by a mixed brush layer.33,85 The constituent triblock copolymers consist of two 

different end blocks that are soluble in the solvent medium and a central core-forming block that 

is insoluble. For example, in our group, Guo et al. used a polystyrene-block-poly(acrylic acid)-
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block-poly(methyl methacrylate) (PS-b-PAA-b-PMMA) triblock copolymer to produce cadmium 

sulfide (CdS) QDs surrounded by a mixed brush of PS and PMMA chains.33 Guo later assembled 

these particles in THF/H2O mixtures to produce a wide variety of morphologies, including 

eccentric worm-like structures (Figure 2.1).63 

 

Figure 2.1. Worm-like structures produced from the self-assembly of Guo’s SM-NPs in 

THF/H2O.63 

 The present work focuses on the blending of two diblock copolymers instead of a single 

triblock copolymer to create a semiconductor quantum dot with a mixed brush polymer layer. 

The use of triblock copolymers gives a 50 / 50 composition of each chain due to their linked 

nature. Block copolymer literature has shown that changes in ratio of hydrophilic and 

hydrophobic components strongly influence the morphologies arising from self-assembly;86,87,88 

,89,90 however, the effect of brush composition on the self-assembly of amphiphilic nanoparticles 

has not yet been systematically studied. By using a pair of block copolymers, the brush 

composition can be changed with ease by varying the ratio of the two blend components. This 

chapter will describe the synthesis and characterization of the resulting NPs and the subsequent 

chapter described their self-assembly in different solvent environments.  
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Figure 2.2. Schematic depicting the multistep process for the synthesis of PS/PMAA-(CdS) NPs 

 

2.2 Experimental 

2.2.1 Hydrolysis of Polystyrene-block-poly(tert-butyl acrylate) (PS-b-PtBA) and Selective 

Hydrolysis Poly(methyl methacrylate)-block-(tert-butyl acrylate) (PMMA-b-PtBA) Diblock 

Copolymers 

 For this study, starting materials were either purchased in the tert-butyl acrylate form 

from Polymer Source Inc. The purchased samples will be referred to as follows: PS(225)-b-
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PtBA(22) and PMMA(225)-b-PtBA(21), respectively, where the numbers in brackets indicate 

the number-average degrees of polymerization for each block. As described below, each of these 

two copolymers were hydrolyzed to the poly(acrylic acid) (PAA) form before continuing on to 

create mixed brush micelles of differing blend compositions of PS-b-PAA to PMMA-b-PAA.  

 PS-b-PtBA was hydrolyzed to PS-b-PAA and PMMA-b-PtBA was hydrolyzed to 

PMMA-b-PAA using the following method. The tert-butyl acrylate form of each copolymer was 

dried overnight at 70 C under vacuum. It was then dissolved in toluene to make a 2 wt % 

solution. The clear, colourless solution was stirred overnight until all polymer was dissolved. The 

solution was then refluxed at 115 C overnight with para-toluene sulfonic acid (5 mol % relative 

to the tert-butyl acrylate content). The dark brown, opaque solution was then concentrated to half 

of its initial volume via rotary evaporation and precipitated into isopropanol cooled by an 

ice/water bath to 0 °C. The fluffy white powder was then recovered by vacuum filtration, washed 

further with 3 x 5 mL cold isopropanol and dried in a vacuum oven at 70 C for two days.  

 

2.2.2 Preparation of Amphiphilic CdS Quantum Dots with Polystyrene/Poly (methacrylic acid) 

(PS/PMAA) Mixed Brushes of Varying Composition   

 2.2.2.1 Preparation of Polystyrene-block-poly(cadmium acrylate) / Poly(methyl 

methacrylate)-block-poly(cadmium acrylate) Mixed Reverse Micelles (PS/PMMA-b-PACd)  

 PS(225)-b-PAA(22) was dissolved in a 90/10 (v/v) benzene/methanol solution to make 2 

wt % solution and stirred overnight to equilibrate. In a separate flask, PMMA(225)-b-PAA(21) 

was dissolved in a 90/10 (v/v) benzene/methanol solution to make 2 % w/w solution and stirred 

overnight to equilibriate. Several ratios of PS/PMMA were targeted, and are labelled in terms of 
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their weight fractions of polystyrene (fPS): fPS = 0.5, 0.7, 0.8 and 0.9. Initial experiments 

suggested that extra PMMA-b-PAA diblock copolymer should be added as the PMMA-b-PAA 

sample in use had a large component that would not micellize (33%). Therefore, the two stock 

solutions of PS(225)-b-PAA(22) and PMMA(225)-b-PAA(21) were blended gravimetrically and 

the blend ratios were made in which the PMMA-b-PAA fraction was 33% higher than the 

targeted ratio with the expectation that the extra chains would be fractionated out later. The 

actual blend ratios before mixellization were fPS = 0.40, 0.61, 0.72 and 0.86. These were allowed 

to stir for two hours. To each of the four solutions 3 moles of Cd(Ac)2 were added per mol of 

acrylic acid repeat unit in a continuous stream under constant stirring. This was allowed to stir 

overnight. Each solution was freeze-dried to remove the solvent, producing a fluffy white 

powder. This sample was dried overnight in a vacuum oven at 70 ᵒC. The resulting sample was 

then washed multiple times with methanol and the filtrate was tested with aqueous Na2S 

solution. The sample was washed until three consecutive tests of the filtrate resulted in no yellow 

colour in the solution. Once completed, the micellized PS/PMMA copolymer blends were dried 

again overnight at 70 ᵒC under active vacuum.  

In order to remove unmicellized polymer chains, fractionation of the micellized 

PS/PMMA copolymer blend was required. The micellized PS/PMMA samples were dispersed in 

THF (5 % w/w). The dispersion was then stirred at a constant rate while deionized water was 

added dropwise to the cloud point (i.e. until the dispersion remained turbid for several minutes 

after the addition of the last drop). The solution was left overnight, producing two layers. The top 

layer consisted of the lighter single chains while the bottom layer contains the heavier reverse 

micelles. The top layer was decanted. Deionized water was then added to the bottom layer to 

precipitate the samples, allowing them to be filtered. The filtrate was dried for overnight at 70 ᵒC. 
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The next day a portion was dissolved in THF and GPC analysis was performed to determine the 

fraction of single chains that remained. This process was repeated until the GPC showed less 

than ~10 wt % of single chains relative to the micelle fraction. The dried fractionated samples 

were designated PS/PMMA-b-PACd.  

 

 2.2.2.2 Preparation of CdS Quantum Dots in Reverse Micelle Cores 

 The fractionated PS/PMMA-b-PACd samples were placed in an atmosphere of 100% 

humidity in a humidity chamber at 70 C for one week (see Figure 2.3). After this treatment, the 

samples were placed under an atmosphere of “wet” H2S. The H2S was bubbled into a sample 

chamber containing PS/PMMA-b-PACd for 10 hours, followed by 1 h of nitrogen to purge the 

lines of H2S. During exposure to H2S, the white PS/PMMA-b-PACd slowly turned yellow. The 

yellow powder was then placed inside a vacuum oven under active vacuum and room 

temperature overnight to remove any excess H2S gas. These samples were designated 

PS/PMMA-b-PAA(CdS). 
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Figure 2.3. Schematic depicting the humidity chamber setup. The sample is placed inside a large 

jar on a platform. The sample is in a vial that is covered with a piece of lens paper held on with 

an elastic. The bottom of the jar contains water which is heated to 60 oC. The humidity that 

forms is held in by an aluminum foil cap.  

 

 2.2.2.3 Core Cross-linking Reverse Micelles Containing CdS Quantum Dots 

 To stabilize the PS/PMMA-b-PAA(CdS) NPs, crosslinking of PAA chains in the micelle 

core was carried out. The yellow powder was first ground into a fine powder and then dispersed 

in THF to 2 wt %. Immediately upon dispersion, 0.5 equivalents of Cd(Ac)2 in methanol (0.5 

mol Cd(Ac)2 per 1 mol of acrylic acid repeat units) were added in one quick addition and the 

solution was allowed to stir overnight. The next day, a 1.0 wt % solution of N-ethyl-N’-(3-

dimethylaminopropyl)-carbodiimide methiodide (EDC) activator in water (0.5 molar equivalents 
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EDC per mol acrylic acid repeat units) was added and allowed to stir for 2 hours. This was 

followed by the addition of a 1.0 wt % solution of 2,2’-(ethylenedioxy)bis(ethylamine) (EDDA) 

in water (0.25 mol per mol of acrylic acid repeat units) in one portion and was then left to stir 

overnight. The sample was concentrated further and precipitated into cold methanol. The 

resulting pale yellow solid was then filtered and dried under vacuum for 2 days at 70 C. These 

samples were designated PS/PMMAXL(CdS). 

 

 2.2.2.4 Hydrolysis of PMMA Brush Chains to PMAA 

 Finally, the PMMA chains in each of the PS/PMMA-PAAXL (CdS) samples were 

hydrolyzed to PMAA to produce amphiphilic NPs of variable hydrophobic/hydrophilic brush 

composition. First, PS/PMMA-PAAXL (CdS) was dispersed to 10 wt % in 1,4-dioxane with KOH 

(2 mol KOH per mol methyl methacrylate repeat units) and 18-crown-6 (0.2 mol 18-crown-6 per 

mol of methyl methacrylate repeat units). This dispersion was placed under argon in a sealed 

high-pressure Schlenk tube and the reaction was heated to 110 C for 4 days. After 4 days, the 

dispersion was concentrated further and precipitated into a cold 0.2 M acetic acid solution. This 

was then filtered under vacuum and placed under active vacuum in a vacuum oven for 3 days at 

70 C. The resulting amphiphilic NPs were designated PS/PMAAXL(CdS); however, since these 

are the final building blocks for self-assembly experiments described in the next chapter, we use 

the short-hand designation PS/PMAA-CdS, fPS =  x in Chapter 3 when referring to these samples, 

where x denotes the actual mass fraction of hydrophobic PS blocks relative to the total mass of 

brush chains (fPS = 0.5, 0.7, 0.8, 0.9).  
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2.2.6 Gel Permeation Chromatography (GPC) 

 All GPC measurements were carried out on a Viscotek Model 302 liquid chromatography 

system. It was furnished with refractive index (RI), low-angle light scattering (LALS, θ = 7ᵒ) and 

right-angle light scattering (RALS, θ = 90ᵒ) detectors. The eluent for this system was THF run at 

a flow rate of 1 mL/min and the column temperature was set at 35 C. Samples were dispersed in 

HPLC grade THF to concentrations of ~1 mol/L and filtered through poly(tetrafluoroethylene) 

(PTFE) filters with a nominal pore size of 0.45 μm before injection into the column. The data 

was collected on a Dell Dimension 2300 computer using GPC software from Viscotek. Three 

columns (purchased from Tosoh Biosciences LLC) were connected in series: one TSKgel 

G3000Hhr columns, one TSKgel GM-HHR-M and then a second TSKgel G3000Hhr. The 

packing material of these columns is styrene-divinyl benzene. 

 

2.2.7 Nuclear Magnetic Resonance (NMR) 

 1H NMR spectra of diblock copolymers and subsequent micellization products were 

recorded using a Bruker AC 300 MHz spectrometer. 2D 1H nuclear Overhaueser effect 

spectroscopy (NOESY) experiments of the PS/PMMA-PAAXL (CdS) products were performed 

on a Bruker Avance 500 MHz spectrometer at 27 C. For the 2D NOESY spectra, 320 

experiments of 2k data points were recorded. 24 scans were used for each increment using 

standard Bruker software. A mixing time of 500 ms was used for best results. 

 

2.2.8 UV-Vis Absorption Measurements 

 Absorption spectra were recorded on a Perkin Elmer UV-Vis-NIR with a three detector 

module. It consists of a photomultiplier tube (PMT) for the UV-Vis range, an indium gallium 
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arsenide (InGaAs) detector and a lead sulfide (PbS) detector for the near infra-red (NIR) range. 

Samples were dispersed to ~1 mg/mL in spectroscopic grade tetrahydrofuran, toluene, acetone 

and chloroform. A background of pure solvent was recorded for each individual solvent to 

subtract from the ensuing measurement. 

 

2.2.9 Transmission Electron Microscopy (TEM) 

Microscopy was performed on a JEOL JEM-1400 TEM operating at a voltage of 80 kV 

with a Gatan Orius SC1000 camera. PS/PMMA-CdSXL samples for transmission electron 

microscopy were prepared by dispersing the NPs in benzene at 1 wt %. 2 drops of this solution 

were applied to a copper grid (300 mesh) coated with a carbon film coating. The solution was 

allowed to settle on the grid for 15 seconds before excess solvent was dabbed off with a 

kimwipe. The grids were allowed to dry for 2 hours before images were taken. Hydrolyzed 

PS/PMAA-CdSXL samples were prepared by dispersing the NPs in THF at 1 wt %. Application 

and drying of these samples follows the previous procedure for the PS/PMMA-PAAXL (CdS) 

samples. Particle size measurements and statistical analysis were performed on the ImageJ 

software from Softonic. Three images were taken from three different randomly selected 

locations on each grid from which a minimum of 200 total particles were measured to determine 

average sizes. 

 

2.2.10 Dynamic Light Scattering (DLS) 

DLS measurements were carried out on a Brookhaven Instruments photon correlator 

spectrometer equipped with a BI-200SM goniometer, a BI-900AT digital autocorrelator, and a 
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Melles Griot He-Ne Laser (632.8 nm) with a maximum power output of 75 mW. In order to 

remove dust from scintillation vials, rigorous cleaning was applied before adding sample.   

The scintillation vials were first washed with 5 mL of 95 % ethanol filtered through two 

poly(tetrafluoroethylene) (PTFE) filters with a 0.20 μm nominal pore size connected in series. 

The vials were then capped and vortexed for 30 seconds. The solvent was removed and the 

process was repeated 10 more times. Upon completion, the vials were covered with a piece of 

lens paper held on with an elastic band and placed upside down in an oven at 80C for 2 days to 

remove solvent.  

Stock solutions of PS/PMMAXL(CdS) NPs were dispersed separately in THF, toluene and 

acetone at concentrations of ~5 mg/mL. These solutions were filtered through two PTFE filters 

with a 0.45 μm nominal pore size connected in series. Any required dilutions were performed by 

adding known quantities of appropriate filtered solvent (solvent was filtered through two PTFE 

filters with a 0.20 μm nominal pore size connected in series). Unless otherwise stated, DLS 

measurements were conducted at a scattering angle of 90. For each experiment, 3 repeat 

measurements of the autocorrelation function were obtained. All measurements were performed 

at 23 C. 

 

2.2.11 Static Light Scattering (SLS) 

SLS measurements were carried out on a Brookhaven Instruments photon correlator 

spectrometer equipped with a BI-200SM goniometer and a Melles Griot He-Ne Laser (632.8 nm) 

with a maximum power output of 75 mW. In order to remove dust from scintillation vials, 

rigourous cleaning was applied before adding sample. The method of cleaning scintillation vials 

was identical to that applied above for DLS measurements. 
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Stock solutions of PS/PMMA-(CdS) NPs were prepared separately in THF, toluene and 

acetone at a concentration of ~5 mg/mL. These solutions were filtered through two PTFE filters 

with a 0.45 μm nominal pore size connected in series. Three solutions for triplicate 

measurements were made from the same stock solution and diluted to ~1 mg/mL. Measurements 

of scattered light intensity were performed at 12 different scattering angles from 30- 120 and at 

five different dispersion concentrations (in the range of ~0.05 - ~1 mg/mL) obtained by 

successive gravimetric dilution with filtered solvent (solvent was filtered through two PTFE 

filters with a 0.20 μm nominal pore size connected in series). In this manner, triplicate Zimm 

plots for each sample-solvent pair were obtained. All measurements were carried out at 23 C. 

 Values of dn/dc for each sample-solvent pair analyzed by light scattering were required 

in order to extract molecular weight information from Zimm plot data. These measurements were 

carried out on a Brookhaven Instruments BI-DNDC differential refractometer. Stock solutions of 

PS/PMMA-(CdS) NPs were dispersed separately in THF, toluene and acetone at a concentration 

of ~5 mg/mL. A series of five solutions was prepared in a concentration range of ~1 - ~5 mg/mL 

with ~1 mg/mL increments between concentrations. All dilutions were performed by adding 

known quantities of appropriate filtered solvent (solvent was filtered through two PTFE filters 

with a 0.20 μm nominal pore size connected in series). Determinations of dn/dc were performed 

in triplicate. All dn/dc measurements were carried out at 23 C. 

 

2.2.12. Fourier Transform Infrared (FTIR) Spectroscopy 

 IR Spectroscopy measurements were carried out on a Thermo Nicolet IR 200 

Spectrometer. Sample dispersions of ~1 mg /mL of carbon tetrachloride were prepared and 
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allowed to stir overnight. The solutions were placed on a NaCl plate and allowed to dry to create 

a thin polymer film.  

 

2.2.13. Powder X-Ray Diffraction (XRD) 

 Step-scan x-ray diffraction data was obtained on a Rigaku Miniflex diffractometer with 

variable divergence slit, 4.2° scattering slit and 0.3 mm receiving slit. Diffraction matters from 

polymer brush-coated QDs were obtained by casting ~5 mg of sample from a 1 mg/mL THF 

solution onto a zero-background holder. Measurements were made by scanning over a 2θ range 

10-100° with Cr radiation (30 kv, 15 mA) (wavelength is 0.228 nm). The scanning step size was 

2°/min. 

 

2.3 Results and Discussion 

2.3.1.1 Hydrolysis of Polystyrene-block-poly(tert-butyl acrylate) (PS-b-PtBA) to Polystyrene-

block-poly(acrylic acid) (PS-b-PAA) 

 Diblock copolymers in the tert-butyl acrylate forms from Polymer Source were 

hydrolyzed into the acrylic acid form. The PS-b-PAA reaction was confirmed a success based on 

FTIR. The spectrum following hydrolysis (Figure 2.4) shows that the strong broad peak at 1729 

cm-1 that is due to the C=O stretch of the ester has been replaced by a broad peak at 1711 cm-1 

which corresponds to the carboxylic acid of the PAA unit. Another peak of interest is that of the 

C-O stretch of the ester at 1150 cm-1 which is completely absent upon completion of the reaction. 
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Figure 2.4. IR spectrum comparing PS-b-PtBA and PS-b-PAA 

After performing a similar hydrolysis reaction on the PMMA-b-PtBA diblock copolymer, 

1H NMR was used to determine the success of the reaction (Figure 2.5). NMR was used instead 

of FTIR due to the overlap of the PMMA carboxylate group with the PtBA carboxylate group in 

the latter spectrum. The tert-butyl protons of the ester found at 1.43 ppm in the PMMA-b-PtBA 

starting material disappear once the hydrolysis is complete. The methyl ester associated with 

PMMA remains untouched during this hydrolysis, as the integration of the peak at 3.6 ppm (peak 

a) remains unchanged (integration of 3.00 before and after hydrolysis). 
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Figure 2.5. NMR Peak labelling for A) PMMA-b-PtBA and C) PMMA-b-PAA. 1H NMR 

spectrum of comparing B) PMMA-b-PtBA and D) PMMA-b-PAA. 

 

2.3.2.1 Micellization and Fractionation of Polystyrene-block-poly(cadmium acrylate) / 

Poly(methyl methacrylate)-block-poly(cadmium acrylate) Blends  

Four compositions of mixed reverse micelles were targeted: fPS = 0.5, 0.7, 0.8, 0.9. Upon 

addition of Cd(Ac)2 to the diblock copolymer blend solutions, each solution became turbid 

indicating increased Rayleigh scattering from the newly formed micelles. The benzene was 

removed by freeze-drying in order to create dry, white powder. Based on preliminary 

experiments, it was expected that not all of the polymer chains would micellize; since the extra 

polymer will interfere with subsequent self-assembly steps, it therefore had to be removed. Using 

the technique of fractionation allowed for the removal of single chain impurities. The amount of 

free polymer can be monitored using GPC. For each diblock copolymer blend composition 
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before fractionation, two main peaks are found in the gel permeation chromatograph, as seen in 

Figure 2.6: 
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Figure 2.6. Gel permeation chromatographs (refractive index detector) of fPS = A) 0.5 B) 0.7 C) 

0.8 and D) 0.9 for PS/PMMA-PACd NP before (blue curve) and after (red curves) fractionation.  
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Before fractionation (blue curve), the broad peak at ~11 minutes is due to micelles while 

the narrow peak at ~14 minutes is due to unmicellized chains. To determine the relative weight 

fractions of these two populations, the peaks were integrated using the OmniSEC 3.0 software 

provided by Viscotek. Before fractionation, the micelles were found to be ~80 wt % of the 

sample compared to ~20 wt % single chains. After fractionation (red curve), the fraction of 

single chains has decreased and integration reveals its contribution to be < 10 wt %. Each of the 

four blends were similarly fractionated such that the single chain fraction was < 10 wt % 

following fractionation in all cases (Table 2.1). 

 

Table 2.1. Calculated Micelle to Single Chain Weight Fractions after Fractionation 

fPS Micelle Weight Fraction Free Polymer Weight Fraction 

0.5 0.91 0.09 

0.7 0.92 0.08 

0.8 0.90 0.10 

0.9 0.90 0.10 

 

2.3.3 Characterization of Polystyrene-block-poly(cadmium acrylate) / Poly(methyl 

methacrylate)-block-poly(cadmium acrylate) Mixed Reverse Micelles, PS/PMMA-b-PACd 

Once the four blends were micellized and fractionated it was important to determine the 

actual polymer composition of the resulting nanoparticles, since fractionation and the resulting 

loss of single chains can give rise to a change in the composition if the amount of PS and PMMA 
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copolymer in the single chains was not equal. Nuclear magnetic resonance spectroscopy (NMR) 

was employed for this task. Figure 2.7 displays an NMR spectrum of blend after micellization.  
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Figure 2.7. A) 1H NMR peak labelling for PS-b-PAA and PMMA-b-PAA. 1H NMR spectra of 

fPS = B) 0.5 C) 0.7 D) 0.8 and E) 0.9 PS/PMAA-b-PACd blend micelles after fractionation are 

shown. 
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By comparing the peak integrations of the aromatic protons (6.2-7.2 ppm) of PS and the 

methyl ester protons (3.61 ppm) of the PMMA, the composition of each blend can be 

determined.  As an example, a fPS = 0.5 blend of the two polymers would have an expected 

integration of 5 aromatic protons for every 3 methyl ester protons. On the other hand, 

asymmetric blends would be weighted to reflect the higher proportion of PS in the sample. A 

sample calculation for the fPS = 0.8 blend is shown in Equation 2.1. 

𝑁𝑀𝑅 𝑠𝑡𝑦𝑟𝑒𝑛𝑒 𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛

𝑁𝑀𝑅 𝑚𝑒𝑡ℎ𝑜𝑥𝑦 𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
∗

3 𝑚𝑒𝑡ℎ𝑜𝑥𝑦 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

5 𝑠𝑡𝑦𝑟𝑒𝑛𝑒 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
=

𝑚𝑜𝑙𝑒𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑜𝑙𝑒𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒
 

5

.9
∗

3

5
=

15

4.5
= 3.33333 =  

𝑚𝑜𝑙𝑒𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑜𝑙𝑒𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒
   (Equation 2.1)   

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒
∗

𝑚𝑜𝑙𝑒𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑜𝑙𝑒𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒

=
𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑎𝑠𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒
 

104.5 g/mol

100.121 g/mol
∗ 3.33333 = 3.47912 =

𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑎𝑠𝑠𝑠 𝑚𝑒𝑡ℎ𝑦𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒
  

=
𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒 +
𝑚𝑎𝑠𝑠 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

3.47912

=   𝑓𝑃𝑆 

𝑓𝑃𝑆 =  
1

1 + 1/3.47912
=

1

1 + 0.28743
= 0.78 

The actual blend composition of each diblock copolymer blend series can be found in 

Table 2.2, the results of which show agreement with each of the targeted compositions fPS = 0.5, 

0.7, 0.8 and 0.9. 
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Table 2.2. Final Blend Compositions of each PS/PMMA-b-PACd Blend after Fractionations by 

Comparison of 1H NMR signals of the PS Aromatic Region and the PMMA Methoxy Region  

fPS NMR PS (aromatic) : PMMA 

(methyl) Proton Ratios  

Actual Blend 

Composition 

 

0.5 5 : 3.5 0.47 

0.7 5 : 1.4 0.69  

0.8 5 : .9 0.78 

0.9 5 : .31 0.91 

 

The dispersability of these NPs of different brush compositions in solvents of widely 

varying polarity proved their mixed brush structure. Figure 2.8 displays each blend composition 

dispersed in tetrahydrofuran, toluene, chloroform and acetone. Each of tetrahydrofuran, toluene 

and chloroform are good solvents for both PS and PMMA, allowing easy dispersion of the NPs 

and yielding clear colloidal dispersions. Acetone is a poor solvent for PS but a good solvent for 

PMMA. If multiple NP populations existed made up of only one copolymer or the other, one 

would expect to precipitation of the PS-b-PACd NPs. A clear dispersion, such as produced by 

the fPS = 0.5 and 0.7 blends in all four solvents, indicates that a mixed polymer brush has been 

created. In the case of the fPS = 0.8 blend, the acetone dispersion is rather turbid, but no 

precipitate forms. The lack of precipitation suggests a mixed brush corona, while the turbidity 

likely arises from the fact that the fraction of PS in the NP is large compared to the PMMA 

leading to some agglomeration of NPs but without macroscopic precipitation. The PS chains will 

collapse in a poor solvent like acetone, while the PMMA chains will remain expanded enough to 
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maintain dispersion. This effect is more pronounced in the fPS = 0.9 blend in acetone, as solid 

precipitate is visible. In this case, it is likely that the polystyrene fraction was much too large for 

it to remain dispersed leading to precipitation. 

Based on the data obtained from the GPC, 1H NMR and the dispersability tests, we 

concluded that a series of PS/PMMA-b-PACd mixed reverse micelles with different brush 

compositions had been synthesized.  
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Figure 2.8. Images of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 PS/PMMA-b-PACd diblock micelles 

dispersed in THF, toluene, chloroform and acetone.    
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2.3.4 Characterization of Crosslinked PS/PMMA Mixed Brush Coated CdS QDs Before 

Hydrolysis of PMMA Chains, PS/PMMAXL(CdS)   

2.3.4.1 Gel Permeation Chromatography and Dispersability Tests 

By precipitating the CdS quantum dots in the core of the NPs, a side effect is a decrease 

in the thermodynamic stability of the core; as the acrylic acid repeat units become reprotonated, 

treatment with H2S eliminates the driving force for micellization making the micelles unstable. 

However, subsequent cross-linking the core provides stability and prevents NPs dissociation 

during subsequent synthesis steps. Although due to low stability in THF uncrosslinked 

PS/PMMA-b-PAA(CdS) could not be evaluated by GPC, Figure 2.9 compares GPC 

chromatograms of the cadmium acrylates mixed micelles (PS/PMMA-b-PACd) and the 

corresponding crosslinked CdS QDs with mixed brush layers, PS/PMMAXL(CdS), for the four 

different blend compositions. 

In each case, the PS/PMMAXL(CdS) form appears as a narrower peak at higher retention 

times than the PS/PMMA-b-PACd form. The change in retention time points to a decrease in 

hydrodynamic size and a narrowing of the hydrodynamic size distribution. It is hypothesized that 

crosslinking of the cores makes the cores more compact through contraction. This in turn pulls 

the attached coronal polymer brushes inwards, decreasing the overall size of the NPs. Another 

important observation is that the combination of CdS QD formation and subsequent core 

crosslinking has not increased the single chain content of the resulting NPs. Therefore it has been 

concluded that the reverse micelles have remained intact throughout the formation of CdS QDs 

and the subsequent crosslinking of the PAA polymer chain found in the core of the NPs found in 

the PAA. 
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Figure 2.9.  GPC (refractive index response detector) comparison of fPS = A) 0.5 B) 0.7 C) 0.8 

and D) 0.9 PS/PMMAXL(CdS) NPs  
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The four PS/PMMAXL(CdS) NPs with different brush compositions were also dispersed 

in a series of solvents of different polarities to test whether the mixed brush of the original 

reverse micelles was retained. Figure 2.10 shows that each PS/PMMAXL(CdS) composition 

dispersed in chloroform, tetrahydrofuran, toluene and acetone without precipitation, supporting 

the mixed brush structure of the NPs. For the two brush compositions with the highest PS 

content, fPS = 0.8 and 0.9, significant turbidity (without precipitation) is noted in acetone (Figure 

2.10, C and D), suggesting that the lower content of soluble PMMA chains in these NPs cannot 

preclude some aggregation of NPs in this solvent.   
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Figure 2.10. Images of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 PS/PMMAXL(CdS) NPs dispersed 

in THF, toluene, chloroform and acetone. 
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2.3.4.2 UV-Visible Spectroscopy and Transmission Electron Microscopy   

 The optical properties of the CdS QDs cores were probed by UV-Vis spectroscopy. The 

resulting spectra provide information on QD size via the quantum confinement effect. Figure 

2.11 shows normalized UV-Vis absorbance spectra for the four PS/PMMAXL(CdS) NPs, each in 

a series of solvents (THF, Toluene and Chloroform) of differing dielectric constants. For all 

brush compositions, when the three solvent spectra are normalized there is a near overlap of the 

three curves. This indicates that the QD is well protected in the NP core and does not undergo 

growth within any of the various solvents. Each of the NP samples exhibit a single exciton peak 

or shoulder. Using the absorbance threshold of the THF solution curves (Figure 2.12 inset) for 

each NP brush composition, QD sizes were determined using Equation 2.2. 

   2𝑟𝐶𝑑𝑆 =  
1

(0.1338−0.0002345∗𝜆𝑡ℎ𝑟𝑒𝑠ℎ)
   (Equation 2.2) 

This formula was derived by Moffitt91 by fitting data published previously by Henglein.44 For all 

brush compositions, QD diameters determined from UV-vis were in the range of 4.3-4.9 nm.  

Table 2.3. Summary of Optical Characteristics and Quantum Dot Core Size by UV-Vis 

Spectroscopy  

fPS λex  

(nm) 

λthresh  

(nm) 

dCdS  

(nm) 

0.5 455  479 4.7  

0.7 461  484 4.9  

0.8 453  485  4.9  

0.9 448  471  4.3  
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Figure 2.11. UV-Visible spectra of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 PS/PMMAXL(CdS) NPs 

in THF, toluene and CHCl3. 
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Figure 2.12. UV-Visible spectra of fPS = 0.5 PS/PMMAXL(CdS) NPs in THF showing the 

threshold determination from the extrapolation of the steepest part of the curve and the 

extrapolation of the baseline. The extrapolation for the remaining blend ratios can be found in 

Appendix C. 
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More detailed information on QD sizes and size distributions was obtained using 

transmission electron microscopy (TEM). Figure 2.13 shows a representative TEM image of 

each of the NP compositions. The electron-dense CdS QDs appear as dark spots underneath the 

microscope. The quantum dots were well dispersed across the grid, with only limited clustering 

of the particles appearing, suggesting that the various brush compositions provided good solution 

dispersion in the casting solvent (benzene). Size histograms from sizing of ~200 QDs on 

multiple images from several locations throughout the grid is shown in Figure 2.12. The average 

QD sizes with standard deviations are also shown in the figure. QD diameters from TEM (in the 

range of 6.1-6.4 nm for all NP compositions) were found to be slightly higher than predicted by 

UV-Vis, likely due to aggregation that occurs during drying in the TEM. These aggregates were 

likely not present in the solution state during UV-vis measurements. 
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Figure 2.13.  TEM image and associated CdS QD size distribution analysis of A,B) fPS = 0.5 

C,D) fPS = 0.7 E,F) fPS = 0.8 and G,H) 0.9 PS/PMMAXL(CdS) deposited cast from a 1 mg/mL 

benzene solution dispersed onto a carbon coated copper TEM grid. CdS QD size distribution 

determined from ~200 QD particles. 
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2.3.4.3 Static and Dynamic Light Scattering 

 The use of static light scattering (SLS) and Zimm plot analysis allows for the 

determination of several important variables of the PS/PMMAXL(CdS) NPs, including the 

weight-average molecular weight, MW, and the root-mean-square z-average radius of gyration, 

Rg. These values can be determined from the Zimm equation (Equation 2.3): 

    
𝐾𝑐

𝑅𝜃
= (

1

𝑀𝑤
+ 2𝐴2𝑐)[1 +

16𝜋2𝑟𝑔
2

3𝜆2
sin

𝜃

2

2
]  (Equation 2.3) 

 SLS measurements were taken for each NP sample and Zimm plots were created for 

analysis of these values. The plots can be found in Figure 2.14. 
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Figure 2.14. Representative Zimm plot for of light scattering data (SLS) for the fPS = A) 0.5 B) 

0.7 C) 0.8 and D) 0.9 PS/PMMAXL(CdS) NPs in THF. The measured angles were from 30° to 

145° in increments and the solution concentrations were from .1 mg/mL to .01 mg/mL 
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In order to determine the Mw from SLS measurements, the dn/dc of the material needed 

to be measured. These terms are related through the Kc value (Equation 2.4): 

   𝐾 =
2𝜋2𝑛0

2(
𝑑𝑛

𝑑𝑐
)2

𝜆0
4𝑁𝐴

    (Equation 2.4) 

Where NA is Avogadro’s number and λ is the wavelength of the incident light. For each blend, 

three repeat measurements were taken in THF and the results are found in Table 2.4. 

Table 2.4. Expected and Measured dn/dc Values for each PS/PMMAXL(CdS) NP Blend in THF 

fPS Expected dn/dc Measured dn/dc 

0.5 0.129 .138 ± .007 

0.7 0.152 .154 ± .001 

0.8 0.161 .165 ± .002 

0.9 0.175 .170 ± .004 

 

The expected dn/dc values were determined by a weighted average of the dn/dc of PS and 

PMMA as determined by Equation 2.5: 

d𝑛/d𝑐 𝑓𝑃𝑆
=  (𝑑𝑛/𝑑𝑐𝑃𝑆 ∗ 𝑓𝑃𝑆) + (𝑑𝑛/𝑑𝑐𝑃𝑀𝑀𝐴 ∗ (1 − 𝑓𝑃𝑆)   (Equation 2.5) 

Where fPS is the polystyrene fraction in the blend. The values measured show a strong correlation 

to the theoretical values. Small deviations from the theoretical value are expected due to the 

small dn/dc contribution from the CdS and PAA in the NP core.  

 Once the dn/dc was determined, SLS measurements and Zimm plot analysis of each 

PS/PMMAXL(CdS) NP could be carried out. From these plots, the weight-average molecular 
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weights (Mw) and the root-mean-square z-average radius of gyration (Rg) of each NP THF could 

be determined and are listed in Table 2.5. 

 

Table 2.5. Summary of the PS/PMMAXL(CdS) Results from Static and Dynamic Light 

Scattering in THF 

fPS Mw 

(x106 g/mol) 

Z Vcore ρchains 

(chains/nm2) 

rg  

(nm) 

rh  

(nm) 

rg /rh  tb  

(nm) 

Extension 

(%) 

0.5 3.00 ± 0.03 104 ± 1 299 0.48 52 ± 1 47.7 ± 0.6 1.09 43.6 77.5 

0.7 2.5 ± 0.1 86 ± 9 264 0.43 33 ± 2 22.1 ± 0.8 1.49 18.1 32.2 

0.8 3.28 ± 0.06 112 ± 2 325 0.49 37 ± 1 26.1 ± 0.4 1.42 21.8 38.8 

0.9 2.8 ± 0.8 95 ± 9 265 0.48 130 ± 4 27.1 ± 0.2 4.79 23.1 41.1 

 

Aggregation numbers (Z) were calculated by dividing the Mw values by a weighted-

average molecular weight of the two constituent unimers (Mn,PS-b-PAA = 25,098 g/mol and 

Mn,PMMA-b-PAA = 24,040 g/mol) plus one CdS unit per carboxylate group (22 × 144.47 g/mol = 

3178 g/mol) and one additional Cd2+ ion for every two carboxylate groups (11 ×112.411 g/mol = 

1237 g/mol), according to the sample calculation for the fPS = 0.5 in Equation 2.6: 

  𝑍 =
𝑀𝑤

(𝑓𝑃𝑆∗25098)+((1−𝑓𝑃𝑆)∗24040)+4415
  (Equation 2.6) 

  = 
3.00e6

(0.47∗25098)+((1−0.47)∗24040)+4415
 = 104 

Aggregation numbers are all within 20% of a mean aggregation number of ~120, 

showing that despite the different relative amounts of PS and PMMA in the coronal chains, the 

similar core-forming PAA blocks for the two copolymers led to similar micelle aggregation 
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numbers for the various blends. This is reasonable, since for block copolymer reverse micelles it 

has been shown that aggregation numbers are more strongly affected by the length and nature of 

the core-forming blocks than by the length and nature of the coronal blocks.37   

The chain surface densities of the mixed brushes could be determined from these 

aggregation numbers and from the surface area of the PACd encapsulated CdS NP. The 

PS/PMMA polymer brush is grafted to a hybrid core consisting of a central QD and a surface 

layer of collapsed PACd chains; we estimate a total core diameter (2rc) based on QDs size from 

TEM surrounded by Z chains with 22 PACd repeat units each in the melt state.149 This is 

determined by Equation 2.7 in which a sample calculation for fPS = 0.5 is performed. The 

resulting values these are reported in Table 2.5.  

𝑍 ∗ 22 ∗ (𝑀𝑃𝐴𝐴 + 𝑀𝐶𝑑/2)

𝑁𝐴
= 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 

104 chains ∗  22 ∗ (72 + 56)

6.023𝑥1023
= 4.865  10−19g = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟
= 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟  (Equation 2.7) 

4.865  10−19𝑔

2
𝑔

𝑐𝑚3

= 2.43  10−19𝑐𝑚3 = 243 𝑛𝑚3 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 

𝑉𝐶𝑑𝑆 =  
4

3
𝜋𝑟𝐶𝑑𝑆

3 = 54.3 𝑛𝑚3 

                      𝑉𝑐 = 𝑉𝐶𝑑𝑆 + 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 = 297 𝑛𝑚3 

𝑟𝑐 = √
3𝑉𝑐

4𝜋
 

3

= 4.14 𝑛𝑚 
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As the cores appear to have a roughly spherical shape, their surface area was determined 

using Equation 2.9, with a sample equation performed for fPS = 0.5: 

A= 4𝜋𝑟𝑐
2   (Equation 2.9) 

    𝐴 = 4𝜋(4.14)2 = 215 𝑛𝑚2 

 By using aggregation numbers from SLS (Table 2.5), the ratio of chains/nm2 can be 

determined by Equation 2.10., which also shows a sample calculation for fPS = 0.50. 

 𝜌𝑐ℎ𝑎𝑖𝑛𝑠 =
𝑍

𝐴
  𝜌𝑐ℎ𝑎𝑖𝑛𝑠 =  

104 𝑐ℎ𝑎𝑖𝑛𝑠

215 𝑛𝑚2 = 0.48 
𝑐ℎ𝑎𝑖𝑛𝑠

𝑛𝑚2   (Equation 2.10) 

 For the four blends, the average chain density and associated standard deviation are 

0.47 ± 0.2 chains / nm^2. Thus despite their variable composition the density of the different 

mixed brushes are very similar.  

Radii of gyration, rg, of the various NPs in THF can be determined from Zimm plot 

analysis. rg values refer to the root-mean-square distance of scattering centers from the center of 

mass of the particle.  These values are determined from the Zimm equation by extrapolating θ on 

the Zimm plot to 0. The fPS = 0.7 and 0.8 blends were quite similar with values of 33 ± 2 and 37 ± 

1 nm respectively. The fPS = 0.5 blend was a bit higher at 52 ± 1 nm and the fPS = 0.9 blend was 

almost double at 130 ± 4 nm. The fPS = 0.7 and 0.8 values are consistent with previous PBNPs, 

but the Rg of fPS = 0.9 and 0.5 were quite dissimilar from the others.33  

Hydrodynamic radii values, rh, were measured using dynamic light scattering (DLS). rh is 

a term that measures the apparent size of particles in a solvent environment, taking the full 

extension of the polymer chain into account. rh values (found in Table 2.5) show similar sizes for 

the fPS = 0.7, 0.8 and 0.9 NPs and the fPS = 0.5 NPs are almost twice the size. The rh values of the 
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fPS = 0.5, 0.7 and 0.8 blends appear to be similar to the rg values previously obtained from the 

Zimm plot analysis and produce rg / rh numbers between 1-1.5. The rh of the fPS = 0.9 blend is 

significantly lower than that of the rg, giving an rg / rh of 4.79 that is much larger than the other 

three blends. The fPS = 0.9 blend is the most asymmetric (Figure 2.15), with most of it consisting 

of PS and only 10 % represented by PMMA. The dn/dc of PS and PMMA in THF different from 

each other: PS in THF is 0.185 and PMMA in THF is 0.0892. As dn/dc term is proportional to the 

rg in the Zimm equation, these values have a direct influence on rg. It is hypothesized that the 

polymers in the corona are phase separating into Janus or patchy particles, producing a scattering 

of the particle that is no longer spherical. The distribution of scattering centers goes form being 

isotropic (spherically symmetric) to anisotropic as the composition of the brush becomes highly 

asymmetric.   

 

Figure 2.15. Schematic depicting the change in brush symmetry as fPS is increased from A) 0.5 

B) 0.7 C) 0.8 and D) 0.9. 

While the values of rh reported in Table 2.5 are average values from a fit of the 

distribution of exponentials to a Gaussian function, CONTIN analysis provides more detailed 

information of the shape of the distribution of hydrodynamic particle diameters in solution for 

each blend performed at 90 o at low solution concentrations show a single population of particles 

(Figure 2.16). 
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Figure 2.16. Hydrodynamic particle size distribution from CONTIN analysis of dynamic light 

scattering of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 PS/PMMAXL(CdS) blends in THF. These 

results were obtained at a 90 o scattering angle and concentration of ~0.1 mg/mL 

 

rh can also be used to determine the thickness of the polymer brush, tb, in solution (Figure 

2.17).  

 

Figure 2.17. Schematic showing how brush thickness, tb, is determined from rc and rh. 

By taking the difference between the rh and the rc (the radius of the core based on TEM 

measurements and the added PAA core shell), the brush thickness can be found (Table 2.5). 
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While the fPS = 0.7, 0.8 and 0.9 blends all displayed a brush thickness from 16-21 nm, the fPS = 

0.5 blend showed a brush thickness of almost double (41.6 nm). As THF is a good solvent for 

both PS and PMMA (Flory-Huggins interaction parameter χPS-THF = 0.474 and χPMMA-THF = 

0.442)33, both polymers are expected to be extended in the corona in THF (although the PMMA 

should have slightly more extension due to its higher χ parameter). As PMMA has the higher χ 

and both PMMA and PS have the same number of repeat units, PMMA will be further extended 

than the PS chains. Therefore, it should constitute the longest component of the polymer brush, 

the percentage extension of PMMA chains in THF compared to the fully-stretched (all-trans) 

conformation can be calculated using equation 2.9: 

  Chain extension (%) = 100 x (tb/[aN])  (Equation 2.9) 

Where a is the length of one repeat unit at full extension (a = 0.25 nm) and N is the number of 

PMMA repeat units in the polymer chain (N = 225). The chain extension of the fPS = 0.7, 0.8 and 

0.9 blends were comparable in that they rested within a range of ~ 29-37 %, but the fPS = 0.5 

showed 73.6 % extension. It is believed that the coronal brush orientation around the quantum 

dot core and the ratio of rg / rh can explain this greater extension. The ratio of rg / rh is indicative 

of the shape of a particle in solution.  A value of 0.77 corresponds to a perfect sphere, a value of 

1.1 would be a spherical starlike micelle and larger values would start to depict particles with 

high aspect ratios (such as cylindrical shapes). As the rg / rh of this NP sample appears to show a 

spherical shape, it is hypothesized that the packing density is not uniform over the whole brush. 

There are local regions that have denser packing compared to others, despite the fact that the 

average packing density is the same. Further experimentation is required to explore this 

phenomenon.  Based on the rg / rh values, it is believed that the fPS = 0.9 particles take on an 

asymmetric brush distribution, but it is difficult to draw conclusions about the other NPs.   
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2.3.4.4 NOESY NMR Investigation of Mixed Brush Structure 

 Along with aggregation numbers and chain densities from static light scattering, it is 

important to determine the more detailed structure of the mixed brush, namely how the PS and 

PMMA chains are distributed throughout the brush. Three main distributions have been 

identified: Janus,93-95 patchy96,97 and random distributions33 (Figure 2.18) 

 

 

Figure 2.18. Schematic depicting a A) Janus, B) Patchy and C) Random distribution of chains. 

 These distributions are based on how the polymer brushes are distributed around the core 

NP. Janus sees a complete phase separation of each polymer brush, creating anisotropic regions 

that have a single composition. Patchy particles separate into multiple anisotropic regions of 

hydrophobicity or hydrophilicity. Random distributions are isotropic, showing no phase 

separation or directionality. Work by Glotzer et al98-100 has shown that the distribution of chains 

around the NP core can play an important role in the self-assembly of these particles, so it is 

important to probe how the chains are distributed.  

Previous work from out group by Guo et al.33 found that when a triblock copolymer with 

terminal PS and PMMA blocks was self-assembled to form a mixed brush, 2D 1H NOESY NMR 
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experiments suggested that the PS and PMMA chains were distributed statistically (random 

brush) over the surface of the QD-containing cores. As 2D 1H NOESY NMR investigates 

through space interactions between protons close together, this technique can be used to probe 

PS and PMMA interactions at or near the CdS core in the PS/PMMAXL(CdS)NPs. Based on the 

strength of any NOE signal between styrene and methoxy peaks, the mixed brush particles may 

be classified as Janus brushes (no signal), patchy brushes (limited signal) or random brushes 

(stronger signal).  

 Peak labels for the two main polymer chains can be found in Figure 2.19 A). The 1H 2D 

NOESY NMR spectra for each PS/PMMAXL(CdS)NP sample (Figure 2.19 B-E) and a 50/50 

blend of PS-b-PAA/PMMA-b-PAA in CDCl3 that is used as a control (Figure 2.19 F) can be 

found below. 
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Figure 2.19. A) NMR Peak labelling for PS-b-PAA and PMMA-b-PAA. 2D 1H NMR NOESY 

spectra of fPS = B) 0.5 PS/PMMAXL (CdS) NPs C) 0.7 D) 0.8 E) 0.9 and F) PS-PAA/PMMA-

PAA unmicellized reference in CDCl3. Light blue circles in each spectra show the region where 

a cross-coupling signal is expected between the aromatic region of PS and the methacrylate 

region of PMMA. These signals were not present. 
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 In the case of all four blends, no cross-coupling signals were detected between the 

aromatic region of the PS chains and the methacrylate region of the PMMA chains (similar to 

that of the reference in 2.19.F). This lack of signal would suggest the chain distribution of mixed 

brushes is patchy or Janus. This is in contrast with the triblock copolymer-based samples 

produced by Guo33 which were found to have a random distribution. A likely reason for this lies 

in the use of two diblock copolymers that consisted of much shorter diblock. The use of two 

shorter diblock copolymers would allow for greater mobility during micellization due to less 

steric crowding from each brush. Longer polymer blocks would be limited in the free volume 

available during micellization, as their increased bulk would increase interactions. The particles 

would be unable to find locations of lowest energy (separating out hydrophobic and hydrophilic 

blocks), leading to a random distribution. The shorter diblock copolymers also have the 

advantage of not being tethered together, increasing their ability to form anisotropic regions 

around the core. Therefore, the bulk of the polymer plays a large role in controlling the polymer 

brush distribution during micellization. 

 

2.3.4 Hydrolysis of PMMA Brush Chains to PMAA: Converting PS/PMMAXL(CdS)  to 

PS/PMAA-(CdS)   

Once the structural characterization of PS/PMMAXL(CdS) NPs was complete as 

described above, the polar but hydrophobic PMMA chains in the mixed brushes were hydrolyzed 

to hydrophilic PMAA using KOH and 18-crown-6 in refluxing dioxane under a N2 atmosphere 

over 4 days. The 1H NMR spectra and peak assignments comparing the unhydrolyzed and 

hydrolyzed forms of each NP can be found in Figure 2.20. The disappearance of the methoxy 

peak of PMMA at 3.60 ppm signifies the hydrolysis is complete and PMAA has been 
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synthesized in the mixed brush layer, making the resulting PS/PMAAXL(CdS) NPs amphiphilic 

due to their mixed brushes of hydrophobic PS and hydrophilic PMAA chains.  

 

 

Figure 2.20. 1 H NMR peak assignments of A) PMMA-b-PAA and PMAA-b-PAA. 1H NMR 

spectra of fPS = B) 0.5 C) 0.7 D) 0.8 and E) 0.9 before and after hydrolysis of PS/PMMAXL(CdS) 

As the conditions for the hydrolysis are quite robust, it was necessary to determine the 

structural integrity of the NPs by GPC after hydrolysis. Figure 2.21 shows a comparison of GPC 

data for each of the fPS = 0.5, 0.7, 0.8 and 0.9 PS/PMMAXL(CdS) NPs (before hydrolysis) with 

the corresponding PS/PMAA-(CdS) NPs (after hydrolysis). Comparison of GPC traces reveals 

that before hydrolysis there are three visible peaks. One large one at 11.3 min (representing the 
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nanoparticle hydrolysis results in the main NP peak broadening and shifting to lower retention 

times (larger hydrodynamic size in THF) in all but the fPS = 0.8 case (Figure 2.10c) where the NP 

peak shifts to slightly higher retention time after hydrolysis. Most importantly, the relative 

fraction of single chains represented by the single chain peak at higher elution volumes has not 

increased significantly, indicating that the NPs held their structural integrity during the 

crosslinking step. More specifically, peak integration of GPC traces reveals the percentage of 

single chains in all of the PS/PMAAXL(CdS) NP samples to be in the range of 7 – 12 wt % (peak 

deconvolution of fPS = 0.8 can be found in Appendix B).  
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Figure 2.21. GPC (refractive index detector response) comparison of fPS = A) 0.5 B) 0.7 C) 0.8 

and D) 0.9 PS/PMMAXL (CdS) NP and the hydrolyzed PS/PMAAXL (CdS) NP. All GPC 

chromatograms were run using THF as the eluent solvent.  
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2.3.5 Characterization of Crosslinked PS/PMAA Mixed Brush Coated CdS QDs After Hydrolysis 

of PMAA Chains, PS/PMAAXL(CdS)   

 2.3.5.1 Dynamic Light Scattering (DLS) 

 Due to the transformation of PMMA to PMAA, the coronal brush now takes on a 

hydrophilic component, changing how the particle interacts with organic solvents. DLS 

measurements were taken of each NP and are presented in Table 2.6: 

Table 2.6. DLS Cumulant Analysis Measurements of rh for each PS/PMAA-(CdS) NPs in THF 

at a 90° Angle. 

fPS rh – PMMA 

(nm) 

rh – PMAA  

(nm) 

0.5 47.7 ± 0.6 350 ± 20 

0.7 22.1 ± 0.8 109 ± 2 

0.8 26.1 ± 0.4 92 ± 1 

0.9 27.1 ± 0.2 78 ± 2 

  

 Upon hydrolysis of PMMA, the rh of each NP greatly increased compared to the pre-

hydrolysis form. Such a large increase in size would suggest some aggregation is occurring in 

THF. The aggregation seems to be more predominant at lower fPS (fPS = 0.5), while increasing fPS 

seems to limit aggregation (fPS = 0.9). At lower fPS, more chains are being changed from 

hydrophobic to hydrophilic, which will lead to more aggregation in polar organic solvent as 

chains collapse. At higher fPS, the PS in the polymer brush is extended into the solvent, repelling 

other NPs through steric interactions. As the fPS decreases, fewer PS brushes are available in the 
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corona to repel other NPs. Meanwhile, the partially charged, hydrophilic PMAA chains will 

likely have collapsed around the CdS core in organic solvent, excluding less free volume in 

solution and allowing other NPs to come into closer proximity. As they become closer, charge 

interactions between the CdS cores and the charged PMAA (even in their collapsed state) allow 

for aggregation of NPs.63 The limitation of repulsive steric interactions and the charge 

interactions allow for aggregation at lower fPS, creating larger rh. 

 The retention time presented by GPC is based on the hydrodynamic diameter of the 

particle as it moves through the column. In the case of fPS = 0.5, 0.7 and 0.9, the size of the NP 

peak increases compared to its non-hydrolyzed form (Figure 2.21). The fPS = 0.8 form is the only 

exception to this trend, as the size of the particle appears to shrink. While hydrodynamic size is 

but one variable that determines how long the particle is retained in the column, no other 

evidence has been found to suggest there are other factors at play. It is possible that the 

distribution of chains around the fPS = 0.8 NPs differs from the others, causing it to have a longer 

retention time. The rg / rh of this sample did show a decrease compared to the fPS = 0.7 NPs, 

possibly suggesting a more symmetric brush distribution than fPS = 0.7, but this would not 

explain the overall longer retention time compared to the other three samples. This result 

requires further experimentation and thought at this time.  

 CONTIN analysis was also performed on each NP sample, as seen in Figure 2.22. Each 

NP solution showed a single distribution of particles, suggesting that these rh values were not 

arising from a mixed population of large and small particles.  
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Figure 2.22. CONTIN analysis of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 PS/PMAA-(CdS) NPs. 

All measurements were determined in THF at an angle of 90°. 

 

 

 



82 
 

2.3.5.2 Transmission Electron Microscopy (TEM) 

As one of the main goals of the creation of these NPs is to later self-assemble them by 

water addition to THF dispersions, it is important to note if the particles self-assemble before 

addition of water in THF. While aggregation can occur during the drying stage, this does not 

necessarily indicate aggregation in the solution phase. As disassembly is uncommon during the 

drying step, good dispersion on the grid likely indicates good dispersion in the solution phase. 

TEM was used to view the individual quantum dots found in each PS/PMAA-(CdS) NP. The 

high electron density associated with the CdS core allows them to be easily visible under TEM as 

black spots, as seen in Figure 2.23. These samples were cast from a benzene solution as casting 

from THF resulted in significant drying artifacts on the TEM grid.  

 In each image, the black dots represent the CdS cores of the NP. In the case of fPS = 0.5, 

0.7 and 0.9 there is good dispersion between particles. In the case of the fPS = 0.8 blend, some 

clustering of the particles can be seen. Despite this, individual QDs are still visible. Size 

distribution analysis of the QD diameter shows singular distributions for each blend. The average 

QD diameter of the each of these particles can be found in Table 2.7. 
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Table 2.7. QD Core Sizes of PS/PMAA-(CdS) NPs as Determined from TEM 

fPS QD Diameter (nm) 

0.5 6.9 ± 0.8 

0.7 6.3 ± 0.5 

0.8 6.2 ± 0.4 

0.9 6.1 ± 0.6 

 These core sizes are similar to QD sizes measured before hydrolysis with a slight increase 

in size for fPS = 0.5, but it within standard deviation. Therefore, the QDs have neither grown nor 

dissociated during the hydrolysis step. This is likely due to the fact that the CdS core is 

encapsulated by the PAA polymer layer, protecting it from solvent effects and heat. 
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Figure 2.23. TEM images and CdS QD size distribution of fPS = A,B) 0.5 C,D) 0.7 E,F) 0.8 and 

G,H) 0.9 PS/PMAA-(CdS) NPs cast from a 1 mg/mL benzene solution 

 



85 
 

2.3.5.3 Powder X-Ray Diffraction (XRD) 

 As the CdS QDs in the NP cores should be crystalline, we finally used powder XRD to 

characterize the ionic lattice structure of CdS in the core.  The powder x-ray diffractograms of 

each PS/PMAA-(CdS) blends can be found in Figure 2.24. These diffraction patterns match that 

of cubic CdS as found in the JCPDS database.63 The one exception is the peak that is found at 2θ 

~30 °. The d spacing of this peak (determined using Bragg’s Law) is 0.56 nm. It was determined 

using light scattering that the chain density of each particle is ~1 chain/nm2, corresponding to an 

interchain distance of ~1 nm. Therefore this scattering peak may arise from mean distance 

between PS and PMAA polymer chains at the surface of the CdS core, as proposed earlier in the 

work of Guo et al.33 By looking at the brush composition dependence of the diffractograms for 

the first time, this work further supports the assignment of the 2θ ~30° peak to interchain 

scattering at the QD surface: we note that the intensity of the peak relative to the CdS reflections 

increases with the PS content, consistent with the fact that PS is a more electron dense polymer 

than PMMA and will therefore scatter x-rays more strongly.  
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Figure 2.24.  Powder x-ray diffractograms from fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 

PS/PMAA-(CdS) NPs with red lines indicating the location of the four main peaks associated 

with cubic CdS 

 

2.4 Conclusions  

 It has been shown that PS/PMAAXL (CdS) NPs were synthesized and characterized in 

four blend compositions of increasing PS content by using a novel diblock copolymer blending 

approach. GPC and 1H NMR evidence suggests that NPs with a brush composition of fPS = 0.5, 

0.7, 0.8 and 0.9 were synthesized. UV-Vis spectroscopy demonstrates that the CdS QDs have a 

strong exciton shoulder and that the fluorescent nature fot he CdS QDs remains after 

micellization and crosslinking. 2D NOESY NMR indicates the mixed polymer brush takes on a 

patchy or Janus conformation around a central CdS QD core.  Light scattering shows evidence 

that of the four fPS compositions have similar aggregation numbers and brush densities despite 
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the changes in the brush composition, but different conformational structure (the rg of fPS = 0.5) 

and asymmetry of the particles (different shape ratio, (rg/rh) of the fPS. The PMMA chains were 

hydrolyzed to PMAA in order to change them from hydrophobic to hydrophilic without causing 

dissociation of the NP or the QD core. This approach opens up new avenues to creating 

functionalized NPs beyond graft-to and graft-from approaches. The creation of this mixed brush 

presents an opportunity to test the effect of brush composition on the self-assembly of these 

inorganic NPs from THF and water, as will be discussed in Chapter 3. 
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Chapter 3 

 

Amphiphilic Self-Assembly of Polystyrene/Poly(methacrylic acid) Mixed Brush-

Functionalized Inorganic Nanoparticles of Variable Brush Composition 
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3.1 Introduction 

 The applications that can arise from the self-assembly of quantum dots (QDs) and 

inorganic nanoparticles (NPs) into hierarchical colloidal assemblies can be found in research 

fields as varied as bio imaging1-3,75
, drug delivery73,74,100,102,103 , sensors4,6,8,104 , and optics.105-108 

In order to take advantage of these applications, materials scientists have recently sought to tune 

the morphologies and regulate the internal organization of nanoparticle assemblies.16,24,109-113 

Many approaches to this challenge use polymers as a matrix or scaffold for nanoparticle 

assembly. For example, nanoparticle assemblies have been produced from NP “bricks” and 

polymer “mortar”.114,115 Srivastava et al. used a poly(amidoamine) dendrimer to fix the 

interparticle spacing between Au NPs functionalized with a surface monolayer of carboxylic 

acid.116 Another approach involves the use of electrostatic interactions to decorate polymer 

spheres with NPs using layer-by-layer assembly.117,118 For example, Wang et al. prepared a 

layer-by-layer assembly of CdTe NP-labelled PS beads held together by electrostatic attractive 

interactions between negatively-charged carboxyl groups on the surface of the CdTe NPs and 

positively-charged NH3
+ groups of poly (allylamine hydrochloride).119 A third method has been 

to use block copolymer colloidal assemblies to give structure and organization to NPs.120-122 For 

example, Moffitt et al. synthesized CdS NPs that were grown within block ionomer reverse 

micelles before being further assembled into large compound micelles in aqueous solution.123 As 

promising as these results are, the number of tunable morphologies by such methods has been 

limited and control over the organization of QDs and inorganic NPs is still greatly restricted. 

 In order to introduce greater control and structural complexity to NP self-assembly in a 

colloidal media, scientists have looked to the self-assembly of amphiphilic block copolymers in 

aqueous media for inspiration. A high degree of morphological variability has been shown by 
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such systems, producing a wide array of colloidal polymeric structures, including nanoscale 

spheres, cylinders, vesicles among others.124-127 The amphiphilic character of diblock copolymers 

consisting of spatially-separated hydrophobic and hydrophilic blocks is analogous to the well-

studied amphiphilicity of small-molecule surfactants and phospholipids in water, in which 

molecular assembly is driven by microphase separation of hydrophobic segments into nanoscale 

domains surrounded by covalently-connected hydrophilic segments.26,128,129 For example, Zhang 

et al. produced morphological aggregates ranging from spheres to cylinders to vesicles via self-

assembly of polystyrene-block-poly(acrylic acid) (PS-b-PAA) block copolymers in DMF/H2O 

mixtures; morphologies were varied by adding different quantities of salt to the solution prior to 

assembly.130  

 With such rich self-assembly behaviour of block copolymer amphiphiles as an example, a 

new strategy has been explored in recent years to imitate block copolymer systems through the 

creation NP/polymer colloidal hybrids with amphiphilic character.26,54,124,131,132, Amphiphilic 

particles can be produced by decorating nanoparticle surfaces with spatially-separated regions of 

hydrophobic and hydrophilic domains.33,60 For example, Zubarev et al. functionalized gold NPs 

with a mixture of hydrophobic (polybutadiene) and hydrophilic (poly(ethylene oxide)) polymer 

chains by connecting to surface anchors that are linked electrostatically by thiol-Au 

interactions.133 In another study, a V-shaped molecule of PS and PEO poly(ethylene oxide)) 

bridged together by a carboxylic acid functionalized bridging unit was attached to the surface of 

Au NPs through a condensation reaction with a surface ligands already attached to the Au NPs. 

When placed in an aqueous environment, this led to their amphiphilicity-driven self-assembly 

based on the hydrophobic effect as the hydrophobic and hydrophilic arms phase separated.60 

 More recently, our group has applied reverse micelles of polystyrene-block-polyacrylic 
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acid-block-poly(methyl methacrylate) (PS-b-PAA-b-PMMA) triblock copolymers as a colloidal 

template to form CdS NPs surrounded by a mixed brush of PS and PMMA chains that show 

structural environmental response to different solvent environments.33 When the PMMA chains 

were then hydrolyzed to poly(methacrylic acid) (PMAA) chains, amphiphilic NPs were produced 

which self-assembled in aqueous solvent mixtures to form spheres, vesicles and unusual worm-

like morphologies.63 This triblock methodology allows only for mixed brushes with equal parts 

hydrophilic and hydrophobic polymer chains, and is not amenable to convenient variations in the 

composition of the mixed brush.   

 In Chapter 2 of this work, the synthesis and extensive characterization of amphiphilic 

CdS NPs surface-functionalized with mixed polymer brushes of variable composition (fPS = 0.5, 

0.7, 0.8 and 0.9) was described. The NPs were produced from colloidal templates of mixed 

reverse micelles formed from various coassembled blends of PS-b-PAA and poly(methyl 

methacrylate)-block-poly(acrylic acid) (PMMA-b-PAA), followed by core-crosslinking and 

hydrolysis of the PMMA brush chains to PMAA. In this chapter, we explore the amphiphilic 

self-assembly of these various NPs with different PS/PMAA brush compositions in mixed 

solvents of THF/water and characterize the resulting hierarchical colloidal assemblies. In 

addition to brush composition, we also look at the effect of initial NP concentration and salt 

addition on the resulting self-assemblies. Finally, we compile the extensive morphology data 

from multiple experiments into phase diagrams describing the rich and tunable morphological 

behaviour of this system. 
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3.2 Experimental 

3.2.1 Self-Assembly of PS/PMAA-CdS NPs in Mixtures of THF and Water 

 The NP/polymer assemblies described in this chapter were produced using the following 

method. PS/PMAA-CdS NPs of variable brush composition (described in Chapter 2, summarized 

in Table 3.1) were dispersed in 2 g of THF (99.9+% HPLC grade, Sigma Aldrich, [H2O] < 0.02 

%) to initial concentrations of co = 0.25, 0.5 or 0.75 wt % PS/PMAA-CdS. For some 

experiments, 3.0 M NaCl (EMD, reagent grade) solutions in deionized water were added prior to 

self-assembly such that the ratio of NaCl to methacrylic acid repeat units was RNaCl = 1.5 or RNaCl 

= 3.0 (the added water in the salt solutions was taken into account when determining the cwc). 

The dispersions were set to a constant, rapid stirring rate as deionized water was added dropwise 

at a rate of 10 µL / 10 s. The point at which the solution became turbid was noted, as this cloud 

point indicates the critical water concentration (cwc) for self-assembly. Water addition was 

continued up to 75 wt %, at which point the aggregates that formed were assumed to be 

kinetically frozen based on previous work in the literature.63 For most experiments, the 

dispersion was then poured immediately into 10 mL of deionized water, followed by dialysis 

against 500 mL of deionized water for 5 days to remove THF (dialysis tubing made of pre-

wetted regenerated cellulose with a 50000 molecular weight cutoff of 50000 was supplied by 

Spectrum Labs.) Water was changed every hour for the first 4 hours, then after four hours before 

changing it every twelve hours for the remaining period. For annealing experiments, after water 

had been added dropwise to 75 wt %, dispersions were allowed to stir for 2 weeks before being 

quenched in 10 mL of deionized water,  followed by dialysis against deionized 500 mL water for 

5 days to remove THF. All solutions were covered in aluminum foil to protect against 

decomposition from light sources. For all experiments water was changed every hour for the first 
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4 hours, then after four hours before changing it every twelve hours for the remaining period. 

The stir rate of the stir plate was held constant for all experiments. The temperature in the room 

during self-assembly was measured as 22 °C ± 1 °C. Upon completion of dialysis, all samples 

were stored in a dark drawer.  

Table 3.1. Hydrodynamic Radius (rh), Aggregation Number (Z) and Chain Density (ρchains) for 

each Brush Composition of PS/PMAA-CdS in THF 

fPS Actual PS 

weight fraction 

Z ρchains 

(chains/nm2) 

rh 

(nm) 

0.5 0.47 104 ± 1 0.48 350 ± 20 

0.7 0.69  86 ± 9 0.43 109 ± 2 

0.8 0.78 112 ± 2 0.49 92 ± 1 

0.9 0.91 95 ± 9 0.48 78 ± 2 

 

3.2.2 Transmission Electron Microscopy 

 TEM imaging was performed on a JEOL JEM-1400 electron microscope operating at an 

electron accelerating voltage of 80 kV. Following dialysis, various PS/PMAA-CdS assemblies 

were deposited from post-dialysis dispersions without dilution onto a carbon-coated 300 mesh 

copper grid; after waiting 2 minutes a Kimwipe was used to remove excess solvent then the grids 

were allowed to dry overnight at room temperature. Particle sizing was performed on images 

taken from multiple regions of the TEM grid; a minimum of 100 particles were measured for 

analysis of each sample.  
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3.2.3 Dynamic Light Scattering 

DLS measurements were carried out on a Brookhaven Instruments photon correlator 

spectrometer equipped with a BI-200SM goniometer, a BI-900AT digital autocorrelator, and a 

Melles Griot He-Ne Laser (632.8 nm) with a maximum power output of 75 mW. In order to 

remove dust from scintillation vials, rigorous cleaning was applied before adding sample.   

The scintillation vials were first washed with 5 mL of 95 % ethanol filtered through two 

poly(tetrafluoroethylene) (PTFE) filters with a 0.20 μm nominal pore size connected in series. 

The vials were then capped and vortexed for 30 seconds. The solvent was removed and the 

process was repeated 10 more times. Upon completion, the vials were covered with a piece of 

lens paper held on with an elastic band and placed upside down in an oven at 80C for 2 days to 

remove solvent.  

Any required dilutions were performed by adding known quantities of appropriate 

filtered solvent (solvent was filtered through two PTFE filters with a 0.20 μm nominal pore size 

connected in series). Unless otherwise stated, DLS measurements were conducted at a scattering 

angle of 90. For each experiment, 3 repeat measurements of the autocorrelation function were 

obtained. All measurements were performed at 23 C. 

 

3.2.4 Laser Scanning Confocal Fluorescence Microscopy 

 Laser scanning confocal fluorescence microscopy measurements were carried out on a 

Zeiss LSM 410 equipped with an Ar/Kr laser. All solution films were excited at 488 nm, using a 

bandpass 485 ± 20 nm line selection filter and a FT 510 dichroic beam splitter. A long-pass 515 

nm emission filter was employed such that only light above 515 nm reached the PMT. A Zeiss 

Plane-Aprochromat 63 x oil-immersion objective was employed. A pinhole diameter of 1.31 
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Airy Units was used for all measurements, resulting in an optical section thickness of 0.75 μm 

FWHM. Slides were prepared by placing 1 mL of post dialysis NP solution onto a glass slide. A 

cover slip was placed over top and was taped down to prevent motion.  

 

3.3 Results and Discussion 

3.3.1 Overview of PS/PMAA-CdS Self-Assembled Morphologies 

 A series of different morphologies were revealed when various PS/PMMA-CdS NPs of 

different brush compositions (fPS) were self-assembled under different initial NP concentrations 

(c0) and with prior addition of different amounts of salt (RNaCl). This section will give a general 

structural overview of each of the observed morphologies with representative TEM images of 

each morphology. Observed morphologies arising from amphiphilic self-assembly of NPs 

include spheres, cylinders, vesicles, compound vesicles and large compound supermicelles, each 

of which have analogues among morphologies formed from self-assembly of amphiphilic block 

copolymers.43,130,134,135    

 Identification of each structure from TEM was based on several pieces of information. 

First, the structure of the pre-assembled NPs allows us to recognize that the use of a hydrophilic 

and hydrophobic polymer anchored to a CdS NP should lead to phase separation of the polymer 

blocks. Therefore, the CdS NPs should form the interface between hydrophobic and hydrophilic 

regions. Hydrophobic PS will likely be found inside the superstructure, while hydrophilic PMAA 

will be found on the corona or in internal pockets, or lumens, where H2O can be found. 
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Figure 3.1. Schematic detailing the phase separation of PS and PMAA polymer chains when 

solution changes from THF to H2O. The NPs form the interface between each region. 

 

 TEM imaging is a powerful tool for determining the structure of polymeric and 

polymer/nanoparticle composite colloids. TEM shows regions of high electron density as dark 

regions and low electron density as light regions. CdS is the most electron-rich component of the 

NPs and given their expected location at the interface between hydrophobic and hydrophilic 

regions create dark interfaces around the periphery and sometimes within the assemblies. PS is 

less electronic dense than CdS and condensed hydrophobic PS regions appear as either gray or 

black depending on the thickness of the PS region (and thus the pathlength of the electron beam). 

PMAA is much less electron dense than PS and presents as light regions.  
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3.3.1.1 Spheres 

The assembly morphology with the highest internal curvature is the sphere (Figure 3.2). 

Spheres consist of a spherical filled core of PS chains protected from the aqueous environment 

by a coronal layer of PMAA chains. The CdS QDs must therefore assemble at the core surface 

that is found at the interface between the two polymer chains. Figure 3.2 A) shows a schematic 

of a sphere formed from self-assembled PS/PMMA-CdS while B) shows a representative TEM 

image of spheres. In most cases the dense packing of QDs appears as a dark contiguous ring 

around the PS cores in the two dimensional projection of these three dimensional structures; 

however, some individual QDs can also be identified from the images.    

 

Figure 3.2. A) Schematic representing a spherical PS/PMAA-CdS assembly. B) Representative 

TEM image of spheres formed from the self-assembly of PS/PMAA-CdS (fPS = 0.5) with c0 = 

0.25 wt % and RNaCl = 0 (no salt added).  
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3.3.1.2 Cylinders 

 We also observed NP assemblies best described as cylinders, with large aspect ratios (> 

2:1) (ratio between length and width). Cylinders have an intermediate internal curvature, lower 

than spheres but higher than vesicles. The inside NP cylinders consist of a filled cylindrical core 

of hydrophobic PS chains decorated on the outside by a coronal layer of hydrophilic PMAA 

chains. Again, CdS QDs are packed at the PS/PMMA interface over the surface of the cylindrical 

PS cores. The formation of a cylindrical shape decreases internal curvature relative to spheres, 

allowing a greater packing density of amphiphilic NPs. The structure of the cylinder morphology 

and a corresponding TEM image is described in Figure 3.3. 

 

Figure 3.3. A) Schematic representing a cylindrical PS/PMAA-CdS assembly. B) Representative 

TEM image of cylinders formed from the self-assembly of PS/PMAA-CdS (fPS = 0.5) with c0 = 

0.50 wt % and RNaCl = 1.5. 
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3.3.1.3 Vesicles 

 We also observed vesicular NP assemblies, analogues of vesicles formed from self-

assembly of block copolymers or phospholipids. Vesicles are spherical low-internal curvature 

bilayer structures consisting of inward-pointing PS chains making up the vesicle wall. The wall 

encapsulates a water-containing lumen with PMMA chains extending from both internal and 

external surfaces of the wall. CdS QDs are arranged in two concentric layers as they pack at each 

of the two PS/PMMA interfaces (internal and external). A vesicle has less internal curvature than 

both cylinders and spheres which further decreases the steric interactions between PS chains 

allowing denser packing of NPs. A schematic of a vesicle and a representative TEM image of 

vesicles can be found in Figure 3.4. 

 

 

Figure 3.4. A) Schematic representing a PS/PMAA-(CdS) vesicle. B) Representative TEM 

image of vesicles formed from the self-assembly of PS/PMAA-(CdS) (fPS = 0.8) with c0 = 0.50 

wt % and RNaCl = 0 (no salt added).  



100 
 

3.3.1.4 Compound Vesicles 

A compound vesicle is similar to a vesicle but with multiple smaller lumens within the 

assembly. The multiple lumens are surrounded by high-curvature convex surfaces which increase 

the free volume for PS chains and decrease their steric interactions relative to simple vesicles, at 

the cost of increasing the crowding of PMMA chains on the concave side of the interface. It has 

been suggested by Eisenberg130 that compound vesicles of block copolymers are a kinetic 

structure as opposed to a thermodynamic structure. It is believed that they are formed from many 

vesicles that normally fuse together. But if the rate of collision between vesicles is faster than the 

rate of fusion, multiple lumen may be present. In this work, we suggest that compound vesicles 

of PS/PMAA-(CdS) are thermodynamically stable structures, as they are found in solution after 

annealing, but further experimentation is needed to fully deem whether they are a separate 

thermodynamically-driven morphology or a kinetic structure en route to vesicles. A schematic 

and representative TEM image of a large compound vesicle can be found in Figure 3.5. 

 

Figure 3.5. A) Schematic representing a PS/PMAA-(CdS) large compound vesicle. B) 

Representative TEM image of compound vesicles formed from the self-assembly of PS/PMAA-

(CdS) (fPS = 0.8) with c0 = 0.75 wt % and RNaCl = 0 (no salt added).  
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3.3.1.5 Large Compound Supermicelles 

 The final self-assembled morphology observed in our experiments is the large compound 

supermicelle, analogous to the large compound micelles (LCMs) of block copolymers described 

first by Eisenberg and coworkers134. As represented in the schematic, these particles are best 

described as roughly spherical aggregates of individual NPs each with collapsed PMAA chains 

and PS chains forming the hydrophobic matrix of the particle interior; the periphery of the 

aggregate is lined with a stabilizing layer of NPs with PS chains pointing inward and PMAA 

chains pointing outwards and providing colloidal stability. These aggregates represent the 

highest convex surface area for PS chains and thus the minimum steric crowding for PS chains of 

all the described morphologies in this section. A schematic and representative TEM image of a 

large compound supermicelle can be found in Figure 3.6. 

 

Figure 3.6. A) Schematic representing a PS/PMAA-(CdS) large compound supermicelle. B) 

Representative TEM image of large compound supermicelles formed from the self-assembly of 

PS/PMAA-(CdS) (fPS = 0.9) with c0 = 0.50 wt % and RNaCl = 1.5.  
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 In summary, an important driving force for morphological change is the relaxation of 

steric crowding of PS chains through changes in interfacial curvature. This depends on the 

curvature of the interface from which the PS chains radiate (concave or convex, and magnitude 

of curvature). Thus, for the assemblies described so far, the morphologies can be ranked in order 

of decreasing steric crowding of PS chains: 

Spheres (high concave curvature) > Cylinders (intermediate concave curvature) >                

Vesicles (low concave curvature) > Compound Vesicles (intermediate convex curvature) > 

Large Compound Supermicelles (high convex curvature) 

3.3.1.5 Unimicellar Dots 

 Under some conditions, discussed below, NP self-assembly does not occur above the 

critical water content. Instead, the PS chains on individual amphiphilic NPs collapse to form a 

condensed core with a single CdS QD at its center. These hydrophobic spherical unimicellar 

cores are then stabilized in water by the remaining hydrophilic PMAA chains extending into the 

aqueous environment. A schematic and representative TEM image of a unimicellar dots are 

shown in Figure 3.7. 
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Figure 3.7. A) Schematic representing a PS/PMAA-(CdS) unimicellar dot. B) Representative 

TEM image of unimicellar dots formed from PS/PMAA-(CdS) (fPS = 0.9) with c0 = 0.50 wt % 

and RNaCl = 0 (no salt added).  

 

3.3.2 Mixed Morphologies and Annealing Experiments 

 Most of the self-assembly experiments described below gave rise to a single or strongly 

dominant morphology. However, there were a few exceptions in which multiple morphologies 

were present. For example, when fPS = 0.8, c0 = 0.50 wt % and RNaCl = 0, all three morphologies 

of spheres, vesicles, and compound vesicles were found when the dispersion was quenched into 

excess water immediately upon reaching a water concentration of 75 wt % by dropwise addition 

(Figure 3.8 A).  
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Figure 3.8. Schematic depicting the morphologies assembled at fPS = 0.8, c0 = 0.50, RNaCl = 0.0 

A) with immediate quenching and B) with two week annealing period before quenching. 

There are two possible explanations for this. The first is that these conditions represent a 

triple point arising from the intersection of phase boundaries between all three morphologies. 

The second more likely possibility is that during the self-assembly process several morphologies 

became kinetically frozen before reaching equilibrium. Therefore to determine the true 

equilibrium morphology in such cases, NPs were self-assembled under identical conditions 

except the quenching step was delayed for two weeks in order to allow the structures to reach 

equilibrium. For example, examination of the TEM results from the fPS = 0.8, c0 = 0.50 wt % and 

RNaCl = 0 self-assembly experiment after two weeks annealing showed that two of the three 

morphologies in the original mixture had given way to a population of pure vesicles (Figure 

3.8B) indicating that vesicles are the equilibrium morphology under these conditions. Other 

cases showing the effect of annealing on mixtures of morphologies are also shown in Figure 3.9.  

In the cases represented in Figure 3.9, the morphology obtained after two weeks annealing is the 

one presented when discussing the various trends in the following sections and in subsequent 

phase diagrams.  
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Figure 3.9. TEM images showing the morphologies found when fPS = 0.5 was assembled with c0 

= 0.50, RNaCl = 0.0 A) with immediate quench and B) with annealing. TEM images also show fPS 

= 0.8, c0 = 0.75, RNaCl = 0.0 C) with immediate quench and D) with annealing. 
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3.3.3 Measurement of the Critical Water Concentration  

 During each self-assembly experiment, the critical water concentration (cwc) was 

determined visually when the clear solutions became turbid upon addition of water. These results 

can be found in Table 3.2. As each experiment was performed only once these are only roughly 

estimated values. 

Table 3.2 Critical Water Concentrations (wt % water) Determined from the Addition of Water to 

a Solution of PS/PMAA-(CdS) in THF 

RNaCl co fPS = 0.5 fPS = 0.7 fPS = 0.8 fPS = 0.9 

0.0 0.25 ~11 ~9 ~14 ~12 

 0.50 ~10 ~8 ~12 ~10 

 0.75 ~7 ~7 ~11 ~7 

1.5 0.25 ~11 ~12 ~11 ~9 

 0.50 ~12 ~12 ~12 ~11 

3.0 0.25 ~13 ~9 ~11 ~9 

 0.50 ~13 ~10 ~12 ~12 

 Perhaps surprisingly, the cwc values appear to show no clear trend with brush 

composition or salt addition. However, increasing c0 appears to decrease the cwc when no salt is 

present, indicating a stronger driving force for self-assembly.  
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3.3.4 Effect of Brush Composition (fPS) on Amphiphilic Self-Assembly of NPs 

 The ability to vary the brush composition on the surface of amphiphilic NPs allows us to 

explore the effect on self-assembly as NPs go from a symmetric composition (fPS = 0.5) to being 

increasingly hydrophobic (fPS = 0.7, 0.8 and 0.9). Figure 3.10 presents TEM images of the 

assemblies resulting from self-assembly of each NP brush composition when water is added to 

an NP dispersion with a constant initial concentration of c0 = 0.50 wt %.  

From the figure, we see that spheres are formed when the brush composition is 

symmetric (fPS = 0.5, Figure 3.10A), whereas under the same self-assembly conditions a more 

hydrophobic brush forms vesicles (fPS = 0.7, Figure 3.10B). Vesicles are also observed when the 

PS content of the brush increases further to fPS = 0.8 (Figure 3.10C). Finally, at the highest PS 

content of the brush (fPS = 0.9), unimicellar dots are formed (Figure 3.10D).  
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Figure 3.10. Representative TEM images of the assemblies formed from PS/PMAA-(CdS) fPS = 

A) 0.5 B) 0.7 C) 0.8 and D) 0.9 with c0 = 0.50 wt % and RNaCl = 0 (no salt added).  

 

 As the PS content of the brush increases relative to the PMAA content, the general trend 

appears to be the transition from higher curvature assemblies (spheres) to lower curvature 

assemblies (vesicles). Interestingly, an identical trend has been found for amphiphilic block 

copolymers as the length of the hydrophilic block decreases relative to the length of the 

hydrophobic block. For example, Zhang et al. found that when the length of the PAA block 

decreased relative to the PS block, micellar aggregates of PS-b-PAA transitioned from spheres, 

to cylinders, to vesicles.134 Similar to the block copolymer system, in the current case of 

amphiphilic NP self-assembly this trend can be understood by the increasing relative 

contribution of PS stretching to the free energy of the system as the PS composition increases; 

this effects a lowering of the internal curvature which decreases the steric crowding of PS chains 
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and lowers their stretching along with the associated entropic penalty. An exception to this trend 

appears to be the fPS = 0.9 case,  in which case an intraparticle conformational rearrangement 

leading to unimicellar dots appears to be thermodynamically favoured over interparticle self-

assembly. The reason for unimicellar dot formation is not completely understood, although one 

possible explanation is that the small number of hydrophilic PMAA chains relative to 

hydrophobic PS chains in the fPS = 0.9 brush would require an extremely dense packing of NPs at 

the interface upon self-assembly, which would lead to excessive repulsion between PMMA 

chains on neighboring NPs; instead, the PS chains on individual NPs collapse to minimize their 

exposure to water, allowing the few PMAA chains to surround and protect any exposed PS 

segments. We will see later that salt addition can induce self-assembly of the fPS = 0.9 NPs, 

forming various morphologies through screening of electrostatic interactions, which is consistent 

with the above explanation for unimicellar dot formation in the absence of salt.    

 We note that a very similar general trend with respect to NP brush composition is found 

for self-assembly at a higher initial NP concentration of c0 = 0.75 wt % (Figure 3.11). In this 

case, the NPs with the lowest PS content form vesicles (fPS = 0.5, Figure 3.11A), whereas when 

the PS content increases to fPS = 0.7 and 0.8, the formation of compound vesicles provides 

interfaces at which steric crowding of PS chains is relaxed relative to vesicles (Figure 3.11, B 

and C respectively). Finally, when the PS content increases to fPS = 0.9, unimicellar dots are 

again formed instead of interparticle assemblies (Figure 3.11D), similar to the c0 = 0.50 wt % 

case.  
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Figure 3.11. Representative TEM images of the assemblies formed from PS/PMAA-(CdS) fPS = 

A) 0.5 B) 0.7 C) 0.8 and D) 0.9 with c0 = 0.75 wt % and RNaCl = 0 (no salt added). 

 

The composition of the polymer brush plays a key role in determining the morphology 

that appears upon self-assembly. The dual hydrophilic/hydrophobic nature of the NP brush leads 

to intraparticle phase separation of the two polymer brushes as water is added (Janus particle 

conformation, Figure 3.13) followed by interparticle phase separation above the cwc (self-

assembly), leading to PS and PMAA domains with QDs localized at the interface.  
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Figure 3.12. Depiction of intraparticle phase separation to form a Janus particle confirmation as 

water is added to dispersions of PS/PMAA-CdS in THF. 

 

 Changes in brush composition will affect the relative number of chains in the corona and 

in the core of any self-assembly product (spheres, cylinders, vesicles, etc.). NPs with a higher fPS 

will have a greater amount of PS chains located inside the core, while less PMAA can be found 

on the corona to facilitate dispersability. Depending on the surface that these polymers are 

located, repulsive effects from chain stretching and surface crowding will affect the free energy 

of the particle. As shown in Figure 3.13, concave surfaces induce greater repulsive interactions 

between radiating chains (less free volume) while convex promote lower repulsive interactions 

(more free volume).  
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Figure 3.13. Comparison of chain interactions that occur at A) high curvature and B) low 

curvature  

As the fPS increases, the increased hydrophobicity of the NPs requires a denser packing of 

NPs at the interface, leading to increased stretching of PS chains. If the PS chains are located on 

a concave surface, steric interactions between polymer chains will require greater chain 

extension, incurring a larger entropic free energy penalty. In order to relax these steric 

interactions, a change to a lower curvature interface becomes favourable, allowing PS chains to 

become less extended without lowering the packing density of NPs. This explains changes in 

morphology from spheres to vesicles, for instance, as fPS increases. Of course, any change in 

interfacial curvature that decreases repulsive interactions between PS chains will increase 

repulsive interactions between PMAA chains on the other side of the interface; therefore, a 

morphology change is only expected if the overall effect is a lowering of the free energy.    

 

3.3.5 Effect of Initial PS/PMAA-(CdS) Concentration (c0) on Amphiphilic Self-Assembly of NPs 

 While the composition of the polymer brush is one variable of interest for the self-

assembly of these NPs, another easily controlled variable is the initial PS/PMAA-(CdS) 

concentration, c0, before self-assembly. This is also a variable known to affect the morphologies 

arising from the self-assembly of block copolymers in solution,43,123 and so it was of interest to 
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determine its effect on the amphiphilic self-assembly of our NPs. Three initial concentrations 

were selected for experimentation: c0 = 0.25, 0.50 and 0.75 wt %. Except for the fPS = 0.9 NPs, 

which formed unimicellar dots at all initial concentrations, each NP brush composition showed 

morphological differences as the initial concentration increased. To illustrate this point, we show 

morphologies formed from fPS = 0.7 NPs for all three initial concentrations in Figure 3.14.  

 

Figure 3.14. Representative TEM images of the assemblies formed from PS/PMAA-(CdS) fPS = 

0.7 with c0 = A) 0.25 B) 0.50 C) 0.75 wt % and RNaCl = 0 (no salt added). 

 

As shown in Figure 3.14 A, spheres formed from fPS = 0.7 NPs when the initial 

concentration was c0 = 0.25 wt %. On the other hand, the same NPs formed vesicles from a 

higher initial concentration of c0 = 0.50 wt % (Figure 3.14 B). Finally, at the highest investigated 

initial concentration of c0 = 0.75 wt %, compound vesicles were formed (Figure 3.14 C). These 

data suggest a trend from a high-concave curvature interface for the PS chains (spheres), to a 

low-concave curvature interface (vesicles), to an intermediate-convex curvature interface 

(compound vesicles) as the initial concentration increases. This is explained by the increase in 

the thermodynamic driving force for self-assembly, obviated by the lower cwc values (Table 

3.2), as the initial PS/PMAA-(CdS) concentration increases. Previous work has been done to 
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determine the effect of co on the self-assembly of diblock copolymer systems. Eisenberg et al. 

has shown that increasing co leads to an increase in aggregation number in NPs as described by 

Equation 3.1.43 

    𝑁𝑎𝑔𝑔 = 2(
𝑐𝑜

𝑐𝑤𝑐
)

1

2    (Equation 3.1) 

where Nagg is the aggregation number. Higher aggregation numbers and denser packing of NPs at 

the interface are the result of a strong self-assembly driving force. This in turn increases 

stretching of PS chains and an increased entropic penalty to the free energy. Thus, the described 

changes in morphology occur to allow steric crowding (and thus stretching) of PS chains to be 

reduced without lowering the packing density of NPs at the interface. Very similar trends have 

been previously shown for block copolymer self-assembly, underlining the similar driving and 

regulating forces for self-assembly in the current system.    

 

3.3.6 Effect of Salt Addition on Amphiphilic Self-Assembly of NPs 

 The purpose of adding NaCl to the self-assembly solutions is to screen the negative 

charge that is generated upon water addition as PMAA deprotonates, and thus decrease the 

repulsive interactions between the chains. Self-assembly experiments were carried out at three 

different salt contents (including no salt): RNaCl = 0, 1.5 and 3.0 (where RNaCl refers to the molar 

ratio of NaCl to MAA repeat units). Morphologies arising from all self-assembly conditions in 

the presence of NaCl are described in connection with the phase diagrams presented in the next 

section. However, here we discuss the effect of salt addition by considering the morphologies 

formed by two different NP samples, fPS = 0.7 and fPS = 0.9, both at initial concentrations of c0 = 

0.25 wt %, for the three different cases of salt addition: RNaCl = 0, 1.5 and 3.0.  
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 We first consider the effect of salt addition on the self-assembly of fPS = 0.7 NPs. When 

no salt is present during self-assembly (RNaCl = 0, Figure 3.15A), spherical assemblies are 

formed. On the other hand, addition of salt at a ratio of RNaCl = 1.5 gives rise to vesicles (Figure 

3.15B); a higher concentration of salt, RNaCl = 3.0, leads to the formation of compound vesicles 

(Figure 3.15C). This trend can be explained by Na+ cations screening electrostatic repulsion 

between negatively-charged PMAA chains in solution. These repulsive interactions counteract 

the driving forces for self-assembly by limiting the packing density of NPs at the interface; when 

these repulsive contributions are screened by salt, the packing density thus increases, effecting 

curvature changes to minimize steric interactions between PS chains. The observed transition of 

PS chains from a high-concave curvature interface (spheres, Figure 3.15A) to a low-concave 

curvature interface (vesicles, Figure 3.15B) to an intermediate-convex curvature interface 

(compound vesicles, Figure 3.15C) is thus consistent with the increased screening effect of 

increased salt concentration. Interestingly, similar morphology transitions have been effected by 

salt addition to self-assembling PS-b-PAA block copolymers in aqueous media,126 further 

suggesting that general self-assembly principles translate well between the macromolecular and 

the colloidal amphiphiles. 
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Figure 3.15. Representative TEM images of the assemblies formed from PS/PMAA-(CdS) fPS = 

0.7 with c0 = 0.25 wt % and RNaCl = A) 0.0 B) 1.5 C) 3.0 

 

 Similar effects of salt addition are found for the self-assembly of fPS = 0.9 NPs, except, as 

discussed previously, in the absence of salt these colloids formed unimicellar dots rather than 

self-assembling into higher order colloidal objections (Figure 3.16 A). However, when salt is 

added to ratio of RNaCl = 1.5, self-assembly does occur and gives rise to vesicles (Figure 3.16 B), 

with higher salt addition also forming vesicles (RNaCl = 3.0, Figure 3.16 C). As discussed 

previously, this suggests that unimicellar dot formation from fPS = 0.9 NPs occurs due to 

preclusion of self-assembly by repulsive interactions between PMAA chains; in this case, the 

introduction of screening by even a small concentration of Na+ ions relaxes this thermodynamic 

constraint, allowing self-assembly into vesicles to occur. 
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Figure 3.16. Representative TEM images of the assemblies formed from PS/PMAA-(CdS) fPS = 

0.9 with c0 = 0.25 wt % and RNaCl = A) 0.0 B) 1.5 C) 3.0 

 

3.3.7 Phase Diagrams of PS/PMAA-(CdS) in THF/Water  

 The large number of variables for PS/PMAA-(CdS) self-assembly explored in this work 

allow rough phase diagrams to be mapped out, which effectively illustrate the range of 

morphological control in this system. While more data points are required to determine the exact 

location of phase boundaries, the phase boundaries represented in the various initial NP 

concentration (c0) vs. PS brush fraction (fPS) diagrams below represent good approximations 

from our current data set. We choose to represent salt dependence using separate c0 - fPS phase 

diagrams for each of the three different RNaCl values (including no salt). 

Figure 3.17 shows the resulting phase diagram and accompanying TEM data for 

PS/PMAA-(CdS) self-assembly in THF/water without added salt (RNaCl = 0). In the presented 

phase diagram (Figure 3.17), the morphological trends with respect to brush composition fPS and 

co can be visualized quite clearly. Spheres (red region) appear under low NP concentration and 

low PS content, vesicles (blue region) are found at more intermediate NP concentrations and PS 
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content and compound vesicles (purple region) appear at high NP concentration and PS content; 

however, when the brush composition is too rich in PS (fPS = 0.9), the only morphology observed 

at all NP concentrations are unimicellular dots (yellow region). This unimicellar dot phase region 

reflects the previous observation that the extremely hydrophobic brush composition cannot 

sustain larger morphologies in an environment without NaCl addition.  
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Figure 3.17 Phase diagram comparing brush composition with co when no salt is added. Each 

number is related to a representative TEM image found below. 
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As discussed in the previous section, the presence of salt during self-assembly has a 

profound effect on the resulting morphologies due to screening of repulsive interactions between 

PMAA chains. Figure 3.18 shows the resulting phase diagram and accompanying TEM data for 

PS/PMAA-(CdS) self-assembly in THF/water with added salt at a ratio of RNaCl = 1.5. Compared 

to the RNaCl = 0 phase diagram, the data points here are even more limited, as self-assembly 

experiments at the highest initial concentration have not yet been carried in the presence of salt. 

However, the phase diagram does illustrate that, like the RNaCl = 0 case, the general trends of 

morphological curvature favouring decreased steric crowding of PS chains as both the initial 

concentration and PS content increase still hold. However, compared to the RNaCl = 0 case, the 

presence of salt generally tends to change morphologies to lower the steric crowding of PS 

chains as repulsive interactions between PMAA chains are relaxed. For example, the region of 

spheres in the RNaCl = 1.5 phase diagram has become smaller than in the RNaCl = 0 phase diagram, 

restricted to only the lowest c0 and fPS values. Instead of spheres at fPS = 0.5 and c0 = 0.50 wt % 

(as in the RNaCl = 0 case), lower-curvature cylinders are formed for RNaCl = 1.5. In addition, in the 

RNaCl = 1.5 phase diagram, the formation of vesicles and compound vesicles have both shifted to 

lower initial concentrations compared to the RNaCl = 0 phase diagram. In the case low initial 

concentration (c0 = 0.25 wt %), the vesicle region extends to the fPS = 0.9 brush composition, 

where only unimicellar dots were formed in the absence of salt. In the case of intermediate 

concentration, the compound vesicles phase region gives way to the first appearance of large 

compound supermicelles as the brush composition increases from fPS = 0.8 to fPS = 0.9, a 

morphology that did not form in the absence of salt within the range of investigated c0 and fPS 

values.  
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Figure 3.18 Phase diagram comparing brush composition with co when RNaCl = 1.5. Each number 

is related to a representative TEM image found below. As only the 0.25 and 0.50 wt % 

experiments were performed, the white space above the dotted line is left for easier comparison 

with the RNaCl = 0.0 case. 
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As the salt content is increased further to RNaCl = 3.0, the resulting changes in the phase 

diagram are consistent with even stronger screening PMAA repulsion, shifting morphologies to 

even lower concave curvatures for PS chains. Figure 3.19 shows the resulting phase diagram and 

accompanying TEM data for PS/PMAA-(CdS) self-assembly in THF/water with added salt at a 

ratio of RNaCl = 3.0. Here, the high curvature sphere region has disappeared entirely. When 

comparing this phase diagram with the previous RNaCl = 0 and RNaCl = 1.5 cases, the observed 

morphological trends appear to be more complex. Vesicles can be found at both high (fPS = 0.90) 

and low (fPS = 0.90) PS contents when the initial concentration is co = 0.25 wt %. Sandwiched 

between these points, compound vesicles can be found for fPS = 0.7 and 0.8. When the initial 

concentration is increased to co = 0.50 wt%, the morphologies found in the RNaCl = 3.0 phase 

diagram are generally the same as in the RNaCl = 1.5 case with a few exceptions. While the fPS  = 

0.50 sample at c0 = 0.50 wt % and RNaCl = 3.0 appears to have cylinder structures like the RNaCl = 

1.5 samples, the cylinders found at RNaCl = 1.5 are much more defined. The cylinders present at 

RNaCl = 3.0 present as more of a network of spheres and cylinders. It is believed this mixture is a 

kinetic mixture and annealing experiments will be performed in the hopes of identifying the free 

energy minimum under these conditions. Another exception is that for RNaCl = 3.0, macroscopic 

precipitation occurred at co = 0.50 wt % and fPS = 0.9, indicating that assemblies under these 

condition were not stable in the colloid state due to excessive screening and precipitated out of 

dispersion.  

As stated, the number of data points used to construct these phase diagrams was limited 

to 7-12 points per diagram. While this means that those figures represent approximate 

identification of morphological phase regions, the trends in morphological change are quite 

evident and allow the phase diagrams to be a useful tool for choosing appropriate conditions to 
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selectively form a wide range of different morphologies from amphiphilic NPs. While phase 

diagrams have become more commonplace for block copolymer self-assembly in selective 

solvents,136-140 and Nie et al148 have presented a phase diagram for amphiphilic plasmonic 

micelle-like NPs showing the assemblies formed at different Mw and particle size, the present 

work is believed to represent the first empirical phase diagrams describing the self-assembly of 

amphiphilic NPs as a function of fPS, c0 and RNaCl.  
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Figure 3.19. Phase diagram comparing brush composition with co when RNaCl = 3.0. Each 

number is related to a representative TEM image found below. As only the 0.25 and 0.50 wt % 

experiments were performed, the white space above the dotted line is left for easier comparison 

with the RNaCl = 0.0 case. 
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3.3.8 Measurement of the Characteristic Dimension of each Assembly by TEM  

  The characteristic dimension of each assembly was measured by TEM and presented in 

Table 3.3; this is the dimension defined by two PS chain lengths within the assembly and so can 

be used to determine the extent of PS stretching. For spheres, the diameter was measured; for 

cylinders, the width was measured; and for vesicles, the wall thickness was measured. 

Table 3.3. Table Showing Measurements of the Characteristic Dimension of Each Assembly as 

measured by TEM 

RNaCl c0 fPS = 0.5 fPS = 0.7 fPS = 0.8 fPS = 0.9 

0.0  0.25 98 ± 1s 84 ± 1s 97 ± 5s 37 ± 1d 

  0.50 78 ± 1s 30 ± 4v 50 ± 14 v 44 ± 3d 

  0.75 78 ± 5 v --e --e 41 ± 1d 

1.5  0.25 70 ± 10s 74 ± 10 v 71 ± 12 v 30 ± 3 v 

  0.50 40 ± 8c --e --e --f 

3.0  0.25 7 ± 1v --e --e 35 ± 2 v 

  0.50 57 ± 4c --e --e * 

All measurements are presented are in nm. ssphere (diameters), ccylinder (width), vvesicle (wall 

thickness), dunimecellar dot (diameters). ecompound vesicles and flarge compound supermicelles 

lack a characteristic dimension *macroscopic precipitation occurred. Standard deviation of each 

measurement was determined from measurements of three different regions of the TEM grid; a 

minimum of 100 particles were measured for analysis of each sample.  

 A couple of trends appear. The unimicellar dots produced by the fPS = 0.9 appear to have 

a consistent size at each initial nanoparticle concentration. This likely arises from each being 
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produced by a single dot instead of an aggregation of many particles. Vesicle wall thickness of 

each NP sample increased with increasing RNaCl; the increased salt will minimize charge 

interactions between PMAA chains, allowing for these chains to pack more tightly on the 

external curvature of the bilayer. This allows more PS chains to pack inside the vesicle wall and 

become extended, increasing the size of the wall.  

 As the thickness of PS layer of the unimicellar dots can be clearly viewed, a calculation 

can be performed to determine the Z of these particles (Equation 3.2) and compare it with the Z = 

95 determined for the PS/PMMAXL(CdS) stage of the NP synthesis. A sample calculation for fPS 

= 0.9, c0 = 0.25 wt %, RNaCl = 0.0 will be performed below (Equation 3.2) and the results will be 

found in Table 3.4. 

    𝑉𝑢𝑛𝑖𝑚𝑖𝑐𝑒𝑙𝑙𝑎𝑟 =
4

3
𝜋𝑟𝑢𝑛𝑖𝑚𝑒𝑐𝑙𝑙𝑎𝑟

3  

   𝑉𝑢𝑛𝑖𝑚𝑖𝑐𝑒𝑙𝑙𝑎𝑟 =
4

3
∗ 𝜋 ∗ 18.5𝑛𝑚3 = 26521 𝑛𝑚3 

    𝑉𝑃𝑆 = 𝑉𝑢𝑛𝑖𝑚𝑖𝑐𝑒𝑙𝑙𝑎𝑟 − 𝑉𝑐𝑜𝑟𝑒 

   = 26521 𝑛𝑚3 − 265 𝑛𝑚3 = 26256 𝑛𝑚3 

             𝑚𝑃𝑆 =  𝑉𝑃𝑆 ∗ 𝜌𝑃𝑆
    (Equation 3.2) 

                      = 26256𝑛𝑚3 ∗
1𝑐𝑚3

1𝑒21𝑛𝑚3
∗

1.01𝑔

1𝑐𝑚3
=

2.63𝑒−17𝑔 𝑃𝑆

𝑁𝑃
 

             𝑍 =  
𝑚𝑃𝑆∗𝑁𝐴

# 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠∗ 𝑀𝑃𝑆
  

  = 
2.63𝑒−17𝑃𝑆−𝑏−𝑃𝐴𝐴

𝑁𝑃
∗

1 𝑚𝑜𝑙

104.15 𝑔 𝑃𝑆−𝑏−𝑃𝐴𝐴
∗

6.023𝑒23 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠

1 𝑚𝑜𝑙
∗

1 𝑐ℎ𝑎𝑖𝑛𝑠

225 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠
  

= 676 chains/NP 
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Table 3.4. Aggregation Number Calculated from the Measurement of the TEM Particle Size for 

each Unimicellar Dot 

c0 (wt %) runimicellar (nm) Vunimicellar (nm3) Vcore (nm3)a ZTEM ZLS
b 

0.25 18.5 26521 265 676 95 

0.50 22 44602 265 1140 95 

0.75 20.5 36087 265 921 95 

a and b are taken from Table 2.5  

Each value is 7-12x greater than the aggregation number found earlier via static light 

scattering. As these are based on the volumes which are proportional to V ~ r3, a 7-12x increase 

in ZTEM arises from an approximate 1.8-2.3x increase in extension of each chain. Table 2.5 

showed that the fPS = 0.9 was only showed 41 % extension at the PS/PMMAXL(CdS) stage, so a 

1.8-2.3x increase in chain extension is possible. These results also show that the PS chains have 

not collapsed completely to the random coil dimension and remain in the bulk state, likely due to 

steric bulk impeding any further collapse. This calculation assumed that the ρPS was ~1.00 g/cm3, 

but this may not be the case and that any decrease in density would lead to an increase in 

aggregation number. Another possibility is that these particles have also collected some of the 10 

% of PS-b-PAA and PMAA-b-PAA single chains that were never completely removed during 

fractionation. These chains were likely also present in the images of larger assemblies, but would 

have become collected in the spherical cores or bilayer structures where there presence would 

not be noted. In the case of the fPS = 0.9, the largest fraction of single chains would be 

hydrophobic and in aqueous solvent would try to find hydrophobic environments around the QD 

cores. As the unimicellar dots are much smaller, these chains add a significantly larger fraction 

of mass and electron density than they would for the larger assemblies.   
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3.3.9 Dynamic Light Scattering (DLS) 

 In order to understand the size of these assemblies aqueous dispersions, the effective 

hydrodynamic diameter, dh,eff of each assembly was determined by DLS (Table 3.5). 

Table 3.5. DLS Measurements of dh,eff from Cumulant Analysis for each NP Assembly in 

Aqueous Solution  

RNaCl co fPS = 0.5 fPS = 0.7 fPS = 0.8 fPS = 0.9 

0.0  0.25 149 ± 15  108 ± 1 100 ± 1 93 ± 1 

  0.50 106 ± 6 114 ± 4 145 ± 20 97 ± 3 

  0.75 112 ± 7 245 ± 20 210 ± 50 73 ± 2 

1.5  0.25 1900 ± 400 360 ± 60 209 ± 10 460 ± 40 

  0.50 380 ± 40 800 ± 200 150 ± 20 * 

3.0  0.25 700 ± 200 250 ± 20 144 ± 4 * 

  0.50 510 ± 90 345 ± 9 253 ± 4 * 

All measurements were determined in nm. * denotes that macroscopic precipitation occurred in 

solution and no measurement could be taken. All measurements were taken at 90 ° 

 

 There are several interesting features found in this data. The difference in size between 

unsalted assemblies and RNaCl = 1.5 and 3.0 assemblies when fPS = 0.5 and 0.7 is quite large, 

suggesting that the addition of salt to the aqueous solution leads to agglomeration of NPs in 

solution. As fPS = 0.5 and 0.7 have the highest composition of PMAA in the polymer brush, the 

addition of salt would minimize more a larger number of charge interaction and allow the 

hydrophilic brushes to form agglomerates between particles. When salt is added to the fPS = 0.9 

assemblies, the morphologies have been shown to shift away from unimellar dots to vesicles and 
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compound vesicles, but this also leads to greater agglomeration in solution due to the increased 

colloidal instability. As only 10 % of the brush is the soluble block, the larger assemblies cannot 

remain dispersed in solution; thus macroscopic precipitation of these samples occurs 

3.3.10 Imaging of PS/PMAA-(CdS) Assemblies by Laser Scanning Confocal Fluorescence 

Microscopy (LSFCM) 

 The fluorescent nature of the CdS QDs within self-assemblies of PS/PMAA-(CdS) allows 

LSFCM to be used to image selected aggregates. Figure 3.20 shows LSFCM images for each of 

fPS = 0.5, 0.7, 0.8, 0.9 assemblies prepared at co = 0.50 wt % and RNaCl = 0. As these particles 

were imaged in the solution phase, the degree of aggregation found by LCFMS was unexpected 

as the DLS data of this set of assemblies appeared to show particles minimal aggregation. Within 

the aggregates imaged, bright, circular particles can be found, demonstrating the fluorescent 

nature of the particles. The fPS = 0.9 showed less aggregation than the others, allowing for single 

particles to be viewed clearly. It should be noted that when excited by the microscope beam, 

these assemblies were moving quite vigorously in solution, not remaining in one location for too 

long. As the microscope takes multiple images and creates an image based on the average of the 

dark and bright regions, it is possible the individual particles were moving too much during the 

imaging process. Larger particles, such as these aggregates, would be moving over a much 

longer timescale, allowing it to be much clearer in the final image. The fPS = 0.9 was less active 

than the others, allowing for the single dots to be captured.   As optical resolution by this method 

is limited below 200 nm, no internal structure cannot be discerned.  
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Figure 3.20 LSFCM images of fPS = A) 0.5 B) 0.7 C) 0.8 and D) 0.9 at co = 0.50 and RNaCl = 0.0. 

λex = 488 nm, λem > 515 nm. 



131 
 

3.4 Conclusion 

 This chapter has demonstrated the self-assembly PS/PMAA-(CdS) in THF/water to form 

a wide range of NP assemblies. We investigated the effect of the following variables: brush 

composition (the amount of hydrophilic and hydrophobic block in the polymer brush), initial 

nanoparticle concentration and initial salt content. As brush composition is increased to favour 

the hydrophobic PS, greater chain interactions limit internal PS chain extension, driving the 

assembly of lower curvature morphologies such as vesicles and multicompartment vesicles. 

Increases in co also lead to lower curvature structures, likely due to the increased aggregation 

number limiting chain extension and free volume within the NPs. The addition of salt to screen 

repulsive effects between PMAA chains helps to relax these reactions between hydrophobic 

brushes and allowing them to assume less entropically favoured configurations. This in turn 

allowed PS chains to reorient into bilayer structures or to even collapse around the QD cores, 

forming unimicellular dots.  From this data, phase diagrams of self-assembled aggregates based 

on these three variables were developed, giving researchers a new tool to expand on this work in 

the future.   The ability to select for specific assemblies allows scientists to apply them to modern 

problems. For example, the ability to select for vesicles and compound vesicles allows for the 

creation of hydrophobic pockets in the material that will could be used to carry pharmaceuticals. 

With knowledge of how polymer brush composition can tune morphological assemblies, this 

work can be expanded by selecting for more biocompatible polymers or selecting other inorganic 

NPS (such as Au or Fe2O3) to add magnetic or surface plasmon effects at the NP interface. The 

data presented in this chapter gives scientists a powerful new tool for predicting and selecting 

specific morphological assemblies for use in their work. 
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Chapter 4 

Synthesis, Characterization and Amphiphilic Self-Assembly of 

Polystyrene/Poly(methacrylic acid) Mixed Brush-Functionalized Inorganic 

Nanoparticles of Variable Hydrophilic Chain Length 
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4.1 Introduction 

 The use of block copolymer templates for the creation of polymer brush functionalized 

nanoparticles (PBNPs) has given scientists one more methodology for creating useful 

polymer/inorganic nanoparticle (NP) hybrids. By creating amphiphilic micelles akin to the 

microphase separation of hydrophobic and hydrophilic segments of surfactant or phospholipids 

in aqueous solutions.124-127
, this technique has been used to help self-assembly inorganic NPs, 

including quantum dots (QDs), into larger aggregates with structural hierarchy using a polymer 

brush. This has led to a series of applications in fields as diverse as drug delivery73,74,101,103, 

optics105-108, bio-imaging1,2,3,75 and sensor6,8,104. Following the inspiration of block copolymer 

amphiphiles, new techniques have been developed to create NP/polymer colloidal hybrids with 

amphiphilic character.32,132,141-144. In order to fine-tune their use in applications, it is necessary to 

find methods to adjust the morphology and control the internal organization of nanoparticle 

assemblies16,24,109-113,145
. While approaches such as the use of “brick and mortar”114-116 or layer-

by-layer assembly117-119 have proven useful in creating PBNPs, the block copolymer template 

approach to creating amphiphilic NPs allows for unique control of the polymer brush 

composition,120-122,130, as was seen in Chapter 2 of this work with the use of a mixture of diblock 

copolymers. These results show great promise, but also serve to demonstrate the limitations of 

the current toolbox. Chapter 3 of this work has shown how changes in the brush composition can 

affect the self-assembly of these PBNPs, indicating that more hydrophobic brush compositions 

lead to lower internal curvature structures such as compound vesicles. There are still many more 

variables to investigate.  

In this chapter, the synthesis and characterization of amphiphilic CdS NPs that were 

surface functionalized with a hydrophobic and hydrophilic mixed polymer brush were created 

from a PS(361)-b-PAA(77)-b-PMMA(x) triblock copolymer in which x = 154 or 54 repeat units. 
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While in previous chapters of this work amphiphilic NPs were synthesized using a mixed diblock 

copolymer template in order to probe the effects of brush composition on self-assembly, the use 

of a triblock template allows for the creation of a PS/PMAA brush with equal number of PS and 

PMAA chains on the NPs in which the lengths of one or both of the chains can be varied by 

using different triblock copolymers. Our group has applied this technique before using a 

PS(296)-b-PAA(41)-b-PMMA(236) triblock as a template to form CdS NPs surrounded by a 

mixed brush of PS and PMMA chains that show structural environmental response to different 

solvent environments.33 When the PMMA chains were then hydrolyzed to poly(methacrylic acid) 

(PMAA) chains, amphiphilic NPs were produced which self-assembled in aqueous solvent 

mixtures to form spheres, vesicles and unusual worm-like morphologies.63 Due to this assortment 

of eccentric morphologies created by only a single block length, this current chapter hopes to 

further probe this triblock templated approach by probing the effect of the hydrophilic chain 

block. As chain length has been known to play a role in block copolymer self-assembly,37 it is 

thought that this same variable would play a role in PBNP self-assembly. As brush composition 

effects have been studied in Chapter 2, the use of triblock copolymers allows for control of both 

the brush length and the brush composition by holding the PS constant and varying the PMAA.  

  An overview of the synthetic pathway is described in Figure 4.1 and is analogous to that 

presented for the diblock copolymer approach. These NPs were then self-assembled in aqueous 

solution to determine the effect that changing PMAA brush length would have on the assembled 

morphologies, while also holding the number of PS and PMAA chains constant. The effect of 

changing initial nanoparticle concentration (co) and salt addition (RNaCl) on the self-assembly of 

these NPs will also be probed to determine how these parameters interact with the changing 
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PMAA brush length. The information determined in this chapter will add to the still-growing 

toolbox of amphiphilic polymer/NP composites. 

 

Figure 4.1 Synthetic pathway for the creation PS/PMAA-CdS NPs 

 

 

4.2 Experimental 

 

4.2.1 Preparation of Polystyrene-block-Poly(acrylic acid)-block-Poly(methyl methacrylate)(PS-

b-PAA-b-PMMA) Triblock Copolymer  

 The PS-b-PtBA-b-PMMA starting materials used in this set of experiments were 

synthesized in our lab by Gavin Phinney using established method of sequential anionic 

polymerization (Appendix A). There are two samples: one triblock is PS(361)-b-PAA(77)-b-

PMMA(54) and the other is PS(361)-b-PAA(77)-b-PMMA(154). The numbers in brackets 
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indicate the number-average degrees of polymerization for each block. Note that the PS and 

PAA block lengths of the two copolymers are identical, but the PMMA block length of one 

copolymer is short, designated PMMA-54, while the other is long, designated PMMA-154.   

 

 4.2.1.1. Hydrolysis of Polystyrene-block-Poly(tert-butyl acrylate)-block-Poly(methyl 

methacrylate (PS-b-PtBA-b-PMMA) to PS-b-PAA-b-PMMA 

 The central PtBA blocks of the PMMA-54 and PMMA-154 triblock copolymers were 

selectively hydrolyzed from the PS-b-PtBA-b-PMMA form to the PS-b-PAA-b-PMMA form 

following a method similar to that used for the diblock copolymers in section 2.2.1.1. The PS-b-

PtBA-b-PMMA triblock copolymers were initially dried overnight at 70 ᵒC under vacuum. It was 

then dissolved in toluene to make a 2% w/w solution. The clear, colourless solution was stirred 

for 15 minutes until all polymer was dissolved. The solution was then refluxed at 115 ᵒC for 2 

days with para-toluene sulfonic acid (5 mol % relative to the tert-butyl acrylate content). The 

dark brown, opaque solution was then concentrated to half of its initial concentration by 

evaporation and precipitated into cold isopropanol. The fluffy white powder was then removed 

by vacuum filtration and dried in a vacuum oven at 70 ᵒC for two days. 
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4.2.2 Preparation of Amphiphilic CdS Quantum Dots with Polystyrene/Poly (methacrylic acid) 

(PS/PMAA) Mixed Brushes of Varying PMAA Block Lengths   

 4.2.2.1 Preparation of Polystyrene-block-Poly(Cadmium acrylate)-block-Poly(methyl 

methacrylate) (PS/PMMA-PACd) Reverse Micelles 

 The selectively hydrolyzed PAA forms of PMMA-54 and PMMA-154 were each 

dissolved in a 90/10 (v/v) benzene/methanol solution to make 2 % w/w solutions and stirred 

overnight to equilibrate. To each polymer solution 3 moles of Cd(OAc)2 were added per mol of 

acrylic acid repeat unit in a continuous stream under constant stirring. The resulting solution was 

allowed to stir overnight, after which time they were freeze-dried to remove the solvent, 

producing a fluffy white powder. This sample was dried overnight in a vacuum oven at 70 ᵒC. 

The resulting sample was then washed multiple times with methanol and the filtrate was tested 

with aqueous Na2S solution. The sample was washed until three consecutive tests of the filtrate 

resulted in no yellow colour in the solution. Once completed, the NPs were dried again overnight 

at 70 ᵒC under active vacuum. Gel permeation chromatography (GPC) was used to determine the 

degree to which the polymer chains had micellized based on the comparative weight fractions of 

the resulting micelle and single chain peaks visible via the Refractive Index detector (RI). These 

samples are denoted PS/PMMA-PACd.  

 

 4.2.2.2 Fractionation of PS/PMMA-PACd Reverse Micelles 

In order to remove unmicellized polymer chains, fractionation of the PS/PMMA-PACd 

NPs was required. The PS/PMMA-PACd samples were dissolved in THF (5 % w/w). The 

solution was then stirred at a constant rate while deionized water was added dropwise until the 

solution remained turbid for several minutes after the addition of the last drop. The solution was 
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left overnight, producing two layers. The top layer consisted of the lighter single chains while the 

bottom layer contains the heavier PS/PMMA-PACd NPs. The top layer was decanted. Deionized 

water was then added to the bottom layer to precipitate the samples, allowing them to be filtered. 

The filtrate was dried for overnight at 70 ᵒC. The next day a portion was dissolved in THF and 

GPC analysis was performed to determine the amount of single chain that remained. This 

process was repeated until the GPC showed mostly the peak of the micelle population in the 

refractive index detector (with a correlating peak on the low-angle light scattering and right-

angle light scattering detectors) and minimal amounts of the single chain population. Two to 

three fractionations were required per sample and fractionation ceased when less than 10% of the 

single chains remained by the weight fractions determined by the integration of these peaks. 

While this threshold of 10 % is a somewhat arbitrary value, it was selected as most polymers 

have about 10 % material that will not undergo micellization. Another reason relates to the 

technique itself. Some micelle material is removed each time a fractionation occurs and 

performing numerous repetitions can lead to a large loss of material. Therefore by aiming for 10 

%, unnecessary fractionations are avoided that may limit the sample yield.  

 

4.2.2.3 Preparation of CdS Quantum Dots in Reverse Micelle Cores 

 The newly fractionated PS/PMMA-PACd samples were now placed inside of a humidity 

chamber at 70 ᵒC for one week. Upon completion these samples were placed under an 

atmosphere of “wet” H2S. The H2S was bubbled into the sample chamber containing the 

PS/PMMA-PACd NPs for 10 hours and was then followed by 1 h of nitrogen to purge the lines 

of H2S. The now yellow NP sample was then placed inside a vacuum oven under ambient 

temperature and left overnight to remove any excess H2S gas.  
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4.2.2.4 Core Cross-linking Reverse Micelles Containing CdS Quantum Dots 

The cores of the NPs were now crosslinked in order to stabilize the NPs during the next 

step of the synthesis. The yellow NPs were first ground into a fine powder before being 

dispersed in THF to 2 wt%. Immediately upon dispersion, 0.5 equivalents of Cd(OAc)2 in 

methanol (0.5 molar equivalents of Cd(OAc)2 /1mol of acrylic acid repeat units) were added in 

one quick addition and the solution was allowed to stir overnight. The next day, a 1.0 wt % 

solution of N-ethyl-N’-(3-dimethylaminopropyl)-carbodiimide methiodide (EDC) activator in 

water (0.5 molar equivalents of EDC/1 mol acrylic acid repeat units) was added and allowed to 

stir for 2 hours. This was followed by the addition of a 1.0 wt % solution of 2,2’-

(ethylenedioxy)bis(ethylamine) (EDDA) in water (0.25 molar equivalents/ 1 mol of acrylic acid 

repeat units) in one portion and was then left to stir overnight.  The sample was concentrated 

further and precipitated into room temperature methanol. The resulting pale, yellow solid was 

then filtered and dried under vacuum for 2 days at 70 ᵒC. The characterization of these NPs will 

be discussed in detail in the Results and Discussion section. These samples were designated 

PS/PMMA-b-PAAXL(CdS), where x is the number of PMMA repeat units. 

 

4.2.2.5 Hydrolysis of PMMA Brush Chains to PMAA 

After the NP cores were crosslinked, the resulting PS/PMMA-b-PAAXL(CdS) samples 

were dissolved to 10 wt % in 1,4-dioxane with KOH (2 molar equivalents/ 1 mol methyl 

methacrylate repeat units) and 18-crown-6 (0.2 molar equivalents/ 1 mol of methyl methacrylate 

repeat units). This solution was placed under argon in a sealed high-pressure Schlenk tube and 

the reaction was heated to 110 ᵒC for 4 days. Once complete, the solution was concentrated 

further and precipitated into a cold 0.2 M acetic acid solution. This was then filtered by vacuum 
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and placed into a vacuum oven for 3 days at 70 ᵒ C. The characterization of this reaction will be 

discussed further in the Results and Discussion section. This final sample was generally 

designated PS/PMAA-b-PAAXL(CdS). Since these end products are the building blocks for 

subsequent self-assembly experiments, we also use the short-hand designation PS/PMAA(54)-

CdS and PS/PMMA(154)-CdS when referring to these samples. 

 

4.2.3 Self-Assembly of PS/PMAA(x)-(CdS) Triblock NPs in Mixtures of THF and Water Under 

Various Conditions 

  4.2.3.1 Self-Assembly of PS/PMAA(x)-(CdS) Triblock NPs in Mixtures of THF and 

Water (Immediate Quenching Method) 

 The QD/polymer aggregates that will be described throughout this chapter were created 

using the following method. The polymer solutions were formed by dispersing the PS/PMAA-

(CdS) NPs in 2g of THF (HPLC grade). The THF solutions were set to stir at a constant rate 

while deionized water was added in a dropwise fashion at 10 µL/10 s. The point at which the 

solution became turbid was noted as the critical water concentration (cwc), or the point at which 

self-assembly began. Water was added at this same rate up to 75 wt % before being quenched in 

10 mL of deionized water. The quenched solutions were dialyzed for 10 days against deionized 

water to kinetically freeze the aggregates in place. 

  

 4.2.3.2 Effect of Salt Addition on the Self-Assembly of PS/PMAA(x)-(CdS) NPs 

 For this set of experiments, NaCl was added to solutions of either 0.25 or 0.50 wt % 

PS/PMAA-CdS in THF. The amount of NaCl added was related to the number of PMAA repeat 

units found in each NPs, with a ratio of RNaCl = 1.5 and 3.0 chosen for each of the two NP 
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concentrations. The salt additions were performed before water addition began and the amount of 

water added from the salt solution was taken into account when determining the cwc of each 

experiment. 

 

4.2.4 Gel Permeation Chromatography (GPC) 

 All GPC measurements were carried out on a Viscotek Model 302 liquid chromatography 

system. It was furnished with refractive index (RI), low-angle light scattering (LALS, θ = 7ᵒ) and 

right-angle light scattering (RALS, θ = 90ᵒ) detectors. The eluent for this system was THF run at 

a flow rate of 1mL/min and the column temperature was set at 35 ᵒC. Polymer samples were 

dissolved in HPLC grade THF to concentrations of 1mol/L and filtered through 

poly(tetrafluoroethylene) (PTFE) filters with a nominal pore size of 0.45 μm nm before injection 

into the column. The data was collected on a Dell Dimension 2300 computer using GPC 

software from Viscotek. Three columns (purchased from Tosoh Biosciences LLC) were 

connected in series: one TSKgel G3000Hhr columns, one TSKgel GM-HHR-M and then a 

second TSKgel G3000Hhr. The packing material of these columns is styrene-divinyl benzene. 

 

4.2.5 Nuclear Magnetic Resonance (NMR) 

 1H NMR spectra of diblock copolymers and subsequent micellization products were 

recorded using a Bruker AC 300 MHz spectrometer. 2D 1H nuclear Overhaueser effect 

spectroscopy (NOESY) experiments of the PS/PMMA-b-PAAXL(CdS) products were performed 

on a Bruker Avance 500 MHz spectrometer at 27 ᵒC. For the 2D NOESY spectra, 320 

experiments of 2k data points were recorded. 24 scans were used for each increment using 

standard Bruker software. A mixing time of 500 ms was used for best results. 
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4.2.6 UV-Vis Absorption Measurements 

 Absorption spectra of PS/PMMA-b-PAAXL(CdS) were recorded on a Perkin Elmer UV-

Vis-NIR with a Three Detector Module. It consists of a photomultiplier tube (PMT) for the UV-

Vis range, an indium gallium arsenide (InGaAs) detector and a lead sulfide (PbS) detector for the 

near infra-red (NIR) range. Samples were dissolved to 1 mg/mL in spectroscopic grade 

tetrahydrofuran, toluene, acetone and chloroform. A background of pure solvent was recorded 

for each individual solvent to subtract from the ensuing measurement. 

 

4.2.7 Transmission Electron Microscopy 

Microscopy was performed on a JEOL JEM-1400 TEM operating at a voltage of 80 kV 

with a Gatan Orius SC1000 camera. Crosslinked NP samples for transmission electron 

microscopy were prepared by dissolving the NPs in benzene at 1 wt %. 2 drops of this solution 

were applied to a copper grid (300 mesh) coated with a carbon film coating. The solution was 

allowed to settle on the grid for 15 seconds before excess solvent was dabbed off with a 

kimwipe. The grids were allowed to dry for 2 hours before images were taken. Once the PMMA 

was hydrolyzed to PMAA, these samples were prepared by dissolving the NPs in benzene at 1 wt 

%. Application and drying of these samples follows the previous procedure for the crosslinked 

samples. Self-assembly solutions were prepared for TEM by taking 2 drops of the aqueous 

solution and applying them to a 300 mesh copper grid coated with a carbon film coating. 

Application and drying of these samples follows the previous procedure for the crosslinked 

samples. Measurements were performed on the ImageJ software from Softonic. Three images 

were taken from three different randomly selected locations on each grid to find an average 

particle size. 
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4.2.8 dn/dc Determination 

 Measurements of dn/dc were carried out on a Brookhaven Instruments BI-DNDC 

Differential Refractometer. Stock solutions of PS/PMMA-(CdS) NPs were dispersed separately 

in THF, toluene and acetone at a concentration of ~5 mg/mL. A series of five solutions were 

created with a concentration range of 1-5 mg/mL with 1 mg/mL spacing between samples. All 

dilutions were performed by adding known quantities of appropriate filtered solvent. 

Measurements were performed in triplicate and carried out at 23 ᵒC. 

 

4.2.9 Dynamic Light Scattering (DLS) 

 DLS measurements were carried out on a Brookhaven Instruments photon correlator 

spectrometer equipped with a BI-200SM goniometer, a BI-900AT digital autocorrelator, and a 

Melles Griot He-Ne Laser (632.8 nm) with a maximum power output of 75 mW. In order to 

remove dust from sample vials, rigourous cleaning was applied.  

The scintillation vials were first washed with 5 mL of 95 % ethanol filtered through two 

poly(tetrafluoroethylene) (PTFE) filters, connected in series with a  0.20 μm nominal pore size. 

The vials were then capped and vortexed for 30 seconds. The solvent was removed and the 

process was repeated 10 more times. Upon completion, the vials were covered with a piece of 

lens paper held on with an elastic band and placed upside down in an oven at 80 ᵒC for 2 days to 

remove excess solvent.  

Stock solutions of PS/PMMAXL(CdS) NPs were dispersed separately in THF, toluene and 

acetone at concentrations of ~5 mg/mL. These solutions were filtered through two PTFE filters 

connected in tandem with a 0.45 μm nominal pore size. Any required dilutions were performed 

by adding known quantities of appropriate filtered solvent. DLS measurements to determine 
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concentration dependence were taken at 90ᵒ. For experiments probing angular dependence, the 

measured angles were 35ᵒ, 50ᵒ, 70ᵒ, 90ᵒ and 120ᵒ. For each experiment, 3 repeat measurements of 

the autocorrelation function were obtained. All measurements were performed at 23 ᵒC. 

 

4.2.10 Static Light Scattering (SLS) 

 SLS measurements were carried out on a Brookhaven Instruments photon correlator 

spectrometer equipped with a BI-200SM goniometer and a Melles Griot He-Ne Laser (632.8 nm) 

with a maximum power output of 75 mW. In order to remove dust from sample vials, rigourous 

cleaning was applied.  

The scintillation vials were first washed with 5 mL of 95 % ethanol filtered through two 

poly(tetrafluoroethylene) (PTFE) filters, connected in series with a  0.20 μm nominal pore size. 

The vials were then capped and vortexed for 30 seconds. The solvent was removed and the 

process was repeated 10 more times. Upon completion, the vials were covered with a piece of 

lens paper held on with an elastic band and placed upside down in an oven at 80 ᵒC for 2 days to 

remove excess solvent.  

A stock solution of PS/PMMAXL(CdS) NPs were dispersed in THF, toluene and acetone 

at a concentration of ~5 mg/mL. These solutions were filtered through two PTFE filters 

connected in tandem with a 0.45 μm nominal pore size. Three solutions were made from the 

same stock solution and diluted to ~ 1mg/mL. Measurements were performed at 12 angles from 

30 ᵒ- 120 ᵒ at five solution different concentrations created by adding filtered solvent 

gravimetrically. Concentration of the measured solutions remained between .05-1 mg/mL. All 

measurements were carried out at 23 ᵒC. 
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4.2.11 Fourier Transform Infrared (FTIR) Spectroscopy 

IR Spectroscopy measurements were carried out on a Thermo Nicolet IR 200 

Spectrometer. Solutions of 1 mg NP per 1mL of carbon tetrachloride were prepared and allowed 

to stir overnight. The solutions were placed on a NaCl plate and allowed to dry to create a thin 

polymer film.  

 

4.2.12. Powder X-Ray Diffraction (XRD) 

 About 5 mg of PS/PMAA-(CdS) NPs were placed onto a zero-background holder. Step-

scan x-ray diffraction data was obtained on a Rigaku Miniflex diffractometer with variable 

divergence slit, 4.2 ° scattering slit and 0.3mm receiving slit. The results were scanned over a 2θ 

range 10-100° with Cr radiation (30 kv, 15 mA) (wavelength is 0.228 nm). The scanning step 

size was 2°/min. 

 

4.3 Results and Discussion 

4.3.1 Hydrolysis of Polystyrene-block-poly(tert-butyl acrylate)-block-poly(methyl 

methacrylate) (PS-b-PtBA-b-PMMA) to Polystyrene-block-poly(acrylic acid) (PS-b-PAA-b-

PMMA) 

PS-b-PtBA-b-PMMA triblock copolymers of different PMMA block lengths that had 

been synthesized by a Gavin Phinney (see Appendix A) were hydrolyzed into the acrylic acid 

form. Characterization for each of these polymers was performed by determining the signal ratio 

of the 5 PS aromatic protons (7.07 and 6.57 ppm) and the 2 PS methylene protons (1.42 ppm) by 

1H NMR (Figure 4.2). As the methylene peaks overlapped with the 9 PtBA tert-butyl ester 

protons, a 5/2 ratio by NMR integration suggests complete hydrolysis. The PMMA-154 triblock 
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copolymer shows a ratio of 5/2.2 and the PMMA-54 sample also has a ratio of 5/2.2. This 

suggests that a small fraction of PtBA may remain unhydrolyzed, but this variation also falls 

under the error inherent to NMR integration. 
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Figure 4.2. A) Schematic depicting the peak labels for the hydrolysis of PtBA to PAA and the 

NMR region of interest. 1H NMR spectra of B) PMMA-54 (PtBA form) C) PMMA-54 (PAA 

form) D) PMMA-154 (PtBA form) and E) PMMA-154 (PAA form), showing the decrease in the 

q peak to show loss of PtBA tert-butoxy groups.  
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4.3.2 Micellization and Fractionation of Polystyrene-block-poly(cadmium)acrylate-block-

poly(methyl methacrylate) Triblock Copolymers 

 The micellization process of each polymer was performed using Cd(OAc)2 in a 

benzene/MeOH mixture. Upon addition of the Cd(OAc)2, each polymer solution became cloudy 

as turbidity increased and displayed Tyndall scattering. Benzene was removed using a freeze-

drying technique to create dry, white powders. GPC indicated that free polymer chains remained 

unmicellized in the sample and therefore fractionation was used to remove the free single chains. 

GPC was used to follow the fractionation, as can be seen in Figure 4.3. 

 

 

 

Figure 4.3. GPC spectra of PS/PMMA-PACd NPs for A) PMMA-54 and B) PMMA-154 

samples, before and after fractionation.  
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 The main peaks found at ~13 min PMMA-54 and ~9.5 min PMMA-154 represent the 

reverse micelles that were formed while the smaller, more narrow peaks around ~13.5 min 

represent the single chain fractions. The elution time of the two micelle peaks are different from 

each other, suggesting that the hydrodynamic size of these NPs are not the same. As large things 

come out first, the hydrodynamic profile of the PMMA-154 NPs appears larger than that of the 

PMMA-54. This may be due to the greater length of the PMMA-154 chains creating a more 

densely packed brush further from the core, while the chains of the PMMA-54 are shorter and 

take up less free volume further from the core. This allows for more flexibility of the of the PS 

chains in the mixed brush. Fractionation was performed once on each NP at which point single 

polymer chains represented less than 10 % of the total weight of the sample. The GPC spectra of 

the PMMA-154 NP sample shows a decrease of the single chain peak after fractionation, with 

only 10 % of the single chain fraction remaining for each sample as determined through the 

GPC’s Omnisec software. Due to the overlap of the micelle and single chain peaks in the 

PMMA-54, Origin software was used to deconvolute these peaks (See Appendix B). The single 

chain peaks were also found to make up only 10 % of the total fraction weight. 

 In order to determine that the micelles were forming a mixed brush, dispersability tests in 

solvents of increasing dielectric constant were carried out in tetrahydrofuran, toluene, chloroform 

and acetone (Figure 4.4).  
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Figure 4.4. Images of A) PMMA-54) and B) PMMA-154 reverse micelles dispersed in 

tetrahydrofuran, toluene, chloroform and acetone.  

  

 As acetone is a good solvent for PMMA but not for PS, the presence of a mixed polymer 

brush should allow for the dispersion of each NP in these solvents. The PMMA-154 cadmium 

acrylate micelles disperse fully in all four solvents, indicating a mixed polymer brush on the 

NPs. The PMMA-54 reverse micelles disperse well in THF, toluene and chloroform and present 

as a cloudy dispersion for the acetone. The lack of precipitate indicates that dispersion in acetone 

has occurred. The turbidity of the solution likely arises from agglomeration of micelles in 

solution. As the PMMA-54 has a relatively short PMMA, they is less steric repulsion between 

particles than there is in the PMMA-154. This may allow the micelles to get close enough to 

form agglomerates. Based on the dispersion of both PS/PMMA-PACd samples in all 4 solvents 

results and the single micelle peak found in the GPC, it is believed that mixed brush NPs have 

been synthesized.  
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4.3.3 Characterization of Crosslinked PS/PMMAXL(CdS) Mixed Brush Coated CdS QDs Before 

Hydrolysis of PMMA Chains 

4.3.3.1 Gel Permeation Chromatography 

 The generation of CdS QDs in the core of the micelles leads to a destabilization of the 

core due to the reprotonation of the acrylic acid units by the addition of H2S gas. The core is 

therefore cross-linked to prevent dissociation of the NP into individual polymer chains. GPC was 

used to compare the PS/PMMA-PACd with the newly crosslinked NPs (Figure 4.5). The NP 

peak of the PMMA-54 NPs spectrum shifts to lower retention times, suggesting a larger 

hydrodynamic radius. The PMMA-154 shifted to higher retention times and formed a much 

broader peak than the PS/PMMA-PACd form. It has been hypothesized that the cross-linking of 

the cores will make the cores undergo contraction, pulling the polymer brushes inwards and 

giving the particle a smaller average hydrodynamic size. While this may be true for the PMMA-

154 case, the NPs appear to be getting bigger in the case of the PMMA-54 NPs. It is possible that 

during the precipitation of the CdS QDs that the polymer chains partially dissociated within the 

NP, gaining a degree of mobility and rearranging to create a slightly larger NP. As this NP has 

the shorter PMMA chain, fewer chain interactions may impede the movement of the polymer 

brushes as they reorient around the core.  
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Figure 4.5. GPC (refractive index response detector) comparison of A) PMMA-54 and B) 

PMMA-154 before and after CdS core is crosslinked. 
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4.3.3.2 UV-Visible Spectroscopy and Transmission Electron Microscopy (TEM) 

 The optical properties of the CdS QDs were probed by UV-vis spectroscopy. The UV-vis 

spectra that are produced can give valuable insight about the QDs based on the quantum 

confinement effect. As these are semiconductor nanoparticles, the band gap energy between the 

conduction band and the valence band can be measured using UV-Vis by determining the 

excitation wavelength (λex).
44 Figure 4.6 depicts UV-Vis absorbance spectra for both NPs after 

crosslinking in a series of solvents (THF, toluene and chloroform) of different dielectric 

constants. Each spectra represents the size distribution by way of the quantum confinement 

effect. Each exciton shoulder relates to emission from a single population distribution. In both 

Figure 4.6, A and B (PMMA-54 and PMMA-154 respectively), the normalized spectra for the 

different solvents are near identical curves, suggesting that each QD is stable within the core and 

does not change size depending on the solvent environment. One particular difference between 

the UV-Vis spectra in two curves is the presence of a single exciton shoulder for the PMMA-154  

case and the presence of two shoulders for the PMMA-54 sample.  It is possible that there are 

multiple quantum dot populations or a single QD population with multiple excition peaks. The 

well-defined exciton peak would suggest that electronic structure has multiple discrete energy 

states. The sizes of these populations can be determined using the absorbance threshold of the 

THF curves (see Figure 4.6 inset) and sizes were determined using Equation 4.1: 

2𝑅𝐶𝑑𝑆 =  
1

(0.1338−0.0002345∗𝜆𝑡ℎ𝑟𝑒𝑠ℎ)
    (Equation 4.1) 

This formula was derived by Moffitt146 by fitting data published previously by Henglein.44 Size 

and absorbance data can be found in Table 4.1.  
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Table 4.1. UV-Vis Spectroscopy Data and TEM Core Diameter Measurements for 

PS/PMMAXL(CdS) NPs 

 λthresh (nm) dCdS (nm) TEM QD Size (nm) 

PMMA-54  495 5.6 7.4 ± 0.2  

PMMA-154 487 5.1 5.6 ± 0.5 
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Figure 4.6. UV-Visible spectra of A) PMMA-154 and C) PMMA-54 NPs in THF, toluene and 

CHCl3. B) shows how threshold energy was determined from the slope of the exciton shoulder of 

PMMA-154 in THF. The threshold determination for PMMA-54 can be found in Appendix C. 
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More detailed information about size and distribution was obtained by TEM. Figure 4.7 

shows representative TEM images of each NP sample along with a size distribution histogram, 

while Table 4.1 shows the TEM sizes with standard deviation of measurements over three 

separate images. The QDs were well dispersed with limited clustering found for the PMMA-54 

case. This dispersion suggests the each NP brush was capable of providing suitable solvent 

dispersion in the benzene casting solvent. Size histograms show a single QD population for each 

NP sample. These values compare quite nicely with the UV-Vis QD sizes. As the histogram 

shows a single population distribution for the PMMA-54 NPs, it is believed the second exciton 

peak is merely a secondary discrete energy state within the QDs.   
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Figure 4.7. TEM image and associated CdS QD size distribution analysis of A,B) PMMA-54  

and C,D) PMMA-154 cast from a 1 mg/mL benzene solution dispersed onto a carbon coated 

copper TEM grid. CdS QD size distribution determined from ~200 QD particles. Values show 

the uncertainty in the measurement of the individual grid. 
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4.3.3.3 NOESY NMR 

 Due to the mixed brush nature of these NPs, it is important to determine how the polymer 

brushes are distributed around the QD core. Figure 4.8 illustrates the three main distribution 

types that may arise: Janus, patchy and random.  

 

Figure 4.8. Schematic depicting a A) Janus distribution, B) patchy distribution and C) random 

distribution 

 A Janus distribution (A) is one that possesses an asymmetric brush structure in which the 

two polymer brushes segregate around the QD. A patchy distribution (B) possesses regions or 

“patches” of each polymer brush throughout the nanoparticle. A random distribution (C) refers to 

an instance in which the polymer chains are statistically distributed throughout the brush of the 

NP. One technique that has shown some promise in discerning between these different cases of 

brush distributions is 2D 1H NOESY NMR. This technique looks at correlations between protons 

over short distances (~1 nm) through space, so examining the strength of NOE signal between 

PS and PMMA chains at the core can give information about the distribution of chains. A strong 

signal would indicate a random distribution, as the polymer brushes should be evenly distributed 
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throughout the brush. A weaker or non-existent signal likely indicates either a patchy or Janus 

distribution due to the segregation of the chains.  

 

Figure 4.9. Schematic depicting the region of interest between polymer chains that will be 

probed by 2D 1H NOESY NMR.  

Previous work by Guo et al. determined the random distribution of the polymer brush 

when NPs were synthesized from a PS-b-PAA-b-PMMA triblock copolymer in which the PS and 

PMMA chains were of roughly equivalent length using 2D 1H NOESY NMR.33 The strength of 

the NOE signal between the PS styrene protons and the PMMA methoxy protons indicated a 

random distribution of polymer brushes around the CdS core.  

This technique was also used to study the current polymers.  Figure 4.10 shows the 

NOESY NMR spectra for each polymer as well as an unmicellized triblock copolymer for 

comparison. The blue circles indicate where a correlation between the PS styrene protons and the 

PMMA methoxy protons is expected to appear. In the case of each polymer, no signal was 

detected, suggesting the brush distribution in each NP was either a patchy or Janus distribution.  
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Figure 4.10. A) NMR Peak labelling for PS-b-PAA-b-PMMA triblock copolymer. 2D 1H NMR 

NOESY spectra of B) PS-b-PAA-b-PMMA(154) triblock copolymer unmicellized, C) PMMA-54  

NPs and D) PMMA-154 NPs. Reference in CDCl3. Light blue circles in each spectra show the 

region where a cross-coupling signal is expected between the aromatic region of PS and the 

methacrylate region of PMMA. These signals were not present. 
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 As noted above, a similar PS-b-PAA-b-PMMA polymer with roughly equivalent polymer 

lengths produced a random distribution,33 while the current polymers had shorter PMMA chains 

indicating a patchy or Janus distribution. The shorter PMMA chain lengths likely allowed for 

greater mobility during cadmium acetate addition and micellization due to less steric crowding in 

the brush. This may have provided sufficient time for phase separation between PMMA and PS 

chains around the core before vitrification of the central PACd block. 

 

4.3.3.4 Light Scattering 

 The use Zimm plot analysis by static light scattering (SLS) allowed for the 

determination of the weight-average molecular-weight, Mw, and the root-mean-square z-average 

radius of gyration, Rg, of each NP in THF. A representative Zimm plot for each NP sample in 

THF was presented in Figure 4.11. It should be noted that GPC has indicated a small amount of 

unmicellized polymer chain (<10%) still present such that measured values will have a minor 

contribution from these polymer chains. Each SLS measurement requires that the differential 

refractive index, dn/dc, for each PS/PMMAXL(CdS) sample be determined as it is a component 

of K in the Zimm equation (see Chapter 1.7.2). The dn/dc values in THF were determined to be 

0.16 ± 0.02 for PMMA-54 and 0.156 ± 0.002 for PMMA-154. Using this information together 

with the Zimm plot data, Mw values could be determined for each NP sample, Mw is directly 

related to the number of chains in the NPs, therefore the aggregation number, Z, can be 

calculated by dividing the Mw values by a weighted-average molecular weight of the two 

constituent unimers (Mn,PS-b-PAA-b-PMMA(54) = 48553 g/mol and Mn,PMMA-b-PAA-b-PMMA(154) = 58565 

g/mol) plus one CdS unit per carboxylate group (77 × 144.47 g/mol = 11124 g/mol) and one 

additional Cd2+ ion for every two carboxylate groups (38.5 ×112.411 g/mol = 4312 g/mol), This 
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equation (Equation 4.2) is shown below with a sample calculation for PMMA-154. The results 

can be found in Table 4.3. 

 

   𝑍 =
𝑀𝑤

𝑀𝑃𝑆−𝑏−𝑃𝐴𝐴−𝑃𝑀𝑀𝐴+𝑀𝐶𝑑𝑆+𝑀𝐶𝑑2+
   (Equation 4.2) 

   = 
6.3e6

58565+11124+4312
  = 85  

The aggregation number for these particles is much lower than previously explored 

triblock and diblock mixed brush NPs. The Z = 85 of the PMMA-54 and the Z = 72 for the 

PMMA-154 are about half of Guo’s PS/PMMAXL(CdS) NPs at this stage in the synthesis (Z ~ 

200)33 and less than the analogous diblock copolymer NPs found in chapter 2 of this work (Z ~ 

120). It is important to note that similarities between the two triblocks suggest despite the 

different lengths, they still create NPs of roughly the same number of polymer brushes, which 

allows for proper comparison during the self-assembly step to be described later.  
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Figure 4.11. Representative Zimm plot for of light scattering data (SLS) for the A) PMMA-54 

and B) PMMA-154 NPs in THF. The measured angles were from 30° to 145° in increments and 

the solution concentrations were from .1 mg/mL to .01 mg/mL 

 



164 
 

The chain density can be determined using the aggregation number and the surface area 

from the PAA the surface area of the PACd encapsulated QDs. The PS/PMMA polymer brush is 

grafted to a hybrid core consisting of a central QD and a surface layer of collapsed PACd chains; 

we estimate a total core diameter of 2rc based on QDs size from TEM surrounded by Z chains 

with 77 PACd repeat units each in the melt state. This is determined by Equation 4.3 (a sample 

calculation is presented for PMMA-154) and QD sizes from UV-Vis (Table 4.1), and these are 

also reported in Table 4.2.  

𝑍 ∗ 77 ∗ (𝑀𝑃𝐴𝐴 + 𝑀𝐶𝑑/2)

𝑁𝐴
= 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 

    
85∗77∗(72+56)

6.023𝑒23  = 1.39 x 10-18 g PACd  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟
= 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟  (Equation 4.3) 

1.39  10−18𝑔

2
𝑔

𝑐𝑚3

= 6.95  10−19𝑐𝑚3 = 695 𝑛𝑚3 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 

𝑉𝐶𝑑𝑆 =  
4

3
𝜋𝑟𝐶𝑑𝑆

3 = 69.4 𝑛𝑚3 

= 𝑉𝐶𝑑𝑆 + 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐴𝐶𝑑 𝑙𝑎𝑦𝑒𝑟 = 784.92 𝑛𝑚3 

𝑟𝑐 = √
3𝑉𝑐

4𝜋
 

3

= 5.68 𝑛𝑚 
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As the cores appear to have a roughly spherical shape, their surface area was determined 

using Equation 4.4, with a sample equation performed for PMMA-154: 

A= 4𝜋𝑟𝑐
2   (Equation 4.4) 

    𝐴 = 4𝜋(5.68)2 = 405 𝑛𝑚2 

 By using aggregation numbers from SLS (Table 4.2), the ratio of chains/nm2 can be 

determined by Equation 4.5., which also shows a sample calculation for PMMA-154. The 

aggregation number is doubled as each triblock copolymer contributes a PS and a PMMA chain. 

 𝜌𝑐ℎ𝑎𝑖𝑛𝑠 =
2𝑍

𝐴
  𝜌𝑐ℎ𝑎𝑖𝑛𝑠 =  

170 𝑐ℎ𝑎𝑖𝑛𝑠

405𝑛𝑚2 = 0.42 
𝑐ℎ𝑎𝑖𝑛𝑠

𝑛𝑚2   (Equation 4.5) 

The density of the chains in the PMMA-154 NPs are similar to those of the PMMA-54 

NPs. This suggests the two brush of the two particles are quite similar, and only differ in the 

length of the PMMA brush.  

 

Table 4.2. Summary of the PMMA-154 and PMMA-54 Results from Static and Dynamic Light 

Scattering in THF 

x Mw   

x 106 (g/mol) 

Z ρchains 

(chains/nm2) 

rg  

(nm) 

rh  

(nm) 

rg/rh  tb  

(nm) 

Extension 

(%) 

54 4.6 ± 0.4 72 ± 7 0.35 108 ± 13 112 ± 3 0.99 104 115 

154 6.3 ± 0.2 85 ± 4 0.40 111 ± 4 73 ± 3 1.48 65 72 

         

 Zimm plot data also gave radii of gyration, rg, values for each NP sample (see Table 4.2). 

rg’s between the PMMA-54 and PMMA-154 are comparable within standard deviation. These 
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values are quite large if we compare with Guo’s more compositionally symmetric triblock NPs 

(~30 nm). NOESY NMR data appears to indicate a Janus or patchy distribution of the polymer 

brush on the NPs. As PS and PMMA have a large difference in their dn/dc values (PS = 0.185, 

PMMA = 0.08 in THF), It is hypothesized that the polymers in the corona are phase separating 

into Janus or patchy particles, producing a scattering of the particle that is no longer spherical. 

The distribution of scattering centers goes form being isotropic (spherically symmetric) to 

anisotropic as the composition of the brush becomes highly asymmetric.   

 DLS was used to determine the hydrodynamic radii, rh and are tabulated in Table 4.2. 

The rh values for PMMA-54 are near identical with the rg values, while the rh for PMMA-154 is 

40 nm less than the rg. By using the rg/rh, we can once again determine shape information of the 

particles. As rg is determined from the distribution of scattering centers and rh is determined from 

solvent interactions, the full extension of the polymer brush creates more scattering centers far 

from the core, allowing rg to be larger than rh. A hard sphere would have an rg/rh of 0.77, while 

star-like micelles can hold values between 1.1-1.4.66 The PMMA-154 sample appears to be on 

the high end of the micelle region, likely due to the longer PMMA chains creating more “open”, 

star-like structures with large free volume on the periphery. The PMMA-54 sample is closer to 1, 

suggesting a more spherical shape. This likely arises due to the relatively short PMAA chains 

creating a more compact particle. The rg will receive more contribution from the PMMA chains 

than the rh as rg is determined based on the information closer to the core.  
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Figure 4.12 Schematic depicting rh and rg for the x = 54 NPs. 

 

 The rh values displayed in Table 4.2. are based on the Cumulant analysis, which are 

average values from a fit of the distribution of exponentials to a Gaussian function. A CONTIN 

analysis can be performed to determine more information about the distribution of hydrodynamic 

particles in solution. For each sample, there was a single distribution of particles when 

experiments were performed at 90o under low concentrations (Figure 4.12). 
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Figure 4.13. Hydrodynamic particle size distribution from CONTIN analysis of dynamic light 

scattering of A) PMMA-54 and B) PMMA-154 NPs in THF. These results were obtained at a 90 

o scattering angle and concentration of ~0.1 mg/mL 

 

Rh can also be used to determine the thickness of the polymer brush, tb, in solution. This 

can be determined based on the difference of the rh and the rc (the radius of the TEM core size 

plus the thickness of the PAA layer) and is tabulated in Table 4.2. As THF is a good solvent for 

both PS and PMMA, the fact that the number of PS repeat units is much greater than the number 

of PMMA chains suggests that this brush thickness refers to the extension of the PS chains. The 

chain extension is calculated in equation 4.6 (with a sample calculation for PMMA-54).   
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Chain extension (%) = 100 x (tb/[aN]) (Equation 4.6) 

= 100 ∗ (104/[0.25 ∗ 361] = 115 % 

Where a is the length of one repeat unit at full extension (a = 0.25 nm) and N is the 

number of PS repeat units in the polymer chain (N = 361). The PMMA-54 NP sample has an 

extension of ~120 %.  This suggests that there is likely some aggregation in THF, as this value 

indicates the chains are extending beyond their possible limits. The 72 % chain extension 

experienced by the x = 154 is likely due to the ability of the PS chains to be solvated beyond the 

full extended length of the PMMA chains, having access to a region with far fewer chain 

interactions. 

 

4.3.4 Hydrolysis of PMMA Brush Chains to PMAA: Converting PS/PMMAXL(CdS)  to 

PS/PMAA-(CdS)   

 4.3.4.1 Characterization of PS/PMAA-(CdS) 

 Upon completion of structural characterization at the PS/PMMAXL(CdS), the 

hydrophobic PMMA chains were hydrolyzed to PMAA through the use of KOH and 18-crown-6 

in refluxing dioxane for 4 days under and N2 atmosphere. 1H NMR spectra showing before and 

after hydrolysis can be found in Figure 4.14. The methoxy peak at 3.61 ppm is greatly reduced, 

leaving <5% of the PMMA unmicellized (mole % remaining by NMR integration). Attempts to 

separate this remaining component by fractionation and precipitation were unsuccessful.  
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Figure 4.14. A) Schematic depicting the hydrolysis from PMMA to PMAA and the NMR region 

of interest. 1H NMR spectra of B) PMMA-54 C) PMAA-54 D) PMMA-154 and E) PMAA-154, 

showing the loss of the methoxy group and the formation of the methacrylic acid unit 

 

 Due to the aggressive conditions of the hydrolysis reaction, GPC was used to determine 

the structural integrity of the NPs after hydrolysis (see Figure 4.15).  For PMAA-54, the NP peak 

at ~11 min shifted to overlap with single chain peak, suggesting a decrease in hydrodynamic 

radii or a change in shape. Peak deconvolution (Appendix B) shows no increase in the single 
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chain population, indicating that the NPs remain intact after hydrolysis. The PMAA-154 NPs 

also show no change in the single chain population, indicating that the crosslinking was 

successful in holding the NP together during hydrolysis.  

 

 

Figure 4.15. GPC (refractive index detector response) comparison of A) PMMA-54 and B) 

PMMA-154 before and after hydrolysis of PMMA brushes to PMAA. All GPC chromatograms 

were run using THF as the eluent solvent.  
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 The hydrodynamic radii, rh, in THF was measured after hydrolysis to compare with rh in 

THF before hydrolysis. As table 4.3 shows, the hydrodynamic radii after hydrolysis appears to 

be ~2x greater than that before hydrolysis. As rh is longer than the fully stretched length of the 

PS or PMAA chains, this suggests that some aggregation is occurring in solution.  Since THF is 

the solvent used for self-assembly, it is important to note that limited assembly may be occurring 

before the addition of water in the self-assembly step.  

 

Table 4.3. Hydrodynamic Radii, rh, of each NP Sample in THF Before and After Hydrolysis as 

Determined by Dynamic Light Scattering 

(x) rh – PMMA 

(nm) 

rh – PMAA  

(nm) 

54 112 ± 3 196 ± 7 

154 73 ± 3 142 ± 1 

 

CONTIN analysis was also performed on these solutions, as can be found in Figure 4.16. 

The CONTIN analysis shows a single population distribution for each NP sample, suggesting 

that these rh values were not arising from a mixed population of large and small particles.  

 

 

 



173 
 

 

Figure 4.16. Hydrodynamic particle size distribution from CONTIN analysis of dynamic light 

scattering of A) PMAA-54 and B) PMAA-154NPs in THF. These results were obtained at a 90 o 

scattering angle and concentration of ~0.1 mg/mL. 

 

4.3.4.2 Characterization of the CdS QDs by TEM and XRD 

 TEM images were taken of each NP sample to determine if QD core sizes remained the 

same after hydrolysis and to also visualize any aggregation that may be occurring. It is important 

to note that aggregation caused by drying does not necessarily indicate aggregation in the 

solution phase, but since disassembly is uncommon during the drying phase good dispersion on 

the grid likely indicates good dispersion in the solution phase. The TEM images (Figure 4.17) 

appear to show limited aggregation of QDs, which is in contrast with the DLS. It is important to 

note that DLS examines the sample in the solution phase, while TEM focuses on the dried 

sample. It should also be noted benzene was used as a casting solvent due to significant drying 

artifacts that appeared when cast in THF. For each case, individual QD sizes remain the same as 
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those measured before hydrolysis, suggesting the QDs were stable and did not undergo growth or 

dissolution throughout the reaction.  

 

 

Figure 4.17. TEM imagery and CdS QD size distribution of A,B) PMAA-54 and C,D) PMAA-

154 NPs cast from a 1 mg/mL benzene solution. The average size is displayed in the top left with 

the uncertainty in the measurement of the individual grids. 

 

Table 4.4. TEM Measurements of the QD Core Sizes of PS/PMAA-(CdS) 

 QD Size (nm) 

PMMA-54 7.1 ± 0.3 

PMMA-154 5.9 ± 0.4  
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X-ray diffraction experiments were also performed on each NP sample to show the lattice 

structure of the CdS core. Figure 4.18 shows the XRD patterns of PMAA-54 and PMAA-154. 

The red lines indicate these diffraction patterns match that of cubic CdS as found in the JCPDS 

database.63 The one exception is the peak that is found at 2θ ~30 °. The d spacing of this peak 

(determined using Bragg’s Law) is 0.56 nm. It was determined using light scattering that the 

chain density of each particle is ~1 chain/nm2, corresponding to an interchain distance of ~1 nm. 

Therefore this scattering peak may arise from mean distance between PS and PMAA polymer 

chains at the surface of the CdS core, as proposed earlier in the work of Guo et al.33 By looking 

at the brush composition dependence of the diffractograms for the first time, this work further 

supports the assignment of the 2θ ~30° peak to interchain scattering at the QD surface: we note 

that the intensity of the peak relative to the CdS reflections increases with the PS content, 

consistent with the fact that PS is a more electron dense polymer than PMMA and will therefore 

scatter x-rays more strongly.  
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Figure 4.18. Powder x-ray diffractograms from A) PMAA-54 and B) PMAA-154 with red lines 

indicating the location of the four main peaks associated with cubic CdS 
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4.3.5 Overview of PS/PMAA-CdS Morphologies from the Self-Assembly of PS/PMAAXL(CdS) 

NPs in THF/H2O Mixtures 

 When PS/PMAA-(CdS) NPs underwent self-assembly in THF/H2O solutions, many 

different morphologies could be created based on the length of the PMAA chain (x), the initial 

polymer concentration (c0) and the ratio of NaCl added in comparison to each PMAA repeat unit 

(RNaCl). This section will give an overview of the different morphologies found and present 

representative TEM images of each. The present system showed spheres, vesicles, compound 

vesicles and large compound supermicelles, each of which have analogous structures when 

compared with block copolymer micelle systems.43,130,134,135,147 

 The morphologies presented in this work were identified using several key pieces of 

information. It is known that the preassembled structure of the NPs consist hydrophobic PS 

chains and hydrophilic PMAA chains tethered to a CdS QD in the core. This should lead to 

phase separation of the two chains around the CdS core, leaving the CdS to form the interface 

between each polymer region (Figure 4.19). As the self-assembly experiments are performed by 

transitioning from THF to H2O, it is expected that the PMAA chains will form the outer surface 

or in the lumen of the superstructure and the PS chains will be found on internal surfaces.  

 Information derived from TEM images can also give clues to the self-assembled 

morphology in solution. TEM shows regions of high electron density as dark areas on an image, 

while lower electron density areas give lighter sections. As the CdS QD represents the highest 

electron density region of the NPs, they will present as the darkest region on the grid. PMAA 

will represent the lightest structure due to its minimal electron density, with PS chains a shade of 

grey in between the PMAA and CdS.  
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Figure 4.19. Schematic detailing the phase separation of PS and PMAA polymer chains when 

solution changes from THF to H2O. The NPs form the interface between each region. 
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 4.3.5.1 Spheres 

 Spheres are the morphology that have the highest internal curvature of those observed. 

Spheres consist of a spherical core filled with hydrophobic PS chains that are protected from the 

aqueous solvent environment by a coronal brush of PMAA. CdS QDs form an interface between 

the polymer chains due to the phase separation that occurs around them. Figure 4.20 A) shows a 

schematic diagram of a sphere formed from preassembled PS/PMAA-(CdS) NPs, while B) 

shows a representative TEM image of a sphere morphology.  

 

Figure 4.20. A) Schematic representing a spherical PS/PMAA-(CdS) assembly. B) 

Representative TEM image of spheres formed from the self-assembly of PMAA-154 with c0 = 

0.25 wt % and RNaCl = 1.5  
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 4.3.5.2 Vesicles 

 Another observed morphology was a vesicular NP assembly, analogous to vesicles seen 

when block copolymers are self-assembled. Vesicles are bilayer structures with inward pointing 

PS chains making up the vesicle wall. PMAA chains form both the external corona of the 

particle and the concave surface of the lumen found within the NP. These two layers are 

arranged with the CdS QDs forming the interface of both the lumen and the corona. A vesicle 

has less internal curvature than a sphere as the creation of the second layer allows for a 

minimization of chain interactions between PS chains, allowing the CdS NPs to pack closer 

together.  Figure 4.21 A) shows a schematic diagram of a vesicle formed from preassembled 

PS/PMAA(x)-(CdS) NPs, while B) shows a representative TEM image of a vesicle morphology.  

 

Figure 4.21. A) Schematic representing a PS/PMAA-CdS vesicle. B) Representative TEM 

image of vesicles formed from the self-assembly of PMAA-54 with c0 = 0.25 wt % and RNaCl = 0 

(no salt added).   
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 4.3.5.3 Compound Vesicles 

 A compound vesicle is similar to a vesicle morphology except that there are multiple 

lumen present within the NP. The multiple lumen create many convex surfaces where PS chains 

are located. This increases the free volume available to the PS chains and minimizes steric 

interactions between polymer chains compared to single lumen vesicles. This decrease in energy 

comes at a cost to the energy of the PMAA chains, which are now further distributed on the 

concave interfaces of the lumen. It has been suggested by Eisenberg130 that compound vesicles 

are a kinetic structure as opposed to a thermodynamic structure. It is believed that they are 

formed from many vesicles that normally fuse together. But if the rate of collision between 

vesicles is faster than the rate of fusion, multiple lumen may be present. In this work, compound 

vesicles and vesicles are treated as separate assemblies as compound vesicles are found in 

solution after annealing, but further experimentation is needed to fully deem them separate 

assemblies. Figure 4.22 A) shows a schematic diagram of a compound vesicle formed from 

preassembled PS/PMAA-(CdS) NPs, while B) shows a representative TEM image of a 

compound vesicle. 
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Figure 4.22. A) Schematic representing a PS/PMAA-CdS compound vesicle. B) Representative 

TEM image of compound vesicles formed from the self-assembly of PMAA-54 with c0 = 0.25 

wt % and RNaCl = 0 (no salt added).   

 

 

 4.3.5.4 Large Compound Supermicelles (LCS) 

 The final morphology of note that was observed is that of the large compound 

supermicelle, which are analogous to the large compound micelles (LCMs) created from block 

copolymers as reported by Eisenberg et al.134 These aggregates form roughly spherical shapes of 

individual NPs forming the periphery with PS chains pointing inwards and PMAA chains 

pointing outwards around the CdS interface. Other single NPs are found within the particle with 

PMAA chains collapsed around the QD core and PS chains forming a hydrophobic matrix. This 

morphology has the lowest convex surface area for PS chains, minimizing chain interactions and 
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steric crowding more than any other morphology that was discovered. A schematic and 

representative TEM image of a large compound supermicelle can be found in Figure 4.23. 

 

Figure 4.23. A) Schematic representing a PS/PMAA-(CdS) large compound supermicelle. B) 

Representative TEM image of compound vesicles formed from the self-assembly of PMAA-54 

with c0 = 0.50 wt % and RNaCl = 3.0 (no salt added).   

 

 From these structures, it can be seen that the relaxation of steric interactions between PS 

chains through changes in the interfacial curvature can be a major driving force for 

morphological change in these systems.  Therefore, the morphologies presented thus far can be 

ranked in order of decreasing PS steric interactions: 

Spheres (high concave curvature) > Vesicles (low concave curvature) > Compound 

Vesicles (intermediate convex curvature) > Large Compound Supermicelles (high convex 

curvature) 
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4.3.6 Determination of the Critical Water Concentration (cwc) 

 During each self-assembly experiment, the critical water concentration (cwc) was 

determined visually when the clear solutions became turbid upon addition of water. These results 

can be found in Table 4.5. As each experiment was performed only once these are only roughly 

estimated values 

 

Table 4.5 cwc Values Determined from the Addition of Water to a Solution of PS/PMAA-(CdS) 

in THF 

RNaCl c0 (wt %) PMAA-54 PMAA-154 

0.0 0.25 ~12 ~16 

 0.50 ~11 ~14 

 0.75 ~7 ~14 

 1.00 ~1 ~13 

1.5 0.25 ~11 ~14 

 0.50 ~7 ~10 

3.0 0.25 ~11 ~14 

 0.50 ~7 ~12 

    

 The PMMA-54 NPs show lower cwc values in general than the PMMA-154 NPs. This is 

most likely due to the soluble block (PMAA) being shorter and less able to disperse the NPs in a 

poor solvent for the PS chains which makes up a large majority of the NP brush. The cwc also 

decreases for each sample as the co increases, as these particles will have a higher aggregation 

number of particles in which the soluble block makes up the smallest weight fraction of the 
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coronal brush. This is best noted in the case of PMMA-54 and co = 1.00, as this solution reaches 

its cwc almost instantaneously, most likely a result of short PMAA block lengths and very high 

aggregation numbers.  The addition of salt to each solution appears to decrease the cwc, likely 

due to the salt screening out the PMAA charge interactions with the strong dipole found in water.  

 

4.3.7 Effect of PMAA Brush Length on Amphiphilic Self-Assembly of NPs 

  The ability to create two different PS/PMAA-(CdS) NP samples with different lengths of 

the PMAA polymer chain allow the opportunity to probe the effect that the length of the 

hydrophilic block will have on self-assembly. As a triblock copolymer was used, the PMAA and 

PS chains are tethered together through the PAA/CdS core, meaning that there is an equal 

number of PS and PMAA chains in both PMMA-54 and PMMA-154 NPs. This suggests that any 

change in morphology under the same self-assembly conditions is the result of the different 

length of soluble chains in the two samples. Experiments were carried out at a series of co and 

RNaCl, providing an opportunity to compare under many conditions. This chapter will focus on 

comparing the two different polymers at specific conditions and discussing the results. A 

complete list of all of the assemblies formed can be found in Table 4.6. 

Table 4.6. Summary of Self-Assembly Morphologies for PS/PMAA-(CdS).  

 RNaCl c0 = 0.25 c0 = 0.50 c0 = 0.75 c0 = 1.00 

154 0.0 s cv cv cv 

 1.5 s s   

 3.0 s s   

      

54 0.0 s cv cv  

 1.5 l cv   

 3.0 l l   
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When co = 0.25 wt %, both PMMA-154 and PMMA-54 self-assemble into spheres 

(Figure 4.24 A and B). The PMMA-154 NPs creates smaller spheres than the PMMA-54 NP 

sample, the TEM sizes of which can be found in Table 4.7.  When the co is increased to 0.50 wt 

%, each block length creates compound vesicles (Figure 4.24 C and D). Compound vesicles are 

also created for the co = 0.75 case. The PMMA-154 remains relatively unchanged, while PMMA-

54 NPs presents compound vesicles with many large lumen within the NP (figure 4.24 E and F). 

At the highest c0 of 1.00 wt %, the PMMA-154 presents as compound vesicles (Figure 4.24 G), 

while the PMMA-54 undergoes macroscopic precipitation in solution.  

 

 

Table 4.7 TEM Measurement of the Characteristic Dimensions for each PS/PMMA-CdS 

Assembly  

 RNaCl c0 = 0.25 c0 = 0.50 c0 = 0.75 c0 = 1.00 

PMAA-154 0.0 39 ± 2s -- -- -- 

 1.5 47 ± 1s 64 ± 4 s   

 3.0 51 ± 6 s 48 ± 2 s   

      

PMAA-54 0.0 110 ± 20 s -- -- -- 

 1.5 -- --   

 3.0 -- --   

Characteristic dimensions include: size (spheres), cylinder width (cylinders) and wall thickness 

(vesicles). Spheres are denoted by *. All other assemblies presented as compound vesicles or 

large compound supermicelles, of which there is no characteristic dimension 
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Figure 4.24. Representative TEM images comparing the morphologies produced during the self-

assembly of each block length at multiple c0. 
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 In terms of the assemblies found for each c0, the block length of the PMAA chain appears 

to have no major effect. The morphologies present for each case at PMMA-154 are the same 

found at PMMA-54, although there is some variation in the size of the particles and their 

individual lumen. This likely arises from the fact that although the chain lengths vary, the 

number of each PS and PMAA chain does not. As the PS composes the greatest fraction of each 

NP, PS chain interactions dominates the energetics of the system. The PMAA chains form on the 

corona and the lumen as a result of the minimization of PS chain interactions. While longer 

PMAA chains may increase the number of chain interactions in each lumen, the majority are 

found on the corona in the “crew-cut” region.134 As this is the region where polymer chains are 

most densely packed (as demonstrated earlier in our use of 2D NOESY NMR to determine the 

chain distribution), this is where the greatest chain PMAA chain interactions will occur. 

Increasing the length of these chains will not change interactions at the CdS interface as the extra 

chain length will be extended into the solvent. (Figure 4.25).  Therefore, changing the block 

length has a minimal effect on the self-assembly of these NPs.  

 

Figure 4.25. Schematic depicting the distribution of polymer chains in A) PMMA-54 and B) 

PMMA-154. Although the chain lengths increase, the number of PMMA chains remains the 

same on the corona.  
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 While the block length may have limited effect on the morphology, it does have some 

effect on the size of the assembled spheres at low c0. As the PMAA chains become further 

extended in the solvent, chain interactions will become more prevalent. The coronal chains on 

spheres will begin to feel repulsive effects from these chains, limiting the packing of QDs along 

the interface. The less dense the packing, the more the external curvature will increase to 

minimize PMAA chain interactions. Therefore, it makes sense that the PMMA-154 would 

produce smaller, higher curvature spheres.  

 

4.3.8 Effect of Initial PS/PMAA(CdS) NP Concentration on Amphiphilic Self-Assembly of NPs

 While the variation of the PMAA chain length was one variable of interest for the self-

assembly of these NPs, another is the initial PS/PMAA(CdS) NP concentration (co) before self-

assembly. It has been shown in the case of both block copolymer systems43,123 and Guo’s triblock 

NP samples63 that the changes in co had an effect on the resultant morphologies and was 

therefore of interest in this work. Four co values were selected for this work: 0.25, 0.50, 0.75 and 

1.00 wt %. For each PS/PMAA-(CdS) sample, morphological and structural changes were 

present as the co was increased, as can be seen in Figure 4.26. 
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Figure 4.26. Representative TEM images comparing the morphologies produced during the self-

assembly of each block length at multiple c0. 
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 At co = 0.25 wt %, the main morphology was spheres. As the co was increased, 

compound vesicles were found at co = 0.50, 0.75 and 1.00 wt %. This data suggests that 

increasing co has the effect of creating higher curvature structures from the PMMA-154 NPs at co 

= 0.50 than at 0.25, but that further increases induce no further change. The PMMA-54 NPs also 

show a similar trend, in which increasing the co from 0.25 to 0.50 wt % will induce compound 

vesicles compared to spheres, but further increases cause no morphological change. It should be 

noted that increasing co from 0.50 to 0.75 wt % appears to increase the size of the lumen, but it 

still remains a compound vesicle.  

 Eisenberg et al. has shown that increasing co leads to an increase in aggregation number 

in NPs as described by Equation 4.8.43 

     𝑁𝑎𝑔𝑔 = 2(
𝑐𝑜

𝑐𝑚𝑐
)

1

2   (Equation 4.8) 

where Nagg is the aggregation number and cmc is the critical micelle concentration. Higher 

aggregation number leads to diminished chain extension of the PS on convex surfaces through 

increased chain interactions, as seen in Figure 4.27.  

 

Figure 4.27. Schematic showing aggregation number and subsequent chain interactions at A) 

low co and B) high co. Higher aggregation numbers contribute more polymer brushes to each 

interface, decreasing chain extension through crowding effects. 
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In the case of Eisenberg’s work, increased aggregation number correlated with the 

creation of lower curvature morphologies to accommodate the increased number of NPs. It is 

believed that increased co and, in turn, aggregation number leads to the self-assembly of lower 

curvature structures in these NP systems. The transition from spheres to compound vesicles in 

both PMMA-154 and PMMA-54 is a result of the increased aggregation number, leading to a 

change to lower curvature structures. Further transitions do not occur at higher co as the creation 

of the lumen pockets is enough to limit chain interactions between PS chains.  

 

4.3.9 Effect of Salt Addition on the Amphiphilic Self-Assembly of NPs 

 As the PMAA chains are partially charged, there is an extra repulsive effect between 

chains due to charge repulsion. By adding NaCl, charge repulsion effects can be minimized and 

the free volume accessible to the polymer chains will be increased. NaCl was added before self-

assembly began and was added in three different ratios of NaCl to PMAA repeat units: RNaCl = 

0.0, 1.5 and 3.0. In this section, each PS/PMAA-(CdS) NP sample will be shown self-assembled 

at a specific co, showing the morphologies found at each RNaCl.  

 In the case of PMMA-154, very little morphological change can be found when co = 0.25 

as spheres are predominant throughout (figure 4.28). When co = 0.50 wt %, the NPs change in 

morphology from low curvature compound vesicles to higher curvature spheres as the RNaCl 

increases (Figure 4.29).  
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Figure 4.28 TEM images of PMMA-154 at co = 0.25 when RNaCl = A) 0.0 B) 1.5 and C) 3.0. 

 

 

Figure 4.29 TEM images of PMMA-154 at co = 0.50 when RNaCl = A) 0.0 B) 1.5 and C) 3.0.  

 

 In the case of the PMMA-54 NPs upon self-assembly at c0 = 0.25, the morphologies 

decrease in curvature (spheres to large compound vesicles) as the RNaCl increases (Figure 4.30). 

In the case of the c0 = 0.50 wt % experiments, there is a progression of compound vesicle to 

LCS’s (Figure 4.31). 
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Figure 4.30. TEM images of PMMA-54 at co = 0.25 when RNaCl = A) 0.0 B) 1.5 and C) 3.0 

 

Figure 4.31. TEM images of PMMA-54at co = 0.25 when RNaCl = A) 0.0 B) 1.5 and C) 3.0 

 For the case of the PMMA-154 NPs, there is an overall trend of high internal curvature 

(spheres) to lower internal curvature (compound vesicles and LCS’s) as RNaCl increases (See 

Figure 4.30 and 4.31). As the addition of salt screens out repulsive charge interactions between 

polymer chains, more free volume becomes accessible to the brushes. The PMAA chains can 

pack together tighter on the surface and in lumen pockets. As the energy associated with the 

PMAA chains is decreased, the longer PS chains will be capable of forming bilayer structures to 

minimize their chain interactions. At higher salt contents, the PMAA chains on internal NPs will 

collapse entirely around the CdS while PS chains aggregate to create a region of hydrophobicity 

within the macrostructure.  
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 The results for the self-assembly of PMMA-54 with the addition of salt don’t appear to 

follow the above trend (Figure 4.31). At co = 0.25 wt %, spheres present the dominant 

morphology at all salt contents. This is likely due to a low aggregation number at the interface 

allowing the charged PMAA brushes enough free volume for the relatively short chains to avoid 

interactions. When co = 0.50 wt % (Figure 4.31), the NPs form compound vesicles (a relatively 

low curvature structure) without salt, but as salt is added spheres (a higher curvature 

morphology) become dominant. This is the opposite of the trend above. As the addition of salt 

screens out repulsive effects between charged polymer brushes, the chains will be able to pack 

tighter together. As the PMAA polymer brushes are relatively short, there are still minimal chain 

interactions due to a lack of extension that is available to the PMMA-154 NPs. Therefore, the 

NPs prefer to form higher internal curvature structures due to their lower overall free energy.  

 

4.3.10 Dynamic Light Scattering of NP Assemblies 

Further information about the solution behaviour of these particles could be determined 

by determining the hydrodynamic radii (rh) by dynamic light scattering (DLS). The PMMA-154 

material appears to have undergone higher degrees of aggregation during the initial self-

assembly experiments (RNaCl), as noted from the large aggregation numbers and high 

polydispersity (Table 4.8). With the addition of salt (RNaCl), the particles appear to undergo less 

aggregation and become much less polydisperse. This suggests that the aggregation results from 

the charged nature of the polymer brushes. As the PMAA chains have a partial charge, there are 

electrostatic interactions between these chains and the CdS surfaces of other NPs in solution.63 

This electrostatic interactions may be enough to cause aggregation, despite the PMAA charge 
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repulsion from surface chains. As salt is added, the PMAA charge is mitigated by the NaCl ions. 

The interactions between NPs are limited and aggregation is suppressed. 

 While values for the PMMA-154 sample were obtained in full, the PMMA-54 showed 

high levels of macroscopic precipitation upon self-assembly. Rigorous filtration of these samples 

was performed in an attempt to collect data, but the low dispersability afforded by the short 

PMAA blocks left little to no material in the solution phase. This aggregation likely also arises 

from the PMAA/CdS core electrostatic interaction. Since these PMAA chains are shorter, the 

particles can pack together tighter and the strength of the interaction will be stronger. This leads 

to aggregation and precipitation, even in the presence of salt. 

Table 4.8. Summary of rh Values Determined from Cumulant Analysis for the Self-Assembly of 

PS/PMAA-(CdS) NPs in Aqueous Solution by DLS  

 RNaCl c0 = 0.25 wt % c0 = 0.50 wt % c0 = 0.75 wt % c0 = 1.00 wt % 

PMMA-154 0.0 460 ± 130 860 ±120 810 ±160 710 ± 60 

 1.5 164 ± 2 158 ± 2   

 3.0 160 ± 2 164 ± 1   

PMMA-54 0.0 860 ± 80 -- -- 580 ± 140 

 1.5 -- --   

 3.0 -- --   

-- Many of the PMMA-54 samples underwent macroscopic precipitation and values could not be 

obtained. All values are in nm. 
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 CONTIN analysis was also performed on each sample to determine the shape of the 

distribution of hydrodynamic sizes. Figure 4.32 shows a CONTIN plot for all of the above 

samples, showing that each of them presented as a single distribution.  
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Figure 4.32. Hydrodynamic particle size distribution from CONTIN analysis of dynamic light 

scattering of PMMA-154 NPs under the following conditions: A) c0 = 0.25 B) c0 = 0.50 C) c0 = 

0.75 D) c0 = 1.00 E) c0 = 0.25, RNaCl = 1.5 F) c0 = 0.50, RNaCl = 1.5 G) c0 = 0.50, RNaCl = 1.5 and 

H) c0 = 0.50, RNaCl = 3.0. Also contains CONTIN analysis of PMMA-54 NPs with I) c0 = 0.25 

and J) c0 = 1.00. These results were obtained at a 90 o scattering angle and concentration of ~0.1 

mg/mL. 
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4.3.11 Laser Scanning Confocal Fluorescence Microscopy 

 The ability of CdS QDs to fluoresce under specific excitation wavelengths allows for the 

probing of the surface region with LSCFM. Figure 4.33 shows an LSCFM image for A) PMMA-

154 and B) PMMA-54 deposited on glass from an aqueous solution when c0 = 0.50 wt % and 

RNaCl = 0.0. Each image shows the fluorescence of the NPs that arises from the QDs situated on 

the surface of the NP. While the optical resolution of this technique is limited below 200 nm 

(rendering any internal structure undetectable), this technique shows that even in their self-

assembled state, the PS/PMAA-(CdS) particles continue to fluoresce.  

 

Figure 4.33. LSFCM images of A) PMMA-154 and B) PMMA-54 at c0 = 0.50 and RNaCl = 0.0. 

λex = 488 nm, λem > 515 nm. 
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4.4 Conclusion 

This work has shown the synthesis, characterization and self-assembly of PS/PMAA-

(CdS) NPs synthesized from PS-b-PAA-b-PMMA triblock copolymers that had variable PMMA 

lengths. Previous chapters have shown how changing the composition of the brush has a major 

effect on the assemblies created in THF/H2O mixtures. By using a triblock copolymer template, 

the brush composition could be maintained at a 50/50 ratio of PS/PMAA, allowing the effects of 

brush lengths on self-assembly to be examined. Evidence suggests that the NPs formed a patchy 

or Janus mixed polymer brush around a core CdS QD with similar aggregation numbers and 

chains densities. The particles were stable in a series of solvents and showed good optical and 

fluorescent properties.  

There are a few trends to be deduced from the self-assembly of PS/PMAA-(CdS). When 

comparing the given PS/PMAA-(CdS) NPs, the length of the PMAA polymer brush appears to 

have little control over the resultant morphology found in self-assembly when the brushes are in 

a 1:1 ratio. There is a noted difference in the size of the spheres produced by each block length at 

low c0, as the PMMA-54 produces larger spheres than the PMMA-154. The size of the lumen of 

compound vesicles at c0 = 0.50 and 0.75 also appears to increases as the PMAA block length 

decreases. It should be noted that previous work by Guo et al.63 used a PS-b-PAA-b-PMAA 

triblock copolymer chain in which the PS and PMAA brushes were more equivalent in length to 

create a wide variety of structures not seen in this work, suggesting that more data is required 

before a true conclusion about the effect of block length can be drawn. It is hypothesized that the 

length of the PMAA chains are playing a role in the structures found when salt was added, as this 

may explain a counter intuitive increase in curvature for the PMMA-54 NP self-assembly. 

Changes in co and RNaCl both appear to decrease the internal curvature of the self-assembled 
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macrostructures as a result of higher aggregation numbers in the interface and screening of 

electrostatic interactions.  
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Chapter 5 

Conclusions and Future Work 
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5.1 Conclusions  

 In this thesis, we have shown the synthesis of amphiphilic polymer brush functionalized 

nanoparticles (PBNPs) using a block copolymer templated approach. This technique allowed for 

the control of brush composition and polymer chain length to determine their effects on the self-

assembly of these nanoparticles.  

 Previous work in our group focused on the use of a triblock copolymer templated 

approach to making PBNPs. This current work expanded on the triblock approach by producing 

PBNPs with different hydrophilic block lengths than those reported by Guo. This approach 

yielded PBNPs with similar brush distributions, aggregation numbers and chain densities, despite 

the difference in PMAA block length, allowing for comparison of the effect block length has on 

self-assembly. We then used blends of diblock copolymers to produce mixed micelles with four 

different brush compositions that had minimal differences in aggregation number and chain 

density.  Structural control within the brushes via chain length and composition lead to control of 

the interparticle interactions as the particles undergo amphiphilic self-assembly. The varied 

nature of the brush composition and the induced particle anisotropy are responsible for the great 

number of morphologies produced by the self-assembly process.  

Each templated approach yielded control over the brush composition in separate ways. 

The triblock approach allowed for the alteration of the brush composition when the ratio of 

hydrophobic to hydrophilic chains remained even by changing a the length of the hydrophilic 

block, while the diblock approach allowed for the creation of a system in which both the brush 

composition and the ratio of hydrophobic to hydrophilic chains was dissimilar between samples. 

The addition of the innovative diblock copolymer templated approach to creating mixed brush 



204 
 

NPs gives scientists a new technique for creating type III PBNPs synthesized with a specific 

brush composition.  

The results of the self-assembly experiments found within this work draws direct 

parallels with the trends and assemblies found in amphiphilic block copolymer micelle self-

assembly. The introduction of inorganic NPs into the amphiphilic framework serves to add a new 

structural component at the interface of hydrophobic and hydrophilic regions. The parallels 

between the amphiphilic self-assembly of PBNPs and block copolymer micelles would suggest 

that regardless of the size and the diversity of particle or molecule involved, the nature of their 

self-assembly would remain the same. The phase diagrams presented would prove effective in 

predicting not only PS/PMAA-(CdS) systems, but a multitude of other systems driven by 

amphiphilicity.  

Within this work, a host of variables were tested to determine their effect on the 

amphiphilic self-assembly of the synthesized NPs. Six different morphologies were assembled 

from the fine-tuning of these variables. With the knowledge gathered in this work, future 

researchers will have the ability to select specific morphologies for use in a wide range of 

applications. For example, if specific structures, such as vesicles, could be targeted, these 

assemblies could play a role as transportation vehicles for drug delivery. PBNPs also have the 

advantage of having an integrated inorganic nanoparticle; a component not shared by block 

copolymer micelles. When the tunability of the assemblies is combined with the properties of the 

materials, these materials can be chosen for even more specific roles.  The fluorescent nature of 

these particles has been demonstrated and may be well suited to new applications in imaging. 

Their ability to disperse in aqueous solutions portends the possible use of these particles in blood 

and other aqueous media. By now having the capability to control the morphologies produced 
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and understanding the underlying patterns of amphiphilic self-assembly of PBNPs, we can now 

attempt to move these particles from the laboratory to everyday life. 

  

5.2 Future Work 

 One of the most important experiment required for this data is to reproduce this data 

multiple times. As each self-assembly experiment was only performed once at each condition, 

repeated experiments are needed to prove that the perceived morphologies are indeed the correct 

ones. Further annealing experiments must also be performed to determine if compound vesicles 

are kinetic or thermodynamic structures. 

 The construction of the phase diagrams based on the generated assemblies creates a 

useful tool for predicting and targeting specific morphologies, but the phase diagrams that focus 

on the addition of salt are limited due to the lack of data above c0 = 0.50 wt %. Further assembly 

experiments could be performed at these salt contents above c0 = 0.50 wt % in order to complete 

the phase diagrams. 

 While the current work with the NPs constructed via the triblock copolymer template 

showed many well-known morphological varieties, the more exotic worm species viewed by 

Guo were not present under these conditions. A gap remains between the more symmetric brush 

construction of Guo’s NPs and the asymmetric nature of the current work, suggesting samples of 

greater hydrophilic block length are needed to bridge the gap between the two works.  

 While Chapter 2 of this work focused on the effects of brush composition and Chapter 4 

focused on the block length when the number of hydrophilic and hydrophobic chains are 

equivalent, neither study truly holds the brush composition steady. Future work could look into 
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PBNPs in which equal numbers of polymer chains are found on the CdS QD, but the length of 

the hydrophobic and hydrophilic brush will both be changed so that the overall composition of 

the brush remains constant to truly test the effect of block length on self-assembly.  

The use of a PS/PMAA polymer brush limits the use of these NPs in the human body. 

With an understanding of how brush composition and chain length affect self-assembly, 

investigation can turn to more biocompatible polymers to allow for their use in medical 

applications. As vesicles are one morphology that has been assembled under a few sets of 

conditions, they could serve as transport materials in the bloodstream given the proper polymer. 

 The selection of different inorganic NPs instead of CdS would act to broaden the 

practicality of these PBNPs for many applications. The magnetic nature of Fe2O3 or the surface 

plasmon associated heating of Au nanoparticles present intriguing opportunities once placed 

inside an amphiphilic polymer brush. Essentially any inorganic nanoparticle could benefit from 

the solubility and selective self-assembly presented by these materials.  
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     Appendix 

Appendix A 

Synthesis of Polystyrene-b-poly(tert-butyl acrylate)-b-poly-(methyl methacrylate) (PS-b-

PtBA-b-PMMA) Triblock Copolymer.  

The triblock copolymer that was used as a precursor material in the Chapter 4 was 

synthesized using anionic polymerization techniques by previous co-worker Gavin Phinney as 

described elsewhere in the literature.1,2,3 All monomers were stirred over calcium hydride for 24 

h, distilled under vacuum, and stored under nitrogen at 20 °C. Immediately prior to the 

polymerization reaction, styrene, tert-butyl acrylate, and methyl methacrylate monomers 

(Aldrich) were further purified by the addition of fluorenyllithium to styrene, and 

triethylaluminum to tert- butyl acrylate and methyl methacrylate, followed by vacuum distillation 

into flame-dried cylinders. The tetrahydrofuran (THF) reaction solvent was freshly distilled 

following reflux over sodium/ benzophenone. Solvents, monomers, and initiator were transferred 

using rigorous Schlenk-line techniques under ultrahigh-purity (UHP) nitrogen atmosphere and 

vacuum. Several drops of R-methylstyrene (Aldrich) were added to the reaction flask containing 

LiCl (10 mol of LiCl:1 mol of sec- butyllithium) dissolved in THF. The sec-butyllithium initiator 

(1.3 M in hexanes, Aldrich) was then added dropwise until a dark red color persisted, followed 

by the addition of the desired quantity of initiator. The reaction flask was cooled to -78 °C using 

a dry ice/ acetone bath, followed by the sequential addition of styrene, tert-butyl acrylate, and 

methyl methacrylate monomers, allowing 30 min for the polymerization of each block. Aliquots 

of the reaction mixture were withdrawn following polymerization of each of the first two blocks 

(PS and PtBA) for analysis by gel permeation chromatography (GPC). Finally, the 

polymerization reaction was terminated by the addition of degassed methanol. 
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Figure A1. GPC spectrum (refractive index detector) of PS-b-PtBA-b-PMMA for PMMA-54  

 

Figure A2.  GPC spectrum (refractive index detector) of PS-b-PtBA-b-PMMA for PMMA-154  
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Figure A3. Schematic depicting the peak labels of PS-b-PtBA-b-PMMA  

 

 

Figure A4. 1H NMR spectra of PS-b-PtBA-b-PMMA when PMMA-54.  
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Figure A5. 1H NMR spectra of PS-b-PtBA-b-PMMA when PMMA-154. 

 

Table A1. Molecular Weight Information as Determined by GPC and 1H NMR3 

x Mw (g/mol) Mw/Mn NPS NPtBA NPMMA 

54 52351 1.015 361 77 54 

154 62874 1.023 361 77 154 
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Appendix B. Peak Deconvolution of GPC Spectra 

 

Figure B1. Peak deconvolution of the GPC spectrum refractive index detector) produced by fPS = 

0.8 PS/PMAA-(CdS) NPs. The original spectrum is in black, the NP peak deconvolution is in 

green and the single chain deconvolution is in blue and the sum of the two deconvolution peaks 

are in red. 
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Figure B2. Peak deconvolution of the GPC spectrum refractive index detector) produced by 

PMMA-54 PS/PMMA-b-PACd NPs. The original spectrum is in black, the NP peak 

deconvolution and the single chain peaks are in green and the sum of the two deconvolution 

peaks is in red. 
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Figure B3. Peak deconvolution of the GPC spectrum refractive index detector) produced by 

PMMA-54 PS/PMMAXL(CdS) NPs. The original spectrum is in black, the NP peak 

deconvolution and the single chain peaks are in green and the sum of the two deconvolution 

peaks is in red. 
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Figure B4. Peak deconvolution of the GPC spectrum refractive index detector) produced by 

PMMA-54 PS/PMAA-(CdS) NPs. The original spectrum is in black, the NP peak deconvolution 

and the single chain peaks are in green and the sum of the two deconvolution peaks is in red. 
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Appendix C. UV-Visible Spectroscopy Threshold Determination 

 

Figure C1. UV-Visible spectra of fPS = A) 0.7 B) 0.8 and C) 0.9 PS/PMMAXL(CdS) NPs in THF 

showing the threshold determination from the extrapolation of the steepest part of the curve and 

the extrapolation of the baseline. 
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Figure C2. UV-Visible spectra of PMMA-54 PS/PMMAXL(CdS) NPs in THF showing the 

threshold determination from the extrapolation of the steepest part of the curve and the 

extrapolation of the baseline. 
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Appendix D TEM Images of Self-Assembly 

 

Figure D1. TEM images of fPS = 0.5 when RNaCl = 0.0 and c0 = A,B) 0.25 wt % C,D) 0.50 wt % 

and E,F) 0.75 wt % 
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Figure D2. TEM images of fPS = 0.5 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  
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Figure D3. TEM images of fPS = 0.5 when RNaCl = 3.0 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  
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Figure D4. TEM images of fPS = 0.7 when RNaCl = 0.0 and c0 = A,B) 0.25 wt % C,D) 0.50 wt % 

E,F) 0.75 wt % 
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Figure D5. TEM images of fPS = 0.7 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  
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Figure D6. TEM images of fPS = 0.7 when RNaCl = 3.0 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  

 

 

 

 

 



241 
 

 

 

Figure D7. TEM images of fPS = 0.8 when RNaCl = 0.0 and c0 = A,B) 0.25 wt %  C,D) 0.50 wt % 

and E,F) 0.75 wt % 
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Figure D8. TEM images of fPS = 0.8 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  
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Figure D9. TEM images of fPS = 0.8 when RNaCl = 3.0 and c0 = A,B) 0.25 wt % and C,D) 0.50 wt 

%  
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Figure D10. TEM images of fPS = 0.9 when RNaCl = 0.0 and c0 = A,B) 0.25 wt % C,D) 0.50 wt % 

and E,F) 0.75 wt %  
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Figure D11. TEM images of fPS = 0.9 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 0.50 

wt %  
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Figure D12. TEM images of fPS = 0.9 when RNaCl = 3.0 and c0 = A,B) 0.25 wt %  
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Figure D13. TEM images of PMAA-54 when RNaCl = 0.0 and c0 = A,B) 0.25 wt % C,D) 0.50 wt 

% and E,F) 0.75 wt % 
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Figure D14. TEM images of PMAA-54 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 0.50 

wt %  
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Figure D15. TEM images of PMAA-54 when RNaCl = 3.0 and c0 = A,B) 0.25 wt % and C,D) 0.50 

wt %  
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Figure D16. TEM images of PMAA-154 when RNaCl = 0.0 and c0 = A,B) 0.25 wt % C,D) 0.50 

wt % E,F) 0.75 wt % and G,H) 1.00 wt % 
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Figure D17. TEM images of PMAA-154 when RNaCl = 1.5 and c0 = A,B) 0.25 wt % and C,D) 

0.50 wt %  
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Figure D18. TEM images of PMAA-154 when RNaCl = 3.0 and c0 = A,B) 0.25 wt % and C,D) 

0.50 wt %  
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