
 

Atom Transfer Radical Polymerization in Aqueous Media Using Different 
Water-Soluble Initiators and Ligands 

 

 

Thesis by 

Nasser M. Sharahili 

 

 

 

                                              In Partial Fulfillment of the Requirements 

      For the Degree of  

       Master of Science  

 

 

King Abdullah University of Science and Technology, Thuwal,  

Kingdom of Saudi Arabia 

  

 

 

©July 2020 

Nasser M. Sharahili 

All rights reserved 



2 
 

EXAMINATION COMMITTEE PAGE 

 

 

 

 

The thesis of Nasser Sharahili is approved by the examination committee 

 

 

 

 

Committee Chairperson: Distinguished Professor Nikos Hadjichristidis 
Committee Members: Professor Suzana Nunes, Professor Luigi Cavallo  
 

 

  
 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



3 
 

ABSTRACT 

Atom transfer radical polymerization in aqueous media using different 
water-soluble initiators and ligands 

 

Nasser Sharahili 

Styrene and methyl methacrylate have been polymerized successfully through atom 

transfer radical polymerization (ATRP) in aqueous dispersed media (emulsion ATRP). The 

thesis is divided into four experimental parts. In the first part, a water-soluble initiator 

was prepared for emulsion ATRP and utilized under various conditions in the presence of 

two ligands N, N, N’, N’’, N’’-Pentamethyldiethylenetriamine and 2,2’-bipyridine to attain 

activation/deactivation only in the oil phase with Tween 20 as a non-ionic surfactant. The 

initiator was synthesized by the reaction of diethanolamine with α-Bromoisobutyryl 

bromide in anhydrous tetrahydrofuran. 1H NMR spectroscopy (500 MHz, deuterium 

oxide, or chloroform-d) was performed to confirm the successful synthesis of the initiator 

and polystyrenes. In the second and third parts, two commercial initiators were used, 

poly(ethylene glycol) methyl ether 2-bromoisobutyrate (Mn= 2000 g/mol), and 2-

hydroxyethyl 2-bromoisobutyrate (Mn= 211.05 g/mol). BPY, tris(2-pyridylmethyl) amine 

and 4, 4’-dinonyl -2, 2’-dipyridyl were used as the ligands with various molar ratios. 

Polyoxyethylene (80) sorbitan monooleate, and polyoxyethylene (20) oleyl ether were 

used as non-ionic surfactants. In the fourth part, a macroinitiator was synthesized by the 

reaction of polyoxyethylene (20) stearyl ether with α-Bromoisobutyryl bromide. The 

formation of the macroinitiator as well as the successful synthesis of poly(ethylene 

glycol)-b-polystyrene, and poly(ethylene glycol)-b-poly(methyl methacrylate) block 
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copolymers were confirmed by Fourier transform infrared and 1H NMR spectroscopies. 

The molecular weight of the resulting polymers, as well as the stability of the emulsion 

systems, were evaluated by gel permeation chromatography and dynamic light 

scattering, respectively. 
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Chapter 1: introduction  

1.1 Atom Transfer Radical Polymerization Background 

Conventional radical polymerization has many limitations in terms of the synthesis of 

polymers with architectural control.1 In 1995, atom transfer radical polymerization (ATRP) 

was discovered by Krzysztof Matyjaszewski.2, 3 It is one of the living/controlled types of 

radical polymerization that can be used to synthesize polymers with predetermined 

molecular weights, end functionalities (side-functional group, end-functional group, 

telechelic, macro-monomer, and multifunctional), and different topologies (linear, star, 

multi-arm, graft/comb, [hyper]branched, network/gel, and cyclic) and compositions 

(statistical copolymer, periodic copolymer, gradient copolymer, and block copolymer) 

(Figure 1).4 

Figure 1.1 Various macromolecular architectures that can be achieved by ATRP. 
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ATRP has been conducted and developed extensively in bulk and solution as a 

homogeneous system and dispersion medium as a heterogeneous system.4 In particular, 

ATRP in the aqueous medium has received attention over the past two decades.5 Water 

is a commonly used solvent in ATRP as a continuous medium. It is economically and 

environmentally more advantageous than volatile organic solvents. It also has excellent 

heat dissipation throughout the polymerization process, access to high polymer fractions 

given its low viscosity, a better agitation of components, and an ease of handling the final 

polymer latex.6 Mechanistically, ATRP is controlled by an equilibrium between dormant 

species and propagating radicals. The mechanism consists of two steps: initiation and 

propagation (Figure 2). In the initiation step, the dormant low molecular weight species 

(R_X, alkyl halide) or macromolecular species (Pm
_X) are cleaved by a function of a catalyst 

complex in a low oxidation state Mt/L (Mt: transition metals; Ln: ligands) to form radicals 

(R•ֹ) or growing oligo/polymeric radicals (P•
m) and the corresponding deactivator catalyst 

complex at a higher oxidation state (Mtm+1/L). Afterward, a vinyl monomer is added to 

the radical (R•) to form a propagating site (P•
n). The propagating site is rapidly and 

reversibly deactivated via a back transfer of the halide atom from the deactivator to 

reform the dormant species and the activator at a low oxidation state. Typically, the 

copper halide is one of the most utilized transition metal catalysts, owing to its low price 

among other transition metals (Fe, Ru, Mo, etc.).7 To establish an excellent ATRP 

equilibrium, the rate of deactivation must be greater than the rate of activation. Thus, the 

dormant species become more abundant than the radicals, and the equilibrium shifts 

toward the dormant species side, where the initiation rate is higher than the propagation 
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rate, resulting in a uniform initiation of polymer chains. In ATRP, the rate of reaction 

depends on multiple factors—such as the propagation rate constant, the concentration 

of radicals, and monomer concentrations—to control the rate of equilibrium. Generally, 

an appropriate selection of ATRP reaction conditions must be considered—a good 

transition catalyst complex, solvents, temperature, and initiators—to conduct 

controllable polymerization with the targeted properties.8–11 The structure of the ligands, 

the reaction conditions (solvent, temperature, pressure), and the dormant species can 

significantly influence the rate constant, the activator (Kactiv), the deactivator (Kdeact), and 

the equilibrium constant, KATRP (Figure 3).  

 

Figure 1.2 The general mechanism of atom transfer radical polymerization (ATRP).1 
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The design of the polymer with a narrow polydispersity index (PDI) can be achieved once 

the following requirements are fulfilled (Figure 4)12, 13:  

A. The rate of propagation (RP) must be lower than the rate of initiation (Ri) so that 

the entire chains can grow uniformly.  

B. The chain transfer or termination must be highly negligible. 

C. The deactivation rate must be higher than the propagation rate to assure 

reversible deactivation. 

ATRP has been reported in the homogeneous system (bulk and solution) and, more 

recently, in the heterogeneous system (mini-emulsion, emulsion, micro-emulsion, 

suspension, and dispersion, etc.).11 However, implementing ATRP to a waterborne system 

is not straightforward given some limitations and challenges associated with different 

forms of particle nucleation and mass transport compared to ATRP in the homogeneous 

system. 5 

 

Figure 1.3 Formula to determine the equilibrium constant (KATRP) in ATRP. 

1.2 Various Polymerizations in an Aqueous Dispersed Medium 

Controlled/living radical polymerization, also known as reversible-deactivation radical 

polymerization (RDRP), is a robust technique to prepare polymers with controllable 



17 
 

microstructures in a waterborne system.14 Various methods have been reported and 

enhanced for controllable purposes, including iodine transfer polymerization (ITP),15, 16 

ATRP,4, 17, 18 nitroxide-mediated living-free radical polymerization (NMP),19–21 and the 

reversible addition-fragmentation chain transfer agent (RAFT).22–24 

Figure 1.4 Formula to determine the PDI of a polymer synthesized by ATRP. 

ATRP is the most common method among the other living controlled radical 

polymerization methods in an aqueous-based system. Polymerization in water is the most 

applicable technique to prepare polymers with colloidal particles and of various polymer 

sizes. These two criteria are usually achieved in bi-phasic systems: the monomer/polymer 

as a dispersed phase and water as a continuous phase. Most importantly, each dispersed 

system (emulsion, mini-emulsion, suspension, micro-emulsion, and dispersion) has its 

own criteria: (1) final polymer particle size, (2) initial state of the polymer mixtures, (3) 

polymerization kinetics, and (4) particle formation mechanism (Figure 5).25  

1.2.1 Suspension Polymerization  

Suspension polymerization is the oldest polymerization technique, and it is used in the 

industrial scale to prepare multi-disperse polymers with bead sizes varying between 10 

μm and 0.5 mm. A bi-phasic system consists of a monomer (hydrophobic or scarcely 
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soluble in water, such as styrene) as a dispersed phase and water as a continuous phase 

as well as an oil-soluble initiator (such as peroxides or Azo compounds), where the 

initiation–propagation steps take place inside the monomer droplets. Thus, each droplet 

is considered as a separate bulk reactor. A stabilizing agent is used to prevent 

coalescences and to keep the polymer beads stable throughout the polymerization 

process.26 

Figure 1.5 Various dispersed systems in a water polymerization system.5 

1.2.2 Emulsion Polymerization 

Emulsion polymerization is similar to suspension in a bi-phasic system and water-

immiscible (or scarcely soluble) monomers in the water. However, the monomer droplets 

are emulsified by the addition of surfactant agents whose concentration exceeds the 

critical micelle concentration (CMC). The initiator is typically water-soluble, although 

hydrophobic initiators can be used. Most monomers exist in 1–10 μm or bigger droplets, 
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and some monomers present in the form of surfactant-solubilized micelles, with a size of 

approximately 5–10 nm, and can be molecularly dissolved in water. The homogeneous 

nucleation and/or micellization process takes place in the water phase. Afterward, the 

monomer is diffused from a big monomer droplet through the water to the formed 

micelles. The primary consumption of monomer droplets leads to the diffusion of the 

monomers to the formed particles. The monomers continuously diffuse through the 

water from the big monomer droplet to “monomer-swollen micelles” until the entire 

monomers are consumed. Emulsion typically produces colloidal particles with a diameter 

between 50 and 500 nm as well as a mono-disperse distribution.27–29  

1.2.3 Mini-emulsion Polymerization 

Some highly hydrophobic monomers such as lauryl and stearyl methacrylate cannot be 

polymerized simply by using emulsion because mass transport from big monomer 

droplets to the formed micelles or particles is difficult. Therefore, mini-emulsion has been 

developed to overcome this issue. The mechanism of mini-emulsion requires the 

premixing of all the necessary components before polymerization, followed by a pre-

sharing step, such as ultra-sonication/ultrasound homogeneity. The droplet size is 

mechanically reduced to delay the Ostwald ripening (transfer of monomers from small 

droplets to large droplets) to minimize the total surface energy of the system. As a 

consequence, polymers with narrow size distribution and comparatively small droplets 

are created. A co-stabilizer is necessary to sustain a stable mini-emulsion system. After 

the sonication and homogenization process, the system becomes stable, and the particle 
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aggregation/coagulation is reduced; then polymerization occurs to form colloidal 

particles.  

Although mini-emulsion has some similarities with emulsion, some differences between 

the two processes can be observed, such as particle nucleation and mass transport 

phenomena. Mini-emulsion starts with stable submicron monomer droplets prepared by 

applying a high shearing force in the homogenization/emulsification steps. No micelles 

exist in the system since the surfactant has been adsorbed into the large water-droplet 

interfacial area. Free radicals enter the pre-prepared monomer droplets, known as the 

particle nucleation process, which represents the main polymerization location. 

Therefore, each monomer droplet has the same possibility to be nucleated and 

considered as a mini-bulk system. Typically, mini-emulsion forms a monodisperse 

distribution with a diameter between 1 and 10 nm.30, 31 

1.2.4 Micro-emulsion Polymerization  

Unlike the emulsion system, micro-emulsion is a thermodynamically stable system. 

Moreover, micro-emulsion is isotropic and optically transparent. It is formed directly by 

mixing the oil phase (monomer) in the continuous phase (water). A surfactant and a co-

surfactant are used as an emulsifier. Moreover, micro-emulsion does not require an 

excessive agitation or homogenization process. When the free radicals enter the 

monomer-swollen micelles/homogeneous nucleation step, the nucleated particles grow 

with the addition of the monomer to the monomer-swollen particles or via the collision 

of the particles. This technique allows the preparation of an ultrafine polymer latex with 
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a size between 1 and 10 μm. The obtained polymer latex particles can be modified by 

copolymerization or a post-polymerization reaction, attributed to the large surface area 

of the polymer latex.32, 33 

1.2.5 Dispersion/Precipitation Polymerization  

In dispersion/precipitation polymerization, a dispersant phase is used instead of water. 

The process starts with a homogeneous system, and the phase inversion rapidly takes 

place where a heterogeneous system occurs. The formed polymer is insoluble in the 

polymerization medium. The polymerization continues via the absorption of the formed 

polymer particles (initiating radical) through precipitation. An appropriate stabilizer that 

is soluble in the polymerization medium is used. Unlike in emulsion or mini-emulsion, the 

oligomer radicals precipitate as a small nucleus and then increase to the final latex size 

via a mechanism such as the seeded polymerization of the monomer on the surface of 

the nucleus, the aggregation of a tiny nucleus, or the polymerization of the monomer in 

the swollen nucleus. The particles in the dispersion media are stabilized by the stabilizer 

when it is adsorbed on the surface of the particles. In some cases, the stabilizer can be 

grafted onto the surface of the particles. Dispersion polymerization is a useful method in 

the preparation of micro-size monodisperse polymer particles with sizes of 1–15 μm.34, 35  
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1.3  Literature Review: Atom Transfer Radical Polymerization in the Emulsion System 

 

1.3.1 Homopolymers and Block Copolymers by Emulsion ATRP 

 

Studies have proven that mini-emulsion is the most feasible method to carry out ATRP in 

water. The premixing of all reagents can be done by applying mechanical force, such as 

ultrasound/sonication homogeneity, to avoid mass transport during the partitioning of 

big monomer droplets to the formed micelles. However, mechanical force is also a 

significant limitation to conduct mini-emulsion in the industry. Therefore, typical or true 

emulsion polymerization, which is also economically attractive, can be carried out using 

ATRP. An issue associated with emulsion is the higher oxidation-state catalyst’s complex 

dissociation to the aqueous medium during mass transport from the big monomer 

droplets to the formed micelles, where polymerization continues inside the monomer-

swollen particle. A delicate selection of materials used in emulsion ATRP (catalyst complex 

and emulsifiers) is crucial to achieve a controlled reaction during monomer mass 

transport phenomena.36  

The first attempt to utilize ATRP in the emulsion was reported in 1998. CuBr/2, 2-

bipyridine (BPY) was used as the catalyst complex, and sodium dodecyl sulfate (SDS) was 

used as an anionic surfactant. The polymerization of methyl methacrylate (MMA) was 

performed at 60–80°C, resulting in a high PDI. This indicates a poorly controlled 

polymerization process. This is attributed to the use of an anionic surfactant, which led to 

copper (II) bromide reacting with the sulfate anion to form copper (II) sulfate and sodium 
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bromide. As a result, the growing radicals could not be deactivated, and the 

polymerization process behaved like a conventional radical system. 

Nonionic surfactants such as polyethylene glycol (PEG; Mn = 1,000 or 4,600 g/mol) and 

Brij 97 or Brij 98 in emulsion ATRP can be used to overcome the aforementioned issues. 

PEG has been used as an emulsifier in the ATRP of n-butyl acrylate (BA) or n-butyl 

methacrylate (BMA) to produce a well-defined polymer. However, colloidal stability was 

still a challenge because of coagulation during polymerization. Upon using Brij 98 as a 

nonionic surfactant in polymerization, a stable colloidal emulsion of PBMA was obtained. 

In contrast, another type of nonionic emulsifier, Brij 97, did not stabilize the emulsion 

latex, and coagulation was observed.37 This is might be ascribed to a low hydrophile-

Liophile balance (HLB) value compared to Brij 98. 

In another study reported by Chambard et al. (2000), MMA was polymerized via emulsion 

ATRP. Two synthesized ligands were studied, 2-pyridinecarbaldehyde-3, 3-

dipenylpropylimine(dPP) and 4, 4’-diheptyl-2, 2’-bipyridine (dHbpy). Polyoxyethylene 

alkyl phenyl ethers (cloud point above 100°C) as a nonionic surfactant and ethyl 2-

bromoisobutyrate (EBiB) was used as the initiator. A controllable reaction with CuBr/dPP 

of up to 60% conversion was maintained. Afterward, the control was lost because of the 

low deactivation step. In contrast, CuBr/dHbpy showed better control throughout the 

entire reaction given the superior partitioning of the oxidized catalyst between the 

phases.38  
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In a study conducted by Jousset et al. (2001), MMA also was polymerized through direct 

and reverse emulsion ATRP. In the first experiment, CuBr/dNbpy was used as a catalyst, 

and EBiB was used as the oil-soluble initiator. In the second one, 2, 2′-azobis[2-(2-

imidazolin-2-yl) propane] dihydrochloride (VA-044) was used as the water-soluble 

initiator. Various nonionic surfactants were investigated: Brij types (Brij 97 and Brij 98), 

alkylphenol ethoxylates (NP10, Igepal CO-720, HV25, Igepal CO-850, Makon30, and 

TritonX-405), and polyoxyethylene sorbitan monolaurate (Tween 20). Although not all the 

nonionic surfactants showed stable colloidal systems, the living characteristic was 

observed. Moreover, the best molecular weight and colloidal stability were obtained with 

HV 25 as the emulsifier.39 

In a study carried out by Peng et al. (2003), BMA was polymerized via reverse ATRP. Bis[2-

(N, N-dimethyl amino)ethyl] ether (bde), dNbpy, and BPY were used as ligands. SDS, 

poly[(oxyethylene-23) lauryl ether] (Brij 35), and poly[(oxyethylene) nonyl phenyl ether] 

(OP-10) were used as anionic and nonionic surfactants. CuCl2 was used as a catalyst, and 

azobisisobutyronitrile (AIBN) was used as the initiator. Polymerization was performed for 

10 h at temperatures of 80–85°C. The anionic surfactant, SDS, showed a high PDI = 3.8. 

However, Brij 35 and dNbpy were given a stable emulsion with a low PDI.40  

Furthermore, a study was conducted in 2003 to investigate BMA polymerization with the 

same catalysts mentioned above. Brij 35 was used as a nonionic surfactant, and 

synthesized ethyl 2-bromopropionate was used as the initiator. The purpose was to carry 

out an additional investigation on the catalyst complex performance, in particular the 
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partitioning in the heterogeneous system between BMA and water. Although not all the 

three catalyst systems were restricted to the oil phase, the more hydrophobic catalyst 

system CuCl/dNbpy showed a well-controlled polymerization process. In contrast, the less 

hydrophobic catalyst systems CuCl/BPY and CuCl/Bde were less sufficient.40 

In 2005, the polymerization of BMA was catalyzed and initiated using dNbpy and ethyl 2-

bromopropionate. Polyoxyethylene (23) lauryl ether (Brij 35) was used as the nonionic 

surfactant. The polymerization of BMA was investigated under different conditions, such 

as the temperature, amount of catalysts, the emulsifier, and the initiators. The results 

showed that a further increase in catalyst concentration led to a higher reaction rate and 

particle size distribution; however, coagulum was still an issue. Therefore, an additional 

amount of CuCl2 could resolve this issue and increase the reverse rate of the deactivation 

step. Moreover, as the surfactant concentration was increased from 1 wt% to 3 wt% (vs. 

water), the molecular weight was increased with the conversion, indicating a negligible 

chain transfer reaction. Overall, temperatures of 75–95°C and initiator concentrations of 

0.001–0012 mol/L, were investigated. The results showed that the polymerization rate 

increased with temperature. On the other hand, colloidal stability was decreased because 

of the coagulum. Finally, a stable emulsion latex and a well-controlled Mn were achieved 

with the optimum reaction conditions.41  

 In another study reported by Eslami et al. (2005), a 2-ethylhexyl methacrylate (EHMA) 

monomer was polymerized using EBiB as the initiator, dNbpy as a catalyst, and five 

surfactants: three nonionic surfactants (Brij 98, tween 80, and Brij 97); and two cationic 

https://www.sciencedirect.com/science/article/pii/S003238610500577X#!
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surfactants (dodecyl trimethyl ammonium bromide or DTAB and myristyl trimethyl 

ammonium bromide or MTAB). The effects of CuBr2 addition, surfactant types, 

temperature, and initiator/monomer ratios on polymer livingness were investigated. 

Both the cationic surfactants, DTAB and MTAB, were proven to be inappropriate in 

emulsion ATRP. The former showed 90% coagulum, and the latter showed a high PDI = 

2.59. Although nonionic surfactants Brij 98 and tween 80 performed better than the 

cationic surfactants, Brij 97 showed 83% coagulum. Furthermore, as the temperature 

increased (30 °C, 40 °C, and 50 °C), the coagulum percentage increased with both Brij 98 

and tween 80. Likewise, as the tween 80 content was minimized from 15 wt% to 12 wt% 

(vs. monomer), the coagulum increased from zero to 61%. As a result, adding 5% of CuBr2 

was necessary to generate a polymer with a narrow PDI and a stable emulsion system.42  

Copolymerization of EHMA with MMA has been conducted by Eslami et al. in emulsion 

and bulk polymerization to form PEHMA-b-PMMA. First, 1, 4-butylene glycol di-(2-

bromoisobutyrate) (BGDBiB) was used as a bi-functional initiator for the emulsion 

polymerization, CuBr/dNbpy as a catalyst complex, and tween 80 as the emulsifier. 

Therefore, PMMA-b-PEHMA-b-PMMA triblock copolymer was generated when MMA was 

added to the living PEHMA macroinitiator. This was proven with a linear increase in Mn 

along with the polymer conversion. An additional 10% of CuBr2 resulted in further 

improvement in the Mn. However, a further increase in CuBr2 showed a lower reaction 

rate and less emulsion stability. Nonetheless, the low pre-polymerization temperature 

was found to produce a stable latex. Finally, the bulk copolymerization of EHMA and MMA 
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was carried out at 70°C to measure the reactivity ratios of EHMA and MMA. The results 

were 0.930 and 0.903, respectively.43  

Regardless of what has been done so far, the partitioning of the copper catalyst system 

from a big monomer droplet through an aqueous phase to monomer-swollen particles 

still challenges direct emulsion ATRP. Therefore, Matyjaszewski et al. (2006) reported 

successful ab initio polymerization from a micro-emulsion to a seeded emulsion system 

(“two-step emulsion ATRP”) by implementing the activator generated by the electron 

transfer (AGET) method. Styrene and BA were used as monomers, CuBr2 as a highly 

oxidative catalyst, Brij 98 as the emulsifier, ascorbic acid (AA) as a reducing agent, EBiB as 

the initiator, and Bis(2-pyridyl methyl) octadecyl amine (BPMODA) as a ligand. First, BA 

was polymerized via micro-emulsion at 60 °C. When the polymer reached 50% 

conversion, the rest of the BA monomer was added ten minutes later than the initiation 

step. Thence, the ab initio emulsion was formed in situ. Subsequently, the block 

copolymer of PBA-b-PS was generated by the addition of styrene to an ab initio emulsion 

system. As a result, a polymer with PDI = 1.2–1.4 and a stable latex with a particle size of 

100 nm was obtained. A sufficient reduction in surfactant concentration from ∼75 wt% 

to ∼12 wt% (vs. monomer) was achieved.44  

Another study reported the preparation of a controlled block copolymer of iso-butyl 

methacrylate (iso-BMA) with styrene via two-step polymerization as well as the mini-

emulsion of a poly(iso-BMA) macro-initiator to a seeded emulsion system. A well-defined 

living polymer was achieved, proven by Mn improvement and a stable polymer latex.45  
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Two-step sequential emulsion copolymerization was reported in 2009 to prepare a one-

pot synthesis of hairy particles. In the first step, a micro-emulsion of MMA via AGET ATRP 

was conducted to prepare a nanogel core. Ethylene dimethacrylate was used as a cross-

linker, CuBr2 as a catalyst, Brij 98 as an emulsifier, and AA as a reducing agent to form the 

microemulsion reaction conditions at 60 °C and 100 rpm. Around 1.2 h after the initiation 

of micro-emulsion ATRP, the second monomer, BA, was then added to convey ongoing 

micro-emulsion to seeded emulsion (hairy particles). The temperature and agitation 

speed were increased to 80 °C and 600 rpm, respectively. As a result, micro-emulsion 

nanogel particles increased from 38 nm to 100 nm, with a PDI from 1.2 to 1.3.46 

Cheng et al. (2010) conducted AGET/ARGET emulsion ATRP of MMA. A surface-active 

macro-initiator, disodium 4-(10(2-bromo-2-methylpropanoyloxy)decyloxy)-4-oxo-2-

sulfonatobutanoate was prepared and used as an emulsifier and an initiator, with 

CuBr2/BPY as a catalyst complex and AA as a reducing agent. A copper (II) complex was 

premixed with MMA, followed by the addition of the initiator at 80 °C. After that, AA was 

added gradually to initiate the reaction, giving a stable latex with a size of 254–655 nm 

and a low PDI < 1.4.47 

A study in 2011 reported the use of a cationic surface-active monomer, 11’-

(methacryloyloxy)undecyl(trimethyl)ammonium bromide (MUTAB), as a reactive 

surfactant and a co-monomer to form PBMA via emulsion AGET. The reactive monomer 

was utilized in two-step micro-emulsion to the emulsion polymerization technique at 60 

°C. CuBr2/BPMODA was used as the complex, EBiB as the initiator, and AA as a reducing 
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agent. As a result, a polymer with a stable latex of 40–200 nm and a well-controlled Mn 

was generated. The polymer’s living character was proven by an in situ chain extension of 

the PBMA macro-initiator to generate PBMA-b-PBA block copolymer.48  

Glycidyl methacrylate (GMA) was polymerized via emulsion ATRP. CuBr/BPY was used as 

the complex, Triton (such as Triton X-100 and Triton X-405) as emulsifiers, and methyl-2-

bromopropinoate (MBrP) as the initiator to prepare PGMA at 70°C. Furthermore, PGMA-

Br, as a macro-initiator, was extended with BMA to form a PGMA-b-PBMA block 

copolymer. The polymer prepared with Triton X-405 showed better performance, with an 

average particle size of 49.6 nm, and no coagulum issue with PGMA was observed. As a 

result, polymers with PDI = 1.7 of PGMA, PDI = 1.67 of PBMA, and PDI = 2 of PGMA-b-

PBMA  were obtained.49 

Rusen et al. (2013) reported the polymerization of styrene using a synthesized water-

soluble initiator. A combination of two ligands, BPY and N, N, N′, N′′, N′′-

Pentamethyldiethylenetriamine (PMDTA) was used. One is soluble in the oil phase, and 

the other is soluble in the water phase to achieve a real emulsion and not a mini-emulsion. 

CuBr was used as a catalyst and tween 60 as the nonionic surfactant. Various initiator 

concentrations (2.9 × 10−6, 5.9 × 10−6, and 1.18 × 10−5 mol/L) were used. Polymers with 

different PDI values (1.12, 1.23, and 1.41) and stable emulsion systems with average 

particle sizes (110, 154, and 280 nm) were obtained.50  

Wu et al. (2013) conducted a reverse ATR copolymerization of styrene and BA using ferric 

chloride (FeCl3.6H2O)/ethylene diamine tetra-acetic acid (EDTA) as a catalyst complex. 
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Different initiators—AIBN, potassium persulfate, 2, 2’-Azobis (2-methylpropionamidie) 

dihydrochloride (V-50), and VA-044—were used. Various emulsifiers—SDS, sodium 

dodecylbenzene sulfonate, OP-10, alkanediyl-a-ω-bis (dimethyl tetradecyl ammonium 

bromide) (CTAB), and tween 80—were investigated under the following reaction 

conditions: 80°C and [monomer]0:[initiator]0:[catalyst]0:[ligand]0 = 200/1/4/2. As a result, 

AIBN and tween 80 gave a stable colloidal system and a well-controlled Mn with a PDI < 

1.5. The disappearance of the unsaturated double bond C=C in the FTIR spectrum and a 

glass transition temperature/Tg = 17.3°C in the DSC proved the formation of a PST-b-

PBA.51  

Su et al. (2016) reported living CO2-switchable latex prepared via emulsion ATRP. PMMA 

was synthesized through reverse ATRP using CO2-switchable surfactants and initiators, 

11-(diethylamino)undecyl 2-bromomethyl propanoate as a CO2-switchable ATRP inisurf 

BrC11N, CuBr2/EHA6-TREN catalyst complex, and 2,2’-Azobis[2-(2-imidazolin-2-

yl)propane](VA-061) as the initiator. The PMMA latex was switched between the 

aggregated and dispersed states utilizing CO2 and nonacidic gases such as argon, nitrogen, 

and air as a trigger agent. Although an appropriate CO2 switchability of PMMA latex was 

observed, the polymerization process was not well controlled. Instead, mini-emulsion 

AGET was used, and hence, a well-controlled and stable polymer latex was successfully 

achieved.52  

In 2017, another polymerization of MMA via AGET was performed at 50–70°C using 

single-step and two-steps procedures in a two-liter well-mixed stirred batch reactor. Brij 
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98 and CuBr2/dNbpy were used as catalyst systems, EBiB as an initiator, and AA as a 

reducing agent. In the single-step procedure, all the components were added before 

being heated up. On the other hand, the two-step micro-emulsion procedure was 

prepared with half the amount of the MMA monomer and the AA solution, followed by 

the addition of the rest of the MMA and AA solutions to form an in situ emulsion. AGET 

ATRP of MMA showed a better result with the two-step procedure, with a PDI = 1.17 at 

34.8% conversion and PDI = 1.25 at 54% conversion.53  

Lorandi et al. (2018) also studied the ab initio emulsion ATRP of (methyl) acrylate, such as 

MMA and BA, with a water-soluble initiator, 2-hydroxyethyl-2-bromoisobutyrate (HEBiB), 

as well as SDS (18.4 wt%), AA, and Cu/Tris(2-pyridylmethyl)amine (Cu/TPMA) as a 

hydrophilic catalyst complex with sodium chloride (NaCl) to prevent the dissociation of 

Cu ions caused by complexation with water or dodecyl sulfate ions (DSˉ). As a result, a 

polymer with a stable latex and a well-controlled Mn was achieved because of the 

interaction between the hydrophilic catalyst system and the used anionic surfactant SDS 

at the interface of polymer particles, which is surrounded by the surfactant agent.54 
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1.3.2 Atom Transfer Radical Emulsion Polymerization with Dual-Functional Materials 

Emulsion ATRP uses several chemicals as catalyst/surfactant/initiator. Recently, several 

studies have been reported to conduct ATRP utilizing dual-functional compounds to 

minimize the number of utilized chemicals.  

Wei et al. (2014) synthesized a surfactant-ligand (SL) design as an amphiphilic 

macromolecule to perform surfactant-and-ligand-free ab initio emulsion ATRP. BMA was 

polymerized with SL. Moreover, the livingness of the emulsion ATRP using PBMA-Br 

macroinitiator was proven by chain extension with MMA to form PBMA-b-PMMA block 

copolymer. The study was conducted using few amounts of the free ligands (dNbpy and 

TEDETA) and emulsifiers (Brij 98 and tween 80) with the water-soluble (VA-044) and oil-

soluble (EBiB) initiators. As a result, direct emulsion ATRP with VA-044 and reverse ATRP 

with EBiB gave a well-controlled Mn with a PDI = 1.33 and PDI = 1.49 and a stable latex 

with a size of 138 nm and 149 nm, respectively.55  

Following the previous study, the same group (2015) reported an SL design as a 

synthesized capture agent (CA) for escaped Cu ions from polymer particles to the aqueous 

phase. The polymerization of MMA was carried out at 80 °C with a low surfactant 

concentration. The designed CAs—CuCl2/dNbpy, Brij 98, and VA-044—were used in the 

polymerization. A combination of a 3 wt% emulsifier (0.6 wt% CA and 2.4 wt% Brij 98) was 

reported for the first time compared to 13–18 wt% emulsifiers used in other studies. As 

a result, a polymer with a well-controlled Mn and a stable emulsion was achieved with 3 

wt% of CA and Brij-98.56  
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The same group (2016) also studied an improvement in polyacrylate latex stability 

synthesized by emulsion ATRP through catalyst removal using the electrolysis method. 

The study combined SL with a dNbpy ligand to remove residual copper. MMA and BA were 

polymerized via reverse ATRP at 80°C using Brij-98, CuCl2/dNbpy, and VA-044. Stable 

polymer latexes were obtained with the applied electrolysis method (anode and 

cathode). The result showed that ˃99% of Cu was removed which is ascribed to the 

location of the SL, where the Cu species is very close to the interface of the polymer 

latex.57  

Xue et al. studied the preparation of triblock copolymers, PST-b-PBA-b-PST with a cationic 

emulsifier via AGET ATRP. A di-functional initiator, EBiB, was used to polymerize BA at 80 

°C in the presence of CuBr2/BPMODA as a catalyst complex, CTAB as a cationic surfactant, 

and AA as a reducing agent. Afterward, at 50% conversion, a styrene monomer was added 

to generate PST-b-PBA-b-PST triblock copolymers in one pot. PBA with a low PDI = 1.27 

and a stable emulsion latex with an average particle size = 100–300 nm was obtained.58  

Rusen et al. reported the use of Brij S20-Br as an emulsifier and water soluble initiator. 

PMMA was polymerized at 80 °C and 400 rpm with CuBr/BPY as a catalyst complex. The 

livingness of the system was proven by performing block copolymerization of HMA from 

PMMA-Br macroinitiator to form a PMMA-b-PHMA block copolymer. PMMA and a 

PMMA-b-PHMA block copolymer were prepared with an average particle size of 500–700 

nm and a well-controlled Mn (with PDI = 1.455 and PDI = 1.507).59 
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1.4 Objectives of the Study and Contributions  

 Study of different emulsion ATRP parameters, such as ligands, emulsifiers, 

initiators, and various [initiator]0:[monomer]0 ratios 

 Investigation of styrene polymerization via emulsion ATRP with different water-

soluble initiators and different ligands 

 Further investigation of a styrene monomer (this has not been extensively 

reported in a true atom transfer radical emulsion polymerization) 

 Comparison among several emulsifiers (such as Tween 20, Tween 80, and Brij 98) 

on the generation of a stable emulsion system and well-controlled molecular 

weight 
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Chapter2: Experimental Part 

2.1 Materials 

All the following chemicals were purchased from Sigma –Aldrich ; styrene (ST, ˃99%), and 

methyl methacrylate (MMA, ˃99%,) were purified through a column filled with aluminum 

oxide (Al2O3) to remove inhibitor or antioxidant before polymerization, polyethylene 

glycol octadecyl ether (Brij® S20) was dried with toluene to remove any water traces, 

polyoxyethylene (20) sorbitan monolaureate (Tween 20), polyethylene glycol sorbitan 

monooleate (Tween 80), polyoxyethylene (20)oleyl ether (Brij®98), copper bromide 

(CuBr, 99.999%), pyridine ( ˃99% ), α-Bromoisobutyryl bromide (BIBB) (98%), 2-

hydroxyethyl 2-bromoisobutyrate (95%,HEBiB), poly(ethylene glycol) methyl ether 2-

bromoisobutyrate (m-PEG-Br, Mn =2,000 g/mol), methanol, diethyl ether (Anhydrous), 

dichloromethane (anhydrous, DCM, 99.8%), tetrahydrofuran (˃99.9%,THF), 2,2’-

bipyridine (BPY), 4,4’-dinonyl 2,2’-dipyridyl (dNbpy), tris(2-pyridylmethyl)amine (TPMA), 

and N, N, N’,N’’, N’’-Pentamethyldiethylenetriamine (PMDETA), and 1,4-dioxane were 

used as received without any further purification. Diethanolamine (DEA) was purchased 

from (Fisher Scientific) and used as received. 
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2.2 Initiators 

2.2.1 Synthesis Procedure of the Water-Soluble Initiator  

The water-soluble initiator was synthesized by reacting 0.066 mol, (7g) of diethanolamine 

(DEA) with 0.133 mol, (30g) of α-Bromoisobutyryl bromide in presence of (35ml, 48.6%) 

of tetrahydrofuran (THF) as the solvent, the reaction is exothermic. Thus, it was 

performed at 0°C for 18 hours. Therefore, the initiator (BIB) was added dropwise in about 

15 minutes. The purification process consisted of washing the precipitate product three 

times with diethyl ether, followed by 1, 4-dioxane to remove any impurities. After that, a 

viscous  product was obtained and dried under vacuum.50 

 

Figure 2.1 Synthesis of the water-soluble initiator. 

 

Figure 2.2 Initiator synthesis.  
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Figure 2.3 1H NMR spectrum (500 MHz, deuterium oxide-d, 25°C) of the water soluble-initiator. 

 

2.2.2 Synthesis Procedure of the Active Surface Initiator (Brij S20-Br) as Dual Functional 
Material 

 

Figure 2.4 Synthesis of the water-soluble initiator as a dual functional material. 

 

The macromolecular initiator was synthesized (Figure 9) according to the previously 

reported procedure. The Brij S20-Br was prepared by reacting α-Bromoisobutyryl 

bromide (BIBB) with Brij S20 (Mw=1153.84 g/mol, previously dried over toluene). Simply, 

to a solution of 5.20 mmol (6.0 g) Brij S20-Br and 0.4 ml of pyridine in 40 ml 
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dichloromethane (DCM) at 0 °C was added drop-wise 1.2g (0.64 ml, 5.22 mmol) α-

Bromoisobutyryl bromide. Thus, the mixture was stirred overnight (Figure 9) at room 

temperature. After that, 100 ml of deionized water was added to the mixture in a 

separation funnel and the mixture was extracted several times with CH2Cl2, rinsed with a 

brine solution (NaCl and water), and dried with sodium sulfate (Na2SO4). The solvent was 

eliminated on the rotary evaporator resulting in the isolation of 6.47 g solid product, yield 

89.86 %.59     

 

 

 

Figure 2.5 Brij S20-Br synthesis. 

 

 

Figure 2.6 Brij S20-Br product after purification. 
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Figure 2.7 Fourier-transform infrared spectroscopy (FTIR) of Brij S20 before functionalization 
(Red spectrum) and after esterification with BiB (Blue spectrum). 

 

2.3 Homopolymerization of Styrene with the Water-Soluble Initiator  

2.3.1 General Procedure of Styrene Polymerization with the Water-Soluble Initiator 

Water-soluble initiator (0.288 to 0.98 mmol) (Figure 6) and Tween 20 as a nonionic 

surfactant (3.44 to 16.67 wt% based on monomer) were pre-mixed with deionized water 

inside a three-round bottom flask, and the flask was stirred, followed by the addition of 

styrene monomer (2.6 to 147 mmol) into the aqueous phase. Then, the solution was 

purged with nitrogen (N2) for (15 to 30 minutes) to remove the oxygen content in the 

mixture before the catalyst complex is added, CuBr (0.139 to 1.274 mmol). After that, a 
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combination of two ligands (0 to 0.256 mmol) BPY and (0.95 to 2 mmol) PMDETA were 

added, respectively. The flask was immersed in a silicone oil bath and heated up (80 °C, 

400 to 1200 rpm) for 24 hours.  

 

2.3.2 Homopolymeization of Styrene with a Combination of Two Ligands (PMDETA and 
BPY)  

 

    

Figure 2.8 Homopolymerization of styrene with a combination of BPY and PMDETA ligands. 

 

0.288 mmol (73.34 mg) of the initiator (Mw= 253.9 g/mol), (16.67 wt% based on 

monomer) of Tween 20  were added to 40ml deionized water in 250 ml three-necks round 

bottom flask, the mixture was degassed with N2 and stirred at 400 rpm for 15 minutes. 

Purified styrene (3 ml 26, mmol) was added to the mixture through a syringe before the 

addition of the catalyst complex, 0.139 mmol (20 mg) copper bromide (CuBr), 0.43 mmol, 

(0.2 ml) PMDETA, and, 0.128 mmol, (20 mg) BPY. The flask was degassed for another 15 

minutes under continuous stirring, then immersed inside a silicone oil bath and heated 

up at 80 °C (Table 1). 

 



41 
 

 

 

Figure 2.9 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of polystyrene ([I]0/[ST]0:1/90). 

 

 

 

 

 

 

Figure 2.10 Evolution of color throughout the emulsion ATRP of styrene with CuBr2/PMDETA - 
BPY as the catalysts and Tween 20 as the emulsifier. 
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2.3.3 Homopolymeization of Styrene Using a Combination of Two Ligands (PMDETA and 
BPY)  

 

Figure 2.11 Homopolymerization of styrene with PMDETA and BPY ligands. 

 

Tween 20 (16.67 wt% based on monomer) and 0.023 mmol, (6 mg) of initiator were added 

to 40 ml deionized water inside a three-round bottom flask. 2.6 mmol, (3 ml) purified 

styrene was injected into the flask through a syringe. The flask was immersed in a silicone 

oil bath and degassed for (15 to 20 minutes) before the addition of 0.139 mmol, (20 mg) 

CuBr, 0.957 mmol, (0.2 ml) PMDETA, and 0.128 mmol, (20 mg) BPY. The reaction was 

stirred at 400rpm, and the temperature was heated up at 80 °C for 24 hours.  

Figure 2.12 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS with PMDETA and BPY 

ligands.  
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Figure 2.13 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([I]0/[ST]0:1/110). 

 

 

 

 

 

 

Figure 2.14 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([I]0/[ST]0:1/150). 
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Table 2.1 Experimental conditions of styrene polymerization with different parameters. 

a Styrene= 3 ml, (Styrene/water V/V%)= 7, [I]0:[ST]0: 1/90, agitation speed= 400 rpm, temperature= 
80 °C. b styrene= 3 ml, (styrene/water V/V%)= 7, [I]0/[ST]0:1/113, agitation speed= 400 rpm, 
PMDETA= 0.2 ml. c Styrene=3 ml, (styrene/water V/V%)= 7,[I]0/[ST]0=1/110, agitation= 400 rpm, 
PMDETA=0.2 ml. d Styrene=16.8 ml, (styrene/water V/V%)= 22, [I]0:[ST]0=1/150, agitation speed= 
1200 rpm, PMDETA=0.3 ml, temperature =80 °C. e Emulsifier was calculated vs. monomer. fMn and 
Ð were calculated by SEC (THF, 35 °C). e Particle size was measure by dynamic light scattering (DLS, 
25 °C) as dispersion in water. 

 

 

2.4 Styrene Polymerization with 2-Hydroxyethyl 2-Bromoisobutyrate (HEBIB) initiator  

2.4.1 General Procedure of Styrene Polymerization with the HEBIB Initiator  

Tween 80 (6.85 to 28.75 wt% based on monomer) and EHBIB (0.0867 mmol to 1.184 

mmol) were pre-mixed in deionized water. The formed aqueous phase was filled with N2 

for about (15 to 20 minutes). Then, (13 to 118.4 mmol) of purified monomer was added 

through a syringe to the aqueous solution in 250 ml three-round bottom flask. The 

mixture was degassed for another 30 minutes, followed by the addition of either (0.13 to 

0.21 mmol) of BPY or (1.88 to 2.96 mmol) of dNbpy (as presented in Table 2 and Table 3) 

and (0.13 to 6 mmol) of CuBr. The flask was immersed inside a silicone oil bath and stirred 

Entry Monomer
(mmol) 

Initiator
(mmol) 

CuBr 
(mmol) 

BPY 
(mmol) 

eEmulsifier 
(wt%) 

f Mn, GPC 

(g/mol) 
Ð g particle 

size (nm) 

1a 26 0.288 0.139 0.128 16.67  342,000        2.0 72 

2b 2.6 0.023 0.278 0.128 16.67  601,000 1.57 65.5 

3c 26 0.236 0.139 0.256 16.67  240,000 1.77 73 

4d 147 0.98 1.274 0 3.44 215,000 1.72 136 
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(400 to 650 rpm) for 24 hours at 80 °C. The emulsion mixture was purified and dried in a 

vacuum oven. 

2.4.2 Homopolymerization of Styrene Using PMDETA and BPY Ligands 

 

Figure 2.15 Homopolymerization of styrene with HEBIB initiator using PMDETA and BPY as 
ligands. 

 

HEBIB (18.3 mg, 0.0867 mmol) and Tween 80 (28.57 wt% based on styrene) were pre-

mixed in 40 ml water inside 250 ml three-necks round bottom flask. The atmosphere in 

the flask was substituted with N2 for 15 minutes. After that, 13 mmol, (1.5 ml) of purified 

styrene was injected through a syringe. The N2 was continued for 30 minutes. Then, CuBr 

0.13 mmol (18.64 mg), BPY 0.13 mmol, (20.3 mg), and PMDETA 0.086 mmol, (15 mg) were 

added to the flask. The flask was immersed in a silicone oil bath and stirred in the first 

hour at 800 rpm then reduced to 550 rpm. The reaction was carried out at 80 °C for 24 h.  

Figure 2.16 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([HEBIB]0/[ST]0:1/150). 

 



46 
 

2.4.3 Homopolymerization of Styrene with HEBIB Initiator Using Two Ligands (TPMA 
and BPY) 

 

Figure 2.17 Homopolymerization of styrene with HEBIB initiator using TPMA and BPY ligands. 

 

Tween 80 (28.57 wt% based on monomer) as an emulsifier and HEBIB 0.13 mmol, (27.43 

mg) were pre-mixed in 40 ml of deionized water inside 250 ml three-necks round bottom 

flask and the solution was degassed for 15 to 20 minutes. Then, 13 mmol, (1.5 ml) of 

purified styrene was injected into the aqueous solution. After that, 0.167 mmol, (24 mg) 

of CuBr, 0.25 mmol, (72.5 mg) of TPMA, and 0.21 mmol, (33 mg) of BPY. The flask was 

immersed inside a silicone oil bath at 80 °C and 650 rpm. The reaction was polymerized 

for 24 hours. 

Figure 2.18 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([HEBIB]0/[ST]0:1/100). 
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2.4.4 Homopolymerization of Styrene with HEBIB Initiator Using dNbpy as a Ligand 

    

Figure 2.19 Homopolymerization of styrene using dNbpy as a ligand. 

 

Tween 80 (6.97 wt% based on monomer) and HEBIB (100 mg, 0.47 mmol) were dissolved 

in 108 ml of deionized water inside a 250 ml round bottom flask. The flask was purged 

with N2 for 15 to 20 minutes. After that, 70.5 mmol, (8 ml) of purified styrene monomer 

was added to the mixture. The solution was continuously degassed for another 30 

minutes before the addition of catalyst complex, 0.47 mmol, (60 mg) of CuBr, and 1.88 

mmol, (768 mg) of dNbpy. The flask was immersed inside the silicone oil bath at a 

temperature of 80 °C and the stirring speed 400 rpm for 23 h.   

 

Figure 2.20 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([HEBIB]0/[ST]0:1/150). 
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2.4.5 Homopolymerization of Styrene with HEBIB Using dNbpy as a Ligand  

 

Figure 2.21 Homopolymerization of styrene using dNbpy as ligand and Tween 80 as an 
emulsifier. 

 

The aqueous phase consists of Tween 80 (6.85 wt% vs. monomer) and 1.184 mmol, (250 

mg) of HEBIB were pre-mixed with 180 ml deionized water inside a 250 ml round bottom 

flask. The flask was filled with N2 source for 15 to 20 minutes. Then, 118.4 mmol, (13.57 

ml) of purified styrene was injected through a syringe, and the flask was immersed inside 

silicone oil bath, followed by continues N2 flowing for another 30 minutes before the 

catalyst complex which consists of 6mmol, (849 mg) CuBr and 2.96 mmol, (1209.63 mg) 

of dNbpy were added. The reaction was carried out at 80 °C and 450 rpm for 24 h. 

 

Figure 2.22 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PS ([HEBIB]0/[ST]0:1/100). 
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Table 2.2 Experimental conditions of styrene polymerization with HEBIB initiator. 

Entry Initiator
(mmol) 

Styrene 
(mmol) 

CuBr 
(mmol) 

BPY 
(mmol) 

cEmulsifier           
(wt%) 

d Mn, GPC 

(g/mol) 
Ð  e Particle  

size (nm) 

5a 0.0867 13 0.13 0.13        28.57 55,000    2.47   196.4 

6b 0.13 13 0.167 0.21        28.57 5,750    1.52   79.44 

a[HEBIB]0 /[ST]0 : 1/150, PMDETA (15mg, 0.086 mmol), temperature (80°C), (styrene /water % 
v/v)= 3.61%. b[HEBIB]0 /[ST]0:1/100, TPMA (72.5 mg, 0.25 mmol), temperature (80°C), (styrene 
/water % v/v)= 3.61%. C Emulsifier was calculated based on monomer. dMn and Ð determined by 
SEC (THF, 35°C).e Particle size was measured by DLS (water, 25°C) dispersed in water. 

 

 

 

 

 
 
 
 
Table 2.3 Experimental conditions of styrene polymerization with HEBIB initiator using dNbpy as 
a ligand. 

 

a[HEBIB]0/[ST]0:1/150, temperature (80°C), (styrene/water (v/v%)=6.9%.b[HEBIB]0/[ST]0:1/100, 
temperature (80°C), (styrene /water v/v %)=7.CEmulsifer was calculated based on monomer. dMn 
and Ð determined by SEC (THF, 35°C). eparticle size was measured by DLS (water, 25°C) dispersed 
in water. 
 

 

 

 

Entry Initiator 
(mmol) 

Styrene 
(mmol) 

CuBr 
(mmol) 

dNbpy 
(mmol) 

cEmulsifier   
(wt%) 

d Mn GPC 

(g/mol) 
Ð e Particle 

size (nm) 

7a 0.47 70.5 0.47 1.88    6.97 145,400           2                    112 

8b 1.184 118.4 6 2.96     6.85 11,000         1.94                   222.6 
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2.5 Poly(ethylene glycol)-b-polystyrene Using poly(ethylene glycol) Methyl Ether 2-
Bromoisobutyrate (m-PEG-Br), Mn=2,000 g/mol) as a Macroinitiator 

2.5.1 General Procedure of PEG-b-PS Block Copolymer with m-PEG-Br Macroinitiator   

The m-PEG-Br (0.05 to 0.2 mmol) was pre-mixed with (13.46 to 44 wt% based on 

monomer) of Tween 80 or Brij 98 as emulsifiers in deionized water inside 250 ml round 

bottom flask. The flask was filled with N2 for 30 minutes. Then, purified styrene (5 to 40 

mmol) was injected, followed by the addition of CuBr (0.05 to 0.26 mmol) and dNbpy 

(0.15 to 0.46 mmol) as a ligand. After that, the flask was immersed inside a silicone oil 

bath. The temperature and stirring speed were set at 80 °C and 400 rpm, respectively. 

The polymer was purified and precipitated in n-hexane. Thus, the obtained polymer was 

dried inside a vacuum oven.  

2.5.2 Copolymerization of Styrene with m-PEG-Br Macroinitiator Using PMDETA and 
dNbpy Ligands 

 

Figure 2.23 Copolymerization of styrene with m-PEG-Br macroinitiator using dNbpy as ligand 
and Tween 80 as an emulsifier. 

 

The m-PEG-Br (100 mg, 0.05 mmol) and Tween 80 (44 wt% based on monomer) were 

added to 20 ml deionized water inside a 250 ml round bottom flask. The flask was 

degassed for 20 minutes. Then, 5 mmol, (0.57 ml) of purified styrene was injected through 

a syringe. After that, 0.05 mmol, (7.2 mg) of CuBr, 0.05 mmol, (0.01 ml) of PMDETA and 
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0.15 mmol, (61 mg) of dNbpy were added. The flask was immersed inside a silicone oil 

bath and heated up for 24 h. Finally, water was removed by centrifugation, and the 

polymer was dissolved in THF and passed through a silica column to remove the catalyst, 

followed by the recovery of the polymer in the cold n-Hexane. 

Figure 2.24 1H NMR spectrum (500 MHz, chloroform-d, 25°C) of PEG-b-PS block copolymer 
([m-PEG-Br]0/[ST]0:1/100). 

 

2.5.3 Copolymerization of Styrene with m-PEG-Br Macroinitiator Using dNbpy Ligand 

 

 

Figure 2.25 Copolymerization of styrene with m-PEG-Br using dNbpy as a ligand and Tween 80 

as an emulsifier. 

 

Tween 80 (13.46 wt% based on styrene) and m-PEG-Br (400 mg, 0.2 mmol) were pre-

mixed in 60 ml deionized water inside a 250 ml round flask and filled with N2 for 30 

minutes. Then, 0.46 mmol, (188 mg) of dNbpy was pre-dissolved in purified styrene (4.5 
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ml, 40 mmol) and injected into the aqueous phase, followed by the addition of 0.26 mmol, 

(37.3 mg) CuBr. The flask was submerged in a silicone oil bath at 80 °C and 450 rpm for 5 

h.  

   

  
Figure 2.26 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PEG-b-PS block copolymer  
([m-PEG-Br]0/[ST]0:1/200). 
 

2.5.4 Copolymerization of Styrene with m-PEG-Br Macroinitiator with Tween 80 as an 
Emulsifier 

 

Figure 2.27 Copolymerization of styrene with m-PEG-Br using dNbpy as a ligand and Tween 80 
as an emulsifier. 

 

Tween 80 (13.46 wt. % based on styrene) and m-PEG-Br (262 mg, 0.131 mmol) pre-mixed 

in 60 ml deionized water inside a 250ml round bottom flask and filled with N2 for 40 

minutes. Then, 0.301 mmol, (123.13 mg) of dNbpy was pre-dissolved in purified styrene 

(4.5 ml, 39.3 mmol) and injected into the aqueous phase, followed by the addition of 
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0.170 mmol, (24.43 mg) CuBr. The flask was submerged in a silicone oil bath at 80 °C and 

450 rpm for 24 h. Water was eliminated by centrifugation. After that, the polymer was 

dissolved in THF to remove the catalyst through a silica column and the polymer was 

recovered in the cold n-Hexane.  

Figure 2.28 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PEG-b-PS block copolymer  
([m-PEG-Br]0/[ST]0:1/300). 
 

2.5.5 Copolymerization of Styrene with m-PEG-Br Macroinitiator Using Brij 98 as an 
Emulsifier 

 

Figure 2.29 Copolymerization of styrene with m-PEG-Br using dNbpy as a ligand and Brij 98 as an 
emulsifier. 

Brij 98 (13.46 wt% based on monomer) as an emulsifier was pre-mixed with m-PEG-Br 

(262 mg, 0.131mmol) in 60 ml of deionized water to form the aqueous phase and then 

the flask was filled with N2 for 40 minutes. After that, 0.301 mmol, (123 mg) of dNbpy was 

pre-dissolved in 39.3 mmol, (4.5 ml) of previously purified styrene and injected through a 

syringe to the aqueous medium in 250 ml round bottom flask. 24.41 mg, (0.170 mmol) of 
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CuBr was added. The flask was immersed inside a silicone oil bath and kept at 80 °C and 

450 rpm for 24 h. 

 

Figure 2.30 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PEG-b-PS block copolymer  
([m-PEG-Br]0/[ST]0:1/300). 

 

 

Table 2.4 Experimental conditions of styrene copolymerization with different ([m-PEG-
Br]0/[ST]0).  

Entry m-PEG-Br 
(mmol) 

Styrene 
(mmol) 

dNbpy 
(mmol) 

CuBr 
(mmol) 

e Emulsifier 
(wt%) 

f Mn,GPC 
(g/mol) 

Ð  g Particle 
size(nm) 

9a 0.05 5 0.15 0.05 44 79,000 2.64 53.57 

10b 0.2 40 0.46 0.26 13.46 594,000 1.47 95 

11c 0.131 39.3 0.301 0.170 13.46 186,500 1.7 94.56 

12d 0.131 39.3 0.301 0.170 13.46 329,000 1.61 223.5 

a[m-PEG-Br]0/[ST]0: 1/100, (styrene/water v/v %) = 2.8%, Tween 80, PMDETA =10 μl). b[m-PEG-
Br]0 /[ST]0: 1/200, (Styrene /water v/v%)=7%, Tween 80. c[m-PEG-Br]0/[ST]0: 1/300, 
(Styrene/water v/v%)=7%. d[m-PEG-Br]0/[ST]0: 1/300, (styrene/water v/v%)= 7%, Brij 98 as an 
emulsifier. e Emulsifier was calculated based on monomer. f Mn and Ð calculated by THF-GPC 
(2mg/ml, 35 °C). g particle size was measured by DLS (water, 25 °C) dispersed in water. 
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2.6 Polymerization of Styrene and Methyl Methacrylate with a Dual Functional 
Initiator (Brij S20-Br)   

2.6.1 General Polymerization of Styrene and MMA with Brij S20-Br  

Brij S20-Br (0.154 to 0.4 mmol) was dissolved in deionized water inside 250 ml round 

bottom flask to work as an emulsifier and macroinitiator and the flask was filled with N2 

for 30 minutes. Then, the solution of purified monomer (40 to 77 mmol) and ligand (0.31 

to 1.2 mmol) was injected through a syringe into the previously degassed aqueous 

solution. Polymer flask was degassed for another 15 to 20 minutes before the addition of 

0.154 to 2 mmol CuBr. The flask was immersed in an oil bath and kept at 80 °C.  

 

Figure 2.31 General polymerization of styrene with Brij S20-Br as a dual functional material. 

 

2.6.2 Copolymerization of Styrene with Brij S20-Br Using dNbpy as a Ligand 

 

Figure 2.32 Copolymerization of styrene with Brij S20-Br using dNbpy as a ligand. 

 

Brij S20-Br (520 mg, 0.4 mmol) was pre-mixed in 59 ml of deionized water. Then, the 

solution was degassed with N2 for 30 minutes. After that, a solution of styrene (4.6 ml, 40 
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mmol) and dNbpy (490.41 mg, 1.2 mmol) was injected inside a 250 ml round bottom flask, 

followed by continuous degassing with N2 supply before the addition of 2 mmol, (287 mg) 

CuBr. The flask was immersed in an oil bath and set at 80 °C and 450 rpm for 24 h. The 

polymer solution was centrifuged to remove water, followed by dissolving in THF and the 

polymer was recovered in the cold methanol.  

Figure 2.33 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PEG-b-PS block copolymer using 
Brij S20-Br ([Brij S20-Br]0/[ST]0:1/100). 

 

 

2.6.3 Copolymerization of MMA with Brij S20-Br Using dNbpy as a Ligand 

  
Figure 2.34 Copolymerization of MMA with Brij S20-Br and dNbpy. 

 

Brij S20-Br (200 mg, 0.154 mmol) was dissolved in 80 ml of deionized water inside 250 ml 

round bottom flask, and the flask was degassed with N2 for 40 minutes. Then, 0.31 mmol, 
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(126.68 mg) of dNbpy as a ligand was pre-mixed in 77 mmol, (8.24 ml) of purified MMA, 

and the solution was injected through a syringe into the previously degassed aqueous 

phase. After that, 0.154 mmol, (22 mg) of CuBr was added, and the flask was degassed 

for another 15 minutes. Subsequently, the flask was immersed inside an oil bath and kept 

at 80 °C and 400 rpm for 24h.  

Figure 2.35 1H NMR spectrum (500 MHz, chloroform-d, 25 °C) of PEG-b-PMMA ([Brij S20-Br]0 

/[MMA]0:1/500). 

 

 

 

Table 5. Experimental conditions of styrene or MMA copolymerization using Brij S20-Br as a dual 
functional material. 

Entry Brij S20-Br 
(mmol) 

Monomer 
(mmol) 

dNbpy 
(mmol) 

CuBr 
(mmol) 

cMn, GPC 
(g/mol) 

Ð 
 

e Particle 
size (nm) 

13a 0.4 40 1.2 2 74,000 2 79.5 

14b 0.154 77 0.31 0.154 49,000 1.8 62 

a[Brij S20-Br]0/[Styrene]0: 1/100, emulsifier (10.15 wt% vs. Styrene). b[Brij S20-Br]0/[MMA]0: 
1/500, emulsifier (2.37 wt%). c Mn

 and Ð were calculated by SEC (THF, 35°C). e Particle size was 
measured by DLS (water, 25°C). 
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Chapter 3: Results and Discussion 

3.1 Homopolymerization of Styrene with the Water-Soluble Initiator  

ATRP in the water system is not straightforward as in the case of the solution and bulk 

polymerization system due to limitation in a catalyst system coexisting with the water. 

Therefore, the water-soluble initiator was prepared and confirmed by 1H-NMR (500 MHz, 

deuterium oxide-d, 25 °C) (Figure 8) and used in direct emulsion ATRP, where the initiator 

has to be water-soluble and not an oil-soluble initiator. In all polymerization, as shown in 

Table 1, the colloidal stability with a monodisperse peak was obtained with an average 

particle size of 65.5 to 133 nm, which confirmed the formation of emulsion and not mini-

emulsion as proven by emulsion particle size (Figure 5). The particle size increased with 

the increase of the initiator concentrations as illustrated in DLS result (Figures 41 to 43). 

This is ascribed to a fast formation of primary radical species at high initiator 

concentrations. Likewise, the molecular weight was characterized by GPC as shown in 

figures 44 to 47. Although polymers with a PDI= 1.57 to 2 were obtained, the high 

molecular weight values were owing to the use of PMDETA and BPY as less sufficient 

ligands to solubilize the catalyst inside the polymerization site.6 
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Figure 3.1 DLS analysis of PS with the water-soluble initiator ([I]0/[ST]0:1/90). 

Figure 3.2 DLS analysis of PS with the water-soluble initiator ([I]0/[ST]0:1/113). 
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Figure 3.3 DLS analysis of PS with the water-soluble initiator ([I]0/[ST]0:1/110). 

 

The experiment (Table# 1, Figure 43) was conducted with an increase in volume 

concentration between styrene/water (v/v %) from 7 % to 22 %. The bimodal peaks in DLS 

might be due to some coagulation with Tween 20 as an emulsifier when the ratio of 

monomer to water volume was increased. Furthermore, GPC trace exhibits tailing upon 

using Tween 20 and the water-soluble initiator. Although a combination of two ligands 
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BPY, and PMDETA is not efficient to retain deactivator in a styrene monomer resulting in 

poor control over the molecular weight, the emulsion stability could be achieved.  

 

Figure 3.4 GPC trace of PS (THF, 35 °C, PS standard) using water-soluble initiator 
([I]0/[Styrene]0:1/90). 

 

 

 

 

 

 

Figure 3.5 GPC trace (THF, 35 °C, PS standard) of PS ([I]0/[Styrene]0:1/113) using water-soluble 
initiator. 
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Figure 3.6 GPC trace (THF, 35 °C, PS standard) of PS ([I]0/[Styrene]0:1/110). 

 

 

 

 

 

Figure 3.7 GPC trace (THF, 35 °C, PS standard) of PS ([I]0/[Styrene]0:1/150) without BPY. 
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3.2 Homopolymerization of Styrene with HEBIB Water-Soluble Initiator  

The selection of emulsifiers and ligands play an important role in emulsion ATRP. Two sets 

of experiments were conducted with HEBIB initiator (as shown in Tables 2 and 3). In table 

3, styrene was polymerized with Tween 80 as a suitable emulsifier for ATRP in the 

emulsion system. BPY and TPMA were used as catalyst complex in comparison to PMDETA 

and BPY.  

The results show that TPMA and BPY as the ligands along with Tween 80 as an emulsifier 

generate PS with a well-controlled Mn close to the targeted value and a low PDI= 1.57. In 

contrast, the polymerization with PMDETA and BPY produces PS with PDI= 2.47 indicating 

that both ligands are less sufficient in keeping the deactivator in the oil phase without 

dissociating to the water phase (Figure 48 and 49, GPC traces). Likewise, Tween 80 (28.57 

wt. %) shows a better performance with an increase of stirring speed from 550 rpm to 

650 rpm. In the case of styrene with TPMA and BPY, the colloidal stability was achieved 

with Tween 80 (28.57 wt% based on the styrene) as shown in (Figure 50 and 51).  

In Table 3, the amount of Tween 80 as an emulsifier was decreased to about 6 wt% (vs. 

Styrene) using dNbpy as a sole ligand, which is a highly hydrophobic ligand. Thus, the 

catalyst more solubilized in the styrene than in the water phase. A higher amount of CuBr 

(5 mmol) was required rather than 0.47 mmol to achieve the targeted molecular weight 

(Mn, GPC =11,000 g/mol) compared to theoretical molecular weight (Mn, the = 10,400 g/mol). 
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On the other hand, the PS with 0.45 mmol catalyst has a slightly higher Mn, GPC, and the 

trace shows tailing (Figure 47). Hence, the combination of TPMA and BPY, as well as the 

use of dNbpy as a sole ligand, were proved to generate a stable emulsion which led to a 

well-controlled molecular weight and a narrow molecular weight distribution.  

 

Figure 3.8 GPC trace (THF, 35 °C, PS standard) of PS ([HEBIB]0/[Styrene]0:1/150). 

 

 

 

 

Figure 3.9 GPC trace (THF, 35 C, PS standard) of PS ([HEBIB]0/[Styrene]0:1/100). 
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Figure 3.10 DLS analysis of PS ([HEBIB]0/[Styrene]0:1/150). 

 

Figure 3.11 DLS analysis of PS ([HEBIB]0/[Styrene]0:1/100). 
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Figure 3.12 GPC trace (THF, 35 °C, PS standard) of PS ([HEBIB]0/[Styrene]0:1/150). 

 

 

 

 

 

Figure 3.13 GPC trace (THF, 35 °C, PS standard) of PS ([HEBIB]0/[Styrene]0:1/100). 
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Figure 3.14 DLS analysis of PS ([HEBIB]0/[Styrene]0:1/150). 

 

Figure 3.15 DLS analysis of PS ([HEBIB]0/[Styrene]0:1/100). 
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3.3 Block Copolymers of Styrene and MMA with m-PEG-Br and Brij S20-Br as Water-

Soluble Macromolecules 

The macroinitiator, m-PEG-Br (Figure 55, GPC trace), and synthesized Brij S20-Br were 

used to generate PEG-b-PS and PEG-b-PMMA block copolymer. Firstly, four different 

experiments were performed with m-PEG-Br as shown in Table 4 using Tween 80 and Brij 

98 as an emulsifier. PEG-b-PS was generated with a combination of two ligands, (dNbpy 

and PMDETA), and dNbpy as a sole source ligand. 1H NMR (500MHz, THF, 35 °C) have 

confirmed the aliphatic and aromatic protons of PS, and PEG group in all the experiments 

(as presented in Figures 29, 31, 33, and 35). Furthermore, DLS curves have shown 

monomodal peaks with PEG-b-PS confirming the mono-disperse emulsion systems with 

both nonionic surfactants. The average particle diameter results are from 53.57 nm to 

233.5 nm as shown in the DLS curves (Figures 61 to 64). The particle size diameter was 

increased inversely to the emulsifier (wt%). This is ascribed to the formation of the small 

micelles, which led to the stable polymer particles.  

A combination of two ligands (PMDETA and dNbpy) generated PEG-b-PS with a broad 

molecular weight distribution PDI=2.64. Contrarily, the sole use of dNbpy as more 

hydrophobic ligand resulting in a block copolymer of PEG-b-PS with narrow molecular 

weight distributions as the following PDI= 1.7, 1.61, and 1.47. The polydispersity index has 

decreased as the catalyst complex dose was increased. To the best of my knowledge, m-

PEG-Br as the initiator is the first time have been investigated in a direct emulsion ATRP.          
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Figure 3.16 GPC trace (THF, 35°C, PS standard) of m-PEG-Br macroinitiator. 

 

 

 

 

Figure 3.17 GPC trace (THF, 35°C, PS standard) of PEG-b-PS ([m-PEG-Br]0 /[ST]0:1/100). 
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Figure 3.18 GPC trace (THF, 35°C, PS standard) of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/200). 

 

 

 

 

 

Figure 3.19 GPC trace (THF, 35°C, PS standard) of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/300) with 
Tween 80. 
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Figure 3.20 GPC trace (THF, 35°C, PS standard) of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/300) with Brij 98. 

 

 

Figure 3.21 DLS analysis of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/100). 
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Figure 3.22 DLS analysis of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/200). 

 

Figure 3.23 DLS analysis of PEG-b-PS ([m-PEG-Br]0/[ST]0:1/300) with Tween 80. 
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Figure 3.24 DLS analysis of PEG-b-PS ([m-PEG-Br]0 /[ST]0:1/300) with Brij 98 as an emulsifier. 

 

Secondly, the Brij S20-Br was prepared and confirmed by the FTIR technique (Figure 11) 

as the emulsifier and the initiator at the same time. The FTIR spectrum showed an ester 

group stretch at the region of 1745 cm-1 confirming that the esterification reaction has 

achieved. The polymerization of ST and MMA was conducted (as shown in Table 5). The 

PEG-b-PS and PEG-b-PS were proved by 1H NMR spectra (as shown in Figures 38 and 40). 

The chemical shift in the region of 0.38 ppm, 1.01 ppm, and 1.19 ppm are assigned to 

PMMA, syndiotactic (rr), atactic (mr), and an isotactic (mm) methyl group, respectively. 

PMMA with a well-controlled molecular weight (Mn, GPC= 49,000 g/mol) close to the 

theoretical value (Mn, th= 50,000 g/mol) was generated with a polydispersity index (PDI= 

1.7). On the other hand, PS with a molecular weight (Mn, GPC =74,000 g/mol) and a 

polydispersity index of a PDI= 2 (as shown in Table 5) was formed.  
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The DLS analysis of PS has shown a monomodal stable emulsion with a particle size 

diameter of 79 nm as depicted in (Figure 67) at 6.28 mmol/L of Brij S20-Br while PMMA 

has shown bimodal peak of DLS curve with a particle size diameter of 62 nm (as shown in 

Figure 68) at 1.74 mmol/L of the Brij S20-Br. The PS has shown a bigger particle size 

diameter compared to PMMA. The reason could be the fast generation of the primary 

radical at high initiator concentration, which led to a higher rate generation of PS oligomer 

compared to PMMA oligomer in the aqueous medium.    

 

 

 

Figure 3.25 GPC trace (THF, 35°C, PS standard) of PS ([Brij S20-Br]0/[ST]0:1/100). 
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Figure 3.26 GPC trace (THF, 35°C, PS standard) of PS ([Brij S20-Br]0/[MMA]0:1/500). 

 

 

Figure 3.27 DLS analysis of PS ([Brij S20-Br]0/[ST]0:1/100). 
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Figure 3.28 DLS analysis of PMMA ([Brij S20-Br]0/[MMA]0:1/500). 
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Chapter 4: Conclusion  

In this thesis, the emulsion ATRP of styrene and MMA was investigated with a different 

type of initiators, ligand systems as well as emulsifiers. A selection of ligands and 

emulsifiers are essential factors for well-controlled ATRP. The combination of PMDETA 

and BPY was not sufficient to obtain a polymer with the targeted molecular (Mn) value. 

However, a monomodal peak and a stable emulsion system were obtained. On the other 

hand, TPMA and PMDETA, as well as dNbpy as a single ligand, generate a stable emulsion 

system along with targeted Mn values. Tween 80 and Brij 98 displayed a better 

performance for colloidal stability and a well-controlled Mn, as well as a low PDI compared 

to Tween 20. In terms of macroinitiators, m-PEG-Br, and Brij S20-Br produced polystyrene 

and PMMA with relatively low PDI=1.47 to 1.7. In particular, Brij S20-Br as a dual 

functional reagent; a macroinitiator, and an emulsifier. The dual functionality of Brij S 20-

Br that led to a stable emulsion system was proved by GPC and DLS analyses.  

1H NMR and FTIR were also used to characterize the chemical structure of the 

macroinitiators as well as the resulting polymers.  

An in-depth study is required to elucidate the mechanism of this emulsion ATRP. 

Furthermore, additional polymer characterizations such as differential scanning 

calorimetry and X-ray diffraction spectroscopy are necessary to understand the physical 

properties and possible application of the resulting polymer. 
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