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Abstract 

Non-aqueous poly(acrylic) dispersions (NADs) used in automotive coating formulations are 

heterogeneous high-solids suspension of polymeric nano-size particles (< 200 nm) produced by radical 

polymerization in organic hydrocarbon medium. An important component of the system is the low 

molecular weight (MW) reactive polymeric dispersant (5000-6000 Da), which stabilizes the particles 

formed. A vinyl-terminated butyl methacrylate (BMA) macromonomer dispersant (type A) has been shown 

to be more effective at stabilizing the nanoparticles formed during the NAD synthesis than a BMA based 

grafted dispersant with vinyl groups attached at random positions along the backbone. However, 

incorporating 10 mol% 2-hydroxyethyl methacrylate (HEMA) as a functional comonomer in the 

macromonomer dispersant, a necessary addition for end-use properties, caused the final dispersion to lose 

stability.  A series of experiments was conducted to show that the particle size distribution, viscosity and 

stability of the final dispersion can be correlated to the thermodynamic solubility distances among the 

dispersant, solvent and polymer particle compositions. The investigation led to the use of ethylhexyl 

methacrylate (EHMA) as the main component of the macromonomer, with a stable NAD system achieved 

even with 28 mol% HEMA added to the macromonomer composition.  

The macromonomer, although having controlled double-bond placement through catalytic chain 

transfer chemistry, still has a molecular weight dispersity of close to two. Thus, a low dispersity P(BMA) 

macromonomer was synthesized by sequential atom transfer radical polymerization (ATRP) and catalytic 

chain transfer polymerization (CCTP) to achieve a similar number-average MW and terminal double bond 

functionality. Using both methyl acrylate homopolymerization and methyl methacrylate/methyl acrylate 

(70/30 w/w) copolymerization to produce NADs, the lower dispersity P(BMA) macromonomer provides 

better stabilization per dispersant chain, as characterized by smaller average particle size and higher weight 

fraction of incorporated dispersant. A model was developed in the Predici® software package (Version 11) 

to improve the understanding of the sequential ATRP-CCTP process. 
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Chapter 1 

Introduction 

A non-aqueous dispersion (NAD), produced via free radical dispersion polymerization, 

typically consists of three components: non-soluble polymeric nano (< 100 nm) or micro particles 

(100 nm ~1 𝜇𝑚), a hydrocarbon medium and a soluble dispersant to stabilize the particles.1 NADs 

provides improved viscosity control than solution or aqueous dispersion while producing high 

molecular weight polymers at high solids content, and requires less energy for curing than aqueous 

dispersion or emulsion polymer systems.1 These advantages, while partially offset by the use of 

organic solvents, ensure that NADs are still widely used as a component of automotive topcoat and 

basecoat coatings. 

NAD technology was first developed for automotive coatings by industrial chemist Mr. 

Desmond Wilfrid John Osmond in the late 1950’s at Imperial Chemical Industries Limited.2,3,4 

Later, Rohm & Haas,5 PPG,6 and DuPont7 conducted research into NAD systems for their 

respective coating businesses. While industry and academia continue to study NAD systems, the 

objectives of the research efforts have diverged. Academia has focused on the mechanisms of 

particle formation and growth to produce a narrow particle size distribution (PSD), generally with 

low solid content (< 20 wt%) in a batch system.8 In contrast, industry has developed operating 

strategies to reduce production cost and to decrease the level of volatile organic compounds in order 

to comply with stricter air quality regulations, synthesizing NAD with high solid content (50-60 

wt%) by semi-batch polymerization.9  

Past research in our group has focused on the semi-batch process used by industry, 

examining how dispersant choice and the composition of both the soluble dispersant and the 

poly(acrylic) particles affects particle nucleation, dispersant effectiveness and final NAD properties 

such as stability, viscosity and average particle size. It was shown that a poly(butyl methacrylate) 
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(P(BMA)) macromonomer (Ð ~ 2, synthesis through free radical polymerization with cobalt chain 

transfer (CCT) agent) is more effective than a grafted P(BMA) dispersant typically used in 

industry.10 The latter material is generated by reacting the epoxy group of glycidyl methacrylate 

(GMA) with the carboxyl group of methacrylic acid (MAA) groups randomly incorporated in a 

copolymer consisting of predominantly butyl methacrylate (BMA) units; as such the vinyl 

functionality is randomly distributed along and among the chains, rather than the controlled vinyl 

group distribution on the macromonomer chain end. However, it was found that increasing the 

hydroxyethyl methacrylate (HEMA) content in high Ð P(BMA) macromonomer to 10 mol%, 

required for final coating application as described later, destabilized the final dispersion.11 

1.1  Thesis Objectives 

This work is funded by the coating material company Axalta Coating Systems, who are 

interested in strategies to decrease coating resin production cost and to improve the coating resin 

quality and the range of products that can be synthesized using macromonomer dispersants. With 

their consultation, the objectives of this work were developed: 

1. To design a HEMA-containing acrylic macromonomer dispersant that provides stability to 

the NAD system, thus solving the problems encountered in previous work. This objective 

has led to the development of a methodology to correlate properties of the NAD system 

(average particle size, particle size distribution, viscosity and stability) to the 

thermodynamic properties of the NAD solution, dispersant, and particles, as represented 

by Hansen solubility parameters. 

2. To explore whether more effective macromonomer dispersants can be designed by 

reducing the dispersity,  based on the hypothesis that uniform chains (Ð< 1.3) will provide 

better stabilization than non-uniform chains.12 To date, the only investigation of dispersity 

on stabilization was conducted using an unreactive block copolymer stabilizer in emulsion 

polymerization, in which the structure of the dispersant affects both nucleation (incurred 
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by the self-assembling of stabilizer) and stabilization.12,13 Thus it is an attractive idea to 

evaluate the effect of dispersity on stabilization in non-aqueous dispersion polymerization, 

as the dispersant remains soluble in the continuous phase. 

3. To model the sequential atom transfer radical polymerization (ATRP) – catalytic chain 

transfer polymerization (CCTP) used to synthesize the low Ð P(BMA) macromonomer, to 

be used to guide future development of the low dispersity macromonomer dispersants 

developed in this project. 

1.2  Thesis Outline 

This thesis is presented in manuscript format. Chapter 2 presents a literature review of the 

relevant technical areas for the research conducted, such as dispersion polymerization, atom 

transfer radical polymerization, cobalt chain transfer polymerization and modeling and simulation. 

Chapter 3 summarizes preliminary experiments performed to study the relationship between critical 

chain length, size of nuclei and size of final product in semi-batch polymerization of butyl 

methacrylate. This work led to the first manuscript, contained in Chapter 4, that correlates the 

particle size distribution, viscosity and stability of the final dispersion to the thermodynamic 

solubility distances among the dispersant, solution and polymer particle compositions, an 

understanding that has led to the development of a new dispersant composition that produces stable 

NAD products using macromonomer with higher HEMA content. 

Chapter 5 presents the strategy developed to synthesize low Ð P(BMA) macromonomer 

through sequential ATRP-CCTP, and compares the performance of high Ð and low Ð P(BMA) 

macromonomers of similar number average molecular weight (𝑀𝑛) and degree of terminal double 

bond (TDB) in NAD systems. Chapter 6 summarizes the development of a model to represent the 

ATRP-CCTP process and offers insights by comparing the model output with experimental data 

for the production of BMA macromonomers 
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An overall summary of the work conducted as well as some recommendations for future 

work is provided in Chapter 7. 
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Chapter 2 

Literature Review 

This thesis discusses three highly related synthesis technologies: dispersion 

polymerization, cobalt-catalyzed chain transfer polymerization and atom transfer radical 

polymerization. This literature review discusses all three, with a focus on application to dispersion 

polymerization, especially to non-aqueous systems. In addition to these synthesis techniques, 

literature related to the modeling of ATRP and CCTP is reviewed. 

2.1  Dispersion Polymerization 

Typically, dispersion polymerization is an attractive technology to produce large-scale 

micron particles (100 nm ~ 100 𝜇𝑚),1 while conventional emulsion polymerization is used to 

produce smaller particles (<  1 𝜇𝑚) and suspension polymerization is used to produce larger 

particles (> 50 𝜇𝑚).2 Dispersion polymerization starts as a homogenous system with monomers, 

initiators, and stabilizers all soluble in the medium (aqueous or non-aqueous). During the 

polymerization, the polymer will precipitate when the chain length reaches a critical chain length 

due to its poor solubility in the medium; at this point the system has become heterogeneous and the 

precipitated polymers begin to form unstable nuclei. Following the first commercial non-aqueous 

dispersion polymerization system developed by Osmond et al.,2 Barrett made significant 

contributions not only in the design of new NAD systems, but also in advancing the understanding 

of the stabilization mechanism and particle formation, as summarized in his paper3 and book.4 

Initially the application of dispersion polymerization technique was for surface coating, with the 

potential applications later extended to column packing materials for chromatography and 

biomedical and biochemical analyses;5 in addition, the solvent choices were extended to polar 

solvents such as alcohols6 and water7 or a mixture of the two.8  
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2.1.1  Mechanism of Dispersion Polymerization 

The difference between dispersion and suspension polymerization is that in a suspension 

system the initiator dissolves in monomer droplets present at the start of reaction such that all 

reaction occurs in the particles stabilized by steric stabilizers and vigorous stirring,9 while in 

dispersion polymerization the initiator is soluble in the continuous medium; thus, the dispersion 

polymerization starts like a solution polymerization, with steric stabilizers present to stabilize 

particles as the polymer chains precipitate. Briefly, the dispersion polymerization is considered a 

special case of precipitation polymerization, with a stabilizer (or dispersant) added to control 

particle size and particle size distribution. The main differences between emulsion polymerization 

and dispersion polymerization are particle nucleation, particle stabilization, types of solvent and 

stabilization mechanism, as summarized in Table 2-1. 

Table 2-1. Principal differences between emulsion and dispersion polymerizations 

 Emulsion polymerization Dispersion polymerization 

Particle nucleation micellar nucleation (main), 

homogeneous nucleation 

aggregation and coagulation 

Particle stabilization mainly based on electrostatic 

repulsion using ionic 

surfactants; some use of 

polymeric steric  stabilizers 

only polymers as dispersants, 

based on steric mechanism 

Solvent water water, polar solvent, non-polar 

solvent 

Stabilization mechanism electrostatic force (main) steric force (van der Waals type) 

 

Typically, the dispersion polymerization has five stages, as shown in Figure 2-1:5 

1. Induction period  
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Before polymerization, initiator, monomer and dispersant dissolve completely in medium. 

The system starts as a solution polymerization until polymer chains start to precipitate. 

2.  Incipient nuclei 

After the polymer macro-radicals reach a certain critical chain length and precipitate, they 

begin to coagulate to form unstable nuclei. This transient period is very difficult to verify 

experimentally, especially due to the small size of the nuclei. 

3. Coalescence of nuclei 

In this stage, the newly formed nuclei coagulate and, aided by the presence of the 

dispersant, form stabilized particles. 

 
Figure 2-1.5 Schematic model for the particle nucleation and growth in dispersion 

polymerization, reprinted with the permission from Advances in Polymer Science © 2005 

Springer 

 

4. Stabilized particles 
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This period extends from the first stabilized particle formation until all of the particles are 

sufficiently stabilized to keep colloidal stability. From this point in time, it is generally assumed 

that the number of particles in the system remains constant. 

5. Growth of stabilized particles 

In this stage, there is no new stabilized particle formation. The particles may grow by 

acquisition of oligomers, monomers (such that micro-bulk polymerization occurs in the particles) 

and by coagulation of incipient nuclei. The total number of such stabilized particles remain constant 

so that the final size is a function of the amount of polymer produced. 

As shown in Figure 2-1, a protective barrier of the stabilizer (dispersant) chains forms 

around the polymer particles to prevent aggregation, unlike most emulsion polymerizations in 

which the mutual repulsion of ionic stabilizing species plays this role. The steric stabilization of 

dispersion polymerization is further illustrated in Figure 2-2,3 and it has been shown that a barrier 

of 10 nm thickness is able to stabilize particle up to 10 𝜇𝑚 in size.10  

 

Figure 2-2.3 Illustration of steric stabilization, reprinted with the permission from Polymer 

International © 1973 John Wiley and Sons 

2.1.2  Evolution of Stabilizers 

In dispersion polymerization, as the stabilization mainly relies on steric barriers rather than 

an electrical double layer, the choice of dispersant becomes very important. Steric barrier layers 
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can be formed by polymer chains physically adsorbed onto the particle surface or chemically 

anchored to the particle. Some essential properties of efficient stabilizer are as follows:11 

1. Strong adsorption or high anchoring ratio.  

2. High surface coverage. 

3. Good solubility of stabilizer chain in the medium. 

4. Low amounts of free stabilizer remaining in the medium without incorporation or 

adsorption on the particle surface. 

Stabilizers can be divided into three categories, according to whether and how they 

participate in the polymerization: non-reactive dispersant, graft dispersant, and macromonomer. 

Table 2-2 summarizes literature studies of dispersion polymerization in non-polar solvents, 

grouped according to the stabilizer category. Non-reactive dispersants include homopolymer, 

random copolymer and block copolymer, and are not widely used in dispersion polymerization. 

The other two types of dispersants become chemically attached to the particles, either by grafting 

to the particle core via a H abstraction chain transfer reaction, or by copolymerization of randomly 

distributed vinyl groups (both pathways considered as graft dispersant in Table 2-2), or by reaction 

of a terminal vinyl group on the chain (termed “macromonomer” in Table 2-2).  

While Table 2-2 focuses on the polymerization of styrene, methacrylates and acrylates, 

dispersion polymerization is also used to polymerize other monomers such as divinylbenzene, 

acrylonitrile, vinylpyrrolidone, caprolactone, lactide and vinyl acetate. The dispersant chain 

normally has two segments, with the lyophobic segment physically adsorbed or chemically 

anchored to particles and the lyophilic segment extending in the medium to stabilize the particles. 

In the case of comb copolymers formed with macromonomer dispersant, the lyophobic segment 

consists of the monomers that make up the particle core. This is also true of graft dispersants, which 

react to become attached to polymerizing core chains. Figure 2-433 shows that the extended 
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lyophilic segment can function either by interpenetration or by compression, resulting in a local 

increase of osmotic pressure and free energy11 to generate the steric repulsive force between the 

colloidal particles. 

Table 2-2. Dispersants used for non-polar dispersion polymerization in previous studies 

Type Dispersant Monomer for 

particle core 

Medium Reference 

Non-reactive 

 

PHSA-g-PMMA MMA n-dodecane; hexane 

and dodecane mixture 

13, 14 

PDMS-b-PS MMA n-alkanes 15 

PDMS-b-PS-b-

PDMS 

MMA hexane and ethane 

mixture 

16 

PIB-co-PIP MMA 2,2,4-

trimethylpentane and 

carbon tetrachloride 

mixture 

17 

PIB MMA iso-octane 18 

P2EHA MA iso-dodecane 19 

PMMA-co-PODA MMA hexane and dodecane 

mixture 

20 

PMMA-b-PODA MMA hexane and dodecane 

mixture 

20 

PS-b-PDMS ST n-alkane 21 

PS-b-(PE-co-PP) MMA n-alkane 22 

Graft PHSA-g-PMMA-

PGMA 

MMA hexane 23 

PDMS (hydrogen 

abstraction) 

MMA hexane 24 

PMMA-g-PDMS MMA heptane 25 
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(hydrogen 

abstraction) 

 PDMS-MCTA 

(chain transfer 

grafting) 

ST hexane 26 

 PBD-b-PIP 

(vinyl group 

during the chain) 

ST isoparaffins 27 

 P2EHA-DTB 

(RAFT chain 

transfer) 

MA iso-dodecane 28 

 P2EHA-TTC 

(RAFT chain 

transfer) 

MA iso-dodecane 19 

Macromonomer PDMS-MA 

 

MMA hexane 29 

MA-PDMS-MA 

 

MMA hexane 30 

Divinyl-PHSA MMA hexane and dodecane 

mixture 

31 

 PE-methacryloyl MMA dodecane 32 

 

Notes: Figure 2-3 shows the structures of Divinyl-PHSA and PE-methacryloyl. Abbreviations are 

as follows: PHSA - poly(hydroxyl stearic acid), PHSA - poly(hydroxyl stearic acid)PDMS - 

poly(dimethyl siloxane), PIB-co-PIP - poly(isobutylene-co-isoprener), PIB - poly(isobutylene), 

P2HEA - poly(2-ethylhexyl acrylate), PODA - poly(octadecyl acrylate), PS-b-PDMS - 

polystyrene-b-poly(dimethylsiloxane), PS-b-(PE-co-PP) - polystyrene-b-poly(ethylene-co-

propylene); PGMA – poly(glycidyl methacrylate), PDMS-MCTA - Mercaptoalkyl-modified 

poly(dimethylsiloxane), PBD-b-PIP - poly(butadiene)-b-poly(isoprene), P2EHA-DTB - living 

poly(2-ethylhexyl acrylate) precursor with tert-butyl dithiobenzoate (DTB), P2EHA-TTC - living 

poly(2-ethylhexyl acrylate) precursor with S,S′-bis[1-(2-ethylhexyloxycarbonyl)ethyl] 

trithiocarbonate (TTC); PDMS-MA - mono (methacryloxypropyl)-terminated 

poly(dimethylsiloxane), MA-PDMS-MA - two (methacryloxypropyl)-terminated 

poly(dimethylsiloxane) 
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Figure 2-3. Chemical structures of Divinyl-PHSA (top) and PE-Methacryloyl (bottom) 

 

When considering stabilization, it must be noted that the chain attachment at the particle 

surface is very important, with Figure 2-4 just showing the terminally attached situation. This is 

contrasted in Figure 2-5 (left) with the related case of a dispersant molecule attached to the core at 

multiple points. Graft dispersant is more likely to result in multiple attachments to the particle 

surface due to its uncontrolled number of vinyl groups and vinyl group distribution along the 

dispersant chains, while macromonomer dispersant is more likely to result in terminal type 

stabilization due to its controlled single vinyl group at the chain end. It has been shown that graft 

P(BMA) dispersant has lower incorporated weight fraction and led to the formation of larger 

particles than P(BMA) macromonomer using methyl acrylate as the core monomer.12  
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Figure 2-4.33 Extended chain segment: interpenetration or compression, reprinted with the 

permission from Progress in Polymer Science © 2013 Elsevier 

 

 

Figure 2-5. Schematic showing a dispersant with multiple attachments to the particle surface 

(left), compared to a dispersant designed to provide only terminal attachments (right) 
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Figure 2-6. Macromonomers with differing end-group structure (R1=H or CH3) 

 

It must be pointed out that the reactivity of macromonomers is related to the double bond 

configuration, labeled as type A and B, respectively, in this document. Type A has an -terminal 

double bond of structure 1 (Figure 2-6, using P(BMA) as an example), synthesized via cobalt chain 

transfer (CCT) polymerization. Type B has terminal double bond of structure 2 (Figure 2-6), 

synthesized via ATRP and nucleophilic substitution or “click chemistry”. Structure 1 (type A) does 

not homopolymerize and acts as an addition-fragmentation chain-transfer agent during 

methacrylate radical polymerization, only incorporating as a high-MW comonomer with acrylate 

and styrene.34 In contrast, macromonomers of structure 2 (type B) react with radicals more readily 

and are known to homopolymerize.35,36 As mentioned in Chapter 1, our group has previously 

compared the effectiveness of graft P(BMA) dispersant and type A high Ð P(BMA) 

macromonomer for NAD stabilization, demonstrating that the type A high Ð macromonomer has 

better effectiveness due to the controlled placement of the vinyl group at the chain end rather than 

the random placement of vinyl groups in the graft P(BMA) materials.12 In order to further address 

how the uniformity of the attachment affects the colloidal stability the synthesis of type A low Ð 

P(BMA) macromonomer and its application in non-aqueous dispersion polymerization will be 

described in Chapter 5. 
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2.1.3  Solvent 

Table 2-3. Polar, aqueous dispersion polymerization systems 

Type Dispersant Monomer for 

particle core 

Medium Reference 

Macromonomer POXZ-A ST EtOH/H2O 37 

POXZ-B MMA MeOH/H2O 38 

PEO-A BMA MeOH/H2O 39 

PEO-B ST EtOH/H2O 40 

PEO-C ST EtOH/H2O 41 

PAA-A MMA EtOH/H2O 42 

PMA-A ST EtOH/H2O 43 

    

Graft HPC (hydrogen 

abstraction) 

ST Dioxane/MeOH 44, 45 

PVP (hydrogen 

abstraction) 

ST MeOH/H2O 46 

 HMPC-CTA 

(macro-chain 

transfer agent) 

HPMA H2O 47 

Notes: Chemical structures of POXZ-A, POXZ-B, PEO-A, PEO-B, PEO-C, PAA-A, PMA-A, 

HMPC-CTA are shown in Figure 2-7. HPC - hydroxypropyl cellulose, PVP - poly(N-vinyl 

pyrrolidone), HPMA - poly(2-hydroxypropyl methacrylate) 

 

In addition to dispersant design, the solvent choice and the relationship between NAD 

polymerization and polymer solvency is a second research focus both in academia and in industry. 

Categorized according to solvent, the dispersion polymerization can be divided into four groups, 

non-polar, polar, pure aqueous and special cases (including supercritical carbon dioxide and ionic 

liquid). Academia currently has a strong interest in using green solvents such as supercritical carbon 
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dioxide (scCO2) for dispersion polymerization, as studied with PMMA50,51 and poly(vinylidene 

fluoride) PVDF.52 In addition, industry is exploring the use of non-volatile solvents such as 1,1,2,2-

tetrafluoroethane and 1-chloro-4-(trifluoromethyl)-benzene to replace or reduce volatile solvents 

to comply with stricter air regulation.53 Here the criteria of differentiating non-polar and polar are 

the dielectric constant 휀 and the dipole moment 𝜇, with solvents with 휀 < 15 considered as non-

polar. Studies of non-polar solvent dispersion polymerization systems have been summarized in 

Table 2-2, as previously discussed, and Table 2-3 contains a summary of some of the many studies 

conducted in polar and pure aqueous systems, focusing on graft and macromonomer stabilizers. 

Such systems generally are developed to produce larger particles (> 250 nm) with low solid content 

(< 20 wt%) using a batch process, conditions which are quite different from the NAD system under 

study in this work. 

Several papers describe variation of the solvent component (or composition) to adjust 

solvency, with the particle size, size distribution and dispersion stability significantly affected due 

to its effect on critical chain length, incorporated weight fraction of dispersant, and the solvency of 

the stabilizers in solution, but there is little systematic research. There are few papers about heptane 

and xylene as the mixed solvent in dispersant polymerization, except for a patent62 and the previous 

publications12,48 from our group. 

The literature survey has sparked two ideas for the current research on dispersion 

polymerization of methyl acrylate in non-polar solvents for automotive coatings applications: one 

is a systematic study relating solvency to critical chain length, nucleation, NAD particle size and 

stability, and the other is to use a quantitative or semi-quantitative understanding of solvency to 

guide stabilizer component design. In particular, the problem of massive coagulation and 

aggregation observed when 10 mol% HEMA was added as a comonomer to the P(BMA)-based 

macromonomer in Weiwei Yang’s paper49 could be solved and better understood. The approach 
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taken is to develop a design methodology using thermodynamic data based on Hansen parameters, 

as will be described in detail in Chapter 4. 

 

 

 

 

Figure 2-7. Chemical structures of POXZ-A, POXZ-B, PEO-A, PEO-B, PEO-C, PAA-A, 

PMA-A, HMPC-CTA 

2.2  Atom Transfer Radical Polymerization 

While type A high Ð macromonomer dispersants have controlled placement of the reactive 

double bonds at the chain end, the dispersity of the polymer molar mass distribution still is around 

2. Thus, there is a distribution of shorter and longer chains stabilizing the particles, contrary to the 

ideal stabilization picture (with uniform chain lengths) shown as Figure 2-4. Living anionic 

polymerization is one of the precise synthesis technologies that leads to the formation of polymeric 
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material with narrow chain length dispersity, but is more restricted to monomer and solvent types54 

compared with the reversible deactivation radical polymerization (RDRP) chemistries 

subsequently developed. 

The use of RDRP to synthesize stabilizers with controlled molecular weight, functional groups and 

functional group distribution evolves rapidly. One of the most versatile techniques for 

polymerization of acrylates and methacrylates is atom transfer radical polymerization (ATRP), first 

reported by Wang and Matyjaszewski in 1995.55 Figure 2-8 illustrates the controlling reaction that 

is the principle of ATRP, with the activation/deactivation equilibrium mediating chain growth such 

that, combined with fast initiation, the polymerization leads to uniform growth of all polymer 

chains, and thus a low final polymer molar mass dispersity.56 

 

 

Figure 2-8.56 Kinetic mechanism of normal ATRP, Pn-X (dormant species, X= Cl or Br), 

Cu(𝐈)/L (activator with ligand L), Pn∙ (active species), Cu(II)X/L (deactivator) 

 

In our group, Payne et al.57 synthesized P(BMA) (target 𝑀𝑛 = 5,000 g/mol, Đ < 1.3) with 

less than 300 ppm copper in anisole solution at 70 ℃ using activator regenerated by electron 

transfer (ARGET) ATRP chemistry, which regenerates Cu(I) activator from Cu(II) through 

addition of a reducing agent to the system. This work offers a lot of helpful information for 

synthesizing type A low Ð P(BMA) macromonomer with similar 𝑀𝑛. 

http://pubs.acs.org/author/Matyjaszewski%2C+K


 

19 

 

 

 

Figure 2-9.35 Synthesis of type B P(BA) macromonomer (ATRP and nucleophilic 

substitution), reprinted with the permission from Journal of Polymer Science Part A Polymer 

Chemistry © 2003 John Wiley and Sons 

 

As well as the ability to lower the polymer dispersity, ATRP (and similar techniques) can 

be used to produce block copolymers which have been applied as stabilizers. Holder and co-

workers20 synthesized both PMMA-b-PODA (poly(octadecyl acrylate)) and PMMA-co-PODA 

with similar molecular weight via ATRP. Surprisingly, when used as stabilizers for MMA 

dispersion polymerization in a hexane/dodecane mixed solvent, there was no observed evidence to 

support the hypothesis that block copolymer provided more efficient stabilization than random 

copolymer. Later, the same group58 synthesized PMMA-b-PODA, gradient PMMA-co-PODA with 

similar molecular weight via ATRP and random PMMA-co-PODA via free radical polymerization; 

in this study, they reached the conclusion that PMMA-b-PODA is the most efficient stabilizer for 

controlling particle size in MMA dispersion polymerization in the same solvent mixture but varying 

the solvent: monomer ratio. However, these dispersants contained no reactive functionality. 

In 2003, Muehlebach et al.35 reported type B P(BA) macromonomer synthesized via ATRP 

in solution polymerization and followed by end-group nucleophilic substitution with acrylic acid 

or methacrylic acid, as shown in Figure 2-9, reporting high degree end group functionalization. 

Couvreur et al.59 used the same strategy to synthesize type B macromonomers in 2005. 
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Figure 2-10.36 Synthesis of type B P(tert-BMA) macromonomer, reprinted with the 

permission from Chinese Journal of Chemistry © 2008 John Wiley and Sons 

 

Chu Hong et al.36 also reported type B P(tert-BMA) macromonomer (Đ<1.2) synthesized 

via ATRP in bulk followed by end group nucleophilic substitution with methacrylic acid (Figure 

2-9). The macromonomer synthesized was used in styrene dispersion polymerization in ethanol to 

produce a stable micron-size dispersion, but without discussion of the dispersity effect on 

stabilization performance. Others have synthesized type B macromonomer such as P(BA) or 

P(HEMA) via ATRP and click chemistry,60,61 but there is no literature reporting the effectiveness 

of type B macromonomer used as dispersant in dispersion polymerization or in other applications. 

2.3 Cobalt Chain Transfer Polymerization 

Catalytic cobalt chain transfer polymerization (CCTP) is widely used in conventional free 

radical polymerization to produce type A macromonomer (Đ~2) in a one pot process, as shown in 

Figure 2-11 for the synthesis of P(MMA) macromonomer. The instantaneous number average 

degree of polymerization (𝐷𝑃𝑛) is described by the Mayo equation (Eq. 2-1).53  

1

𝐷𝑃𝑛
= (1 + 𝜆)

<𝑘𝑡>[𝑅.]

𝑘𝑃[𝑀]
+  𝐶𝑀 +  𝐶𝑡𝑟

[𝐶𝑜]

[𝑀]
  (Eq. 2-1) 

In the equation, 𝜆 is the fraction of radicals undergoing termination by disproportionation, 

<𝑘𝑡> the chain length-averaged termination rate coefficient, [𝑅.] the overall radical concentration, 
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[M] the monomer concentration, 𝐶𝑀  the chain transfer to monomer constant, [Co] the active 

catalyst concentration and 𝐶𝑡𝑟 the chain transfer constant. 

Although used to synthesize type A macromonomers in industry,34 the technique has two 

obvious drawbacks. First, it cannot synthesize macromonomer with low dispersity, which remains 

close to 2 in a chain transfer dominated CCTP. Second, the reactivity of the synthesized type A 

macromonomer is quite different from type B macromonomer; the type A macromonomer product 

from CCTP cannot copolymerize with methacrylate,12 a result confirmed by our current research 

in Chapter 4. Instead of copolymerization, the type A macromonomer undergoes an addition-

fragmentation mechanism with methacrylate radicals, as shown in Figure 2-12.34 

 

Figure 2-11. Cobalt chain transfer in the free radical polymerization of MMA 
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Figure 2-12.34 Addition-fragmentation mechanism between a methacrylate radical and type 

A macromonomer, reprinted with the permission from Progress in Organic Coating © 2002 

Elsevier 

 
Figure 2-13. Synthesis route of type A low Ð P(MMA) macromonomer 

 

Recently Norman et al.62 (Figure 2-13) reported the combination of ATRP with CCTP to 

synthesize type A low Ð P(MMA) macromonomer; by adding the CCT agent at relatively high 

conversion, a high fraction of macromonomer functionality is achieved without increasing the 

dispersity. The synthesized type A macromonomer was examined as a comonomer in the solution 

polymerization of ethyl acrylate.62 In chapter 5 the feasibility to synthesize type A low Ð P(BMA) 

macromonomer via ATRP, using bis(difluoroboryldiphenylglyoximato)cobalt(II) (CoPheBF) as 

the CCTP agent, is shown. 
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2.4  Kinetic Modeling 

Kinetic modeling is a very important method to develop a better understanding of 

polymerization processes and the relationship between product properties and operating conditions 

with reduced experimentation.63 

2.4.1  Kinetic Modeling of ATRP 

As for other polymerization chemistries, mathematical models have been developed and 

validated to explore mechanistic complexities, predict experimental results and optimize ATRP 

processes. Two common mathematical methods used for ATRP modeling are the combination of 

population balances with the method of moments,64 providing a description of the number average 

molecular weight and molecular weight dispersity, and kinetic Monte Carlo simulations, describing 

the full molecular weight distribution but requiring additional computational effort.65 The 

commercial program Predici® software uses a method of approximation for a countable differential 

equation systems (discrete h-p method) and a special time discretization to describe full molecular 

weight distribution without using the Monte Carlo methodology. The latest development 

implements a new hybrid algorithm that combines the Galerkin h-p method with the Monte-Carlo 

stochastic technique, to allow for the simulation of more detailed polymer properties, such as the 

distribution of functional groups among low MW polymer chains.66 Many research groups have 

used Predici® to do the modeling of ATRP systems such as Matyjaszewski group67-70 and 

Hutchinson group.71-74  

Among the modeling efforts to describe ATRP of acrylates and methacrylates, there are 

only two that focus specifically on BMA.73,74  The second study74 uses activators regenerated by 

electron transfer atom transfer radical polymerization (ARGET ATRP) of BMA in anisole at 70 ℃, 

using Sn(EH)2 as the reducing agent, ethyl 2-bromoisobutyrate (EBiB) as ATRP initiator and 

CuBr2/tri[(2-pyridyl)methyl]amine (TPMA) as the deactivator.  
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2.4.2  Kinetic Modeling of CCTP 

Compared with kinetic modeling of ATRP, the papers talking about kinetic modeling of 

CCTP are much fewer. Till now all published papers are about modeling CCTP in free radical 

polymerization. Pierik et al. successfully modelled the CCTP copolymerization of MMA and BA 

in toluene at 60 ℃ using CoBF as the CCT agent and Predici® software package.75 Roberts et al. 

modeled the CCTP bulk homopolymerization of styrene at 60 ℃, using CoBF as the CCT agent 

and Predici® software package.76 The transfer rate coefficient of CoBF with styrene (𝑘𝑡𝑟, hydrogen 

abstraction) was estimated by fitting the experimental data.76 Our research group previously 

reported batch kinetic model of CCTP copolymerization of MMA and BMA in methyl ethyl ketone 

(MEK) at 85 ℃, using CoPhBF as the CCT agent.77 The transfer rate coefficients of MMA and 

BMA were estimated by fitting the experimental data and it was very interesting that the 𝑘𝑡𝑟,𝑀𝑀𝐴 

and 𝑘𝑡𝑟,𝐵𝑀𝐴 were the same based on Predici® (Version 6.22p. Academic) simulation.77  While the 

above systems use different monomers and cobalt chain transfer agents, in the homopolymerization 

level, the basic set of reactions contain two important reaction steps under the CCT agent except 

normal free radical polymerization steps. In the first reaction step, which is considered as rate 

determining (Eq. 2-2), a radical species 𝑅𝑛
∗  reacts with a Co(II) complex, producing a dead 

macromonomer chain 𝑀𝑃𝑛  and a Co(III)H intermediate. In the second fast reinitiation step, a 

Co(III)H reacts with the monomer radical species 𝑀𝑅1
∗, producing monomeric radical species 𝑅1

∗ 

and its original state Co(II). 

 

 

Further details of the modeling of both ATRP and the combination of ATRP and CCTP 

chemistries in a single model, will be presented in Chapter 6. 
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2.5  Conclusion  

Combining previous unsolved research problems, my research interests and those of the 

research sponsor, Axalta Coating Systems, this thesis contains four areas. 

1. Systematically study the relationship among the critical chain length, size 

of unstable nuclei, and size of final product through variation of the feeding strategy and 

system solvency. However, as presented in Chapter 3, there is no direct correlation between 

final particle size and critical chain length, and there is a lack of characterization techniques 

to measure the size of unstable nuclei. 

2. Use the understanding gained by the application of thermodynamics to 

characterize the system solvency to help design new stabilizer compositions to produce 

stable dispersion despite a high HEMA content in the stabilizer. The details are presented 

in Chapter 4. 

3. Synthesize type A low Đ P(BMA) macromonomer (ATRP and CCTP) and 

type B P(BMA) macromonomer (ATRP and nucleophilic substitution). The synthesis and 

application of type B P(BMA) is just briefly described in Appendix A.3. The effectiveness 

of two type A P(BMA) macromonomer as the dispersants with similar number average 

molecular weight and terminal double bond functionality but quite different Đ are 

compared in NAD dispersion polymerization of MA core and MMA/MA copolymer core. 

Low Đ P(BMA) macromonomer has better stabilization effectiveness in NAD. The details 

are presented in Chapter 5. 

4. Use Predici® (Version 11) to model the ATRP-CCTP homopolymerize of 

BMA in anisole at 70 ℃ , as described in Chapter 6. 
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Chapter 3 

 A Study of Particle Nucleation in NAD Systems 

3.1  Introduction 

As discussed in the previous chapter, Saadat et al.1 reported an increase of P(MMA), 

P(BMA) and poly(2-ethylhexyl methacrylate) P(EHMA) particle size with increased initial 

monomer concentration for batch dispersion polymerizations in a methanol/water mixed solvent, 

and Tseng et al.2 reported a similar result for dispersion polymerization of styrene in ethanol. The 

likely explanation is that the increased monomer concentration leads to an increased critical chain 

length (𝐽𝑐𝑟𝑖𝑡) due to the solvency change, which in turn leads to the increasing initial size of the 

unstable nuclei and increased final particle size. Similar reasoning explains the results of Shen et 

al.3 that P(MMA) particle size increased with increasing methanol fraction (and hence increased 

affinity between the polymer and solvent) in the methanol/water solvent and Paine et al.4 who 

reported that the particle size of PS decreased when increasing the fraction of water in an 

ethanol/water solvent mixture. The hypothesis is that the critical chain length of polymer decreases 

in the poorer medium, resulting in a higher nucleation rate and formation of smaller particles. 

Although these cases are all for dispersions in a polar alcohol/water solvent, the phenomenon 

should be similar for dispersion polymerization in a non-polar hydrocarbon solvent, possibly 

leading to a route to produce NADs with controlled particle size using lower stabilizer amounts and 

optimized feeding strategy in a semi-batch system. Thus, it is important to study the relationship 

among the critical chain length, size of unstable nuclei, and size of final dispersion.  

Due to the low glass temperature of P(MA), it is not possible to observe particles with TEM 

due to polymer filming at room temperature (Appendix A.1, Figure A1-1). While P(MMA) 

dispersions would avoid this problem, the addition-fragmentation that occurs for MMA with a type 

A high Ð P(BMA) macromonomer (synthesized via free radical polymerization with cobalt chain 
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transfer agent) means that stable dispersions cannot be produced because the dispersant could not 

chemically anchor to P(MMA) particle surface. This phenomenon is reported in the previous study 

of P(MA)-co-P(MMA) dispersion polymerization5 and further verified in our experiments of 

P(MMA) dispersion polymerization in this chapter.  

3.2  Experimental Section 

3.2.1  Materials 

All commercially available chemicals that are used as purchased are listed in Table 3-1. 

Table 3-1. Chemicals used in the study of non-aqueous dispersion polymerization 

Chemical Supplier Purity Purpose 

Methyl methacrylate Sigma-Aldrich 99% Synthesis 

(Monomer) 

Methyl acrylate Sigma-Aldrich 99% Synthesis 

(Monomer) 

N-butyl methacrylate Sigma- Aldrich 99% Dispersant 

synthesis 

(Monomer) 

t-butyl peracetate 

(TBPA) 

Sigma-Aldrich 50 wt% in mineral 

spirits 

Dispersant 

synthesis 

(Initiator) 

P-xylene Sigma-Aldrich 99% (Anhydrous) DLS (Solvent) 

Heptane (n-heptane) Sigma- Aldrich 99% (Anhydrous) DLS (Solvent) 

Butyl acetate Sigma- Aldrich 99% Synthesis 

(Solvent) 

2,2’- azobis-(2-

methylbutyronitrile) (Vazo®67) 

E. I. de Pont  Synthesis 

(Initiator) 
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Type A P(BMA) macromonomer is kindly supplied by Axalta Coating Systems as 60 wt% 

polymer solution in xylene, synthesized through free radical polymerization using cobalt chain 

transfer agent.7 This macromonomer has 𝑀𝑛 = 6,000 Da, Ð = 1.70-1.80 (PS standard calibration 

without Mark-Houwink parameter correction) 

3.2.2 Preparation of Non-Reactive P(BMA) Dispersant via Solution Polymerization 

A low MW P(BMA) sample (with no terminal double bond) was prepared by radical 

polymerization, in order to compare its stabilizing properties with the reactive macromonomers. 

The operation procedure is identical to that outlined in Yang et al.5, however, scaled to the 0.7 L 

reactor with only BMA as the monomer. 

Table 3-2. Properties of non-reactive P(BMA) dispersant 

Dispersant Conversion a 𝑀𝑛 b 

[Da] 

𝑀𝑤 

[Da] 

Đ 

Unpurified 92.5% 7300 13400 1.84 

Purified >99.0% 7400 13600 1.84 

a. Calculated by 1H-NMR (Appendix A.1 Figure A1-2) 

b. The reported molecular weights used PS standard calibration without Mark-Houwink 

parameters correction 

 

Xylene (128.7 g) is added to the reactor and heated up to 138 ℃. A mixture consisting of 

294.5 g BMA, 48.5 g xylene and 16.2 g TBPA (50wt%) is pumped to the reactor at constant rate 

over 240 min and then held at 138 ℃ for 120 min. The conversion is about 92.5% according to 1H-

NMR. The dispersant was purified by adding 10 g of the dispersant solution into a glass vial with 

10 ml methanol chilled with iced water to aid precipitation. The upper phase (mainly 

methanol/monomer) was decanted, with the remaining sample dried under vacuum at 110℃ for 24 

hours. After purification, there was less than 1% residual monomer, with negligible change in the 
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MWs of the non-reactive P(BMA) as measured by SEC (Table 3-2), indicating negligible loss of 

oligomers.  

3.2.3  Preparation of Non-Aqueous Dispersion Polymerization 

Non-aqueous dispersions were conducted using both MMA/MA copolymer and MA 

homopolymer as the core. The typical semi-batch reaction consists of three steps. At first, 64.1 g 

dispersant solution (60 wt% polymer in xylenes) and 65.05 g heptane are charged to the reactor and 

heated to 92 ℃, followed by addition of a pre-mixed solution of 2.15 butyl acetate and 0.16 g 

Vazo®67. Second, 102.5 g MA, 24.35 g heptane, 32.2 g dispersant solution and 1.25 g Vazo®67 

are fed at a constant rate over 210 min, with the reaction mixture held for a further 45 min. Finally, 

4.9 g butyl acetate and 0.42 g Vazo®67 are added at a constant rate over 30 min, with the reaction 

mixture held for a further 60 min. The dispersion is cooled to room temperature. Samples are taken 

during the reaction or after reaction. Note that this procedure also follows that used by Yang et al.,5 

based upon an industrial patent. 

3.2.4 Quantification of Free Dispersant 

The fraction of dispersant chemically anchored and physically adsorbed to the NAD 

particles is quantified by the difference between the known amount of dispersant added to the 

reaction, and the amount of the free dispersant that remains in the continuous phase at the end. The 

typical process to quantify the latter value is to take 2 g of the final NAD mixture into a vial to 

which is added 3.4 g heptane. The mixture is centrifuged at 6,000 rpm for 10 min to separate the 

phase into a clear upper solution and a dense particle rich down phase (Appendix A.1 Figure A1-

3). A sample of the clear upper phase liquid is removed and weighed, with the amount of soluble 

polymer determined by gravimetry after taking the sample to dryness under vacuum. As this soluble 

fraction may also contain some soluble “core” polymer produced during the reaction, the molar 

ratio between free dispersant and soluble oligomer is estimated by 1H-NMR to correct for this 
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amount. The weight of total dispersant remaining in the solution is estimated from this measure in 

order to calculate the weight fraction of incorporated dispersant (𝑊𝑖𝑛𝑐), defined as the chemically 

anchored and physically adsorbed dispersant divided by the total dispersant added. Further details 

of this calculation are described in Appendix A.1. 

3.3  Characterization 

3.3.1  1H-NMR and SEC 

1H-NMR is used to quantify both the conversion of non-reactive dispersant via double bond 

signal integral and the amount of free dispersant in the continuous medium to calculate 𝑊𝑖𝑛𝑐 , 

following literature procedures.5 Dried samples are dissolved in deuterated chloroform (CDCl3) 

and analyzed using a Bruker Avance-400 MHz spectrometer. 

Average molecular weight and molecular weight distribution of samples are measured by 

size exclusive chromatography (SEC) using a Waters 2960 separation module followed by dual 

detectors consisting of a Waters 410 differential refractometer (DRI) operated at 35 ℃, with THF 

as eluent at a flow rate of 0.3 ml∙min-1. The DRI detector is calibrated by 10 narrow MWD 

polystyrene standards with MW from 870 Da to 355,000 Da. The reported results are based on 

polystyrene calibration without further correction. 

3.3.2  Particle Size and Viscosity 

Particle average size and size distribution are measured on a Malvern Zeta-Sizer Nano ZS 

using dynamic light scattering (DLS) with an angle of 173° at 25 ℃ in a quartz cuvette. Samples 

are diluted using a solvent mixture (50 vol% heptane and 50 vol% p-xylene), with the refractive 

index (1.444) and viscosity (0.5000 cps) of the binary solvent mixture calculated by the Lorentz-

Lorenz formula (Equation 3-1)8 and the Grunberg and Nissan equation (Equation 3-2),9 

respectively. The refractive index (RI) of polymeric material was assumed to be 1.59 as used in the 

previous studies.5,6 
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Table 3-3. Viscosity and refractive index of the liquid 

Liquid Temperature 

(℃) 

Viscosity 𝜂 (cP) RI 

p-Xylene 25 0.611 1.50 

Heptane 25 0.386 1.39 

 

ln𝜂𝑚 =  𝑥1ln𝜂1 +  𝑥2ln𝜂2 +  𝑥1𝑥2𝐺12 (Eq. 3-1) 

 

𝑅𝐼𝑚
2 −1

𝑅𝐼𝑚
2 +2

= Φ1
𝑅𝐼1

2−1

𝑅𝐼1
2+2

 +  Φ2
𝑅𝐼2

2−1

𝑅𝐼2
2+2

 (Eq. 3-2) 

 

In Equation 3-1, 𝜂𝑚, 𝜂1 and 𝜂2 are the viscosity of solvent mixture, pure solvent 1 and pure 

solvent 2, respectively, 𝑥1 and 𝑥2 are the molar fractions of the two solvents, and 𝐺12 refers to the 

binary interaction parameter estimated by a group contribution method proposed by Isdale et al.10 

using the data11 listed in Appendix A.1, Table A1-1. 

It must be pointed out that the input RI data of the solvent mixture in SOP file (standard 

operating procedure) could significantly affects the measured average particle size (Table 3-4). 

Analyzing the same sample with different input RI values (varied between 1.489 – 1.422 in the 

SOP file), leads to a significant change in the reported average particle sizes (𝑑𝑝), which decreased 

from 103.8 to 76.1 nm. On the other hand, the effect of the polymer RI is not significant: varying 

the input value from 1.5 to 1.7 leads to only a change in reported 𝑑𝑝  from 80.84 to 81.15 nm. Thus 

a polymer RI value of 1.59, independent of core composition, is used, as in the previous study. For 

the mixture solvent composition used (heptane/p-xylene, 50/50 vol%), the RI value of 1.444 

calculated through Equation 3-2 and the viscosity value of 0.500 cP calculated through Equation 

3-1 are used in the experimental SOP for particle size measurements. 
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The viscosity of the NAD mixture is measured at room temperature (20 - 22℃) using a 

Brookfield Viscometer with a UL adapter.  

Table 3-4. The effect of the solvent mixture RI value on measured P(MA) particle size for the 

same sample (NAD dissolved in 50/50 vol% heptane/p-xylene) 

RI of solvent Particle size 𝑑𝑝 (nm) 

1.489 103.8 

1.466 82.11 

1.455 80.83 

1.444 80.43 

1.422 76.06 

3.4  Results and Discussions 

3.4.1  Critical Chain Length, Size of Unstable Nuclei and Size of Final Product using MA as 

the Particle Core 

At first, a set of experiments were run to determine the influence of dispersant on the time 

to nucleate particles, following the standard semi-batch operation described in Section 3.2.3 for 

production of a P(MA) NAD. The turbidity time was determined by visual observation of the 

reaction at 92℃, and was confirmed by the emergence of a high MW shoulder on the polymer 

MWD, with multiple samples taken around the time of turbidity. The corresponding critical chain 

length is estimated via the number average molecular weight (Mn) measured by SEC of samples 

taken at that time or near that time. The experiments were run using three different dispersant 

conditions: no dispersant, the non-reactive P(BMA) dispersant, and the type A P(BMA) 

macromonomer. For the experiment with no dispersant, xylene was added before the feeding of 

monomers to correspond to the amount added in the other experiments (40 wt% of dispersant 

solution). Using the experiment with no dispersant as an example, Figure 3-1 and Figure 3-2 show 
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the samples taken at different times and the corresponding MWDs of the reactor samples to 

determine turbidity time.  

 

 

Figure 3-1. Samples taken at different times for P(MA) dispersion polymerization in the 

absence of dispersant (t=0 corresponds to start of monomer feed) 

 

 
Figure 3-2. MWDs of samples for P(MA) dispersion polymerization in the absence of 

dispersant 

 

It is clear that the sample of 17 min has a shoulder emerging at higher molecular weights 

area in the polymer MWD that is not present at 15 min, which indicates that the polymerization 

changes from a homogeneous to a heterogeneous system. Thus, the turbidity time of the experiment 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

2.5 3 3.5 4 4.5 5

d
w

t/
d

lo
g

(M
w

)

Log Mw

15 min

17 min

18 min

19 min

20 min



 

38 

 

conducted with no dispersant is between 15 and 17 min. All reported turbidity times are estimated 

by this method. It can be assumed that the particle size measured nearest to the turbidity time 

correlates with the size of unstable nuclei and that the corresponding polymer 𝑀𝑛 value provides a 

measure of the critical chain length of the system.  

The results of the three experiments are summarized in Table 3-5. Both in the absence of 

dispersant and in the presence of the non-reactive P(BMA) dispersant, visual evidence of particle 

nucleation was seen after 15 minutes. However, while the reaction needed to be stopped after 20 

minutes in the absence of dispersant due to coagulation, a stable dispersion was obtained in the 

presence of the non-reactive P(BMA) dispersant, but with the final particle diameter (175 nm) 

almost twice as large as in the presence of the reactive type A P(BMA) macromonomer. Particle 

nucleation occurred much earlier with the non-reactive dispersant, at 15 min compared to at 90 min 

in the presence of the type A P(BMA) macromonomer. In addition, the 𝑀𝑛 value of NAD was 

much lower at the time of nucleation (8900 vs. 28000 Da), and the initial particles formed were 

much larger (119 nm vs. 50 nm) compared to when the type A macromonomer was used. Note also 

that the Đ of the MWD was much higher for the NAD produced with the reactive macromonomer 

dispersant, not only at the time that turbidity was first observed, but also for the final NAD product.  

The above observations indicate at least three important findings. First, the system needs 

dispersant to maintain stability. Second, the solvency change contributed by dispersant itself 

(controlled by difference in thermodynamics) seems to have very little effect on nucleation time, 

although the 𝑀𝑛  of 8870 g/mol measured of the freshly-nucleated particles (separated by 

centrifugation from the continuous phase) is much higher than the corresponding value of 2590 

g/mol measured in the absence of dispersant; this difference may be due to a non-negligible fraction 

of physically adsorbed non-reactive dispersant still on the particle. Third and most importantly, the 

macromonomer dispersant significantly delays the nucleation time and increases the critical chain 

length at nucleation due to its reaction into the growing P(MA) chains; another indication of the 
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influence of the grafted macromonomer chains is the significantly higher polymer dispersity (Đ = 

2.78 at point of nucleation and 4.28 for the final dispersion).  

Table 3-5. Study of the influence of dispersant on NAD of MA 

Experim

ent 

Turbidit

y time 

Particle 

size 

(nearest to 

turbidity 

time, nm) 

𝑀𝑛 a 

(nearest 

to 

turbidity 

time) 

[Da] 

Polymer 

Đ 

(correspo

nding 

of 𝑀𝑛) 

Final 

particle 

size 

𝑀𝑛 b 

(final) 

[Da] 

Đ 

(final) 

 

𝑊𝑖𝑛𝑐 

No 

dispersant 

15 - 17 

min 

137 

(17 min) 

2590 

(17 min) 

1.68 316 

(20 min) 

3810 1.71 --- 

Non-

reactive 

P(BMA) 

dispersant 

14 - 15 

min 

119 

(20 min) 

8870 

(20 min) 

1.90 175 18460 2.63 --- 

Type A 

P(BMA) 

macromo

nomer 

80 - 90 

min 

50 

(90 min) 

28000  

(90 min) 

2.78 95 20250 4.28 0.73 

a. The reported is number average molecular weight of particle core after centrifugation of NAD, 

using PS standard calibration without Mark-Houwink parameters correction 

b. The reported is number average molecular weight of particle core after centrifugation of NAD, 

using PS standard calibration without Mark-Houwink parameters correction. The procedure of 

centrifugation and particle core is described in section 3.2.4 

 

Thus, it can be concluded that changing the solvency of the reaction mixture to change the 

critical chain length is of secondary importance compared to the incorporation of the reactive 

dispersant. Thus, the literature findings that longer critical chain lengths lead to an increased size 

of the unstable nuclei initially formed (assuming particle size near the turbidity time could 

accurately reflect size of unstable nuclei) and an increased final particle size, do not provide 

guidance for optimization of our NAD system with reactive dispersant; it is very difficult to 

measure the critical chain length in the presence of physically adsorbed dispersant, and the 
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incorporated macromonomer significantly adds to the critical chain length not only by solvency 

change but through reaction.  

In order to better understand the effect of changing the solvency with the type A P(BMA) 

macromonomer, two additional experiments were run. In the first, all of the dispersant was charged 

to the reactor at the beginning. This increases the initial concentration of the type A 

macromonomer, and also changes the initial solvency, as all of the xylene (the solvent for the 

dispersant) is also added. This change had a slight effect on the time that particles were first 

observed, reducing nucleation time by ~ 10 min, as seen by comparing the first entry in Table 3-6 

to the macromonomer result in Table 3-5. The nucleation may occur earlier, as a higher 

concentration of P(BMA) macromonomers are available for incorporation into the growing P(MA) 

chains, leading to a faster buildup of chain length in solution. However, the initial particles formed 

were of similar size and MWs, as was also found for the final P(MA) NAD product. Thus, it seems 

as if dispersant feeding strategy is not an important factor in controlling the system, in agreement 

with results reported in Yang’s Ph.D. thesis.15  

On the other hand, changing the solvent mixture from heptane-rich (a non-solvent for the 

P(MA) particles) to xylene-rich (a much-better solvent for P(MA)) does have a profound influence 

on the system. The modified experiment had a xylene fraction of 45 wt% in the solvent (total xylene 

+ heptane), compared to the standard recipe which has 20 wt%; the fraction of xylene as a function 

of total solvent does not change over the course of the semi-batch feeding, and all other operating 

parameters are kept identical. With the increased xylene fraction, the nucleation time is delayed 

about 20 min and the nucleated particles have smaller 𝑀𝑛 and are of reduced size at the onset of 

turbidity, but the final particle size is much larger (226 nm) compared to the standard operation 

(Table 3-5, dp = 95 nm). The delayed nucleation time, smaller nucleating particle size and lower 

𝑀𝑛 at the time of nucleation may be attributed to a much lower macromonomer grafting rate (0.52 

vs. 0.73 wt fraction of the dispersant isolated with the final NAD particles), although the solvency 
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favors longer critical chain length. It seems as if the incorporating rate of the macromonomer to the 

growing P(MA) radicals is more important than solvency in controlling critical chain length and 

final particle size. Based on the above analysis, it is clear that longer critical chain length does not 

necessarily lead to the formation of larger unstable nuclei and/or final larger particles for NAD 

synthesized using a reactive dispersant.  

Table 3-6. Experimental results with type A P(BMA) macromonomer dispersant using 

modified recipes  

Experiment Turbid

ity 

time 

Particle 

size (nm) 

( turbidity 

time) 

𝑀𝑛
a 

(nearest 

to 

turbidity 

time) 

[Da] 

Đ 

(correspondi

ng 

𝑀𝑛) 

Final 

partic

le 

size 

𝑀𝑛
b 

(final) 

[Da] 

Đ 

(final) 

 

𝑊𝑖𝑛𝑐 

Macromon

omer fed  

at the 

beginning 

70 - 80 

min 

43 

(80 min) 

24780 2.36 94 18050 4.22 0.83 

Increased 

xylene 

100 - 

110 

min 

44 nm 

(110 min) 

13610 

(110 min) 

2.52 226 

nm 

13690 2.86 0.52 

a. The reported is number average molecular weight of particle core after centrifugation of 

NAD, using PS standard calibration without Mark-Houwink parameters correction 

b. The reported is number average molecular weight of particle core after centrifugation of 

NAD, using PS standard calibration without Mark-Houwink parameters correction. The 

procedure of centrifugation and particle core is described in section 3.2.4 

 

3.4.2  Critical Chain Length, Size of Unstable Nuclei and Size of Final Product using MMA 

as the Particle Core 

To complete the study of particle nucleation under semi-batch conditions, the core 

monomer was switched from MA to MMA. Experiments were performed using both the non-

reactive dispersant and with type A P(BMA) macromonomer as the dispersant, with results 

summarized in Table 3-7. However, it was impossible to obtain reliable average particle size data 
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near the turbidity time and for the final dispersion, which is quite different from the situation with 

P(MA) as the core. (A comparison of the PSDs is contained in Appendix A.1 Figure A1-4 and 

Figure A1-5.) Using P(MMA) as the core, multiple peaks were observed in the PSD (Figure A1-5) 

with both non-reactive and macromonomer dispersants, consistent with the observed coagulation 

and loss of dispersion stability that occurred after 120 min of reaction. An interesting observation 

for the MMA NAD system is that the 𝑀𝑛  of polymer in the particles produced using 

macromonomer is lower than that using the non-reactive dispersant, with also a slightly lower value 

of Đ; the Đ values are much lower for the P(MMA) dispersions compared to the P(MA) dispersions.  

Table 3-7. MMA system using non-reactive P(BMA) dispersant and type A P(BMA) 

macromonomer 

Experiment Turbidity 

time 

Particle size 

(nm) (nearest 

to turbidity 

time) 

Final 

particle size 

𝑀𝑛 a 

(60 min) 

[Da] 

Đ 

(final) 

 

Non –reactive P(BMA) 

dispersant 

14 - 15 min Two peaks Multiple 

peaks 

23700 1.93 

Type A P(BMA) 

macromonomer 

19 - 20 min Three peaks Multiple 

peaks 

9890 1.72 

a. The reported is number average molecular weight of NAD without centrifugation, using 

PS standard calibration without Mark-Houwink parameters correction 

 

This result indicates that there is no dispersant chemically anchored to the particle and 

confirms that the type A P(BMA) macromonomer works only as a chain transfer agent (and not as 

a comonomer) with methacrylate radicals. This result has sparked the research idea that the 

synthesis of new types of macromonomer that should also work effectively for dispersion 

polymerization of methacrylates with a high incorporation (graft) rate. This concept will be 

explained more fully in the following chapter. 

3.4.3  Insights on NAD with Standard Feeding Procedure and Summary 
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Assuming the measured 𝑀𝑛  of the core is pure P(MA), a series of calculations can be 

performed to better understand the nature of the dispersion reaction using the results summarized 

in Table 3-8 for NAD synthesis using type A P(BMA) macromonomer with standard feeding 

procedure.  

Table 3-8. Specific data of NAD using type A P(BMA) macromonomer 

Final particle size 

 

(𝑑𝑝, nm) 

𝑀𝑛 a 

(core) 

[Da] 

𝑊𝑖𝑛𝑐 𝑀𝑛 b 

(type A 

macromon

omer) 

[Da] 

𝜌𝑃𝐵𝑀𝐴 

(
𝑔

𝑐𝑚3⁄ ) 

𝜌𝑃𝑀𝐴 

(
𝑔

𝑐𝑚3⁄ ) 

95 28300 0.73 6700 1.053 1.224 

 

a. 𝑀𝑛 of core P(MA) is obtained by universal calibration using known Mark- Houwink 

parameters for polystyrene (𝛫 =  11.4 × 10−5  dL∙g-1, 𝛼 = 0.716), P(BMA) (𝛫 =
 14.8 × 10−5  dL∙g-1, 𝛼 = 0.664), P(MA) (𝛫 =  6.11 × 10−5  dL∙g-1, 𝛼 = 0.799)18 

b. 𝑀𝑛 of P(BMA) is obtained by universal calibration using known Mark- Houwink 

parameters for polystyrene (𝛫 =  11.4 × 10−5  dL∙g-1, 𝛼 = 0.716), P(BMA) (𝛫 =
 14.8 × 10−5  dL∙g-1, 𝛼 = 0.664) 

 

The average number of P(BMA) chains attached into an average P(MA) core chain is 

calculated from the masses of P(MA) (𝑚𝑃(𝑀𝐴)) particle core and incorporated P(BMA) dispersant 

(𝑚𝑃(𝐵𝑀𝐴) ∗ 𝑊𝑖𝑛𝑐) as illustrated below. 

Chain attached ratio = 

𝑚𝑃(𝐵𝑀𝐴)∗𝑊𝑖𝑛𝑐
𝑀𝑛,𝑃(𝐵𝑀𝐴)

∗𝑁𝐴

𝑚𝑃(𝑀𝐴)

𝑀𝑛,𝑃(𝑀𝐴)
∗𝑁𝐴

 = 
57.78∗0.73

6700
102.5

28300

 = 1.74 (Eq. 3-3) 

The mass of an average P(MA) particle, calculated as the product of polymer density and 

average particle volume is 𝑚𝑃 =  5.49 × 10−16 g. The number of P(MA) chains per particle (𝑁𝑐, 

in the calculation below) and the average particle contains 𝑁𝑐 × 1.74 attached P(BMA) dispersant 

chains (roughly 20,000). 
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𝑁𝑐 =  
𝑚𝑃

𝑀𝑛,𝑃(𝑀𝐴)
∗ 𝑁𝐴 =  

5.49×10−16

28300
× 6.02 × 1023= 11678; 1.74 × 11678 ≈ 20,000 

Given the available surface area of 28339 nm2 per particle, this corresponds to a coverage 

area of 1.42 nm2 per dispersant molecule. The calculated number of incorporated dispersant chain 

per nanoparticle is unrealistically high comparing with values reported for sterically stabilized 

aqueous nanoparticle system (2600 – 600 with particle diameter between 50 and 160 nm )17, 

indicating that likely a significant fraction of the dispersant becomes buried inside the particle.  

3.5 Conclusion 

It was determined that a systematic study of the relationship among the critical chain length, 

size of unstable nuclei and size of final product is impossible to achieve while maintaining the 

features of the current NAD process – a semi-batch feeding strategy and use of a type A P(BMA) 

macromonomer dispersant. To be successful, some sort of on-line measurement of turbidity and 

particle size is required. However, the set of experiments yielded some useful insights, such as 

verifying the basic incompatibility of producing a methacrylate-based dispersant using a type A 

macromonomer, and illustrating how use of a reactive dispersant greatly delays particle nucleation 

in the system compared to a non-reactive dispersant of identical composition and chain length. The 

higher MW dispersity of the polymer formed with the macromonomer is also a strong indication 

that the dispersant is effectively incorporated into the growing P(MA) chains. Typically, one 

P(MA) particle needs 20,000 chains of type A macromonomer to keep stability and chain attached 

ratio is around 1.74, indicating possibly a large fraction of dispersant chains buried in the particles. 
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Chapter 4 

Design of acrylic dispersants for non-aqueous dispersion 

polymerization: the importance of thermodynamics 

Preface 

 From the literature review, although the type A P(BMA) macromonomer has better 

effectiveness in NADs with larger 𝑊𝑖𝑛𝑐 and smaller average particle size, when the macromonomer 

contains 10 mol% HEMA, the dispersion is unstable. In order to solve this problem and better 

understand the viscosity in NADs, the physical interactions between the solution, particle and 

dispersant are quantitative to correlate with properties of NADs based on thermodynamics study. 

In this chapter, the macromonomers are type A macromonomers with Đ around 2 (synthesized by 

free radical polymerization with CCT agent).  

 The content presented in this chapter was published in the journal Macromolecular 

Reaction Engineering (2018). Thus, there is some overlap of material in the introduction and 

experimental sections with Chapter 3. 
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Abstract 

Poly(acrylic) nanoparticles (NP) produced by non-aqueous dispersion (NAD) radical 

polymerization are important components in many automotive coating formulations. A series of 

experiments show that the properties of final dispersions (particle size distribution, viscosity and 

stability) correlate to the thermodynamics of the NAD system, as characterized by solubility 

parameters and solubility distances among the continuous phase, the soluble polymeric dispersant, 

and the polymer particles. The insights gained have enabled the design of a macromonomer 

dispersant containing greater than 10 mol% 2-hydroxyethyl methacrylate (HEMA), a necessary 

functional comonomer addition for end-use properties. Stable NAD products were synthesized by 

changing the principal component of the dispersant from butyl methacrylate (BMA) to 2-ethylhexyl 

methacrylate (EHMA).  
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4.1 Introduction 

Polyacrylic nanoparticles produced by radical dispersion polymerization have been used 

since the 1960s as a component in solvent-based automotive topcoat and basecoat coatings to 

reduce both system viscosity at high solids content (>50 wt%) and the energy required for curing.1 

A non-aqueous dispersion (NAD) system consists of three components: non-soluble polymeric 

nano-sized particles (<200 nm), a hydrocarbon continuous phase, and a soluble steric dispersant to 

stabilize the particles. Compared with the soluble polymer components in the formulation, the NAD 

nanoparticles have much higher molecular weight (MW) and can be uniformly cross-linked into 

the final coat without affecting optical clarity.2 

The dispersion polymerization process starts as a homogenous system with monomers, 

initiator and lower-MW polymeric stabilizer all soluble in the medium (aqueous or non-aqueous). 

When reaction commences, the newly-generated polymer radicals precipitate when they reach a 

critical chain length, as the solvent is chosen so that the polymer formed has poor solubility in the 

medium; at this point the system becomes heterogeneous as the chains precipitate to nucleate 

particles. The choice of the dispersant and solvent is very important for successfully controlling the 

polymer particle size and particle size distribution, as well as the viscosity of the dispersion. 

Numerous studies of dispersion processes examine the polymerization of non-polar monomers 

conducted in water3 or in a mixture of water and short-chain alcohols4-11 to produce a narrow 

particle size distribution (usually in the 1-10 micron range) at relatively low polymer content, <20 

wt%. Fewer studies are concerned with the dispersion polymerization of more polar monomers in 

non-aqueous medium such as dodecane,12,13 hexane14,15 and heptane,16 again usually at relatively 

low solids content in a batch process. These synthesis conditions differ significantly from the semi-

batch process used to produce polyacrylic NADs in a nonpolar solvent with average particle size 

of less than 200 nm at high solids content (>50 wt%).17 
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An essential component to control particle size during NAD polymerization is the 

dispersant, which stabilizes the more polar polymeric particles in the less polar solvent. Important 

characteristics include dispersant average chain-length and composition, and also its functionality. 

The low-MW material is designed to contain reactive double bonds, such that the dispersant chains 

become covalently bonded to the particles, aiding in stabilization.2,17 The incorporation of the 

dispersant into growing chains affects both the nucleation and stabilization of particles. Past 

research in our group demonstrated that a poly(butyl methacrylate) (P(BMA)) macromonomer (Ð 

~ 2), synthesized through radical polymerization with cobalt chain transfer (CCT) agent such that 

every chain contains a double bond at its terminus, is more effective than a P(BMA) dispersant 

with double bonds grafted at random positions among the chains. The latter material, typically used 

in industry,2,17 is generated by reacting the epoxy group of glycidyl methacrylate (GMA) with the 

carboxyl group of methacrylic acid (MAA) groups incorporated in a copolymer consisting of 

predominantly butyl methacrylate (BMA) units; as such, the vinyl functionality is randomly 

distributed among the chains, rather than the controlled vinyl group positioned at the 

macromonomer chain end. Thus, graft dispersant can result in multiple attachments to the particle 

surface due to the uncontrolled placement of vinyl groups among the dispersant chains, while 

macromonomer dispersant is likely to extend from its anchoring point on the particle into the 

solvent, providing superior stabilization. 

While the macromonomer proved to be more effective than the grafted dispersant, 

producing smaller particles at equal loading, it was also found that the fraction of incorporated 

P(BMA) macromonomer significantly decreased when the composition of the polymer particle core 

was changed from pure methyl acrylate (MA) to methyl methacrylate/methyl acrylate (70/30 w/w 

MMA/MA).2 This result was attributed to the reduced chemical reactivity of a methacrylate radical 

with the macromonomer, which acts as a chain transfer agent in the presence of MMA. Although 

the changes in particle size and size distribution were attributed to the differences in levels of 
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incorporated P(BMA) macromonomer, in this work it will be shown that the relative compatibility 

among the particle core, dispersant and solution also influence particle size and size distribution as 

the composition of the core is modified. 

A second type of functionality added to the dispersant chains is hydroxyl groups, needed 

to crosslink the non-incorporated dispersant chains during the application of the coating. It was 

found that adding up to 10 mol% of 2-hydroxyethyl methacrylate (HEMA) as a comonomer to the 

P(BMA) macromonomer destabilized the final dispersion, although particle size was not greatly 

affected.18 In this study, we show that this result can be attributed to the increased polarity that 

results from adding HEMA to the dispersant, upsetting the thermodynamic balance between 

solution, dispersant and particle. Thus, it is very important to systematically study the influence of 

the compositions of the particle core, dispersant and solvent on average particle size, particle size 

distribution, viscosity and stability of the final dispersion. We introduce Hansen solubility 

parameters and solubility distances to quantify the interactions between the three components, and 

use the insight gained to design a new macromonomer dispersant containing above 10 mol% 

HEMA that produces a stable final dispersion. 

 

4.2  Experimental Section  

4.2.1  Materials 

P(BMA) and poly(2-ethylhexyl methacrylate) (P(EHMA)) based macromonomers 

containing varying levels of HEMA comonomer were kindly supplied by Axalta Coating Systems 

as 60 wt% polymer solution in xylenes, synthesized through radical cobalt chain transfer 

polymerization.19 Table 4-1 summarizes the number-average (Mn) and weight-average (Mw) MWs 

of the macromonomers, with the full molecular weight distributions (MWDs) determined by size 

exclusion chromatography (SEC) presented in Figure 4-1. Mn values were maintained between 
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6000 and 7000 Da, with Mw between 10000 and 12000 Da. Terminal double-bond functionality 

was verified by NMR, as previously documented.2,18 

 

Table 4-1. Molecular weight averages of P(BMA) and P(EHMA) based macromonomers, 

both homopolymers and copolymers with 2-hydroxyethyl methacrylate (HEMA) 

Macromonomers 𝑴𝒏
a) 

[Da] 

𝑴𝒘 

[Da] 

Đ 

P(BMA) 6000 10200 1.70 

P(BMA) (5 mol% HEMA) 6100 11100 1.82 

P(BMA) (10 mol% HEMA) 6000 11200 1.87 

P(EHMA) 6000 9800 1.63 

P(EHMA) (8 mol% HEMA) 6600 11500 1.74 

P(EHMA) (16 mol% HEMA) 6900 11900 1.72 

P(EHMA) (24 mol% HEMA) 7000 11600 1.66 

a) Number and weight average molecular weights based on PS standard calibration. 
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Figure 4-1. Molecular weight distributions of dispersants: P(BMA) based macromonomers 

(a), P(EHMA) based macromonomers (b) 

 

4.2.2  Preparation of Non-Reactive P(BMA) Dispersant via Solution Polymerization 

A low MW P(BMA) dispersant (with no terminal double bonds) was prepared by radical 

polymerization in order to compare its stabilizing power to that of the reactive macromonomers. 

The semi-batch synthesis procedure was identical to that outlined by Yang and Hutchinson,2 scaled 

to a 700 mL reactor. Xylenes (128.7 g) were added to the reactor and heated to 138℃. A mixture 

consisting of 294.5 g BMA, 48.5 g xylenes and 16.2 g TBPA solution was then pumped to the 

reactor at a constant rate over 240 min, with the mixture held at 138 ℃ for an additional 120 min. 

The fractional monomer conversion was 92.5% according to 1H NMR, with no observable 

influence of a gel-effect, as viscosity remains low in the high temperature, low-MW polymer 

system. The polymer was purified by adding 10 g of the dispersant solution into a glass vial with 

10 mL methanol/water, and chilled with iced water to aid precipitation. The upper phase (mainly 

solvent/monomer) was decanted, with the remaining sample dried under vacuum at 110 ℃ for 24 

h. The resulting P(BMA) contained less than 1% residual monomer, with MW values unchanged 

at Mn =7400 and Mw=13500 Da, indicating negligible loss of oligomers during the purification. 
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4.2.3 Non-Aqueous Dispersion Polymerization 

Non-aqueous dispersion polymerizations were conducted to produce both MMA/MA 

copolymer and MA homopolymer as the particle core. The typical semi-batch reaction consisted of 

three steps. Initially 64.1 g dispersant solution (60 wt% polymer in xylenes) and 65.1 g heptane 

were charged to the reactor and heated to 92 ℃, followed by rapid addition of a pre-mixed solution 

of 2.15 g butyl acetate and 0.16 g Vazo®67. Secondly, a feed stream consisting of a mixture of 

102.5 g pure MA (or 30/70 w/w MA/MMA), 24.35 g heptane, 32.2 g dispersant solution and 1.25 

g Vazo®67 was fed at a constant rate over 210 min, with the reaction mixture then held at 92 ℃ 

for a further 45 min. Finally, 4.9 g butyl acetate and 0.42 g Vazo®67 were added at a constant rate 

over 30 min, with the reaction mixture held for a further 60 min before cooling to room temperature. 

Samples were taken throughout the reaction, as well as of the final dispersion. This procedure 

follows that established by Yang and Hutchinson2 based upon an industrial patent.17 

4.2.4  Quantification of Free Dispersant 

The fraction of dispersant chemically anchored and physically adsorbed to the NAD 

particles was quantified from the difference between the known mass of dispersant added to the 

reaction and the mass of the free dispersant that remained in the continuous phase in the final 

dispersion. The procedure to quantify the latter value was adopted from previous work,2,18 adding 

2 g of the NAD mixture into a vial to which was added 3.4 g heptane. The mixture was centrifuged 

at 6,000 rpm for 10 min to separate the phase into a clear upper solution and a dense particle rich 

phase. A sample of the clear upper phase liquid was removed and weighed, with the amount of 

soluble polymer determined by gravimetry after taking the sample to dryness under vacuum. The 

absence of particles in the solution separated by centrifugation was verified using LS for 

dispersions produced with P(BMA) based dispersants; as discussed later, not all particles were 

separated applying this procedure to NADs produced with P(EHMA) dispersants. As this soluble 

polymer may also contain some P(MA) “core” polymer produced during the reaction, the value 
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was corrected after measuring the molar ratio between free dispersant and soluble oligomer 

measured by 1H NMR. This adjusted measure of the total dispersant remaining in the solution was 

used to calculate the weight fraction of incorporated dispersant (𝑊𝑖𝑛𝑐), defined as the mass of 

chemically anchored and physically adsorbed dispersant divided by the total mass of dispersant 

added. Further details of this calculation are described in Appendix A.2. 

4.2.5  Characterization 

1H NMR was used to quantify both the final conversion of non-reactive dispersant and the 

composition of the soluble material in the continuous medium after NAD polymerization to 

calculate 𝑊𝑖𝑛𝑐. Dried samples were dissolved in deuterated chloroform (CDCl3) and analyzed using 

a Bruker Avance-400 MHz spectrometer following literature procedures.2 Average molecular 

weights and molecular weight distribution of samples were measured by size exclusive 

chromatography (SEC) using a Waters 2960 separation module followed by a Waters 410 

differential refractometer (DRI) operated at 35 ℃, with THF as eluent at a flow rate of 0.3 mL∙min1. 

The DRI detector was calibrated by 10 narrow MWD polystyrene standards with MW from 870 

Da to 355,000 Da.  

Average particle size and size distribution were measured on a Malvern Nano ZS Zeta-

Sizer using dynamic light scattering (DLS) with an angle of 173° at 25 ℃ in a quartz cuvette. A 

small sample of NAD mixture was  diluted using a 50/50 v/v solvent mixture of heptane and p-

xylene, with the refractive index (1.444) and viscosity (0.5000 cps) of the binary solvent mixture 

calculated by the Lorentz-Lorenz formula20 and the Grunberg and Nissan equation,21 respectively. 

The viscosities of the NAD mixtures were measured at room temperature using a 

Brookfield Viscometer with a UL adapter. All of the reported values were obtained under a rotation 

rate of 1.0 rpm at 1 min after starting the viscometer. 
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4.3  Results and Discussion 

4.3.1  The Importance of Thermodynamics in NAD Systems 

It was previously shown that P(BMA) macromonomer is a more effective dispersant for 

the production of P(MA) homopolymer dispersions compared to dispersions of P(MMA-ran-MA) 

copolymer containing 70 wt% MMA; the P(MA) particles were of smaller size than the copolymers 

(90 vs 140 nm) and the fraction of dispersant incorporated was also higher (increased value of 

Winc).2 The explanation for this result was that P(BMA) macromonomer can react with an MA 

radical but acts as a chain transfer agent with an MMA radical. While this reactivity difference is 

of significant importance, there are also thermodynamic factors to consider, as P(MA) is more polar 

than P(MMA). Thus, we explore the influence of the core composition on NAD systems by 

performing reactions with a non-reactive P(BMA) dispersant in place of the reactive P(BMA) 

macromonomer. As summarized by Table 4-2, the molecular weight of P(MMA) dispersion 

produced in the presence of the non-reactive dispersant (E2) is significantly higher than that 

produced using the macromonomer (E1), confirming the role of the macromonomer as a powerful 

chain-transfer agent during methacrylate polymerization. Interestingly, however, neither of the 

P(MMA) dispersions were stable, with both reactions terminated after 1 h due to particle 

coagulation.  

The importance of thermodynamics on the system was then tested by changing the 

composition of the NAD particle from P(MMA) (E2) to copolymer (E3) to P(MA) homopolymer 

(E4), keeping the non-reactive P(BMA) as dispersant and all other conditions constant. Decreasing 

the fraction of MMA in the particle core brings stability to the system, with final average particle 

size lower for the P(MA) homopolymer compared to the copolymer. Furthermore, as shown in 

Figure 4-2, there is a change in the particle size distribution (PSD) from unimodal (MA 

homopolymer) to a bimodal distribution (copolymer) to an unstable system with coagulation 

(MMA homopolymer, showing PSD of coagulum-free material). 
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Table 4-2. Characteristics of dispersions produced with varying particle compositions in the 

presence of non-reactive and macromonomer P(BMA) dispersants 

Experiments Stability of 

dispersion 

Particle 

𝒅𝒑
c) 

[nm] 

Particle size 

distribution 

𝑴𝒏
d) 

[Da] 

Đ 

 

E1a) 

(MMA core) 

Not stable, stopped 

at 60 min 

- Bimodal, 

PDI = 0.466 

9900 1.72 

E2b) 

(MMA core) 

Not stable, stopped 

at 60 min 

- Bimodal 

PDI = 0.551 

23700 1.93 

E3b) 

(MA/MMA 

core ) (30/70 

wt.)  

Stable 310 Multimodal, 

PDI = 0.388 

n.d. n.d. 

E4b) 

(MA core) 

Stable 175 Unimodal, 

PDI = 0.080 

n.d. n.d. 

a) Using macromonomer; b) Using non-reactive dispersant; c) 𝑑𝑝 is the average particle size and PDI 

is the dispersity of the particle size distribution as measured by DLS; d) Number average polymer 

molecular weight of NAD system using PS calibration. n.d. = not determined 

 

These results obtained with a non-reactive dispersant indicate that the relative polarity of 

the particle core and solvent has a significant effect on NAD stability and particle size. 

Hansen solubility parameters (HSP), often applied to estimate compatibility between 

solvent and polymer in industry, are used in this study to quantify the relative affinity between 

components of the system. A few studies have used HSPs to characterize batch dispersions of 

nonpolar monomers in polar solvent mixtures with varied monomer22 and solvent compositions.23,24 

The semi-batch system is very different, as it involves a continuous phase that contains low 

monomer concentrations (starved-feed operation) in a non-polar solvent mixture.  
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Figure 4-2. Particle size distributions measured by DLS for NAD dispersions: P(MMA) 

dispersion measured at 60 min using macromonomer (E1); P(MMA) dispersion measured at 

60 min using non-reactive dispersant (E2); P(MA-co-MMA) final dispersion product using 

non-reactive dispersant (E3); and P(MA) final dispersion product using non-reactive 

dispersant (E4) 

 

Yang and Hutchinson18 first proposed the use of HSPs to interpret results for NADs 

produced with the same experimental procedure as used in this study. It was found that small 

changes in particle polarity introduced by varying copolymer composition (either by addition of 

less-polar styrene or more-polar functional monomers) did not correlate with the observed changes 

in particle size in the presence of P(BMA) macromonomer as the dispersant. This conclusion is 
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contrary to what is found above using a non-reactive P(BMA) dispersant, for which larger 

variations in the core composition are highly correlated to system stability, particle size and particle 

size distribution. 

The same paper18 used HSP to explain why it was not possible to achieve a stable dispersion 

with 10 and 15 mol% HEMA added as a comonomer to P(BMA) macromonomer, due to a lowered 

affinity between the dispersant (which becomes more polar with the addition of HEMA) and the 

continuous phase. Two potential strategies for improving system stability are investigated in this 

study, increasing the polarity of the solvent mixture to match the increased polarity of the P(BMA-

ran-HEMA) dispersant, and decreasing the polarity of the hydroxyl-containing macromonomer to 

increase the affinity between the dispersant and solvent.  

Table 4-3 gives the HSP of all solvents, core composition and dispersants used in this study, 

with the overall Hansen solubility parameter, 𝛿𝑇 , calculated from the dispersion, polar, and 

hydrogen-bonding contributions (Equation (4-1)).25 

𝛿𝑇
2 =  𝛿𝐷

2 + 𝛿𝑃
2 + 𝛿𝐻

2      (Eq. 4-1) 

Equation (2)25 is used to calculate Hansen solubility parameters of a mixture from the pure 

component values,  

𝛿𝑚𝑖𝑥 = (𝜑𝑐𝑜𝑚𝑝1 ×  𝛿𝑐𝑜𝑚𝑝1) + (𝜑𝑐𝑜𝑚𝑝2  ×  𝛿𝑐𝑜𝑚𝑝2) + (𝜑𝑐𝑜𝑚𝑝3  ×  𝛿𝑐𝑜𝑚𝑝3)       (Eq. 4-2) 

with 𝜑𝑐𝑜𝑚,𝑖  and 𝛿𝑐𝑜𝑚,𝑖  indicating volume fraction and specific Hansen solubility parameter of 

component-i in the mixture. As seen in Table 4-3, among the solvents investigated xylene has a 

larger value of 𝛿𝐻, indicating increased H-bonding than heptane, but lower than that of butyl acetate. 

For particle core compositions, P(MMA) has a reduced 𝛿𝐻  and 𝛿𝑇  than P(MA), and the new 

macromonomer dispersant investigated, P(EHMA), has a smaller values of 𝛿𝐻  and 𝛿𝑇  than 

P(BMA), while P(HEMA) has the largest values due to the hydrogen-bonding it introduces. 

Equation (eq 4-3) uses these values to calculate solubility distance  𝑅𝑎 , a measure of the 



 

59 

 

compatibility between different components 1 and 2,25 with a smaller value indicating higher 

affinity between the components.  

𝑅𝑎,12
2 = 4(𝛿𝐷,1 − 𝛿𝐷,2)2 + (𝛿𝑃,1 −  𝛿𝑃,2)2 + (𝛿𝐻,1 −  𝛿𝐻,2)2     (Eq. 4-3) 

Solubility distances between solution and dispersant (𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

), solution and core polymer (𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

), and 

dispersant and core polymer (𝑅𝑐𝑜𝑟

𝑑𝑖𝑠
) are calculated to characterize the impact of changing solution, 

dispersant, or core polymer composition in the NAD system. The solution values are calculated 

based upon the monomer-free solvent/dispersant mixture at the start of the semi-batch reaction. 

While the composition varies over the course of the reaction with feed addition and dispersant 

incorporation to the particle phase, the change is slight due to the starved-feed operating policy 

employed.2  

 

Table 4-3. Hansen solubility parameters of components in the NAD systems studied 

Chemicals  𝜹𝑫
a) 𝜹𝑷

a) 𝜹𝑯
a) 𝜹𝑻

d)  

Heptane 15.3 0 0 15.3 

Xylenesb) 17.8 1 3.1 18.1 

Butyl acetate 15.8 3.7 6.3 17.4 

P(MA) 17.4 4.3 6.5 19.1 

P(MMA) 16.2 1.6 4.7 16.9 

P(HEMA) 17.1 5 12.1 21.5 

P(BMA) 16.1 1.4 3.5 16.5 

P(EHMA)c) 15.9 0.9 2.5 16.1 

a) Data is from data store of HSPiP software (Version 5.0.05) with units MPa1/2; b) xylene isomers 

have the same Hansen solubility parameters; c) Data is from group prediction method after 

correction (details in Appendix A.2); d)𝛿𝑇 is total solubility parameter with units MPa1/2, consisting 

of three contributions 𝛿𝐷  (contribution of dispersion), 𝛿𝑃  (contribution of polar force) and 𝛿𝐻 

(contribution of hydrogen bonding force), calculated by Equation (Eq. 4-1) 
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4.3.2  Effect of Solvent 

Heptane is the base hydrocarbon in the standard NAD experimental procedure, with 

xylenes also present as the solvent for the dispersant such that the initial w/w ratio of xylenes to 

heptane in the reactor is 0.4/1. As shown in Figure 4-3, the resulting 𝛿𝑇 of the system is 16.0 MPa1/2, 

close to the value of the P(BMA) macromonomer dispersant (16.5), but significantly lower than 

the value for the more polar P(MA) particles formed (19.1). These values are used to calculate the 

solubility distances summarized in Table 4-4 for this base case (E5). Two experiments were run to 

explore the effect of increasing the HSP of the solvent mixture on NAD properties, one with butyl 

acetate replacing the heptane component (E7), and the second with a portion of the heptane charge 

replaced with xylenes to give an initial w/w ratio of 1.8/1 (E6). All other aspects of the experimental 

procedure, including total solvent fraction, were kept constant. Figure 4-3 summarizes the relative 

values of 𝛿𝑇 for the three solvent/dispersant solution mixtures compared to that of the P(BMA) 

dispersant and the P(MA) core polymers.  

 
Figure 4-3. Component 𝛅𝐓  values (MPa1/2) for P(MA) NADs produced with P(BMA) 

macromonomer dispersant with varying solvent compositions (as indicated) 
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Increasing the polarity of the solvent decreases the value of 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 from 7.02 to 3.25 MPa1/2. 

The effect of this change on the NAD system is quite significant, as summarized in Table 4-4: 

average particle size increases significantly and the PSD becomes bimodal. The decreased value of 

𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 indicates increased compatibility between the core polymer and the solution such that the 

dispersion polymerization shifts more towards homogeneous polymerization, as indicated by the 

lower 𝑀𝑛 of the P(MA) particle core. The increased affinity between the particle and continuous 

phase is also reflected in the quite significant increase in particle size observed. 

Table 4-4. Solubility distances and corresponding properties of P(MA) NADs produced with 

P(BMA) macromonomer dispersant with varying solvent composition. (HSP values of 

solvent/dispersant mixtures in Appendix A.2) 

Exp. solvent 

mixture 

(w/w)a) 

𝑹𝒔𝒐𝒍

𝒄𝒐𝒓

b) 

 

𝑹𝒔𝒐𝒍

𝒅𝒊𝒔

b) 

 

𝑹𝒄𝒐𝒓

𝒅𝒊𝒔

b) Particle 

average size 

[nm] and 

PSD 

𝑴𝒏
c) 

[Da] 

Đ 𝑾𝒊𝒏𝒄 Viscosity 

[cps] 

E5; 

0.4/1.0 

Xyl/Hept 

7.02 2.34 4.92 95; 

Unimodal, 

PDI = 0.073 

20300 4.3 0.74 270 

E6; 

1.8/1.0 

Xyl/Hept 

5.76 1.74 4.92 226; 

Multimodal, 

PDI = 0.715 

13700 2.9 0.52 472 

E7; 

0.4/1.0 

Xyl/BuAc 

3.25 1.84 4.92 141; 

Multimodal, 

PDI = 0.677 

13300 3.0 0.67 > 2,000 

a) Solvent mass ratios; Xyl = xylenes, Hept = heptane, BuAc = butyl acetate; b) Solubility distances 

with unit MPa1/2; c) Number average molecular weight of particle core after centrifugation of NAD, 

using PS calibration 

 

The observed trends are the same as Cockburn et al.11 reported for dispersion 

polymerization of MMA with increasing methanol fraction in a methanol/water mixture using 

poly(N-vinyl pyrrolidone) as the dispersant; in that work the result was attributed to the influence 
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of solvency on monomer partitioning and an increased fraction of reaction occurring in the 

continuous phase due to the increased solubility of the growing polymer radicals. In our system, 

the important contribution of the reactive macromonomer dispersant complicates the interpretation 

of the results, as seen in the data for incorporated fraction of macromonomer ( 𝑊𝑖𝑛𝑐 ). As 

summarized in Table 4-4, a smaller value of 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

, indicating increased compatibility of the 

dispersant and the solution, is correlated to a lowering of 𝑊𝑖𝑛𝑐. This decrease also impacts 𝑀𝑛  and 

reduces the dispersity (Đ) of the P(MA), as fewer dispersant molecules react with the chains that 

are incorporated into the particle core. As the value of 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

 influences the effectiveness of 

dispersant incorporation, it also affects the stability, particle size and PSD of the system. Another 

important finding, verified by additional experiments discussed later, is that increased affinity 

between the solution and core (𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

< 6) favors multimodal particle distribution. 

The choice of solvent mixture also greatly impacts the viscosity of the NAD system. 

Typically, the viscosity of particle dispersions increases with higher solids content, smaller particle 

size and narrower particle size distributions.26 However, in this experimental set, solvent choice is 

a more important factor: E7 has much larger particles and a broader size distribution than E5, but 

also has a much higher viscosity (2000 vs. 270 cps). This result may be attributed to the increased 

hydrogen bonding with the more polar butyl acetate (Table 4-3, 𝛿𝐻 = 6.3 MPa1/2). As the hydrogen 

bonding effect on viscosity is broadly reported for aqueous27 but not for non-aqueous systems, its 

effect will be further tested in the following experiments.  

4.3.3  Effect of HEMA Content in the P(BMA) Based Macromonomer Dispersant 

Introducing HEMA as a comonomer to the dispersant is important for end-use application, 

as more than 30% of the low MW material is not incorporated onto the particles; the added hydroxyl 

groups ensure that these chains become cross-linked into the final coating rather than remain as 

extractable material. In this section, the performance of macromonomer containing 5 and 10 mol% 
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HEMA content is compared to the P(BMA) homopolymer macromonomer, keeping the MWs of 

the materials almost identical (see Table 4-1). As illustrated in Figure 4-4, introducing HEMA to 

the dispersant increases the HSP of the material from its initial value of 16.5 to 16.9 MPa1/2, further 

from the HSP of the solvent mixture and closer to the value for the particle core, with Appendix A. 

2 Table A2-3 summarizing the specific HSP data for the three different P(BMA) based 

macromonomers.  

 

Figure 4-4. Varying 𝛅𝐓 values (MPa1/2) of P(BMA) based macromonomer synthesized with 

different amount of HEMA as comonomer, relative to the values for P(MA) as the core and 

the standard heptane/xylene solvent mixture and E11 (simultaneous variation of the solvent 

and P(BMA) macromonomer composition) 

 

In the previous study,18 it was found that the P(BMA) macromonomer containing 10 mol% 

HEMA could not produce stable NAD under the standard feeding procedure (two-thirds of the 

dispersant added at the beginning of the batch and one-third fed with the MA monomer). Thus, in 

the current set of experiments, all of the P(BMA) based macromonomer was added to the reactor 

before feeding the MA. As solubility distances are calculated based on the initial mixture 

composition, this change in procedure slightly modifies the values of 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 and 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

 for Experiment 

E8 compared to E5. Although this process modification somewhat improved the stability, there is 
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still significant coagulation using the macromonomer containing 10 mol% HEMA (see Figure 4-

5), as is similarly reported in Yang’s thesis.28 The detailed experimental results are summarized in 

Table 4-5 (E8-E10).  

 

Table 4-5. Solubility distances and corresponding properties of P(MA) NADs produced with 

P(BMA) based macromonomers containing varying amounts of HEMA as comonomer. (HSP 

values in Appendix A.2) 

Exp. 

Dispersant 

Comp.a) 

𝑹𝒔𝒐𝒍

𝒄𝒐𝒓

b) 𝑹𝒔𝒐𝒍

𝒅𝒊𝒔

b) 𝑹𝒄𝒐𝒓

𝒅𝒊𝒔

b) Particle 

average size 

[nm] and 

PSD 

𝑴𝒏
c) Đ 𝑾𝒊𝒏𝒄 Vis. 

[cps] 

Stability 

E8 

100/0 

6.58 1.96 4.92 94; 

Unimodal, 

PDI = 0.073 

18100 4.22 0.83 348 Stable 

E9 

95/5 

6.46 2.30 4.50 98; 

Unimodal,  

PDI = 0.097 

20600 4.52 0.89 506 Stable 

E10d) 

90/10 

6.33 2.64 4.10 57; 

Unimodal, 

PDI=0.111 

19000 

 

5.15 

 

- - Not stable 

E11e) 

90/10 

 

5.54 2.29 4.10 171; 

Multimodal, 

PDI = 0.922 

- - - 1121 Stable 

a) Dispersant composition given as BMA/HEMA mole fraction; b) Solubility distances with unit 

MPa1/2; c) Number average molecular weight of particle core after centrifugation of NAD, using PS 

standard calibration; d) Properties reported for sample collected at 110 min. e) Experiment conducted 

with xylene to heptane solvent mass ratio of 1.8 to 1 

 

All three experiments produced unimodal PSDs (see Appendix A.2), despite the loss in 

system stability for experiment E10. This result is in contrast to those in Section 4.3.2, where the 
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NAD system remained stable but the PSD became bimodal when 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 was decreased to values 

lower than 6 MPa1/2. Increasing the HEMA content in the dispersant from 0 to 5 mol% did not 

significantly influence the average particle size (95-100 nm); although the value of 𝑊𝑖𝑛𝑐 increased 

slightly, the 𝑀𝑛 and Đ values of the core P(MA) polymer are similar. The latter values are also 

similar for the experiment conducted with P(BMA) dispersant containing 10 mol% HEMA, 

although the particles formed before the point of coagulation (110 min) are significantly smaller.  

 
Figure 4-5. Coagulation observed in E9 and E10 conducted with HEMA-containing P(BMA) 

macromonomer (See Table 4-5 for experimental details) 

 

The value of 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

 increases with increasing HEMA content in the macromonomer, while 

the value of 𝑅𝑐𝑜𝑟

𝑑𝑖𝑠
 decreases. The latter change indicates an increased affinity of the dispersant with 

the particle, while the former shows a decreased affinity between dispersant and continuous phase. 

Both changes could affect the system stability by causing the dispersant to partition more to the 

particle, consistent with the observed increase in 𝑊𝑖𝑛𝑐 from E8 to E9. Because of the increased 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

, 

the dispersant chains will not be as effective in stabilizing the particles, as the polar HEMA groups 

on the molecules are more attracted to the surface (or interior) of the P(MA) core, not extending in 

the medium. Thus, despite the well-controlled particle size, some coagulation on the agitator is 

observed even with only 5 mol% HEMA in the dispersant molecules (Figure 4-5). There is more 

significant coagulation of the dispersion on the agitator for the P(BMA) macromonomer containing 
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10 mol% HEMA (E10), and the entire dispersion becomes unstable. In addition, the viscosity 

increases from 348 cps to 506 cps when 5 mol% HEMA is introduced to the dispersant, even though 

E9 has slightly larger average particle size (98 nm > 94 nm) and a broader particle size distribution 

(0.097 vs. 0.073 PDI). This increase can be explained by the hydrogen bonding forces introduced 

by the HEMA content in the dispersant. 

4.3.4  Simultaneous Variation of the Solvent and P(BMA) Macromonomer Composition 

The results presented in the previous sections suggest that a feasible means to achieve 

stability while adding HEMA content to the P(BMA) based macromonomer is to increase the HSP 

value of the continuous phase to match the increasing dispersant value. As illustrated conceptually 

by Figure 4-4, this strategy should keep 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

 small to promote compatibility between the solution 

and dispersant and keep the dispersion stable. This hypothesis is tested with E11, which uses the 

same solvent mixture as E6 (i.e., with increased xylene content compared to the usual recipe) 

combined with the P(BMA) macromonomer containing 10 mol% HEMA. The result of this 

important experiment is summarized by the last entry in Table 4-5. 

Adjusting the solvent composition to maintain 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

 at a value closer to 2 MPa1/2 succesfully 

provided a stable final dispersion with the more polar copolymer dispersant; however, the 

corresponding decrease in 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 to less than 6 MPa1/2 resulted in a multimodal particle size 

distribution. In addition, simultaneously increasing the values of 𝛿𝑇  for the solution and the 

dispersant led to a significant increase in viscosity of the system to >1000 cps, even though solids 

content remains constant and particle size increased. Thus, although the final dispersion produced 

with the HEMA-containing dispersant is stable, the properties of the NAD product (higher 𝑑𝑃 and 

viscosity) are degraded. 
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4.3.5  NAD System with P(EHMA) Based Macromonomer 

The above analysis demonstrates that there is a very limited operating window available to 

produce stable P(MA) dispersions employing a P(BMA-ran-HEMA) macromonomer dispersant. 

However, the insights gained from examining HSP and solubility distances suggests a means to 

design a new macromonomer dispersant, substituting the less-polar EHMA for BMA as the 

principal monomer. It was our hypothesis that the lowered 𝛿𝑇 value of P(EHMA) compared to 

P(BMA) (see Table 4-3) should result in increased compatibility between dispersant and solvent 

even with HEMA added as a comonomer to the dispersant. The calculated solubility distances 

between the different components are illustrated in Figure 4-6 and summarized in Table 4-6 (E12-

E15) for a series of P(EHMA-ran-HEMA) macromonomer dispersants containing up to 24 mol% 

HEMA.  

 
Figure 4-6. Design of P(EHMA-ran-HEMA) based macromonomers (red dots) with lower 𝛅𝐓 

values relative to the values for P(BMA-ran-HEMA) macromonomers (grey dots). Values 

shown are relative to the solution (continuous phase) and P(MA) homopolymer core 
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Table 4-6. Solubility distances and properties for P(MA) NAD system using P(EHMA) based 

macromonomers with varying amounts of HEMA as comonomer. (HSP values in Appendix 

A.2) 

Exp. dispersant 

comp.a) 

𝑹𝒔𝒐𝒍

𝒄𝒐𝒓

b) 

 

𝑹𝒔𝒐𝒍

𝒅𝒊𝒔

b) 

 

𝑹𝒄𝒐𝒓

𝒅𝒊𝒔

b) Particle average 

size [nm] and 

PSD 

𝑴𝒏
c) 

[Da] 

Đ 𝑾𝒊𝒏𝒄
d) Vis. 

[cps] 

E12 

100/0 

7.24 1.41 6.05 115; 

Unimodal, 

PDI=0.058 

12330 4.27 0.73 112 

E13 

92/8 

7.04 2.03 5.27 115; 

Unimodal, 

PDI=0.088 

14690 3.95 0.75 124 

E14 

84/16 

6.83 2.67 4.52 120; 

Unimodal, 

PDI=0.073 

17050 3.82 0.68 469 

E15 

76/24 

6.62 3.30 3.82 141; 

Unimodal, 

PDI=0.097 

16640 4.24 0.77 >2000 

a) Dispersant composition given as BMA/HEMA mole fraction; b) Solubility distances with unit 

MPa1/2;; c) Number average molecular weight of particle core after centrifugation of NAD, using 

PS standard calibration; d) Upper phase liquid showed slight turbidity after separation from 

particles, such that true values of 𝑊𝑖𝑛𝑐 are lower (see Appendix A.2 Figure A2-3) 

 

Table 4-6 summarizes the properties of the NAD dispersions obtained with the P(EHMA) 

based macromonomer dispersants. As the value of 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 has not changed significantly for the system 

(close to 7.0), it was expected that all final PSDs would remain unimodal, as found experimentally 

(Figure A2-1). In addition, all experiments resulted in a final stable dispersion, even with 24 mol% 

HEMA in the EHMA-based dispersant (E15). This latter result is somewhat surprising, as the 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠
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value of 3.30 is greater than that of the unstable NAD produced with P(BMA)-based dispersant 

with 10 mol% HEMA (2.64, E10).  

The increased particle size produced with the P(EHMA) macromonomer (E12, 𝑑𝑃=115 nm) 

compared to the P(BMA) macromonomer (E8, 𝑑𝑃 =94 nm) may be a result of the decreased 

dispersant incorporation that correlates with a decrease in the value of 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

. Compared with 

P(BMA) macromonomer, the P(EHMA) macromonomer tends to stay more in the medium with a 

lessened incorporated weight fraction (smaller 𝑊𝑖𝑛𝑐 ) but, as expected, P(EHMA) has better 

stabilization because the polymer chain is more compatible with the medium. As the HEMA 

content in the P(EHMA) macromonomer is increased, the offered stability per incorporated 

dispersant decreases only slightly, such that the particle size of the final NAD increases from 115 

nm to 131 nm. As in the other experiment series, there is good correlation between Đ and 𝑊𝑖𝑛𝑐, 

with Đ increasing with 𝑊𝑖𝑛𝑐 . Note that (as further detailed in Appendix A.2) the effective 

stabilization of the NAD particles by the P(EHMA) based dispersant made it impossible to fully 

separate them from the continuous phase.  

Additional experiments were conducted with the P(EHMA) macromonomer in order to 

confirm that an increased xylene content in the solvent leads to higher viscosity. All other 

conditions were as for E12, with 20 and 80 wt% xylenes in the initial solvent charge, respectively, 

rather than 100% heptane. While the PSD remained unimodal, average particle size increased from 

115 to 194 nm, and the viscosity of the NAD mixture increased from 112 to 590 cp with the 

increased xylene content, despite the larger average particle size and broader PSDs obtained in the 

experiments. 

4.4 Conclusions 

The physical interactions among particle core, dispersant and continuous phase in a NAD 

dispersion have been quantified using Hansen solubility parameters and correlated to NAD particle 
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size distribution, viscosity and dispersion stability. It is found that the value of 𝑅𝑠𝑜𝑙

𝑐𝑜𝑟

 relates to the 

particle size distribution; for the system studied here a value greater than 6.3 MPa1/2 resulted in a 

unimodal partice size distribution in all cases. NAD viscosity is correlated with the hydrogen 

bonding force contributed by the hydroxyl group of the dispersant or by solvent, with higher 𝛿𝐻 

values leading to increased viscosity.  

By manipulation of the compatibility between the components, we successfully produced 

stable NAD dispersions with unimodal PSDs and low viscosities even using macromonomer 

dispersant containing greater than 10 mol% HEMA. This success was achieved by changing the 

core monomer of the dispersant from BMA to EHMA, a substitution that significantly increased 

the stability per dispersant chain (lowered 𝑅𝑠𝑜𝑙

𝑑𝑖𝑠

) with only a slight decrease in the fraction of 

dispersant incorporated to the core particle. The success points the way to further systematic design 

of dispersant recipes to match product requirements. In addition, the application of new 

macromonomers with uniform dispersity (Đ<1.4) are under investigation. 
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Chapter 5 

Synthesis and Utilization of Low Dispersity Acrylic Macromonomer as 

Dispersant for Non-Aqueous Dispersion Polymerization 

Preface 

The synthesis of the type B P(BMA) macromonomer via ATRP and nucleophilic 

substitution and its application is described in Appendix A.3. Due to its low terminal bond 

functionality and unknown impurity formed during the synthesis, it was not possible to study the 

effect of using type B P(BMA) macromonomer as a dispersant.  

This chapter will describe the synthesis and application of low Ð type A P(BMA) of 

structure 1 (Figure 2-6) as the dispersant in non-aqueous dispersion polymerization. This is the 

revised version of the manuscript published in Macromolecules, a peer reviewed journal. 
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Abstract 

The effect of dispersity on the stabilization performance of poly(butyl methacrylate) 

(P(BMA)) 𝜔-unsaturated macromonomer used as a reactive dispersant in non-aqueous acrylic 

dispersion (NAD) polymerization is investigated for the first time. Macromonomer with low 

dispersity (1.3) is synthesized in a one-pot process by the addition of 

bis(difluoroboryldiphenylglyoximato)cobalt(II) (CoPheBF) as a catalytic chain transfer (CCT) 

agent to P(BMA) chains mediated by atom transfer radical polymerization (ATRP); addition of the 

CoPheBF at a BMA monomer conversion of ~80% leads to good control of chain length and 

dispersity while achieving a high fraction of terminal double bond (TDB) functionality. The lower 

dispersity P(BMA) macromonomer provides better stabilization to NAD systems per dispersant 

chain compared to material of the same number-average molecular weight (~6000 Da) and TDB 

functionalization (~70-75%) but higher dispersity (1.8), as characterized by the smaller average 

particle sizes and the higher weight fractions of incorporated dispersant. 
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5.1 Introduction 

Derived from precipitation polymerization, radical dispersion polymerization is an efficient 

method to produce micron-size monodisperse polymer particles1,2 with applications in automotive 

coatings,3 as catalyst carriers,4 filler materials for composites,5 and chromatographic column 

packing material.6 The system starts as a homogenous mixture of monomer(s), initiator and 

polymeric stabilizers, with all reactants soluble in the continuous phase. When reaction 

commences, the newly-generated polymer chains precipitate to create particles, as the solvent is 

chosen so that the polymer formed has poor solubility in the medium.  

A key component of the system is the polymeric dispersant, added to control particle size 

and particle size distribution. This is particularly true for the production of smaller particles (< 200 

nm) by non-aqueous dispersion (NAD) polymerization, as the low molecular weight (MW) 

dispersant becomes chemically attached to the particles, either by grafting to the particle core via a 

H-atom abstraction,7 or by copolymerization via a vinyl group.3,8 The vinyl functionality is usually 

grafted onto the dispersant chains in a post-synthesis step, such as reacting the epoxy group of 

glycidyl methacrylate (GMA)  with the carboxyl group of methacrylic acid (MAA) groups 

randomly distributed among copolymer chains synthesized by radical polymerization.3 

Alternatively, macromonomer with terminal vinyl groups can be synthesized by catalytic chain 

transfer polymerization (CCTP),8 according to the mechanism in Figure 5-1. In dispersion 

polymerization, the stabilization is based on steric dispersant, whose stabilization ability is affected 

by anchoring ratio to particles and solubility of extended dispersant chain in the medium. Due to 

the random nature in the synthesis of grafted dispersant, a significant fraction of polymer chains  

contain zero GMA or multiple GMA units leading to no or multiple vinyl groups per chain.9 

Multiple vinyl groups may lead to multiple attachments to particle surface per chain, in which 

stabilization per chain is much weaker than macromonomer with only one vinyl group at the chain 

end assuming the same anchoring ratio, chain composition and length due to less extended chain 
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in the medium in the multiple attachment case. Previously, we have shown that a macromonomer 

dispersant provides more effective stabilization (i.e., produces smaller particles with a greater 

fraction of material incorporated to the particles) due to its uniform vinyl group distribution 

compared to a grafted dispersant of similar chain length.10 While of controlled end-group 

functionality, however, the low MW macromonomer has a chain-length dispersity typical of radical 

polymerization, with Đ > 1.8. 

 

Figure 5-1. CCT mechanism producing an 𝝎–unsaturated P(BMA) macromonomer chain 

 

It is well-known that reversible-deactivation radical polymerization techniques such as 

nitroxide mediated polymerization (NMP)10 and atom transfer radical polymerization (ATRP)12 can 

be used to synthesize polymer chains with low dispersity (Đ < 1.5) and controlled architecture. 

Methacrylate macromonomers with low dispersity have been synthesized by a one-pot process in 

which ATRP and CCTP are sequentially used.12 Acrylate macromonomers have been synthesized 

by a two-step process, in which capped chains with low dispersity synthesized by NMP13 or by 

ATRP14 are re-activated at elevated temperature in the absence of monomer to form terminal double 

bonds via a backbiting/chain-scission process; in this process, it was only possible to obtain 

reasonable end group conversion by keeping polymer concentration very low.13-15 

Macromonomers have also been synthesized from low dispersity ATRP-generated 

precursors by end-group nucleophilic substitution16,17 and by azide-alkyne click chemistry.18,19 As 

shown in Figure 2-6 (using poly(butyl methacrylate) as an example), however, these reactions result 

in a different end-group structure at the terminal vinyl group. Structure 1, an 𝜔–unsaturated 

macromonomer as formed by CCTP, does not homopolymerize and acts as an addition-
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fragmentation chain-transfer agent during methacrylate radical polymerization,20 only 

incorporating as a high-MW comonomer with acrylate and styrene.8,9 In contrast, macromonomers 

of Structure 2 react with radicals more readily and are known to homopolymerize.16-18 The focus of 

this study is to make macromonomers with the Structure 1 end group, to directly study the influence 

of dispersity on dispersant effectiveness in NAD polymerization. 

While it is often assumed that low dispersity will improve the performance of polymeric 

dispersants, there is no available literature to directly support the claim. In one recent effort, the 

effect of the uniformity of non-reactive amphiphilic block copolymer used as a stabilizer in 

emulsion polymerization was systematically examined, varying both the dispersity of the anchoring 

(hydrophobic) segment21 and the stabilizing (hydrophilic) segment of the block copolymer.22 While 

it was concluded that the dispersity of both segments had a significant effect on the aggregation 

number of the copolymer in aqueous solution, it was also reported that varying the block 

dispersities had a negligible role on particle stabilization.  

 

Figure 5-2. Structure of cobalt chain transfer reagents (CoPheBF was used in this work) 

 

As the dispersants used in NAD polymerizations are soluble in the continuous phase, it 

offers the opportunity to directly study the influence of dispersity on particle stabilization using a 

well-characterized simple homopolymer system. In this work, we describe a sequential ATRP and 

CCTP process to synthesize an  𝜔–unsaturated P(BMA) macromonomer with high end-group 
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functionality and Đ ≤  1.3. The cobalt reagent used as the chain transfer agent, 

bis(difluoroboryldiphenylglyoximato)cobalt(II) (CoPheBF) (Figure 5-2), differs from CCT agents 

previously used such as 5,10,15,20-tetraphenyl-21H, 23H-porphine cobalt(II) (Co(tpp)) and bis{𝜇-

[(2,3-butanedione dioximato) (2-) O:O’]} tetrafluorodiborato(2-) 𝑁, 𝑁′, 𝑁′′, 𝑁′′′  cobalt (II) 

(CoBF).12 The performance of this new dispersant is compared to that of a P(BMA) macromonomer 

of the same average chain length and Đ ~ 1.8 in a semi-batch NAD process used to produce 

particles with diameter of less than 200 nm in a nonpolar solvent at high solids content (>50 wt%).9 

The effectiveness of the dispersant is assessed by measuring the average particle size produced as 

well as the weight fraction of dispersant (𝑊𝑖𝑛𝑐) incorporated into the final NAD, thus directly 

addressing the question whether dispersity is an important design parameter for macromonomer 

used as a reactive stabilizer in dispersion polymerization. 

5.2  Experimental Section 

5.2.1  Materials 

N-butyl methacrylate (BMA, 99%), methyl methacrylate (MMA, 99%), methyl acrylate 

(MA, 99%), p-xylene (anhydrous, Sigma-Aldrich, 99%), heptane (anhydrous, 99%), 

deuterochloroform (CDCl3, 99.8 atom% D), copper(I) bromide (CuBr, 98%), anisole (99%), ethyl 

α-bromoisobutyrate (EBiB, 98%), N,N,N ′ ,N ′′ ,N ′′ -pentamethyldiethylenetriamine 

(PMDETA, 99%), butyl acetate (99%) and tetrahydrofuran (THF, 99%) were purchased from 

Sigma Aldrich and used as received. 2,2’-azobis-(2-methylbutyronitrile) (Vazo®67) purchased 

from E. I. de Pont, mixed xylenes (≥ 98.5%) purchased from Fisher Scientific and methanol 

(99.8%) purchased from ACP Chemicals were also used as received.  

High Đ P(BMA) macromonomer was kindly supplied by Axalta Coating Systems as a 60 

wt% polymer solution in mixed xylenes. Bis(difluoroboryldiphenylglyoximato)cobalt(II) 

(CoPheBF) (Figure 5-2) was also supplied by Axalta Coating Systems.  
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5.2.2  Batch ATRP of BMA 

P(BMA) was synthesized by batch ATRP with 50 wt% anisole in a 250 mL two-neck 

round-bottom flask maintained at 70 ℃ in a thermostated oil bath with a condenser to prevent the 

loss of solvent or monomer. BMA (50 g, 0.3516 mol), PMDETA (1.16 g, 0.0067 mol) and anisole 

(40 g) were added with a magnetic stir bar and mixed well, purged with nitrogen for 30 min, 

followed by a freeze-pump- thaw cycle to degas. CuBr (0.4808 g, 0.00335 mol) was then added to 

the frozen solution, followed by two vacuum and nitrogen filling cycles before heating the system 

to reaction temperature. EBiB (1.67 g, 0.00837 mol) and anisole (6.69 g) were mixed in a separate 

tube, degassed by 3 freeze-pump-thaw cycles and transferred by cannula from to the flask to start 

the reaction with initial molar ratios of [M]0:[I]0:[CuBr]0:[L]0 of 42:1:0.4:0.8 and stirring set at 200 

rpm. Hydroquinone (0.005 g, 1 wt%) was added to samples (0.5 g) taken at various intervals via 

syringe, with the reaction stopped after 4 h by exposure to air, by which time high monomer 

conversion (≥ 90%) had been reached. An alumina column was used to remove the catalyst and 

residual initiator, with methanol/water (1:1 v/v) used to precipitate the product. The separated 

polymer was first air-dried and then in a vacuum oven for 72 h at 80 ℃. Final monomer conversion 

was greater than 90% (by gravimetry), with 𝑀𝑛 = 5300-5400 Da, and Đ = 1.23-1.27 from size 

exclusion chromatography (SEC) analysis, with procedures detailed below. 

5.2.3  Low Đ P(BMA) Macromonomer Synthesis 

The ATRP recipe outlined above was also used in the synthesis of P(BMA) 

macromonomer, keeping the reagent ratios at [M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 wt% 

anisole at 70 ℃. A mixture of CoPheBF (44.8 mg, 7.03 × 10−5 mol) in 8 mL of THF, degassed by 

3 freeze-pump-thaw cycles, was transferred to the flask via cannula after the ATRP reaction had 

proceeded for 2 h, achieving a BMA conversion of ~80%. Two batches of macromonomer were 

synthesized, one terminated by exposure to air after a total time of 4 h, and the second after 5 h. 

The final properties of the two samples were similar, with 𝑀𝑛 = 5400-5800 Da, and Đ = 1.25-1.29 
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from SEC analysis. NMR was used to determine that 74-84% of the chains containing 

macromonomer end groups. 

5.2.4  Homopolymerization of Macromonomer 

The ability of the macromonomer to homopolymerize was checked by a batch reaction in 

which 4 g of the P(BMA) macromonomer and 0.08 g Vazo®67 (1 wt%) was dissolved in 4 g of 

mixed xylenes in a reaction tube, purged with nitrogen for 30 min, and immersed in an oil bath set 

at 60 ℃. The reaction was stopped after 24 h reaction by exposing to the air. The final sample was 

dried and analyzed by SEC. 

5.2.5  Dispersion Polymerization 

The semi-batch NAD procedures used in this work are adapted from those used in the 

previous study,9 scaled to a 25 mL Schlenk tube. The initial reaction solution was prepared by 

dissolving P(BMA) macromonomer (1.923 g) in a mixture of heptane (3.253 g) and mixed xylenes 

(1.282 g) in a 20 mL vial. The mixture was transferred by syringe to the reaction vessel stirred with 

a magnetic bar at 200 rpm and immersed in an oil bath controlled at 92 ℃. Vazo®67 (0.008 g) in 

butyl acetate (0.1075 g) was injected into the solution, followed by sequential injections of a 

monomer/solvent/macromonomer mixture consisting of 0.963 g macromonomer, 0.642 g mixed 

xylenes, 1.218 g heptane, 0.0625 g Vazo®67, and 5.125 g monomer (either pure MA or 70/30 w/w 

MA/MMA). The composition of this feed mixture follows that used in previous work,9 with the 

total amount added by three injections of equal volume at 1 min, 71 min and 141 min after the 

addition of the first initiator shot. The reaction mixture was held at 92 ℃ for another 115 min, 

followed by a further injection of 0.0209 g Vazo®67 in 0.2445 g butyl acetate (0.2445 g). After an 

additional 90 min, the reaction was stopped by exposing to the air. This semi-batch operating 

procedure was developed to approximate that used at larger scale with continuous feed addition,9 

keeping the total reaction time and relative ratios of reaction components the same.  
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5.2.6  Macromonomer Characterization 

Average molecular weights and molecular weight distributions of samples were measured 

by size exclusion chromatography (SEC) using a Waters 2960 separation module followed by a 

Waters 410 differential refractometer (DRI) operated at 35 ℃, with THF as eluent at a flow rate of 

0.3 mL∙min1. The DRI detector was calibrated by 10 low dispersity polystyrene standards with 

MW from 870 Da to 355,000 Da. MW values of the P(BMA) samples are reported after applying 

universal calibration procedures with Mark-Houwink parameters for PS (Κ= 11.4×10-5 dL∙g1, α = 

0.716)23 and for P(BMA) (Κ= 14.8×10-5 dL∙g1, α = 0.664);23 MW values of the dispersion polymers 

are reported according to PS calibration. 

A Bruker Avance-500 MHz NMR spectrometer at 25 ℃ was used to characterize the 

P(BMA) macromonomer samples dissolved in deuterated chloroform (CDCl3) at a concentration 

of 5 mg∙mL1. The ratio of terminal double-bond to repeat unit ester protons (-OCH2-) is calculated 

as detailed in Appendix A.3.  

5.2.7  NAD Characterization 

Average particle sizes and size distributions of the NADs were measured on a Malvern 

Nano ZS Zeta-Sizer, using dynamic light scattering (DLS) with an angle of 173° at 25 ℃ in a quartz 

cuvette. Samples were diluted in a 50/50 v/v solvent mixture of heptane and p-xylene, with the 

refractive index (1.444) and viscosity (0.5000 cps) of the binary solvent mixture calculated by the 

Lorentz-Lorenz formula9 and the Grunberg and Nissan equation,24 respectively. 

The weight fraction of incorporated dispersant in the NAD (𝑊𝑖𝑛𝑐) was determined by a 

procedure in which 2 g of NAD dispersion was added to 3.4 g heptane and centrifuged at 6000 rpm 

for 10 min to separate the phases into a clear upper phase and a particle-rich denser phase. The two 

layers were separated, with SEC used to determine 𝑀𝑛 and Đ of the polymeric particles in the dense 

phase after drying. The upper phase was also dried to determine the amount of soluble polymer it 
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contained by gravimetry, with the material also analyzed by 1H NMR to determine the ratio of 

P(BMA) dispersant to P(MA) (or P(MA-co-MMA)), and by SEC to compare the molecular weight 

distribution (MWD) of the soluble fraction to that of the dispersant. These measurements were used 

to calculate the fraction of the added dispersant that was effectively incorporated to the particles, 

𝑊𝑖𝑛𝑐. The method is the same as reported earlier,9 with further details of the calculation provided 

as Appendix A.3. 

5.3  Results and Discussion 

5.3.1  Batch ATRP of BMA 

It has been shown that the time at which the CCT agent is added to the system during the 

one-pot synthesis of low dispersity macromonomer by sequential ATRP-CCTP is important.12 

Adding at lower monomer conversion leads to interactions between the dormant chains and cobalt 

catalyst, as well as the formation of new oligomers due to conventional chain-transfer reactions. 

These reactions either increase the dispersity or reduce the end-group fidelity of the 

macromonomers. Based on this previous work, the goal is to utilize an ATRP system that maintains 

good control and livingness, adding the CCT agent at ~80% conversion to convert the growing 

chains to macromonomers. A full-conversion target chain length of 42 was set for the ATRP recipe, 

in order to match the number-average MW of the P(BMA) macromonomer (~6000 Da) produced 

by conventional CCTP.  

ATRP synthesis conditions were based upon literature studies of BMA ATRP in acetone 

using Cu(I)Br and PMDETA25 and a low copper ATRP study of BMA in anisole at 70 ℃ with 

added reducing agent.26 In the latter work, the low Cu levels led to slow initiation in the system, 

such that the MWs of the polymer formed was higher than target values. Since achieving low 

copper levels was not a priority of the current study, the molar ratio of initiator:copper:ligand was 

set at 1:0.4:0.8 using EBiB, Cu(I)Br, and PMDETA in anisole at 70 ℃. 



 

83 

 

Figure 5-3 summarizes the results obtained using this ATRP recipe, as well as 

demonstrating the reproducibility of two runs conducted at identical conditions, important for 

determining the time of CCT addition to produce macromonomer. Although there is minor 

variation between the repeats, the 𝑀𝑛 vs conversion profiles and polymer dispersities (Figure 5-3b) 

are in reasonable agreement, as are the conversion profiles (Figure 5-3a). Furthermore, 

experimental Mn values increase with conversion, and are in close proximity with the line indicating 

the evolution of the expected value with conversion, assuming good control and 100% initiator 

efficiency. A slight loss of livingness is indicated by the persistence of the low MW tail of the 

MWDs shown in Figure 5-4, likely related to the fast polymerization rate in the first 60 min of the 

reaction leading to a far deviation from first order kinetics for the same time (Figure 5-4a), as has 

been previously reported for a similar recipe.25 However, the final dispersities of 1.2-1.3 (at 90% 

conversion) are sufficiently low to provide a good comparison to the macromonomer produced by 

conventional CCTP.  

From Figure 5-3a, it is seen that a conversion of 80% is reached at ~2h, with a final 

conversion of > 90% at the end of the 4 h reaction, at which point Đ is below 1.3 and the number 

average molecular weight (Mn) is around 6000 Da. Based on these results, it was decided to add the 

CCT agent to this recipe after 2 h to synthesize P(BMA) macromonomer. 
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Figure 5-3. Plots of monomer conversion (a, X) versus time (filled symbols, left axis) and 

ln(1/(1-X)) (a, open symbols, right axis, linear regression starting from 60 min) and 𝑴𝒏 (b, 

closed symbols) and Đ (b, open symbols) versus conversion for the batch ATRP of BMA in 

anisole at 70 °C. Triangles and circles indicate repeat experiments conducted at identical 

conditions, with initial molar ratios of BMA:EBiB:Cu(I):PMDETA at 42:1:0.4:0.8 
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Figure 5-4. The evolution of P(BMA) molecular weight distributions with increasing reaction 

time and conversion (as indicated in the legend) under the reaction conditions summarized 

in Figure 5-3 

5.3.2  Low Đ P(BMA) Macromonomer Synthesis and Characterization 

To employ sequential ATRP and catalytic chain transfer to synthesize low Ð P(BMA) 

macromonomer, it is important to ensure the solubility of the CCT agent in the reaction mixture. 

Previously,12 first attempts using bis{ 𝜇 -[(2,3-butanedione dioximato) (2-) O:O’]} 

tetrafluorodiborato(2-) 𝑁, 𝑁′, 𝑁′′, 𝑁′′′  cobalt (II) (CoBF) (Figure 5-2) were unsuccessful – the 

poly(methyl methacrylate) (P(MMA)) polymer synthesized had less than 10% terminal double 

bonds – due to the poor solubility of the CCT in the ethyl acetate solvent. Switching to a soluble 

cobalt compound, Co(tpp) (Figure 5-2), led to the successful synthesis of low dispersity (1.31.4) 

P(MMA) macromonomer with terminal double bond retention above 85%. Thus, the solubility of 

CoPheBF was tested in THF, xylenes and anisole. As shown by Figure A3-1 THF afforded the best 

solubility and the xylenes the worst. A volume of 8 mL THF was required to completely dissolve 

the 44.8 mg CoPheBF used in the procedure (which was not soluble in 4 mL THF), which could 

be mixed with any amount of anisole without precipitation of the CoPheBF. 

The purpose of the CCT agent is to form macromonomers from the living chains in the 

ATRP system while minimizing the formation of new chains which would broaden the MW 
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distribution. Thus the CCT agent was added after 2 h, corresponding to a conversion of ~ 80%. 

The success of this strategy is quantified by measuring the concentration of unsaturated end groups 

(Figure 2-6, Structure 1) in the final polymer (after isolation) by 1H NMR, appearing as two singlet 

peaks at 6.17-6.20 and 5.44-5.46 ppm (olefinic CH2 in agreement with literature12), relative to the 

-OCH2- protons, as detailed in Figure A3-2. The resulting concentration of terminal double bond 

per BMA-repeat unit (mol-TDB/mol-RU) is compared to the concentration of chains in the system 

calculated from the SEC-measured Mn value in order to calculate the fraction of chains with double 

bond functionality. As the chain lengths in the system are ~40 (Mn ~6000 Da), it can be estimated 

that these values might have errors of about 10% due to uncertainties in both integrations of NMR 

peaks and the molecular weights determined by SEC.16 

As summarized in Table 5-1, the P(BMA) synthesized by conventional CCTP with Ð = 1.8 

(Entry 1) has ~71% TDB functionality. The two samples synthesized by sequential ATRP and 

CCTP have 83 and 74% TDB, with the higher value (Entry 2) from the experiment run for shorter 

reaction time, 4 h compared to 5 h. As the characteristics of the Entry 3 P(BMA) macromonomer 

more closely match that of Entry 1, it was chosen for the comparison of the two materials as NAD 

dispersants in this study.  

Table 5-1. Molecular properties of P(BMA) macromonomers characterized by SEC and 

NMR 

Name 𝑀𝑛,𝑆𝐸𝐶 a 

[Da] 

Đ 𝐶ℎ𝑎𝑖𝑛𝑠𝑆𝐸𝐶 

[mol/mol-RU] 

𝑇𝐷𝐵𝑁𝑀𝑅 b 

[mol-TDB/mol-

RU] 

TDB 

functionality 

 (%) 

Entry 1 - high Đ c 5900 1.80 0.0241 0.0170 70.5 

Entry 2 - low Ð d 5400 1.25 0.0263 0.0217 83.3 

Entry 3 - low Ð e 5800 1.29 0.0245 0.0182 74.3 

a SEC data for P(BMA) after application of universal calibration. b Calculation via 1H NMR. 
c P(BMA) macromonomer synthesized by radical CCTP and supplied by Axalta Coating 

Systems. d 4 h reaction with CCT agent added to ATRP system after 2h. e 5 h reaction with 

CCT agent added to ATRP system after 2h 
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Figure 5-5. Molecular weight distributions of high and low dispersity P(BMA) 

Macromonomers used as dispersants in non-aqueous polymerization 

 

The MWDs of the two P(BMA) macromonomers with Mn of 5800-5900 Da are compared 

in Figure 5-5, with the difference in dispersities clearly evident, indicating that the use of sequential 

ATRP and CCTP is an efficient procedure to synthesize low dispersity macromonomers in a one-

pot process. The addition of CCT agent at high conversion did not significantly change the Mn of 

the ATRP-generated chains, and led to only a very minor increase in dispersity. Thus, as desired, 

the CCT agent in this reaction works as an effective chain terminator to produce 𝜔–unsaturated 

end groups. Indeed, even higher end group fidelity may be possible through further optimization 

of reaction conditions, as suggested by the comparison of Entries 2 and 3 in Table 5-1. 

5.3.3  Effect of Macromonomer Dispersity on Stabilization Performance 

The reactivity of the P(BMA) macromonomer is very important to its performance as a 

dispersant in the non-aqueous dispersion (NAD) polymerization system. It should copolymerize 

with the polar monomers added to the system in order to form comb-like chains in-situ to stabilize 

the particles as they are formed. However, macromonomer homopolymerization is not desired, as 

the reaction would decrease its effectiveness as a dispersant. Although homopolymerization is not 
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expected with 𝜔–unsaturated end group of structure 1, the result was experimentally tested using 

the recipe and conditions described in the Experimental Section; even under the favorable 

conditions of a long polymerization time with a low radical flux, the P(BMA) macromonomer, 

regardless of Đ, did not homopolymerize. In addition, both macromonomers dissolve completely 

up to concentrations of 60 wt% polymer in the mixed xylenes and heptane used as the continuous 

phase in the dispersion polymerizations. 

In previous studies, a 4 h continuous feed of initiator, monomers, and dispersant solution 

into a 1 L reactor held at constant temperature was used to mimic the industrial process.9 In this 

study, due to the small amount of low Đ P(BMA) macromonomer synthesized, the process was 

scaled down to a 25 mL Schlenk tube. As well as mixing differences (impeller vs. magnetic stir 

bar), the continuous feed was replaced by the addition of the feed in three aliquots (see 

Experimental Section). Despite these differences, the poly(methyl acrylate) (P(MA) dispersion 

produced using the P(BMA) macromonomer with Đ of 1.8 had very similar characteristics, with 

the same MW averages, a slightly larger average particle diameter (𝑑𝑝), and a slightly lowered 

utilization of macromonomer dispersant (𝑊𝑖𝑛𝑐). Most importantly, the results obtained with the 

scaled-down process showed good reproducibility, as seen by comparing the first two entries in 

Table 5-2. Moving to an MMA/MA (70/30 w/w) copolymer dispersion caused a significant 

decrease in dispersant efficiency, with a much larger particle size. These trends, discussed in detail 

elsewhere,9 are accompanied by decrease in the MWs of the polymer produced in the NAD process, 

as the macromonomer acts as an addition/fragmentation chain transfer agent with methacrylate 

radicals.8 

The same experimental procedures were followed to produce the NADs described by the 

last three entries in Table 5-2, with the only difference being the substitution of the low Đ P(BMA) 

macromonomer as dispersant. With very similar values of 𝑀𝑛 and TDB functionality (see Table 5-

1 Entries 1 and 3), the only difference in the two macromonomers is the breadth of their chain 
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length distributions (Figure 5-5). The influence of the dispersity is quite striking, as the average 

particle diameter decreases by 10-15% for the P(MA) NAD, and by >30% for the P(MA-co-MMA) 

dispersion compared to the dispersions synthesized with the dispersant with Đ = 1.8. The decreases 

in 𝑑𝑝 are significant compared to typical variation between repeat experiments11,28 and as 

shown in Figure 5-6, are reflected by a shift in the entire particle size distribution, without any 

significant change in the breadth of the distribution (PDI values included with Table 5-2). 

Table 5-2. Characterization of dispersion polymerizations using P(BMA) macromonomers 

with Đ = 1.8 (first three entries) and Đ = 1.3 (last three entries) 

Dispersant Core 

Monomer 

Final Particle a 

(𝒅𝒑
 and PDI) 

𝑾𝒊𝒏𝒄 b 
 

 
(%)

 

𝑴𝒏 c 

[Da] 

Core 

𝑴𝒘
 c 

[Da] 

Core 

Đ c 

Core 

High Đ 

 

MA 106 nm with 

PDI = 0.064  

43 20500 80700 3.94 

High Đ 

 

MA 98 nm with  

PDI = 0.052 

  

45 20500 86300 4.21 

High Đ 

 

MMA/MA 

(70/30 w/w) 

282 nm with 

PDI = 0.377 

13 19400 68700 3.54 

Low Đ 

 

MA 94 nm with  

PDI = 0.059 

58 16800 79800 4.75 

Low Đ 

 

MA 88 nm with  

PDI = 0.062 

60  16400 80900 4.93 

Low Đ 

 

MMA/MA 

(70/30 w/w) 

179 nm with  

PDI = 0.339 

42 17900 70100 3.92 

a Average particle size and polydispersity index of particles in final NADs. b Incorporated weight 

fraction of macromonomer (details in Appendix A.3). c MWs measured by SEC without Mark-

Houwink correction 
 

Consistent with the decrease in average particle size, Using the low Đ P(BMA) 

macromonomer also leads to increased incorporation of the dispersant, as reflected in the higher 

fraction (𝑊𝑖𝑛𝑐) that is incorporated to the particles. Note that this value is obtained by quantifying 
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the amount of dispersant that remains in the continuous phase; thus, it cannot be directly determined 

whether the dispersant molecules are physically adsorbed onto the particle surface, or covalently 

attached to the core polymer chains in the particle. The occurrence of chemical grafting has been 

verified in other studies,29 and is supported by the breadth of the core polymer MWD measured 

here, as the incorporation of the P(BMA) macromonomer with 𝑀𝑛 = 6000 Da into the product leads 

to Đ values of 4-5. The improved value of 𝑊𝑖𝑛𝑐 is especially striking for the MMA/MA core, which 

agrees well with the large decrease in the average particle diameter. Considering that the number 

average molecular weights, degrees of terminal double bond functionality, and terminal double 

bond structure are identical for the two P(BMA) macromonomers, the improved stabilization 

performance of the low-Đ material can be attributed to better stabilization per dispersant chain, a 

greater fraction of the dispersant chains remaining at the particle surface, or a combination of the 

two factors.  

 

  
Figure 5-6. Particle size distributions of: P(MA) (a) and (P(MA-co-MMA) (b) non-aqueous 

dispersions produced using P(BMA) macromonomer dispersants with high (1.8) and low (1.3) 

dispersities. See Table 5-2 for further details 
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Unreacted dispersant is the dominant component of the recovered soluble polymer fraction 

(> 95 wt%), as verified by NMR analysis (see Appendix A.3, Figure A3-3). Thus, it is useful to 

compare the MWDs of the isolated soluble polymers to the original P(BMA) macromonomers. An 

almost exact overlay of the two distributions can be seen with the high Đ macromonomer used as 

dispersant in the NAD process (Figure 5-7a). As discussed previously,9 this result is a strong 

indication that the dispersant incorporates to the particle through reaction rather than physical 

adsoprtion. It also suggests that the TDB functionality is distributed evenly across the original 

P(BMA) macromonomer chain length distribution such that, irrespective of length, all chains have 

the same probability of reacting with the growing radicals in the NAD system. 
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Figure 5-7. Molecular weight distributions of (a) high Đ P(BMA) macromonomer (solid line) 

and recovered soluble polymer fraction isolated from P(MA) NAD (dashed line) and (b) low 

Đ P(BMA) macromonomer (solid line) and recovered soluble polymer fraction isolated from 

P(MA) NAD (dashed line) 

 

A significant difference, however, is seen in the distributions for the low Đ P(BMA) 

macromonomer (Figure 5-7b). The recovered soluble polymer fraction has a greater high MW 

fraction compared with its original macromonomer. Assuming that all macromonomer chains have 

equal reactivity (as indicated in Figure 5-7a and previous work9), this result suggests that the higher 

MW chains of the macromonomer have lower TDB functionality compared to the average value of 

74% determined for the polymer. These non-functional chains exist within the original 

macromonomer distribution, but only as a small fraction of the MW tail that does not noticeably 

impact the dispersity. However, when the dispersant is used in the NAD reaction, these chains do 

not react and become a larger mass fraction more readily observed in the distribution relative to the 

remainder of the recovered soluble polymer. These non-functionalized chains are likely formed by 

termination during ATRP synthesis at higher conversions, as has been noted in other studies.27 Thus, 

it should be possible to obtain even higher TDB functionality using the sequential ATRP-CCTP 

process through optimization of ATRP synthesis conditions to improve livingness (reducing 

termination). This improvement, in turn, may result in even better stabilization efficiency of the 

low Đ P(BMA) macromonomer. 
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5.4  Conclusions 

Low Ð (Ð = 1.29) P(BMA) 𝜔–unsaturated macromonomers controlled molecular weight 

(5800 Da) and high terminal double bond functionality (74%) was successfully synthesized by 

sequential ATRP-CCTP, using CoPheBF as the CCT agent. Adding the CCT agent towards the end 

of the ATRP reaction (~80% BMA conversion) adds terminal double bonds to the growing chains 

without a significant impact on the ATRP-controlled number average molecular weight and 

dispersity, indicating the CoPheBF mainly functions as a chain terminator in the system.  

The performance of this material as a dispersant in non-aqueous dispersion was compared 

to that of P(BMA) macromonomer of almost identical number-average Mn and TDB functionality 

but Đ of 1.80 synthesized by conventional CCTP. The uniform chain length distribution of the low 

Đ P(BMA) macromonomer translated to a marked improvement in its performance as a dispersant, 

as the NAD nanoparticles produced - both P(MA) homopolymer and P(MA-co-MMA) copolymer 

- were significantly smaller. This indication of more efficient stabilization is supported by the 

measurement indicating that a higher fraction of the low Đ dispersant was incorporated to the 

particles compared to the dispersant with Đ = 1.80. These results show directly (to the best of our 

knowledge, for the first time) the advantage of narrowing the dispersity of reactive dispersant with 

TDB functionality used to stabilize non-aqueous dispersions. 
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Chapter 6 

Modeling the Synthesis of Butyl Methacrylate Macromonomer by 

Sequential ATRP-CCTP 

Preface 

In Chapter 5, the low Đ P(BMA) was synthesized and applied as the more effective 

dispersant in non-aqueous dispersion polymerization attributed to its uniform chains compared to 

its high Đ type. While, the recovered dispersant sample shows there is a significant amount of long 

chains are without vinyl endgroups, indicating that they are produced via termination by 

combination. 

In this chapter, a mechanistic model, based on literature kinetic parameters and distinct 

activation and deactivation rate coefficients by estimation from experimental data, is developed to 

provide a good representation of the experimental results for ATRP and sequential ATRP-CCTP. 

The simulation results give the details of final product, which confirms the hypothesis and finds 

the source for the long chains without vinyl endgroups. There is some repetitive description in the 

experimental section between the Chapter 5 and Chapter 6. 
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Abstract 

The atom transfer radical polymerization of butyl methacrylate initiated by 

Cu(I)Br/N,N,N′,N′′,N′′-pentamethyldiethylenetriamine in anisole at 70 ℃  with the subsequent 

addition of bis(difluoroboryldiphenylglyoximato)cobalt(II) after 2 h is modeled using Predici® 

software, to gain additional insight to the system studied experimentally. The mechanistic model, 

using kinetic coefficients from the literature and distinct activation and deactivation rate 

coefficients estimated from this work, provides a good representation of the experimental results. 

The simulation results demonstrate that the time (conversion) at which cobalt chain transfer agent 

is added to the system is critical to control the number average molecular weight of final product, 

and also confirm that chains of higher length in the final product are more likely to be non-

functionalized, in agreement with experimental observations. The model predicts the production of 

a significant fraction of macromonomer oligomers with lengths of 1-3 units, consistent with 

experiments. 

 

 

After sequential ATRP-CCTP of BMA, the final product (blue) principally consists of 

macromonomer (black dash, 90.3 wt%) with a small fraction of polymer without vinyl 

endgroup (red line, 9.7 wt%). The low molecular weight shoulder consists of macromonomer 

oligomers formed after addition of the CCT agent. 
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6.1  Introduction 

In catalytic chain transfer polymerization (CCTP), a small amount of cobalt chain transfer 

(CCT) agent is added to radical polymerization to produce polymers containing unsaturated end 

groups,1-3 with the so-called macromonomer used for further post-reaction.4-7 As the chains are 

produced continuously during the reaction by decomposition of a thermal initiator, the 

macromonomers synthesized by CCTP chemistry have a dispersity (Ð) close to 2.7-9 

Atom transfer radical polymerization (ATRP) is a type of reversible deactivation radical 

polymerization (RDRP) used to create polymers of controlled molecular weight and architecture 

(block, gradient, star) with high livingness and low Ð (Ð< 1.4); all of the chains are initiated at the 

beginning of the reaction, with their growth regulated by reversible radical capture involving a 

Cu(I)-Cu(II) activation/deactivation cycle.10,11 It was demonstrated that P(MMA) macromonomer 

with high vinyl end group functionality and low Ð could be synthesized through the combinination 

of both techniques, with the CCT agent bis{ 𝜇 -[(2,3-butanedione dioximato) (2-) O:O’]} 

tetrafluorodiborato(2-) 𝑁, 𝑁′, 𝑁′′, 𝑁′′′  cobalt (II) (CoBF) or 5,10,15,20-tetraphenyl-21H, 23H-

porphine cobalt(II) Co(tpp) (Figure 5-3) added towards the end of polymerization to add terminal 

double bonds to the uniform chains mediated by ATRP chemistry.12 Very recently, low Ð P(BMA) 

was synthesized through this sequential ATRP-CCTP technique using 

bis(difluoroboryldiphenylglyoximato)cobalt(II) (CoPheBF, Figure 5-2) as the CCT agent; the study 

showed that lowering the dispersity of macromonomer by this strategy improved its efficiency as 

a dispersant in nonaqueous dispersion polymerization compared to a similar material with a 

dispersity of two.8  

It is the goal of this work to develop a first model of the ATRP-CCTP system by combining 

the known mechanisms of each chemistry. Several papers describe modeling the ATRP of different 

monomers, typically styrene13-15 and its copolymerization with acrylates.16 In the traditional ATRP 

process (Figure 6-1), radicals are generated from a Br-capped alkyl radical (either initiator or a 
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growing polymer chain) through a reversible redox process, catalyzed by a transition metal such as 

Cu,17 Ru18 and Fe19 (this work focuses on Cu), which allows for much faster deactivation of growing 

radicals (𝑘𝑑𝑎) relative to their formation by activation (𝑘𝑎). In a controlled ATRP process, an 

equilibrium is established between the two processes such that the equilibrium constant of ATRP 

is very small (𝑘𝑎/𝑘𝑑𝑎 =10-4 to 10-8)20 to keep the radical concentration low leading to a suppressed 

rate of bimolecular radical termination. 

Later, a modified ATRP technique named activator regenerated by electron transfer 

(ARGET) ATRP21 was developed. The addition of a reducing agent such as tin(II)-ethylhexanoate 

to promote the conversion of Cu(II) to Cu(I) activator allowed the reaction to proceed with a much 

lower amount of  Cu(II)Br2 catalyst (< 300 ppm) compared with traditional ATRP, which requires  

higher Cu levels (> ~ 5000 ppm with respect to monomer on a molar basis) to well control the 

growth of the polymer chains.  

 

Figure 6-1. Principle of normal ATRP 

 

In addition to the standard mechanisms of free radical polymerization, the modeling of 

ARGET ATRP includes the activation, deactivation and reduction reactions, with the associated 

rate coefficients normally estimated by the specific experimental data.22, 23 These previous efforts 

will be used as a starting point for the representation of ATRP chemistry in the combined ATRP-

CCTP model developed in this work. 

Models of radical CCTP of styrene24 and methacrylates can also be found in the literature, 

with a focus on methyl methacrylate25,26 and its copolymerization.27-29 In addition to initiation, 
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propagation and termination, the generally accepted mechanism for CCTP, used in this work, 

consists of two reactions – hydrogen abstraction and reinitiation. In the first reaction (Eq. I), a 

growing radical 𝑅𝑖
∗ (subscript i represents chain length) reacts with a Co(II) complex to produce a 

macromonomer, also of length i, and a Co(III)H intermediate. In the subsequent reinitiation 

reaction (Eq. II), the Co(III)H intermediate reacts with a monomer to yield a monomeric radical 

(𝑅1
∗) and regenerates the Co(II) complex.29 As a macromonomer of chain length of 1 is simply 

monomer, a monomer renewal mechanism (Eq. III) is required in order to correctly model the 

conversion profile.28 

 

In this work, we combine these mechansism to model, for the first time, the sequential 

ATRP-CCTP process, using Predici® software to develop the representation  of ATRP of BMA in 

anisole at 70 ℃ mediated with Cu(I)Br/PMDETA, EBiB as the initiaor and CoPheBF as the CCT 

agent added at the latter stages of the reaction. Starting from estimates from literature, the activation 

and deactivation coeffcients are adjusted to provide a representation of the experimentally 

measured conversion, average chain-length and dispersity profiles, with the influence of the mode 

of termination on the production of terminal double bonds during the ATRP reaction also 

investigated. The model is then used to explore the influence of operating conditions on the extent 

of terminal double-bond (TDB) functionalization achieved in the system, as well as to explore 

whether the high molecular weight polymer chains in the distribution are more likely to be dead 
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chains terminated by combination, a hypothesis put forth to explain results obtained when using 

the low Đ macromonomer P(BMA) as the dispersant in nonaqueous dispersion polymerization.8  

6.2 Experimental Section  

6.2.1  Materials 

N-Butyl methacrylate (BMA, 99%), deuterochloroform (CDCl3, 99.8 atom% D), copper(I) 

bromide (Cu(I)Br, 98%), anisole (99%), ethyl α-bromoisobutyrate (EBiB, 98%), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA, 99%) and tetrahydrofuran (THF, 99%) were purchased 

from Sigma Aldrich and used as received. Methanol (99.8%) purchased from ACP Chemicals was 

also used as received. Water was further purified using a Millipore Synergy water purification 

system equipped with SynergyPak purification cartridges. 

Bis(difluoroboryldiphenylglyoximato)cobalt(II) (CoPheBF) was supplied by Axalta Coating 

Systems. 

6.2.2 Batch ATRP of BMA 

The recipe and procedure are described in Section 5.2.2. After stopping the reaction by 

exposure to the air, an alumina column was used to remove the catalyst and residual initiator, with 

methanol/water (1:1 v/v) used to precipitate the product. The separated polymer was first air-dried 

and then dried in a vacuum oven for 72 h at 80 ℃. 

6.2.3 Sequential ATRP-CCTP of BMA 

The reaction recipe and conditions are described in Section 5.2.3. The reaction is stopped 

by exposure to the air. An alumina column was used to remove the residual catalyst and initiator. 

The mixture of methanol/water (1:1 v/v, 250 ml) was used to precipitate the acquired product 20 

ml per time. The final product was first dried in the air and further dried under vacuum at 80 ℃ for 
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72 h for sample analysis. SEC and NMR was used to determine that 83.3 mol% (4h, 5400 Da, Ð = 

1.25) of the final product is the macromonomer. 

6.2.4 Characterization 

Average molecular weights and molecular weight distributions of samples were measured 

by size exclusive chromatography (SEC) using a Waters 2960 separation module with 4 Styragel 

columns (HR 0.5, 1, 3, 4) followed by a Waters 410 differential refractometer (DRI) operated at 

35 ℃, with THF as eluent at a flow rate of 0.3 mL∙min1. The DRI detector was calibrated by 10 

low dispersity polystyrene standards with MW from 870 Da to 355,000 Da. MW values of the 

P(BMA) samples are reported after applying universal calibration procedures with Mark-Houwink 

parameters for PS (Κ= 11.4×10-5 dL∙g1, α = 0.716)30 and for P(BMA) (Κ= 14.8×10-5 dL∙g1, α = 

0.664)30. 

A Bruker Avance-500 MHz NMR spectrometer at 25 ℃ was used to characterize the 

P(BMA) macromonomer samples dissolved in deuterated chloroform (CDCl3) at a concentration 

of 5 mg∙mL1. The ratio of terminal double-bond to repeat unit ester protons (-OCH2-) is calculated 

as detailed in Appendix A.4.  

6.3 Results and Discussion 

6.3.1  Mechanistic Model Development 

The model is developed in two stages, starting with development of a representation of 

ATRP of BMA and the estimation of activation and deactivation rate coefficients and the fraction 

of termination by disproportionation ( 𝑘𝑡𝑑 / 𝑘𝑡 ) from the experimental data, followed by the 

development of the full ATRP-CCTP model based on the mechanisms proposed in the literature, 

as presented in Table 6-1.  

Most of the kinetic parameters summarized in Table 6-1 are taken from previous literature. 

The density of BMA monomer30 is 𝜌𝐵𝑀𝐴 = 0.91454-9.64 × 10-4 T/℃ g·cm-3, polymer density37 is 
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𝜌𝑃 = 1.19 – 8.07 × 10-4 T/℃ g·cm-3, and the density of anisole is 𝜌𝑎𝑛𝑖𝑠𝑜𝑙𝑒 =0.995 g cm-3 neglecting 

the temperature dependency. While Chain-length dependency of termination was not considered in 

the model, 𝑘𝑡 value is a chain-length averaged value calculated from Payne et al.23 In addition to 

radical species, three different distributions of chains are tracked by the model: dormant (bromine 

capped) chains, dead chains, and macromonomer chains formed by termination by 

disproportionation or by hydrogen abstraction through the CCT mechanism. In this work, the 

reported 𝑀𝑛 and Ð values are calculated by summing up these distributions. As mentioned in the 

experimental section, the SEC calibration range is from 870 to 355,000 Da and the polymer samples 

were precipitated and  dried in vacuum oven at 80 ℃ for 72 h before SEC characterization. Thus, 

the contribution of chains of lengths 1-3, outside of the SEC-calibration region, are subtracted from 

the distributions before summation, as also done for previous models developed to represent 

CCTP.23,28 

The Matyjaszewski research group has greatly contributed to the understanding of ATRP 

mechanism, measuring both 𝑘𝑎 and 𝐾𝐴𝑇𝑅𝑃,31-34  with the corresponding deactivation rate coefficient 

estimated by 𝐾𝐴𝑇𝑅𝑃 = 
𝑘𝑎

𝑘𝑑𝑎
⁄ . Specifically, Nanda and Matyjaszewski31 reported the effect of the 

penultimate unit on the activation rate coefficient, determining that the activation rate coefficient 

for ATRP dormant polymeric species (𝑘𝑎) is at least 10 times larger than that for ATRP initiator 

(𝑘𝑎,0). This difference in the activation kinetics of initiator and dormant chains was applied in 

Payne’s papers modeling ARGET-ATRP of BMA23,35 to provide a good agreement between the 

experimental and simulation results. As this work utilizes the same monomer BMA, ATRP initiator 

EBiB, Cu(I)Br as the catalyst in the activation reaction, and anisole as the solvent, the same 𝑘𝑎,0 

value of 3.25 L·mol-1·s-1 at 70 ℃ is used. Note, however, that while the ARGET-ATRP study used 

tris(2-pyridylmethyl)amine (TPMA) as ligand, here we use PMDETA; thus, the activation energy 

𝐸𝑎  = 2.77 × 104  J·mol-1  reported by Seeliger33  for EBiB activation (Cu(I)Br/PMDETA, 
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acetonitrile as solvent) over the temperature range of -40 ℃ to 40 ℃ is used to relate this 𝑘𝑎,0 value 

to 𝐾𝐴𝑇𝑅𝑃 values reported at different temperatures. 

From the modeling perspective, the main difference between this BMA ATRP system and 

Payne’s ARGET-ATRP study is the effect of ligand choice (PMDETA vs. TPMA) on the activation 

and deactivation rate coefficients. In order to estimate the values of 𝑘𝑎 , 𝑘𝑑𝑎,0  and 𝑘𝑑𝑎  using 

Predici® software, it is very important to provide reasonable boundary limits. It can be inferred that 

𝑘𝑎 in the current system at 70 ℃ is about 10 times larger than 𝑘𝑎,0 = 3.25 L·mol-1·s-1 but much 

smaller than 𝑘𝑎,𝑇𝑃𝑀𝐴 = 240 L·mol-1·s-1 reported in Payne’s paper,23 based on Tang’s study32 of the 

effect of ligand choice on the activation rate coefficient (𝑘𝑎) of EBiB in acetonitrile (MeCN) that 

found 𝑘𝑎,𝑇𝑃𝑀𝐴 is 10 to 100 times larger than 𝑘𝑎,𝑃𝑀𝐷𝐸𝑇𝐴. It can also be assumed that 𝐾𝐴𝑇𝑅𝑃,0 of the 

current system is close to the value of 1.35 × 10−7  suggested from Payne’s work, and that 

𝐾𝐴𝑇𝑅𝑃,𝑃𝑀𝐷𝐸𝑇𝐴  is bounded by the 𝐾𝐴𝑇𝑅𝑃,𝑇𝑃𝑀𝐴  value of 2 × 10−5  used by Payne and 1 × 10−8 

inferred from the study on the ligand effect on the ATRP equilibrium constant using EBiB, Cu(I)Br 

in MeCN at 22 ℃ with 𝐾𝐴𝑇𝑅𝑃,𝑃𝑀𝐷𝐸𝑇𝐴 = 7.5 × 10−8 and 𝐾𝐴𝑇𝑅𝑃,𝑇𝑃𝑀𝐴 = 9.6 × 10−6.34 This range of 

values is supported by Buback and Morik’s more recently study36 reporting that 𝐾𝐴𝑇𝑅𝑃,𝑃𝑀𝐷𝐸𝑇𝐴 is 

9.8  × 10−8  and 𝐾𝐴𝑇𝑅𝑃,𝑇𝑃𝑀𝐴  is 2.0 × 10−5  using EBiB, Cu(I)Br in MeCN at 25 ℃, based on 

extrapolation from measured values at pressures between 50 and 2500 bar. The corresponding 

bounding ranges of 𝑘𝑑𝑎,0 and 𝑘𝑑𝑎 in this work are estimated using these ranges for 𝐾𝐴𝑇𝑅𝑃,0 and 

 𝐾𝐴𝑇𝑅𝑃,𝑃𝑀𝐷𝐸𝑇𝐴. More specifically, at first 𝑘𝑎 and 𝑘𝑑𝑎,0 were estimated simultaneously by Predici® 

with the values (with 95% confidence interval) determined as 42.5±21.2 L mol-1 s-1 and 2.7±1.9×

107 L mol-1 s-1 respectively at 70 ℃. The 70 ℃ value of 𝑘𝑑𝑎 was then estimated to be 15.7±4.1 ×

106 L mol-1 s-1.  The only other rate coefficient estimated in this work is the fraction of termination 

by disproportionation for BMA in anisole, whose ratio λ =
𝑘𝑡𝑑

𝑘𝑡
⁄  was varied from 0.6537 to 0.9028, 

as discussed later. 
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Table 6-1. Mechanisms and 70 ℃ rate coefficients used to model the sequential ATRP-CCTP 

of BMA in anisole, with EBiB as ATRP initiator, Cu(I)X/L as activator and CoPheBF as CCT 

agent, where X = Br, L = PMDETA; Subscript “0” relates to ATRP initiator 

Mechanism Parameter Value at 

𝟕𝟎 ℃ 

( L·mol-1·s-1) 

Ref. 

ATRP activation/deactivation    

 

𝑘𝑎,0 3.25 23 

 

𝑘𝑎 42.5 This work 

 

𝑘𝑑𝑎,0 2.7× 107 This work 

 

𝑘𝑑𝑎 1.57× 107 This work 

Propagation    

 

𝑘𝑃,0 1.23× 103 23 

 

𝑘𝑃 1.23× 103 23 

Termination by disproportionation    

 

𝑘𝑡𝑑,𝑖𝑗 = 

0.75𝑘𝑡 

6.75× 107a 23 

This work 

Termination by combination    

 

𝑘𝑡𝑐,𝑖𝑗 = 

0.25𝑘𝑡 

2.25× 107a 23 

This work 

CCT reactions    
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𝑘𝑡𝑟 2.85× 107b 28 

 

𝑘𝑟𝑒𝑖𝑛 1.0× 103 28 

Monomer renewal    

 

𝑘𝑓𝑎𝑠𝑡 (s-1) 1.0× 103 This work 

a) Here 
𝑘𝑡𝑑

𝑘𝑡
⁄  = 0.75 and 𝑘𝑡  = 9× 107 L·mol-1·s-1 (at 70℃, Ref. 23); b) 𝑘𝑡𝑟  = 𝐶𝑡𝑟 × 𝑘𝑝 = 2.3×

104 ×1.23× 103 = 2.83× 107 L·mol-1·s-1 

 

The simulation results using the best-fit estimates of ATRP activation and deactivation rate 

coefficients are compared to the experimental results in Figure 6-2. In this series of simulations, 

the fraction of termination by disproportionation is varied. The value of λ does not affect the 

calculated conversion (𝑋), 𝑀𝑛 , and dispersity greatly since the fraction of dead chains is low. 

However, the value influences the calculated percentage of macromonomer (as a mole fraction of 

total chains) in the system, which has been experimentally measured using 1H NMR. As mentioned 

previously, the values of  λ used in previous simulations ranges from 0.65 to 0.9.28,37,38 with the 

lower value of  0.65 more in line with experimental estimations for methacrylate monomers. Based 

on the simulations shown in Figure 6-2, a value of 0.75 provides a reasonable description the 

macromonomer percentage measured in this system.  
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Figure 6-2. Simulated (lines) and experimental (points) conversion (a), number average 

molecular weight (b, 𝑴𝒏), dispersity (c, Ð) and percentage of chains that are terminated by 

double bonds (d, macromonomer %) profiles for batch ATRP of BMA with 

[M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 wt% anisole at 70 ℃. Kinetic parameters for 

simulation are given in Table 6-1 (𝒌𝒕 = 9× 𝟏𝟎𝟕 L mol-1s-1, red - 𝒌𝒕𝒅 = 0.9𝒌𝒕, black - 𝒌𝒕𝒅 = 

0.75𝒌𝒕, green - 𝒌𝒕𝒅 = 0.65𝒌𝒕) 

 

The sensitivity of model predictions to the values of 𝑘𝑑𝑎,0, 𝑘𝑎 and 𝑘𝑑𝑎 were also examined. 

For the purpose of conciseness, only the sensitivity with respect to 𝑘𝑎 is shown, with the sensitivity 

to 𝑘𝑑𝑎,0 and 𝑘𝑑𝑎 shown in Appendix A.4. The simulation results shown in Figure 6-3 compare the 

profiles generated with the 𝑘𝑎 value increased and decreased by an order of magnitude relative to 

the best fit value of 42.5 L mol-1s-1. It can be seen that the experimental data can only be matched 

with this best-fit value, as the higher value leads to the predicted loss of control (high dispersity 

due to termination of radicals), and the lower value results in a lower rate of conversion (with better 
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control) than observed experimentally. Although further experiments would be required with 

varying initiator and mediator concentrations to verify the complete set of activation/deactivation 

kinetics estimated, the set of parameters selected are within the range of accepted values and 

provide an excellent description of experimental results. 

 

 

Figure 6-3. The sensitivity of simulated (lines) conversion (a), number average molecular 

weight (b, 𝑴𝒏), dispersity (c, Ð) and percentage of chains that are terminated by double bonds 

(d, acromonomer %) profiles to the value of 𝒌𝒂 set at 425 L mol-1s-1 (black), the best-fit value 

of 42.5 L mol-1s-1 (red) and 4.25 L mol-1s-1 (green). Points are experimental results for batch 

ATRP of BMA with [M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 wt% anisole at 70 ℃. The 

remaining kinetic parameters used in the simulation are given in Table 6-1 

 

In the second step, the model is used to represent the sequential ATRP-CCTP of BMA. 

Thus, the Table 6-1 mechanisms and rate coefficients relating to the CCT agent become important. 

The coefficient of catalytic chain transfer ( 𝐶𝑡𝑟  = 
𝑘𝑡𝑟

𝑘𝑃
⁄ ) and reinitiation 𝑘𝑟𝑒𝑖𝑛  were used 
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without modification from the previous modeling study of BMA by CCTP[28] and the constant of 

monomer renewal 𝑘𝑓𝑎𝑠𝑡 was set at 1 × 103 s-1, as increasing its value to 1 × 105 s-1 had no effect 

on simulated profiles, but greatly increased the time required to complete the simulation due to 

numerical issues.  

 

 

Figure 6-4. Simulated (lines) conversion (a), number average molecular weight (b, 𝑴𝒏 ), 

dispersity (c. Ð) and percentage of chains that are terminated by double bonds (d, 

macromonomer %) profiles for sequential ATRP of BMA with [M]0:[I]0:[CuBr]0:[L]0 = 

42:1:0.4:0.8 in 50 wt% anisole at 70 ℃. Points are experimental results. The CoPheBF (44.8 

mg) is added at 7200 s. Kinetic parameters for simulation are given in Table 6-1, with red 

lines for the simulation of the sequential ATRP-CCTP, and black lines for the simulation of 

the corresponding ATRP reaction without addition of cobalt chain transfer agent 

 

The simulation of the sequential ATRP-CCTP experiment is compared in Figure 6-4 to 

experimental results as well as to the simulation of the ATRP reaction without addition of CCT 

agent. After the addition of CoPheBF, the simulation indicates an increase in rate, as reflected in 

0

0.2

0.4

0.6

0.8

1

0 4000 8000 12000 16000

C
o
n

v
er

si
o
n

 (
X

)

Time (s)

(a)

0

2000

4000

6000

0 4000 8000 12000 16000
M

n
（

D
a
)

Time (s)

(b)

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

0 4000 8000 12000 16000

D
is

p
er

si
ty

 (
Ð

)

Time (s)

0

20

40

60

80

100

0 4000 8000 12000 16000

M
a
cr

o
m

o
n

o
m

e
r 

(%
)

Time (s)

(d)(c) 



 

110 

 

the higher conversion (Figure 6-4a). The number average molecular weight and dispersity is 

predicted not to noticeably change after addition of CCT agent at 7200 s (Figure 6-4b and 4c), with 

a very slight increase in dispersity predicted compared to the “ATRP only” system due to the 

stoppage of further chain growth by the CCT reaction. The termination of chains by CCT leads to 

a significant and almost instantaneous increase in the fraction of macromonomers in the system 

compared with the corresponding ATRP process. It should be remembered that the properties of 

the polymer – number average MW, dispersity, and also % macromonomer – are calculated after 

subtracting out contributions from chains of lengths 1 to 3. Thus, the predicted increase in monomer 

conversion with no influence on chain length results from the production of low MW oligomeric 

material.  

6.3.2 Composition of Final Product 

Figure 6-5. Simulated molar mass distributions of poly(BMA) produced by sequential ATRP-

CCTP. Total product distribution shown with (dashed blue) and without (green) the 

contribution of low MW oligomers. All distributions normalized to a height of 1, with 

macromonomer chains (black) contributing 90.3 wt% and polymer without vinyl endgroups 

(red) contributing 9.7 wt% of the total polymer. Simulation for sequential ATRP of BMA 

with [M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 wt% anisole at 70 ℃ and 44.8 mg of CoPheBF 

added at 7200 s. Kinetic parameters for simulation are given in Table 6-1 
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In the previous report,8 it was hypothesized that a fraction of the longer product chains are 

not macromonomers, as the soluble polymer recovered after dispersion polymerization contained 

a greater fraction of high MW material compared to the MMD of the original distribution. As 

Predici® provides a representation of the full MMD, this hypothesis can be investigated by 

comparing the distributions of the three different types of polymer chains tracked by the simulation, 

macromonomomer, bromine-capped chains, and terminated saturated chains (dead chains); the 

later two distributions are combined to make up the material termed herein as “polymer without 

vinyl endgroups”.  

As mentioned previously, the simulated distributions and their averages are presented after 

subtracting out the contribution of oligomers of length three or shorter. It is important to realize, as 

shown in Figure 6-5, that final product is predicted to contain a significant amount of oligomers 

(mainly macromonomer) of these lengths. This new population of chains are produced via the CCT 

mechanism, but do not grow to significant length due to the presence of both Cu and Co transfer 

agents in the system. Experimentally, these chains are removed from the final material in the 

precipitation/polymer isolation procedures, and thus do not contribute to the level of functionality 

measured by NMR (as shown in Figure 6-2d). However, in a previous study of sequential ATRP-

CCTP tor produce PMMA, the appearance of a small separate peak in MMDs in the SEC trace of 

non-precipitated sample was noted (𝑀𝑛 = 390), with subsequent analysis by 1H NMR revealing the 

low MW material contained unsaturated end groups.12 

In addition, Figure 6-5 indicates a significant higher molecular weight shoulder in the 

MMD of polymer without vinyl endgroups compared to the MMD of the macromonomer. Although 

providing only a minor contribution to the combined MMD (and thus not greatly increasing 

dispersity), it is consistent with the experimental observation that the longer chains of the final 

product are less likely to be functionalized.  
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Figure 6-6. Simulated molar mass distributions (normalized to a height of 1) of components 

of final products at 7200 s (a, final product (blue) consists of bromine-capped chains (green, 

84.2 wt%), dead chains (red, 9.9 wt%), macromonomer (black, 5.9 wt%)), of final product 

without oligomer at 14400 s (red) and 7200 s (black) (b), of macromonomer at 14400 s (red) 

and 7200 s (black) (c), and of dead chains at 14400 s (red) and 7200 s (black) (d). 7200s is the 

time immediately before the addition of CCT agent. Kinetic parameters for simulation are 

given in Table 6-1 

 

Further features of the simulation are provided in the MMDs plotted in Figure 6-6. As 

shown by Figure 6-6a, bromine-capped chains are main component for the final product of ATRP 

at 7200 s. However, the high MW shoulder caused by termination by combination is evident in the 

distribution of dead chains before CCT addition, suggesting that its contribution to the final product 

MMD can be reduced by manipulation of ATRP operating conditions. Note that the contribution 

of oligomers with 1 to 3 units in the ATRP-regulated material at 7200 s before the addition of the 

CCT are negligible, in contrast to the results after CCT addition shown in Figure 6-5. After addition 
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of CCT agent, the ATRP-mediated living polymer chains are quickly transformed to 

macromonomers of the same length, with the new radicals formed from the transfer process also 

quickly converting to form oligomeric macromonomer; as seen in Figure 6-6b, the MMD of the 

final product at 14400 s (Figure 6-6c) after subtracting out oligomeric contributions) is identical to 

that simulated at 7200 s. However, there is a significant shift and narrowing of MMD of the 

macromonomer component from 7200 s to 14400 s, as the Br-capped chains are converted to 

macromonomer. Finally, As shown in Figure 6-6e, the addition of CCT agent does not affect the 

level or MMD of dead chains, confirming that this material is produced before addition of the CCT 

agent;thus, suppressing the termination that occurs during ATRP is the critical requirement to 

increasing functionality of the system, including reducing the fraction of long chains without vinyl 

endgroups produced by termination by combination.  

 

6.3.3 Effect of CCT Agent Addition Time 

As the model provides a reasonable representation of the experimental results, it can be used to 

explore how the synthesis conditions might be modified to improve the extent of functionalization 

achieved. The effects of varying the time at which the CCT agent is injected to the ATRP system 

are shown in Figure 6-7. While adding the CCT agent earlier in the reaction (at 5400 s, compared 

to 7200 and 9000 s) leads to a slightly higher conversion (Figure 6-7a), it has no observable effect 

on the polymer average molar mass or dispersity (Figure 6-7b and 6-7c), or the fraction of chains 

that have TDB functionality (Figure 6-7d). This result arises from the fact that these quantities are 

calculated after subtracting out the contributions of the oligomeric chains of length 3 or shorter; as 

shown in Figure 6-7e, these oligomeric chains accumulate in larger quantities when the time of the 

injection is earlier.  
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Figure 6-7. The simulated effect of the CoPheBF addition time from 5400 s (red), to 7200 s 

(green), to 9000 s (black) on conversion (a), number average molecular weight (b, 𝑴𝒏 ), 

dispersity (c, Đ), percentage of chains that are terminated by double bonds (d, 

macromonomer %) and MMDs of final product (e, normalized to a height of 1 and including 

oligomer contributions) produced by sequential ATRP-CCTP of BMA with 

[M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 wt% anisole at 70 ℃. The CoPheBF (44.8 mg) is 

added at different time and simulation is stopped at 14400 s. Kinetic parameters for 

simulation are given in Table 6-1 
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Thus, delaying the injection of CCT to later time reduces the amount of monomer that is lost to 

oligomerization, increasing the yield of usable macromonomer produced, although there is a 

corresponding slight increase in the fraction of non-functional material produced by termination by 

combination, as indicated by the increased contribution of the high molecular weight shoulder. 

6.4  Conclusions 

A mechanistic model of sequential ATRP-CCTP of BMA in anisole at 70 ℃  using 

Cu(I)Br/PMDETA as the catalyst and EBiB as the ATRP initiator has been formulated. 

Experimental results are used to estimate values of 𝑘𝑑𝑎,0, 𝑘𝑎 and 𝑘𝑑𝑎 within the range of literature 

values by fitting the available experimental data using Predici® software (Version 11.16.4g). The 

measured TDB content of the polymer can be matched assuming that between 75 and 90% of 

termination occurs by disproportionation. Using literature kinetic parameters to describe CCTP of 

BMA using CoPheBF, the simulation of the ATRP-CCTP process well describes the experimental 

results. 

The model was used to demonstrate that, as long as the CCT agent is added towards to the 

end of reaction (after 1.5-2.5 h, corresponding to conversions between 70%-85%), it mainly works 

as a chain terminator to produce the desired macromonomer chains, with any new chains that are 

produced remaining as oligomeric material (macromonomer with 1-3 units). A small fraction of 

polymer chains are produced without vinyl endgroups during the ATRP reaction before the addition 

of CCT agent, many of longer length produced by termination by combination, in agreement with 

observations made when utilizing the ATRP-CCTP synthesized macromonomer as a dispersant for 

non-aqueous dispersion polymerization.8 Finally, simulations indicate that delaying addition of the 

CCT agent should produce product with higher molecular weight and a lowered amount of 

oligomers, improving monomer usage. 
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Chapter 7 

Conclusions and Recommendations 

7.1  Summary of Original Contributions 

This work focused on the improved design of macromonomer for use as a reactive 

dispersant in the production of NADs, with the original contributions summarized as follows: 

1. Based on an analysis of thermodynamic stability of the dispersant relative to the continuous 

and particle phases using Hansen solubility parameters, it was demonstrated that changing 

the principal monomer used in dispersant synthesis from BMA to EHMA brought stability 

to the NAD system in the presence of HEMA as a comonomer, Experimentally, NAD 

stability was maintainedeven with 24 mol% HEMA introduced as comonomer to the 

P(EHMA)-based macromonomer dispersant. 

2. A low Ð (Ð<1.3) P(BMA) macromonomer with controlled number average molecular 

weight and high TDB functionality (74%) was synthesized through a novel process that 

combined ATRP and CCTP. The performance of this low Ð macromonomer was compared 

to that of a P(BMA) macromonomer with similar 𝑀𝑛 and TDB functionality, but with a 

much broader distribution of chain lengths (Ð = 1.8) in a NAD system.The experiments 

demonstrated, for the first time, that a dispersant with chains of more uniform lengths 

provides better stabilization in a dispersion polymerization system. 

3. A kinetic model was developed to represent the ATRP-CCTP process, providing insights 

to aid future process development. 

7.2  Recommendations for Future Work 

This investigation leads to the design composition of dispersant based on thermodynamics, 

synthesize type A low Ð macrommonomer as the dispersant and model the synthesis process of 
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type A low Ð macromonomer to better understand the experimental data. Except the above research 

ideas, there are still other spaces to work. 

7.2.1  High TDB type B Macromonomer through Click Chemistry 

 

 

Figure 7-1.2 Synthesis of type B PS and P(BA) macromonomer via azide-alkyne click 

chemistry, reprinted with the permission from Macromolecules © 2006 American Chemical 

Society 

As described in Chapters 2 and 5, literature suggests thata macromonomer with terminal 

double bond of structure 2 (type B) is expected to have better reactivity than macromonomer with 

terminal double bond of structure 1 (type A). As described in Appendix A.3, an attempt to 

synthesize type B P(BMA) macromonomer was made through ATRP and nucleophilic substitution. 

However, the terminal double bond functionality achieved was very low (< 20%) and an unknown 

impurity, which does not dissolve well in heptane and xylene, was produced. In future work, 

another synthesis pathway to produce this material could be explored, that combines ATRP with 
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click chemistry, a strategy used in polymer science to prepare functional polymer and complex 

macromolecules.1 

Vogt et al.2 combined ATRP and azide-alkyne click chemistry to successfully synthesize 

type B P(BA), PS and PS-b-PBA macromonomers with high degrees of vinyl end group 

functionality (> 90%), as determined by 1H-NMR spectroscopy. The synthesis approach could use 

either three discrete steps or just two, with the azidation immediately followed by azide-alkyne 

coupling in situ, as shown in Figure 7-12 for type B P(BA) macromonomer. Later, Topham et al.3 

synthesized hydrophilic type B macromonomer from 2-aminoethyl methacrylate, 2-hydroxyethyl 

methacrylate and glycerol monomethacrylate via ATRP and azide-alkyne click chemistry in one 

pot with high terminal double bond functionality (> 89%). Neither research groups studied the 

possible application of these materials as dispersants or stabilizers for polymerization in dispersed 

media.  

Thus, literature shows that it is possible to synthesize type B low Ð P(BMA) 

macromonomer via ATRP and azide-alkyne click chemistry in one pot or two pots. According to 

our research in Chapter 5, the expectation of type B low Ð P(BMA) macromonomer with high 

double bond functionality is that it will have better stabilization performance when the core 

monomers contain methacrylates because of its higher chemical reactivity. However, the type B 

macromonomer can also homopolymerize, which could decrease its effectiveness as a dispersant. 

Exploring the synthesis pathway to design next generation reactive-stabilizers and comparing their 

performance in dispersion polymerization, including emulsion polymerization systems, with type 

A macromonomers would be an interesting follow-up study to this work. 

7.2.2  Macromonomers with Fluorescent Group 

In Chapter 3, it is estimated that a significant fraction of high Ð P(BMA) macromonomer 

is likely buried inside the particle, as the calculated number of dispersant chains per particle 
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(20,000/particle) is unrealistically high to be distributed on the particle surface. However, there are 

no experimental results that quantify the percentage of dispersant buried inside the particles. In 

someprevious dispersion polymerization studies, fluorescence spectroscopy was utilized to study 

particle morphology, with the fluorescent labels added either to the core composition4 or dispersant 

composition.5-8 In the study of pyrene-labeled (hydroxypropyl) cellulose (HPC)8 used as a 

dispersant to stabilize polystyrene in dispersion polymerization it was found that a significant 

fraction of the dispersant was buried in the particle.8 Similarly, phenanthrene labeled P(EHMA) 

was used as a dispersant to stabilize P(MMA) core with a fluorescent quenching technique applied 

to study the partitioning of the dispersant between the particle surface and the core.6 

Thus, it would be interesting to synthesize a P(BMA) macromonomer containing 

fluorescent groups such as those shown in Figure 7-2. The simple way is to use commercial 

fluorescent monomer and then copolymerize with BMA. It also could synthesize fluorescent 

monomer through esterification with HEMA as in the literature.4 There would be two challenges 

that would need to be carefully examined as part of the study. Firstly, the distribution of the 

fluorescent groups among the dispersant chains would need to be understood: as shown previously 

by simulation, a significant fraction of low-MW polymeric chains will not contain functional 

groups when the comonomer is added at low molar fractions.9 Thus, it may be possible to introduce 

a suitable fluorescent group into P(BMA) macromonomer using a fluorescent-labelled ATRP 

initiator10,11 (see Figure 7-3), which would lead to the formation of dispersant chains that contain 

the fluorescent group on one end of the molecule and the macromonomer unit on the other. 

Secondly, it will need to be determined whether or not the introduction of the bulky fluorescent 

groups changes the performance of the macromonomer when used in the dispersion polymerization. 

As the description in the literature,5 using the stabilizer containing certain fluorescent derivatives 

there are changes in mean particle size, particle size distribution, composition and molecular weight 
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of colloidal polymer particles in the nonaqueous dispersion polymerization of vinyl acetate instead 

of unlabeled stabilizer. 

 
 

Figure 7-2. Fluorescent groups 

 

 

Figure 7-3. Fluorescent ATRP initiators: left in Ref. 11, right in Ref. 10 
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Appendix A 

A.1 A Study of Particle Nucleation in NAD Systems (Chapter 3) 

 

 

 

Figure A1-1. Representative TEM images recorded for P(MA) (top) and P(MMA) (bottom) 

without dispersant 
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Figure A1-2. 1H-NMR spectra of two NAD samples with non-reactive P(BMA) dispersants: 

non-reactive dispersant before precipitation (top) and after precipitation (bottom) 

 

The conversion is calculated by ratio between the area of peaks a & b (vinyl group of 

residual monomers) and the area of peaks c & d (methylene group bonded to the ester). 

 

 

 

 

a & b 
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a & b 
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Figure A1-3. Clear upper solution and a dense particle rich down phase, added heptane (left), 

after centrifugation (right) 

 

𝑾𝒊𝒏𝒄 calculation 

The weight fraction of soluble polymer recovered from the NAD system after 

destabilization with additional heptane is calculated by the following equation: 

𝑊𝑠𝑝 =

𝑤1
(1 − 𝑤1)

× (𝑚1 × 𝑤𝑠 + 𝑚2)

𝑚1
 

Where 𝑊𝑠𝑝 is the weight fraction of soluble polymer; 𝑤1 is the weight fraction of polymer 

after centrifugation in a sample vial (clear liquid); 𝑚1 is the mass of NAD sample; 𝑚2 is the mass 

of heptane added before centrifugation; 𝑤𝑠 is the weight fraction of solvent in NAD sample. 

The soluble polymer is composed of two componnets: unreacted dispersant remaining in 

the continuous phase and also soluble oligomers P(MA) homopolymer. The weight fraction of free 

dispersant is thus corrected for the presence of soluble “core” polymer by using NMR, especially 

the molar ratio between P(BMA) (methylene group ~ 3.9 ppm in Figure A1-4) and P(MA) (methyl 

Clear solution 

Particle rich down 

phase 



 

128 

 

group bonded to the ester ~ 3.45 – 3.6 ppm in Figure A1-4). After this adjustment, 𝑤𝑖𝑛𝑡 , the 

fraction of dispersant incorporated (attached) to the particle phase is calculated. 

𝑊𝑝(𝐵𝑀𝐴)

𝑊𝑝(𝑀𝐴)
=  

𝑛𝑝(𝐵𝑀𝐴)

𝑛𝑝(𝑀𝐴)
×

𝑀𝐵𝑀𝐴

𝑀𝑀𝐴
 

Where 
𝑊𝑝(𝐵𝑀𝐴)

𝑊𝑝(𝑀𝐴)
 is the weight ratio between P(BMA) and P(MA). 

𝑤𝑖𝑛𝑐 = 1 −
𝑤𝑑

𝑤𝑖𝑛𝑡
 

Where 𝑤𝑑 is the weight fraction of unreacted dispersant; 𝑤𝑖𝑛𝑡 is the initial weight fraction 

of dispersant in the NAD composition. 

 

 

 

 

 

 

 

 

 

Figure A1-4. 1H-NMR spectrum of soluble polymer recovered from NAD (entry 3 in Table 3-

5). Peak a is methylene group bonded to the ester group of P(BMA), while peak b is from the 

methyl group bonded to the ester group of P(MA) 

 

The molar ratio of unreacted dispersant p(BMA) and soluble short chain p(MA) is 15.41 for 

sample (entry 3 in Table 3-5) according to Figure A1-4. 

 

a b 
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The data of sample (entry 3 in Table 3-5) is below. 

𝑾𝒊𝒏𝒄 of Sample (entry 3 in Table 3-5) calculation 

Experiment 𝑤1 𝑚1 g 𝑚2 g 𝑤𝑠 𝑤𝑠𝑝 

Entry 3 in  

Table 3-5 

0.02046 2.0061 4.7124 0.4203 0.05785 

𝑛𝑝(𝐵𝑀𝐴)

𝑛𝑝(𝑀𝐴)
 

𝑊𝑝(𝐵𝑀𝐴)

𝑊𝑝(𝑀𝐴)
 

𝑤𝑑 𝑤𝑖𝑛𝑡 𝑤𝑖𝑛𝑐 

15.41 25.4552 0.05566 0.2048 0.73 
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Figure A1-5. PSD of P(MA) core final NAD samples, with non-reactive P(BMA) (top) and 

with type A P(BMA) macromonomer (bottom) 

 

 

 

 

 

P(MA) core with non-reactive P(BMA) dispersant – Final sample 

P(MA) core with type A P(BMA) macromonomer – Final sample 
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Group contribution calculation 

Table A1-1. Group contribution for 𝑮𝟏𝟐 calculation at 25 ℃ 

Group Notes Value 

-CH3  -0.100 

>CH2  0.096 

>CH-  0.204 

>C<  0.433 

Benzene ring  0.766 

Substitutions:  --- 

Ortho  0.174 

Meta  --- 

Para  0.154 

Cyclohexane ring  0.416 

-OH Methanol 0.887 

 Ethanol -0.023 

 Higher aliphatic alcohols -0.443 

>C=O Ketones 1.046 

-Br  -0.116 

-COOH Acid with --- 

 Ketones 1.130 

 Formic acid with ketones 0.167 
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A.2 Design of acrylic dispersants for non-aqueous dispersion polymerization: the 

importance of thermodynamics (Chapter 4) 

 

HSP Data of P(EHMA) 

The data store of the HSPiP software contained Hansen Solubility Parameters (HSP) estimated 

from experimental measurements. It was used as the source for all components studied (see Table 

3 of main text) except for P(EHMA), which was not contained in the database. Thus, the values for 

P(EHMA) were estimated using the group contribution theory and parameters available in the 

software package. As there were significant differences between the P(BMA) parameters estimated 

by group contribution and those in the database, it was decided to adjust the P(EHMA) values to 

maintain the same ratio to the database P(BMA) values as found for values estimated by group 

contribution theory for the two components, as summarized by Table S2. For example, 

𝛿𝐷,𝑃(𝐸𝐻𝑀𝐴),𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is estimated by setting the ratio (𝛿𝐷,𝑔𝑟𝑜𝑢𝑝/𝛿𝐷,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) equal to the ratio of 

P(BMA) (𝛿𝐷,𝑔𝑟𝑜𝑢𝑝/𝛿𝐷,𝑠𝑡𝑜𝑟𝑒)  

𝛿𝐷,𝑃(𝐸𝐻𝑀𝐴),𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

16.3
=

16.1

16.5
 

 

Table A2-1. Estimation of hansen solubility parameters for P(EHMA)  

Chemical - method 𝜹𝑫  

[MPa1/2] 

𝜹𝑷 

[MPa1/2] 

𝜹𝑯 

[MPa1/2] 

P(BMA) – data storea) 16.1 1.4 3.5 

P(BMA) – group predictionb) 16.5 3.1 5.1 

P(EHMA) - group predictionb) 16.3 2.0 3.7 

P(EHMA) – corrected 15.9 0.9 2.5 

a) Directly from data store of HSPiP software (Version 5.0.05); b) DIY group prediction method 

through SMILES from HSPiP software (Version 5.0.05) 

 

 

HSP values for corresponding Table 4, 5 and 6 (main text in Chapter 4) 

Tables A2-2 – A2-4 summarize the mixture HSP values used to calculate the solubility distances 

reported in Tables A4-6 of the main text. 

 

 



 

133 

 

Table A2-2. HSP values for solutions used to produce P(MA) NADs with P(BMA) 

macromonomer dispersant, as summarized in Table 4-4 

Experiment 

Solution Mixture 

(w/w)a) 

𝜹𝑫 

[MPa1/2] 

𝜹𝑷 

[MPa1/2] 

𝜹𝑯 

[MPa1/2] 

E5 

0.4/1.0 Xyl/Hept 

15.94 0.50 1.36 

E6 

1.8/1.0 Xyl/Hept 

16.61 0.78 2.22 

E7 

0.4/1.0 Xyl/BuAc 

 

16.30 2.53 4.89 

a) Solvent mass ratios; Xyl = xylene, Hept = heptane, BuAc = butyl acetate 

 

The Table A2-2 HSP values for solution phase is calculated using the mixing rule given by Equation 

2 of the paper, and includes the contribution of P(BMA) macromonomer as well as the solvents. 

 

 

 

HSP values of copolymer macromonomers in the Tables A2-3 and A2-4 are calculated by 

 𝛿𝑐𝑜𝑝 =  𝛿𝑐𝑜𝑚𝑝1 ×  𝑋𝑐𝑜𝑚𝑝1 +  𝛿𝑐𝑜𝑚𝑝2  ×  𝑋𝑐𝑜𝑚𝑝2  

where 𝑋 is the mole fraction of comp-i in the copolymer. 
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Table A2-3. HSP values of P(BMA) based macromonomers with different amount of HEMA 

as comonomer used in experiments summarized in Table 4-5 

Experiment 

 

𝜹𝑫 

[MPa1/2] 

𝜹𝑷 

[MPa1/2] 

𝜹𝑯 

[MPa1/2] 

E8 

P(BMA) 

16.10 1.40 3.50 

E9 

P(BMA) 

(5 mol% HEMA) 

16.15 1.58 3.93 

E10  

P(BMA) 

(10 mol% HEMA) 

16.20 1.76 4.36 

 

Table A2-4. HSP values for P(MA) NAD system using P(EHMA) based macromonomers with 

different amount of HEMA 

Experiment 𝜹𝑫 

[MPa1/2] 

𝜹𝑷 

[MPa1/2] 

𝜹𝑯 

[MPa1/2] 

E12 

P(EHMA) 

15.9 0.9 2.5 

E13 

P(EHMA) ( 8 mol% HEMA) 

16.0 1.23 3.27 

E14 

P(EHMA) (16 mol% HEMA) 

16.09 1.56 4.04 

E15 

P(EHMA) (24 mol% HEMA) 

16.19 1.88 4.80 
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Figure A2-1. Particle size distributions measured by DLS for P(MA) dispersions using 

P(BMA) macromonomer (upper), P(BMA) with 5 mol% HEMA (middle) and P(BMA) with 

10 mol% HEMA (bottom) 
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Figure A2-2. Particle size distribution of final dispersion using different P(EHMA) based 

macromonomers 

 

 

Figure A2-3. Final dispersion with P(EHMA) macromonomer after centrifugation (left), with 

cloudy upper solution phase (middle) compared to clear upper phase solution obtained after 

centrifugation of NAD stabilized by P(BMA) macromonomer (right) 
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A.3 Synthesis and Utilization of Low Dispersity Acrylic Macromonomer as 

Dispersant for Non-Aqueous Dispersion Polymerization (Chapter 5) 

 

Solubility of CCT agent 

 

Figure A3-1. Solubility of CoPheBF in THF, anisole and mixed xylenes, (a, 48mg CoPheBF/4 

ml THF), (b, 48mg CoPheBF/10 ml anisole), (c, 48mg CoPheBF/4 ml mixed xylenes), (d, 24mg 

CoPheBF/4 ml THF), (e, 24mg CoPheBF/4 ml anisole), (f, 24mg CoPheBF/4 ml mixed xylenes) 
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Degree of terminal double bond functionality of high Đ and low Đ P(BMA) Macromonomers  
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Figure A3-2. 1H NMR spectrum obtained at 25 °C showing important peak assignments for 

(A) high Đ P(BMA) macromonomers in CDCl3 (entry 1 in Table 5-1) and (B) low Đ P(BMA) 

macromonomers (entry 2 in Table 5-2) 

 

Key peak assignments: 𝛿 = 6.19 ppm (C=C-Ha), 𝛿 = 5.46 (C=C-Hb), 𝛿 = 4.13-4.14 ppm (𝜔-OCH2 

of PBMA), 3.95 (backbone-OCH2 of PBMA). 

 

Sample calculation for High Đ P(BMA) macromonomer 

Terminal double bond (TDB) integration:  𝑛1 = ∫ 𝑎 + ∫ 𝑏 = 2.00 

Repeat unit (RU) integration:     𝑛2 =  ∫ 𝑐 + ∫ 𝑑  = 117.54  

TDB content (mol TDB/mol-RU):    
𝑛1

𝑛2
 = 

2

117.54
 = 0.0170 

With 𝑀𝑛,𝑆𝐸𝐶 = 5900 Da, mol-chains/mol-RU 
142.2

5900
 = 0.0241 

(𝑇𝐷𝐵𝑁𝑀𝑅 ÷ 𝐶ℎ𝑎𝑖𝑛𝑠𝑆𝐸𝐶) = 0.0170 ÷ 0.0241 = 70.5% 

For low Đ P(BMA) macromonomer, the minor difference in EBiB (chain end) and BMA (repeat 

units) MWs is neglected for when calculating the chain concentration from 𝑀𝑛,𝑆𝐸𝐶.  
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Weight fraction of incorporated dispersant 

 

Figure A3-3. 1H NMR spectrum of recovered soluble polymer fraction from NAD 

(entry 1 in Table 5-2). Peak a is methylene group bonded to the ester group of 

P(BMA), while peak b is methyl group bonded to the ester group of P(MA) 

 

The weight fraction of soluble polymer recovered from the NAD system after destabilization with 

additional heptane is calculated by 

𝑊𝑠𝑝 =

𝑤1
(1−𝑤1)

×(𝑚1×𝑤𝑠+𝑚2)

𝑚1
 (A3-1) 

where 𝑊𝑠𝑝 is the weight fraction of soluble polymer; 𝑤1 is the weight fraction of polymer in the 

upper phase after centrifugation; 𝑚1 is the mass of NAD sample; 𝑚2 is the mass of heptane added 

to the vial, and 𝑤𝑠 is the weight fraction of solvent in NAD sample. 

The soluble polymer is composed of the unreacted dispersant remaining in the continuous phase 

and also soluble P(MA) homopolymer oligomers. The weight fraction of free dispersant is thus 

corrected for the presence of soluble “core” polymer by using NMR to determine the molar ratio 

of P(BMA) (methylene group ~ 3.9 ppm in Figure A3-3) to P(MA) (methyl group bonded to the 

ester ~ 3.45 – 3.6 ppm in Figure A3-3), converted to a mass ratio according to: 
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𝑊𝑝(𝐵𝑀𝐴)

𝑊𝑝(𝑀𝐴)
=  

𝑛𝑝(𝐵𝑀𝐴)

𝑛𝑝(𝑀𝐴)
×

𝑀𝐵𝑀𝐴

𝑀𝑀𝐴
 (A3-2) 

Finally, the fraction of dispersant is calculated by: 

𝑊𝑑 =  𝑊𝑠𝑝 × 

𝑤𝑝(𝐵𝑀𝐴)

𝑤𝑝(𝑀𝐴)

1+
𝑤𝑝(𝐵𝑀𝐴)

𝑤𝑝(𝑀𝐴)

 (A3-3) 

𝑤𝑖𝑛𝑐 = 1 −
𝑤𝑑

𝑤𝑖𝑛𝑡
  (A3-4) 

where 𝑤𝑑 is the weight fraction of unreacted dispersant and 𝑤𝑖𝑛𝑡 is the initial weight fraction of 

dispersant in the NAD composition. As an example, the molar ratio of unreacted dispersant 

p(BMA) and soluble short chain p(MA) is 14.85 = 
(∫ 𝑎)÷2

(∫ 𝑏)÷3
 (entry 1 in Table 5-2), as shown in Figure 

A3-3, with the complete calculation summarized in Table A3-1. 

 

Table A3-1. Example 𝐖𝒊𝒏𝒄 calculation for the sample (entry1 in Table 5-2) 

Experiment 𝒘𝟏 𝒎𝟏 (g) 𝒎𝟐 (g) 𝒘𝒔 𝒘𝒔𝒑 

High Đ 

Entry 1  

0.05056 2.0101 3.4361 0.4541 0.1152 

𝒏𝒑(𝑩𝑴𝑨)

𝒏𝒑(𝑴𝑨)
 

𝑾𝒑(𝑩𝑴𝑨)

𝑾𝒑(𝑴𝑨)
 

𝒘𝒅 𝒘𝒊𝒏𝒕 𝒘𝒊𝒏𝒄 

14.85 24.53 0.11068 0.1952 0.43 
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A.3.1 – Special Appendix for Type B P(BMA) Macromonomer Synthesis and its Application 

in NADs 

Type B P(BMA) Macromonomer Precursor Synthesis 

The recipes were tried as [M]0:[I]0:[CuBr]0:[L]0 = DPT:1:0.4:0.8 (target degree of 

polymerization (DPT) = 35, 40, 42, 45) and the polymerization was in 50 wt% anisole at 70℃. All 

polymerizations were carried out under the batch conditions in a 250 ml two-neck round-bottom 

flask in a thermostated oil bath with a condenser to prevent the loss of solvent or monomer. Using 

DPT = 35 as an example and the typical specific procedure was at first BMA (50 g, 0.3516 mol), 

PMDETA (1.393 g, 0.008 mol) and anisole (40 g) were added and mixed well in the flask. Then, 

did nitrogen purge for 30 min and one cycle of freeze-pump-thaw for the degassing. Frozen the 

solution in the flask, added CuBr (0.5582 g, 0.004 mol) and following did vacuum and nitrogen 

filling twice to avoid bringing oxygen. EBiB (2.020 g, 0.0100 mol) and anisole (5.999 g) were 

added in to the carousel tube. The mixture was degassed by 3 cycles of freeze-pump-thaw and 

transferred by cannula from carousel tube to flask to start the reaction. The whole reaction was 

under the nitrogen protection and stopped after 4 h by exposure to air. The sample (0.5 g) was taken 

through the syringe and hydroquinone (0.005 g, 1 wt%) was added for conversion calculation via 

gravimetry. It has to note all the experiments has high conversion (>90%). Used alumina column 

to remove the catalyst and residual initiator and then use the methanol/water (v/v, 1/1) to precipitate 

the product to remove residual monomer. The polymer residual was put under the air-drying and 

then the dried polymer was in vacuum oven for 72 h at 80℃ for further dry. (𝑀𝑛 = 6300 Da, Đ = 

1.29 from SEC analysis) 

Type B P(BMA) Macromonomer by the Nucleophilic Substitution 

P(BMA)-Br precursor (10 g) was dissolved in 10 g ethyl acetate and added some specific 

amount of methacrylic acid (the typical molar ratio of 2 to bromine) and finally added 1,8-

diazabicyclo [5.4.0] undec-7-ene (DBU) with the same mole of MAA. The mixture was stirred for 

24 h at 30 ℃ in oil bath. The final product was filtered through filter paper to remove insoluble 
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impurity and then precipitated twice in 40 ml methanol/water (1:1, v/v) mixture to remove the 

residual methacrylic acid. Dried the precipitates in air and then in vacuum oven for 72 h for further 

1H NMR and SEC measurement. 

Type B P(BMA) Macromonomer Synthesis and Characterization 

Type B P(BMA) macromonomer synthesis is consisted of two steps and at first, it 

is to synthesize type B P(BMA) macromonomer precursor and then use methacrylic acid 

to do nucleophilic substitution (see Figure A3-4). 

 

Figure A3-4. Synthesis of type B P(BMA) macromonomer by the nucleophilic substitution of 

the bromine end group 

 

While during the first step, the synthesized type B P(BMA) macromonomer precursor 

contains structure 1 (low Ð type A P(BMA) macromonomer, defined in Figure 2-6 in Chapter 2), 

which is about 19%-26% estimated by the same method used in the characterization of type A 

P(BMA) macromonomer. Till now, the exact mechanism of structure 1 formed in the synthesis of 

type B P(BMA) macromonomer precursor is unclear, which is under the further study, may be due 

to 𝛽 − H elimination reaction induced by the copper (II) deactivator as reported in bulk ATRP of 
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styrene.1 After the nucleophilic substitution,  the appearance of the peaks 5.81-5.88 ppm and 5.17-

5.28 ppm of the purified polymer indicates the existing structure 2 (see Figure A3-5, defined in 

Figure 2-6 in Chapter 2). The mole fraction of structure 2 in the purified polymer is 51%-56%, 

according to the degree of double bond functionality estimation method. 

 

Figure A3-5. The double bond signals in the 1H NMR spectrum of the type B P(BMA) 

macromonomer 

 

Table A3-2. Properties of type B P(BMA) precursors and macromonomers 

Experiment 𝑫𝑷𝑻 Precursor Synthesized type B P(BMA) macromonomer 

𝑴𝒏
a Đ 𝑴𝒏

a Đ Structure 

1 

(%) 

Struct

ure 

2 

(%) 

Total 

Degree of 

double bond 

functionality 

(%) 

Entry 1 

Entry 2 

45 

45 

9100 b 

 9100 

1.25 

1.25 

9200 1.25 20.86 69.50 90.36 d 

9200 1.25 21.73 53.74 75.47 e 

Entry 3 42 6800 c 1.23 7000 1.23 25.93 51.47 77.40 

Entry 4 40 7800 c 1.30 7800 1.30 19.40 55.07 74.47 

Entry 5 35 

35 

6300 c 

 6300 

1.30 

1.30 

6500 1.29 23.35 52.46 75.81 f 

Entry 6 6600 1.29 24.50 12.10 36.60 g 
a SEC data after Mark-Houwink parameters correction. b Reaction stopped at 6h using methanol to 

remove residual BMA. c Reaction stopped at 4h using methanol/water (v/v, 1/1) to remove residual 

BMA. d Precipitation once in methanol/water (v/v, 1/1) to remove residual MAA after nucleophilic 

substitution. e Precipitation three times in methanol/water (v/v, 1/1) to remove residual MAA after 

nucleophilic substitution. f Precipitation twice after nucleophilic substitution without SEC filter 

filtering for further purification. g Precipitation twice and with SEC filter filtering for further 

purification 

 

Comparing the data in entry 1 with entry 2 with the same type B P(BMA) macromonomer 

with different times of precipitation, it is clear after nucleophilic substitution there is MAA 
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monomer left in the polymer even after precipitation once, because the MAA monomer has the 

same double bond signal as the structure 2 in the 1H NMR spectra, which is confirmed by the more 

significant structure 2 signal in 1H NMR spectra of polymer with the addition of extra MAA (see 

Figure A3-5). After precipitation twice or more, the most MAA monomer is removed so the 

estimated mole fraction of structure 2 is stable (entry 2-5). It has to note out the synthesized type B 

P(BMA) macromonomer is the compound, in which maybe there is the chemical which has very 

limited solubility in the xylene, heptane, THF and chloroform-d and has the double bond with the 

same 1H NMR signal as it of structure 2, which is verified by much lower degree of double bond 

functionality of entry 6 than it of entry 5 and sample of entry 6 is the sample of entry 5 after further 

purification by SEC filter filtering. What is more, increased MAA to bromine ratio to 5:1 from 2:1, 

keeping other ratio the same or extending the reaction time to 48 h, keeping other conditions the 

same, the synthesized type B P(BMA) macromonomer still has low amount of structure 2 (< 20%), 

using the precursor of entry 1, whose results does not list in details in the Table 2. Comparison 

entry 1 and entry 2, the characterization of structure 1 in the synthesized type B is about 20% 

structure 1, indicating the consistent of method to estimate the degree of double bond functionality, 

which is further verified in other experiments (entry 3-6) with structure 1 within the 19-26% range. 

This result is quite different from the reported P(BA) macromonomer synthesized by ATRP and 

followed nucleophilic substitution with above 90% degree of double bond functionality,1 partially 

because the reported paper uses microhydrogenation method to calculate the double bond,2 which 

does not differentiate residual MAA, structure 1 and undesired chemical with double bond from 

the structure 2. 

The reactivity of macromonomer is very important as it incorporates with monomers to 

form the particles and more incorporated weight fraction, the better stabilization performance. Type 

A P(BMA) does not incorporate with methacrylate so it could not homopolymerize and has the 

worse effectiveness when the comonomers contain methacrylates. Type B P(BMA) 
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macromonomer containing structure 2 is considered to be able to homopolymerize and 

copolymerize with methacrylates based on previous reported information that type B P(BA) 

macromonomer could homopolymerize and copolymerize with N, N – Dimethylaminoethyl 

methacrylate (DMAEMA).1 

Table A3-3. Homopolymerization of macromonomers 

Entry Macromonomer 

 

Conversion c 

(%) 

Reaction 

time 

Type Ð 𝑴𝒏
a Structure 1 

(%) 

Structure 

2 

(%) 

1 Type B 1.30 7800 19.4 55.07 b ~ 1 24 h 

2 Type B 1.30 7800 19.4 55.07 0 5 h 
a SEC data after Mark-Houwink parameters correction. b Precipitation twice after nucleophilic 

substitution without SEC filter filtering for further purification. c Estimated from area ratio of SEC 

peak (see Figure A3-5) 
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Figure A3-6. SEC RI signal with the time for the homopolymerization of type B 

macromonomer: type B for 5h reaction (a, entry 2 in Table A3-3), type B for 24h reaction (b, 

entry 1 in Table A3-3) with conversion = 
∫ 𝒄

∫ 𝒅
 = 1% 

 

Stabilization Performance of Type B P(BMA) Macromonomer  

In order to verify the Đ effect and further confirm the low fraction of structure 2 in the 

synthesized type B P(BMA) macromonomer in this project, the 3 macromonomers with molecular 

mass distribution as below Figure A3-6, high Ð type A, type B and further purified type B are 

picked as dispersants in non-aqueous dispersion polymerization of MA and MMA/MA (70/30, wt.). 

The experiment results are listed in below Table 4. All the macromonomers have the similar number 

average molecular weight. The low Đ type A macromonomer has much lower Đ than type A 

macromonomer, indicating much more uniform polymer chains. The type B with further 

(a) 

(b) 

High molecular weight peak 

c 

d 
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purification contains much less undesired chemical than type B macromonomer without further 

purification. 

 

Figure A3-7. MMD of macromonomers in non-aqueous dispersion polymerization 

 

It must point out the type A and low Đ type A P(BMA) macromonomer could dissolve in 

the xylenes (60 wt.%) and heptane (60 wt.%) well, which does not self-assemble to form nuclei 

during the polymerization and is quite different from the synthesized type B and further purified 

type B macromonomers. Considering quite similar number average molecular weight, degree of 

terminal double bond functionality of type A and low Đ type A macromonomers, the smaller 

average particle size and higher incorporated weight fraction of dispersants could mainly attribute 

to the lower dispersity, indicating lower Đ disperant is more effectiveness on stabilization 

performance, which is described in Chapter 5. 
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Figure A3-8. Solubility of type B precursor, macromonomer and further purified type B 

macromonomer: type B precursor (a), type B (b), visible insoluble undesired chemical (c), 

type B after remove the visible insoluble undesired chemical (d), type B after remove the 

visible insoluble undesired chemical (e) and further purified type B by SEC filter filtering (f) 

 

Using type B and purified type B macromonomers, the average particle size is much larger 

than it even using type A macromonomer, indicating the poor effectiveness of synthesized type B 

and further purified type B macromonomers. It attributes to the very low mole fraction of structure 

2 (< 13%), led to very low total degree of terminal double bond functionality (< 37%) in the 

synthesized type B and to the undesired chemicals in the synthesized type B and even in the further 

purified type B P(BMA) macromonomer, which has very limited solubility in the xylene and 

heptane mixture and forms nuclei or nano-size particles in the xylene and heptane mixture (see 

Figure A3-7 for further purified type B macromonomer) and the produced nuclei and nano-size 

particles affects the nucleation part in the non-aqueous dispersion polymerization and incurs much 
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larger particles. Based on the fact that synthesized type B P(BMA) macromonomer precursors 

dissolve well in xylenes, heptane and xylene/heptane mixture, it concludes in the nucleophilic 

substitution step of type B P(BMA) macromonomer synthesis, it produces undesired chemical 

which contains double bond and has very limited solubility in the xylene, heptane, THF and 

chloroform.  

Table A3-4. Result of dispersion polymerization 

Dispersant Core 

Monomer 

Final Particle a 

(𝒅𝒑
 and PDI) 

𝑾𝒊𝒏𝒄 b 
 

 
(%)

 

𝑴𝒏 c 

[Da] 

Core 

𝑴𝒘 

[Da] 

Core 

Đ d 

Core 

High Ð type A  

 

MA 106 nm with 

PDI = 0.064  

 43 20500 80700 3.94 

High Ð type A  

 

MA 98 nm with  

PDI = 0.052 

  

 45 20500 86300 4.21 

High Ð type A  

 

MMA/MA 

(70/30, wt.) 

282 nm with 

PDI = 0.377 

13 19400 68700 3.54 

Type B 

 

MA Polydisperse 7.7 12600 51000 4.05 

Type B 

 

MMA/MA 

(70/30, wt.) 

478 nm with 

PDI = 0.476 

< 1 15600 45400 2.91 

Further purified 

type B 

 

MA 404 nm with 

PDI = 0.230 

33 14300 58300 4.08 

Further purified 

type B 

 

MMA/MA 

(70/30, wt.) 

425 nm with 

PDI = 0.451 

15 23400 77900 3.32 

a Average particle size and polydispersity index of particles in final NADs. b Incorporated weight 

fraction of macromonomer. c Number average molecular weight of particles without Mark-

Houwink parameters correction measured by SEC. d Dispersity measured by SEC 

 

 

Conclusion 

The type B P(BMA) macromonomer is synthesized by MAA nucleophilic substitution of 

bromine end P(BMA) precursor as the second step, which is synthesized by ATRP of BMA as the 

first step. However, the synthesized type B P(BMA) macromonomer has about 20% structure 1 
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brought in the first step confirmed by the 1H NMR, very low amount of structure 2 (12%) and some 

unknown chemical structure which has double bond but is very limited solubility in the xylenes, 

heptane, THF and CDCl3-d after the second step. The low mole fraction of desired structure 2 in 

the synthesized type B P(BMA) macromonomer leads to the very low conversion of 

homopolymerization of type B P(BMA) macromonomer. The poorer stabilization performance of 

synthesized type B P(BMA) macromonomer in the NADs than the type A could attribute to the low 

total degree of terminal double bond functionality and unknown chemical which has very limited 

solubility in xylenes and heptane and form nuclei in the non-aqueous solution.  
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A.4 Modeling the Synthesis of Butyl Methacrylate by Sequential ATRP-CCTP 

(Chapter 6) 

P(BMA) macromonomer percentage in the P(BMA) synthesized in the batch ATRP 

of BMA at different time 

Table A4-1. Number average molecular weight of samples synthesized in the batch ATRP of 

BMA at different time 

Time (s) Number Average Molecular Weight (𝑴𝒏, Da)a 

1800 4000 

14400 5400 

a) Reported data after Mark-Houwink equation correction 
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Figure A4-1. 1H NMR spectrum obtained at 25 °C showing important peak assignments for 

P(BMA) samples synthesized by batch ATRP of BMA in anisole at 70 ℃ (a, b) at 30 min and 

(c, d) at 240 min 

 

Key peak assignments: 𝛿 = 6.19 ppm (C=C-Ha), 𝛿 = 5.46 (C=C-Hb), 𝛿 = 4.13-4.14 ppm (𝜔-OCH2 

of P(BMA)), 3.96 (backbone-OCH2 of P(BMA)). 

 

Sample calculation for macromonomer (%) in the synthesized P(BMA) 

Terminal double bond (TDB) integration:  𝑛1 = ∫ 𝑎 + ∫ 𝑏 = 2.00 

Repeat unit (RU) integration:     𝑛2 =  ∫ 𝑐 + ∫ 𝑑  = 859.74  

TDB content (mol TDB/mol-RU):    
𝑛1

𝑛2
 = 

2

859.74
 = 0.002326 

With 𝑀𝑛,𝑆𝐸𝐶 = 4000 Da at 30 min, mol-chains/mol-RU 
142.2

4000
 = 0.03555 

(𝑇𝐷𝐵𝑁𝑀𝑅 ÷ 𝐶ℎ𝑎𝑖𝑛𝑠𝑆𝐸𝐶) = 0.002326 ÷ 0.03555 = 6.54% 

The same procedure for the sample at 240 min, the calculated macromonomer (%) is 13.52%. 

 

(d) 

a b c 
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Sensitivity of 𝒌𝒅𝒂,𝟎 and 𝒌𝒅𝒂
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Figure A4-2. The sensitivity of simulated (lines) conversion (a), number average molecular 

weight (b, 𝑴𝒏), dispersity (c, Ð) and percentage of chains that are terminated by double bonds 

(d, macromonomer %) profiles to the value of 𝒌𝒅𝒂,𝟎 set at 2.7× 𝟏𝟎𝟖 L mol-1s-1 (black), the 

best-fit value of 2.7 × 𝟏𝟎𝟕  L mol-1s-1 (red) and 2.7 × 𝟏𝟎𝟔  L mol-1s-1 (green). Points are 

experimental results for batch ATRP of BMA with [M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 

wt% anisole at 70 ℃. The remaining kinetic parameters used in the simulation are given in 

Table 1 
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Figure A4-3. The sensitivity of simulated (lines) conversion (a), number average molecular 

weight (b, 𝑴𝒏), dispersity (c, Ð) and percentage of chains that are terminated by double bonds 

(d, macromonomer %) profiles to the value of 𝒌𝒅𝒂 set at 1.57× 𝟏𝟎𝟖 L mol-1s-1 (black), the 

best-fit value of 1.57× 𝟏𝟎𝟕  L mol-1s-1 (red) and 1.57× 𝟏𝟎𝟔  L mol-1s-1 (green). Points are 

experimental results for batch ATRP of BMA with [M]0:[I]0:[CuBr]0:[L]0 = 42:1:0.4:0.8 in 50 

wt% anisole at 70 ℃. The remaining kinetic parameters used in the simulation are given in 

Table 1 
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