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Abstract 

The work presented herein focused on the preparation of CO2 switchable poly(methyl 

methacrylate) latexes by surfactant-free emulsion polymerization. N,N-Dimethylaminoethyl 

Methacrylate (DMAEMA) was chosen as the functional comonomer to act as an in-situ generated 

surface active agent as well as the CO2 responsive agent. The azo initiator 2,2'-azobis[2-(2-

imidazolin-2-yl)propane]dihydrochloride (VA-044) also partially contributed to both the 

stabilization and the CO2 switchability. DMAEMA was first protonated by HCl during the 

emulsion polymerization to prevent hydrolysis and enhance DMAEMA partitioning into the 

water phase. Two switching on/off cycles were conducted to the latex obtained from the 

surfactant-free emulsion polymerization. The first switching-off cycle was carried out by NaOH 

neutralization, followed by simple CO2 purging for redispersion. Full recovery of particle size 

and distribution, solids content and latex stability was achieved within 5 min of applying the 

triggers. The second switching cycle was carried out by alternating N2/CO2 purging. Sonication 

was not needed in each switching-on process (a significant and important improvement over 

previous work in the Cunningham and Jessop groups).  A ratio of VA-044:DMAEMA within the 

range of 1:8~1:2, a minimum overall N% (NDMAEMA+NVA-044) at 1% and a maximum solids 

content at 20% were the required conditions in order to make latex successfully recover from two 

switching cycles. Systematic particle size manipulation was carried out by varying temperature, 

VA-044:DMAEMA ratio and solids content. A wide size range 170~500 nm was achieved, 

allowing for multiple potential applications. 
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Chapter 1 

Introduction 

CO2-switchable technologies have attracted increasing interest among both academic and 

industrial researchers. The utilization of the chemically benign trigger CO2 could greatly reduce 

the environmental footprint in many applications including oil refining, coatings, consumer goods 

and controlled drug release. The application of CO2-switchable technologies to latex systems has 

created novel features to switch the colloidal stability by simple gas purging, which could 

potentially lead to cost and energy savings in long distance latex transportation, and in other 

applications such as moisture-repellent coatings. 

1.1 Overview  

In this work, surfactant-free emulsion polymerization was used for the preparation of CO2 

switchable poly(methyl methacrylate) latex. Apart from obtaining good CO2-switchability, 

control over the latex properties was set to be the other major goal, including for example high 

monomer conversion, small particle size, narrow particle size distribution, good latex stability 

and reasonable solids content (10%~20%). The dependence on sonication for redispersion 

remained one of the major challenges towards the industrial application of CO2 switchable latex 

because of its energy intensive nature. Therefore, developing latexes that could be redispersed 

without requiring sonication was another major objective.  

A comprehensive literature review is presented as Chapter 2, which covers fundamental aspects 

of an emulsion system including particle size controlling methods, the parameters contributing to 

latex stability and the nucleation mechanism of a surfactant-free emulsion system. The 

development and challenges of CO2 switchable technologies are also reviewed. A more targeted 

review on CO2 switchable latexes is included in Chapter 3.  
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The preparation of a series of CO2-switchable latexes and the challenge of eliminating the need 

for sonication in the redispersion process is addressed in Chapter 3. The latex products 

demonstrated fast response to both CO2 and N2 triggers (within 5 min), and the particle size and 

distribution, solids content and colloidal stability could be fully recovered. An effort to control 

the particle size by tuning pH, temperature, monomer ratio and solids content is also discussed. 

Limiting conditions such as the highest solids content achievable and lowest amount of cationic 

ingredients needed to maintain latex stability and CO2 response are also explored.  

Chapter 4 serves as supplementary information to Chapter 3 with careful characterization of the 

functional monomers used in the proposed surfactant-free emulsion polymerization. The choice 

of HCl protonation during the emulsion polymerization is a method to prevent the high degree of 

monomer hydrolysis. Chapters 3 and 4 answer the key question why emulsion systems often 

exhibit inferior performance under CO2 protonation compared to HCl protonation.  

A summary of the thesis research and recommendations for future work are presented in Chapter 

5. Further understanding of the mechanism of the switching processes is still needed, especially 

the development of proper characterization methods to determine the nature of the surface groups 

on the particles under switching-on and switching-off conditions. This will allow more specific 

control over each switching cycle and introduce more opportunities for the application of CO2 

switchable technology in emulsion systems. 

1.2  Research objectives  

 Apply CO2-switchable techniques in MMA surfactant-free emulsion polymerizations and 

prepare stable PMMA latexes with monomer conversion above 90%. 

  Achieve relatively small particle size (for a surfactant-free emulsion system) in the range 

100 nm~200 nm.  

 Reduce response time for switching using the triggers CO2 and N2. 

 Eliminate sonication from the redispersion process.  
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Chapter 2 

Literature Review 

2.1 Free radical polymerization 

Free radical polymerization is a common industrial process for polymer manufacturing. It usually 

involves an initiation stage triggered by heat, light or a redox reaction, where free radicals are 

produced, followed by a propagation stage where monomer units sequentially add onto the free 

radicals at a rate on the order of milliseconds,
1
 and ends with combination/disproportionation of 

two radicals, i.e. the termination stage. The initiation rate coefficient and propagation rate 

coefficient (kp) are among the most important factors that determine the order of magnitude of the 

overall polymerization rate. For the main monomer employed in our system (methyl 

methacrylate), an experimentally based equation was used to calculate kp at different reaction 

temperatures.
2
  Chain transfer to solvent could be of interest in a solvent-based polymerization 

environment. The chain transfer constant of methyl methacrylate to water is reported to be 

negligible.
3
  

2.1.1 Copolymerization 

Blending monomers for copolymerization is often done to tune particular properties such as glass 

transition temperature (Tg), chemical or weathering resistance, polarity or solubility. Introducing 

minor amounts of a second monomer can sometimes apply new features to the final polymer 

product that could not be achieved by homopolymerization. The sequence of monomers in the 

resulting copolymer is determined by the reactivity ratio (r1, r2) of the monomers, following the 

Mayo-Lewis equation. Reactivity ratios of the monomer pairs DMAEMA (r1=0.88) and MMA 

(r2=1.12)
4
 as well as DEAEMA (r1=0.94) and MMA (r2=0.99)

5
 were reported. However, these 

ratios could be altered in different chemical environments. For example, an acidic environment 
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could lead to monomer protonation which could alter the copolymerization behavior, as well as 

monomer partitioning between organic and aqueous phases.  

2.2 Emulsion polymerization 

Emulsion polymerization is widely practiced in industry. Its water-based operation promotes 

lower viscosity for more effective agitation, superior heat transfer for ease of temperature control 

and subsequently improved kinetic control compared to bulk polymerization, as well as less of an 

environmental footprint compared to volatile organic solvents based solution polymerization. 

Extensive opportunities to modify the composition and morphology of the final polymers are 

provided by versatile techniques such as semi-batch or continuous emulsion polymerization as 

well as miniemulsion and microemulsion polymerization.  The latex products prepared from 

emulsion polymerization find applications in coatings, paints, adhesives and cosmetics or they 

can be post-processed as waterborne polymer resins for production of polydiene-based rubbers 

and major plastics such as poly (vinyl acetate), poly(chloroprene), and poly (acrylic ester) 

copolymers.
6
 

2.2.1 Mechanisms, kinetics and general features of emulsion polymerization 

A conventional emulsion polymerization system consists of a relatively hydrophobic monomer, 

an either water-soluble (e.g. potassium persulfate, KPS) or oil soluble (e.g. 2-2’-

azobisisobutyronitrile, AIBN) initiator, surfactant(s) and water. The amphiphilic surfactant can be 

either physically absorbed or chemically bonded onto the particle surface. It can effectively 

stabilize the monomer droplets (1~10 µm in diameter, 10
12

~10
14

 per liter in number),
7
 be 

dispersed in the aqueous phase, as well as in micelles (5~10 nm in diameter, 10
19

~10
21

 per liter in 

number)
7
 when the concentration is above the critical micelle concentration (CMC). The overall 

surface area of micelles is much larger than that of the monomer droplets. This further enables the 

efficient capture of the radicals in the aqueous phase by micelles. Once the micelle is entered by a 

radical, it serves as a micro-batch reactor and becomes a polymer particle (0.05~1 µm in diameter, 
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10
16

~10
18

 per liter in number)
7
 as the polymerization proceeds.  The monomer droplets act as 

reservoirs constantly feeding monomers into micelles/particles by diffusion through the 

continuous phase. Predominant nucleation by micelles is termed  micellar nucleation
8,9

 and occurs 

when the concentration of surfactant is above the CMC. When the concentration of the surfactant 

is below the CMC or in the case of more hydrophilic monomers, homogenous nucleation
10–12

 

becomes dominant. The oligomers grow to a critical chain length at which water solubility is no 

longer maintained, precipitate from the aqueous phase and aggregate with other oligomers to 

form primary particles. These primary particles are thermodynamically unstable, and further 

combine with each other and absorb surfactant to form polymer particles.  

The nucleation stage (Interval I) usually only takes up 10~20%
7
 of monomer conversion, and 

ends with the disappearance of micelles in the system, which are either converted into polymer 

particles or disassembled and redistributed to supply the surfactants to other surfaces. The 

following particle growth stage, also termed as Interval Ⅱ, is where the majority of monomer is 

consumed, ranging from 5%~10% to 30%~70%.
6
 The commonly applied kinetics during this 

stage is the Smith-Ewart model,
8
 and the rate of polymerization can be calculated as follows: 

                            [ ]                                                                                                (2.1) 

Where Rp, kp, [M]p, n, Np, NA are the polymerization rate, propagation rate constant, monomer 

concentration, number of radicals per polymer particle, number of particles and Avogadro 

constant, respectively. 
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Figure 2.1 Three stages of emulsion polymerization and their schemed kinetics
6
 

 

In bulk polymerization, increasing polymerization rate (by increasing the initiator concentration) 

usually means decreasing the molar mass, while in emulsion polymerization a high molecular 

weight and a fast polymerization rate can be simultaneously obtained. This is mainly attributed to 

the compartmentalization effect. According to the Smith-Ewart model case 2,  the latex particles 

will either have one or zero radicals (average n~0.5), under the assumption that radical 

termination within the particle is instantaneous and radical exit is negligible. Since the particle is 

also saturated by sufficient monomer supply, a steady rate of polymerization is preserved until the 

monomer droplets are exhausted, which signifies the end of Interval Ⅱ. During Interval Ⅲ the 

rest of the monomer inside the particles is consumed by reaction accompanied by a drop in 

polymerization rate due to the decreasing monomer concentration (Figure 2.1).  
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2.2.2 Latex stability and zeta-potential 

Latex stability, usually referring to the ability of a colloidal system sustaining a state where 

individual particles can remain single entities, is mainly attributed to two factors:
1
 1) Brownian 

motion of the particles and; 2) External conditions that help stabilize the dispersion, such as high 

temperature, high shear and addition of stabilizers. Thermodynamically, particles in a colloidal 

system are always prone to coagulation (ΔG<0) in order to reduce the total particle-water 

interfacial area. Adding surfactant is an effective way to stabilize the system as it significantly 

reduces the interfacial energy. In industrial polymer manufacturing via emulsion polymerization, 

there is always a trade-off (in terms of the amount of added surfactant) between long-term storage 

stability, also known as shelf life, and the properties of the final products such as water-resistance 

and adhesion strength. 

Synthetic strategies play a leading role in determining the latex stability by modifying the surface 

properties of the particles, which can be either physical absorption of additional surfactants or 

covalent bonding of residual initiator groups, polymeric surfactants and specific monomers onto 

the particle surface. There are two major stabilizing forces in opposing the van der Waals  

attractive force
13

 that pulls particles together: (1) electrostatic repulsion between adjacent 

particles provided by ionic stabilizing agents and; (2) a steric barrier that often involves 

hydrophilic polymer chains extending into the aqueous phase. 

The classic electrical double layer (EDL) model is used to describe the electrostatic stabilization 

mechanism, defined as a layer of non-uniformly distributed ions surrounding the particles,
14

 

which consists of particle surface charges, i.e. the Stern layer, and the parallel associated counter 

ions in the continuous aqueous phase, termed as the diffuse layer. The latter can be quantified by 

the well-known Debye–Hückel Equation, as follows: 

ψ(x)= ψ 0 exp(-κx)                                                                                                                        (2.2) 
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Where ψ(x) is the electrical potential at a distance x from particle surface, ψ 0 is the surface 

potential and κ is defined as the reciprocal thickness of the diffuse electrical double layer. 

According to the equation, the electrical potential is determined by the distance from the particle 

surface and κ, both exponentially, which can be further determined by Equation (2.3):
13

 

  √    
                                                                                                                             (2.3) 

Where e,   
               are the charge of an electron, the valency and number of ion i, the 

dielectric constant of a vacuum and the relative dielectric constant of the medium, Boltzmann 

constant and temperature in Kelvin, respectively.  

Therefore, with the three non-constant parameters in the equation   
       , the compression of 

the diffuse electrical double layer (a reduced 1/ κ), can be a consequence of using higher valency 

counter ions, increasing the concentration of the electrolytes or lowering the temperature, and 

subsequently resulting in a decrease of the colloidal stability (ψ(x), Eq. 2.2). The combined effect 

of valency and concentration of electrolytes can also be presented as the influence of ionic 

strength, which, if increased, will result in a thinner layer of counter ions. Lowering the 

temperature slows down the thermodynamic motion internally stabilizing the particles. 

Zeta-potential (ζ, mV) is defined as the potential at the Stern Plane
15

. ζ is positive if the potential 

increases from the continuous phase towards the interface. Zeta-potential is widely considered as 

an analytical indicator of latex stability in an electrostatically stabilized colloidal system as it is 

readily measurable. A colloidal system with ±30mV zeta-potential can be regarded as moderately 

stable.  

2.2.3 Particle size, particle size distribution and number of particles 

Among the major latex properties, particle size, size distribution and number of particles are the 

crucial ones that directly affect the end use of the latex products. For example, applications such 
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as coatings and adhesives require large surface area to promote film forming where smaller 

particle size and larger population of particles are desired. The general particle size obtained via 

conventional emulsion polymerization is usually in the range of 50~300 nm, which can be further 

tuned by different emulsion procedures and techniques (Table 2.1). 

Table 2.1 Typical particle size ranges in different emulsion techniques
16

 

Emulsion 

Techniques 
Emulsion Miniemulsion Microemulsion 

Inverse 

emulsion 

Surfactant-free 

emulsion 

Typical Particle 

Radius/nm 
50-300 50-500 10-30 100-1000 100-1000

17
 

 

Nucleation controls the particle formation and is the key stage in determining the final particle 

size and distribution, which is heavily dependent on the polymerization mechanism. The nature 

and concentration of the initiator, surfactant and monomer as well as operational parameters such 

as temperature, agitation, ionic strength and co-solvent all affect the nucleation process. Smith 

and Ewart
8
 reported that the number of particles was proportional to the 0.4 power of the rate of 

initiation and the 0.6 power of the surfactant concentration in a styrene system at low conversion, 

indicating that higher surfactant levels could promote particle generation and therefore decrease 

the particle size, while greater availability of initiator could also contributed to smaller particle 

size by initiating more particles. It has been extensively reported
18–21

 that the increase of 

surfactant concentration could stabilize more surface area and thus create larger population of 

particles and smaller particle size. It is especially influential in the nucleation stage as it controls 

the availability of the overall stabilizing potential. The solubility of monomer determines the 

available amount of monomer in the aqueous phase.
22

 Particle size dependence on temperature is 

closely related to the rate of initiation. Particle size decreases at higher temperature, accompanied 

by narrower particle size distribution.
23

 Gardon
24

 reviewed experimental statistics reported in the 

literature on the methyl methacrylate (MMA)/sodium lauryl sulfate (SLS)/K2S2O8 and the 
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styrene/SLS/K2S2O8 systems, and presented a convenient calculation model of particle size and 

number of particles at any given temperature, concentration of surfactant and initiator 

concentration. Co-solvent addition, acetone or methanol,
25,26

 increased the solubility of the 

monomer while agitation enhanced mass transfer, both contributed to the particle generation. 

High ionic strength
27

 reduced the thickness of the electrostatic double layer and tended to increase 

particle size and destabilize the latex.  

2.3 Surfactant-free emulsion polymerization 

In conventional emulsion polymerization, employing surfactant for stabilization is the common 

practice. The absorbance of surfactant onto the polymer particles may affect the properties of the 

resulting latex in terms of apparent diameter in suspension, surface charge, optical performance 

or water resistance, while attempting to remove the surfactant either by dialysis or desorption can 

lead to coagulation or flocculation.  

Surfactant-free emulsion polymerization (SFEP), also noted as soap-free emulsion polymerization 

or emulsifier-free emulsion polymerization, is an emulsion technique carried out without added 

surfactant. In 1965, Matsumoto and Ochi
28

 showed that monodispersed polystyrene (PS), 

poly(methyl methacrylate) (PMMA) and poly(viny1 acetate) (PVAc) latexes could be prepared 

by emulsion polymerization in the absence of added surfactant, taking advantage of the 

electrostatic repulsion on the particle surface resulting  from the residual ionic group of potassium 

persulfate (KPS), the free-radical initiator. The absence of surfactant provides better moisture-

resistance properties, prevents surfactant migration after film formation and preserves a clean 

surface with functional groups for biomedical or catalytic support applications. 

2.3.1 Nucleation mechanism in SFEP 

The micellar nucleation mechanism was ruled out in surfactant-free emulsion polymerization as 

there were no surfactants to form micelles. A “coagulative nucleation” theory that nucleation took 

http://dict.youdao.com/w/electrostatic/
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place by precipitation of macroradicals/macromolecules
12,29–32

 was commonly discussed. In the 

example of potassium persulfate initiated system, oligomers with a hydrophilic SO4
2-

 end group 

were formed by homogenous propagation of the primary radicals generated by initiator 

decomposition in the aqueous medium and utilizing the portion of monomers dissolved in water. 

Once a critical chain length (60-80 units for MMA,
33

 5 units for styrene
34

) required to maintain 

solubility in water was being exceeded, primary precursors precipitate from the aqueous phase 

and form the initial particles with very small diameter (~5 nm in the case of polystyrene),
32

which 

are unstable and coagulate into larger entities until the electronic density on the surface became 

adequate to stabilize the particle. Polymer latexes prepared by amidinium-azo initiators to 

produce positively charged particles in surfactant-free emulsion polymerization were studied by 

Goodwin
35

 et al.. Another approach is to incorporate ionic comonomer
36

 or copolymerize non-

ionic monomer pairs
37

 to form amphiphilic copolymers. In situ formation of surface-active 

oligomers that are capable of self-assembling to form micelles was proposed to be the driving 

force of stabilizing the polymer particles. A model scheme (Figure 2.2) proposed by Yan
33

 when 

studying the mechanism of SFEP of the styrene/4-vinylpyridine system initiated by APS 

suggested that oligomers formed at the early stage of SFEP were responsible for the 

micellization-type of nucleation. The oligomeric particles served as an emulsifier reservoir 

providing stabilizing agents for the monomer swollen particles as well as the monomer droplets. 

GPC evidence that the presence oligomers with a molecular weight ~1000 in the early stages of 

polymerization was used to support the micelle nucleation theory in studies on hydrophilic 

comonomers (vinyl acetate or methyl methacrylate) in SFEP.
25
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Figure 2.2 Mechanism of particle formation for SFEP of St/4-VP/APS system 

2.3.2 General features of SFEP 

Latexes prepared with surfactant-free emulsion polymerization exhibit several features that 

distinguish them from conventional emulsion polymerization. One characteristic is that the 

number of particles per unit wateris generally lowered by up to 2 orders of magnitude compared 

to the typical emulsion polymerization process.
38

 This usually leads to larger particle size 

(between 100-1000 nm)
17

. This is mainly attributed to the limited mobility of the in-situ formed 

surface-active agents that are either amphiphilic copolymers or oligomers consisting of residual 

groups from initiators with several attached monomer units. During the polymerization, as the 

surface active agent is generated through the polymerization instead of being readily present in 

the system at the very beginning, difficulties as coagulation of particles and adhesion to the 

agitator and reactor walls remain a major challenge in industrial practice. However, in the post-

polymerization period, since the stabilizing charges originating in the initiators or functional 

comonomers are covalently bonded to the particle, the in-situ generated surfactant  has less 

mobility and subsequently less desorption as well as higher surface coverage.
39

 The combined 

utilization of ionic initiator and comonomer, and solids content as high as 40% can be obtained 

by SFEP, although the polydispersity may be higher.
40
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2.3.3 Functional comonomers in SFEP 

To increase the latex stability during polymerization, a certain amount of functional comonomers 

are usually employed in surfactant-free emulsion systems to provide extra stabilizing capability in 

addition to the initiator residual group located only at the end of the polymer chain. Commonly 

seen functional monomers in literature can be classified as ionic such as carboxylic 

monomers,
41,42

 sodium sulfoethyl methacrylate,
43

 sodium styrene sulfonate,
43

 sodium undecylenic 

isethionate,
44

 or non-ionic such as glycidyl methacrylate
45

 and 2-hydroxyethyl methacrylate.
46

 In 

addition to enhancing colloidal stability, functional comonomers in SFEP have also been 

increasingly reported to tune the nucleation mechanism. Functional comonomers are usually 

hydrophilic, and therefore have higher concentration in the continuous phase when 

copolymerized with hydrophobic monomer such as styrene. At the beginning stages of 

polymerization, aqueous initiation produces oligomers rich in the functional monomers, which 

could act as surface active agents in-situ and subsequently aggregate to serve as the precursors of 

micelles for later particle growth after being swollen with monomers. Although the micellar 

nucleation mechanism was usually ruled out in SFEP, polymerization carried out with functional 

monomers is more likely to follow this route. By varying the amount of acrylic acid, Mahdavian 

and Abdollahi
47

 also concluded that the functional monomer could significantly increase the 

number of particles and subsequently the overall polymerization rate but it played a minor role in 

effecting particle growth. 

2.4 CO2-switchable polymers  

Carbon dioxide (CO2) is commonly perceived as the main greenhouse gas caused by incineration 

of fossil fuels. However, it has increasingly found green applications as a chemical trigger to alter 

physical or chemical properties of polymers containing CO2-responsive groups.  Responsive 

behaviors require the assistance of an aqueous environment where CO2 is dissolved. Amidines, 

amines and carboxyls are the three most common types of CO2-responsive groups. Their versatile 
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applications in CO2-responsive gels, surfaces, vesicles as well as CO2 capture materials was 

recently reviewed by Theato.
48

 

2.4.1 CO2-switchable surface active agent 

When applied in emulsion polymerization, CO2-switchable groups can be incorporated by CO2-

switchable surfactants, initiators and comonomers. Compared to conventional triggers such as 

oxidants, heat or light, responsive systems triggered by CO2 have illustrated superior advantages 

in terms of reversibility, low cost, non-requirement of additional chemicals or energy input and 

environmental compatibility. Table 2.1 summarizes the general application and disadvantages of 

the existing responsive technologies in emulsion polymerization systems. 

Table 2.2 Summary of different types of responsive surfactants 

Technology Disadvantage Applications 

Redox-switchable 

surfactants
49,50

 

Use of metal-containing or metal-promoted 

oxidants or reductants, waste generation after 

each cycle  

1. Fluid thickener;  

2. Viscous oil 

transportation through 

pipelines;  

3. Enhanced oil recovery 

(EOR);  

4. Industrial scale metal 

equipment degreasing;  

5. Textile softeners, 

conditioning agents, 

dye-fixing agents, foam 

stabilizers and corrosion 

inhibitors. 

Thermally cleavable 

surfactants
51

 

Energy-input required for cleavage; one time 

switch,  not reversible 

pH-Switchable 

surfactants
52,53

 

Addition of acid/base required, salt build up 

in each cycle 

Light-Switchable 

surfactants
54,55

 

A very strong light source is required to 

achieve the switch  

Metal-ions 

Switchable 

surfactant
56

 

(non-redox) 

Complicated peptide synthesis of the 

surfactant, heavy metal addition  

 

For example, a CO2-switchable surfactant consisting of an amidine group and a long alkyl chain 

is hydrophobic in its neutral form with poor surface activity. Upon exposure to a CO2 saturated 

aqueous phase the amidine group will be protonated as the aqueous pH is lower than its pKaH.It is 

converted to an effective surfactant as an amphiphilic molecule. The transformation into the 

charged amidinium bicarbonate, which was noted as the “switching-on” process, can be easily 
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achieved by simple exposure to one atmosphere CO2 in an aqueous system and be reversibly 

“switched-off” by introducing an inert gas (air, N2 or Ar) into the solution (Scheme 2.1).  

 

Scheme 2.1 Reversible transformation between amidine and its amidinium bicarbonate
57

 

 

 

Figure 2.3 Latex stabilized by CO2-switchable surfactant on(A)/off(B) forms
57

 

 

In an emulsion polymerization system, a CO2-switchable surfactant can reversibly stabilize and 

coagulate the colloidal system (Figure 2.3) by alternating between the switched-on and switched-

off chemical forms without any further assistant of additional chemicals. A controlled 

aggregation process is highly industrial desired especially in applications where the end product 

manufactured by emulsion polymerization is the polymer resin. The current practice to aggregate 

latex is to add acid/base/salt which will create extra contaminants in the polymer products and 

require further washing for removal and subsequently creates more waste streams and operational 

costs. In applications such as coatings, adhesives and paints, where a colloidal form needs to be 

preserved, the redispersibility may make it possible to store and deliver latex in dry powder or 

concentrated forms and redisperse it for end uses. The potential cost savings related to 
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transportation, waste water streams and energy costs has generated increasing interest in 

industries and driven the academia advances.   

The Jessop group has reported the development of several CO2-switchable components, 

extending to solvents, solutes, catalysts and even water.
58

 Among them, studies on CO2-

switchable surfactants were successfully employed in emulsion polymerization with styrene
59

 and 

methyl methacrylate.
60

 The resulting latex was effectively stabilized by the switched-on version 

of the surfactants and exhibited controlled coagulation by simply expelling CO2 by purging N2 or 

air during post-polymerization process. The latex was then again recovered to its original particle 

size and zeta-potential by bubbling CO2 through the solution, commonly accompanied by 

treatment with sonication. A small library of CO2-switchable surfactants with designed head 

groups
61

 was developed by the Jessop group. It was found that the basicity (pKaH) of the resulting 

surfactant bearing certain type of head groups decreased in the order of guanidine >> 

alkylamidine > imidazolines >N’-arylamidine > 3º amine. The higher basicity promoted the 

protonation by carbonic acid, which led to more surface active species and correspondingly 

improved stabilizing performance in emulsion polymerization, while alkylamidine, with its 

intermediate basicity was more sensitive to the switching-off process at room temperature that 

promised practical applications.  

Su et al.
62

 reported a successful surfactant-free emulsion polymerization using only a CO2-

switchable initiator VA-061(Scheme 2.2) which could also go through protonation/deprotonation 

cycles by adding and removing CO2 into/from the aqueous phase, achieving a CO2-switchable 

polystyrene latex with ~7% solids content. Solids content was further increased to ~27%
63

 by 

incorporating 0.54% CO2-responsive comonomer N,N-ethylaminoethyl methacrylate (DEAEMA, 

Scheme 2.2). Superior colloidal properties were obtained with a monodispersed PDI<0.054 and 

small particle size ranging from 230−300 nm.  
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Scheme 2.2 Protonation/deprotonation of switchable initiator VA-061 and DEAEMA 

 

Preparation of CO2-switchable latexes by surfactant-free emulsion polymerization will be further 

explored in this project, focusing on methyl methacrylate systems. By using azo initiators and 

tertiary amine containing functional comonomers, our goal is to broaden the applicability of CO2-

switchable colloidal technology into relatively hydrophilic monomers. The variation of 

experimental conditions including monomer feeding ratios, temperature and solids content will be 

discussed in detail.   
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Chapter 3 

CO2-Switchable PMMA Latexes with Controllable Particle Size 

Prepared by Surfactant-Free Emulsion Polymerization 

Abstract CO2-switchable poly(methyl methacrylate) (PMMA) latexes were  prepared by 

surfactant-free emulsion polymerization using the initiator 2,2'-azobis[2-(2-imidazolin-2-

yl)propane]dihydrochloride (VA-044) and a small fraction of functional comonomer N,N-

dimethylaminoethyl methacrylate (DMAEMA). The latexes demonstrated superior CO2 

responsive behavior with rapid aggregation, and with a complete recovery of particle size and 

polydispersity upon redispersion without requiring high energy mixing and within a short period 

of time. Particle size was successfully tuned in a range of 170~500 nm by varying the ratio of 

VA-044:DMAEMA, total amount of stabilizing moieties (VA-044+DMAEMA), temperature and 

solids content. Both particle size and CO2-switchable performance were closely related to the 

ratio of VA-044:DMAEMA, with the ratio of VA-044:DMAEMA=1:3 yielding both the smallest 

particle size and the most efficient CO2 responsiveness.  
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3.1 Introduction  

Surfactant-free emulsion polymerization (SFEP) has gained increasing interest in both academia 

and industry for its ability to produce nanoparticles in the absence of added surfactant. In SFEP 

the particle size is controlled by the concentration of species that act as stabilizing moieties, as 

compared to conventional emulsion polymerization where added surfactant plays a leading role in 

determining latex properties.  

N,N-Diethylaminoethyl methacrylate (DEAEMA) and N,N-dimethylaminoethyl methacrylate 

(DMAEMA) are tertiary amine containing monomers that exhibit CO2 responsiveness. Their 

polymers have pKaH values of 7.5 and 7.4 respectively.
1
 After Jessop and coworkers

2
 reported the 

first CO2-switchable surfactant, DMAEMA and DEAEMA were adopted as CO2-responsive 

agents
3–6

 in emulsion systems. Zhu’s
7
 group pre-synthesized a block copolymer of  PMMA-b-

PDMAEMA as a surfactant that was subsequently used in preparing PMMA latex via emulsion 

polymerization. A further investigation was carried out by the same group to look into the 

relationship between the composition of the block copolymer and its performance as a surfactant 

in terms of stabilizing PMMA latexes.
8
 In both studies, the polymeric surfactant that contained 

different amounts of DMAEMA units was first protonated by HCl (~pH 3) in order to conduct the 

emulsion polymerization. Sodium hydroxide (NaOH) was used in the first switching-off cycle to 

aggregate the latex. Redispersion/aggregation (switching-on/off) cycles of the latex could then be 

performed by purging CO2 or N2 due to the change of hydrophobicity/hydrophility of DMAEMA 

tertiary amine units. The authors also noted a failed attempt to carry out the same experiment 

under a CO2 environment. Our group successfully prepared CO2-switchable polystyrene (PS) 

latex via surfactant-free emulsion polymerization.
9
 Excellent colloidal properties (particle size 

<300nm, PDI<0.05) as well as CO2-switchability were both achieved by combining the use of 

CO2-responsive initiator VA-061 as well as a small amount (0.54%) of DEAEMA as comonomer 
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under a CO2 environment. PDEAEMA oligomer was proposed to act as a flocculant, promoting 

coagulation upon N2 introduction. 

One of the major unsolved challenges for CO2-switchable latexes is the necessity of sonication 

for redispersion for both latexes prepared using a pre-made CO2-switchable surfactant
2,10–12

 or for 

latexes stabilized by initiator
13

 or the combination of initiator and comonomer.
14

 Sonication is 

highly energy intensive and not feasible in large scale industrial processes.  In this study we have 

prepared CO2-switchable PMMA latexes using surfactant-free emulsion polymerization. 

Stabilization is provided by tertiary amine containing groups in the comonomer DMAEMA and  

amidine groups in the initiator. The latexes can be rapidly and effectively aggregated and 

redispersed. Redispersion can be achieved without sonication or high energy mixing. 

3.2 Experimental Methods  

3.2.1 Materials  

Hydrochloric acid (HCl, Aldrich), deuterated water (D2O, Cambridge Isotope Laborites) 2,2'-

azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, Wako), sodium chloride (NaCl, 

Sigma-Aldrich, >99%), sodium hydroxide (NaOH, Sigma-Aldrich, >98%), carbon dioxide (CO2, 

Praxair, Medical Degree) and nitrogen (N2, Praxair, Ultra High Purity, 5.0) were used as received. 

Monomers N,N-dimethylaminoethyl methacrylate (DMAEMA, Aldrich, 99%) and methyl 

methacrylate (MMA, Aldrich, 99%) were purified by inhibitor removal columns. Distilled and 

deionized water used for all experiments was purified through a Synergy iron exchange unit 

supplied by Millipore. 

3.2.2 Surfactant-free emulsion polymerization using VA-044 and DMAEMA  

Emulsion polymerizations were conducted in a six-well carousel reactor (Radley’s Innovation 

Technology). Distilled water (45 ml) was first added into a flask together with DMAEMA, 

followed by dropwise addition of one mole equivalent of HCl (1 M) to DMAEMA. The mixture 
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was left stirring for 15 min. The flasks were then fit onto the carousel reactor for pre-heating with 

constant N2 bubbling  for 30 min. VA-044 was weighed into 20 ml scintillation vials with 5 ml 

water and purged with N2 in an ice bath until completely dissolved. Pre-purged MMA was 

injected into the flasks followed by initiator solution to start the reaction. N2 purging was 

continued for another 5 min before the flasks were sealed to avoid monomer evaporation during 

reaction. All experiments were run for 1 hour. Samples were withdrawn periodically for DLS 

analysis and conversion determination. 

3.2.3 Coagulation and redispersion of latex 

The first cycle of switching on and off was conducted using an NaOH solution (1 M). NaOH was 

added dropwise into 8 g of latex until the pH stabilized in the range of 9.5~10.1. The mixture was 

left stirring for 20 min prior to centrifuging at 3000 rpm for 1 min. The sediment was collected 

and the supernatant was replaced by fresh distilled water until the total weight reached the 

original 8 g, with 3 g set aside for characterization. The remaining 5 g was purged by CO2 in a 

capped vial for 5 min at room temperature (mechanical stirring was not applied.) The redispersed 

latex was then treated with N2 in a 60°C water bath until visible precipitation (within 5 min) for a 

second cycle of coagulation, followed by another 5 min CO2 bubbling at room temperature for 

redispersion. Particle size and zeta-potential were monitored after each procedure on either the 

Zetasizer Nano(redispersed) or Mastersizer (coagulated). Samples that could not be successfully 

aggregated or redispersed in the first cycle were not carried on to the second switching cycle. 

3.2.4 Characterization  

Monomer conversions were determined gravimetrically. 2-4 ml samples were withdrawn and 

cooled immediately in an ice bath to stop further polymerization. Samples were first dried under 

air flow overnight at room temperature and in a vacuum oven for another 12 hours. Conversion 

was calculated as follows: 
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(    )                        

                     
                                                                      (3.1) 

 

Where                         are the mass of MMA, DMAEMA
+
Cl

-
, initiator and water, 

respectively; and           is the mass of the latex sample and the mass of the dried polymer. 

Number of particles was calculated by Equation 3.2,  

 

     
   

     
                                                                                                                     (3.2) 

 

Where ρp = density of the polymer, (g/cm
3
) 

dz = diameter of the particle, (nm, intensity value obtained from Malvern Zetasizer Nano ZS)  

Pp = grams of the polymer per cm
3
 of water (g/cm

3
water)  

and Pp was further determined by Equation 3.3,  

 

     
                      

               

 
                                                                                                    (3.3) 

 

Where weight of monomer was the initial amount of monomer added into the system before 

polymerization. 

Total stabilized surface Area (A) was calculated by Equation 3.4, 

    (
  

 
)                                                                                                                          (3.4) 

Particle size and zeta-potential were measured on a Malvern Zetasizer Nano ZS (size range 0.3 

nm to 10 μm) at 25℃ and an angle of 173° using a disposable capillary cuvette and a universal 

dip cell (DTS1070) for zeta-potential. Samples were diluted with distilled water for the original 

latex and with CO2 saturated water for those redispersed by CO2 protonation prior to 

measurement. Dilution was precisely controlled by 10 μl latex vs. 2 ml water for 10% solids 
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content entries and proportionally adjusted for 5%, 15% and 20% solids content entries in order 

to avoid instrumental variations on particle size caused by sample concentration. Reported 

intensity-average values were taken as an average of 3 measurements with 13 runs each.  Particle 

size after destabilization was determined using a Malvern Mastersizer 2000 (size range of 50 nm 

to 2000 μm) equipped with a Hydro2000S optical unit. The refractive index of the copolymer was 

approximated by that of PMMA on both instruments. A Thermo Scientific Orion Star A215 

calibrated with aqueous standards (pH 4, 7, and 10) was used to measure pH. Molecular weight 

and polydispersity (PDI) of the polymer were measured using Waters 2690 Separation Module 

and Waters 410 Differential Refractometer with THF as the eluent at a flow rate of 0.3 mL·min-1. 

The column bank consisted of Waters Styragel HR (4.6x300 mm) 4, 3, 1, and 0.5 separation 

columns coupled with a Waters 410 differential refractive index detector calibrated with 

poly(methyl methacrylate) standards ranging from 1020 to 853,000 g·mol
-1

  at 40°C. Dry polymer 

samples were first dispersed in THF followed by neutralization of equivalent amount of NaOH 

(1M), sonicated for half an hour, dried and redissolved in THF.  

3.3 Results and discussions 

3.3.1 Surfactant-free emulsion polymerization of methyl methacrylate  

DMAEMA has a 5% water solubility at 20℃15
 with basic pH of its aqueous solution. It was 

reported that DMAEMA would undergo fast hydrolysis in a basic aqueous phase (t1/2=3.31 h at 

pH 9, 25℃),
16

 which could be efficiently prevented by sufficient protonation (stable at pH 4, 

50 ℃).
16

 Therefore, in all experimental entries, DMAEMA was first protonated by one equivalent 

of HCl (1 M) before polymerization to minimize hydrolysis. The pH of the resulting neutralized 

solution was usually between 6~7 depending on the amount of chloride salt of DMAEMA. 

Excessive acid addition was avoided to prevent the influence of the increased ionic strength on 

particle size and latex stability. Protonation also brought the benefit of increased solubility and 
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made DMAEMA a more hydrophilic comonomer. The higher water solubility would enable more 

DMAEMA units to be located on the particle surface and increase stabilization.  

Initiator VA-044 is an azo initiator with fast decomposition kinetics having a 10 hour half-life 

temperature at 44 ℃ in water.
17

 The cationic imidazole ring provides an electrostatic stabilizing 

force as a residual group of the initiator attached to the end of the polymer chains. The protonated 

functional comonomer DMAEMA
+
Cl

-
 was the other source of positive charge, also originating in 

the cationic nitrogen atom (Scheme 3.1).  

 

 

Scheme 3.1 Structures of VA-044 (left) and protonated  

  

 

3.3.1.1 Effect of VA-044:DMAEMA ratio on latex properties 

The first set of polymerizations (N-series) was carried out with a constant functional group 

concentration (N
+
%) in order to examine the effect of each type of stabilizing moiety on the final 

latex properties. 

Cfunctional group (N
+
%)=CVA-044×2+CDMAEMA=CMMA×2%                                                                  (3.5) 

Where Cfunctional group is the concentration of overall functional groups, CVA-044, CDMAEMA, and CMMA 

are the concentrations of VA-044, DMAEMA and MMA, respectively.  

Theoretically, a fixed concentration of charged groups might be expected to provide the same 

level of stabilizing capacity, and stabilize the same amount of overall surface area. Therefore, 

Scheme  3.1 Structures of VA-044 (left) and protonated DMAEMA (right) 
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with a constant amount of monomer, the resulting number of particles as well as the final particle 

size should be similar. 

 

Table 3.1 SFEP recipe and latex properties with constant concentration of overall functional 

groups at 65 ℃ 

EXP MMA 

/ml 

H2O 

/ml 

VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size 

/nm 

PDI Zeta 

/mV 

Conv. 

/% 

Np 

/(10
16

/L) 

  N-1 6 50 0.1 1.8 335 0.073 +64.4 99 0.50 

N-5 6 50 0.2 1.6 283 0.020 +58.2 98 0.82 

N-6 6 50 0.3 1.4 268 0.016 +54.9 99 0.96 

N-2 6 50 0.4 1.2 249 0.021 +54.1 95 1.16 

 N-7 6 50 0.5 1 267 0.035 +55.3 99 0.97 

N-8 6 50 0.6 0.8 288 0.046 +54.3 99 0.77 

N-3 6 50 0.7 0.6 289 0.097 +52.2 99 0.76 

N-9 6 50 0.8 0.4 319 0.069 +58.3 100 0.58 

N-10 6 50 0.9 0.2 321 0.095 +52.9 98 0.55 

N-4 6 50 1 0 387 0.136 +50.2 98 0.31 

 

As illustrated in Table 3.1, the percentage of VA-044 was varied from 0.1 mol% to 1 mol% with 

the added amount of DMAEMA correspondingly adjusted from 1.8 mol% to 0 mol%, at a 

constant solids content of ~10%. Experiments were carried out at 65℃ for an hour, with high 

conversions achieved in nearly all runs. The resulting latex demonstrated high zeta-potential 

(above +50 mV), indicating superior colloidal stability. With an increased portion of VA-044 

among the total charged species, zeta-potential decreased slightly, from above +55 mV with 

0.1~0.4 mol% initiator addition compared to that of the generally below +55 mV with 0.5~1 mol% 
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addition. This was mainly attributed to the fact that the initiation efficiency of VA-044 was not 

100% and thus positive groups from the initiator were not entirely incorporated into the polymer 

chains. The contribution of VA-044 to the charged population on the particle surface was 

therefore diminished. This was confirmed by GPC results showing an average initiation 

efficiency of ~0.3 (Table 3.2), under the assumption that termination occurred by 

combination.
18,19

  

The initiation efficiency (f) was calculated according to Equation 3.6, 

  
    

                    
                                                                                                           (3.6) 

Where VA-044 mol% is the mole percent of initiator VA-044 with respect to MMA, and Mn/GPC 

is the number average molecular weight obtained from GPC. The mole mass of MMA, MMMA, is 

100.12 g/mol. 

Table 3.2 GPC results of N-Series on molecular weight, PDI and initiation efficiency 

Entry N-1 N-5 N-6 N-2  N-7 N-8 N-3 N-9 N-10 N-4 Ave. 

V:D 1:9 1:4 1:2.3 1:1.5 1:1 1:0.67 1:0.43 1:0.25 1:0.11 1:0 - 

Mn/10
3
 212.2 176.1 139.1 135.1 70.5 49.3 46.5 41.2 36.2 31.9 - 

PDI 1.63 1.64 1.72 1.75 1.96 2.44 2.39 2.74 2.46 2.5 - 

f 0.47 0.28 0.24 0.19 0.28 0.34 0.31 0.30 0.31 0.31 0.30 

*V:D=VA-044:DMAEMA(mol:mol) 
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Figure 3.1 Particle size versus VA-044 mol% / DMAEMA mol% with fixed total N
+
 at 2 mol% 

 

Particle size experienced a V-shape evolution with increasing amount of VA-044 and decreasing 

amount of DMAEMA (Figure 3.1), with a decreasing trend until 0.4% VA-044 (N-2) to reach the 

smallest particle size at 249 nm and then increasing to 387 nm at 1% VA-044. Using only VA-

044 (in the absence of DMAEMA) (N-4) gave the largest particle size indicating that stabilizing 

capacity provided by the initiator residual groups alone was rather limited. This was further 

confirmed by the calculation of total stabilized surface area (Figure 3.2) where N-4 also gave the 

smallest value. As previously mentioned, the relatively poor initiation efficiency at ~0.3 would 

lead to 70% loss of stabilization capability from the initiator. When the proportion of initiator 

increased, the overall amount of stabilizing species was decreasing. Particle size was larger at 

higher VA-044 concentration within the range of VA-044 addition 0.4%~1%. The location the 

VA-044 derived charges were only at the polymer chain end and this may be another cause of the 

less efficient stabilization. As VA-044 was gradually replaced by small amounts of DMAEMA 

from 0% to 1.2%, the particle size underwent a continuous drop with accompanying increasing 

particle surface area. This was a reflection of enhanced stabilization and suggested that within the 

given VA-044 concentration range, randomly distributed DMAEMA
+
 groups along the polymer 

chain could act as a more efficient in-situ generated surface active agent compared to VA-044. 
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Particle size started to increase as more VA-044 was replaced by DMAEMA in the range of 0.1% 

~ 0.4% VA-044 addition. Low concentration of VA-044 limited the initiation process and 

subsequently limited the nucleation. Particle generation requires that there are a sufficient amount 

of polymer (oligomer) chains present in the continuous phase. Therefore, initiation became the 

limiting step in this VA-044 concentration range. Particle size decreased with increasing amount 

of initiation as more aqueous oligoradicals were generated and hence more particles were 

nucleated (Figure 3.2). When there were adequate numbers of primary particles present in the 

continuous phase, the newly initiated radicals or oligomers were more likely to enter these 

particles instead of creating new particles.  

 

 

Figure 3.2 Number of particles and total stabilized surface area with increasing percentage of 

VA-044 at fixed number of total N
+ 

(2 mol%) 
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To further understand the role of DMAEMA
+
, experiments with 0.1%, 0.4%, 0.7% and 1% VA-

044 were carried out at a reduced temperature of 55 ℃ to slow down the kinetics and prolong the 

nucleation stage. Conversion at the early stages of polymerization was closely monitored at the 

first 20 min by sampling every 5 min. Figure 3.3 clearly demonstrates that higher concentration 

of initiator led to a faster monomer conversion. GPC results also showed that the average 

molecular weight was inversely related to the amount of initiator, indicating the total number of 

polymer chains was increased with increasing VA-044. The disagreement of trends in number of 

polymer chains and the number of polymer particles further proved that nucleation was not 

entirely dependent on the initiation and that VA-044 alone has limited capability at tuning the 

number of particles.    

 

 

Figure 3.3 Monomer conversion versus time at the early stages of polymerization at 55 ℃ with 

initiator concentrations at 0.1 mol% (F-1), 0.4 mol% (F-2), 0.7 mol% (F-3) and 1.0 mol% (F-4) 

 

To summarize, at a given temperature and monomer concentration in our SFEP system, both 
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participated in the nucleation process. The concentration of VA-044 influences the rate of 

polymerization at the beginning stage by initiating polymer chains and enhances particle 

nucleation by initiating more polymer chains up to ~0.4 mol%.  

In order to exclude the possible influence on the particle size of increased initial ionic strength 

with increasing amount of VA-044, experiment series N-P was conducted with ionic strength 

maintained constant by NaCl (1 M) addition. N-4 (entry with highest initial ionic strength) was 

chosen as the reference condition. Particle size increased slightly upon extra salt addition as 

expected, mainly attributed to the reduced thickness of the electrostatic double layer. However, 

the same trend observed earlier was preserved.  The initial ionic strength and the amount of added 

NaCl were calculated according to Equations 3.7 and 3.8, respectively.  

I=3 ×CVA-044+CHCl                                                                                                                                                                                              (3.7) 

CNaCl=IN-4－IN-Pi                                                                                                                                                                                                   (3.8) 

Where I is the initial ionic strength, CNaCl is the concentration of NaCl added, and i is the entry 

number in experiment series N-P. 

Table 3.3 SFEP recipe and latex properties with calibrated ionic strength at 65 ℃ 

EXP NaCl(1M) 

/ml 

 VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size  

/nm 

PDI Zeta 

/mV 

Conv. 

/% 

Np 

/(10
16

/L) 

N-P-1 0.504  0.2 0.6 511 0.12 +48.3 99 0.14 

N-P-2 0.336  0.4 1.2 286 0.006 +48.4 99 0.78 

N-P-3 0.168  0.6 1.8 289 0.004 +47.4 100 0.76 

N-4 0  0.8 2.4 387 0.136 +50.2 98 0.31 

General recipe used: MMA/H2O=6 ml/50 ml 

3.3.1.2 Effects of varying the overall amount of stabilizing force  

Experiment series O and series I were carried out with the purpose of exploring the effects of 

overall amount of added stabilizers (DMAEMA+VA-044) on the final latex particle size, in  an 

effort to reduce  the overall amount of charged species while maintaining relatively small particle 
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size and narrow polydispersity. In industrial applications, less initiator and/or comonomer 

addition means lower cost and higher product purity including lower moisture sensitivity. A 

negative correlation should be expected between the concentration of overall functional groups 

and the final particle size. We chose N-2 as the reference case, with VA-044:DMAEMA ratio at 

1:3 under fixed concentration of overall functional groups (2 mol% with respect to MMA). In 

series O, the VA-044/DMAEMA ratio was kept constant at 1:3 while the concentration of overall 

functional groups  with respect to MMA was varied from 1 mol% to 4 mol%. In series I, the 

amount of initiator was kept constant at 0.4 mol%, and addition of DMEAMA was varied to both 

the lower end (0.6 mol%) and higher end (2.4 mol%. ) 

Table 3.4 SFEP recipe and latex properties with fixed V:D ratio (1:3) with varied overall N
+
% 

EXP MMA 

/ml 

H2O 

/ml 

VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size  

/nm 

PDI Zeta 

/mV 

Conv. 

/% 

Np 

/(10
16

/L) 

O-3 6 50 0.2 0.6 285 0.020 +57.5 99 0.79 

N-2 6 50 0.4 1.2 249 0.021 +54.1 95 1.16 

O-1 6 50 0.6 1.8 277 0.062 +54.0 98 0.88 

O-2 6 50 0.8 2.4 238 0.017 +51.9 99 1.41 

 

 

Table 3.5 SFEP recipe and latex properties with varied amount of DMAEMA at 65 ℃ 

 at constant VA-044 addition (0.4 mol%) 

EXP MMA 

/ml 

H2O 

/ml 

VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size  

/nm 

PDI Zeta 

/mV 

Conv. 

/% 

Np 

/(10
16

/L) 

I-1 6 50 0.4 0.6 292 0.017 +49 100 0.76 

N-2 6 50 0.4 1.2 249 0.021 +54.1 95 1.16 

I-2 6 50 0.4 1.8 273 0.022 +49.2 100 0.93 

I-3 6 50 0.4 2.4 257 0.017 +50.3 100 1.13 
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Figure 3.4 Particle size versus total N
+
% at 

constant V:D ratio 1:3 (Series O) 

 

 

Figure 3.5 Particle size versus concentration of 

DMAEMA at constant VA-044 level (Series I) 

  

In series O, particle size (compared to N-2 at 249 nm) increased to 285 nm when the total N
+
% 

decreased from 2% to 1% that was mostly due to the reduced availability of surface active agents. 

However, when the total N
+
% increased to 3%, the particle size also increased slightly followed 

by a decrease at 4% addition of total N
+
%. The same trend was observed in Series I. At a constant 

initiator level (as compared to N-2), decreasing the amount of DMAEMA led to slightly larger 

particle diameter while gradual increase of DMAEMA did not always produce smaller particles. 

For example, I-3 with 1.2mol% DMAEMA (compared to N-2 (0.6 mol%)) yielded larger 

particles. The difference in trend compared to Series O was that a continuing increase in 

DMAEMA (2.4 mol%) did not reduce the particle size to a diameter that was smaller than N-2 

(1.2 mol%), although it was smaller than I-2 (1.8 mol%). Similar behaviour was previously 

reported by Wu
20

 and coworkers during the study of the dual role of KPS of 

stabilizing/destabilizing an SFEP system, where the hydrodynamic radius first decreased with the 

increased amount of KPS and then increased as the addition continued. The most possible cause 

was that VA-044 and DMAEMA
+
 as well as their counterion Cl

-
 in the aqueous phase contributed 
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to the initial total ionic strength. This behaviour was also experimentally observed in the N-P 

series.  

Within the concentration range investigated, there was a pair of effects competing to determine 

the final particle size with increasing total N
+
%. While increased total stabilizing force 

contributed to smaller particle diameter, the accompanying higher ionic strength tended to 

increase it. The resulting latex would have a particle size as a combined result of these two effects.  

Therefore, excessive addition of either initiator or DMAEMA was not necessarily favourable to 

produce smaller particle size or superior colloidal stability.  

 

Figure 3.6 Particle size versus concentration of VA-044% at constant DMAEMA levels (0.6%, 

1.8% and 2.4%, respectively) 

 

Examining the combined results from series I and series O, the effect of increasing initiator at 

constant DMAEMA concentration could also be determined (Figure 3.6). Increasing VA-044 

concentration at relatively lower DMAEMA levels (0.6% and 1.8%) slightly increased the final 

particle size indicating that in this range the influence of ionic strength surpassed that of the total 

stabilizing force. When the DMAEMA loading was higher (2.4%), increasing the initiator amount 

started to decrease the particle size, in agreement with the particle size trends in series I and series 
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O. The particle size tuning capacity of VA-044 was limited compared to that of DMAEMA as the 

range that the concentration of an initiator can be varied is rather restricted. Molar percentage of 

initiator is usually under 1mol% in order to achieve a reasonable molecular weight and extra 

addition of initiator is less favourable from an application perspective.  

3.3.1.3 Effects of varying solids content (initial monomer concentration) 

In the M-series of experiments, the amount of VA-044 and DMAEMA were both kept constant, 

while the initial MMA monomer loading was varied from 3 ml to 12 ml with an increment of 3 

ml at each entry, corresponding to ~5% to ~20% total solids content (Table 3.6). Particle sizes 

ranged from 212 nm at 5% solids content to 509 nm at 20% solids content. Increasing the 

monomer concentration led to a decrease in number of particles. The amount of VA-044 available 

to initiate new polymer chains was the same, as well as the total stabilizing group concentration. 

However the monomer droplets also require stabilization, which slightly decreases the amount of 

stabilizing groups initially available for particle stabilization. Overall a lower ratio of stabilizing 

groups to monomer results in less stabilizing capacity per unit monomer, and hence larger particle 

size. The polydispersity of the resulting latex was broader in higher solids experiments, behaviour 

commonly seen in emulsion polymerization.  

 

Table 3.6 SFEP recipe and latex properties with different solid content at 65 ℃ 

EXP MMA 

/ml 

H2O 

/ml 

VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size 

 /nm 

PDI Zeta 

 

Conv. 

/% 

Np 

/(10
16

/L) 

M-1 3 50 0.4 1.2 212 0.024 +48.6 100 1.01 

N-2 6 50 0.4 1.2 249 0.021 +54.1 95 1.16 

M-2 9 50 0.4 1.2 407 0.099 +55.5 100 0.42 

M-3 12 50 0.4 1.2 509 0.161 +50.1 100 0.28 
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3.3.1.4 Effects of varying reaction temperatures at different solids content 

It has been commonly accepted that the aqueous initiation rate is crucial to particle nucleation in 

surfactant-free emulsion polymerization.
21,22

 A shorter period of nucleation induced by a higher 

concentration of radicals produces more uniform particles.
22

 When the nature and concentration 

of the initiator were kept constant, the rate of initiation is dominated by temperature. An 

Arrhenius equation describes the temperature dependence of initiator decomposition (Equation 

3.9). A theoretical modeling of the radical generation at different temperatures is shown in Figure 

3.7 and calculated using Equation 3.10, under the assumption that VA-044 decomposition was an 

ideal first order reaction.  

 

kd=A exp(-Ed/RT)                                                                                                                        (3.9)                                                                                                                        

1-[I]t/[I]0=1-exp(-kd t)                                                                                                                (3.10)        

                                                                                                                    

Where, kd is the initiation decomposition rate constant, [I]0 and [I]t are the concentrations of 

initiator at time zero and any reaction time (t) during decomposition, R is the ideal gas constant.  

A=1.22×10
3
/s

-1
, is the pre-exponential factor, and Ed =1.08 ×10

5
 J/mol is the activation energy,

17
 

respectively. 
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Figure 3.7 Theoretical modeling of temperature dependence of VA-044 decomposition 

  

 

Figure 3.8 Monomer conversion of Entry S-2/N-2 vs. reaction time 

 

Experiment series S was conducted at 75℃ in comparison with series M at 65℃. Monomer 

conversion was monitored throughout the reaction as shown in Figure 3.8. The kinetics at 65℃ 

are almost as fast as at 75℃ despite the slower initiation rate of VA-044 shown in Figure 3.7. A 
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slightly faster nucleation was observed in the entry at 75℃. A comparatively narrower PDI 

supports the statement that faster nucleation leads to more uniform particles. This effect was 

especially outstanding at higher solids content at 20% where the lower temperature entry (M-3) 

started to have a PDI>0.1while that of S-4 at higher temperature remained at 0.076. Generally, 

the PDI in the S series increased when the initial monomer concentration was higher which 

agreed with the trend observed in the M series.   

 

Table 3.7 SFEP recipe and latex properties with different solids content at 75 ℃(S)/65℃(M) 

EXP MMA 

/ml 

H2O 

/ml 

VA-044 

/mol%
a
 

DMAEMA 

/mol%
a
 

Size 

 /nm 

PDI Zeta 

 

Conv. 

/% 

Np 

/(10
16

/L) 

S-1 3 50 0.4 1.2 172 0.011 +46.5 97 1.83 

S-2 6 50 0.4 1.2 234 0.036 +52.2 97 1.42 

S-3 9 50 0.4 1.2 268 0.066 +50.6 100 1.43 

S-4 12 50 0.4 1.2 311 0.076 +52.4 99 1.22 

M-1 3 50 0.4 1.2 212 0.024 +48.6 100 1.01 

N-2 6 50 0.4 1.2 249 0.021 +54.1 95 1.16 

M-2 9 50 0.4 1.2 407 0.099 +55.5 100 0.42 

M-3 12 50 0.4 1.2 509 0.161 +50.1 100 0.28 
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Figure 3.9 Particle size (left) and PDI (right) variation with solids content at 65℃ and 75℃ 

 

The particle size in each entry in the S series was consistently smaller than M series. The 

difference was not obvious at lower solids content (Figure 3.9) but became increasingly 

significant at higher monomer concentration, indicating that higher temperature could be a useful 

variable to produce smaller particle with high product yield efficiency. The smaller particle size 

results at higher temperature are likely because of the higher number of particles generated by a 

higher concentration of radicals. At 75℃, the number and size of particles did not vary as much 

as that of 65℃. The Charleux
23

 group reported a similar phenomenon in the SFEP batch system 

of methyl methacrylate. They found that when the concentration of the macroinitiator reached 

6×10
-3

mol/L, the monomer concentration no longer had a significant effect on the particle size.  

3.3.1.5  Summary of controlling the particle size range 

By varying different parameters such as the ratio of initiator and functional comonomer, solids 

content, amount of total stabilizing groups and reaction temperature, the particle size can be 

controlled over a wide range as presented in Figure 3.10. Varying initial monomer concentration 

at 65 ℃ provided the broadest manipulating potential on the final latex particle size, with a range 

from 212 nm to 509 nm. The most limited tuning variable was overall number of stabilizing 
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Figure 3.9 Particle size (left) and PDI (right) variation with solids content at 65℃ and 75℃ 
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groups, with a particle size range of 200~300 nm under the investigated experimental conditions. 

Increasing the temperature to 75℃ at the same solids content reduced the gap between the upper 

and lower limit of particle size because of faster nucleation at higher temperature.  

 

 

Figure 3.10 Summary of upper/lower range of particle size by varying parameters (nm) 

 

3.3.2 CO2-switchable performance of PMMA latexes prepared from SFEP 

Two switching cycles were successively performed to the latexes obtained in experiment Series N. 

The first switching-off procedure was triggered by NaOH to neutralize the HCl and in the second 

cycle by N2 in a 60℃ water bath. Both switching-on cycles were carried out by 5min CO2 

purging. The molecular structure change in each protonation/deprotonation cycle is shown in 

Scheme 3.2. The first coagulation was previously tried by adding 1.5 times excess NaOH (1M) 



44 

 

followed by 3~4 times washing with distilled water until the pH of the supernatant stopped 

changing. We reasoned that the same coagulation behaviour could be achieved by carefully 

adding NaOH dropwise until the pH reached between 9.5~10. The amount of NaOH added to 

reach the targeted pH turned out to be very close to the equivalent amount of the total N% but 

always slightly less (within 10%). The reason behind this was probably that a small portion of the 

N was buried inside the latex particles and could not be neutralized by the NaOH due to diffusion 

difficulties. The second cycle of switching-off procedure needed heat because the lower critical 

solution temperature (LCST) of poly(DMAEMA) was around 40℃6
 and therefore it would 

remain water soluble at room temperature even after being deprotonated. Attempts to switch off 

without heating were therefore not successful. In comparison, switching-off Cycle 1 was 

successful even under room temperature. This was attributed to the NaCl presence resulting from 

the neutralization The concentration of electrolyte to sufficiently coagulate an electrostatic 

stabilized system is 0.01M.
24

 The N series had a concentration of overall charged groups at 2% 

with respect to MMA, After being fully neutralized, it would give a concentration of NaCl at 

0.0224 M. The high salt concentration might be playing the major role of destabilizing the 

emulsion system even at room temperature in Cycle 1 due to the increased ionic strength. 

However, since after centrifugation in switching-off Cycle 1, the majority of the salt was removed, 

it would not further affect the second switching-off cycle.  
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Scheme 3.2 Switching-Off/On cycles in molecular perspective 

 

Table 3.8 shows the CO2 switchable behavior of experimental entries N-1 to N-10. A very fast 

response to both switching-on and switching-off procedures was observed. In the first cycle the 

particle size in most entries was almost identical to the original one after 5min CO2 treatment 

without further assistance from mechanical stirring. Deviation (±15nm, ~5%) was considered 

within instrumental error. This is a significant improvement compared to literature reports
11,14

 

where external energy input such as several minutes of sonication is usually required to recover 

the particle size and PDI.  Monomodal distribution of the colloidal particles after cycle 1 was 

preserved as indicated by the recovered polydispersity index (<0.1). Zeta-potential was always 

slightly lower than the original. This was mainly attributed to the weaker acidity of carbonic acid 

compared to HCl and the subsequently less efficient protonation by CO2. After conducting the 

second switching-off cycle, zeta-potential in almost all entries remained around +30mV, 

significantly higher than that of the first cycle.   
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Table 3.8 Latex properties of CO2-switchable cycles (N-Series) 

EXP Parameter  Original Latex 
Switching-off 1 

NaOH 

Switching-on 1 

CO2/5min/RT 

Switching-off 2 

N2/60℃ 

Switching-on 2 

CO2/5min/RT 

Entry  
N%VA-044 

:N%DMAEMA 

Size 

/nm 
PDI 

Zeta 

/mV  

Size 

/µm 

Zeta  

/mV 

Size 

/nm 
PDI 

Zeta 

/mV  

Size 

/µm 

Zeta 

/mV  

Size 

/nm 
PDI 

Zeta 

/mV  

N-1 
1:9 

335 0.073 +64.4 6.7 +18.2 328 0.072 +52.9 27.0 +31.9 381 0.161 +51.5 

N-5 
1:4 

283 0.020 +58.2 7.6 +15.5 281 0.013 +54.7 27.6 +32.2 299 0.037 +50.2 

N-6 
1:2.3 

268 0.016 +54.9 5.3 +12.6 259 0.034 +51.5 19.0 +34.3 301 0.039 +50.2 

N-2 
1:1.5 

249 0.021 +54.1 6.4 +17.1 248 0.048 +50.9 14.6 +42.6 274 0.027 +51.4 

N-7 
1:1 

267 0.035 +55.3 5.7 +21.3 269 0.015 +53.6 12.2 +24.2 332 0.084 +50.1 

N-8 
1:0.67 

288 0.046 +54.3 5.7 +20.7 299 0.032 +54.3 13.5 +24.2 445 0.146 +49.5 

N-3 
1:0.43 

289 0.097 +52.2 6.2 +20.1 306 0.132 +50.2 10.1 +29.8 495 0.195 +47.4 

N-9 
1:0.25 

319 0.069 +58.3 5.5 +23.2 577 0.218 +51.3 
- - - - - 

N-10 
1:0.11 

321 0.095 +52.9 6.6 +16.7 2866 0.415 +35.8 
- - - - - 

N-4 
1:0 

387 0.136 +50.2 6.2 +21.0 4244 0.253 +26.4 
- - - - - 
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N-5 Original Latex: Size=283nm, PDI=0.02, δ=+58.2mV 

 

 

Switching-off Cycle 1 by NaOH: Size=7.6µm, δ=+15.5mV 

 

 

Switching-on Cycle 1 by CO2/5min/RT: Size=281nm, PDI=0.013, δ=+54.7mV 

 

 

Switching-off Cycle 2 by N2/2min/60℃: Size=27.6µm, δ=+32.2mV 

 

 

Switching-on Cycle 2 by CO2/5min/RT: Size=299nm, PDI=0.037, δ=+50.2mV 

Figure 3.11 DLS results and photographs of two switching-off/on cycles of Entry N-5 
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This was mainly because that the pKaH of the amidine group of VA-044 residual, approximated to 

2-ethylimidazoline at 11.05,
25

 made it easy to be switched on but difficult to be switched off. It 

was not completely switched off at the given condition bubbling N2 at 60℃. However, DLS 

measurement (Figure 3.11) shows that all the particles had aggregated into large clusters with 

particle size ~10 micrometers without a trace of a particle population at the submicron size range, 

which was even larger than that in the first switching-off cycle. After the second round of 

switching-on, particle size for all entries marginally increased compared to Cycle 1, accompanied 

by a slightly broader polydispersity, while zeta- potential was almost perfectly recovered. The 

larger aggregates resulting from the second switching-off cycle may have made it more difficult 

for CO2 to reach the N atoms inside the clusters and switching-on therefore became less efficient.  

Significant correlation of the CO2 response to the ratio of VA-044 and DMAEMA (V:D) was 

observed. In Cycle 1, as the proportion of VA-044 increased to 80% (N-9, V:D=1:0.5) of the total 

N%, the system failed to respond to attempts at switching on, and the inertness persisted as the 

V:D ratio increased. In the absence of DMAEMA, the latex showed almost no response to the 

CO2 trigger with latex properties remaining at the similar level as that of the switched off 

condition. In Cycle 2, N-3 and N-8 demonstrated the most inferior CO2-switchable performance 

with the highest V:D ratio among the entries during this cycle. N-1, with the lowest V:D ratio at 

1:18, also experienced only partial recovery of the particle size distribution with an increased PDI 

to 0.161. The CO2 response was closely related to the particle size.  Entry N-2 obtained the 

smallest size and the best CO2 switchable performance.  

3.3.2.1  Boundary conditions for achieving CO2-switchable behavior 

With numerous experiments completed, we were in a position to identify the approximate 

boundaries of where we could still achieve reasonable switchability but with a minimum number 

of switchable groups required.  The number of stabilizing groups could be reduced by half with 

only 36 nm growth in particle size, as seen by comparing Entries O-3 (285 nm, 1% total N%) and 
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N-2 (249 nm, 2% total N%). Meanwhile, a 10-degree increase in temperature could significantly 

reduce particle size from 509 nm (S-4, 75 ℃) to 311 nm (M-4, 65℃) with moderately high solids 

content at 20%. The lowest overall N
+
% at 1mol/L (O-3) and the highest solids content at 20% 

(S-4) were the two boundary conditions in our system. Therefore, two switching-on/off cycles 

were  performed with O-3 and S-4 to test the CO2-responsive performance. 

Table 3.9 Latex properties during switching cycles (O-3 & S-4) 

Entry O-3 S-4 

Latex 

Properties 
Size PDI 

Zeta 

/mV 
Size PDI 

Zeta 

/mV 

Original 285 nm 0.020 +57.5 311 nm 0.076 +52.4 

Switching-off Cycle 1 5.5 µm - +14.3 3.8 µm - +11.4 

Switching-on Cycle 1 306 nm 0.069 +51.9 329 nm 0.082 +48.9 

Switching-off Cycle 2 10.7 µm - +22.3 17.2 µm - +35.5 

Switching-on Cycle 2 445 nm 0.169 +51.1 399 nm 0.036 +49.3 

 

For Entry O-3 with 1% total N
+ 

groups, particle size grew larger with a broader PDI after each 

cycle. Especially after Cycle 2, PDI exceeded 0.1 and particle size climbed above 400 nm. 

Reducing the surface active agent decreased the sensitivity towards CO2 of the resulting latex. 

Increasing the solids content to 20% at 75℃ yielded better CO2-switchablity, with well preserved 

PDI and only slightly larger particle size. It is possible that there are more optimizing 

opportunities beyond the investigated conditions to reduce the overall amount of stabilizing 

species as well as to increase solid content while obtaining a reasonable CO2 response. 

3.4 Conclusion  

Surfactant-free emulsion polymerization was carried out to produce a series of poly(methyl 

methacrylate) latexes with demonstrated CO2-switchable properties. The responses to triggers in 
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either switching-on or switching-off procedures were both effective and fast. The most significant 

breakthrough in the current work compared to previous studies was that the redispersion process 

was free from the need for intense mixing or sonication. The two switching-on procedures both 

only required 5min bubbling CO2 into the system without further energy input. The first 

switching-off cycle could be achieved by NaOH addition without further need of washing, while 

the second cycle of switching-off (N2 bubbling for less than 5min) needed mild heating. The 

particle size of the latex was fine-tuned over a range from 170 ~500 nm by varying parameters 

such as the ratio of initiator VA-044 and functional comonomer DMAEMA. Most experimental 

entries exhibited narrow PSD with a PDI<0.1. A positive correlation between the particle size and 

the CO2-switchable performance were also observed, with the smallest particle size yielding the 

best CO2-response. The overall loading of added stabilizing groups could be reduced to as low as 

1% N
+
(VA-044+DMAEMA) while maintaining good latex properties (particle size=285 nm, 

PDI=0.020, zeta-potential=+57.5 mV).  
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Chapter 4 

A comprehensive characteristic study of functional comonomer 

DEAEMA/DMAEMA used in surfactant-free emulsion polymerization 

Abstract Detailed characterization of N,N-diethylaminoethyl Methacrylate (DEAEMA) and 

N,N-dimethylaminoethyl Methacrylate (DMAEMA) was carried out on hydrolysis degree and 

protonation efficiency using 
1
H NMR. An astonishingly high hydrolysis degree of 71% for 

DEAEMA and 84% for DMAEMA at 65 ℃ within 4 hours was observed in a CO2 saturated 

aqueous phase. The high hydrolysis degree was believed to be the major cause of their inferior 

performance as functional comonomers under CO2 protonation compared to HCl protonation in 

the surfactant-free emulsion polymerization of methyl methacrylate. The reversible protonation of 

CO2 was proposed to be the cause of significant hydrolysis even at a high degree of protonation. 

A relatively hydrolysis-free operational window in terms of pH and temperature choices was 

defined under HCl and CO2 protonation, respectively.  
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4.1 Introduction  

During the exploration of CO2-switchable nanoparticle systems, DMAEMA and DEAEMA have 

been popularly employed as responsive agents
1–3

. It is important for researchers to acquire some 

basic understanding of the monomer behaviors when they are utilized in CO2 switchable systems. 

The acidic aqueous environment resulted from CO2 saturation will bring in enhanced 

hydrophobicity, protonation of the monomer molecules as well as the inevitable challenge of ester 

hydrolysis. This work seeks to provide some supplementary information towards a 

comprehensive understanding of the functional comonomers as well as insight and direction for 

further experimental development.  

4.2 Experimental Section 

4.2.1 Materials  

Chemical compounds N,N-Diethylaminoethyl Methacrylate (DEAEMA, Aldrich, 99%), 

hydrochloric acid (HCl, Aldrich), deuterated water (D2O, Cambridge Isotope Laborites) 2,2'-

azobis[2-(2-imidazolin-2-yl)propane] (VA-061, Wako), 2,2'-azobis[2-(2-imidazolin-2-

yl)propane]dihydrochloride (VA-044, Wako), carbon dioxide (CO2, Praxair, Medical Degree) and 

nitrogen (N2, Praxair, Ultra High Purity, 5.0) were used as received. Inhibitor removal columns 

were used to purify monomers. Distilled and deionized water used for all experiments was 

purified through a Synergy ion exchange unit supplied by Millipore. 

4.2.2 Determination of protonation efficiency and hydrolysis degree by 
1
H NMR 

In a typical experiment, 20μl of DEAEMA/DMAEMA was added into an NMR tube with a 

mixture of 60 μl deuterated water and 540 μl distilled water (90% H2O+10% D2O). CO2 was 

purged into the NMR tube equipped with a rubber cap using a 20-gauge needle for 5 min at room 

temperature to promote dissolution, followed by another 5 min at the investigated temperature. 
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The NMR tube was sealed by paraffin film before being placed into pre-heated NMR facility at 

the test temperature and a 
1
H NMR spectra was immediately acquired. 

Experiments with 0, 0.25, 0.50, 0.75, 1.0 and 1.5 equivalents of HCl with respect to 20μl of 

DMAEMA were also performed to determine the standard curve of protonation efficiency of 

DMAEMA. 25℃ (R.T.), 45℃ and 65℃ were chosen to examine the temperature dependence of 

protonation efficiency at CO2-saturation.  

A hydrolysis study was also carried out by 
1
H NMR. 1 ml of inhibited DEAEMA/DMAEMA was 

added into 30 ml of distilled water, and purged by CO2 for 10 min in an ice bath. A sample was 

taken as soon as the reactor was immersed into the pre-heated oil bath and 0.1 ml of sample was 

transferred into 0.4 ml of deuterated water (D2O) and instantly put into a mixture of ice and water 

prior to NMR acquisition. In certain entries, the pH of the reaction system was adjusted by adding 

1.25 M HCl dropwise under instant pH meter readings. A sample was withdrawn every hour for a 

total of 4 hours.  

4.2.3 Surfactant-free emulsion polymerization using VA-061/VA-044 and DEAEMA  

Emulsion polymerization was carried out on a six-well carousel reactor (Radley’s Innovation 

Technology) with one flask bearing a thermometer immersed in the same amount of water as the 

reaction vessels as a reference of real reaction temperature. Three reactions were run parallel each 

time. 50 ml distilled water was first heated up to 65 ℃ in a flask with constant CO2 bubbling, 

while VA-061 and DEAEMA were added into separate 20 ml scintillation vials with 5 ml water, 

respectively, and purged with CO2 in an ice bath to complete dissolution. DEAEMA was first 

charged into the heated water, prior to injection of CO2 pre-purged MMA and then initiator 

solution was added to start the reaction. The flasks were sealed without gas bubbling during the 

reaction. A minor difference in an experiment carried out with HCl was that DEAEMA was 

added into 55 ml water directly and the pH of the solution was first adjusted to ~4 by HCl 



 

56 

 

(1.25M) prior to increasing to the reaction temperature, and the purging gas used was N2. All 

experiments were set under an agitating speed of 8 and run for 2 hours. A sample was withdrawn 

at the end of reaction for DLS analyses as well as conversion determination. 

4.3 Characterization  

Monomer conversions were determined gravimetrically. 2-4 ml samples were withdrawn and 

cooled immediately in an ice bath to stop further polymerization. Samples were first dried under 

air flow overnight at room temperature and in a vacuum oven for another 12 hours. Conversion 

was calculated as follows: 

 

           
(    )                        

                     
                                                                      (4.1) 

 

Where                         are the mass of MMA, DEAEMA, initiator and water, 

respectively; and           are the mass of the latex sample and the mass of the dried polymer. 

Particle size and zeta-potential were measured on a Malvern Zetasizer Nano ZS (size range 0.6 

nm to 6 μm) at 25°C using a disposable capillary cuvette and a universal dip cell (DTS1070). 

Samples were diluted with distilled water for experiments carried out with HCl protonation and 

CO2 saturated water for those with CO2 protonation prior to measurement. The refractive index of 

the copolymer was approximated by that of PMMA. A Thermo Scientific Orion Star A215 

calibrated with aqueous standards (pH 4, 7, and 10) was used to adjust pH. A Bruker Avance-400 

(DRX) was used for determination of the hydrolysis degree while a Bruker Avance-500 (DRX) 

equipped with an FTS air system for temperature control was utilized for the protonation 

efficiency study. 

Protonation efficiency was calculated based on the following equation:
4
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                                                                (4.2) 

Where    ,     and       are the chemical shifts of Proton X at a certain protonation condition, 

0% protonation and 100% protonation, respectively. The final protonation efficiency was 

calculated as an average of the two proton species A and B.  

4.4 Results and discussion 

4.4.1 Surfactant-free emulsion polymerization using VA-044/VA061 and DEAEMA 

In an early attempt to conduct surfactant-free emulsion polymerization under a CO2 saturated 

environment, a semi-batch seed-feed approach was employed in order to maximize the proportion 

of the functional comonomer distributed on the particle surface. An emulsion seed was first 

prepared with all the intended DEAEMA and small fraction of MMA, followed by constant 

feeding of MMA at a slow speed (1-2.5 ml/h) to carry on the polymerization. Ideally DEAEMA 

would be all consumed in the seed stage and therefore remain on the particle surface. The 

properties of the seed were first studied to define an optimized VA-061:DEAEMA ratio for 

smallest size and highest latex stability (Table 4.1). However, even with a solids content as low as 

2.5%, the smallest particle size that could be obtained from this method was ~200 nm, which was 

not ideal for an emulsion seed. It was also observed that as the DEAEMA:VA-061 ratio increased, 

the latex properties tended to be inferior with a higher PDI and a lower zeta-potential as well as 

an increased particle size.  
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Table 4.1 The seeds properties under different DEAEMA:VA-061 ratio 

Entry 
D:M Ratio 

 (mol:mol) 

Latex Properties 

Size/nm Np/10
14

/L PDI ζ/mV Conv.% 

25-B-1 2:1 797 0.08 0.19 +20 82.4 

25-B-2 1:1 574 0.19 0.07 +24.9 72.7 

25-B-3 1:2 374 0.79 0.11 +30.4 84.8 

25-B-4 1:4 262 2.08 0.02 +35.5 76.5 

25-B-5 1:8 227 2.92 0.03 +47.1 69.6 

25-B-6 1:16 177 7.73 0.04 +50.2 87.5 

25-B-7 1:32 223 4.34 0.05 +51.4 98.2 

25-B-8 1:192 222 4.40 0.02 +48.7 98.2 

25-B-9 0 235 3.65 0.02 +44.7 96.7 

*Seed conditions: 1%wt VA-061, 2.5% solids content, 65℃. 

 

The role of DEAEMA was to act as the in situ generated surface active agent. The larger amount 

of surfactant generated, the more stabilization the system would possess, which would be 

reflected in smaller particle size and a larger number of particles.  However, the particle size 

evolution showed the opposite trend (Table 4.1). To further examine the cause, a comparative 

series of SFEP experiments were conducted under both CO2 and hydrochloric acid (HCl) 

protonation (Table 4.2). Entries 25-B-7 to 25-B-9 demonstrated the highest conversion and 

relatively small particle size with least addition of DEAEMA. The corresponding recipes were 

used with increased solids content to ~10% and comparative experiments were carried out with 

either CO2 protonation or HCl protonation as shown in Table 4.2.  
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Table 4.2 Comparison of latex properties under CO2 and HCl protonation 

EXP Reaction Condition DEAEMA 

    mol% 

Latex properties 

Size/PDI 

  nm 

Zeta 

 mV 

Conv. 

  

Np 

(10
16

/L) 

A-1 VA-044/HCl 3 (1:32) 203/0.01 +57 96 1.88 

A-2 VA-044/HCl 0.54 (1:192) 230/0.01 +50 92 1.23 

A-3 VA-044/HCl 0 299/0.02 +50 100 0.61 

B-1 VA-061/CO2 3 531nm/55.4% 

3857nm/44.6% 

+23 90 0.02 

B-2 VA-061/CO2 0.54 323/0.11 +50 90 0.44 

B-3 VA-061/CO2 0 344/0.19 +38 93 0.37 

General recipe: VA-044/VA-061/MMA+DEAEMA/H2O=0.24mmol/0.24mmol/6g/60ml 

 

VA-044 is the hydrochloride salt of VA-061. Under acidic conditions such as a CO2-saturated 

aqueous solution, VA-061 is present as its bicarbonate salt and exhibits very similar 

decomposition behavior to that of VA-044, with the same activation energy as well as a 10 hours 

half-life at 42°C compared to that of VA-044 at 44°C.
5
 Three experiments using each initiator 

were carried out, respectively, with increasing amount of DEAEMA as a functional comonomer 

in its bicarbonate and hydrochloride salt forms.  

Cunningham and coworkers
6
 reported that adding small amounts of DEAEMA (0.54mol%) could 

lead to a significant 50% increase in the number of particles, and subsequently increase the 

conversion of monomer in the SFEP of styrene from 64% to 90%, mainly attributed to the 

enhanced aqueous nucleation at the beginning stage of polymerization assisted by the hydrophilic 

DEAEMA
+
HCO3

-
. In the Experiment A series, the relatively hydrophilic nature of MMA 

compared to styrene could promote aqueous nucleation itself and therefore, the importance of 

DEAEMA in terms of reducing the inhibition period of reaction and increasing conversion was 
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diminished. Fast kinetics and nearly full conversion were observed within 1 hour regardless of the 

amount of DEAEMA added into the system.  

In Series A, where polymerization was carried out with HCl protonation, a significant reduction  

of particle size was obtained by increasing the percentage of DEAEMA and incorporated into the 

copolymer with a constantly preserved narrow PDI (<0.1) featuring nearly monodispersed latex 

particles. This trend obeyed the general rule in emulsion polymerization that there should be a 

negative correlation between the amount of surfactant and the particle size. The major 

contribution of DEAEMA in terms of polymerization dynamics was that a small amount could 

significantly increase the number of particles, which in this case, doubled with 0.54% and tripled 

with 3% addition. The smaller particle size was indeed a reflection of the promoted nucleation 

contributed by DEAEMA
+
Cl

-
 acting as surface active agent together with the residual groups of 

VA-044. All three entries demonstrated high zeta-potential (≥+50mV) indicating a superior 

colloidal stability from SFEP. A slight increase of zeta-potential with the proportion of DEAEMA 

could be explained in that there was higher concentration of charged species in the system and 

subsequently enhanced probability of increased surface charge density. The residual groups of the 

cationic initiator VA-044 alone could provide adequate electrostatic stabilization that produced 

latex with a zeta-potential at +50 mV. 

In Series B, conversions were slightly lower than that of Series A, while the number of particles 

was significantly less. However, as observed in the B-25 experiment, 3% addition of DEAEMA 

produced significantly larger particles and therefore fewer particles than for Entry B-3 where 

there was no DEAEMA addition. DLS showed that a second peak appeared in the size range 1 

μm to 10 μm (Figure 4.1), indicating particle coagulation might have taken place.   Meanwhile, 

the zeta-potential of B-1 was lower than B-2. B-1 was expected to have a higher zeta-potential 

with a higher charge density. This observation suggested that other factors contributed to the 

particle stabilization behaviour.   
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Figure 4.1 Bimodal size distribution of B-1 (531 nm/55.4%; 3857 nm/44.6%) 

 

4.4.2 Determination of protonation efficiency of DMAEMA by 
1
HNMR 

The first suspected cause of this anomalous behaviour was the lower protonation by carbonic acid 

compared to HCl. Precise calculation of protonation efficiency of DEAEMA as well as its methyl 

counterpart was carried out by 
1
H NMR. In a mixture of the neutral form as well as the cationic 

form of DEAEMA/DMAEMA, the protons neighbouring to the nitrogen of the tertiary amine will 

exchange between the charged/uncharged species at a certain speed. If slower than the NMR 

acquisition, two individual peaks representing each species can be read in the resulting NMR 

spectrum; if faster the two peaks will merge into a single peak that can be found at a chemical 

shift in between those of the original two peaks. In the latter case, the formula below can be used 

to theoretically calculate the observed chemical shift, 

                                                                                                         (4.3)                                                 

Where δobserved, δneutral, δcationic represent the chemical shifts of the merged, the neutral and the 

cationic read in 
1
H NMR spectrum, respectively, and xneutral， xcationic are the mole fractions of 

each species. 
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To test the theory, a standard curve by HCl (1 M) protonation at 0, 0.25, 0.50, 0.75, 1.0 as well as 

1.5 times equivalents of DMAEMA was generated. Agreement between the theoretical and 

experimental change in chemical shift was obtained with an R
2
 value at 0.999, which confirmed 

the method was valid. Due to the limited solubility of DEAEMA in the aqueous phase, a standard 

curve of DEAEMA could not be accurately made as well as an evaluation of the monomer 

protonation efficiency under a pure water environment. However, as a stronger base than 

DMAEMA, with a slightly higher pKaH at 8.8 compared to that of DMAEMA at 8.3,
7
 a lower 

percentage of protonation could be expected.  

 

 

 

Figure 4.2 Standard curve of HCl protonation of DMAEMA 

R² = 0.999 
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Figure 4.3 Calculation of protonation efficiency of DMAEMA at CO2 saturated acidity at room 

temperature (94%) 

 

 

Scheme 4.1 NMR peak assignment in DMAEMA 

 

Using the verified NMR technique, CO2 protonation efficiency under different temperatures was 

examined, and an example of protonation efficiency calculation from NMR spectrum as shown in 

Figure 4.3. Detailed information on chemical shifts and the calculated protonation efficiencies at 

higher temperatures was given in Table 4.3. CO2 has a lower solubility at higher temperatures, 



 

64 

 

which gives its saturated aqueous solutions a less acidic environment. Protonation is therefore 

weakened at high temperature due to a lower concentration of reactant. On the other hand, 

thermodynamically, protonation is an exothermic neutralization reaction and would be promoted 

by lower temperature. The decrease protonation efficiency of DMAEMA with temperature was 

not significant, with 94% at room temperature, 90% at 45℃ and 84% at 65℃. Although the 

accurate protonation value of that of DEAEMA could not be acquired using this method, it would 

be a fair assumption that the same insignificance in the temperature dependence of protonation 

efficiency would apply to DEAEMA as well. The slight difference in protonation efficiency led 

us to believe there would be other possibilities responsible for the significantly lower efficiency 

of DEAEMA/DMAEMA as functional comonomers under CO2 protonation.  

 

Table 4.3 Temperature dependence of protonation of DMAEMA at CO2 saturated acidity 

 

 

Sample 

δA 

(%Protonation) 

δB 

(%Protonation) 
Average% 

Protonation Efficiency 

REF-0%-45℃ 

2.43 

(0) 

2.89 

(0) 0 

REF-100%-45℃ 

3.11 

(100) 

3.70 

(100) 100 

EXP-CO2-45℃ 

3.04 

(89.7) 

3.62 

(90.1) 90 

REF-0%-65℃ 

2.69 

(0) 

2.98 

(0) 0 

REF-100%-65℃ 

3.25 

(100) 

3.84 

(100) 100 

EXP-CO2-65℃ 

3.15 

(82.1) 

3.71 

(84.9) 84 
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4.4.3 Determination of monomer hydrolysis of DEMAE/DMAEMA by 
1
HNMR 

Early literature reports showed that there would be considerable amount of hydrolysis of 

DMAEMA in a basic aqueous phase
8
. For a CO2-responsive latex system prepared from 

surfactant-free emulsion polymerization with DEAEMA/DMAEMA as the functional 

comonomer, degree of hydrolysis of the ester group (Scheme 4.2) plays a critical role on the 

performance in terms of determining the colloidal properties. It leads to a direct loss of the 

functional amine groups. The acid product once absorbed or covalently bonded onto polymer 

particles, would then produce potential anionic charges on the particle surface interfering with the 

electrostatic double layer, and subsequently lowering the latex stability.  

 

 

Scheme 4.2 Hydrolysis of DMAEMA/DEAEMA (DEAEMA shown by dashed line) 

 

The statistics reported on the hydrolytic stability of DMAEMA at 37℃ 8
 showed that the 

hydrolysis rate was slower at a lower temperature (reaction rate constant kh=5.2×10
-6 

s
-1 

at pH 7, 

37 ℃) and the amount of hydrolysis generated during the time interval between taking the sample 

and performing NMR (<1h, ice bath) was negligible. The same paper also reported the 

insensitivity of its homopolymer poly(DMAEMA) (kh=7×10
-8 

s
-1

 at 80 ℃, pH=7) to hydrolysis; 

therefore, polymer hydrolysis is no longer of interest in this work. 

A general NMR summary on hydrolysis is illustrated in Figure 4.4. The most significant chemical 

shift changes were that of the protons on the double bond and that of the methyl group before and 

after hydrolysis. Only the ratio of integration of the methyl group was employed to calculate the 

degree of hydrolysis by D/(d+D) (Scheme 4.3), while these of the protons on the terminal olefin 

were overlapped slightly by the broad water peak, which would lead to over estimation. Figure 
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4.4 indicates approximate pseudo first-order reaction kinetics. The rate constants and half-life of 

hydrolysis are shown in Table 4.3. The calculated half-life at 65℃ was longer than the one 

displayed in Figure 4.4, mainly due to the relatively low R
2
 (0.94) during the plot log[A] versus t, 

while that at 45℃ gave a very good prediction at an R
2 
value >0.99 (Appendix B). Temperature 

played a significant role on the hydrolyzing rate, as there was only 2% hydrolysis within four 

hours at room temperature; while at 65℃ 84% of DMAEMA was hydrolyzed with a half-life less 

than an hour. Similar temperature dependence was also observed with its ethyl counterpart 

DEAEMA. While comparing the hydrolyzing behaviors of these two monomers, it was not 

surprising to find that DEAEMA exhibited a slower rate at all investigated temperatures, which 

was mainly attributed to a slightly larger steric effect introduced by the two ethyl groups in 

DEAEMA compared to the methyl groups in DMAEMA. The larger steric hindrance slowed 

down the interaction of water molecular and the nitrogen atom in DEAEMA. It also created a 

more hydrophobic environment around the nitrogen atom and shielded the amine group from H2O 

molecules.  

 

                                  

 

Scheme 4.3 NMR peak assignment for DMAEMA hydrolysis 
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Figure 4.4 DMAEMA hydrolysis at 65℃ in CO2 saturated aqueous phase within 4h (pH=7.14) 

 

 

 

Figure 4.5 Temperature dependence of hydrolysis of DEAEMA/DMAEMA at CO2 saturated 

acidity (M:DMAEMA; E:DEAEMA) 
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Table 4.4 Rate constants and half-life of hydrolysis of DMAEMA/DEAEMA 

 65℃/CO2 45℃/CO2 RT/CO2 

DMAEMA 1×10
-4 

s
-1

/1.9h 3×10
-5 

s
-1

/6.4h 3×10
-6 

s
-1

/2.7d 

DEAEMA 8×10
-5 

s
-1

/2.4h 2×10
-5 

s
-1

/9.6h - 

 

             

 

Scheme 4.4 Ring formation of DMAEMA 

upon HCl and CO2 protonation 

 

 

  

One theory proposed by earlier researchers
8
 suggested that once the tertiary amine group was 

protonated, an intramolecular seven-member ring formation would be possibly promoted 

(Scheme 4.4 A) in chloroform solution, which made the ester group less susceptible to 

nucleophilic attack from a hydroxyl ion. In our system, CO2 protonation was reversible. A similar 

ring formation (Scheme 4.4 B) was not of significance compared to hydrogen bonding with water 

in the protic environment. Evidence supporting this is shown in Figure 4.6, where 84% equivalent 

amount of HCl was used to imitate CO2 protonation condition under 65℃ and left for 4 hours at 

this temperature. NMR analysis showed 12% DMAEMA underwent hydrolysis compared to 84% 

in the case of CO2, and the final chemical shift indicated that the remaining DMAEMA was 

almost 100% protonated. Once the 84% ester group was “trapped” into the ring confirmation 

A 

B 

Figure 4.6 Hydrolysis of 84% HCl protonated 

DMAEMA (12%, pH=7.41) 
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upon HCl protonation, it was no longer prone to hydrolysis but only the remaining 17% “free” 

DMAEMA molecular was susceptible to water attack and eventually most of them decomposed 

into methacrylic acid and dimethylaminoethanol within 4 hours. Under CO2 protonation at 65°C, 

the 84% protonation efficiency was established in a dynamic equilibrium manner between the 

charged and neutral forms. Once the molecule was uncharged, the DMAEMA molecule 

immediately became unstable towards hydrolysis, and eventually the total hydrolyzed amount 

reached 84%. To define a relatively hydrolysis-safe operation window as shown in Figure 4.7, a 

broad pH range from 1~7 could keep the hydrolysis degree within ~10% with HCl protonation. If 

pH decreases to the low end (<1), the ester group might also be protonated and the ring formation 

would be no longer preserved, therefore triggering the acidic catalyzed mechanism. In a CO2-

saturated aqueous system, a temperature lower than 45°C could limit the hydrolysis to under 

30~40%. However, lowing the temperature would significantly reduce the polymerization rate. A 

redox initiation system might offer a viable solution to this issue.  

 

 

Figure 4.7 Hydrolysis degree under CO2/HCl protonation at pH/temperature conditions 
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With an understanding of monomer hydrolysis and reversible protonation, the reason for inferior 

performance of DEAEMA/DMAEMA under CO2 protonation can be more effectively addressed. 

Hydrolysis was believed to be the major cause due to loss of stabilizing tertiary amine groups and 

temporarily protonated DEAEMA/DMAEMA molecules, which were mainly responsible for the 

high degree of hydrolysis even when highly protonated at a relatively low pH. Considering the 

hydrolysis products, under the experimental pH conditions, poly(methacrylic acid) with a pKaH of 

5.5
9
 would not be fully protonated. The dimethylaminoethanol left in the aqueous phase could be 

protonated, as it was observed during the hydrolysis study, which showed that the peaks assigned 

to the dimethylaminoethanol showed a response in chemical shift to pH. The presence of the 

hydrolysis products could either increase the ionic strength of the continuous phase when moving 

freely in the aqueous phase which promotes latex aggregation, or if absorbed onto the particle 

surfaces could interfere with the electrostatic double layer. In both cases, latex stability would be 

compromised. In particular the presence of anionically charged poly(methacrylic acid) is of 

concern. 

4.5 Conclusion  

In a surfactant-free emulsion polymerization system, DEAEMA
+
HCO3

-
 is a weaker stabilizer and 

a poorer nucleation agent compared to DEAEMA
+
Cl

-
, reflected by smaller particle size 

population. A high degree of monomer hydrolysis caused significant loss of the stabilizing 

tertiary amine groups and is believed to be the major cause of DEAEMA
 
being less effective 

under CO2 protonation in terms of producing stable and narrowly dispersed latexes. 

With DMAEMA and DEAEMA being popularly employed in CO2-responsive systems, it is 

necessary to quantify their degree of hydrolysis in the corresponding reaction conditions. 
1
H 

NMR is a simple and effective method to study the hydrolysis by comparing the integration of the 

methyl group adjacent to the double bond of both monomers before and after hydrolysis. 84% of 

DMAEMA and 73% of DEAEMA were found to have hydrolyzed after 4 hours at 65°C in a CO2-
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saturated aqueous phase. The degree of hydrolysis was much lower at 45°C with a 33% loss of 

DMAEMA and 22% loss of DEAEMA at the same 4 hour time scale. Hydrolysis was almost 

negligible with CO2 protonation at room temperature for both monomers. 

DEAEMA protonation by CO2 is a reversible process, which is responsible for the much higher 

degree of hydrolysis compared to that of HCl at 65°C, even with the same 84% overall 

protonation degree. With the irreversible protonation provided by HCl, a broad pH range of 1~7 

at high temperature (65°C) can be considered as a suitable operational window with a hydrolysis 

degree controlled below 10% (4 hours), while choices with CO2 protonation were limited to 

lower temperature (<45°C) with a reduced hydrolysis under 35% in case of DMAEMA and 25% 

for DEAEMA. 
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Chapter 5 

Conclusions and recommendations for future work 

5.1 Conclusions 

A series of CO2-switchable PMMA latexes was successfully prepared by surfactant-free emulsion 

polymerization using a small fraction of the functional comonomer DMAEMA.  DMAEMA was 

protonated by strong acid (HCl) during the polymerization in order to prevent the high degree of 

hydrolysis that occurs under CO2 protonation at the reaction temperature. The protonation also 

enhanced the partitioning of DMAEMA into the water phase and thus made it a more efficient 

surface active agent. The combined utilization of cationic initiator VA-044 and protonated 

DMAEMA enabled the stabilization of the colloidal system, with the resulting latex having high 

zeta potential above +50mV. The resulting latex showed very fast response to the triggers CO2 

and N2, and both switching-on and switching-off cycles were completed within 5 min. The 

particle size, PDI, solids content as well as latex stability were fully recovered within the two 

switching cycles that were investigated (Figure 5.1).  There were constraints in terms of the 

experimental conditions required in order to get particle size<300nm, PDI<0.1 and a successful 

recovery after two switching cycles. The ratio of VA-044:DMAEMA should be within the range 

of 1:8~1:2 and the overall N% (NDMAEMA+NVA-044) should be at least 1%. The solids content could 

be increased to 20% while still controlling the PDI below 0.1 at an increased temperature of 75 ℃

. 

 

 

Figure 5.1 Two switching cycles of CO2-switchable PMMA latex (Entry N-5) 
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The particle size control was carried out by varying the DMAEMA:VA-061 ratio (18:1~0:1), 

overall N% (4%~1%), temperature (65 ℃, 75 ℃) and solids content (5%~20%). By fine tuning 

experimental conditions, the particle sizes were well controlled within the range 170~500 nm.  

One of the most significant achievements was that the resulting system did not require sonication 

for redispersion. Even agitation was not applied during the switching-on procedures. This is a 

major step toward industrial application of CO2 switchable latex technologies. 

5.2 Recommendations for future work 

5.2.1  Continuing the use of azo initiators 

It has been concluded in Chapter 3 that the monodispersity of the particles was mainly attributed 

to the fast initiation. The azo initiators (VA-044, VA-061 etc.) have demonstrated fast 

decomposition kinetics and a good incorporation into our emulsion system, with extensive 

benefits for providing additional stabilization and switchable properties. The PDI of the resulting 

latex experienced broadening (>0.1) when the temperature was reduced to 55℃ during some 

experimental trials. The temperature recommended for the MMA system is around 65℃. At 

higher temperature such as 75℃, some foaming was observed even when there was no gas 

bubbling into the system.  

5.2.2 Developing more techniques for surface group characterization 

Our understanding of switchable latexes was significantly improved after the characterization 

work on functional monomers. However, characterization techniques suitable for studying surface 

composition of the polymer particles are still needed, specifically the tertiary amine groups. It 

remains a challenge to completely characterize latex particles, and techniques such as NMR and 

soap titration have their own limitations. The further development of new technology or new 
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combination of conventional technologies should be developed in order to fully understand the 

colloidal system.  

5.2.3 Introducing new functional monomers as CO2 responsive agent 

NMR characterization on the degree of hydrolysis of the functional (switchable) groups was 

carried out on a new choice of monomer, N-[3-(dimethylamino)propyl]methacrylamide. Within 4 

hours at 65℃ with CO2 protonation, there was no hydrolysis observed (Figure 5.2). This stability 

towards hydrolysis has made it a promising candidate as a CO2-switchable monomer. However, 

the corresponding homopolymer has complete solubility in water, which should be taken into 

consideration.  

 

 

Figure 5.2 NMR determination of hydrolysis degree of N-[3-

(dimethylamino)propyl]methacrylamide 
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5.2.4 Extension to more emulsion techniques  

Towards the goal of industrial implementation, semi-batch approaches including using seeded 

emulsions should be further explored to achieve higher solids content. The system developed in 

this work has reached a solids content at 20% with excellent colloidal stability (zeta 

potential~+50mV). A seeded emulsion approach could extend the limit of achievable solids 

content in this surfactant-free emulsion polymerization, possibly to 40%.  

5.2.5 Exploring low Tg materials 

Low Tg materials such as the family of butyl methacrylate or butyl acrylate containing polymers 

are widely used in the coating and painting industry for film formation at room temperature. It 

remains a challenge to prepare low Tg CO2-switchable latex as the polymers on the particle 

surface tend to diffuse into each other during the switching-off process. A switching-on process 

will then become impossible once the particle surfaces fuse and particles lose their individual 

identity.  

As discussed in Chapter 3, the amidine group inside the residual group of imitator VA-044 was 

probably not fully switched off during the N2 purging. This provides an opportunity to find a 

window where the residual charge could possibly keep the particles apart efficiently even in the 

case of low Tg  materials while the entire system could still present a switching-off response.  

5.2.6 Potential application in drug delivery systems for cancer therapy  

A tumour site produces higher levels of CO2 than normal organs since the metabolism is 

accelerated by excessive growth of the tumour cells. There is a narrow pH range that a CO2 

switchable system could find its application as a responsive drug release system by careful choice 

of the pKaH of the responsive agent. An ideal model would be that the acute response enables the 

drug to be released specifically to the tumour site. As soon as the system leaves the site, it could 

reversibly recover to a plasma-friendly medium.   
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5.2.7 High pressure CO2 atmosphere for DMAEMA/DEAEMA systems 

We have considered that increasing the CO2 pressure to achieve a pH of 4 would lead to a 

“hydrolysis safe” condition and the protonation efficiency will also be greatly improved. 

According to the results in Chapter 3, however, as long as the DMAEMA/DEAEMA is not 100% 

protonated, the protonation equilibrium would slowly lead to a significant amount of hydrolysis. 

Therefore, high pressure might not be a suitable approach in terms of inhibiting monomer 

hydrolysis. 
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Appendix A 

Zetasizer cell choice and proper sample dilution 

Table A.1 Zeta-potential measurement using dip cell/ disposable zeta cell 

Table 5.1 Zeta-potential measurement using dip cell / disposable zeta cell 

Cell Type/Sample DTS1070-Dip Cell 

  

DTS1060C-Clear Disposable Zeta Cell 

 

PMMA Latex/A-1-F +56.5 mV +78.9 mV 

Zeta-Standard/-55(+/-5) mV -53.6 mV -62.5 mV 

 

It is advised that zeta-potential measured by dip cell is a more accurate read compared to the 

disposable zeta-cell, which tends to give higher absolute value.  

Table A.2 Effect of sample concentration on particle size 

Table 5.2 Effect of sample concentration on particle s ize  

Sample dilution  

(Original sample 10wt%) 

Weight concentration  Particle size(nm)/PDI 

50ul to 1ml 0.5% 236.5/0.014 

50ul to 4ml 0.125% 246.7/0.028 

10ul to 2ml 0.05% 248.7/0.021 

 

For particle size within the range 100 nm~1000 nm, proper sample concentration recommended 

by the official User Guide is 10
-3

wt%~1 wt %, which is a broad range. Particle size experienced 

variation even though the concentration after dilution was inside this range. The sample 
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concentration adopted in this thesis work was chosen at 0.05% where the result of particle size 

stabilizes to successive dilution and the deviation from the higher concentration was negligible. 
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Appendix B 

Rate constant and half-life calculation of DMAEMA/DEAEM monomer hydrolysis  

 

The monomer hydrolysis was regarded as a first-order reaction as water was far excess. 

ln[A]=-kt+ln[A]0 

t1/2=ln2/k 

Where [A]0 and [A] are the concentrations of monomer DMAEMA/DEAEMA at time t0 and t, k 

is the rate constant, t1/2 is the half-life. 

Plot ln[A] verus t, we can get the hydrolysis rate constant and half-life. (Concentrations used in 

all plots were in unit mol/L.) 

  

  

 

Figure 5.3 ln[DMAEMA /DEA EMA] vs. time at room temperature 

 

*Data is too poor to be plotted. 

Figure B.1 ln[DMAEMA/DEAEMA] vs. time at room temperature 
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Figure 5.4 ln[DMAEMA /DEA EMA] vs. time at 45℃  

 

Figure B.2 ln[DMAEMA/DEAEMA] vs. time at 45℃ 

  

 

Figure 5.5 ln[DMAEMA /DEA EMA] vs. time at 65℃  

 

Figure B.3 ln[DMAEMA/DEAEMA] vs. time at 65℃ 
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Appendix C 

Replicate runs 

In order to assure that the trends of particle size obtained were reliable, three experimental entries 

(random choices under different experimental formulations and conditions) were repeated to test 

the particle size deviations.  Table C.1 illustrated the chosen entries and the particle size results of 

each replicate. 

Table C.1 Particle size results of replicate runs 

Table 5.3 Particle size results of replicate runs  

Entry Particle Size (nm) Particle Size Mean (nm) Deviation 

N-2 247 
248 ±0.4% 

N-2-R 249 

N-7 267 
277 ±4% 

N-7-R 286 

S-3 262 
265 ±1% 

S-3-R 268 

*Deviation=(Experimental result of each run－Particle size mean)/Particle size mean 

The deviation was significantly small and the results of particle size in each replicate run were 

indeed repeatable. 

 

 

 


