CONTROLLED RADICAL
POLYMERIZATION IN THE
DISPERSED PHASE

MARY E. THOMSON

A thesis submitted to the
Department of Chemical Engineering
in conformity with the requirements for
the degree of Doctor of Philosophy

Queen’s University
Kingston, Ontario, Canada
December, 2010

Copyright (© Mary E. Thomson, 2010



Abstract

Controlled radical polymerization (CRP) has emerged as a powerful method of creating
polymers with tailored molecular architectures under mild reaction conditions. However,
production of these polymers efficiently at an industrial scale will likely require them to
be synthesized in the dispersed phase. Three types of CRP are explored, Atom Transfer
Radical Polymerization (ATRP), Nitroxide Mediated Polymerization (NMP) and Catalytic
Chain Transfer (CCT) to elucidate the intricacies of creating these novel polymer colloids.

Compartmentalization in an ATRP dispersed phase system is explored theoretically to
understand the effects of particle size and catalyst concentration on the polymerization.
The results suggest that there is an optimal range of particle sizes where the rate of poly-
merization is greater than that in an equivalent bulk system while maintaining both a lower
PDI (polydispersity index) and higher livingness. All three factors are desirable in ATRP
but generally cannot be achieved simultaneously in bulk. Compartmentalization manifests
itself differently in CCT dispersed phase systems, where the segregation of the CCT agents
into different polymer particles leads to multimodal molecular weight distributions.

Control over the particle size is notoriously difficult for nitroxide mediated polymeriza-
tion, as it is challenging to decouple an increase in the particle size with an increase in
target molecular weight using a two stage emulsion polymerization approach. This often
leads to colloidally unstable latexes for low molecular weight, high solids conditions which
are the result of superswelling. We offer several strategies to minimize this problem and
create colloidally stable, high solids, n-butyl acrylate latexes by NMP with moderate to
high molecular weight targets (>70 kg-mol~!). Using this synergy between target molecu-
lar weight and particle size, high solids (>40 wt.%), high molecular weight (<200 kg-mol~!)
microemulsions (~20 nm) of methyl methacrylate-co-styrene were prepared.

Finally, the monomer type and nucleation mechanisms also play a role in determining the
particle size distribution in NMP emulsion systems. Using n-butyl methacrylate in emulsion
with surfactant concentrations above the critical micelle concentration yields latexes with
bimodal particle size distributions. However a surfactant-free approach allows monomodal

latexes to be created.
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Chapter

Introduction

Controlled radical polymerization (CRP) has emerged as an elegant and versatile method
of creating polymers with tailored molecular architectures which cannot be synthesized
by conventional free radical chemistries. These types of polymers are useful in a variety
of advanced materials including thermoplastic elastomers, blend compatiblizers, high per-
formance adhesives and coatings. In CRP, all of the reaction mechanisms of free radical
polymerization still apply; however, a mediating species is employed to control the polymer-
ization and can aid in the creation of block copolymers, very short oligomers and polymers
with narrow molecular weight distributions. CRP has been successfully implemented in
bulk or solution polymerization, but to truly produce these specialty polymers at an indus-
trially viable scale and to reduce the use of volatile organic compounds, successful transfer
of these polymerization reactions into aqueous dispersed phase systems, such as emulsion,
miniemulsion or microemulsion is necessary. Further, novel polymer colloids, which could

only be created by dispersed phase polymerization, can also be discovered.

1.1 Overview

In this work, a variety of controlled radical chemistries are investigated in the dispersed
phase, include Atom Transfer Radical Polymerization (ATRP), Nitroxide Mediated Poly-
merization (NMP) and Catalytic Chain Transfer (CCT). The objective is to highlight and
provide new understanding of the challenges of implementing these chemistries into dis-
persed phase systems, especially because knowledge gained in one type of controlled chem-

istry can also be applied in others. The challenges addressed include radical and mediating
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species compartmentalization into the polymer particles, particle nucleation and the cre-
ation of new materials. An in-depth exploration will be made into all of these challenges
both through mathematical simulation and experimental evidence.

In this thesis, mathematical studies concerning compartmentalization of both the rad-
icals and the mediating species in dispersed phase ATRP and CCT are conducted to shed
light on previous experimental findings, but also to illustrate appropriate reaction conditions
to prepare the desired products. Chapter 3 focuses on the study of compartmentalization
effects in ATRP. Through mathematical simulations, an optimal range of particle sizes, at
which rates of reaction faster than bulk polymerization can be obtained but with narrower
molecular weight distributions, was predicted. Compartmentalization effects are also the
focus of Chapter 4, but the effects manifest themselves very differently in dispersed phase
CCT. Compartmentalization of the catalytic chain transfer agents can produce multimodal
molecular weight distributions when a seeded emulsion system is used. Each of the modes
on the MWD (molecular weight distribution) can be attributed to a discrete number of
chain transfer agents per particle, regardless of the overall concentration of catalyst.

Another great challenge of CRP lies in the nucleation of particles and the creation of
high solids latexes by ab-initio and two stage emulsion polymerization, which is the focus
of Chapters 5—7, where experimental investigations of the more difficult monomer systems
for polymerization by nitroxide mediated polymerization (n-butyl acrylate (BA), methyl
methacrylate (MMA) and n-butyl methacrylate (BMA)) were undertaken. In Chapter 5,
we investigate the relationship between particle size and target molecular weight for NMP
of BA; this relationship is in direct opposition of that generally observed in conventional
emulsion polymerization. Using strategies to minimize the particle size, colloidally stable
latexes can now be produced at 45 wt.% solids. In Chapter 6, again using these strategies,
we create latexes with very small particles sizes (~20 nm) of MMA up to 40 wt.% solids,
including block copolymers with BMA by microemulsion polymerization. In this work it
was found that ab-initio NMP emulsion polymerization of BMA results in bimodal particle
size distributions. The cause of this is explored in Chapter 7 and found to be the result of
multiple nucleation methods. However, performing these polymerizations under surfactant-
free conditions yields monomodal latexes.

With this work, significant steps have been taken in increasing the understanding of
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performing CRP in the dispersed phase, with a focus on industrially important issues like

particle size distributions and solids content. Not only were multiple facets of dispersed

phase polymerization investigated; multiple types of CRP chemistries were also included.

Because all of these controlled chemistries include the use of a mediating species, conclusions

drawn in one type of system may shed light on similar phenomena in others.

1.2

1.3

Research Objectives

To study a variety of controlled chemistries in the dispersed phase to allow concepts

studied in one system to be applied to others.

To consider industrially important issues such as reaction rate, control of the poly-

merization, particle size and solids content of the latexes.

To perform mathematical simulations of compartmentalization effects, particularly in

the prediction of full molecular weight distributions.

To understand the connection between initiator concentration and particle size in SG1

mediated emulsion polymerization.

To create novel polymer colloids and high solids content latexes for a variety of

monomer types by NMP.

To understand the cause of bimodal particle size distributions in SG1 mediated BMA

emulsion polymerization.

Summary of Original Contributions

Identification of an optimal range of particle sizes where ATRP dispersed phase poly-
merization proceeds with both a faster rate of polymerization and a lower polydisper-

sity and higher chain livingness than an equivalent bulk system.

Discussions on the impact of performing ATRP in the dispersed phase with very low
catalyst concentrations; unlike in bulk, the rate of polymerization is dependent directly

on the catalyst concentration and termination is not an important consideration.
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e The first mathematical simulation to predict the full molecular weight distribution of
any controlled radical polymerization which includes both the compartmentalization
of the radical species and the mediating agent was created for dispersed phase catalytic

chain transfer system.

e The multimodal molecular weight distributions observed experimentally for a seeded
CCT system were simulated. The main parameter governing compartmentalization
in these systems is the entry and exit of the catalyst, which is related to the viscosity

of the particles.

e Several strategies were introduced to minimize the impact of initiator concentration
on the final particle size of SG1 mediated, two stage emulsion polymerization systems.
By applying these strategies, well controlled, colloidally stable n-BA latexes can be

created at 45 wt.% polymer content for moderate to high target molecular weights.

e Well controlled SG1 mediated MMA-co-St microemulsion latexes were prepared with
small, monomodal particle size distributions, very low surfactant to monomer ratios,
polymer contents up to 40 wt.% and high molecular weights. These microemulsions
can be easily chain extended to create MMA-co-St-block-BMA-co-St block copoly-

mers.

e Monomodal particle size distributions and well controlled BMA latexes can be cre-
ated in a surfactant-free, two stage emulsion polymerization procedure. The cause of
the bimodal latexes created in NMP BMA emulsion systems with surfactant concen-
trations above the critical micelle concentration is the result of multiple nucleation

pathways.
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Background and Literature Review

2.1 Aqueous Dispersed Phase Polymerization

Emulsion polymerization is a common laboratory and industrial method of synthesizing
polymers via free radical polymerization. Its benefits over bulk polymerization include im-
proved heat transfer (as polymerization is strongly exothermic), decreased viscosity and
minimizing the cost of specialized equipment for processing and monomer removal. It also
reduces the amount of volatile organic compounds used compared to solution polymer-
ization. A traditional emulsion polymerization formulation consists of monomer, water,
surfactant, usually added above the critical micelle concentration (CMC), and a water sol-
uble initiator. When the monomer, water and surfactant are mixed, an emulsion is formed
of monomer droplets (1-10 pm) suspended in water with ~ 109-10%! micelles-L~! present
in the aqueous phase. Initiation begins when radicals are formed by the thermal decom-
position of the water soluble initiator. Propagation occurs initially in the aqueous phase
until the oligomeric radical becomes sufficiently hydrophobic to enter a particle. This oc-
curs when the chain reaches the z-meric length, ~2-5 monomer units, which depends on
the temperature, monomer solubility and initiator end-group.! This oligomeric radical can
nucleate a particle in one of three ways: micellar, droplet and aggregative nucleation. In
emulsion polymerization, where the surfactant concentration is above the CMC, the entry of
the z-meric oligomer into a micelle is favoured over entry into a droplet, as the micelles have
a very high surface area for radical capture at ~5200 m?-L~! compared to the surface area

of the droplets of ~250 m?-L~!.2 However, entry of the oligomeric radicals into the droplets
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does occur, and is referred to as droplet nucleation. Aggregative nucleation involves the
precipitation of the oligomeric radicals (at a chain length greater than the z-meric length,
referred to as the jerit lengthl) out of the aqueous phase to form a very small precursor
particle. Several precursor particles aggregate to form larger particles that are stabilized
by surfactant and ionic initiator end groups. Aggregative nucleation is more common for
moderately water soluble monomers,? which can preferentially add more monomer units in
the aqueous phase and exceed the z-meric length to reach the j..;; length, which is necessary
for the radical to precipitate. It is also the dominant nucleation method in surfactant-free
emulsion polymerizations.

This period where new polymer particles are being nucleated and micelles are present
is referred to as Interval I. This period ends when there are no micelles remaining and
micellar particle nucleation ends. In Interval II, monomer continuously diffuses through
the water phase from the large monomer droplets to replenish the monomer consumed by
propagation in the particles, maintaining a relatively constant monomer concentration inside
the particles, [M],. This leads to a relatively constant reaction rate if the number of particles
remains unchanged. The same reaction mechanisms that occur in bulk (propagation, chain
transfer and termination) occur inside the polymer particles. However, termination is often
diffusion limited in bulk, while in small particles termination is limited by the rate of entry
of radicals into the particle; this will be more fully explained below. Finally, Interval II1
is marked by a decrease in monomer concentration in the particles, as all the monomer
droplets have disappeared.!

Miniemulsion polymerization differs from emulsion polymerization as droplet nucleation
is the main particle formation process and there are no large monomer droplets to act as
reservoirs for the particles. Thus the concentration of monomer inside the particles will
decrease continuously over the course of the reaction. A miniemulsion is created by passing
water, monomer, costabilizer, and surfactant through a high shear device to create droplets
between 50-500 nm. These droplets will be stabilized by the surfactant, with few or no
micelles present in the aqueous phase. In an ideal miniemulsion, the final polymer particles
will be copies of the starting droplets, as every droplet is nucleated and the final number of
particles is equal to the number of starting droplets, ~ 106-10'® L=, Monomer transfer is

also minimal, so the particle size distribution ideally remains nearly the same as the initial
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miniemulsion. Miniemulsion polymerization requires the use of a very hydrophobic, low
molecular weight molecule as a costabilizer. This minimizes Ostwald ripening, the diffusion
of monomer from the smaller droplets to the larger ones due to a higher chemical potential
in the former.?

Another motivation to perform polymerization reactions in emulsion and miniemulsion
is the ability to achieve high molecular weights without compromising reaction rate. In
order to increase the molecular weight of the polymer in bulk, the reaction rate must be
slowed by reducing the concentration of radicals, which can be accomplished by lowering
the initiator concentration. However, in emulsion polymerization, the segregation of the
propagating radicals in the particles leads to an effect called radical compartmentalization.
Radical compartmentalization is very well understood for traditional emulsion polymer-
ization, where higher molecular weight and overall reaction rates can be achieved because
radicals in different particles cannot terminate with each other, leading to an overall larger
concentration of radicals in the system than bulk and longer radical lifetimes.® This effect
of compartmentalization is enhanced with diminishing particle sizes.

As early pioneers in the mechanistic study of emulsion polymerization Harkins,* and
Smith and Ewart® reported that the rate of reaction increased with an increase in the
number of particles with similar formulations. Smith and Ewart are credited with the first
proposal of radical compartmentalization by developing a kinetic scheme to describe the
average number of radicals per particle, n (Equation 2.1%), and in turn, the overall reaction

rate in emulsion polymerization (Equation 2.27).
o
n=> iN; (2.1)
i=0

= k5o (M), (2.2)

Ry
Using Smith-Ewart kinetics, the rate of change of N; (the fraction of particles with ¢
radicals) can be written incorporating the main reactions in an emulsion system, including

entry of a radical into the particle, p, radical desorption, fi.s, and termination, f; (Equation

2.31).
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dN;
dt

= p{Ni—1 — Ni} + faes{(i + 1) Nip1 — (i) N; }

+ fe{(i +2)(i + 1)Niyo — () (@ — 1) Ni} (2.3)

The Smith-Ewart equations are limited by their inability to add chain-length distinctions
to any of the rate coefficients, but still provide a good basis of understanding compartmen-

talization in emulsion polymerization.!

2.1.1 Modeling of Emulsion and Miniemulsion Systems

Most population balance emulsion polymerization models begin with the Smith-Ewart equa-
tions (explored in Section 2.1) and are expanded to track the chain length distributions
(CLD), the particle size distributions and to include the chain length dependence upon the
rate of termination and propagation. One of the first examples of this was produced by
Chamberlain, Napper, Gilbert and Litchi in 1982.% ¢

The approach to modeling reaction rate and conversion, in its most simplified form with-
out chain length dependent rate coefficients, depends on the number of radicals inside the
particles and the particle size. Zero-one kinetics applies for situations where entry of aque-
ous oligoradicals into the particles is rate determining, rather than bimolecular termination.
A particle can contain only zero or one propagating radicals, and the entry of a new radical
into a particle containing one radical will result in instantaneous termination between the
entering oligoradical and the propagating macroradical chain inside the particle. 7 is found
by the Smith-Ewart equations of Ny and N; only (Equation 2.3). When termination be-
tween two propagating macroradicals inside the particle is rate determining, each particle
can be considered a mini-bulk reactor and considerations of compartmentalization are not
applicable. Instead the number of radicals in a “typical” particle is used to calculate n.
The 7 of a pseudo-bulk system gives a lower limit of the compartmentalized case, and the
Smith-Ewart equations (Equation 2.3) reduce to pseudo-bulk as f;—0. For conditions of
n > 0.7, the system can be approximated by the pseudo-bulk model.!

Modeling the chain length distribution in emulsion and miniemulsion polymerization is

often done by examining exclusively the kinetic reactions that occur in Interval II and III
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of the polymerization while neglecting the particle size distribution, coagulation, and the
method of nucleation. The CLD can be modeled by direct methods, which evaluates the
chain length distribution as it evolves with time,!° by indirect methods, such as the method
of moments,'! or through Monte Carlo simulations.'?

Lichti et al.!? introduced the concept of singly and doubly distinguished particles in their
work expanding the Smith-Ewart equations to evaluate the CLD through the probability
of finding radicals with different chain lengths in the same particle. The distribution of
singly distinguished particles is a probability density function where S; ; ;/ is the probability
of finding a radical chain that started growing at time ¢, and is continuing to grow at time
t’ in a particle of ¢ radicals. Similarly, through the distribution of doubly distinguished
particles, D; ; i/ ¢ is the probability of finding a particle with 4 radicals and two propagating
chains, one that is still growing at time ¢+t’+t” and the other still growing at time ¢’+¢”.
The length of time the chains grow gives a direct measure of their chain length.'?

The concept of singly and doubly distinguished particles was expanded on by Butté et
al.,’0 but instead of expressing the length of the chains by the time of propagation, it was
done by the degree of polymerization. The distribution of singly distinguished particles
is a probability density function where S;; is the probability of finding a particle with i
radicals and one of those chains has a degree of polymerization j. Similarly, through the
distribution of doubly distinguished particles, D; ;1 is the probability of finding a particle
with ¢ radicals and two distinguished chains of length j and k. The method of evaluation by

1.,13 where

degree of polymerization overcomes the limitation of the method by Lichti et a
propagation is the fastest of all reactions and can easily introduce other reactions, including
reversible termination (Section 2.2).

In addition to the Smith-Ewart equations (2.1), the singly (2.4) and doubly (2.5) dis-

tinguished particle balances for propagation, radical entry and termination are:'°

dt

= —lp+ kp[M] + fri(i = 1)]Sij + kp[M]Si j—1 + pSi-1,

+ fri(i + 1)Si+27j +oj=1pN;—1 (2.4)



2. BACKGROUND AND LITERATURE REVIEW

dD; j

Ik~ [p+ 24, [M] + fii(i = DDy + o [MI(Dijor + D)

+pDi1jk + fii(i — 1)Dijojr + 0j=1pSi—1k (2.5)

Modeling Intervals II and III in emulsion polymerization, Butté et al.'* demonstrated
that the majority of termination events (by combination or disproportionation) inside the
particles occurred between short and long chains. Modeling of the full CLD is particularly
important in instances where the primary mode of termination is by disproportionation,
as a bimodal peak is expected especially when termination occurs between short and long
chains, but can be overlooked in modeling techniques which only estimate molecular weights
by the method of moments. Finally, Butté also showed that this numerical technique could
be applied to systems with kinetic events faster than propagation, such as degenerative

chain transfer in living/controlled polymerization.

2.2 Controlled Radical Polymerization

Controlled radical polymerization (CRP) reactions are a subset of traditional radical poly-
merization that use a mediating species to create specially designed molecular architec-
tures including block copolymers, very short oligomers and polymers with narrow molec-
ular weight distributions. The reaction mechanisms of radical polymerization still apply,
including initiation, propagation, chain transfer and termination by combination and dispro-
portionation. However, in CRP, the dominant radical ending event involves a bimolecular
reaction between the radical and mediating species.

Polymers with special architectures can be produced by ionic polymerization, which has
been in use for decades; however, this method is very sensitive to impurities and transfer
of the ionic polymerization to a water-based system is nearly impossible because of the
sensitivity of the reagents to water. In comparison, CRP is an exceptionally simple and

robust system for producing novel polymer products.

10
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2.2.1 Nitroxide Mediated Polymerization

Nitroxide mediated polymerization (NMP) uses a stable nitroxide radical to reversibly ter-
minate a propagating polymer chain, yielding a dormant alkoxyamine. In 1993, Georges
et al. demonstrated that low polydispersity polystyrene could be prepared with TEMPO
(2,2,6,6-tetramethylpiperidiny-1-oxy) as the mediating species.!® In a reversible termination
mechanism such as this, the equilibrium of the activation/deactivation reactions between
the dormant and active chains is shifted strongly towards the dormant species. As a result,
the concentration of propagating radicals tends to be lower than in conventional free radical
polymerization, although this is not a requirement. The reaction mechanism for NMP is

shown in Figure 2.1.

ka ct

P—-X «—FT—= Pe+Xe

kdeact
k
p + Monomer

Figure 2.1: The activation/deactivation equilibrium in nitroxide mediated polymerization
(NMP). X represents the nitroxide molecule.

In all radical polymerization systems, the rate of polymerization at steady state, R, is
governed by the concentration of the radical species [Pe]. In reversible termination systems,
this is a function of chains generated by initiation, R;, and activation, Rgct, and radical loss,

through termination, Ry, and deactivation, Rgeqer.'®

Ry = ky[Pol[M]
d|P
[dt.] - Rz + Ract - Rt - Rdeact (26)

For a living system with limited termination, the main radical creation event is activation
and main radical loss event is deactivation. Thus, at steady state, the rate of polymerization

is determined by the equilibrium between the dormant and active chains:

11
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R, = kylPo][M]

 haa [P—X]
B k;p Kdeact [X} [M] (27)

The polydispersity (PDI) of chain lengths obtained by NMP is dependent on several
factors. The breadth of the CLD can be narrowed by initiating all the chains at the same
time (very fast initiator decomposition or using a nitroxide-capped macroinitiator!”), min-
imizing the number of active chains at any time and, finally, increasing the number of
activation/deactivation cycles. It is desirable for a chain to undergo many short periods of
propagation rather than few long ones. Statistically this will lead to a narrower breadth of
the CLD at any time, and also decrease the likelihood of termination. The length of each
cycle is controlled by the rate of chain deactivation by the nitroxide, thus narrower PDIs can
be obtained in systems with greater rate coefficients of deactivation, Kgeqet, and/or larger
concentrations of free nitroxide, [X]. The PDI decreases with increasing conversion (denoted

as p, as shown in Equation 2.8) for the ideal case with no bimolecular termination.!®

PDI=-" =1+ EY

M, 1 +kp[P_X]0 2
Mn DPn kdeact[X] p

at full conversion:

1 k[P —X]o
PDI =1+ + £
DPn kdeact [X]

(2.8)

Polymerization reactions with reversible termination are subject to the Persistent Rad-
ical Effect (PRE),!” 2% 2! which elucidates the cross reactions that occur between a “per-
sistent” radical (the nitroxide) and a “transient” (propagating) radical. PRE predicts that
even when irreversible bimolecular termination of the transient radicals is suppressed, there
will be a slow buildup of the persistent radical during polymerization. This further shifts
the equilibrium towards the dormant species and results in a slow down and possible end
to the polymerization.

While Georges et al.! first demonstrated NMP with TEMPO, this system has many

limitations. These include the high temperatures required to have appreciable homolysis of

12
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the C-O bond and the thermal initiation of styrene can lead to broader molecular weight
distributions as new chains are formed over time. However, it appears that to have ap-
preciable reaction rates in NMP, a mechanism must be present to minimize the effect of
nitroxide buildup over time due to radical termination. There has been little evidence to
suggest that TEMPO can be applied with monomers other than styrenics due to the negli-
gible thermal initiation of other monomers coupled with the stability of TEMPO. However,
it has been demonstrated that acrylates can be polymerized with TEMPO derivatives above
140°C only when a reducing agent is added to scavenge the excess TEMPO built up over
time.?2

More recently, the nitroxide SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl))
has received considerable attention. SG1 has been shown to polymerize a wide variety of
monomers, including styrenics, acrylates, and methacrylates with more limited success in
copolymer systems?? at temperatures considerably lower than those required for TEMPO,
between 45-125°C, depending on the monomer.

Homopolymerization of methyl methacrylate mediated with SG1 has not yet been
demonstrated. Although disproportionation between SG1 and MMA radical is minimal
without a large excess of nitroxide,?* ?® the k. remains too large at temperatures where
there can be an appreciable k,,. However, it has been shown that MMA can be controlled
with the addition of only small amounts of St monomer (~4-8 mol%) and the large majority

of reversibly terminated chains posses a styrene (St) terminal unit.26: 27> 28

2.2.2 Atom Transfer Radical Polymerization

Atom Transfer Radical Polymerization (ATRP) is another type of reversible termination
mechanism, but uses a transition metal catalyst as the mediating species. Although ATRP
was first demonstrated using an iron catalyst,? the use of a copper catalyst for ATRP
was pioneered by Matyjaszewski’s group in 1995.39 The catalyst changes oxidation states
as it reversibly transfers a halogen atom (often a Cl or Br, denoted as X) to deactivate a
growing radical chain. Regular ATRP polymerization requires an alkyl halide initiator and
the transition metal catalyst present in the Cu(I)/Ligand form, considered the “activating”
species. The polymerization begins as the halogen is transferred from the alkyl halide to

produce Cu(Il)/Ligand (“deactivating” species) and a free radical. The transfer of the

13
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halogen between the transition metal catalyst and the end of the growing chain mediates
the polymerization, and the degree of polymerization increases with time. The reaction
mechanism is shown in Figure 2.2. The transition metal is bound to a ligand which increases
solubility in the monomer phase and plays a primary role in dictating the activity (K¢ =

Kact /Kdeact) of the system.

kact
P,— X+ CuX/L > P, + CuX,/L

kdeact
k
P + Monomer

Figure 2.2: The activation/deactivation equilibrium in atom transfer radical polymerization
(ATRP). X represents the transferable halogen atom.

Many of the phenomena present in NMP are also observed in ATRP, including the
continual increase of molecular weight with time and the dependence of the PDI upon the
concentration of deactivating species, Cu(II)/Ligand (similar to Equation 2.8).

The reaction kinetics differ from NMP, as ATRP involves a bimolecular reaction for
both the activation and deactivation of the chain. While the reaction rate for NMP was
described by Equation 2.7, the reaction rate for ATRP in solution and bulk is dependent
upon the ratio of [Cu(I)/Ligand] to [Cu(Il)/Ligand] as shown below.3!

R, = ky[M][P°]
= ky[M] kitt [P-X] [[552/ /Iﬁlggjﬂ] >

For ATRP, this indicates that catalysts with high values of kgeqet can be used in lower
concentrations. However, this is not possible for NMP, which requires a stoichiometric

amount of deactivating species per propagating chain.3!

Reverse ATRP A major limitation of regular ATRP is the oxygen sensitivity of the
Cu(I). During reagent preparation, any residual oxidants can cause the oxidation of the

Cu(I) into Cu(II). This ultimately shifts the equilibrium towards the dormant alkyl halide

14
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and can inhibit the reaction. Reverse ATRP uses a conventional radical initiator and the
copper complex in its higher transition state, Cu(II).3"

Although reverse ATRP is far less sensitive to oxygen than regular ATRP, it also has
several drawbacks. With conventional radical initiators, complex and highly specialized
molecular architectures cannot be formed (for example, star polymers) and it is impossible
to independently reduce the catalyst concentration without also reducing the number of
chains created by the radical initiator. It is suggested by equations 2.8 and 2.9, and also
demonstrated experimentally,?® 33 that less than a stoichiometric amount of catalyst to
polymer chains can be used to mediate ATRP reactions, but this reduction is impossible
for reverse ATRP, as the added catalyst provides the only source of transferable halogen

atoms.

Activators Generated by Electron Transfer (AGET) ATRP Activators Generated
by Electron Transfer (AGET) ATRP is a method of initiation that combines the benefits of
reverse ATRP, the ability to use the less air sensitive Cu(II) complexes, while also allowing
the flexibility of architectures and lower catalyst:initiator ratios of regular ATRP.3% 3% A
reducing agent (tin(II) ethyl hexanoate in bulk/solution systems or ascorbic acid in aqueous
dispersed systems) is used to convert the Cu(II) to Cu(I) in-situ and begin the polymeriza-
tion. The concentration of reducing agent is crucial to the success of the process. If all of
the Cu(II) is reduced, uncontrolled polymerization will result. Alternatively, if insufficient
Cu(II) is reduced, the system will be inhibited. In a trial and error type fashion, AGET
ATRP can also be performed in the presence of air, with additional reducing agent added

to scavenge the oxygen.3

Activators ReGenerated by Electron Transfer (ARGET) ATRP Activators Re-
Generated by Electron Transfer (ARGET) ATRP allows the concentration of copper cata-
lyst to be reduced significantly, down to 50 ppm (Cu to monomer) for acrylate polymerization,?

7 in solution. This can be done with an

and down to 10 ppm for styrene polymerizations®
active copper/ligand system which can mediate several hundred polymer chains at once.
However, even with an active catalyst, irreversible radical terminations will still lead to

a buildup of deactivator species. To rectify this, a reducing agent is added in excess to

continuously regenerate the activator species via a redox process. This gives an appreciable

15
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rate of polymerization at low catalyst levels by maintaining an appropriate Cu(I):Cu(II)

ratio (Equation 2.9).

Initiators for Continuous Activator Regeneration (ICAR) ATRP [Initiators for
Continuous Activator Regeneration (ICAR) ATRP?® also employs a catalyst regeneration
mechanism similar to ARGET. Instead of using a reducing agent, a conventional radical
initiator slowly decomposes to furnish additional chains which reduces excess Cu(Il) in a
similar fashion as reverse ATRP. This is very similar to the consumption of the persistent
species through the thermal autoinitiation of styrene, but in a much more controlled fashion.

Experimentally, ICAR ATRP has been observed to allow a far larger range of ligand
complexes to be used than ARGET because the main catalyst regeneration mechanism
relies upon the thermal decomposition of the initiator and not the reductive reaction be-
tween Cu(Il)/Ligand and the reducing agent. However ICAR limits the creation of block

copolymers as new chains are generated throughout the polymerization.3!

2.2.3 Catalytic Chain Transfer

Catalytic chain transfer (CCT) is a type of controlled radical polymerization, but does
not use the reversible termination mechanism to mediate the polymerization; instead CCT
uses a highly active Co(II) catalyst to produce low molecular weight polymers. Only low
concentrations of catalyst are required (~ 107% mol-L™!) to control the molecular weight,
making it a very efficient process.3Y The presence of Co(II) during the polymerization cat-
alyzes chain transfer to monomer; this reaction has a very large chain transfer coefficient
(Ceorry = 3x10* for bulk polymerization of MMA at 60°C with COBF3? 4%). The main
reactions for CCT involve the abstraction of a §-H from the growing chain by the Co(II)
complex resulting in a dead polymer chain with a terminal saturation and the catalyst in the
Co(III)-H form. The H-abstraction reaction is rate determining. The Co(III)-H complex is
very reactive and reacts quickly with a monomer unit by hydrogen transfer. This results
in formation of a monomeric radical and the regeneration of the original Co(II) catalyst.’

The CCT mechanism is shown in Figure 2.3

16
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ktrans _
P,e +Co(ll) ——— P>+ Co(lll)-H
kfast
M + Co(lll)-H ——> P, + Co(ll)

Figure 2.3: CCT Mechanism

O\B/O
7\
F F
Figure 2.4: COBF ((bis[(difluoroboryl) dimethylglyoximato]cobalt(II)) catalyst for CCT.

2.3 Controlled Radical Polymerization in the Dispersed Phase

2.3.1 Dispersed Phase Nitroxide Mediated Polymerization

Early attempts to conduct TEMPO mediated emulsion polymerization demonstrated evi-
dence of livingness but suffered massive colloidal instability.*!> 4> This is often attributed
to the nucleation of the large monomer droplets, especially when thermal autoinitiation of

17,41, 42, 43 Tpgtead, success-

styrene (St) is prominent at the given operating temperatures.
ful styrene NMP with TEMPO has been conducted in miniemulsion via both a bimolecular
initiation system (TEMPO with both oil and water soluble initiators)*% 45 and a unimolec-
ular system (beginning with an alkoxyamine inside the droplets).“® The use of the water
soluble reducing agent ascorbic acid also led to significant increases in the polymerization
rate by scavenging excess TEMPO and also led to controlled butyl acrylate (BA) systems
with TEMPO in miniemulsion.*" 48

Investigations of aqueous dispersed polymerization with SG1 began with miniemulsion
polymerization, predominantly using the alkoxyamine BlocBuilder MA® from Arkema
(Figure 2.5) to polymerize both styrene and butyl acrylate. For BA, it was necessary

to begin with an excess of nitroxide of ~2.5 mol% to maintain control at the very beginning

of the reaction because of its very high propagation rate.*”
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Although colloidal stability has been achieved with NMP miniemulsions, they are al-
most always subjected to broad particle size distributions. The superswelling theory®® has
been put forward to explain this phenomenon. The large concentration of oligomers (the
predominant initial product in living systems) present in the particles early in the polymer-
ization lowers the chemical potential of the nucleated particles with respect to droplets or
monomer-swollen micelles. This promotes the swelling of the newly nucleated droplets, and
can lead to very broad particle size distributions, or in the worst case, colloidal instability.
It has been suggested that superswelling could be minimized through the use of higher
levels of costabilizers, the addition of a high polymer fraction or the addition of a nonionic

polymeric surfactant.? °0

S+ [
Hof(O,r\I\;)

Figure 2.5: The alkoxyamine initiator BlocBuilder MA® is water soluble in its ionized form
(not shown).

Emulsion polymerization for water soluble monofunctional and difunctional alkoxyamine
initiators has been demonstrated by Charleux’s group using a multi-step procedure.?l> 52 53, 54, 55
BlocBuilder MA® is a water soluble alkoxyamine initiator when it is present in its ionized
form. First, a living seed latex is created by micellar nucleation at low monomer concen-
trations and then the rest of the monomer is added batchwise or fed in slowly (Figure 2.6).
The alkoxyamine begins as a water soluble molecule, and undergoes polymerization in the
aqueous phase. Once sufficient monomer units are added, the chain becomes hydrophobic
and enters a monomer swollen micelle, droplet or particles. High initiator efficiencies were
seen for butyl acrylate, but not for styrene. This is the result of the low rate of aqueous
phase polymerization of styrene, which delays the entry of the chains into the particles as
they are reversibly terminated before becoming surface active.’® The carboxylated chain
endgroups also help to impart stability to the particles by remaining close to the surface.

Although nitroxide mediated emulsion polymerization has been successfully demon-

strated, broad particle size distributions and other strange colloidal behaviours have been
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addition

Figure 2.6: Two stage emulsion NMP scheme.?!

observed. In conventional emulsion polymerization, when the concentration of water sol-
uble initiator is increased, all other factors remaining constant, the particle size tends to
decrease, because of the additional stabilizing effect the charged initiator end groups can
provide, which increases the colloidal stability of the particles. However, in NMP emul-
sion, the opposite trend is observed, where an increase in the concentration of BlocBuilder
MA® or Di-BlocBuilder leads to an increase in the particle size, regardless of the ad-
dition of further charged groups to stabilize the particles. It has been noted that the
particle size distribution (PSD) is narrower and smaller for Di-BlocBuilder, with respect to
BlocBuilder MA®, initiated emulsion polymerization under similar conditions.’! Similar
trends of increasing particle size with increasing initiator or RAFT agent concentrations are
also observed in other controlled chemistries, specifically reversible addition-fragmentation
chain transfer (RAFT)?" and reverse iodine transfer polymerization (RITP).%® A surfactant-
free RAFT emulsion polymerization found no correlation between particle size and RAFT
agent /initiator addition, but did report that the final particle size was largest when the
highest concentration of RAFT agent was used.” Such phenomenon has been referred to
in passing in the NMP literature as a possible side effect of the “superswelling” theory
like that observed in miniemulsion®® and described thermodynamically for nucleation in a
RAFT emulsion system.?” Other theories have included differences in ionic strength effects
and shell thickness when acrylic acid is also present in the seed stage.?®

To overcome this difficulty, many groups have begun pre-fabricating amphiphilic macroini-
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tiators which act both as the stabilizing moiety and the initiator to perform emulsion poly-
merization in the absence of additional surfactant. Although in these polymerizations, in-

60, 61, 62 311 other conditions

creasing the concentration of initiator decreases the particle size,
being equal, it still does not eliminate the difficulty of having a strong correlation between
the initiator concentration and the particle size. However, changing the amphiphilic block
sizes on macro-RAFT agents has been shown to modify the particle size independently,>
but requires individualized pre-synthesis for each experiment of a different solids content or
molecular weight target.

Many instances of creating BA /St and BA/MMA block copolymers have been reported
by NMP, including “onion-like” microphases inside the latex particles®® where the two
polymers undergo phase separation inside the particles to create novel latex films. The
range of monomers and morphologies of the polymer colloids created by NMP has also

expanded to include self assembly of amphiphilic block copolymers into vesicles with 4-

vinylpyridine,5® and thermosensitive nanogels created with N,N-diethyl acrylamide.54

2.3.2 Dispersed Phase Atom Transfer Radical Polymerization

Regular ATRP has often shown poor results in miniemulsion; the result of the air sensitivity
of Cu(I) and its exposure to air during the miniemulsification process. Miniemulsions were

first conducted in reverse ATRP, using the non-ionic surfactant Brij 98.%°

However, at high
temperatures, this led to colloidal instability, but it was shown by Simms et al. that the
cationic surfactant CTAB could stabilize the system even at 90°C.%6

Reverse ATRP with BMA has stood out as the benchmark for ATRP miniemulsion,
but often produces somewhat higher polydispersities than a bulk equivalent.®” For water-
based ATRP miniemulsion, care still needs to be taken in choosing the proper initiator
(fast decomposition) and the appropriate Cu(II):initiator ratio to strike a delicate balance
between induction time and control.

ARGET ATRP has emerged as the simplest method of conducting ATRP in the dis-

persed phase,35’ 34, 68, 69, 70, 71, 72

but it appears to be very ligand specific with the reaction of
the reducing agent to reduce the Cu(II) to Cu(I) in situ. AGET ATRP has been successfully
employed in miniemulsion with a butyl acrylate/BPMODA (bis(2-pyridylmethyl)octadecylamine)

system stabilized by Brij 98.3% 3% This method employed the very strong, water soluble re-
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ducing agent ascorbic acid (AA) in a ratio of 0.1-0.5 AA:copper. It proved to be a very
robust process with respect to the amount of reducing agent added, and it was also demon-
strated that AGET miniemulsion can also be conducted in the presence of air, but larger
amount of AA was required to scavenge oxygen.3*

Hydrophobic ligands are used for miniemulsion polymerizations because they have ap-
preciable monomer solubility and are less likely to partition into the water phase to ensure
the mediating agents will be present at the site of polymerization.™ ! Work has been done
primarily with EHAgTREN (tris[2-di(2-ethylhexyl acrylate)aminoethyl]amine)% ™ 7 and
BPMODAS3% 35 76, 7 in aqueous dispersed systems.

An ARGET miniemulsion polymerization system has been claimed,” beginning with an
amphiphilic ATRP initiator, which acts as both the surfactant and the alkyl halide initiator
for polymerization. The ligand BPMODA was added in 10 times excess to the CuBrg, and
ascorbic acid was used as the reducing agent to reduce the Cu(II) to Cu(I). The reduction
of chains:CuBry was not significant in this system, where controlled polymerization was
demonstrated with only 10 chains:CuBry, when true ARGET conditions in solution poly-
merization are often in the 100-1000 CuBry per chain range and can be conducted without
excess ligand, which is the most costly of the raw materials.””

Recently, Simms et al.” demonstrated that extremely high molecular weights (~ 10°
g-mol~!) can be achieved in reverse ATRP miniemulsion employing a redox initiation system
of hydrogen peroxide/ascorbic acid. This result is extremely novel as there was no noticeable
diminishment of rate due to a buildup of the persistent radical. It has been suggested that a
possible catalyst regeneration mechanism is at work (similar to ARGET). However, unlike
typical ARGET polymerizations, this system employed extremely high concentrations of

catalyst per chain (7 CuBry:chain).

2.3.3 Dispersed Phase Catalytic Chain Transfer

CCT has successfully been demonstrated in the aqueous disperse systems of emulsion and
miniemulsion polymerization.”™ 7 40, 80: 81 When the catalyst COBF (bis|(difluoroboryl)
dimethylglyoximato]cobalt(II), Figure 2.4 ) is employed, it undergoes partitioning into both
the monomer and water phases.” 8% 8! Nucleation can be suppressed in systems with a high

amount of COBF in the aqueous phase, as monomeric radicals are caught in a continuous

21



2. BACKGROUND AND LITERATURE REVIEW

loop of chain transfer and never reach the z-meric length necessary for particle entry.™
Because of the high activity of the Co(II) catalyst, many monomeric radicals are produced
within the particles, which can lead to a high rate of radical exit from the particles.
CCT-mediated emulsion polymerizations typically proceed in a regime where the poly-
mer particles outnumber the catalytic chain transfer agent (CCTA) molecules; consequently
CCTA mass transport has to be sufficiently fast to ensure that multiple polymer particles
can be mediated by a single CCTA molecule.™: 82 78, 83, 84, 80 However, evidence of com-
partmentalization was observed experimentally in seeded emulsion polymerization of methyl
methacrylate (MMA).85 Polymerization of the second stage monomer in the presence of
COBF in PMMA seed particles, swollen below the maximum saturation concentration, ex-
hibited multimodal MWDs. The multimodal MWDs were observed independently of the
size of the swollen PMMA particles and the average number of CCTA molecules per particle
(nccTa). The observed multimodal MWDs were attributed to compartmentalization of the
catalytic chain transfer agent (CCTA) as a consequence of the reduced mobility at the high

instantaneous conversion of the polymer particles.5?

2.3.4 Compartmentalization in Controlled Dispersed Phase Polymeriza-

tions

Understanding of compartmentalization effects in controlled aqueous dispersed systems has
remained elusive. When a rate enhancement was not observed in early studies of St/ TEMPO
miniemulsion compared to bulk, it was assumed that no compartmentalization effects could
occur because i was so low. This was attributed not to enhanced radical exit but instead to
dominating chain deactivation.®® However, Pan et al.®” found that the length of induction
period for a miniemulsion with TEMPO initiated solely by styrene autopolymerization was
much longer than in bulk. This suggested a confined space effect, where generated radical
pairs were unable to diffuse away fast enough, and preferentially underwent termination
rather than generating new chains.

The discussion of compartmentalization in living systems began when Butté et al.®8
and Charleux® independently published simulations of NMP miniemulsions with different
conclusions. Butté et al. included instances of thermal polymerization and the compart-

mentalization of the nitroxide in different particles. Using an alkoxyamine initiator, the
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total amount of free TEMPO inside a particle was assumed to be dependent upon the num-
ber of radicals and dead chains in the system if TEMPO was unable to exit the particle. In
these conditions, it was found that the rate slowed, but control of the PDI was enhanced
with diminishing particle sizes. It was rationalized that compartmentalization decreases ter-
mination between growing chains, but maximized the germinate termination of the radicals
produced by thermal initiation. Charleux, on the other hand, discussed a situation absent
of thermal polymerization and one where SG1 was assumed to be uncompartmentalized
and able to freely diffuse through the aqueous phase to maintain a constant concentration
of free SG1 in each particle. Using this situation, she commented on the buildup of free
nitroxide and rederived the PRE for miniemulsions. She found that diminishing particle
size led to an enhancement in the rate, as a consequence of slow termination reactions and
thus a slower buildup of SG1.

Zetterlund et al.?% 91 92,93, 94 1yyilt on the framework of Butté et al.®® and discussed the
different and opposing compartmentalization effects that could occur in a dispersed living

system:

Confined Space Effect This leads to an increase in the rate of deactivation and termi-
nation inside a particle because the two molecules involved in the reaction are physically
closer to one another than in a bulk polymerization. During deactivation, the radicals will
recombine faster, adding fewer monomer units and shifting the equilibrium towards the
dormant chains. This would increase the degree of “livingnes” by suppressing termination.
When compartmentalization of the deactivation species is considered, the confined space

effect is incorporated into the population balances by:

kdeact

AT 17 .ra icals ‘ni roxide 2.10
NAVP(Zdl)(Jt de) (2.10)

Rdeact =

where the rate of deactivation becomes inversely proportional to the particle volume, which
is not the case when nitroxide compartmentalization is neglected.

Termination also experiences a confined space effect, but this is only evident in systems
where thermal polymerization is prevalent, as it is rare to have more than one radical active
at a time. This increase in radical termination was suggested by Butté et al.®® and Pan et

al.87 but was not fully understood as the confined space effect. This effect is accounted for
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through the compartmentalization of the radicals.

Radical Segregation This is the dominant compartmentalization effect in conventional
emulsions where the rate of reaction is increased as radicals propagating in different particles
cannot terminate with each other. This effect is accounted for through compartmentaliza-
tion of the radicals, and the overall reaction rate is calculated as a function of N,, (Equation

2.2).

Through simulations of both NMP? and ATRP?! miniemulsions up to only 10% conver-
sion, Zetterlund proposed that at smaller particle sizes the confined space effect dominated
and the rate of polymerization was diminished while control was increased. At moderate
particle sizes and in the absence of thermal initiation, it was possible to exceed the pre-
dicted rate of reaction in bulk whereby the effect of radical segregation dominated. At large
particle sizes, the rate of polymerization tended to that of bulk. The particle sizes at which
these effects change depend upon the reaction conditions and the total concentration of
chains in the system. Compartmentalization effects will become more pronounced at larger
particle sizes with a lower concentration of chains in the system.”® Looking specifically at
the first 1% conversion of an ATRP polymerization, the extent of compartmentalization
increased if Br, rather than Cl, is used as the halogen to mediate polymerization; the result
of the increased deactivation rate with Br.?®

While Butté included the compartmentalization of nitroxide, and thus accounted for the
confined space effect, both he and Zetterlund did not include the possibility of partitioning
of the deactivating species into the water phase. There is experimental evidence of this
for TEMPOY and for Cu(II) species.?” Charleux did include aqueous-phase effects, but
simplified the system. Thus, the simulations performed by each of these groups can be suc-
cessfully applied to some experimental systems, but cannot serve as a definitive conclusion
on compartmentalization effects for different living chemistries.

Experimentally, compartmentalization has been found for TEMPO/St system??, where
smaller particle sizes showed lower rates of polymerization and a higher degree of livingness,
while bulk polymerization was found to be fastest of all, but a degree of control equivalent
to the medium sized particles (90 nm). With the nitroxide SG1, compartmentalization

effects have been found to only reduce the rate of polymerization to a small extent in
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microemulsion® and not at all in emulsion polymerization.”® This is the result of SG1’s
slower deactivation rate and higher rate of exit from the particles into the aqueous phase.

Compartmentalization has also been seen experimentally in a reverse ATRP system
which employed a redox initiator of hydrogen peroxide and ascorbic acid.” Here, very
low concentrations of chains per particle allowed extremely high molecular weight (~10°
g-mol~!) in short reaction times (~8 hours). A reduction in particle size tended to reduce
the average number of radicals per particle per chain, and diminishing particle size led to
increased control, but lower rates of reaction.

In catalytic chain transfer, the manifestation of compartmentalization of both the radi-
cals and the CCTA (catalytic chain transfer agent) are quite different. Experimentally this
has been observed to create multimodal molecular weight distributions (MWDs) in seeded
emulsion systems with COBF as the CCTA.® This is attributed to the statistical distribu-
tion of the CCTA over all of the polymer particles, and suggests that there are two limiting
cases in CCT-mediated emulsion: the early stage of the polymerization where the global
concentration of the CCTA governs the MWD and a later stage where the compartmental-

ization of CCTA in the particles governs the MWD.

2.3.5 Modeling of Compartmentalization in Controlled Systems

Approaches to modeling controlled systems depend upon the type of effects that are being
investigated. PREDICI has been favoured when the emulsified system is considered to be
operating in pseudo-bulk conditions, and both radical and nitroxide segregation can be
discounted. It is in this realm where issues concerning partitioning of the catalyst between
the water and monomer phases'%’ and interfacial effects have been considered.!0l 102
Butté,3® Charleux? and Zetterlund? have derived, and solved numerically, the popu-
lation balance equations to account for compartmentalization effects and demonstrate the
effect of particle size on the rate of polymerization and the polydispersity. Butté and
Charleux both used the method of moments to calculate the polydispersity of the dormant
chains, a method that allows the effect of bimolecular termination to be included. Zetter-
lund et al. tended to focus on commenting on the individual rates of propagation, activation

and deactivation and their influence by particle size for the early stages of polymerization.

Insights into the theoretical polydispersity these types of conditions would produce are
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made based solely on the number of activation/deactivation steps (Equation 2.8) and do
not include termination or the loss of chains over the course of the reaction. No popula-
tion balance approach, which also takes into account compartmentalization effects, has ever
demonstrated a predicted chain length distribution over the course of the polymerization
for a controlled chemistry.

Compartmentalization effects have been modeled using the Monte Carlo approach, 03 104, 105
where the possible reaction schemes for 10° different particles needed to be determined in
order to estimate the chain length distribution. The conclusions they drew were identical
to those of Zetterlund et al.” in that there are opposing effects on the reaction rate and
degree of livingness from both the confined space effect and radical segregation.

Finally, no modeling compartmentalized studies of ATRP or NMP have included the
possibility of mediating species partitioning, although Peklak and Butté!%® have discussed
RAFT seeded emulsion from a population balance approach which included both radical
segregation and entry /exit coefficients for radicals and the RAFT agent. This study was also

unique as it provided experimental data to complement the compartmentalization studies,

something that has not yet been done for NMP or ATRP.
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Preface

When I began working on my PhD at Queen’s, the first experimental evidence of com-
partmentalization in both ATRP and NMP had just been reported by the Cunningham
lab. Also, there was a great deal of activity in the creation of models to describe the phe-
nomenon; however, it was more predominant in the NMP chemistry. ATRP simulations had
been published, but none took into account the higher activity ligands now in use in most
ATRP dispersed phase systems nor made any direct comment about the polydispersity or
livingness of the polymer chains. While the conclusions made in this work about the rate
of polymerization correspond both to the experimental evidence and previously published
simulations, the conclusions about PDI and chain livingness, and especially the discussion
concerning lowering of catalyst concentration, are relevant for future investigation into the

feasibility of performing dispersed phase ATRP in an economically viable manner.
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Abstract

Compartmentalization in atom transfer radical polymerization (ATRP) in an aqueous dis-
persed phase system has been investigated theoretically to understand the effects of particle
size on the rate of polymerization and the degree of control on the livingness and polydisper-
sity index (PDI) for the system n-butyl methacrylate/CuBr/EHAgTREN. The simulations
indicate that there exists a defined range of particle sizes where the rate of polymerization
is higher than that of a bulk system, and where PDI and frequency of termination remain
below that of bulk polymerization. For this highly active catalyst system, the livingness
of the chains is a function only of the particle size and is independent of the rate of re-
action. Furthermore, simulations conducted with very low catalyst concentrations suggest
that the rate of polymerization is dependent on the absolute amount of catalyst in the sys-
tem rather than the steady-state Cu(I)/Cu(Il) ratio that applies for bulk polymerization.
At low catalyst concentrations, the rate of polymerization decreases, and the PDI increases

with diminishing catalyst concentration, whereas the chain livingness is improved.
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3.1 Introduction

Controlled/living polymerization has emerged as a powerful method for creating polymers
with tailored molecular architectures under mild reaction conditions. However, this tech-
nology has not yet found widespread adoption for industrial production. One of the limita-
tions is the difficulty associated with performing these polymerizations in aqueous dispersed
systems such as emulsion or miniemulsion. While dispersed phase polymerization is pos-
sible, the complexities of performing heterogeneous living polymerization are not yet fully
understood. !> 2

Recent experimental advances in ATRP miniemulsion polymerization have begun to
make this polymerization technique more amenable to large-scale polymerization, especially
AGET (activators generated by electron transfer) ATRP? % % 678 9 in which a reducing
agent converts the less air-sensitive Cu(II) into Cu(I) in situ to begin the reaction. AGET
ATRP also lends itself to lower catalyst concentrations. Simms and Cunningham have
shown that reverse ATRP with the ligand EHAgTREN can be performed in miniemulsion

t710

using a cationic surfactant,™ which increases the stability of the emulsion system and allows

higher temperature polymerization, and have also achieved very high molecular weight
polymers with a fast reaction rate in a similar system.!!

In bulk or solution ATRP, the steady state rate of polymerization is controlled by the
concentration of alkyl halide, [P — X], and the ratio of Cu(I)/Cu(Il) in the system, when
termination reactions are considered negligible (Equation 3.1). In this work, we discuss the
first implications of low catalyst concentrations in aqueous dispersed phase polymerization.
In bulk or solution polymerization, the basis for low catalyst ATRP is that the Cu(I)/Cu(II)
ratio, rather than the absolute concentrations of either species, is rate determining. Thus
low catalyst concentration ATRP systems, like ARGET (Activators ReGenerated by Elec-
tron Transfer) and ICAR (Initiators for Continuous Activator Regeneration), maintain a
constant, high Cu(I)/Cu(II) ratio by regenerating Cu(I) from Cu(II) created through termi-

nation reactions either through the addition of a reducing agent or new radical generation

respectively.'?

kact
kdeact

P - x)CuL (3.1)

Ry = kp[M] [Cu(IT)]
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3. COMPARTMENTALIZATION IN DISPERSED PHASE ATRP

Conventional free radical emulsion polymerization exhibits a phenomenon called radi-
cal compartmentalization, whereby the propagating radicals present in different particles
are unable to terminate mutually, thereby causing an increasing overall rate of reaction
with diminishing particle size. In living/controlled polymerization, compartmentalization
affects both the rate of termination and the rate of deactivation by the physical isolation of
radicals and deactivating species inside separate particles; this was first observed through
simulations for living polymerization controlled by reversible termination, namely, nitrox-
ide mediated polymerization (NMP)!3 14 and later for ATRP.!® Compartmentalization has
since been demonstrated experimentally in miniemulsion for both chemistries'® 17 with the
observed rate of polymerization decreasing with decreasing particle size. In NMP, these
compartmentalization effects appear to be dependent on the nitroxide type; whereas rate
decreases were observed in miniemulsion using TEMPO,' with the higher activity and
more hydrophilic nitroxide, SG1, compartmentalization effects have been found to reduce
the rate of polymerization only to a small extent in microemulsion'® and not at all in emul-
sion polymerization.'® This was attributed to the SG1’s slower deactivation rate and higher
rate of exit from the particles into the aqueous phase. Mathematically, Charleux®® has de-
scribed NMP compartmentalization without the segregation of the nitroxide SG1. The lack
of compartmentalization effects observed experimentally in these systems can be explained
if the nitroxide is able to diffuse easily through the aqueous phase so fluctuations of the
nitroxide concentration in each particle are negligible.

The compartmentalization effects of enhanced deactivation and radical segregation were
first discussed by Zetterlund and Okubo' in simulations of TEMPO-mediated styrene poly-
merization. The confined space effect leads to an increase in the rates of deactivation and
termination inside the particle (compared to bulk polymerization) because the two molecules
involved in the reactions are physically confined to a small reaction volume. Because of the
confined space effect in ATRP, the rate of deactivation can mathematically be shown to be

dependent on the volume of the particle as'®

- kdeact N (i o
Ricao = 300 ZZ( )(7)Nij (3.2)

where N;; is the fraction of particles containing ¢ propagating radicals and j Cu(II)

deactivator molecules, Kg.qc; is the rate constant for deactivation, N 4 is Avogadro’s number,
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and V,, is the volume of the particle. Using a population balance approach, these studies
by Zetterlund and Okubo!* for NMP and by Kagawa et al.'® for ATRP show that in the
absence of new chain generation, the rate of polymerization first increases (due to radical
segregation) and then diminishes (due to enhanced deactivation) with decreasing particle
sizes.

Tobita?! 22 23 conducted Monte Carlo simulations to investigate compartmentalization
effects in NMP. Whereas his results are consistent with the conclusions of Butte et al.'? and
Zetterlund and Okubo,', he also suggests that fluctuations in the number of deactivator
molecules in the particles can lead to instances of higher radical concentrations and result
in an increase in rate.?? Zetterlund and Okubo attributed the same rate acceleration to
radical segregation.'*

Simulations of ATRP in dispersed systems have only been conducted for the ligand
dNbpy,'% 24 25 which is a lower activity ligand and requires high catalyst concentrations
and higher polymerization temperatures. Whereas dNbpy is soluble in monomer, the cata-
lyst in the Cu(Il) form does have a small but finite water solubility, which is known to be
detrimental to maintaining control in ATRP miniemulsion polymerizations. Simulations ex-
amining the effect of Cu partitioning between the monomer and aqueous phases in a dNbpy
ATRP system have been undertaken by Kagawa et al.?* in the absence of compartmental-
ization effects. They concluded that the loss of deactivator, Cu(II), to the aqueous phase
increased both the rate of polymerization and the polydispersity index (PDI). No previous
published research has involved simulations using an active and highly hydrophobic ligand
to study ATRP compartmentalization effects. We have simulated an ATRP system with
the catalyst CuBr/EHAgTREN.!% 11, 17, 26, 27 Thig catalyst /ligand is a more suitable choice
for examining compartmentalization, especially considering that compartmentalization ef-
fects have been observed experimentally with this catalyst system.!” Compared with the
low activity ligand dNbpy, EHAgTREN has negligible water solubility and a significantly
higher K4, allowing polymerizations to be conducted at lower temperatures and with re-
duced catalyst concentrations. Whereas previous simulations?® with dNbpy were limited to
1% conversion, we were able to run simulations with the high activity CuBr/EHA¢TREN
catalyst up to 10% conversion.

Presented here is the first theoretical investigation of ATRP compartmentalization with
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a highly active catalyst/ligand (CuBr/EHAgTREN) system and with low catalyst concen-
trations. We focus, in particular, on the PDI and livingness of the growing chains. There
is a defined range of particle sizes where the rate of polymerization can be enhanced above
that of bulk polymerization while maintaining excellent control, with an expected PDI and
degree of termination below that of bulk polymerization. The implications of our findings
to the possibility of using very low catalyst concentrations in ATRP-dispersed systems are
discussed. These simulations differ significantly from previous ATRP simulations!® 2 in the
selection of a high-activity catalyst/ligand system and in-depth examination of the effect of

particle size on the PDI and the livingness of the system.

3.2 Model Development

3.2.1 Compartmentalized Model

The modified Smith-Ewart equations developed by Kagawa et al.'® for ATRP were adapted
and expanded to also track the moments of dormant and dead chains in the system, similar
to the approach of Butte et al.'3 for NMP.

Both the propagating radicals and the deactivator, Cu(II), were considered to be com-
partmentalized species, as the contribution of individual molecules on the rates of reactions
were accounted for, and these rates scale with the volume of the particle. The activating
species, Cu(I), was considered to be uncompartmentalized because it is present in sufficient
concentration in all particles that the fluctuations on a molecular basis inside individual
particles will not be enough to significantly alter the rate.

The modified Smith-Ewart equations, including the compartmentalization of both rad-

icals and Cu(II) are

dN; ;
dtd = NaVpkaeet O [Cu(I)] (Ni—1,j-1 — Nij)
+ (i + 2)(i + 1)Nysyo; — (4)(i — 1) Ny ;) (3.3)
NAV;?
kdeact . . . .
+ NaV, ((+ 1) + 1) Nig1+1 — (8)(5)Nig)

N; ; is the fraction of particles with 7 radicals and j free CuBry/EHATREN molecules,
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N4 is Avogadro’s number, V, is the volume of a particle and u(o)is the zeroth order moment
of the distribution of dormant chains (see below). The average number of radicals, Cu(II)

and Cu(I) molecules per particle can be calculated by

New(Ir) = ZZ(j)Ni,j (3.5)

icun = NaVylCu(D)] (3.6)

Using the above averages directly makes it difficult to compare the rates of polymer-
ization and concentrations of activating/deactivating species in particles of different sizes
and systems with different concentrations of catalyst and initiator. Instead, the approach
developed by Simms and Cunningham!” is used where fichqin is defined as the average num-
ber of radicals per polymer chain in the system and 7cy(11)chain, Similarly, is the average
number of deactivating species per polymer chain. This method gives an absolute variation
of polymerization rate on a chain-by-chain basis in the absence of other effects including

that of catalyst and initiator concentration and also the number of particles in the system.

n

Nehain = 7(0) (37)
NaVppg
_ Now(IT
NCw(I1)chain = NAV(,U()O) (3.8)
pHo

To estimate the degree of polymerization (DP,,), the distribution of singly distinguished
particles, S; ; , is introduced, where S; ; ., is the fraction of particles containing ¢ radicals,

j Cu(II) molecules, and with a chain of length m.
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dSs sm
S = Ny Vikaedl Cu()] (1) Si-11m + [P = XINim1 o1 = 11 m)

k‘. Eeac . . . .
+ 29 () (j + 1) Sirtjrm — (D)) Sigm) + kp[M] (Sijm—1 — Sigm)  (3.9)
N4V,

NTV}, (1) (i 4+ 1)Sit2m — (1) (i — 1)S; jm)

The PDI was estimated for the dormant chains only, as active chains were present in only
extremely small concentrations. Likewise, dead chains will account for only a small fraction
of total chains if the system is assumed to be highly living. The infinite set of equations
(Equation 3.9) is transformed into a finite set of equations by the method of moments, such
that )\g}) is the k** moment of growing chains present in each type of particle state, with

i radicals and j Cu(Il) molecules (Equation 3.10). Therefore, the zeroth order moment,

)\Eg-), is simply the overall number of active chains inside the particles of state i,j (Equation
3.11).
k
)‘z(',j) = kaSi,j,m (3.10)
m
0 .
A = (0N (3.11)

The mass balances for the uncompartmentalized species, such as monomer (Equation
3.12), the zeroth through second moments of the dormant chains (Equation 3.13), the
concentration of activator, [Cu(I)] (Equation 3.14), and the zeroth moment of the dead

chains (Equation 3.15) were also calculated.

diM] _ ky[M]_
i NA%n (3.12)
dﬂ(k) _ (k) kdeact
o = k[ Cu(D)]p TR ZZ (3.13)
dlCu(D)] _ kdeact (0) )
T av) QZZ A — kaet[Cu(I)]p (3.14)
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d¢c® _ 2k 3
dt (NAVP)Q i=2

S —1)AY) (3.15)
J
This system of differential equations was solved in Fortran by numerical integration with
the solver DLSODI (backwards Euler method) with a step size of 1 s. The differential equa-
tions were closed with a maximum of 6 radicals (¢) and 75 Cu(II) molecules (j) per particle,
well in excess of the ranges where compartmentalization effects are expected. Throughout
all simulations, these boundary conditions were checked to ensure these boundaries were

not approached. Simulations investigating the livingness of the chains at 90% conversion

were run with a maximum of 6 radicals and 200 Cu(II) molecules.

3.2.2 Bulk Polymerization Model

and

A bulk polymerization model was developed to estimate an 7icpqin equivalent, ﬁZh ain

PDI to compare directly with the dispersed phase polymerization system by applying the
method of moments to the active chains of length m and the dormant chains of length m

in a bulk polymerization system (Equations 3.16-3.19).

d[P,,e]
dt

= kact[Pm — X][Cu(I)] = Edeact|Pm®] [Cu(IT)] — ky[Pre] Y [Prne] (3.16)

m

+ kp[M][Pp—10] — kp[M][Fpr0]

d[C’Z;t(I)] = kdeact ; [Pm.] {CU(II)] — kact[CU(I)]M(O) (317)
d[Pn;zt_X] = —kact[Pm — X][Cu(D)] + Kdeact[Pme][Cu(IT)] (3.18)

__m , (3.19)
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3.2.3 Choice of Polymerization System

Compartmentalization in ATRP miniemulsion has been shown in a reverse ATRP system
with n-butyl methacrylate (BMA) and using CuBro/EHAgTREN.!” Because compartmen-
talization effects on the rate of polymerization and the degree of control are similar regard-
less of the initiation system (forward ATRP, reverse ATRP or AGET ATRP), a system of
forward ATRP with BMA was chosen for these simulations for ease of calculation. (Also
note that the use of a forward ATRP system is a simplification on an ARGET system,
where all the CuBry is reduced to CuBr in situ at the beginning of the polymerization,
independent of the generation of dormant chains.) The ligand EHA¢TREN complexed to
Cu(I) or Cu(Il) demonstrates excellent monomer solubility and extreme hydrophobicity,
and thus it is unlikely to partition to any appreciable degree into the aqueous phase, and
phase transfer events can be neglected from the model with confidence. Other ligand sys-
tems used in miniemulsion, including BPMODA and dNbpy, possess some water solubility,
especially for the CuBry/ligand species.

The rate coefficients of activation/deactivation for CuBr/EHATREN have not been es-
timated in the literature, but approximate calculations from the apparent K 47rp along with
the published estimates for the structurally similar CuBr/BAgTREN with EBiBr initiator
(a 3° alkyl halide radical initiator with a structure similar to a BMA radical) were used
in these simulations.?® These calculated values are appropriate, best available estimates for

the rate constants of CuBr/EHA¢TREN with BMA.

Table 3.1: Values of the Parameters Used in the Simulation of ATRP of BMA with the
Ligand EHA§TREN.

parameter | value

[M]o 6.29 mol-L~!

Eact 2.05 L-mol—1.g71 28
Kdeact 3.9x107 L-mol 1.1 28
kp 1.24x103 L-mol~1.s~1 29
Ky 1.03x107 L-mol~t.s~1 30

The simulations were conducted up to 10% conversion to minimize any conversion de-

pendence on the rate coefficients. Chain length dependencies of these constants were not
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taken into consideration. These simulations were conducted for varying particle sizes with
targeted degree of polymerization (at 100% conversion) between 100 and 5000 monomer
units and with chain-to-catalyst ratios of 10:1, 2:1, and 1:1. The values of the parameters

used are listed in Table 3.1.

3.3 Results and Discussion

3.3.1 Rate of Polymerization and the Degree of Control

Figure 3.1 shows the average number of radicals per chain (which is directly proportional
to the rate of polymerization) and the PDI at 10% conversion over a range of particle
sizes for the BMA /CuBr/EHATREN system simulated at 70°C for a targeted degree of
polymerization (DP,,) of 500 and an initiator/Cu(I) ratio of 10:1 (one Cu molecule mediates
ten chains). The rate of polymerization increases with increasing particle size to a maximum
and levels out to the rate in an equivalent bulk system. This type of correlation is expected
based on previous ATRP simulations!® 25 but the relationship of PDI with particle size has
not yet been discussed because previous models were unable to estimate this. The PDI also
increases, goes through a maximum, and subsequently levels out to the same PDI as an
equivalent bulk system with increasing particle size, but the maximum occurs at an offset
with respect to the maximum of the rate of polymerization. In the system presented here
(Figure 3.1) the time required to reach 10% conversion at 45 nm is 15 times faster than
that for the particle size of 20 nm. Similarly, in a system with a target DP,, of 5000 and a
chain/catalyst ratio of 10:1, the time to reach 10% conversion in a 120 nm particle is four
times as fast as a particle of 60 nm (in the enhanced deactivation region) while also being
1.3 times faster than a 240 nm particle (in the approach to bulk region).

In an effort to aid the comparison of these living/controlled dispersed phase polymer-
ization systems to the better known conventional systems, 7, not just 7ichain, was also
evaluated. Whereas in conventional systems (for the simplified case of termination as the
main chain stopping event), n remains ~0.5 regardless of the particle size. The situation is
much more complicated in controlled polymerization because 7 is dependent not only on the
size of the particles but also the total concentration of chains in the system. This difference

arises because deactivation, not termination, becomes the dominant chain stopping effect.
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Figure 3.1: Effect of particle size on the reaction rate, as represented by fichain, (#) and
PDI (A) at 10% conversion for the system with a targeted degree of polymerization of 500
and a 10:1 ratio of chains to Cu(I) at the start of the reaction. The solid lines represent the
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Figure 3.2: Effect of particle size on the reaction rate, as represented by ncpain (¢), and
Cu(I)/Cu(II) (O) at 10% conversion for the system with a targeted degree of polymerization
of 500 and a 10:1 ratio of chains to Cu(I) at the start of the reaction. The solid lines represent
the bulk equivalent 7’ and Cu(I)/Cu(II).

chain

Over a range of particle sizes (keeping a constant targeted degree of polymerization), 7
increases with increasing particle size (or with a decrease in the total number of particles).
For the simulations discussed in Figures 3.1-3.2, the absolute n is much lower than in con-
ventional systems and varies between 10~7~107% over the range of particle sizes discussed.
As a result, the rate of ATRP is always much slower than the rate of polymerization of
regular free radical systems.

The rate of polymerization (as indicated by 7icpqin) and PDI change dramatically with

particle size and can be considered to span three different regions, as explained below.
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Region I: Enhanced Deactivation At very small particle sizes, the rate of reaction
and the PDI are significantly lower than bulk and decrease with diminishing particle size.
This can be attributed to the effect of enhanced deactivation described by Kagawa et al.!®
In this regime, the concentration of radicals in the system is proportional to the volume
of the particle (or [P] is proportional to d®) and termination is negligible. The slope of
the log-log plot (Figures 3.1 and 3.2) of ficpqin versus particle size is linear with a slope of
3. In qualitative terms, this means that following a single activation, the concentration of
deactivator in the system is greater (based on Now(In) /NaV}p) in smaller particles, causing
the chain to deactivate more quickly. In terms of reaction rate, this leads to a slower
polymerization, assuming that activation occurs at a consistent rate regardless of the particle
size. This is always the case, regardless of the particle size region, for nitroxide mediated
polymerization, where activation is controlled by a thermal process; it is also the case
in region I for ATRP when the activator Cu(I) is considered uncompartmentalized and
termination is negligible, and thus the Cu(I) local concentration is not affected by the
change of a single molecule from Cu(I) to Cu(Il). In this region, the PDI of the living
chains is also lower because fewer units are added per activation cycle with diminishing
particle size, and more cycles are required to reach the same conversion. This will be

discussed later in further detail.

Region II: Acceleration Window The increase in the rate of reaction above that

1.15 in terms of radical

predicted in an equivalent bulk system was described by Kagawa et a
segregation (because radicals in different particles are unable to mutually terminate) and in
NMP by Tobita?? as the fluctuation effect, where the local concentration of deactivator in the
particles changes with every activation/deactivation reaction. Our results indicate that the
acceleration window observed in an ATRP system can be attributed to the nonestablishment
of a Cu(I)/Cu(Il) steady state ratio, as is observed in bulk polymerization (Equation 3.1),
owing to fewer instances of termination early in the polymerization, which is the result of
both enhanced deactivation and radical segregation. Kagawa et al.'® reported that with
moderate particle sizes, lower numbers of deactivator molecules in the particles reduced the
degree of control by increasing the number of units added per activation. However, in our

simulations, the effect of a lower number of deactivating molecules can also be seen as an

increase in the frequency of activation events by the presence of a larger concentration of
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activator and an overall faster rate of polymerization.

Figures 3.2 shows the Cu(I)/Cu(Il) ratio and the variation in the average number of
radicals per chain with particle size for the same system with a target DP,, of 500 and
an initiator/Cu(I) ratio of 10:1. The steady-state Cu(I)/Cu(II) equilibrium ratio, which
is a characteristic of bulk and solution ATRP, is not achieved in the acceleration window
because very little termination occurs in the particles (due to the enhanced deactivation
allowing fewer active radicals as well as radical compartmentalization preventing the mu-
tual termination of radicals present in different particles). Therefore, at small particle sizes,
the system will always possess a concentration of activator, Cu(I), which is larger than in
bulk systems. This leads to more frequent activation cycles than in bulk polymerization,
increasing the Tcpain. Whereas Cu(II) compartmentalization serves as the major compart-
mentalization effect in these systems, lowering fcpqin With diminishing particle sizes, the
secondary and contrary effect of more frequent activation cycles, owing to lower termina-
tion and leading to an increase in fi¢pqi, With diminishing particle sizes (described above), is
also at play. Without the secondary enhanced activation effect, the n.pqn and PDI trends
with particle size would overlap; it is this secondary effect arising from the minimization
of termination and the increase in the absolute concentration of Cu(I) inside the particles
that allows a region of particle sizes where the rate of reaction can be above that in an

equivalent bulk system while still maintaining a PDI below that in bulk.

Region III: Approach to a Bulk System At larger particle sizes, the anticipated
Tichain approaches that of a bulk polymerization (Figure 3.1) because more radicals are
present at any time, with consequently less influence of enhanced deactivation and increased

termination. The Cu(I)/Cu(II) ratio approaches that of the bulk system (Figure 3.2).

Regions for the PDI  According to the method developed by Goto and Fukuda3! for
bulk systems, the PDI of the living chains is influenced by both the number of units added

per activation as well as the number of activation cycles to reach a given conversion.
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The multiple influences of compartmentalization on the PDI in the dispersed phase can
be broken down into several different effects. As previously discussed, the number of units
added per activation is influenced by enhanced deactivation in smaller particle sizes. The
number of units added is a function of the ratio of the rate of propagation with respect
to the rate of deactivation and can be transformed to a proportionality (Equation 3.20)
with respect to the particle diameter cubed, d3, through the application of the Equations
3.2 and 3.4 along with the understanding that [Pe] can be obtained by n/N4V,. However
the frequency of the activation cycles is similarly influenced by the concentration of Cu(I),
which is higher in smaller particles (because there are fewer termination reactions and little
buildup of Cu(II)). Finally, the number of activations required to reach a given conversion
is different for each particle size. Therefore, the contrasting effects of enhanced deactivation
and the concentration of Cu(I) in the calculation of the PDI are influenced in a different
manner than the rate of polymerization. This leads to a general trend of increasing PDI with
particle size in region I of enhanced deactivation (because of to the number of units added
per activation increasing with particle size). At moderate particle sizes, the PDI passes
through a range of particle sizes where the simulated PDIs of the living chains are greater
than that in bulk (attributed to the lower instances of termination in the dispersed phase,

which lead to a lower rate of deactivation and the addition of more units per cycle than in
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the bulk system). Finally the PDI decreases with increasing particle size in region III owing
to irreversible termination and the buildup of Cu(II) in the system, pushing the equilibrium
to favour the dormant chains (Figure 3.1). The window where the PDI is greater in the
emulsion system than in bulk occurs at larger particle sizes than the acceleration window
for the rate of polymerization. Therefore, there exists a range of particle sizes where the
rate of polymerization is higher than that of bulk polymerization but where we can preserve
a high degree of control over the PDI and livingness, which is greater than an equivalent

bulk system.

3.3.2 Effect of the Targeted Degree of Polymerization

In ATRP systems, modifying the targeted degree of polymerization is simply a matter of
modifying the alkyl halide initiator concentration. Because the polymerization kinetics are
often thought in terms of the number of chains each Cu(I) molecule can mediate, the overall
concentration of Cu(I) is similarly modified with the target DP,,. This section presents
the results of simulations for the system of BMA/CuBr/EHAGTREN with a alkyl halide
initiator/catalyst ratio of 2:1 and targeted degrees of polymerization ranging from 100 to
5000, or targeted molecular weights (M) of 14,200 g/mol to 710,000 g/mol.

As expected, the degree of livingness of the polymer chains increases with diminishing
particle size (Figure 3.3c), and is attributed to the suppression of termination due to the
compartmentalization of the radicals. It should be noted that the degree of termination
never exceeds that expected in the bulk system, indicating that although there is a particle
size range where the rate of polymerization exceeds that in bulk (Figure 3.4a), the livingness
of the system will not be adversely affected by operating in that range.

At a given particle size, log(Cu(I)/Cu(Il)) increases when the targeted DP,, is increased
(or the concentration of initiator is decreased) (Figure 3.4b). This trend is contrary to that
predicted by the persistent radical effect3? in bulk polymerization. The persistent radical
effect predicts that when the concentration of initiator is increased, the concentration of
deactivator (Cu(II)) will increase to maintain an equilibrium through the mutual termina-
tion of chains. However, in the dispersed phase, where termination is suppressed through
compartmentalization, the persistent radical effect is similarly suppressed. Because the

concentration of Cu(II) does not rise considerably in systems with lower concentrations of
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Figure 3.3: Simulations conducted up to 10% conversion with an initiator:Cu(I) ratio of 2:1
to investigate the effect of (a) the PDI, (b) the number of units added per activation cycle
and (c) the ratio of dead/dormant chains at 10% conversion with respect to particle size
for systems with target degrees of polymerization (at 100% conversion) of 100 (¢), 250 (M),
500 (4), 1000 (x), 5000 (+).
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Figure 3.4: Simulations conducted up to 10% conversion with an initiator/Cu(I) ratio of
2:1 to investigate the effect of (a) the rate of polymerization as represented by the aver-
age number of radicals per chain, 7ficpqin, and the bulk system, ﬁgham(solid line) and (b)
the ratio of Cu(I)/Cu(Il) with respect to particle size for systems with target degrees of
polymerization (at 100% conversion) of 100 (), 250 (M), 500 (A), 1000 (x), 5000 ().
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initiator, and termination is further suppressed in these particles (Figure 3.3c), the ratio of
Cu(I)/Cu(II) will be greater in systems with higher targeted DP,, values.

There is a similar argument concerning the higher PDIs obtained in systems with lower
initiator concentrations (or higher target DP,, values) specifically in the approach to bulk
region (Figure 3.3a). This is contrary to what is expected in a bulk polymerization. Be-
cause the PDI is dependent on a ratio of the concentration of chains with respect to the
concentration of Cu(II) in the system,3! the persistent radical effect predicts that the PDI
would be uniformly higher for the systems with higher initiator concentrations. However,
the lower instances of termination in systems with higher target DP,s lead to a lower-than-
predicted concentration of Cu(II) present in the particles, yielding higher PDIs at higher
target DP,, values. The PDI trends in the other regions (enhanced deactivation and the
acceleration window) are discussed below.

In simulations up to 10% conversion in compartmentalized systems, the livingness of the
chains remains above 98% for all of the conditions simulated, including different targeted
DP,, values and with different concentrations of catalyst. This is a common phenomenon in
previous ATRP?® and NMP' population balance simulations. However, this livingness is
likely dependent on the activity of the nitroxide or ATRP catalyst. When the simulations
here are run to a higher conversion, for example, in the system of 100 nm particles with a
targeted DP,, of 1000 and a 1:1 chain/catalyst ratio, the livingness of the system at 90%
conversion is calculated to be 94%. Simulations to high conversion are quite computationally
intensive because the number of free Cu(II) molecules accounted (j) must be increased from
75 to 200 to maintain a closed system of equations.

While removing the effect of the total concentration of chains in the system, through
the use of Tcpgin rather than 7 or [Pe] directly, the rate of monomer addition per chain
in the system levels out to the same rate for larger particle sizes and for the bulk system
(Figure 3.4a), however the PDI of these chains does not (Figure 3.3a). The PDI is affected
by the total number of activations required to reach 10% conversion and also the number
of units added in each of these activations. In general, the PDI diminishes with increasing
particle size because of a balance between the number of activations (DP,, 5000 experiences
the most, generally lowering the PDI) and the number of units added (at 10% conversion,

DP,, 5000 adds far more units per activation, which in general tends to increase the PDI).
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Under the conditions simulated here (Figures 3.3a, 3.3b), the number of activations plays
a far more important role in determining the overall PDI of the dormant chains than does

the number of units added per activation.

3.3.3 Effect of the Catalyst Concentration
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Figure 3.5: Simulations conducted up to 10% conversion with a targeted degree of polymer-
ization of 500 (at 100% conversion) to investigate the effect of (a) the rate of polymerization
as represented by the average number of radicals per chain, f.pqin, and the bulk system,
nb, . (solid lines) and (b) the ratio of Cu(I)/Cu(II) with respect to particle size for systems
with initiator:Cu(I) ratios of 10:1 (4), 2:1 (M) and 1:1 (A).

With considerable interest in achieving lower catalyst concentrations in solution and bulk
ATRP, preliminary investigations into the reduction of catalyst concentration in aqueous
dispersed phase polymerization were undertaken. Unlike ARGET and ICAR chemistries, no
Cu(I) regeneration mechanisms are included in the simulations, but it will become apparent
that the nonestablishment of a steady state Cu(I)/Cu(Il) ratio and diminishing instances
of termination (Figures 3.5b and 3.6¢) allows the total catalyst concentration to be reduced
and polymerization to continue without a large buildup of Cu(II) occurring and suppressing
the polymerization rate.

Simulations were conducted for the system with a targeted degree of polymerization of
500 and varying initiator/catalyst ratios of 10:1, 2:1, and 1:1 (Figures 3.5 and 3.6). These
are the first simulation results that detail the effects of diminishing catalyst concentration in

dispersed phase ATRP polymerization, and some unique features are revealed. First, in the
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Figure 3.6: Simulations conducted up to 10% conversion with a targeted degree of poly-
merization of 500 (at 100% conversion) to investigate the effect of (a) the PDI, (b) the
number of units added per activation cycle, and (c¢) the ratio of dead/dormant chains at
10% conversion with respect to particle size for systems with initiator/Cu(I) ratios of 10:1
(#), 2:1 (M) and 1:1 (A).

region I (enhanced deactivation) of Figure 3.5, the Cu(I)/Cu(Il) ratio remains the same for
all three catalyst concentrations, however the rate of polymerization (7icpqin), Which takes
into account the effect of the initiator concentration, diminishes with diminishing catalyst
concentration. This result is contrary to the commonly accepted rate expression for solution
ATRP (Equation 3.1), in that the rate in the dispersed phase is dependent on the absolute
concentration of catalyst. However, in bulk, only the ratio of Cu(I)/Cu(II), which remains
unchanged in these simulations, should affect the rate. Therefore, in aqueous dispersed
phase polymerizations, the rate of polymerization is dependent on the total concentration
of activator, Cu(I), present in the system when termination is suppressed, and a steady-
state Cu(I)/Cu(Il) ratio is not achieved in the early stages of the polymerization, as is the

case for bulk and solution polymerization. In regions II and III, it becomes clear that the
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steady-state Cu(I)/Cu(Il) ratio achieves different values and fcpqin also reaches different
steady state (and bulk) rates with diminishing catalyst concentration.

The PDI is greatly influenced by the total concentration of deactivating species in the
system, Cu(Il), because larger concentrations of deactivator lead to the addition of fewer
units per activation, and thus more activations are required to reach a given conversion.
In these simulations, which all possess the same concentration of initiator but varying
concentrations of catalyst, the system with the lowest catalyst concentration (10:1 initia-
tor/catalyst ratio) shows the lowest Cu(I)/Cu(II) ratio (Figure 3.5b) but possesses the
lowest overall concentration of Cu(II). Therefore, the PDI (Figure 3.6a) and the number
of units added per activation event (Figure 3.6b) are significantly larger than those for the
other systems. Therefore, targeting a lower catalyst concentration not only leads to dimin-
ished rates of polymerization but also results in a significantly higher PDI. It should be
noted, however, that the livingness of the system is higher in systems possessing a lower
concentration of catalyst because the ratio of dead chains/dormant chains is lower for all
particle sizes (Figure 3.6¢).

On the basis of these simulations, a discussion of the application to low catalyst systems,
such as ARGET and ICAR, is warranted. In the ARGET system, regeneration of the Cu(I)
from Cu(II) may lead to increasing the Cu(I)/Cu(II) ratio for larger particle sizes (especially
in region IIT) but will have no effect in region I, where termination is negligible and Cu(I)
regeneration is not necessary. In this region, the PDI will increase, and the rate will diminish
as the concentration of Cu is lowered, but the chains will retain a greater livingness. In
regions I and II, ICAR chemistry and the addition of a secondary radical source may cause
further irreversible terminations. In small particles, when a second radical enters into a
particle that is already containing an active radical, termination is instantaneous (a zero-
one system), decreasing the livingness of the system and termination reactions lead to the
buildup of Cu(II) which slows the polymerization. In region III, ICAR may be of use to
generate new chains because termination is not instantaneous between radicals and there
is a larger buildup of Cu(Il) at any given conversion. However, in this region, ARGET is

less likely to diminishing the livingness of the system.
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3.4 Conclusions

Compartmentalization effects can influence the rate of polymerization, the degree of control
of the PDI and the livingness of the polymer formed in aqueous dispersed phase ATRP
polymerizations. For the highly active catalyst CuBr/EHAgTREN, it was found that for
small particle sizes, both the rate of polymerization and the number of units added per
activation decreased proportionally to the volume of the particles, attributed to the confined
space effect influencing the rate of deactivation of the chains. It was also found that there
exists a window of particle sizes where the rate of polymerization is higher than that of
a bulk system but where the PDI and the degree of termination remain below that of
bulk, indicating an optimal region of particle sizes. Whereas the rate of polymerization is
directly controlled by an equilibrium ratio of Cu(I)/Cu(II) for bulk ATRP systems, this is
not true for the compartmentalized system, where the rate is instead controlled by enhanced
deactivation and also the relative concentration of Cu(I) and Cu(II), which are dependent
on the size of the particles.

When changing the concentration of initiator in the system to target different DP,, val-
ues, the range of particle sizes where the rate of polymerization exceeds that of bulk is
shifted to lower particle sizes with increased initiator concentration, but as the effect of en-
hanced deactivation is minimized (at larger particle sizes), the rate at which monomer units
are added to a single polymer chain in the system does not change with initiator concen-
tration, provided that the initiator/catalyst concentration remains constant. However, the
number of activations required to reach a given conversion has a greater effect on the final
PDI than does the number of units added per activation because systems with the lowest
initiator concentration achieve the lowest PDI for all particle sizes, even while adding the
most monomer units per activation.

In this ATRP system, several important points concerning ATRP with low catalyst
concentrations in the aqueous dispersed phase are highlighted. First, lower catalyst con-
centrations lead to slower polymerization rates because the frequency of activation events
is lower, whereas the PDI and the number of units added per chain are higher. However,
polymerizations conducted under these conditions do possess a greater livingness. The ap-
plication of ARGET or ICAR chemistries will not improve the rate of polymerization in

the smallest particles, and the generation of new radicals in the ICAR chemistry may have
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a detrimental effect on the livingness of the system.

Acknowledgments

We thank Dr. A. Butté from ETH (Zurich) for many helpful discussions on compartmen-

talization and the Natural Sciences and Engineering Research Council of Canada (NSERC)

for financial support.

References

[1] Cunningham, M. F. Progress in Polymer Science 33(4), 365-398 (2008).

[2] Zetterlund, P. B., Kagawa, Y., and Okubo, M. Chemical Reviews 108(9), 3747-3794
(2008).

[3] Min, K., Gao, H., and Matyjaszewski, K. Journal of the American Chemical Society
127(11), 3825-3830 (2005).

[4] Min, K., Jakubowski, W., and Matyjaszewski, K. Macromolecular Rapid Communica-
tions 27(12), 982-982 (2006).

[5] Stoffelbach, F., Belardi, B., Santos, J. M. R. C. A., Tessier, L., Matyjaszewski, K., and
Charleux, B. Macromolecules 40(25), 8813-8816 (2007).

[6] Min, K., Yu, S., il Lee, H., Mueller, L., Sheiko, S. S., and Matyjaszewski, K. Macro-

molecules 40(18), 6557-6563 (2007).

Stoffelbach, F., Griffete, N., Bui, C., and Charleux, B. Chemical Communications (39),
4807-4809 (2008).

Dong, H., Mantha, V., and Matyjaszewski, K. Chemistry of Materials 21(17), 3965
3972 (2009).

Li, W., Matyjaszewski, K., Albrecht, K., and Moller, M. Macromolecules 42(21),
8228-8233 (2009).

Simms, R. W. and Cunningham, M. F. Journal of Polymer Science Part A: Polymer
Chemistry 44(5), 1628-1634 (2006).

Simms, R. W. and Cunningham, M. F. Macromolecules 40(4), 860-866 (2007).

Braunecker, W. A. and Matyjaszewski, K. Progress in Polymer Science 32(1), 93146
(2007).

Butte, A., Storti, G., and Morbidelli, M. DECHEMA Monogr. 134(6th International
Workshop on Polymer Reaction Engineering), 497-507 (1998).

Zetterlund, P. B. and Okubo, M. Macromolecules 39(26), 8959-8967 (2006).

Kagawa, Y., Zetterlund, P. B., Minami, H., and Okubo, M. Macromolecular Theory
and Simulations 15(8), 608-613 (2006).

Maehata, H., Buragina, C., Cunningham, M., and Keoshkerian, B. Macromolecules
40(20), 7126-7131 (2007).

Simms, R. W. and Cunningham, M. F. Macromolecules 41, 5148-5155 (2008).

95



3. COMPARTMENTALIZATION IN DISPERSED PHASE ATRP

18]

[19]
[20]
[21]

LN

Zetterlund, P. B., Wakamatsu, J., and Okubo, M. Macromolecules 42, 6944—6952
(2009).

Delaittre, G. and Charleux, B. Macromolecules 41(7), 2361-2367 (2008).
Charleux, B. Macromolecules 33(15), 53585365 (2000).

Tobita, H. and Yanase, F. Macromolecular Theory and Simulations 16(4), 476-488
(2007).

Tobita, H. Macromolecular Theory and Simulations 16(9), 810-823 (2007).
Tobita, H. Macromolecular Symposia 261(1), 36-45 (2008).

Kagawa, Y., Zetterlund, P. B., Minami, H., and Okubo, M. Macromolecules 40(9),
3062-3069 (2007).

Zetterlund, P. B., Kagawa, Y., and Okubo, M. Macromolecules 42(7), 2488-2496
(2009).

Li, M. and Matyjaszewski, K. Macromolecules 36(16), 6028-6035 (2003).
Li, M., Min, K., and Matyjaszewski, K. Macromolecules 37(6), 2106-2112 (2004).

Tang, W., Kwak, Y., Braunecker, W., Tsarevsky, N. V., Coote, M. L., and Maty-
jaszewski, K. Journal of the American Chemical Society 130(32), 10702-10713 (2008).

Beuermann, S., Buback, M., Davis, T. P., Gilbert, R. G., Hutchinson, R. A., Kaji-
wara, A., Klumperman, B., and Russell, G. T. Macromolecular Chemistry and Physics
201(12), 1355-1364 (2000).

Buback, M. and Junkers, T. Macromolecular Chemistry and Physics 207(18), 1640—
1650 (2006).

Goto, A. and Fukuda, T. Progress in Polymer Science 29(4), 329-385 (2004).
Fischer, H. Chemical Reviews 101(12), 3581-3610 (2001).

56



Chapter I

Catalytic Chain Transfer Mediated
Emulsion Polymerization:
Compartmentalization and Its Effects on
the Molecular Weight Distribution
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4. COMPARTMENTALIZATION IN CCT EMULSION POLYMERIZATION

Preface

In fall 2007, I was very fortunate to spend three months at the Swiss Federal Institute of
Technology (ETH) in Zurich working with Dr. Alessando Butté and the Morbidelli group
and learning their techniques for the modeling of the full molecular weight distribution,
while also accounting for radical segregation, in conventional emulsion polymerization. At
the same time, Dr. Niels Smeets was at Queen’s University, on exchange from Eindhoven
Technical University in the Netherlands, working on Catalytic Chain Transfer (CCT) in the
dispersed phase. This model was built using the techniques learned in ETH, in collaboration
with Dr. Smeets, to describe mathematically what had been observed experimentally:
seeded CCT emulsion systems produce multimodal molecular weight distributions and is
the result of compartmentalization of the chain transfer agent inside the particles. Not only
does this work represent the first instance of modeling in dispersed phase CCT-mediated
systems, it is also the first model to simulate the full molecular weight distribution for
any dispersed phase, CRP system which includes the compartmentalization of both the

propagating radicals and the mediating species.
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Abstract

We present the first population balance calculations which encompass the complete molecu-
lar weight distribution (MWD) to discuss the implications of both radical and catalytic chain
transfer agent (CCTA) compartmentalization in a catalytic chain transfer (CCT) mediated
emulsion polymerization system. Compartmentalization effects are attributed to reduced
frequencies of entry and exit of the CCTA (bis[(difluoroboryl)dimethyl-glyoximato]cobalt (II)
or COBF). Two limiting scenarios were identified. In instances of fast CCTA entry and exit,
monomodal MWDs are obtained governed by a global CCTA concentration. In instances of
slow entry and exit, bimodal MWDs are obtained; one peak can be attributed to the gener-
ation of a bimolecular termination product produced in polymer particles devoid of CCTA,
while a transfer-derived peak can be attributed to polymer particles containing one or more
CCTA molecules. We present theoretical evidence that experimentally observed multi-
modal MWDs (Macromolecules 2009, 42, 7332-7341) originate from a reduced mobility of
the CCTA and that when viscosity is high in the polymer particles, compartmentalization

of the CCTA becomes important.

99
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4.1 Introduction

In comparison to bulk polymerization, high rates of polymerization and high molecular
weights in emulsion polymerization originate from compartmentalization effects, which in-
clude radical segregation and the confined space effect. Bimolecular termination between
two radicals located in two separate particles cannot occur (radical segregation). Addition-
ally, rates of reaction, including termination between two radicals, increase with decreasing
particle size (confined space effect). However, compartmentalization in emulsion polymer-
ization is not restricted to radicals only. In controlled/living radical polymerization (CLRP),
such as nitroxide mediated polymerization (NMP) and atom transfer radical polymerization
(ATRP), mediating agents are added to achieve control over the molecular weight distribu-

3,4,5,6

tion (MWD).1: 2 Compartmentalization of these controlling agents affects the rate,

livingness, and control of the polymerization. Recently, experimental evidence of compart-
mentalization was also reported for catalytic chain transfer (CCT) in emulsion.”

CCT is a controlled, but not living, free radical technique that allows control over the
average molecular weight of the polymer formed. In CCT-mediated free radical polymeriza-
tions a low-spin Co(II) complex is added which transfers the radical activity of a propagating
chain to a monomer molecule, resulting in the formation of an unsaturated dead polymer
chain and a monomeric radical capable of propagation.® ?

Evidence of compartmentalization was observed experimentally in seeded emulsion poly-
merization of methyl methacrylate (MMA).” Polymerization of the second stage monomer
in the presence of bis[(difluoroboryl)dimethylglyoximato]cobalt(II) (COBF) in PMMA seed
particles, swollen below the maximum saturation concentration, exhibited multimodal MWDs
(Figure 4.1). The multimodal MWDs were observed independently of the size of the swollen
PMMA particles and the average number of CCTA molecules per particle (nccra). The
observed multimodal MWDs were attributed to compartmentalization of the catalytic chain
transfer agent (CCTA) as a consequence of the reduced mobility at the high instantaneous
conversion of the polymer particles.”

CCT-mediated emulsion polymerizations typically proceed in a regime where the poly-
mer particles outnumber the catalytic chain transfer agent (CCTA) molecules; consequently
CCTA mass transport has to be sufficiently fast to ensure that multiple polymer particles

10, 11, 12, 13, 14, 15

can be mediated by a single CCTA molecule. In other words, proper con-
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Figure 4.1: Example of the multimodal MWDs obtained in the seeded emulsion polymeriza-
tion of methyl methacrylate in the presence of COBF.” The solid lines represent the MWD
at the end of the polymerization, the dotted lines represent the MWD of the seed polymer.
Experimental conditions: T = 70 °C, solid content = 20%, 48 nm seed particles, swollen
with MMA to a radius of 65 nm. The average number of CCTA molecules per polymer
particle (nccra): (a) nccra = 0.5; (b) nccTa = 1.0.

trol of the MWD can only be achieved if the resistances toward CCTA mass transport (i.e.,
entry, exit, and transport through the aqueous phase) are negligible. In such systems, the
MWD is governed by a global CCTA concentration where every particle polymerizes in the
presence of an average number of CCTA molecules (iccTa).” This results in similar poly-
merization conditions in all the polymer particles, excellent control and a monomodal MWD.
Conversely, when the resistance against CCTA mass transport is high, for instance when
the increased viscosity of the polymer particles reduces the frequencies of entry and exit of
the CCTA molecules, the polymerization proceeds inside the polymer particles containing
discrete numbers of CCTA molecules (nccta = 0, 1, 2, etc.).” Consequently, during the
polymerization, several different reaction environments simultaneously exist, corresponding
to polymer particles with nccta = 0, 1, 2 etc. Under these specific conditions, a broad or
even multimodal MWD is obtained with contributions from CCT in the presence of varying
numbers of CCTA molecules and from bimolecular termination in the absence of a CCTA
molecule (Figure 4.1).

We report on a theoretical investigation of the effects of compartmentalization of the
CCTA on the MWD in CCT-mediated seeded emulsion polymerization. To the best of our
knowledge, this is the first model describing CCT-mediated polymerization in a dispersed
phase using a population balance approach, considering both the segregation of radicals and

CCTA molecules inside the polymer particles. Using the concept of distinguished particle
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distributions,'% 17 the effects of the particle size, the overall concentration of CCTA, the
rate of chain transfer, and the rate of entry and exit of the CCTA molecules on the chain
length distribution (CLD) are investigated. While also interesting, discussions concerning
the kinetics of these CCT-emulsion systems is beyond of the scope of this work, where a
focus on the compartmentalization events and their effects on the CLD can be viewed in

isolation and related to previous experimental studies.” 10: 15

4.2 Theoretical Background

4.2.1 Model Assumptions

The effects of compartmentalization on the molecular weight distribution (MWD) in cat-
alytic chain transfer CCT-mediated seeded MMA emulsion polymerization are described

mathematically. The model equations were formulated with the following assumptions:

e The simulations were conducted up to low conversion, i.e., 30% based on the amount

of second stage monomer added.

e The frequencies for radical entry and exit are set to a predetermined value and con-

sidered to be constant over the course the polymerization.

e The volumes of the swollen seed polymer particles remain constant over the course of

the reaction and only the concentration of monomer decreases.

e The aqueous phase kinetics are neglected in the model, with the exception of entry

and exit of “short” radicals (Rsport)-

e A “short” radical can undergo entry and exit from a polymer particle and ceases to

be “short” following a single propagation step inside the particle.
e All rate coefficients used in the simulations are chain length independent.

e Decomposition of the CCTAs in the aqueous phase is neglected. The simulations are

conducted for a short duration of time to low conversions (30%), over which catalyst

deactivation is not significant.® &

e Cobalt-carbon bonding has been neglected.'®
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e The presence of a H-Co(III) complex is neglected in this system, as it assumed that
the transfer to monomer from the Co(III) complex is very fast (and therefore not rate

determining).® ¢

e Dead polymer chains with terminal double bonds, originating from catalytic chain
transfer and termination by disproportionation, do not participate in further poly-

merization.

In the model, aqueous phase kinetics are neglected with the exception of entry and
desorption of the radical species Rgport. We will elaborate on this assumption. The kinetic
events in the aqueous phase of an emulsion polymerization (i.e. initiation, propagation,
termination and chain transfer) have been captured in a simplified model as presented
by Maxwell et al.?? In this model, a hydrophilic primary radical, derived from initiator
decomposition, has to propagate to a certain length (referred to as the z-meric length) in
order to achieve sufficient surface activity to enter a polymer particle. However, prior to
entry, chain stoppage may occur by termination or chain transfer in the aqueous phase. In
the presence of a CCTA, particle initiation proceeds predominantly by monomeric radicals
originating from the CCT process’ and desorption of monomeric radicals from the polymer
particles. Because there is a lack of mechanistic understanding of the aqueous phase kinetics
in the presence of a CCTA, the aqueous phase kinetics are neglected in the model and the
entry frequency was set to a predetermined and constant value.

Because all kinetic events in the aqueous phase are neglected, entry and exit are set to
proceed through an average radical species, referred to as Rgpore. In the model, radicals
generated by initiator decomposition in the aqueous phase are converted to Ry radicals
upon entry. An Rgpor radical ceases to be “short” following one propagation step in the
particle phase. Following a catalytic transfer event, the produced monomeric radical is also
considered in the model as Rgport- These radicals can desorb from the polymer particle
to the aqueous phase. This results in a situation where an R+ radical has an effective
chain length of 1. The use of an Rgpo species is expected to have only minor influence
on the CLD, as the propagating oligomers in the aqueous phase only reach a maximum
chain length of 5 (in the case of MMA),?! which is significantly less than the chain lengths

obtained in the polymer particles.
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4.2.2 Kinetic Scheme

The kinetic scheme used for the modeling of the CCT-mediated emulsion polymerization
systems is based on classical free radical polymerization (FRP) kinetics. Fundamental steps
occurring within the polymer particles include propagation, bimolecular termination by dis-
proportionation, which is the dominant termination mechanism for MMA polymerization,??
and chain transfer to monomer. These reactions are summarized, along with their corre-
sponding reaction frequencies, in the Supporting Information.

For emulsion polymerization, the FRP kinetic scheme has to be extended to include radi-
cal entry from the water phase and radical desorption from the polymer particles (Equations

4.1 and 4.2).% As mentioned previously, both entry and desorption proceed via the average

radical species Rgport.

Radical entry:

R:u L) ;hort p (41)
Radical desorption:
] k L]
short —= Rw Jdes = kam (42)

In CCT-mediated polymerizations, the radical activity of a propagating chain is trans-
ferred to a monomer molecule resulting in the formation of a dead polymer chain with
an unsaturated chain-end (Equation 4.3). In the first step, the active Co(II) complex ab-
stracts a hydrogen atom from the propagating polymer chain, resulting in a dead polymer
chain and a Co(IIl)-H (Equation 4.3a). Subsequently, the hydrogen atom is transferred
from the Co(III)-H to a monomer molecule, regenerating the active Co(II) complex and
a yielding a monomeric radical (Rspor+ in the model) capable of propagation (Equation
4.3b). The hydrogen abstraction by the Co(II) catalyst (Equation 4.3a) is assumed to be
the rate-determining step,?? hence the chain transfer frequency (firans) is given by rate

of the hydrogen abstraction step. In CCT-mediated polymerizations, chain transfer is the
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dominant chain stoppage event and the MWD is governed by the chain transfer to monomer
reaction. In many emulsion polymerization conditions, the CCTA has to be able to mediate
multiple polymer particles, therefore entry and exit of the cobalt catalyst are included in the
kinetic scheme (Equations 4.4 and 4.5). A balance of the Co(III)-H species is not included
because it is a transient product and is assumed not to undergo entry and exit from the

particles, as it is quickly reformed into Co(II) (Equation 4.3).8 ¥

Catalytic chain transfer:

[ ] kTanS =
R} + Co(IT) == P + HCo(IIT)

ftrans = ktrans /NA Vi?
fast

HCo(III) + M —— R%,,,; + Co(II)
(4.3)
Co(II) entry:
fcin
c,—C fein (4.4)
Co(II) desorption:
fcout
C— Cw Jeout (45)

The values of the kinetic parameters used in this modeling study are collected in Table
4.1. The simulations were in part designed to encompass the experimental observations of
Smeets et al.,” where the CCTA used was COBF (bis((difluoroboryl) /dimethylglyoximato) /-
cobalt(I1)) with methyl methacrylate polymerized at 70°C. The initial concentration of
monomer inside the particles was calculated from the experimental data following the
swelling of the 45 nm seed particles to a diameter of 65 nm. Note that the simulated
MWDs shown in the remainder of this paper do not include the contribution of the seed
polymer.

The characteristic time (A) for a given reaction or mass transport event is the average
time it takes for that reaction or event to occur. The characteristic lifetime of a radical

present inside a particle devoid of a CCTA (no transfer reactions) (Arqq,0) will be the time
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Table 4.1: Values of the Kinetic Parameters Used in the Simulations of MMA CCT-Mediated

Seeded Emulsion Polymerization.

constant | description unit value reference

kp propagation L-mol~'-s™1 | 1.0x10? 25

ke termination L-mol~ts~t | 2.0x107— 26
2.0x10!2

ktm transfer to monomer L-mol~ts™t | 1072 21

Kirans catalyzed chain transfer L-mol~ts~! | 1.5x107 15, 28,29

Jaes radical desorption s 1 1.4x10%, See
8.5x103, 5.3x10% | Appendix B

0 radical entry s! 1, 0.1

My initial monomer conc. L-mol~! 5.86

dp particle diameter nm 65, 82, 103

NCCTA average CCTA /particle - 0.05 - 5.0

fein entry of CCTA 51 1074 - 103

Jeout exit of CCTA s~1 1074 - 103

between two successive radical entries (from the aqueous phase) into the particle plus the
time required for the mutual termination of these radicals (Equation 4.6). However, transfer
reactions are frequent when a CCTA is present inside the particle; although this does not
consume the radical through termination, it creates a short radical which is susceptible to
desorption. The characteristic lifetime of a radical existing in particles containing nccra

(denoted ¢ as a subscript) CCTA molecules (Arq4.c) is expressed by Equation 4.7.

1 1
Mado = —+—— 4.6
W - kt/NaVy (4.6)
1 fdes + kp[M])
)\'ra c = 4.7
¢ ftrans(nCCTA) < fdes ( )

The characteristic time for a catalytic chain transfer reaction to occur and create a dead

chain inside a particle containing one or more CCTA molecule is

1

Mrams.e =
ranse ftrams (nCCTA)
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The characteristic time that a CCTA molecule resides inside a polymer particle is im-
portant for the evolution of the molecular weight distribution. In the absence of a CCTA,
bimolecular termination by disproportionation is dominant, whereas in the presence of a
CCTA, chain transfer is the dominant chain stopping event. The characteristic time in
which the particle is devoid of a CCTA (A¢op), and bimolecular termination reactions
dominate, is given by the reciprocal entry frequency for a CCTA molecule (Equation 4.9).
Assuming a constant frequency of CCTA exit (feout), the frequency of CCTA entry will be
greater for systems possessing more CCTAs/particle, resulting in a shorter characteristic

time for CCTA entry.

1
fcin

)\C0,0 = (4.9)

These characteristic times will be used in the following sections to illustrate the modeling

results.

4.2.3 Development of Population Balances

Modeling the effect of radical segregation on the chain length distribution (CLD) based
on the concept of distinguished particle distributions has been investigated by Butte et
al.16: 17 Equations were solved using the discretization method proposed by Kumar and
Ramkrishna.?% 31 32 The concept of distinguished particle distributions was first introduced
by Lichti et al.,33 where the distribution of singly distinguished particles, Sit4, gives the
probability of finding a radical chain which began growing at a given time ¢, and is still
growing at time t’ in a particle possessing i radicals. Butte et al. reported a simplified
approach to determine the probability of having a radical chain of length j inside a particle
possessing ¢ radicals, which allows for reactions other than termination to be the chain-
stopping event.'” The singly distinguished particle distribution, Ss.,i,j, can be extended to
account for the number of radicals that are “short” (subscript s) inside a particle: radicals
created by entry or transfer reactions and that are also able to undergo radical desorption.
Similarly, the doubly distinguished particle distribution, D, ;x, gives the probability of
having a particle possessing 4 radical chains, s of which are short, and with at least two
radical chains of lengths j and k respectively.

The generalized population balance equations used to simulate the CCT-mediated seeded
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emulsion polymerization of MMA are listed below (Equations 4.10-4.14).

Modified Smith-Ewart equation:

st,i,c
dt

= [p + (S)fdes + fcin + (C)fcout + (S)fp + (Z — S)ffm

+ (c)(i = 8) frans + (1 — 8)(i — s — 1) fu + 2(0 — s) () fu + (8)(s — 1) fi] N i
+pNo1i—1e+ [0 = s+ 1) frm+ (c)(i — 5+ 1) frrans] Ns—1i.c

+ feinNs,ic—1 + (¢ + 1) feout Noie+1 + (8 + 1) faes Nst1,i+1,¢

(= s5+2)(i — s+ 1) fiNssyoe+ 200 — s +1)(s + 1) fiNys1ir2.c

+ (5 +2)(s + 1) fiNey2i12,c + fp(s + 1) Nej1,c (4.10)

Singly distinguished particles:

dSs,ijc

dt

= —[p+ (s)faes + fp + fein + () feout + (8)fp + (i = 8) fm

+ () (i = 8) frrans + (i = s)(i = s = 1) fy + 2(i — s)(s) fe + (8)(s — 1) fe] Ssijic
+ 0S5 1i-1j.c + [0 = 8) frm + (€)@ — 5) frrans| Ss—1,ij.c

+ [pSsij—1,c + feinSsije—1 + (¢ + 1) feoutSs,ijet1

+ (8 + 1) faesSs+1,i+1,5.c + 2(0 — 5+ 1)(4 — 5) ftSsit2,5.c

+ (i —8)(s+ 1) feSst1,it24c + (8 +2)(s+ 1) ftSsy2,i+2,5.c

+(s+ 1)fpSs+1,z‘,j,c + jgl(s + 1)pr5+17i7c (4.11)
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Dead chains:

Imax Imax—1 cmax

Z Z Z(ffm+(c)ftrans)ss,i,j,c

i=1 s=0 =0
1 Imax—1 cmax

de . 1 +pImax Z ZSS,IJ’C

=0 =0
E - NA‘G} [max Ismaxflccmax (412)

+2ftz Z Z(S)Ss,i,j,c

i=2 s=1 =0

Imax Imax—2 Cmax

42> )0 > (i—s—1)Seije

=2 s=0 =0

Average number of radicals per particle:

Imax Imax Cmax
n = (’L')NS’@C (4.13)
c=0

8
8

I
<)
v
Il
=)

%

Average number of CCTA molecules per particle:

Imax Imax Cmax

Aceta = Y > Y ()N (4.14)

i=0 s=0 c¢=0
In considering distinguished particle distributions, expressions for the doubly distin-
guished particles are often required to calculate the contribution of termination by combi-
nation to the chain length distribution.!” Since it is assumed that the majority of chain-
stoppage in this system occurs either by catalytic chain transfer (in the presence of a CCTA)
or termination by disproportionation®? (in the absence of a CCTA), the double distinguished

distribution was not included to simplify the simulation.

4.2.4 Development of the Numerical Solution

The simulations were conducted for small polymer particles (d, < 100 nm). Although
the assumption of a zero-one system may have been appropriate (i.e., termination occurs
instantaneously when a radical enters a particle already containing a propagating radical), a
zero-one-two system was chosen to allow instances where more than one radical was present
inside a particle. The generalized form of these equations for the zero-one-two system is
available in Appendix ?7?7. The Kumar and Ramkrishna method of numerical discretization
described by Butte et al.!'% 17 was also employed here to reduce the 108 points of integration

down to 100. The grid independence of the solution was tested by running the simulations
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with 500, 200 and 100 points of integration of the CLD, and no loss of resolution of the
solution was observed. The maximum number of CCTA per particle (Cq.) was set at
20 and the maximum number of radicals per particle (I,,q,) Was set at 2; throughout the
simulations the boundary conditions were observed to ensure the system did not approach
these. This system of differential equations was solved in Fortran by numerical integration

with the solver DLSODI (backward Euler method) with a step size of 1 s.

4.3 Results and Discussion

In this work, two limiting cases of compartmentalization effects in CCT-based emulsion are
investigated: (i) when the global concentration of CCTA (nccra) dictates the chain length
distribution, as in low viscosity systems like early miniemulsion polymerizations and (ii)
when the discrete numbers of CCTA molecules (nccta) per particle influences the CLD,
as is expected in a seeded emulsion based system.” The model will first be validated by
simulating miniemulsion like conditions, in the absence of mass transfer limitations, then
the remaining simulations will discuss a seeded emulsion system, when transport of the

CCTA between particles is limited.

4.3.1 Validation of the Model

In CCT-mediated miniemulsion polymerization, good control over the MWD can be achieved!?: 12
by adding low quantities of CCTA to the polymerization. Typically, monomodal MWDs
are obtained with a polydispersity index (PDI) of approximately 2. It has been shown
that the instantaneous DP,, can be described with a modified Mayo Equation based on a
global CCTA concentration (i.e., a noncompartmentalized situation). A rewritten form of
the modified Mayo Equation is presented below based on the average number of CCTA per

particle in the system (Equation 4.15).

1 _ 1 + kfm + kgg)apns(ﬁCCTA)/NA‘/p
DPinst kPM kPM kp kp [M]

+
p kt/NAVp

(4.15)

The derived model was validated by simulating the CLD in a CCT-mediated miniemul-
sion polymerization system. This is a well-defined system as at low conversion, the miniemul-

sion particles (or droplets) pose little resistance to CCTA entry and exit due to the low
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Figure 4.2: w(log DP) plot of instantaneous CLD of CCT-mediated miniemulsion-like sys-
tems with a low mass transfer barrier to CCTA entry and exit. Simulations conducted
assuming 65 nm particles, [M]o = 9.4 mol-L ™!, krqns = 1.5x107 L-mol~1-s71, k; = 2.0x107
L-mol~1.s71, p=1s"1and fou = 1012 571 at different accTA.-

Table 4.2: Simulated and Predicted Instantaneous DP, and PDI for a CCT-Mediated
Miniemulsion-like System.

NCCTA DP, PDI DP,
(Model) (Model) (Mayo)

0.25 218 2.24 212

0.50 113 2.21 107

1.0 58 2.17 54

2.0 30 2.10 27

internal viscosity of the system. Mathematically this is simulated by maintaining an ex-
tremely high and constant frequency of CCTA exit from the particles, fupu = 102 s71.
The frequency of entry of CCTA is thus simultaneously high as it is determined by f., =
neCTA feout- Simulations were conducted with various amounts of CCTA, ngcra = 0.25,
0.5, 1.0 and 2.0. The instantaneous DP,, and PDI at the start of the polymerization were
estimated from the resulting CLDs (Figure 4.2). In Table 4.2, it is shown that these DP,,s
match well with the calculated DP,s from the modified Mayo equation (Equation 4.15),
and furthermore that the PDIs of the simulations are close to 2, as estimated from the
Flory-Schulz most probable distribution in transfer dominated systems.?? This type of sys-
tem is considered “uncompartmentalized” with respect to the CCTA, and each particle

experiences approximately the same average concentration or number (fccra) throughout

the course of the polymerization.
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From the results presented in Figure 4.2 and Table 4.2, it can be concluded that the
derived model is capable of predicting the instantaneous DP,, and the PDI when there is
low resistance to mass transport of the CCTA. Moreover, the results illustrate that the
kinetic events in CCT-mediated emulsion polymerization are captured to an extent that
a reliable output in terms of the CLD is obtained. This allows us to apply this model
with confidence to simulate CLDs in a polymerization at high instantaneous conversion.
The effect of apparent chain transfer activity, size of the polymer particles, the amount of
CCTA, and the resistance toward mass transport on the CLD will be discussed in detail in

the following sections.

4.3.2 Effect of the Apparent Rate Coefficient of Catalytic Chain Transfer

The compartmentalization effects on the CLD for 65 nm particles in a seeded, CCT-

mediated polymerization system were investigated with different apparent chain transfer

app

rate coefficients, k...,

The rate coefficient of catalyzed chain transfer (kirqns) is an intrin-
sic property of a CCTA, governed by the type of monomer and solvent used in the polymer-
ization. For CCTA, typically k¢rqns values on the order of 107 L-mol~1-s~1 are measured
experimentally in MMA bulk polymerization.’ However, in MMA emulsion polymerizations
typically lower values are reported when compared to bulk polymerization as a consequence
of the coordination of hydroxyl groups to the axial ligand positions of the complex.!? 28 29
Previously, it was shown that at high instantaneous conversion of the polymer particles
(i.e., at high viscosity) the value of the chain transfer constant (Cr = kirans/kp) appeared
to decrease with increasing viscosity.?* Although there is no hard evidence that the chain
transfer reaction is diffusion limited, there are very strong indications that this may be the
case. Heuts and co-workers reported a relationship between the reaction rate and the micro-
scopic viscosity (or monomeric friction coefficient).3% 36 Although the bulk viscosity might
increase several orders of magnitude with increasing polymer fractions, the diffusion coeffi-
cient of small molecules (such as the CCTA), remains approximately constant. However, for
higher polymer fractions the diffusion coefficient will start to decrease strongly,37> 38 39, 40, 41
and, consequently, so will the value of the chain transfer constant. Compartmentalization in

CCT-mediated emulsion polymerization was suggested to originate from a reduced mobility

of the CCTA due to the high viscosity of the polymer particles. In the current simulations,
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the instantaneous conversion is 0.80 and higher, therefore it is not unlikely that, besides
compartmentalization, the observed value of the chain transfer coefficient for COBF is lower
than the expected value of 1.5x107 L-mol~1-s~1 15 28 29 55 determined in MMA miniemul-
sion polymerization. The effects of the compartmentalization of COBF and a lower apparent
rate coefficient of chain transfer (k> ) on the CLD are shown in Figure 4.3.

In the simulations, similar to the experiments (Figure 4.1),7 the average number of
CCTA molecules per polymer particle (nccra) has been simulated at 0.5 and 1.0. Math-
ematically this is done by changing the initial fraction of particles containing a CCTA
molecule and the frequency of CCTA entry, fein (= nccTa feout), While maintaining a con-
stant feous of 1073 s™1. For clarity in interpreting the results, termination is considered to
be nearly instantaneous upon the entry of a second radical into the particle. (This elim-
inates the creation of a disproportionation product that can obscure the chains created
through chain transfer when they occur at a similar chain length.) Simulations at different
ks are shown in the Appendix ?? to demonstrate that CLDs still display contributions
from termination and CCT, however, depending on the value of k;, the disproportionation
product will partially obscure the CLD. This assumption is employed in all the following
simulations.

It can be seen from Figure 4.3a—4.3c that the chain length of the polymer produced

k.app

rans- Decause the transfer-derived

by catalytic chain transfer increases with diminishing
product is relatively short and present in low concentrations, it is only visible on the w(DP)
plot at nccra = 0.5 (Figure 4.3a) and not at all on the w(log DP) plot (not shown), where
there is a greater emphasis on the higher molecular weight chains. The w(DP) plot displays
the weight fraction of polymer present at each chain length, such that fooow(DP)dDP
= 1. The w(log DP)plot is the differential log MWD and is often used in comparison
with GPC traces, in which the molecular weight of polymers eluting from the columns
decreases approximately exponentially with the elution volume. This distribution can be
obtained from the w(DP) distribution through w(log DP) = DP/(log;,e)w(DP). The
w(log DP) plot also maintains the normalized distribution such that [} w(log DP)dlog DP
= 1.%2 However, since the low molecular weight polymer population is present in larger

concentrations for nccra = 1, both the w(DP) and w(log DP) plots are presented for those

simulations (Figures 4.3b, 4.3c).
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Figure 4.3: Simulated CLD for 65 nm particle with varying k{7 = at 30% conversion,

assuming feour = 1074 s7t and p = 1571 (a) w(DP) plot, nccta = 0.5 5 (b) w(DP) plot,
nccra = 1; (¢) w(log DP) plot, iccra = 1. The presence of seed polymer is not accounted
for in the simulations.

Using the published value of k¢4 in emulsion polymerization, kipens = 1.5x107 L-mol~1--
s~1 (Table 4.1), the resulting CLD is bimodal for nccta = 0.5 (Figure 4.3a). This indicates
that one peak is originating from polymer created mainly through bimolecular termination
in the absence of CCTA (although other chain stopping events may also contribute, includ-
ing uncatalyzed chain transfer to monomer) with a DP = 5210. The DPs reported in this
discussion correspond to the peak values of the w(DP) distribution. The DP of this polymer
population corresponds with the expected DP based on a zero-one system (DP = kp[M]/p).
The secondary peak at DP = 24 originates from polymer chains formed by catalytic chain
transfer. The chain length of the transfer-dominated polymer is extremely short, indicating
that chain transfer occurs quickly following the entry of a radical into a particle containing

a CCTA, or after the entry of a CCTA into a particle containing a propagating radical
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(Mtrans,1 = 0.058 s). The characteristic life time of a radical inside a particle containing
a single CCTA molecule is A.qq1 = 0.0075 s, which is significantly less than that of the
characteristic residence time of a CCTA molecule residing there, Ac,1 = 1000 s. Therefore,
numerous radical entries, and subsequent transfer reactions, will occur during the residence
time of a single CCTA inside that particle, resulting in polymer with a relatively low DP
(Figure 4.3a). A similar situation can be observed for the system containing nccta = 1.0,
and a similar values for ky-b = (Figures 4.3b, 4.3c); the bimolecular termination peak and
the transfer-dominated peak are present at the same degrees of polymerization (DP = 5160
and 22 respectively) as was the case for the system with a nccta = 0.5. Because a larger
fraction of polymer particles will contain 1 or more CCTA molecules at any given point in
time in the ncora = 1 system, the amount of transfer-dominated polymer is greater when
compared to the system with nccra = 0.5. This explains why the bimodal distribution is
also visible on the w(log DP) plot. Polymer chains of this short length (DP = 23) would be
rarely visible on a GPC trace because they are present in low concentrations compared to
the longer chains and may also be obscured by the disproportionation product in systems
not exhibiting zero-one behavior.

Lowering the rate coefficient of chain transfer by an order of magnitude (k;*? = = 1.5x10°
L‘mol_l‘s_l) also results in a bimodal CLD for agcta = 0.5. The bimolecular termination
peak remains at approximately the same DP = 5030, but the transfer-dominated peak shifts
to a higher DP of 258, which is clearly visible on the w(log DP) plot, and likely also on a
GPC trace. Similarly, the bimolecular termination peak and the transfer-dominated peak
occur at similar DP for both the system nccta = 1 and 0.5.

Simulations with an even lower rate coefficient of catalytic transfer (kjib = = 5.0x10°
L-mol~!-s7!), result in an identical DP for the bimolecular termination peak, and shifts the
DP of the transfer-derived population to a higher value (Figures 4.3a—4.3c). This example
illustrates that the two polymer populations may start to overlap when the rate of catalytic
chain transfer reaches a certain value. In this scenario, the characteristic times for transfer

(Atrans,1) and for bimolecular termination in a particle without of a CCTA molecule (Aqq,0)

are in the same order of magnitude (~1 s).

k app

The chain length of the transfer-derived product obtained in our simulations with k.,

= 1.5x10% L-mol~!-s7! is easily distinguishable on both the w(DP) and w(log DP) plots.
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app

Therefore, this value for k.,

was used primarily throughout the remainder of the simula-
tions. The conditions chosen for the simulations were based on the experimental system as
reported by Smeets et al.” The DP range of the experimentally observed multimodal MWDs
(Figure 4.1) correspond to the simulation with a k;y¥> = value of 1.5x10 L-mol~!-s~1. This

result supports the ideology that the chain transfer reaction is diffusion controlled and that

the chain transfer activity is decreasing at higher polymer fractions in the polymer particles.

4.3.3 Particle Size and the Confined Space Effect

An important characteristic of compartmentalization in emulsion polymerization is the con-
fined space effect. This refers to the increase in the reaction rate as the volume of the
polymer particle decreases. The effect of the confined space effect on the CLD is shown
in simulations of polymerizations with 65, 82 and 103 nm polymer particles (Figure 4.4).
The global COBF concentrations were kept constant for all the polymerizations, which
corresponds to the values ncora = 0.25, 0.5 and 1.0 for the 65, 82 and 103 nm particles,
respectively. The frequency of radical entry remained constant for all the simulations at p =
1 s~!, which does not represent a constant global concentration of initiator. The frequency
of radical exit, fzes, was adjusted for particle size (please see Appendix ?77?). As with the
simulations presented above, bimolecular termination is considered instantaneous upon the
entry of a second radical into a particle.

In the simulations presented in Figure 4.4, the COBF concentration was kept constant
with respect to the monomer concentration. From the Mayo equation (in the absence
of compartmentalization effects) it is expected that the instantaneous DP, (DPst) of
the chain transfer dominated CLD should be 92 (at 30% conversion, Equation 4.15 used
in its classical form). In Figure 4.4 it can be concluded that there is a clear shift in
DP as a function of the particle size. Moreover, the ratio of polymer originating from
chain transfer and from bimolecular termination increases as the particle size increases. In
these simulations, both the radicals and CCTA molecules are considered compartmentalized
species. As such, the rates of reaction involving radicals and the CCTA molecules are
subjected to changes based on the volume of the particle, i.e. the confined space effect.
The effect of particle volume on the rate of chain transfer dictates that the rate of chain

transfer is 4 times faster in a 65 nm particle when compared to an 82 nm particle and
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w(DP) x10*

log(DP)

Figure 4.4: w(DP) plot for the simulated CLD at different particle sizes at 30% conversion,

assuming kPP = 1.5x107 L-mol~!-s7! and f.our = 1073 s71. The total concentration of

CCTA in the system was kept constant, resulting in nccra = 0.25 (65 nm particles), nccTa
= 0.5 (82 nm particles), and nccra = 1.0 (103 nm particles). The frequency of radical entry
into the particles remained at p = 1 s~! for all simulations. The vertical lines are added to
guide the eye to the peak degrees of polymerization.

16 times faster when compared to a 103 nm particle (Equation 4.16). Therefore, it is
expected that the chain length of the transfer-dominated product will reflect the effects of
compartmentalization (Figure 4.4).

app
Rtrans = MTLCC;A) ol - L_l . S_l (416)
(NaVy)

The transfer-dominated peak in the 65 nm particle is extremely small (DP = 30), which
corresponds to the very short characteristic time for chain transfer, Ajqns1 = 0.00577 s.
In the 82 nm particles, the rate of transfer is sufficiently fast to clearly observe separate
bimolecular termination and transfer-dominated peaks. The transfer-dominated peak has a
DP of 61, indicating that more propagation steps occurred prior to a chain transfer event,
as the characteristic time of a transfer reaction is longer, i.e., Atrqns,1 = 0.0116 s. The 103
nm particles experienced a higher characteristic time for chain transfer (Ayrqns,1 = 0.0230
s), and the transfer-derived peak is still distinguishable, although it begins to overlap with
the lower end of the bimolecular termination peak.

The characteristic time for chain transfer decreases with decreasing particle size. There-
fore the probability of chain transfer is higher in smaller polymer particles, which ultimately
results in a somewhat lower DP for the 65 nm particles when compared to the 82 and 103 nm

particles, respectively. The ratio of polymer originating from chain transfer and bimolecular
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termination increases with increasing particle size as a consequence of the changes in nccra
(which is particle size dependent). Even though the global concentration of CCTA remained
constant with respect to monomer (which is particle size independent), the average number
of CCTA molecules per particle increases with diminishing particle size. The probability
that a polymer chain is terminated by CCT increases with the particle size, which results

in an increase of the fraction of polymer terminated by CCT.

4.3.4 Changes in the Average Number of CCTA Molecules per Particle

Varying ficcra illustrates a situation where the concentration of CCTA in the system is
changing at a constant particle concentration. In bulk and solution polymerization this re-
sults in changes in the DP of the formed polymer, which is described by the Mayo equation.*?
In CCT-mediated emulsion polymerization, this relationship also holds.!? 11, 12, 44 However,
when the viscosity is high inside the particles, compartmentalization of the CCTA can occur
which results in a discrete distribution of CCTA molecules over the population of polymer
particles.” Consequently, independent of ficcra, multimodal MWDs were obtained experi-
mentally where the individual contributions to the multimodal MWD are believed to cor-
respond to polymer particles containing 0, 1, 2, etc. CCTA molecules. Moreover, polymer
populations formed in the presence of 0, 1, 2, etc. CCTA molecules proved to have a DP
independent of the total amount of CCTA in the system.” Conditions similar to this can
be simulated by changing nccrawhile maintaining a fixed f.ou:, which is representative of
a system with significant mass transfer barriers to CCTA entry and exit from the particles
(Figure 4.5).

In these simulations, bimodal distributions are observed, independent of ncora. Only
the relative amounts of transfer-derived and bimolecular termination-derived products change
(Figure 4.5). The latter result originates from the fact that the characteristic time of
a CCTA molecule residing in a polymer particle (Aco) increases with increasing CCTA
concentration. For the reported simulations, the characteristic time of a polymer particle
without a CCTA molecule (Ao ), which is dependent on the global CCTA concentration,
is longer than the characteristic time of a radical existing inside those particles (Aqqq,0 =
1 s) even at nccra = 5. This results in a situation where several bimolecular termina-

tion events occur prior to the entry of a CCTA molecule. Consequently a bimolecular
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w(logDP)

w(DP) x10°

log(DP)
log(DP)

Figure 4.5: Simulated CLDs of 65 nm particles with varying niccra at 30% conversion,
assuming kPP = 1.5x10% L-mol~'s7!, p = 1 s7! and feur = 107* s71. (a) w(log DP)

trans

plot; (b) w(DP) plot with nccTa = 0.50.

termination-derived peak is observed for each system at DP 5100, regardless of the amount
of CCTA. The most extreme case presented here, with ncagra = 5, still shows a bimolecular
termination peak, although its concentration is significantly lower than for the other sim-
ulations with lower nccra (Figure 4.5a). In this case, the characteristic time of a particle
devoid of a CCTA molecule is Acoo = 200 s, which is still significantly longer than the
residence time of a radical in a polymer particle, A\,qq0 = 1 s. Whereas this explains why
high MW polymer is formed in the noora = 5 system, it must be noted that instances of
particles devoid of CCTA are extremely rare, owing to the very small concentration of such
products. The concentration of dead polymer created by bimolecular termination is the
highest in particles possessing nccra = 0.05, as the characteristic time that such a particle
remains devoid of a CCTA molecule is Aco,0 = 2x10% s, which allows for a significant number
of bimolecular termination events prior to the entry of a CCTA molecule. Note that due
to computational limitations it was not possible to investigate a pseudo-bulk case where
nocrawas significantly higher than 5.

A striking observation is that the molecular weight peak for the transfer-dominated
population in simulations with nccTa = 0.25 and 0.5, and to a lesser resolution for nccora
0.05, are all located at DP 310 (Figure 4.5b), further confirming that the evidence of
compartmentalization observed experimentally by Smeets et al.” can be attributed to a
discrete distribution of CCTA molecules over the polymer particles. The relative amounts

of the polymer populations, however, do vary with nccora. In these systems the particles
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experience either 0 or 1 CCTA molecule per particle. Note that instances where a polymer
particle possesses 2 or more CCTA molecules are rare, although they cannot be excluded.
This result reinforces the hypothesis that the MWD of the polymer product is not depen-
dent on the absolute concentration of CCTA in the system, but instead on the discrete
number of CCTA molecules compartmentalized inside each particle over the course of the
polymerization.

When the amount of CCTA is further increased, i.e. nccTa> 1.0, the peak of the
transfer-dominated polymer population is shifted to lower chain lengths. At these condi-
tions, the likelihood of polymer particles containing more than 1 CCTA molecule is greatly
enlarged. This would result in a multimodal CLD, where the individual contributions orig-
inate from polymer particles containing 0, 1, 2, 3, etc. CCTA molecules. The simulation
shows that the width of the CLD increases with increasing CCTA concentration (Figure
4.5a). Notice that the transfer-dominated peak for nccra = 5 encompasses a large range of
the low molecular weight end of the w(log DP) plot, extending towards a lower DP, when
compared to the distributions obtained with nccra < 0.50. The CLDs originating from
polymer particles experiencing different number of CCTA molecules per particle are close
in DP, especially on a logarithmic scale, and this explains why a broad CLD is observed in

the simulations, rather than a distinct multimodal CLD.

4.3.5 Changing the Diffusional Resistance to CCTA Entry and Exit from
the Particles

The rates of CCTA entry and desorption are governed by the resistance against mass trans-
port of the catalyst. As the reaction proceeds and monomer is consumed, the viscosity
of the polymer particle increases, reducing the rate of diffusion. In this model, the effects
of diffusion limitations can be simulated by changing the frequencies of entry and exit of
CCTA molecules from the polymer particles, fein, and feout respectively (Figure 4.6).
There are two limiting cases. First, when the frequencies of CCTA entry and exit are
both low, i.e., fen and feou < 0.1 s71, the simulations mimic a scenario where the viscosity
of the polymer particles is high and consequently significant resistance against CCTA mass
7

transport can be expected, as shown experimentally in seeded emulsion polymerization.

Second, when the frequencies of CCTA entry and exit are both high, i.e., fen and feour
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Figure 4.6: Simulated CLDs with different diffusion resistances (feour and fein) to CCTA
entry and exit from the particles at 30% conversion, assuming 65 nm particles, p = 1 s~!
and kPP = 1.5x10 L-mol~!-s~!. (a) w(DP) plot for iccra = 2; (b) w(log DP) plot with

ﬁCCT:(:SZ (¢) w(DP) plot with nccta = 0.5; d) w(log DP) plot with nccra = 0.5.

> 10 s~', this mimics a scenario where the viscosity of the polymer particles is low and
consequently mass transport limitations are negligible, as is often seen at low conversion in
ab initio emulsion and miniemulsion polymerization.'% 14 5 The changes in f.,us (and the
respective f.;) reflect viscosity effects on the CLD.

In the simulations for iccTa = 2, both bimolecular termination-dominated (DP = 5000)
and transfer-dominated (DP = 139) peaks are obtained at identical DP for f.,,; between
10~% and 0.01 s~!. This indicates that the characteristic time of a particle devoid of CCTA
molecules (50 s < Agoo < 5x103 s) is greater than the characteristic time of a radical
inside similar particles (Arqq,0 = 1 ), allowing many instances of bimolecular termination
prior to the entry of a CCTA. In the same system, f.ou: between 0.1 and 1 s~! represents

a transitional region where the characteristic time of a particle devoid of CCTA (0.5 s <
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Aco,0 < 5 s) is of the same order of magnitude of the characteristic radical lifetime inside
such particles (Arqq0 = 1 s). Consequently some polymer is created through bimolecular
termination, but also a significant portion of the population in the bimolecular termination-
dominated peak is formed by polymer chains which begin propagating in a polymer particle
devoid of CCTA and are terminated upon the entry of a CCTA molecule. This explains
why the transfer-dominated peak is present at the same DP as for systems with higher
diffusional resistances, but the bimolecular termination-dominated distribution is shifted to
a lower DP. This transitional zone behavior is also present in the nccta = 0.5, where the
characteristic times for particle devoid of CCTA are 2 and 0.2 s for feous = 0.1 and 1 s7!
respectively.

A monomodal peak is observed for f.ou; > 10 s~! for the system with nocta = 2 and with
feout > 103 s71 for the system with nccra = 0.5 (Figure 4.6a, 4.6¢). At these conditions, the
resistance toward CCTA diffusion is negligible and each particle experiences polymerization
in the presence of at least 1 CCTA molecule during the lifetime of each radical inside the
particle. Consequently all dead polymer chains are produced through chain transfer, and
the expected DP,, can be calculated by the modified Mayo equation (Equation 4.15), as
was illustrated in the model validation section.!® Therefore, the simulated monomodal peak
with a high feou: and nocra = 2 corresponds to the same DP as the transfer-dominated
peaks with nccra = 2 in the simulations with significant diffusional resistances to CCTA

transport between particles.

4.4 Comparison of Simulations with Experimental Results

Many of the simulated CLDs in this work reflect the effects of CCTA compartmentalization.
It was shown that the frequencies of CCTA entry and exit are primarily responsible for
governing the compartmentalization of the CCTA and hence the multimodality of the CLD.
The presence of the bimodal CLD can be attributed to bimolecular termination and chain
transfer in polymer particles in the absence or presence of a CCTA. Furthermore, it was
illustrated that an increase of the overall CCTA concentration did not affect the DP of
transfer-dominated molecular weight peak when nccora > 1. These results are in agreement
with the experimental observations made before” in seeded emulsion polymerization under

comparable polymerization conditions.
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Experimentally, the bimolecular termination-dominated peak corresponds to a DP of
approximately 1050, which is much shorter than that described by the simulations. The
chain length of the population created by bimolecular termination is influenced greatly by
the choice of the frequency of radical entry in the particle (p). For the simulations, a much
lower frequency of radical entry was chosen (1 and 0.1 s~!) to allow a clearer separation
between the bimolecular termination and the transfer-dominated peaks on the CLD. The
transfer-dominated polymer population obtained by simulation is similar to that reported
in the experimental studies.

To further confirm that the peaks on the simulated CLDs with different nccra can be
directly related to presence or absence of a CCTA, the expected DP of the produced polymer
in polymer particles containing nccra = 1, 2, etc. CCTA molecules can be calculated from a
modified form of the Mayo equation (Equation 4.15) where nccra is substituted for ncora .
The calculated instantaneous DP,, for the different amounts of CCTA (nccra = 0, 1 and
2) at an instantaneous conversion of 30% and the peak DP from the w(DP) and n(DP)
(number-average) distributions of a systems of ncora = 0.25 and 0.5 with fep = 1074 571
and p = 0.1 s~! are compared in Table 4.3. It is clear that the peak DPs are dependent
upon the number of CCTA in each particle rather than the average number of CCTA in
the system.

Although the experimental results suggest that distinct peaks may be visible for transfer-
dominated products with nccra of 1, 2 or more, distinct peaks were not observed in the
simulations. However, simulations with a higher average nccra demonstrate much broader
transfer-dominated peaks that center on lower DPs. We have to conclude that our current
model is able to account for transfer products with widely varying peak molecular weights,
but is unable to individually resolve individual distributions from one another.

As discussed in the model validation section, a miniemulsion system, where monomer
droplets are transformed in situ into polymer particles over the course of the reaction, is an
excellent system to evaluate the absence of significant mass transfer effects. Early in the
reaction, when the instantaneous conversion, and thus the internal viscosity are quite low,
CCTA is assumed to partition freely between the water and monomer phases. Experimen-
tally, CCT-mediated miniemulsions at these conditions yield monomodal MWDs and the

molecular weight of the formed product can be predicted by the modified Mayo equation
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Table 4.3: Instantaneous DP, Calculated with the Modified Mayo Equation (Equation
4.15) and Instantaneous Peak DP from Simulations at 30% Conversion in Particles of 65

nm Containing Different ncora, Assuming kj2r - = 1.5x10% L-mol~ts™1 p = 0.1 871, feout
=10"* s and ficcTa = 0.25 and 0.5.
NCCTA | MCCTA DPn peak DP peak DP
(Mayo equation) | n(M) plot w (M) plot
0.25 0 29,088 30,500 30,500
1 235 238 250
0.25 (icora) | 917 ] -
0.5 29,088 30,400 30,400
235 231 232
0.5 (nccoTa) 466 - -

(Equation 4.15). Our model predicts that monomodal CLDs with DP corresponding to the
predicted values by the modified Mayo Equation can be obtained (Figure 4.2). Not only do
the DP values match the Mayo Equation, but the PDIs are close to 2, which is predicted
theoretically from the Schulz-Flory most probable distribution (Table 4.2).

Although this model may not be able to pick up every intricacy of CCT-mediated emul-
sion polymerization over a range of conversions and reaction conditions, it does suggest,
along with experimental evidence, that the mass transfer limitations on the entry and exit
of CCTA, which may be controlled by the instantaneous conversion and, as a consequence,
the internal viscosity of the particles, can greatly affect the CLD. Multimodal CLDs are
obtained when the contributions of discrete numbers of CCTA (nccra = 1, 2, etc.) in
each particle, along with slow transfer of these CCTAs between the particles, are accounted
for. The contribution of each of these peaks can be attributed to a discrete distribution of
CCTA molecules over the polymer particles. However, even when CCTA compartmental-
ization is accounted for, but the transfer of CCTAs between the particles is sufficiently fast,
monomodal CLDs are obtained, with a DP,, that can be predicted by the Mayo equation
(Equation 4.15).

4.5 Conclusions

We have presented the first simulations which demonstrate the effect of segregation of both
the propagating radical and a mediating species on the chain length distribution in emulsion

polymerization, specifically for catalytic chain transfer. The multimodal MWD observed
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experimentally in seeded emulsion polymerization can be represented by our simulations
and confirm that the diffusional resistance against CCTA transfer between particles limits
the ability of the CCTA to effectively mediate numerous polymer particles, which results
in multimodal CLDs. In instances of fast CCTA diffusion, the expected degree of polymer-
ization can be predicted by the Mayo equation using the average concentration of CCTA
per particle in the system, which is confirmed by the model. However, when the diffusional
resistances are significant, the individual contributions to the CLD can be attributed to the
compartmentalization of CCTA in the particles, whereby the peaks at different DPs are due
to polymerization in the presence of zero or more CCTA molecules inside each particle over
the course of the polymerization. The main parameter governing the compartmentalization
effects is the entry and exit of the CCTA, which is related to the viscosity of the polymer

particles.
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Chapter 5

Nucleation and Colloidal Characteristics of
High Solids Nitroxide Mediated Emulsion

Polymerization of n-Butyl Acrylate with
Di-BlocBuilder
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Preface

In the summer of 2008, a collaboration began with Arkema to investigate nitroxde mediated
polymerization in emulsion with the alkoxyamine initiator BlocBuilder MA®. Early on, it
became clear that a focus on the nucleation characteristics of these emulsion systems was
an extremely interesting area of study, particularly in that initiator concentration appeared
to greatly affect particle size in a manner opposite of regular emulsion systems. There
is a dramatic increase in particle size with an increase in the concentration of initiator
(or decrease in the target molecular weight). While this can sometimes be overlooked in
these systems, it makes it impossible to create colloidally stable latexes of low molecular
weight when targeting the high solids contents by emulsion polymerization. This is of the
utmost importance however, if these polymers are to be produced at an industrial scale in
an economically viable manner. In this work we explore the factors that affect the particle
size and colloidal stability at high solids contents of latexes made with n-butyl acrylate and
a Di-BlocBuilder initiator - the formulation which is involved in the first stage of creating
tri-block copolymers with MMA (marketed commercially by Arkema, Inc. under the name

nanostrength®), or other high glass transition polymer, to create thermoplastic elastomers.
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Abstract

There is a strong correlation between the increases in initiator concentration with an increase
in particle size for SG1 mediated, two stage emulsion polymerization. In a system of n-
butyl acrylate and a di-functional alkoxyamine, based upon the commercially available
BlocBuilder MA®, we studied the impact of various factors on the particle size in the
15 stage (nucleation) of the polymerization; these include the ionic strength, pH, buffer
(type and concentration) and the concentration of surfactant. These results suggest that
superswelling of the particles during nucleation has a great deal of influence on the behaviour
of the system. In applying these strategies, we demonstrate that colloidally stable latexes

can be created at 45 wt% solids with final molecular weight targets of >70 kg-mol~!.
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5.1 Introduction

Controlled/living polymerization has emerged as a versatile and elegant method of creating
polymers with tailored molecular architectures, including block copolymers and polymers
with narrow molecular weight distributions, under mild reaction conditions. Early attempts
to perform nitroxide mediated ab-initio emulsion polymerization resulted in severe coagu-
lation formation because of droplet polymerization,> ? but a two stage emulsion polymer-
ization procedure® introduced by Charleux’s group, using the commercially available water
soluble alkoxyamine initiator BlocBuilder MA® (BB) from Arkema (Figure 5.1a), based on
the nitroxide SG1, has eliminated this problem. In this system, a small amount of monomer
is added to the aqueous phase along with surfactant and the alkoxyamine initiator in its ion-
ized form to create particles in the absence of monomer droplets. Following the formation
of a 1% stage latex, the remainder of the monomer can be added in a batch or semi-batch
manner.

Nitroxide mediated emulsion polymerization has also been demonstrated using a di-
functional alkoxyamine, Di-BlocBuilder (DiBB),* 3 5 ¢ where two COOH groups and two
SG1 groups are present on the initiator (Figure 5.1b). Using DiBB, tri-block copolymers
can be created with ease. Tri-block copolymers can be very useful in applications including

blend compatibilizers and in the formation of thermoplastic elastomers.

coo"
Na+

Figure 5.1: a) BlocBuilder MA® is a monofunctional alkoxyamine initiator. b) Di-
BlocBuilder (DiBB) is a di-functional alkoxyamine initiator. Both of these are water soluble
in their ionized forms (shown here).
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Nitroxide mediated emulsion polymerization has been successfully demonstrated under
laboratory conditions with low-to-moderate solids contents (<25 wt%), but broad particle
size distributions and other unanticipated colloidal behaviours have been observed.% % 3.4 7. 8
In conventional emulsion polymerization, when the concentration of water soluble initiator
is increased, all other factors remaining constant, the particle size tends to decrease because
more micelles are nucleated and the charged initiator end groups provide additional stabi-
lizing power.? However, in NMP emulsion, the opposite trend is observed, where an increase
in the concentration of BB or DiBB leads to an increase in the particle size, regardless of the
increase in the concentration of initiator to nucleate micelles or charged groups to stabilize
the particles.!% 1! It has been noted that the particle size distribution (PSD) is narrower and
smaller for DiBB (compared to BB) initiated emulsions under similar conditions.® Similar
trends of increasing particle size with increasing initiator concentration are also observed
in other controlled radical polymerization chemistries performed in emulsion, specifically
reversible addition-fragmentation chain transfer (RAFT)® and reverse iodine transfer poly-
merization (RITP).12 A surfactant-free RAFT emulsion polymerization found no correla-
tion between particle size and RAFT agent /initiator addition, but did report that the final
particle size was largest when the highest concentration of RAFT agent was used.'® Such
phenomenon has been referred to in the NMP literature as a possible side effect of the
“superswelling” theory” and has been described mathematically for nucleation in a RAFT
system.'* The superswelling theory was first discussed from a thermodynamic point of view
by Luo et al.’® in terms of NMP miniemulsion polymerization. The large concentration
of oligomers (the predominant initial product in living systems) present in the particles
early in the polymerization lowers the chemical potential of the nucleated particles with
respect to droplets or monomer-swollen micelles. This promotes the swelling of the newly
nucleated particles, and can lead to very broad particle size distributions, or in the worst
case, colloidal instability. Other theories have included differences in ionic strength effects
and shell thickness when acrylic acid is also present in the 15¢ stage.!?

To overcome this difficulty, many groups have begun pre-fabricating amphiphilic macroini-
tiators which act both as the stabilizing moiety and the initiator to perform emulsion poly-
merization in the absence of additional surfactant. Although increasing the concentration

16, 17, 18, 13

of initiator decreases the particle size in these polymerizations, all other condi-
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tions being equal, it still does not eliminate the difficulty of having a strong correlation
between the target molecular weight and the particle size. Changing the amphiphilic block
sizes on macro RAFT agents has been shown to modify the particle size independently,
but requires individualized pre-synthesis for each experiment of a different solids content or
target molecular weight.

Although colloidally stable NMP latexes can be made with low-moderate solids contents
(20 wt% or less) and moderate molecular weights, high solids latexes (up to 50 wt%) whose
molecular weights can be controlled independent of particle size are necessary to produce
these latexes at an industrial scale. The colloidal instability of high solids latexes is thought
to be caused by one or a combination of factors, including insufficient monomer present
in the 15¢ stage, such that water soluble oligomers are still present when the second feed
of monomer is started, leading to droplet polymerization and similar difficulties to those
experienced in early emulsion studies.™ 2 19 Another contributing factor is the size of the
particles created during the 1% stage, where an increase in the concentration of initiator
leads to the creation of larger particles. Upon the addition of the remaining monomer, these
particles are expected to grow by 5300 vol% (with a target polymer content of 45 wt%).
Larger particles created with higher initiator concentrations in the 15 stage are more likely
to suffer from colloidal instability that latexes with smaller 15 stage particles.

In this work we attempt to isolate the influences of various factors on the particle size
distributions obtained during the 15¢ stage of the polymerization; these include the ionic
strength, pH, buffer (type and concentration) and the concentration of surfactant. These
results suggest that superswelling of the particles during nucleation has a great deal of
influence on the behaviour of the system. Although it is not possible to decouple the effect
of initiator concentration and particle size completely, we offer many alternatives, without
the required pre-fabrication of an amphiphilic alkoxyamine initiator, which can yield a
colloidally stable, high solids latexes with moderate molecular weights of >70 kg-mol~! at
45 wt% solids. We will highlight both the achievements and the difficulties associated with

performing NMP emulsion polymerization of BA under high solids conditions.
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5.2 Experiment Section

Materials The compounds n-butyl acrylate (BA, Aldrich, 99%), styrene (St, Aldrich,
>99%), 2-((tert-butyl(1-(diethoxyphosphoryl)-2,2-dimethylpropyl)amino)oxy)-2-methylpropanoic
acid (BlocBuilder MA® or BB, supplied by Arkema, 99%), N-tert-butyl-N-(1-diethylphosphono-
2,2-dimethylpropyl) nitroxide (SG1, supplied by Arkema, 89%), methyl acrylate (MA,
Aldich, 99%), Dowfax™8390 (Dow Chemicals, 35 wt% solution in water), sodium hy-
droxide (NaOH, 97+%), sodium bicarbonate (NaHCO3, Aldrich 99.7-100.3%) and sodium
carbonate (NayCOg, Aldrich, >99%) were used as received. Di-BlocBuilder (DiBB) was
synthesized as described elsewhere* from BlocBuilder MA® and 1,4 butanediol diacrylate

(Sartomer).

15t Stage Latex Preparation Di-BlocBuilder (2.38 g, 2.48 mmol), NayCO3 (0.47 g, 4.43
mmol) and DIW (4 g) were mixed overnight to form the ionized di-alkoxyamine initiator in
solution. The 1* stage latex was prepared with Dowfax™8390 solution (10 g, 5.5 mmol),
butyl acrylate (4.39 g, 34.30 mmol), DIW (278 g) and the ionized DiBB solution in a 1L
Mettler Toledo glass reactor. Following a 30 minute Ny purge, the reactor was heated
slowly to 120°C over 55 minutes and maintained at a pressure of 45 psi. The reactor was
agitated by an anchor impeller at a rotation speed of 200 RPM. Samples were withdrawn

periodically.

High Solids Latex The preparation and synthesis of the 15 stage remained identical
to that describe above. The 15 stage latex remained at the reaction temperature, 120°C,
for 30 minutes prior to the monomer feed. The BA monomer (237 g) was purged with Ng
for 30 minutes prior to being pumped into the reactor over 3 hours. The polymerization

continued for a further 4 hours with samples withdrawn periodically.

Characterization Monomer conversion was determined gravimetrically. Gel Permeation
Chromatography (GPC) was used to measure the molecular weight and polydispersity of
the polymer samples. The MWD was characterized by a Viscotek GPC (containing two
PolyAnalytik SupeRes Series PAS-105M mixed bed columns) with a differential refractive
index detector calibrated with PS standards ranging from 6,900 - 860,000 g-mol~!'. THF

was used as the eluent with a flow rate of 1.0 mL-min. The system was calibrated with PS
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standards ranging from 6,900-860,000 g-mol~!. A universal calibration was used to correct
the molecular weights from PS to PBA. The Mark Houwink parameters for PS are k =
1.14-.1073 L-g~!, a = 0.716, and for PBA are k = 6.47-10~* L-g~!, a = 0.765.2° Particle size
measurements were done by dynamic light scattering on a Zetasizer Nano ZS from Malvern
Instruments at 25°C and an angle of 173°. Samples were diluted lightly with DIW prior to
measurement. The pH of the latex samples was measured at room temperature with a pH

probe calibrated with aqueous standards (pH 4, 7 and 10).

5.3 Results and Discussion

Two stage emulsion NMP has generally yielded colloidally stable latexes at solids contents
below 25 wt%.3 4 65 78 However, in this work we are seeking to created high solids la-
texes about 45 wt% solids. It should be noted that the deleterious consequences of increased
initiator concentration during the 15¢ stage can be alleviated by dilution of the 1% stage
(therefore lowering the initiation concentration, however this leads to a higher target molec-
ular weight at the same final polymer content) and/or lowering the amount of monomer
added during the 2" stage (therefore targeting a solids content lower than 45 wt%). Two
hypotheses for the colloidal instability of low molecular weight, high solids NMP latexes
have been proposed and both relate directly to the 15 stage of the polymerization. The
first hypothesis is that there is insufficient monomer present during the 1°° stage (in an
attempt to minimize the presence of monomer droplets) to allow all of the water soluble
alkoxyamines to propagate to a sufficient length for nucleation and entry into a particle or
micelle. The continued presence of water soluble oligomers once the remaining monomer
is added can lead to droplet nucleation and polymerization, which has been the cause of
colloidal instability in NMP emulsions in the past."" 2 A second hypothesis is that the high
initiator concentrations in the 1% stage create very large 15% stage latex particles (on the
order of 300 nm+ at 1.5 wt% solids) and the volume increase of 5300% (when 45 wt%
polymer content is targeted), upon the addition of the rest of the monomer in the 2nd stage,
is too large to maintain colloidally stable particles. In this study we concentrate on the
second hypothesis, with the majority of the work on particle size effects in the 15 stage
conducted under conditions where there is sufficient monomer present in the 15 stage to

ensure complete nucleation of all the water soluble initiators (please see Section 5.3.2 for
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these calculations). After a discussion of the factors influencing nucleation, we investigate
the creation of high solids latexes (45 wt%) with colloidally stable particles at a range of

target molecular weights.

5.3.1 15 Stage Conditions

The 15 stage was studied by maintaining the 15! stage latex at the polymerization tem-
perature for 3.5 hours or more and tracking how the particle size, onset of nucleation and
pH changed with systematic changes in the initial formulation of the 15 stage latex. The
findings highlighted in this work are listed in Table 5.1. The chosen initiator concentra-
tion would target a 95 kg-mol~! latex at 45 wt% solids. However, the 15 stage itself is
conducted with all of the surfactant, initiator and buffer initially present but only 1.6%
of the final monomer content (or 1.5 wt% solids). We consider the onset of nucleation as
the point where there is visible formation of particles in the reactor and a clear particle
size distribution obtained on the Malvern Nanosizer; nucleation time was measured as a
time difference between the onset of nucleation and when the reactor reached the reaction
temperature of 120°C. Depending on the pH and other conditions, this time was sometimes
negative, indicating the onset of nucleation occurred prior to the reaction reaching 120°C.
The pH decreased over time in each of the 15 stage latex experiments, and this decrease was
always coupled with an increase in the particle size. Because the DiBB initiator possesses
two COO™ groups in its ionized form, it is believed that the drop in pH with an increase
in particle size can be used as a qualitative measure of the burying of DiBB initiator head

groups inside the particles.

Tonic Strength

The 15 stage latex particle size increased significantly with increasing ionic strength with
the addition of excess NaCl (exps. Al, A3 and A4, Figure 5.2a). Increases in ionic strength
are known to decrease the thickness of the electrical double layer of the particles, leading
to poorer stabilization. However, the changes in the ionic strength did not influence the
pH of the system or the nucleation time. In all experiments, the pH dropped over time
as the particle size increased (Figures 5.2b, 5.2¢), and may be evidence of the burying of

DiBB end groups inside the particles. Nucleation consistently occured around pH 7.3-8,
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Table 5.1: 15 Stage Latex Nucleation Experiments for DiBB Emulsion Polymerization.

Exp.| M DiBB:NaOH: Monomer| pH nuc. particle particle ionic
(kg'mol™1) | NaHCOj3: Content | (start) | time | size size strength?
Na;CO3:NaCl° (wt%) (min) | 30 min. 210 min. (mmol-L™1)
from from
nucleation® | nucleation®
Al 95 1:1:0.75:0:0 1.55 9.60 2 193.1 265.8 72.2
A2 95 1:1:0:0:0 1.51 8.38 -5 391.8 589.8 54.8
A3 95 1:1:0.75:0:1 1.46 9.30 223.4 366.1 85.2
A4 95 1:1:0.75:0:3 1.45 8.74 324.2 597.0 118.8
A5 95 1:1:0.76:0:3 1.38 8.34 254.8 444.8 115.3
A6 95 1:4:0.76:0:0 1.49 12.59 7 221.5 382.5 125.4
A7 95 1:1:1.75:0:0 1.46 8.59 13 240.9 330.0 85.5
A8 95 1:1:0:0.75:0 1.47 10.59 2 204.6 300.6 68.7
A9 95 1:1:0:1.75:0 1.45 11.05 18 223.4 304.2 84.4
A10 | 95 1:0:0:1.75:0 1.49 8.94 1 95.16 152.8 69.2
All 95 1:0:0:1:0 1.47 8.86 -4 274.3 465.3 55.4
Al12 95 1:0:0:1.75:1 1.48 9.29 3 221.0 378.2 86.1
B1 190 0.5:1:0.75:0:0 1.46 9.96 0 51.07 72.59 67.4
B2 190 0.5:0.5:0.0.38:0:0.88 | 1.47 - 1 45.88 68.06 68.3
B3 190 0.5:1:0.38:0:0.0.38 1.46 10.22 8 45.86 71.22 68.7
C1 63 1.5:0:0:2.63 9.43 1.49 266.3 448.3 84.8
The standard recipe, which is modified systematically, is based on a target molecular
weight of 95 kg-mol~! at 45% solids, but further monomer is not fed to the 15 stage
latexes.
All experiments listed here contain the same concentration of Dowfax™8390 and BA; all

the components were added in a batch-wise manner prior to heating.

@ Theoretical M,, at 45 wt% solids.

b Ratios are based on the charge equivalents. DiBB and NayCO3 both have 2 charges per
molecule.

¢ Particle size listed is the volume average particle size from the Malvern Nanosizer.

? Tonic strength also includes the contribution from the anionic surfactant Dowfax™8390.
Tonic strength = 2[DiBB]+[NaOH]+[NaHCO3]+2[NayCO3]+[NaCl]+2[Dowfax TM8390]

and, after several hours, the pH was often as low as 6—6.5. The influence of ionic strength is
important, because when the target molecular weight is decreased, the ionic strength in the

system increases through the addition of more DiBB and base required for its ionization.

pH

Increasing the amount of NaOH at a constant ionic strength, maintained through the ad-
dition of NaCl, resulted in higher initial pHs. These pH changes had a great influence on
the nucleation time, with a higher initial pH resulting in the longest inhibition time prior
to nucleation. For example A6 (4 molar equivalents of NaOH to DiBB) began at a pH of

12.59 and experienced a 77 minute inhibition period prior to nucleation, while A5 (1 molar
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Figure 5.2: Experiments (A1 (M, 0 equivalents of NaCl to the DiBB end groups), A3 (A, 1
equivalent of NaCl) and A4 (e, 3 equivalents of NaCl)) with varying ionic strength by the
addition of NaCl are illustrated by a) the change in particle size with reaction time, b) the
change in pH with reaction time and c) the change in particle size with system pH.

equivalent of NaOH to DiBB with additional NaCl) began at a pH of 8.34 and nucleated
within 3 minutes of reaching 120°C. However, the most surprising result is that both of
these systems nucleated at a pH ~7.3. Following nucleation, the pH change with time and
the particle size evolution were fairly similar for the two experiments, although A6 did finish
with a lower overall particle size. These results are shown in Figure 5.3a.

This presents interesting insight that nucleation occurs at a pH 7.3-8 over a wide range
of conditions; a phenomenon observed in all of the 15 stage latex experiments. The pKa of
DiBB is approximately 6.66 (please see Appendix C?!'4) therefore, it is possible that pH
~7.3-8 is the point at which the water soluble oligomers become surface active. It should
be noted that the pKa of the oligomers may vary slightly from the pKa of Di-BlocBuilder,

but can be considered an appropriate order of magnitude estimate. Perhaps in the aqueous
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Figure 5.3: Experiments A5 (M, 1 equivalent of NaOH to DiBB) and A6 (A, 4 equivalents
of NaOH) where the concentration of NaOH used to ionize the DiBB was modified, while
maintaining an overall consistent ionic strength by the addition of NaCl, are illustrated
by (a) the change in pH (hollow markers) and particle size (solid markers) and (b) the
conversion with reaction time following nucleation. Reaction time from nucleation refers
to the time elapse prior or following the onset of nucleation, as indicated by the visible
formation of particles in the reactor and a clear particle size distribution obtained on the
Malvern Nanosizer. All of the data was collected after the reactor reached 120°C.

phase the number of BA units a DiBB can add prior to it becoming surface active is highly
dependent upon the pH (i.e. the z-meric length increases with increasing pH) and nucleation
occurs once a portion (or all) of the oligomers switch from being charged to uncharged with
a change in pH. This finding is important both on a fundamental basis with respect to
the mechanisms involved in nucleation, but also an important practical result, as reaction
conditions can be tailored to “hit” this target pH.

Also interesting are the conversion—time profiles of these two experiments (Figure 5.3b).
A5 (1 molar equivalent of NaOH to BB) increases in conversion gradually from the onset
of nucleation until about 60% conversion (when the experiment was terminated). In A6(4
molar equivalent of NaOH to BB), on the other hand, the conversion is clearly increasing
prior to nucleation, and the onset of nucleation occurs close to 35% conversion. Following
the onset of nucleation, only a small amount of further polymerization is observed and
the system never increases in conversion to match that of A5. These results show there
is significantly more polymerization occurring in the aqueous phase (yielding water soluble
oligomers) at a higher pH. It again suggests that the pH is very important in determining
surface activity of the water soluble oligomers, and the z-meric length may increase with

increasing pH.
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In conventional emulsion polymerization, higher radical fluxes usually lead to smaller
particle sizes (the result of nucleating more micelles and an increase in stabilization by the
initiator end groups), but in the absence of changes in the total number of surface charges,
higher temperatures (and faster initiator decomposition and the nucleation of more micelles)
also tends to lead to smaller particle sizes — which is again opposite to the above hypothesis,
because Di-BlocBuilder decomposes very rapidly at 120°C. A possible mechanism leading to
large particles with high concentrations of water soluble initiator might be that all (or most)
of the oligomers remain water soluble until the pH of the system reaches a critical point,
below which all of the oligomers compete for entry into the micelles at the same time.
When more chains are entering together, this could lead to higher rates of coagulation
of the primary particles, resulting in greater 15* stage latex particle sizes. Also, large

concentrations of short oligomers yield less stable particles by superswelling.!*

Buffer Effects

In experiments using 1 molar equivalent of NaOH to ionize the DiBB end groups, the
quantity and type of buffer added to the system was varied. These results are shown in
Figure 5.3. Exps. Al and A8 both used 0.75 mol equivalent of buffer (NaHCO3 and Nay;COj3
respectively). With these variations, no significant change was found in the nucleation time
(2 min) and the particle size evolution (Figure 3a). When the buffer was increased to 1.75
molar equivalents (exp. A7 and A9 for NaHCO3 and NasCOg respectively) the induction
time prior to the onset of nucleation was extended to 13—18 min; therefore, excess buffering
lengthens the time to reach the critical pH for the onset of nucleation. However, following
nucleation, the particle size evolution was similar to the previous experiments, although
particle size was slightly larger (the result of increased ionic strength). Finally, A2 contained
no buffer, and its particle size is significantly larger than the other experiments, regardless of
its lower ionic strength. Again, the onset of nucleation occurred around pH 7.5, but occurred
5 minutes before the reaction reached 120°C. Over the course of the polymerization, the
pH dropped considerably, and the particle size increased significantly.

While buffering is clearly important, increasing the amount of buffer above 0.75 mol
equivalents to the DiBB end groups, or changing the buffer from NaHCOj3 to NaoCOs3, does

not greatly change the particle size or the pH drop over the course of the reaction. Buffering

100



5. HIGH SOLIDS NMP EMULSION WITH DI-BLOCBUILDER

the system at a moderate pH is important in order to prevent nucleation from beginning
too quickly, but beginning with a very high pH can produce long induction periods (exp.
A6). In addition, buffering appears to slow the rate of coagulation of the particles over
time by keeping the acid end groups in their ionized form. If the pH drops too significantly,
the DiBB acid end groups are less able to aid in stabilizing the particles and the acid end
groups may become buried. This has been noticed in other experiments where a drop in

pH is accompanied by an increase in the particle size (Figures 5.4a, 5.4b).
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Figure 5.4: Experiments A1 (M, 0.75 equivalents of NaHCOj3 to the DiBB end groups), A2
(A, no buffer), A7 (e, 1.75 equivalents of NaHCO3), A8 (¢, 0.75 equivalents of Na2,COs3),
and A9 («, 1.75 equivalents of NayCOg) illustrating the effect of buffer concentration are
shown through a) the change in particle size with reaction time, and b) the change in system
pH in the reaction time following nucleation.

Type of Base Used to to Ionize the DiBB

The most notable conclusion of the 15 stage latex study was that using NasCOs, rather
than NaOH, to ionize the DiBB acid groups had a marked effect on the particle size. The
15t stage latex particles were significantly smaller using NapCO3 (63 nm vs. 193 nm volume
diameter after 30 minutes at 120°C for A10 and A1 respectively). It is interesting to note
that All, using a 1 molar equivalent of NapCO3 to DiBB (just enough to ionize the DiBB
acid groups, but not provide any buffering capacity), behaves in a very similar way to

exp. A2 (with NaOH to ionize the DiBB acid groups and no buffer). In both of these
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experiments (A1l and A2), the 15° stage latex particle size is significantly larger than all
other experiments with buffer, the pH of the system drops more significantly over the course
of the polymerization and the onset of nucleation is approximately 5 minutes prior to the
reactor reaching 120°C. This indicates that buffer is required in the system to maintain an
alkaline pH during the nucleation period and maintain the ionized end groups to minimize
coagulation. But it is the use of NayCOj, rather than NaOH, to ionize the DiBB acid groups
that gave the most marked effect on the particle size. NaOH is a strong base, while NagCOs3
is weak, so it is possible that, while they are added in the same molar concentration, the
“apparent” ionic strength in the NayCOj3 system is lower, leading to more stabilization and

smaller 15 stage particles. These results are shown in Figure 5.5.
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Figure 5.5: Experiments highlighting the use of NaOH and NasCOj3 to ionize the DiBB are
shown in a) the change in the system pH with reaction time following nucleation, and b)
the change in particle size with reaction time following nucleation. Experiments Al (M,
NaOH with buffer), A2 (A, NaOH with no buffer), A10 (e, NapCO3 with buffer), and A1l
(¢, NapCO3 with no buffer).

5.3.2 Changing Initiator Concentration to Target Different Molecular
Weights

The effect of initiator concentration on the 15 stage latex particle size evolution was inves-
tigated by using NasCOg to both ionize the DiBB and act as a buffer in the system. Based
on the high solids formulation listed in the experimental section, A12 is the 15 stage of a

latex with a final target M,, of 95 kg-mol™! at 45 wt% solids and C1 is the 15¢ stage of a
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latex with a final target M,, of 63 kg-mol~! at 45 wt% solids. Additional NaCl was added
to A12 to ensure both C1 and A12 had the same ionic strength. In Figure 5.6, A10 is also
included, which is the 15 stage of a latex with a final target M,, target of 95 kg-mol~! at
45 wt% but the ionic strength is not matched to C1 with additional NaCl. Therefore, the
difference in ionic strength alone is not able to account for the difference in size of the 15¢

stage latex particles with different concentrations of initiator.
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Figure 5.6: Experiments targeting different M,,, ionizing the DiBB with NaoCOg3 and main-
taining the same ionic strength by NaCl are illustrated by a) the evolution of system pH
with reaction time, b) evolution of the particle size with system pH, and c) the particle size
growth over the course of the reaction. Experiments A10 (M, high M,, target, no added
NaCl), C1 (A, low M, target), A12 (e, low M, target, NaCl added to match the ionic
strength of C1).

The 1% stage latexes B1, B2, B3 have a M,, target of 190 kg-mol™! at 45% solids, and
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NaOH was used to ionized the DiBB but contained different reagent combinations to isolate
the effects of pH, ionic strength, etc. (excess NaOH and NaHCOj3, excess NaCl and excess
NaOH and NaCl respectively for exps. Bl, B2 and B3) to match the ionic strength to
experiments with a 95 kg-mol~! M,, target at 45% solids (A1, ionized with NaOH, and
A10, ionized with NapCO3). As shown in Figure 5.6, the 15 stage latex particle size was
significantly smaller when a higher M,, was targeted even when experiments were conducted
at the same ionic strength. What reagent was used in excess to modify the ionic strength

had little effect on the particle size, but did alter the pH in the system.
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Figure 5.7: Experiments targeting different M,,, ionizing the DiBB with NaOH are illus-
trated by a) the evolution of the pH with reaction time, and b) the change in particle size
over the course of the reaction. Experiments Al (M, low M,, target, NaOH), A10 (A, low
M,, target, NaaCOg), B1 (e, high M,, target, excess NaOH and NaHCO3) B2 (#, high M,
target, excess NaCl) and B3 («, high M,, target, excess NaOH and NaCl).

Although in these experiments the concentration of initiator in the system was modified,
the total monomer in the system was kept constant; therefore, the number of monomer units
available to add to each alkoxyamine group varied. The 95 kg-mol~! target (final) 15 stage
recipe included 6.9 monomer units per chain end (13.8 per DiBB), while the 190 kg-mol~*
target (final) 15 stage had 27.6 monomer units per DiBB and the 63 kg-mol~! target (final)
15t stage had only 9.1 units per DiBB.

The number of units each chain end could add (this is different from the monomer
added in the formulation per chain end group) in the aqueous phase prior to being capped

by an SG1 molecule, assuming that these chains do not enter into micelles and no SG1
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partitions into the monomer phase, can be simply calculated in two steps. Assuming that,
in the aqueous phase, chain activation and deactivation are the only major sources of
chain generation and chain loss (and termination is minimal), the rate of change of radical

concentration can be estimated as

d[fie]

= Facr2[DiBB] — Kgeaco[Re] [SG1] (5.1)

Applying the quasi steady state assumption (d[Re]/dt = 0) and assuming that each end
group of the DiBB decomposes independently, such that radicals, [Re], and free SG1, [SG1],

are created in pairs, the concentration of radicals and SG1 is

k(zct

[SG1] = [Re] = 2[DiB B (5.2)

deact

The number of units a propagating chain will add prior to deactivation with a free SGI is

kp[M]

#unlts - kdeact [SGl]

(5.3)

Assuming that each end group of the DiBB decomposes with the same k,. at 120°C as
BlocBuilder MA® (kget= 0.3 g1 22), the deactivation reaction occurs between a n-butyl
acrylate radical and a free SG1 (Kgeqet = 2.6-10” L-mol1.g~1 23 24) and the rate coefficient
of propagation kj, is 93,500 L-mol~!-s~! 2% and using the known concentration of monomer,
[M], and Di-BlocBuilder, [DiBB], added to the system, the number of monomer units which
each end group can add during the 1% stage (for a final latex formulation with 95 kg-mol~!
target M,, at 45% solids), is 30. Therefore, if the oligomers do not become surface active,
enter into a micelle or are deactivated by an SG1 at a length shorter than this, there will
not be enough monomer present to allow entry of all DiBB species into the micelles in the
15¢ stage. This estimated chain length would increase if there is significant partitioning of
the SG1 into the monomer phase. If there are still water soluble oligomers present when the
next addition of monomer occurs, colloidal instability is likely if these oligomers nucleate
droplets.

Therefore, it is paramount that sufficient monomer be present during the 15 stage of the
polymerization to allow full nucleation of the particles through the entry of all of the DiBB

molecules into the particles. As such, full mechanistic understanding of the nucleation is
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Table 5.2: 1% Stage Latexes Synthesized with Different Concentrations of Dowfax™™8390.

Exp. | Conc. of Nucleation Particle size | PDI Comments
surfactant time (nm)®
(mmol-L™1) (min)
D1 19.3 157 0.093 Stable latex
D2 9.6 3 337 0.105 Stable latex
D3 3.9 -3 425 (23%), Very Likely experienced
(at 115°C) 1517 (77%) broad droplet nucleation
D4 1.2 -8 1200 Very Droplet nucleation
(above cmc) (at 106°C) broad
D5 0.6 317 (3%), Extremely | Droplet nucleation
(below cmc) 1615 (97%) broad
D6 0 -20 - - Unable to form a
(at 90°C) stable latex

The standard recipe is based on a target molecular weight of 95 kg-mol~! at 45% solids,
but further monomer is not fed to the 15 stage latexes.

2Surfactant is DowfaxT™M8390.

bParticle size listed is the volume average particle size from the Malvern Nanosizer. The
sample is taken 30 minutes following nucleation.

not yet known, but it has been suggested that it is likely only one of the two alkoxyamine
groups on the DiBB will activate at a time.® As suggested in experiment A6, the z-meric
length, at which chains become surface active, can be greatly increased with increasing pH

in the system.

5.3.3 Surfactant Concentration

Experiments were conducted while varying the amount of Dowfax™™8390 in the system,
and using 1 molar equivalent of NaOH to ionize the DiBB (Table 5.2). The findings are
consistent with those found with a similar di-functional alkoxyamine (DIAMA) by Nicolas et
al.¥ 3 in that the particle size increases with diminishing surfactant concentration. However,
the results do illustrate that there is a minimum surfactant concentration required in the
15¢ stage to create a stable 15* stage latex. However, the increase in particle size is more
significant with small increases in the ionic strength than with drastic decreases in the
surfactant concentration.

The results in Table 5.2 suggests that when using the standard formulation but with
half of the surfactant (D2) there is still enough surfactant present to avoid the presence
of droplets in the system (as confirmed by the Malvern Nanosizer), but lower surfactant
concentrations do lead to larger particle sizes because of the decrease of stabilization in the

system. It is also very interesting that as the surfactant concentration decreases, nucleation
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Table 5.3: High Solids NMP Emulsion Polymerization of n-Butyl Acrylate with Di-
BlocBuilder at 45 wt% Polymer Content and Different Targeted Molecular Weights.

Exp. | DiBB concentration Target M, Polymer
in 15 stage latex (grmol 1) content
(mmol-L~1) (wt %)

E1l 16.82 52,900 47.1

E2 12.25 69,600 46.0

E3 8.58 86,500 42.6

E4 6.46 130,700 45.8

occurs more quickly. It appears that the onset of homogenous nucleation (in the absence of
micelles, exp. D6) occurs more quickly than micellar nucleation as particles were observed
20 minutes before the reactor reached 120°C, at 90°C. However, this system was unable to
form a stable latex, and separation was observed immediately after the samples were taken.

As the calculations presented earlier suggest (Section 5.3.2), in the absence of entry
into micelles, a chain propagating in the aqueous phase is able to add upwards of 30 units
prior to deactivation. This may be enough units to create unstable primary particles which

coagulate and undergo aggregative nucleation.

5.3.4 High Solids Content Experiments with Varying Molecular Weights

Using the strategies to minimize the particle size in the 15 stage (the presence of buffer, the
lowest ionic strength possible and the use of NagCOg rather than NaOH to ionize the DiBB),
we have explored the synthesis of 45 wt% solids latexes (Table 5.3). A monomer feed to the
15 stage latex was started 30 minutes after the reactor reached 120°C (this is approximately
25—-30 minutes after the onset of nucleation because all of these systems nucleated within 5
minutes of reaching 120°C). Only a small amount of coagulum on the impeller shaft and on
the reactor wall at the liquid-air interface was observed when the latex was removed at the
end of the polymerization. Colloidally stable latexes (which suffered no visible separation
within 24 hours of the polymerization) were created in formulations targeting >70 kg-mol~*
(Table 4). Experiment E1, targeting 57 kg-mol~! failed to yield a final stable latex (other
than the 15 stage latex); all other samples removed from the reactor separated instantly
for this experiment. The evolutions of the particle size distributions are shown in Figure
5.8. All of the polymerizations were controlled and produced latexes with cleanly evolving

molecular weight distributions over the course of the polymerization (Figure 5.9).
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Figure 5.8: Particle size distributions (volume average) for (a) E2 (target M,, of 70 kg-mol
samples shown at 30 min (1% stage), 90 min, 150 min, 220 min, 330 min, 450 min.), (b) E3
(target M, of 87 kg-mol~!, samples shown at 30 min (1 stage), 90 min, 150 min, 330 min,
450 min.)) and (c) E4 (target M, of 131 kg-mol~!, samples shown at 30 min (15 stage), 90
min, 220 min, 330 min, 450 min.)). Experiment E1 was unable to form a colloidally stable
latex.

Although steps have been taken to minimize the particle size of the 15' stage latex, there
is still a very clear trend of increasing particle size (in the 1% stage latex and following
the monomer addition) with increasing initiator concentration. This difference in particle
size is believed to be the result of superswelling during the nucleation stage. When the
concentration of short oligomers is greater, the diffusion of monomer to the newly nucleated
particles from other monomer swollen micelles or monomer droplets is enhanced. This

leads to the creation of larger particles, which later will capture even more of these water
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Figure 5.9: Molecular Weight Distributions for (a) E1 (target M, of 53 kg-mol~!), (b) E2
(target M,, of 70 kg-mol™1), (c) E3 (target M,, of 87 kg-mol~!), (d) E4 (target M,, of 131
kg-mol~!). MWDs are shown for are shown for the 15° stage latex (red), and in intervals
up to 7 hours past the start of the monomer feed.The MWDs are included for 30 min (15
stage), 90 min, 150 min, 220 min, 330 min and 450 min. The MWDs are normalized for
area.

soluble oligomers and perpetuate the cycle. This same observation has been explained
mathematically by Luo et al. for a RAFT ab-initio emulsion system.'4
Larger 15 stage latex particles clearly lead to a larger final particle size upon the increase

27d stage monomer feed. When the 15 stage latex

in monomer volume by 5300% after the
particles are too large the latexes can no longer remain colloidally stable (exp. E1) or have
final particle sizes greater than 1 um (exps. E2 and E3) following the monomer feed.

The control over the molecular weight distribution appears to follow the opposite trend

of particle size, with lower final PDIs and narrower MWDs resulting in latexes with higher

concentrations of initiator (Table 5.4). However, in each experiment there is a clear shifting
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of most of the MWD to higher molecular weights even towards high conversion (Figure
5.9). The broader MWD with lower initiator concentrations is not the result of enhanced
termination reactions, as there is no significant slowdown in the rate of polymerization, and
termination reactions will be minimized by both having an overall lower concentration of
chains in the system and a greater effect of radical segregation as there are fewer chains
per particle (because the particle size is also smaller in these latexes). Rather, it could
be the result of branching reactions, as BA is very susceptible to backbiting and transfer
to polymer reactions, especially at higher conversion.?® It should be mentioned that the
creation of highly branched networks is low, as no gel was observed in any of the latexes.
The particle sizes which all of these polymerizations are operating are well outside of the
range in which compartmentalization effects on the rate of deactivation are significant,?” 2.
As a result, backbiting and fragmentation reactions at the high reaction temperatures are
the most likely cause of this MWD broadening.

In the MWD of the 15 stage latex for each experiment (Figure 5.9), a small, higher
molecular weight shoulder can be observed, and this shoulder is more pronounced in experi-
ments with a lower concentration of initiator. This is the result of multiple activation cycles
occurring inside the 15* stage latex particles. When an oligomer enters into a monomer-
swollen micelle containing an SG1 molecule, deactivation will be instantaneous, otherwise
that oligomer will continue propagating inside the particle until an SG1 enters (See Chapter
7.1 However, these oligomers can undergo another activation even during the 15 stage and
will propagate if there is sufficient monomer present in the system, which will arrive to the
particles either though superswelling or regular monomer diffusion to the particles. These
activations can result from both the re-activation of the chain end which propagated previ-
ously, or more likely (due to the lower activation energy barrier) activation of the other side
of the di-functional alkoxyamine. Because the concentration of monomer with respect to
the number of chains is much greater in the systems with lower concentrations of initiator,
this high molecular weight shoulder is more prominent and tends to be of higher molecular
weight in these systems.

Butyl acrylate is a notoriously difficult monomer to polymerize and the process requires
high temperatures to successfully mediate the system with SG1. In spite of these difficul-

ties, we have demonstrated the successful synthesis of colloidally stable, high solids PBA

111



5. HIGH SOLIDS NMP EMULSION WITH DI-BLOCBUILDER

latexes of moderate to high molecular weight by NMP. These reactions are able to reach
full conversion in approximately 7 hours and are highly living, as demonstrated by the clear
shifting of the full MWD over the course of the reaction. These systems would be ideal to
create tri-block copolymers with only two monomer addition stages.

The challenges of these polymerizations lie in ability to make lower molecular weight,
high solids latexes. Strategies such as minimizing the monomer content during nucleation
(to suppress superswelling), while still providing enough monomer to nucleate particles,
may help in lower the possible M,, targets. Alternatively, although not always desirable,
lower solids contents can be targeted which do not cause massive increases in the overall
volume of the particles. Other strategies, such as beginning with a dead polymer 15 stage
latex (or seed) or adding the initiator slowly to the polymerization are also alternatives if
the product requirements are not strict towards the presence of dead homopolymer or a low

polydispersity of chain lengths.

5.4 Conclusions

In this work we studied how the characteristics of the 15 stage latex will influence the
colloidal stability of high solids latexes targeting a variety of molecular weights. Minimizing
the size of the 1% stage latex particles appears to be the best way to maintain colloidal
stability at high solids, however these 15 stage latex particles are very sensitive to changes
in ionic strength, buffering, the type of base used to ionize the Di-BlocBuilder and the
concentration of initiator. We have found that using NasCOj3 in excess, rather than that
NaOH, to ionize the DiBB results in smaller 15 stage latex particle sizes while also providing
sufficient buffering capability to maintain the DiBB surface charges. The drastic changes
in the 15 stage latex particle size with changes in initiator concentration are the result of
superswelling during nucleation, where large concentrations of short oligomers enhance the
diffusion of monomer to the particles. We have demonstrated that colloidally stable latexes
can be created at 45 wt% solids for n-BA mediated by Di-BlocBuilder with final molecular
weight targets of >70 kg-mol~!. There is a very clear trend of increasing particle size with
increasing initiator concentration, making the creation of low target M,, difficult. All of the
high solids polymerizations were controlled, but the breadth of the MWD increased with

increasing conversion, especially when targeting high M,,s.
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Chapter 6

High Solids Nitroxide Mediated
Microemulsion Polymerization of MMA
with a Small Amount of Styrene and the
Synthesis of
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6. NMP-MEDIATED MICROEMULSION POLYMERIZATION

Preface

An attempt at nitroxide mediated microemulsion polymerization had been undertaken sev-
eral years before by two undergraduate summer students in the Cunningham group, but
had no success in synthesizing particles in the microemulsion domain (<50 nm). However,
exploiting our earlier discovery of NMP emulsion systems producing smaller particles with
higher molecular weight targets, as discussed in Chapter 5, we were able to make stable
latexes with very small particle sizes (~20 nm). Not only does targeting very high molecular
weight allow small particles to be made, these are significantly more valuable as a prod-
uct. Very interestingly, it is the compartmentalization of the chains into a great number
of particles that allows such high molecular weights to be reached with very little termi-
nation. The low frequency of termination also allows high solids latexes (<40 wt.%) and

block copolymers to be created with ease.
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Abstract

We report the first nitroxide mediated microemulsion polymerization of methyl methacrylate-
co-styrene as well as the synthesis of (MMA-co-St)-block-(n-BMA-co-St) polymers using a
one-pot, two-stage differential monomer addition technique. These microemulsion poly-
merizations were conducted with commercially available materials and do not require a
preliminary synthesis step. The latexes are optically translucent with monomodal particle
size distributions, particle sizes ranging from 20-30 nm, polymer contents up to 40%, high
initiator efficiencies, and low surfactant to monomer ratios (0.28-0.13 wt/wt). The poly-
merizations exhibited fast reaction rates resulting in well-controlled reactions yielding high
molecular weight polymer (>100,000 g-mol~!). The styrene content and duration of the 1st
stage were particularly important for obtaining narrow molecular weight distributions, with
30 mol% styrene in the 1st stage (~8-10 mol% styrene overall in the polymer) resulting in
the best controlled polymerizations. The overall styrene content in the latexes can be as low
as 8 mol% while maintaining excellent control. These MMA-co-St microemulsion latexes
can readily be chain extended with n-BMA-co-St while preserving monomodal particle size

distributions
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6.1 Introduction

Controlled/living polymerization has emerged as an elegant and simple method of synthesiz-
ing polymers with tailored molecular architectures under mild reaction conditions. Nitroxide
mediated polymerization (NMP) was first reported using the nitroxide TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) to reversibly terminate growing polymer chains, thereby min-
imizing the occurrence of irreversible termination and allowing the chains to grow over the
course of the polymerization, giving narrow molecular weight distributions (MWDs), low
polydispersities (PDIs) and the ability to extend the polymer chains.’ 2 Unfortunately
TEMPO proved capable of mediating only styrenic monomers with ease, but the introduc-
tion of other nitroxides, such as SG1( N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
nitroxide, has enabled the mediation of styrenics and acrylates at milder reaction conditions.

Early attempts to perform nitroxide-mediated emulsion polymerization resulted in latex
coagulation,® ¢ but the introduction of a two-step emulsion polymerization procedure us-
ing the commercially available water soluble alkoxyamine BlocBuilder MA® from Arkema,
based on the nitroxide SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) ni-
troxide), has resolved this problem.% 67 A 15 stage latex was synthesized in the absence
of monomer droplets and the initial reactor charge contained a small amount of monomer,
surfactant and the alkoxyamine in its ionized form. The remainder of the monomer could
be then be added to the 1%t stage latex in either batch of semi-batch mode.

While NMP can effectively mediate the polymerization of styrenics and acrylates, suc-
cessful polymerization of methacrylate monomers is limited by a very high activation/deactivation
equilibrium constant (K¢,). This causes a large quantity of irreversible termination to oc-
cur early on in the polymerization, leading to an accumulation of nitroxide that suppresses
further polymerization. However, methyl methacrylate (MMA) can be polymerized in a
controlled manner, using SG1, through the addition of 4.4-8.8 mol% styrene (St) which
acts to lower the equilibrium constant.® Keq depends on both the terminal and penultimate
units of the polymer chain, and the majority of the dormant chains possess the structure
MMA-St-SG1 in these polymerizations.? Further modeling studies on the kinetics of these
polymerizations suggest that the addition of too much styrene monomer can impede the
polymerization through the formation of St-St-SG1 segments, which are extremely slow

to re-activate.!% 11 Another limitation of NMP with methacrylates is that in systems with
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large excess of SG1 (> 40 mol%), B-hydrogen transfer from the methacrylate-derived radical
to the nitroxide can also be a significant chain ending event.!? '3

A surfactant-free emulsion polymerization of MMA with a small amount of St has
been achieved by first synthesizing an amphiphilic poly(methacrylic acid-co styrene)-SG1
macroinitiator in a 1,4-dioxane solution.'* Following purification, the macroinitiator acts
as both a surfactant-like species and the alkoxyamine initiator for the polymerization.
This procedure resulted in well-controlled polymerization with high initiation efficiency,
but sometimes produced bimodal particle distributions, attributed to the formation of ag-
gregates. Particle size distributions were reported between 27-50 nm for the smaller do-
main and 150-300 nm for the larger domain. Molecular weights between 30,000 and 78,000
g-mol~! were produced at conversions between 70-85% within 3-7 hours, depending upon
the batch characteristics of the macroinitiator.'* The solids contents were 15-20 wt%.

Microemulsions are defined as thermodynamically stable oil-in-water dispersions, and
polymerization in such systems leads to extremely small (< 50 nm) polymeric nanoparticles
suspended in water. These polymeric microemulsions have very high internal interfacial area
and are both thermodynamically stable and optically transparent; characteristics which are
desirable in specialized applications like adhesives, drug delivery or microencapsulation.'®
Often microemulsion polymerizations have very high amounts of surfactant with respect to
monomer (>1:1 wt/wt), although it has been demonstrated in conventional microemulsion
polymerization that high polymer to surfactant ratios can be achieved through the use of
differential monomer feeding strategies over the course of the polymerization.'® 16

Nitroxide mediated microemulsion polymerization was first reported by Wakamatsu et
al.!? for styrene mediated by TEMPO or SG1 in a bi-component system (using the thermally
decomposing initiator AIBN) at 120°C. This system was of low solids content (2-5 wt%)
and high surfactant to monomer ratios (between 2.5:1 and 6.7:1 wt/wt) such that rapid
cooling of the system was not possible without the formation of a gel. Mean particle
diameters were in the 40-129 nm region with TEMPO and 27-35 nm with SG1. In systems
with SG1, the molecular weight increased monotonically with conversion, but the PDIs
were over 2 upon reaching full conversion. Zetterlund et al.'” have continued work with

NMP microemulsion with the nitroxides SG1 and TIPNO to discuss compartmentalization

effects in the dispersed phase. The system they studied was styrene polymerized at 100°C
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with 6% polymer content and a 2.50 surfactant to monomer ratio (wt/wt), and resulted in
particles of ~ 50 nm diameter at high conversion. They demonstrated that polymerization
in microemulsion is slower than in bulk, but forms polymer with lower PDIs at conversions
below 20%. However at high conversions, control over the MWD is superior in the bulk
system. Experimentally, these microemulsion systems suffered from poor initiator efficiency
as a result of the germinant recombination of AIBN radicals, but impact of the lower
initiator efficiency is lessened by the exit of SG1 into the aqueous phase over the course of
the polymerization.

Herein we report the first nitroxide mediated microemulsion polymerization of MMA-co-
St along with the synthesis of MMA-co-St-block-BMA-co-St polymers. These microemul-
sion polymerizations were conducted with commercially available materials and do not re-
quire a preliminary synthesis step. These latexes are optically translucent with monomodal
particle size distributions, particle sizes ranging from 20-30 nm, polymer contents up to 40
wt%, high initiator efficiencies, low monomer to surfactant ratios and yield well controlled

polymerizations and high molecular weight (>100 kg-mol~!) polymer.

6.2 Experimental

Materials Styrene (St, Aldrich, >99%), n-butyl methacrylate (BMA, Aldrich, 99%) and
methyl methacrylate (MMA, Aldrich, 99%) were purified by passing through columns
packed with inhibitor remover (Aldrich). The compounds 2-[N-tert-Butyl-N-(1-diethoxyphosphoryl-
2,2-dimethylpropyl)aminoxy]-2-methylpropionic acid (BlocBuilder MA®, supplied by Arkema,
99%), Dowfax™8390 (Dow Chemicals, 35 wt.% solution in water) and sodium carbonate

(NaaCOg, Aldrich, >99%) were used as received.

Microemulsion Polymerization BlocBuilder MA® (0.086 g, 0.225 mmol), NayCOs3
(0.060 g, 0.566 mmol) and DIW (4.0 g) were mixed and stored in the refrigerator overnight to
form the ionized alkoxyamine in solution. The 15 stage latex was prepared with Dowfax "™8390
solution (22.0 g, 11.98 mmol), methyl methacrylate (2.50 g, 25.0 mmol), styrene (0.225 g,
2.16 mmol, 8 mol%) and DIW (137 g). Following a 30 minute Ny purge, the reaction mix-
ture was immersed in a hot oil bath at 90°C and the ionized BlocBuilder MA® solution,

after also being purged under Ny for 30 minutes, was injected. Following the 15 stage, the
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monomer feed of methyl methacrylate (22.0 g, 220 mmol) and styrene (2.0 g, 19.23 mmol)
was added over 3 hours via a syringe pump. The reaction mixture, remaining under Na,
was stirred at a speed of 300 RPM and continued to react for up to 24 hours with samples

withdrawn periodically.

Block extension in microemulsion The preparation and synthesis of the 15 stage latex
remained identical to that described for microemulsion polymerization. Following the 15t
stage, a monomer feed of methyl methacrylate (11.0 g, 110 mmol) and styrene (1.0 g, 9.61
mmol) was added over 1.5 hours via a syringe pump. Following two hours of polymerization,
after the end of the first feed, a second monomer feed of butyl methacrylate (11.28 g, 79.4
mmol) and styrene (0.72 g, 6.92 mmol) was added over 1.5 hours via a syringe pump. The
reaction mixture remained under No and continued to react for up to 24 hours with samples

withdrawn periodically.

Characterization Monomer conversion was determined gravimetrically. Gel Permeation
Chromatography (GPC) was used to measure the molecular weight and polydispersity of the
polymer samples. The entire MWD was characterized by a GPC equipped with a Waters
2960 separation module containing four Styragel columns (HR 0.5, HR 1, HR 3, HR 4),
coupled with a Waters 410 differential refractive index detector calibrated with standards
ranging from 347 to 441,000 g-mol~!. The final M,,, M,, and PDI were also determined
by a Viscotek GPC (containing two PolyAnalytik SupeRes Series PAS-10°M mixed bed
columns) with a differential refractive index detector calibrated with PS standards ranging
from 6,900 — 860,000 g-mol~!. For both GPCs, THF was used as the eluent with a flow rate
of 1.0 mL-min—'. A universal calibration was used to correct the molecular weights obtained
for the ratio of PS and n-PBMA or PMMA. The Mark Houwink parameters for PS are K
= 1.14-1073 L-g~!, a = 0.716, for n-PBMA are K = 1.48.1072 L-g~!, a = 0.664 '8 and for
PMMA are K = 7.56-107% L-g~!, a = 0.731.1? All of the MWD curves were measured on the
Waters GPC. However, in many cases the final sample of each experiment was out slightly
out of the calibration range of the Waters GPC and, as a result, the molecular weight data
reported in the tables is from the Viscotek GPC. The M,,, M,, and PDI data measured on
the Waters GPC are available in the Supporting Information and are in good agreement

with those reported here. The separation efficiency of the Waters GPC is superior to the
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Viscotek GPC at lower M,, ranges and was used as the primary source for evaluating the
evolution of the MWDs. Particle size measurements were done by dynamic light scattering
on a Zetasizer Nano ZS from Malvern Instruments at a temperature of 25°C and an angle

of 173°. Samples, other than the 15 stage, were diluted with DIW prior to measurement.

6.3 Results and Discussion

In this work, SGl-mediated microemulsion polymerization was conducted with methyl
methacrylate incorporating a low proportion of styrene. These microemulsion polymer-
izations were produced in a two-step, one-pot procedure, where a 15 stage latex was pre-
pared by the addition of the alkoxyamine BlocBuilder MA in its ionized form to an aqueous
solution of surfactant and a small amount of monomer. Following preparation of the 15
stage latex, which remained optically transparent, additional monomer was fed to continue
the polymerization, and particles of approximately 20-25 nm were obtained at 17 wt%
polymer content with high initiator efficiencies and a low surfactant to monomer ratio of
0.28:1 wt/wt. The effects of varying reaction conditions were investigated, including the
proportion of styrene in both the 1% and 2"! (monomer feed) stages, the solids content
in the 1% stage, the duration of the 1% stage, and the concentration of BlocBuilder MA
used to target different molecular weights. Following these experiments, the synthesis of
high solids MMA-co-St microemulsions, up to 40% polymer content, and the synthesis
of (MMA-co-St)-block-(BMA-co-St) and (BMA-co-St)-block-(MMA-co-St) polymers were
demonstrated.

The polymerizations described here were conducted in the absence of excess SG1 and
styrene was used to lower the instances of bimolecular termination between the chains,
which also minimized the accumulation of SG1. As a result, these polymerizations operated
in a range where instances of S-hydrogen transfer from methacrylate-derived propagating

radicals to the nitroxide were minimized.1? 13

6.3.1 Evolution of the 15 Stage Latex

An investigation of the 15 stage of the microemulsion polymerization (experiments Al
and A2, Table 6.1) examined the effects of styrene concentration during the 15 stage (8

mol% and 30 mol% respectively) on the MWD evolution and conversion. The observations
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Table 6.1: Formulations for the 1% Stage Methyl Methacrylate (MMA) Microemulsion
Latexes with Both 8 mol% and 30 mol% Styrene (St) Content.

Exp. 15t stage formulation | 15t stage Surfactant/
ratios (molar) solids content (wt.%)* | monomer
MMA:St:BB (2/g)

Al 110.9:9.7:1.0 1.8 2.8

A2 82.9:31.2:1.0 1.8 3.0

The alkoxyamine initiator BlocBuilder MA (BB) was added to the aqueous phase in its
carboxylated form, neutralized with the weak base NaoCQOg. The surfactant was Dowfax
8390. The polymerizations were conducted at 90°C and samples were withdrawn
frequently for 300 minutes.

% Solids content refers to the loading of monomer in the system with respect to the other
components.

are important for understanding the results presented later for the complete (two stage)

experiments.
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Figure 6.1: Molecular weight distributions for experiments A1l and A2 (Table 6.1), MMA-
co-St 1 stage latexes sampled over 300 minutes (90°C, theoretical solids content = 1.5
wt% solids, DPY* = 120. Distributions are shown for samples collected at 15 minutes (-)
and 300 minutes (-) for (a) 8 mol% styrene and (b) 30 mol% styrene. The final samples
at 300 minutes are shown together (c) for both 8 mol% (-) and 30 mol% (-) styrene. The
MWDs are normalized for area.

Early in the 15 stage, the conversion increased monotonically (Figure 6.2), but the entire
MWD did not shift with conversion (Figure 6.1). This suggests that the BlocBuilder MA®
activated over a period of time in the aqueous phase and each chain added a similar number
of monomer units prior to deactivation. Both of these systems possess a DP,,** (theoretical

degree of polymerization) of 120 at full conversion, but the DP of the main peak on the
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Figure 6.2: Conversion versus time profiles for experiments A1 and A2 (Table 6.1). The
MMA-co-St 1% stage latexes (90°C, theoretical solids content = 1.5 wt%, DP* 120) contain
92 mol% MMA, 8 mol% St (M) and 70 mol% MMA, 30 mol% styrene (o).

MWDs (Figure 6.1) is approximately 52 for both systems over the course of the entire 15
stage reaction.

However, based on the difference in concentration of styrene between the two systems,
the system with more styrene (30 mol%) would statistically be expected to have a shorter
DP,, than the system with less (8 mol%). The rate constant of deactivation depends only
upon the terminal unit of the chain, which is higher for St (kgeqer = 4.6-10° L-mol~!.s~!
10) than MMA (kgeaer = 1.1-10% L-mol~1-s7! 19) and the rate coefficient of propagation is
also lower for styrene (see Appendix D). Thus propagating chains in systems enriched in
styrene will undergo a reversible deactivation reaction at a shorter DP than a styrene-poor
system. In fact, the theoretical chain length of propagating radical prior to its first deac-
tivation with an SG1 molecule can be calculated for a theoretical system in the absence
of surfactant micelles, monomer partitioning, radical entry into particles and compartmen-
talization effects. These calculations (shown in the Appendix D) suggest that the first
activation/deactivation cycle of a radical in these systems could reach DP,s of 768 and
618 for the 92 mol% MMA, 8 mol% St and 70 mol% MMA, 30 mol% St systems respec-
tively. The experimental results, however, do not reflect this difference in chain between the
styrene-rich and styrene-poor systems nor such extremely high degrees of polymerization
for the first activation/deactivation cycle .

The z-meric length, at which water-soluble MMA-co-St radicals become surface active

and can enter into a monomer swollen micelle or existing particle, is ~42° (based on a chain
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with a sulfate end group).?! When an oligomer enters into a micelle or particle where an
SG1 molecule is present, it will undergo nearly instantaneous deactivation (see Appendix
D), which is a consequence of strong compartmentalization effects in very small particles.??
The MMA monomer is added to this system at concentrations below its known water
saturation,?! while the St monomer is added at concentrations above the saturation limit.
As a result, the more hydrophobic St will have a greater tendency to reside inside the
monomer swollen micelles than the MMA. While the exact proportions are not known,
it can be assumed that the micelles are enriched in styrene, with respect to the overall
concentration, for both the experiments with 8 mol% and 30 mol% St, and this styrene
enrichment is even greater for the 30 mol% St system.

Realizing that the DP these 15! stage latexes reach the first activation/deactivation cycle
significantly exceeds the z-meric length (DP = 52) and that the DP for the systems with both
8 mol% and 30 mol% St is identical, it suggests that the limiting step in the deactivation
reaction is the presence of a free SG1 molecule at the locus of deactivation (inside the
micelles or particles). These microemulsion polymerization have a high target molecular
weight for living polymerizations (Mflh = 120,000 g-mol~!), and, as such, possess a very low
concentration of BlocBuilder MA® (1.60 mmol-L ') and an even lower concentration of
free SG1, partitioned between the monomer and aqueous phase. At the beginning of the
polymerization, there are approximately 10%! micelles-L~! 2324 25 (Appendix D) present
as the locus of nucleation, but there are only 2-10'® free SG1 molecules-L =1 19 (Appendix
D) capable of reversibly terminating the propagating oligomers (of which there are 2-10'8
propagating chains-L~!). Therefore, most oligomers are able to polymerize in the aqueous
phase without undergoing a deactivation reaction, and continue polymerization upon entry
into a micelle, until a free SG1 molecule also enters that particular micelle from the aqueous
phase. Because deactivation is nearly instantaneous upon the entry of an SG1 molecule into
a particle containing a propagating radical, the difference in styrene concentration inside
the micelles/particles for the two systems plays little role in determining the DP of the first
activation/deactivation cycle.

Within one hour, all of the water-soluble alkoxyamine initiators had activated, added
monomer units and undergone nucleation (entry into an existing particle or micelle) for

the 15 stage latex with 30 mol% styrene (A2), but the conversion did not exceed 62% for
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the remainder of the experiment (Figure 6.2). However, A1, with 8 mol% St, reached full
conversion within the first hour of the experiment.

With 30 mol% St in the 15 stage latex, reactivation of the chains following nucleation
appeared minimal (no secondary, higher M,, peaks are observed in Figure 6.1c for A2).
Because enrichment of the hydrophobic styrene in the monomer swollen micelles/particles,
instances of chains possessing terminal ends of St-St-SG1 are more prevalent in the 30 mol%
St system than the 8 mol% St system. Observations about the penultimate and terminal
units and the effect of styrene concentration support this claim.!% 1

The slow reactivation of the St-St-SG1 type chains in formulations with high proportions
of styrene has been discussed in depth by Nicolas et al.'® and Wang and Broadbelt.!! In
the 8 mol% St 15 stage latex, it is assumed that the majority of the chain ends are present
in the MMA-St-SG1 form,” and further reactivation of these chains are observed, with the
15 stage reaching nearly full conversion within one hour and the evolution of a secondary,
higher molecular weight peak on the MWD (Figures 6.1a and 6.1c).

Although a low concentration of styrene in an MMA polymerization may be recom-
mended for most NMP systems to maintain control while stimulating growth through the
suppression of St-St-SG1 terminated chains ends,'? in the 1 stage, a higher concentration
of styrene is advantageous. When subsequent activation and propagation cycles are sup-
pressed in the 1% stage, with 30 mol% rather than 8 mol% St, the chains are all of similar
length when the remainder of the monomer is added. This leads to lower PDIs throughout
the rest of the polymerization (discussed below), but there is little difference in the polymer

livingness of the two systems.

6.3.2 Duration of the 15t Stage Polymerization

The role of the duration of the 15' stage was investigated for systems with 8 mol% and
30 mol% St in the 1%* stage, and 8 mol% St in the 2"¢ (feed) stage for lengths of 20, 90
and 300 minutes (Experiments B1-6 respectively, Table 6.1). In the experiments with 8
mol% St in the 15 stage, broader MWDs were observed for longer 15° durations (Figure
6.3). As discussed earlier, the conversion of the 15 stage leveled out within one hour, and
continuing the 15¢ stage past this resulted in increased irreversible termination, a decrease

in fraction of living chains in the system and an accumulation of free SG1. This slowed
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Table 6.2: Microemulsion Formulations for the MMA-co-St Optimization Experiments,
Including the Roles of: the Styrene Content in the 15* and 2" Stages, the Duration of the
1% Stage, the Total Monomer Content of the 15¢ Stage and the Target Molecular Weight in
the System.

Exp. | 15t stage 15t stage 1t stage | 2"d stage feed | surf/ total
MMA:St:BB reaction solids“ MMA:St:BB mon solids
ratio time (wt%) ratio (g/g) content®

(min) (wt%)

B1 115:10:1 20 1.8 1026:88:1 0.28 17.6

B2 111:10:1 90 1.7 997:86:1 0.28 17.2

B3 111:10:1 300 1.7 990:85:1 0.28 17.1

B4 80:32:1 20 1.6 976:86:1 0.29 17.0

B5 79:32:1 90 1.6 991:85:1 0.28 17.3

B6 80:32:1 300 1.6 1000:86:1 0.28 17.2

BT 83:31:1 90 1.7 1016:64:1 0.30 17.6

B8 80:32:1 90 1.6 1014:64:1 0.28 17.4

B9 80:32:1 300 1.6 1023:64:1 0.28 17.2

C1 43:16:1 20 0.8 1094:82:1 0.28 17.4

C2 83:31:1 20 1.7 1018:64:1 0.28 17.4

C3 179:66:1 20 3.2 986:35:1 0.28 17.5

C4 77:5:1 20 1.2 1050:90:1 0.28 17.9

Ch5 110:10:1 20 1.8 969:85:1 0.29 17.6

C6 222:19:1 20 3.5 865:76:1 0.29 17.1

D1 28:3:0.5 30 1.8 248:22:0.5 0.28 17.5

D2 56:5:0.5 30 3.4 221:19:0.5 0.28 17.2

The alkoxyamine initiator BlocBuilder MA® (BB) was added to the aqueous phase in its
carboxylated form, neutralized with the weak base NayCQOg. The surfactant was Dowfax
8390. The polymerizations were conducted at 90°C the end of the 15 stage of

polymerization occurred when the monomer feed for the second stage began at a rate of 8

mL-min~1!.

¢ Solids content refers to the loading of monomer in the system with respect to the other
components.

the rate of polymerization (Figure 6.4) and caused a broadening of the MWD (Figure 6.3).
Particularly worth noting is the extensive tailing in the last MWD for B3 with a 15 stage
(92 mol% MMA, 8 mol% St) duration of 300 minutes (Figure 6.3c); a low molecular weight

tail resulted from significant termination during the 15 stage and early in the 274

stage and
remains evident in the GPC trace at 77% conversion.

With a 20 minute 15 stage, the final MWD is narrower for the system with 30 mol%
St in the 15 stage (B4) with respect to the system with only 8 mol% St (B1). However,

the difference in the breadth of the MWD is not the result of more instances of termination

in the system with 8 mol% St with respect to the 30 mol% system, because both of the
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Table 6.3: Microemulsion Polymerization Results for the MMA-co-St Optimization Exper-
iments, Including the Roles of: the Styrene Content in the 15* and 2°¢ Stages, the Duration
of the 15* Stage, the Total Monomer Content of the 15 Stage and the Target Molecular
Weight in the System.

Exp. | Reaction | conversion MY Mz M, PDI* | Particle | Particle
time (hr) | (%) (grmol™!) (gmol™!) (grmol™!) (MWD)| size z,,, | size dist.
(nm) PDI
B1 5.3 93.7 116,800 | 89,040 136,200 | 1.53 23.63 0.031
B2 8.0 59.8 72,620 54,950 85,870 1.56 23.82 0.057
B3 20.4 77.1 92,820 65,280 99,100 1.52 26.30 0.062
B4 5.3 95.8 113,200 | 141,300 | 197,200 | 1.40 21.93 0.078
B5 8.5 94.4 113,000 | 146,700 | 216,500 | 1.48 21.96 0.061
B6 21.5 71.0 85,840 96,100 160,300 | 1.67 21.28 0.082
B7 5.0 93.9 112,800 | 69,290 106,800 | 1.54 20.62 0.069
B8 8.5 91.0 108,900 | 131,300 | 205,600 | 1.57 22.51 0.098
B9 21.5 81.0 97,880 128,200 | 184,800 | 1.44 23.26 0.055
C1 6.3 92.5 115,000 | 122,700 | 174,800 | 1.43 19.87 0.066
C2 4.3 89.4 109,600 | 99,300 152,200 | 1.53 20.23 0.071
C3 6.3 56.3 71,890 111,300 | 167,000 | 1.50 19.39  + | 0.150
droplets
C4 7.3 91.6 112,700 | 101,400 | 161,900 | 1.60 34.05 0.029
C5 7.3 89.8 106,200 | 138,400 | 206,300 | 1.49 26.79 0.044
C6 12.9 86.6 103,000 | 144,300 | 230,900 | 1.60 23.43 0.069
D1 7.5 93.2 56,400 84,520 115,600 | 1.37 36.82 0.025
D2 9.5 80.5 48,860 72,760 116,300 | 1.60 24.21 0.068

% Measured on the Viscotek GPC. The results are in good agreement with those measured
on the Waters GPC (Appendix D).

systems had similar rates of polymerization (Figure 6.4). Irreversible termination reactions
leads to the accumulation of free SG1 in the system, which inhibits the polymerization
reaction. Instead, the broadness of the MWD for the entire polymerization in system with
8 mol% St in the 15 stage (B1) is the result of the more varied distribution of chain lengths
created during the 15 stage with respect to the system with 30 mol% St in the 1% stage
(B4). As discussed earlier, there were secondary activations observed for the 15 stage with
8 mol% St which was not the case for the system with 30 mol% St. This led to larger PDIs

throughout the remainder of the polymerization, but not a loss of livingness in the system.

6.3.3 Solids Content in the 15* Stage

We also conducted a series of experiments targeting 8 mol% St overall in the system while

varying the solids content (i.e. total monomer concentration) in the 15 stage. Experiments
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Figure 6.3: Molecular weight distributions for experiments B1-3. The 15 stage latex had
a solids content 1.5 wt% (92 mol% MMA, 8 mol% St). The 15 stage latex remained for
(a) 20 minutes (B1, MWD shown at 20 min (1% stage), 80 min, 140 min, 200 min, 320
min), (b) 90 minutes (B2, MWD shown at 90 min (1%* stage), 150 min, 210 min, 330 min,
480 min) and (c) 300 minutes (B3, MWD shown at 300 min (1% stage), 420 min, 645 min,
1225 min) prior to the to the monomer feed (92 mol% MMA, 8 mol% St); M = 120,000
g-mol~!, theoretical solids content = 17 wt%. The MWDs are normalized for area.

were done with 30 mol% St in the 15 stage. Experiments C1-3 had 1°* stage solids contents
of 0.75 wt%, 1.5 wt% or 3.0 wt% respectively. During the feed stage, the proportions of
styrene were varied to achieve an overall proportion of 8 mol% styrene in the final product.
The corresponding styrene proportions in the feed were 7.2 mol%, 6.1 mol% and 3.6 mol%
for C1-3 respectively.

The MWD of the 15 stage latexes became much broader and of higher molecular weight
as the solids content in the 15 stage was increased (Figure 6.7) because the chains were
able to undergo multiple activation, propagation and deactivation cycles. There were also

monomer droplets present in the experiment with a 15* stage solids content of 3.0 wt%
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Figure 6.4: The conversion versus time (following the end of the 1% stage) profiles for
experiments B1-6. The 15 stage latex had a solids content 1.5 wt% (92 mol% MMA, 8
mol% St for experiments B1-3 and 70 mol% MMA, 30 mol% St for experiments B4-6). The
15t stage latex was left for 20 minutes (M 92 mol% MMA, 8 mol% St; 4 70 mol% MMA,
30 mol% St), 90 minutes (e 92 mol% MMA, 8 mol% St; < 70 mol% MMA, 30 mol% St)
or 300 minutes (A 92 mol% MMA, 8 mol% St; vV 70 mol% MMA, 30 mol% St) prior to
the monomer feed (92 mol% MMA, 8 mol% St); M!* = 120,000 g-mol~!, theoretical solids
content = 17 wt%.

(C3) as the 1% stage was not transparent prior to the addition of the BlocBuilder MA®
solution. The rates of polymerization (Figure 6.6) early in the 2°¢ (feed) stage were faster
when there was a lower proportion of styrene in the system, with C3 being the fastest and
C1 the slowest. However, as the polymerization continued, C3 slowed down considerably
because of the irreversible termination since there was not enough styrene to effectively

28d stage was too small. The

mediate the polymerization and the average K, in the
increased rate of termination from the outset in C3 was also demonstrated by a higher
than theoretical M,, (indicating fewer chains) consistently observed throughout most of the

polymerization (Figure 6.6b).

6.3.4 Effect of Initiator Concentration and Target Molecular Weight

Most of the experiments discussed here have a target theoretical M,, of 120,000 g-mol~!,
but two experiments (D1 and D2) were done targeting a lower M,, (65,000 g-mol~!) with

the same polymer content (17 wt%) and 8 mol% St in the 15 and 274

stages as experiment
B1, but contained higher concentrations of BlocBuilder MA® to investigated the influence
of initiator concentration on the particle size and reaction rate. The 15 stage of D1 had a

solids content of 1.8% (similar to previous experiments), resulting in a DP,!» = 60 at the
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Figure 6.5: Molecular weight distributions for experiments B4-6. The 15 stage latex had
a solids content 1.5 wt% (70 mol% MMA, 30 mol% St). The 1°* stage latex remained for
(a) 20 minutes (B4, MWD shown at 20 min (1%* stage), 80 min, 140 min, 230 min, 320
min), (b) 90 minutes (B5, MWD shown at 90 min (1% stage), 150 min, 300 min, 510 min)
and (c) 300 minutes (B6, MWD shown at 300 min (15 stage), 360 min, 510 min, 670 min,
1290 min) prior to the monomer feed (92 mol% MMA, 8 mol% St); M = 120,000 g-mol~?,
theoretical solids content = 17 wt%. The MWDs are normalized for area.

end of the 1 stage. The solids content of the 15t stage of D2 was 3.4%, to match the DP,"
= 120 of previous experiments. D2 showed significant tailing in the MWD (Figure 6.8b),
indicating significant irreversible termination occurred during the polymerization. Also, this
experiment had a slower rate of polymerization (final conversion of D2 = 80.5% in 9.5 hr)
and did not reach the same high conversion as D1 (final conversion = 93.2% in 7.5 hr) (Figure
6.9a), suggesting there was a significant accumulation of SG1 in the system. However, both
experiments produced a higher than theoretical M,,, indicating fewer chains than expected
were initiated, a result of termination early in the polymerization (Figure 6.9b). In fact,

the rate of polymerization for D1 was slower than that of B1 (final conversion = 93.7% in
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Figure 6.6: (a) The conversion versus time profiles and (b) the evolution of M,, and PDI
with conversion for experiments C1-3. The 1% stage latexes had 0.75% (M), 1.5% (e) and
3.0% (A) solids contents (70 mol% MMA, 30 mol% St). Following a 20 minute 15* stage,
feed streams of 92.4 mol% MMA with 7.6 mol% St, 93.9 mol% with 6.1 mol% St and 96.4
mol% MMA with 3.6 mol% St respectively were added; M = 120,000 g-mol~!, theoretical
solids content = 17 wt%.

5.3 hr), even though D1 possessed double the number of chains, and would be expected to
polymerize more quickly. This suggests that in both experiments with a target M,, of 60,500
g-mol~! there were more instances of irreversible termination and higher concentrations of
free SG1 present than in those experiments with a 120,000 g-mol~! target.

The final particle sizes for the systems with a target M,, of 65,500 g-mol~! were larger
(37 nm for D1, Table 6.2) than those with a 120,000 g-mol~! target (22 nm for B1, Table
6.2), although the experiments had identical monomer and surfactant concentrations. This
is unexpected with respect to a traditional emulsion polymerization model where increases
in surfactant concentration and ionic end groups aid in the stabilization of particles, leading
to a higher number of particles in the system.?> However, this is often observed experimen-
tally in our laboratory with NMP and in other reports for different living chemistries in
emulsion-based systems.?% 27 This phenomenon has been referred to in the NMP literature
as a possible side effect of superswelling.% The thermodynamic considerations of the super-
swelling theory was first presented by Luo et al.?® for NMP miniemulsion polymerization.
The large concentration of oligomers (the predominant initial product in living systems)
present in the particles early in the polymerization lowers the chemical potential of the
nucleated particles with respect to droplets or monomer-swollen micelles. This promotes

enhanced monomer diffusion to the newly nucleated particles, and can lead to very broad
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Figure 6.7: Molecular weight distributions for experiments C1-3. The 15 stage latex had
(a) 0.8 wt%, (b) 1.5 wt% and (c) 3.2 wt% solid contents of (70 mol% MMA, 30 mol% St).
Following a 20 minute 15% stage, feed streams of (a) 92.4 mol% MMA, 7.6 mol% St (C1,
MWD shown at 20 min (1% stage), 140 min, 260 min, 320 min) (b) 93.9 mol% MMA, 6.1
mol% St (C2, MWD shown at 20 min (1* stage), 80 min, 140 min, 260 min, 320 min) and
(c) 96.4 mol% MMA, 3.6 mol% (C3, MWD shown at 20 min (1% stage), 80 min, 200 min,
320 min, 380 min) were added; beh = 120,000 g-mol~!, theoretical solids content = 17 wt%,
overall monomer compositions = 92 mol% MMA, 8 mol% St. The MWDs are normalized
for area.

particle size distributions, or colloidal instability. Other theories for this correlation between
size and initiator concentration have included differences in ionic strength effects and shell
thickness when acrylic acid also present in the 15t stage.

At higher conversions, the M,, measured by GPC was often lower than that predicted
theoretically for experiments conducted with a target M,, of 120,000 g-mol~! (Figure 6.9b).
This phenomenon has been studied in styrene TEMPO-mediated systems, where the high
temperatures required lead to a significant population of thermally generated radicals, but

chain transfer to monomer reactions have also been identified as a possible cause.?? 30 31
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Figure 6.8: Molecular weight distributions for experiments D1 and D2. The 15 stage latex
had a solids content of (a) 1.8 wt% (D1, MWD shown at 30 min (1%° stage), 90 min, 150
min, 240 min, 330 min, 450 min) and (b) 3.4 wt% (D2, MWD shown at 30 min (1%* stage),
90 min, 150 min, 240 min, 330 min, 450 min) of 92 mol% MMA and 8 mol% St. Following
a 20 minute 1% stage, feed streams of 92 mol% MMA, 8 mol% were added; M = 65,500
g-mol~!, theoretical solids content = 17 wt%. The MWDs are normalized for area.
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Figure 6.9: (a) The conversion versus time profiles and (b) the evolution of M,, with con-
version for experiments B1, D1 and D2. The 15 stage latex had solids contents of 1.8 wt%
(B1 M, D1 o) and 3.4 wt% (D2 A) (92 mol% MMA, 8 mol% St). Following a 20 minute
15 stage, feed streams of 92 mol% MMA, 8 mol% St were added; solids content = 17 wt%;
M = 125,000 g-mol~! (B1 M), M = 65,500 g-mol™! (D1 e, D2 A)

This behavior has also been observed in butyl acrylate polymerizations where backbiting
reactions can lead to similar observations.?? However, in these MMA-co-St systems, back-
biting and thermal initiation are not considered to be significant factors. Thus it is believed
that lower than theoretical M,, observed when targeting high molecular weights may be due

to chain transfer to monomer reactions, which do not lead to an accumulation of SG1, but
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Table 6.4: Formulations and Polymerization Results for High Solids Microemulsion Latexes
of MMA with a Small Proportion of Styrene.

1st 1st 1st 2nd surf/ rxn.| conv| final | Mt» M,,° M,,° PDIY size | Pdi| #°¢

stage | stage| stage| stage mon| time| (%) | solids| (gmol™') (g:mol™!) (g-mol™1) (Zavg) PSD| chains

MMA: | time | solids| feed (g/g)| (hr) cont. nm /part.

St:BB | (min)| cont.9 MMA: (wt%)

ratio (wt%)| St:BB

ratio

E1] 81:31:1| 30 1.7 2158:179:1) 0.14 | 22.2 | 95.6 | 36.7 235,300 | 166,600 | 303,000 | 1.82 | 27.40| 0.081 14.9
E2| 110:10:1 30 1.7 2202:187:1) 0.13 | 10.7 | 83.5 | 36.6 210,600 | 221,600 | 369,600 | 1.67 | 29.05| 0.064 19.1
E3| 41:18:1| 22 1.8 117:102:1 | 0.13 | 13.3 | 93.9 | 39.3 126,200 | 152,400 | 241,900 | 1.59 | 33.01| 0.041 54.4
E4| 82:36:1 | 22 3.2 1132:99:1 | 0.19 | 13.3 | 89.0 | 37.2 121,000 | 152,500 | 217,000 | 1.42 | 40.44| 0.050 97.7

@ Solids content refers to the loading of the monomer in the system with respect to the other
components.
b Measured on the Viscotek GPC.

¢ Calculated based on the volume average particle size.

do create shorter, but still growing, polymer chains. The chain transfer coeflicient of MMA
(Car = 2.3-107° 33) is sufficiently large to suggest this mechanism is likely to influence
the molecular weight when such a low concentration of BlocBuilder MA® is added to the

system.

6.3.5 High Solids Microemulsion Polymerization

Commonly, it is very difficult to achieve high solids contents with by microemulsion poly-
merization, because of the large quantity of surfactant required to stabilize the particles
and the high viscosity associated with latexes of small particle sizes. The early success of
our microemulsions at 17 wt% solids lead us to investigate the creation of a high solids,
high molecular weight latexes using a similar method.

All of the microemulsion latexes with 40% polymer content (Table 6.4) were optically
translucent with a bluish tinge and were free flowing. A monomodal particle size distribution
evolution over the course of the polymerization was observed (Figure 6.10). The MWD
shifted with conversion, indicative of a well-controlled and living system (Figure 6.11).
Only a small bit of coagulum was observed for these polymerizations, with E1 possessing
the most with less than 2% by weight.

When the M was reduced from 252,000 g-mol~! (E2) to 134,000 g-mol~! (E3), by the
addition of more BlocBuilder MA® in the 1t stage (all other factors remaining constant), it
was again observed that the particle size increased from 29 nm to 33 nm (Table 6.4), despite
the addition of more stabilizing groups to the system. However, a greater increase in particle

size was observed when the monomer content in the 15¢ stage was doubled, coupled with
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a 1.5x increase in the surfactant concentration (E4), to target the same DP,*" of 120 in
the 15 stage as E2. The increased particle size with increased monomer concentration and
initiator concentration in the nucleation stage firmly suggest that superswelling is at work

to enhance the diffusion of monomer towards the swollen nucleated particles.
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Figure 6.10: Particle size distribution for the high solids MMA-co-St microemulsion poly-
merization (E3). PSD was evaluated on a Malvern Nanosizer and both the (a) intensity
PSD and (b) volume PSD are shown. Samples shown are obtained at 20 minutes (end of

the 15 stage), 100 minutes, 170 minutes and 735 minutes. The PSDs are normalized for
area.
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Figure 6.11: Molecular weight distributions for experiments E3. The 15 stage latex had
a solids content of 1.8 wt% (70 mol% MMA; 30 mol% St). Following a 20 minute 15
stage, a feed stream of 92 mol% MMA with 8 mol% St was added; MY* = 134,000 g-mol~!,
theoretical solids content = 40 wt%. The MWD is shown at 20 min (1% stage), 100 min,
170 min, 285 min and 735 min. The MWDs are normalized for area.

136



6. NMP-MEDIATED MICROEMULSION POLYMERIZATION

Table 6.5: Microemulsion Formulation and Polymerization Results for the Creation of

MMA-co-St-block-BMA-co and BMA-co-St-block-MMA-co-St Block Copolymers.

Experiment MM A-co-St-block- BMA-co-St-block-
BMA-co-St (F1) MMA-co-St (F2)
First 15t stage 79:31:1 45:19:1
Stage xMA:St:BB
27d stage (Feed 1) | 485:31:1 300:29:1
xMA:St:BB
time (hr) 2.5 2.5
conversion 86.8 81.3
M,,% (g-mol 1) 50,340 40,950
PDI“ 1.55 1.45
Second | Final solids 18.2 17.6
Stage content® (wt%)
3rd stage (Feed 2) | 356:41:1 390:35:1
xMA:St:BB ratio
time (hr) 11.5 7.5
conversion 90.4 84.8
M,,b (g-mol~1) 80,150 65,660
PDI? 1.63 1.57
PS intensity (nm) 26.3 (98%) 4.90 (52%), 64.5 (45%)
+ droplets + droplets
PS volume (nm) 16.4 4.14 (99.9%), 48.3 (0.1%)
PDI (PSD) 0.260 0.390

% Solids content refers to the loading of monomer in the system with respect to the other

components.

b Reported on the Waters GPC

6.3.6 Synthesis of Block Copolymers in Microemulsion

The synthesis of (MMA-co-St)-block-(BMA-co-St) polymers was demonstrated in microemul-
sion with a 15% stage duration of 20 minutes and 30% St present in the 1°* stage. (Table

6.5). Chain extension occurred in a controlled manner upon the addition of the BMA /St

feed, and a clear shifting of the entire MWD was observed (Figure 6.12), indicating excel-

lent livingness obtained following the first MMA stage. The particle sizes were quite small,

around 26 nm at 90% conversion, and the particle size distribution remained monomodal

through the polymerization.

Block copolymers were also made beginning with a BMA-co-St 15 stage, and BMA-
co-St 2" stage feed (both with 8 mol% St) and then chain extended by MMA (with 8
mol% St) to make latexes of 17% polymer solids (Table 6.5). Although this system was
easily chain extended, as demonstrated by the shifting of the full MWD to higher molecular

weights, the particle size distribution in the first BMA /St stage was bimodal, and remained
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Figure 6.12: Molecular weight distributions for experiment F1, (MMA-co-St)-block-(BMA-
co-St) copolymerization. The 15 stage latex had a solids content of 1.8 wt% (70 mol%
MMA; 30 mol% St). Following a 20 minute 1% stage, the first monomer feed was added (92
mol% MMA; 8 mol% St); MY* = 63,000 g-mol~!. 2.5 hours later, a second feed stream (92
mol% BMA; 8 mol% St) was added; M = 118,000 g-mol~!, theoretical solids content =
18.2 wt%. The MWDs for the MMA-co-St block (-, shown at 30 min (1 stage), 90 min,
240 min) and the BMA-co-St block (-, shown at 330 min, 690 min) are included in the plot.
The MWDs are normalized for area.
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Figure 6.13: Particle size distribution for the (BMA-co-St)-block-(MMA-co-St) block
copolymer microemulsion polymerization (F2). The PSD was evaluated on a Malvern
Nanosizer and both the (a) intensity PSD and (b) volume PSD are shown. Particle sizes
are shown at 30 minutes after the 15 stage (-), 120 minutes, following the BMA /St feed
(=) and 660 minutes, following the MMA /St feed (—).The PSDs are normalized for area.

so following the addition of the MMA /St feed (Figure 6.11). Multiple nucleation mechanism

(both aggregative and micellar) are believed to causes bimodal PSDs in a BMA-co-St 1%

stage latex (explored in Chapter 7).
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Figure 6.14: Selected microemulsion latexes: 17% solids both with 8 mol% and 30 mol%
St in the 15° stage (B1, B4), (MMA-co-St)-block(BMA-co-St) latex (F1), (BMA-co-St)-
block(MMA-co-St) latex (F2) and 40% solids latexes (E1, E3 and E4).

6.4 Conclusions

Well-controlled SG1-mediated microemulsion polymerizations yielded MMA-co-St latexes
with very small particle sizes (<30 nm), monomodal PSDs, solids content up to 40% and
high molecular weights (>100 g-mol~!). Narrower MWDs were obtained when 30 mol%
St was used in the 15 stage compared to 8 mol% because reactivation of the dormant
chains following nucleation was minimized. A shorter 15 stage duration is preferred because
complete nucleation is reached in less than 1 hour. Leaving the 15 stage longer resulted in
irreversible termination and the accumulation of SG1, which slowed further polymerization.
The breadth of the MWD of the final latex was broader when lower fractions of St were used
in the 15 stage. This is not the result of enhanced irreversible termination, as the overall
rate of polymerization did not depend on the fraction of styrene in the 15 stage, rather it
is the result of the breadth of the MWD created during the 15 stage. When 8 mol% St was
present in the 15 stage, multiple activation/deactivation cycles were observed, while only
a single activation/deactivation was observed for the 15 stage with 30 mol% St. While the
breadth of the MWD is broader with lower fractions of St in the 15¢ stage, it did not affect
the livingness of the polymer chains.

Regardless of the concentration of styrene present in the 15 stage, 8 mol% St in the 274
(monomer feed) stage provided excellent control over the MWD. Lower styrene concentra-
tions in the feed resulted in faster polymerization rates initially, but the accumulation of
SG1, the result of irreversible terminations, ultimately suppressed the polymerization rate.

Decreasing the target M,, by increasing the initiator concentration yields larger particles,
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which is counterintuitive to what is expected in conventional emulsion when the concen-
tration of stabilizing groups is increased. Increasing the monomer content during the 15
stage also leads to increased particle sizes, even in the presence of higher concentrations of
surfactant micelles. Both of these phenomena are believed to be the result of superswelling
during the nucleation stage, where monomer diffusion is enhanced to particles containing
large concentrations of short oligomers.

Controlled microemulsion polymerizations with solids content close to 40% can be
achieved with very small particle sizes (3040 nm), low surfactant to monomer ratios (0.13—
0.19 wt/wt), fast reaction rates and high molecular weights (100-200 g-mol~!). These
MMA-co-St microemulsion latexes can readily be chain extended with BMA-co-St to make
block copolymers. Beginning with BMA-co-St in the 15 stage, rather than MMA-co-St,
results in bimodal particle size distributions and is believed to be the result of multiple

nucleation mechanisms (aggregative and micellar).
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Preface

During the study on microemulsion polymerization (Chapter 6), bimodal latexes were cre-
ated when a more hydrophobic monomer, n-BMA, rather than MMA, was present in the 15
stage. This same phenomenon was also present in NMP emulsion polymerization with much
lower surfactant concentrations than microemulsion. To eliminate micellar nucleation, the
surfactant was removed from the system. While this produced monomodal particle size
distributions, new problems in terms of poor initiator efficiency arose. Early experimental

work for this was performed by Anna-Marie Manley, an undergraduate student.
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Abstract

Nitroxide mediated emulsion polymerization of n-butyl methacrylate (BMA) can produce
highly living and well controlled polymer chains when polymerized in the presence of 10
mol% styrene (St) using a one-pot, differential monomer addition technique. When n-
BMA-co-St is polymerized in the presence of a surfactant above the critical micelle con-
centration, bimodal particle size distributions are obtained, likely as a result of combined
micellar and aggregative nucleation mechanisms. This phenomenon is not observed for the
more hydrophilic monomer system of methyl methacrylate and styrene. In the absence
of surfactant, however, it is possible to prepare stable, monomodal latexes. Using N-
tert-butyl- N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1), we report the first
nitroxide mediated polymerization of n-butyl methacrylate with a small amount of styrene
in a facile surfactant-free emulsion polymerization system. The surfactant-free system re-
quires no separate macroinitiator synthesis step and produces highly living polymers with
monomodal particle size distributions. The initiator efficiency can be increased by the addi-
tion of methyl acrylate, or by the addition of surfactant at concentrations below the critical

micelle concentration in the absence of methyl acrylate.

145



7. NMP-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION

7.1 Introduction

Controlled/living polymerization has emerged as a versatile and elegant method of creating
polymers with tailored molecular architectures, including block copolymers and polymers
with very narrow molecular weight distributions, under mild reaction conditions. Conduct-
ing these polymerizations in an emulsion polymerization system is highly desirable if these
products are to be produced at an industrial scale." 2 Early attempts to conduct nitroxide
mediated ab-initio emulsion polymerization resulted in severe coagulation formation,® 4 but

6: 7 introduced by Charleux’s group using

a two-step emulsion polymerization procedure®
the commercially available alkoxyamine initiator BlocBuilder MA® from Arkema, based
on the nitroxide SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide),
yields a coagulum-free latex. BlocBuilder MA® is water soluble in its carboxylated form
when neutralized with a base. In the first step, a small amount of monomer is added to the
aqueous phase along with surfactant and the alkoxyamine initiator in its ionized form to
create 15 stage particles in the absence of monomer droplets. Following this, the remainder
of the monomer can be added in a batch or semi-batch process.

While nitroxide mediated polymerization (NMP) has proved successful for styrenics and
acrylates, polymerization of methacrylate monomers has, until recently, remained elusive
due to their very high activation/deactivation equilibrium constant for reversible termina-
tion (Keq). This causes a large quantity of irreversible termination to occur early on in
the polymerization, leading to nitroxide accumulation, suppressing further polymerization.
In systems with large excess of SG1 (>40 mol%), (-hydrogen transfer from the PMMA
radical to the nitroxide can also become a significant chain ending event.® ? It has been
shown that methyl methacrylate (MMA) can be polymerized in a controlled manner, us-
ing SG1, through the addition of 4.4-8.8 mol% styrene (St), which decreases the equilib-

t'0 and results in the majority of the dormant chains possessing the structure

rium constan
MMA-St-SG1.1! The monomer n-butyl methacrylate (BMA) has also been demonstrated
to polymerize in solution in a controlled manner in the presence of <10 mol% styrene and
an additional 10 mol% SG1 with respect to BlocBuilder MA®. Tt was also noted that the
lengthening of the alkyl tail of the monomer, BMA vs. MMA, leads to a lower degree of
control as the rate constant of propagation increases.?

Surfactant-free SG1 mediated emulsion polymerization has been reported for styrene
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using a bi-component initiation system (thermal decomposition of a water soluble initiator,
potassium persulfate, in the presence of free SG1) in a two-step emulsion procedure.!?
The polymerization exhibited long induction periods prior to polymerization as a result of
the reversible termination of SG1l-capped styrene oligomers in the aqueous phase prior to
nucleation coupled with broad particle size distributions, but did produce living polymer
chains capable of being extended.

A surfactant-free emulsion polymerization of MMA with 4 mol% St was successfully con-
ducted by first synthesizing an amphiphilic poly (methacrylic acid-co-styrene)-SG1 macroini-
tiator in a 1,4-dioxane solution.'* Following purification, the macroinitiator was used as both
a surfactant-like species and alkoxyamine initiator for the polymerization of MMA-co-St,
which was added in a single shot. This procedure resulted in a well-controlled polymeriza-
tion with high initiation efficiency, but produced bimodal particle distributions containing
a small fraction of aggregates that were attributed to the presence of styrene at the outer
surface of the particles. Monomodal PSDs are desirable if the latex is to be used for film
forming applications, especially if specialized morphologies, such as core shell particles, are
to be created. Herein we report the first nitroxide mediated polymerizations of n-butyl
methacrylate with a small amount of styrene in a facile surfactant-free emulsion polymer-
ization system, using the nitroxide SG1. Through the addition of the hydrophilic, fast
propagating monomer methyl acrylate in the 15 stage, termination during the nucleation
stage is suppressed. The surfactant-free system requires no separate macroinitiator synthe-

sis step and produces highly living polymers with monomodal particle size distributions.

7.2 Experimental Section

Materials Styrene (St, Aldrich, >99%), n-butyl methacrylate (BMA, Aldrich, 99%) and
methyl methacrylate (MMA, Aldrich, 99%) were purified by passing through columns
packed with inhibitor remover (Aldrich). The compounds 2-((tert-butyl(1-(diethoxyphosphoryl)-
2,2-dimethylpropyl)amino)oxy)-2-methylpropanoic acid (BlocBuilder MA®, supplied by
Arkema, 99%), N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1, sup-
plied by Arkema, 89%), methyl acrylate (MA, Aldrich, 99%), Dowfax™8390 (Dow Chem-
icals, 35 wt.% solution in water), sodium dodecyl sulfate (SDS, Aldrich, >99%), sodium

formaldehyde sulfoxylate (SFS, Aldrich, >98%) and sodium carbonate (NagCOs, Aldrich,

147



7. NMP-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION

>99%) were used as received.

Emulsion Polymerization BlocBuilder MA® (0.15 g, 0.392 mmol), NayCOs3 (0.037 g,
0.350 mmol) and DIW (4.0 g) were mixed and stored in a refrigerator overnight to form
the ionized alkoxyamine initiator in solution. The 15' stage latex was prepared with a 35
wt.% Dowfax™8390 solution (2.0 g of solution, 1.1 mmol), butyl methacrylate (1.12 g,
7.89 mmol), styrene (0.35 g, 3.37 mmol, 30 mol% of monomer charge) and DIW (146 g).
Following a 30 minute Ny purge, the reaction mixture was immersed in a hot oil bath at
90°C and the similarly purged ionized BlocBuilder MA® solution was injected. Following
the 15 stage (20 minutes), the monomer feed of butyl methacrylate (11.79 g, 83.03 mmol)
and styrene (0.96 g, 9.23 mmol, 10 mol% of the second monomer charge) was added over
3 hours via a syringe pump. The reaction mixture, remaining under No, was stirred at
a speed of 300 RPM and continued to react for up to 24 hours with samples withdrawn
periodically. The average targeted molecular weight (M,,) of these experiments is 36,700

g-mol 1.

Surfactant-free emulsion polymerization BlocBuilder MA® (0.15 g, 0.392 mmol),
NapCOj3 (0.037 g, 0.350 mmol) and DIW (4.0 g) were mixed and stored in a refrigerator
overnight to form the ionized alkoxyamine initiator in solution. The 15 stage latex was pre-
pared with methyl acrylate (0.101 g, 1.18 mmol), butyl methacrylate (1.12 g, 7.89 mmol),
styrene (0.35 g, 3.37 mmol, 30 mol% of the monomer charge) and DIW (146 g). Following
a 30 minute Ng purge, the reaction mixture was immersed in a hot oil bath at 90°C, stirred
at 600 RPM, and the similarly purged ionized BlocBuilder MA® solution was injected.
Following the 15 stage (20 minutes) the stirring was slowed to 300 RPM and the monomer
feed of butyl methacrylate (11.79 g, 83.03 mmol) and styrene (0.96 g, 9.23 mmol, 10 mol%
of the second monomer charge) was added over 3 hours via a syringe pump. The reaction
mixture remained under No and continued to react for up to 24 hours with samples with-
drawn periodically. When SG1 or SFS was also used, the SG1 (0.0083 g, 0.030 mmol) was
added in combination with the 15 stage starting solution, while SF'S (0.0036 g, 0.030 mmol)
was dissolved in DIW and added at the end of the 15 stage prior to the beginning of the
monomer feed. The average targeted molecular weight (M,,) of these experiments is 36,700

g-mol 1.
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Emulsion Polymerization of MMA MMA-co-St emulsion polymerization both in the
presence and absence of surfactant was conducted in a similar manner to the procedures
listed above for BMA-co-St, but MMA was substituted for BMA on a mass basis. This
substitution leads to 7 mol% St with respect to MMA, which is within the studied range
of control of MMA by St for NMP.!? The average targeted molecular weight (M,,) of these

experiments is 36,700 g-mol~.

Characterization = Monomer conversion was determined gravimetrically and reported
based on the total amount of monomer added over the entire reaction. Gel Permeation
Chromatography (GPC) was used to measure the molecular weight and polydispersity (PDI)
of the polymer samples. The GPC was equipped with a Waters 2960 separation module
containing four Styragel columns (HR 0.5, HR 1, HR 3, HR 4), coupled with a Waters 410
differential refractive index detector calibrated with standards ranging from 347 to 441,000

gmol~!. THF was used as the eluent with a flow rate of 1.0 mL-min~!.

A universal
calibration was used to correct the molecular weights obtained for the ratio of PS and n-
PBMA or PMMA. The Mark-Houwink parameters for PS are K = 1.14x107° L-g7!, a =
0.716, for n-PBMA are K = 1.48x107° L-g~!, a = 0.664" and for PMMA are K = 9.44x106
L-g7!, a = 0.719.16 Particle size measurements were done by dynamic light scattering on
a Zetasizer Nano ZS from Malvern Instruments at a temperature of 25°C and an angle of
173°. Samples, other than the 15 stage, were diluted with DIW prior to measurement.

Initiator efficiency is calculated from the deviation of the measured M,, from the theoretical

M,, by initiator efficiency = M /M;™.

7.3 Results and Discussion

In this work, nitroxide mediated emulsion polymerization of n-BMA incorporating a small
amount of styrene was conducted both in the presence and absence of surfactant. As NMP
of methacrylates with SG1 is complicated by the high K., of the tertiary carbon chain
ends, Charleux found that MMA polymerization could be mediated by the addition of a
low proportion of styrene (4.4-8.8 mol%).!1% 11 This same principle has been successfully
applied in this study with another methacrylate, the more hydrophobic n-BMA, without

the addition of excess SG1. [-hydrogen transfer from methacrylate-derived propagating
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radicals to the nitroxide can be a major chain ending event when there is a large excess of
SG1 present in the system (>40 mol% excess).® ? The polymerizations described here are
conducted in the absence of additional SG1 and styrene is used to lower the instances of
bimolecular termination between the chains, which also minimizes the accumulation of SG1.
As a result, these polymerizations operate in a range where $-hydrogen transfer is minimal.
These n-BMA polymerizations were conducted in a two stage manner where a 15 stage
latex was prepared by the addition of the ionized alkoxyamine initiator, BlocBuilder MA®,
to an aqueous solution of surfactant (if used) and a small amount of monomer. Following
the formation of the 15¢ stage latex, which remained optically transparent in the systems
with surfactant and turned opaque white for the surfactant-free systems, an additional feed
of BMA with 10 mol% styrene continued the polymerization. The emulsion polymerizations
conducted with surfactant present above the CMC (critical micelle concentration) resulted
in bimodal particle size distributions (PSD) while those conducted in the absence of sur-
factant micelles resulted in monomodal particle size distributions. As it will be shown, the
surfactant-free system yields highly living polymers with monomodal particle size distribu-
tions. This surfactant-free nitroxide mediated emulsion polymerization is the first reported
system for a methacrylate monomer that does not require prior synthesis of an amphiphilic
alkoxyamine and can be conducted directly from commercially available materials. The
formulations and polymerization results of this study are available in Tables 7.1 and 7.2,

respectively.

7.3.1 Emulsion Polymerization in the Presence of Surfactant Above the

CMC

Two stage emulsion polymerization of MMA with 7 mol% styrene (E1) produced well-
controlled chains with a PDI below 1.33 and a monomodal particle size distribution (PSD).
However, in a similar formulation with BMA and 10 mol% styrene (E2), while the polymer-
ization was living as demonstrated by the growth of the entire molecular weight distribution
(MWD) (please see Appendix E) over the course of the polymerization, the PSD was bi-
modal (Figure 7.1a).

It is suspected that the bimodality of the PSD for the BMA-co-St system is due to

a combination of nucleation mechanisms, namely micellar nucleation and aggregative nu-

150



7. NMP-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION

Table 7.1: Formulations for the Two Stage SG1-Mediated Emulsion and Surfactant-
Free Emulsion Polymerizations of n-Butyl Methacrylate (BMA) and Methy Methacrylate
(MMA) with 10 mol% Styrene (St).

Exp Surfactant 15t stage formulation 27d stage formulation Total
concen- ratios (molar) ratios (molar) Solids
tration BMA:St:MA:BB:SG1:SFS BMA:St [%)]
[mmol-L. 7]

El 7.78% 28.5%:8.8:0:1:0:0 299¢:23.8 9.1

E2 7.78% 20.6:8.9:0:1:0:0 216:24.2 8.5

E3 0 20.1:8.8:0:1.0:0:0 106:12.0 5.0

E4 0 20.2:8.6:3.2:1:0:0 214:23.8 8.7

E5 0 20.4:8.8:3.2:1.0:0:0 212:23.6 8.6

E6 0 20.2:8.6:3.0:1.0:0.1:0 211:23.7 8.7

E7 0 20.4:2.4:3.0:1:0.2:0.2 229:24.0 8.9

ES8 5.14° 20.2:8.8:0:1:0:0 211:26.7 9.3

The alkoxyamine initiator BlocBuilder MA® (BB) was added to the aqueous phase in its
carboxylated form, neutralized with the weak base NagCOj3. Methyl acrylate (MA), excess SG1
nitroxide and the reducing agent sodium formaldehyde sulfoxylate (SFS) were also used in some of
the experiments.

@ Surfactant is DowfaxT™8390, present in concentrations above the CMC

b Surfactant is SDS, present in concentrations below the CMC

¢ MMA is used rather than BMA

cleation, while the greater hydrophilicity of the MMA monomer may predominantly favor
micellar nucleation. The large concentration of initiator present in the aqueous phase in the
first few minutes of the 15! stage is extremely high by conventional emulsion polymeriza-
tion standards, owing both to the low target molecular weights for the polymer (~36,700
g-mol~!) and the high rate of decomposition of BlocBuilder MA® at the reaction tempera-
ture (koer,BB = 3.4x1072 L-mol-s~! 17). As a result, 95% of the initiator decomposes in the
first 90 seconds of the polymerization. Therefore, both micellar and aggregative nucleation

18 are important, although ag-

mechanisms, which occur in most emulsion polymerizations,
gregative nucleation in the more hydrophobic BMA-co-St system occurs to a greater extent
than in most conventional BMA emulsion polymerizations because of the conditions cited
above.

Such a phenomenon has been observed in other two stage NMP emulsion systems. SG1
mediated emulsion polymerization of n-butyl acrylate (n-BA), a monomer with similar hy-
drophobicity to BMA (n-BA is slightly more hydrophilic), resulted in very broad PSDs> 7

with PDIs measured by dynamic light scattering which are similar to our own reported PDIs

for the bimodal particles formed with BMA-co-St in the presence of surfactant. While bi-
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Table 7.2: Polymerization Results for the Two Stage SG1-Mediated Emulsion and
Surfactant-Free Emulsion Polymerizations of BMA and MMA with 10 mol% St.

Exp| pH Conv.| Time| pH | M!" Merp PDI | Init- | PS [nm)] PS [nm)] pdi
(15t (%] [hr] (end) | [gmol™'] [g:mol™] iator | (intensity) | (volume) (PSD)
stage) eff.[%]

El1 | 791 64.5 11.4 | 5.35 | 23,000 | 30,200 | 1.33 | 78.0 469 49 0.116

E2 | 8.40 38.3 23.1 | 5.18 | 14,500 | 20,800 | 1.35 | 69.8 432(61%), | 451 (39%), | 0.542

77 (39%) | 71 (61%)

E3 | - 30.0 220 |- 6,000 11,000 | 1.55 | 54.5 233 246 0.094

E4 | 8.39 67.5 23.1 | 6.22 | 25,100 | 38,400 | 1.48 | 65.2 237 246 0.036

E5 | - 49.1 220 |- 18,400 | 26,500 | 1.52 | 69.5 236 246 0.066

E6 | - 36.4 22.0 | - 13,683 | 16,184 | 1.53 | 84.5 595 576 (76%), | 0.274

(59%), 212 (24%)

217

(41%)
E7 | 8.28 57.0 23.0 | 6.29 | 22,256 | 34,713 | 1.92 | 64.1 487 501 0.081
E8 | 8.09 50.0 11.2 | 7.14 | 18464 | 30,179 | 1.61 | 61.2 408 439 (73%), | 0.325

(74%), 107 (27%)

120

(26%)

modal PSDs have not been observed by our group for an MMA-co-St emulsion system
(E1) with the surfactant Dowfax™8390, a bimodal PSD observed by light scattering was
reported by Dire et al.'* for the surfactant-free polymerization of MMA-co-St with an am-
phiphilic alkoxyamine initiator/surfactant combination. The bimodal PSD was attributed
to the formation of aggregates due to the presence of styrene in the amphiphilic outer layer
of the particles. However, no large particles could be identified by transmission electron
microscopy.'4

In the emulsion polymerization literature,'® it is common to discuss nucleation mecha-
nisms in terms of the z-meric length and the j..;+ length. The z-meric length is the minimum
length aqueous phase oligomers reach prior to becoming sufficiently surface active to en-
ter a micelle or particle. These water soluble oligomers may grow longer than the z-meric
length if they do not encounter a micelle. The critical length at which an oligomer becomes
insoluble in the aqueous phase and forms a precursor particle is known as the jq.;; value.

One important difference in the MMA and BMA emulsion systems is the difference in
hydrophobicity of the two monomers. The z-meric lengths for St and BMA have been re-
ported as 2, while the z-meric length is closer to 4-5 for the more hydrophilic MMA with
a persulfate terminal group.'® Tsai and Fitch?® have measured the j.-; length of MMA to

be approximately 65 with a persulfate end group, although Maxwell et al.'? have observed
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the minimum chain length of insolubility to be 10-11 under similar experimental condi-
tions but using different analytical techniques. The j..;; values of the more hydrophobic
monomers, BMA and St, are reported as 4.9 The j.-; and z-meric lengths can be estimated
for the copolymer systems of MMA-co-St and BMA-co-St based on a weighted average of
the homopolymer j..;; and z-meric lengths with respect to the concentration of each of the
monomers present in the aqueous phase. When the monomers were added to the aque-
ous phase in concentrations greater than their saturation, the saturation concentration was
used. ' Following the activation of the alkoxyamine initiator in the aqueous phase and prop-
agation of the MMA-co-St aqueous oligomer, this oligomer is able to enter into a micelle
or particle (z-meric length ~4-5) prior to reaching its je.;s value (~10), where aggregative
nucleation occurs. However, BMA is much more hydrophobic and is a faster propagating
monomer (possessing a higher k,) than MMA, so the BMA-co-St water soluble oligomers
add units more quickly and possess a lower j..;+ value (~4) than the MMA-co-St oligomers
Therefore, it is probable that some BMA-co-St oligomers will begin aggregating and pre-
cipitating prior to entering a micelle or existing particle (z-meric length ~2), especially in
a system with very high initiator fluxes. While this discussion is based on chains with a
persulfate end group, the behaviour is likely similar for oligomers with a BlocBuilder MA®
end group (COO™).

7.3.2 Surfactant-Free Emulsion Polymerization

In surfactant-free emulsion polymerization of BMA-co-St, oligomers can only undergo ag-
gregative nucleation due to the absence of surfactant micelles. Early experiments (E3)
suffered from poor initiator efficiency and slow polymerization rates because of termina-
tion during nucleation, which occurs in the 1% stage of the polymerization. In aggregative
nucleation, several water soluble oligomers precipitate to form a precursor particle. How-
ever, when using BlocBuilder MA®, which has a very high rate of decomposition at the
reaction temperature, about 95% of the water soluble oligomers are present in their active,
propagating form in the first 90 seconds of the polymerization. The aggregation of these
radicals in small particles results in irreversible termination. This leads to an accumulation
of SG1 in the system which suppresses further polymerization due to the persistent radical

effect. While the initiator efficiencies of these initial experiments were low, they did produce
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Figure 7.1: Particle size distributions by dynamic light scattering for (a) emulsion poly-
merization of BMA-co-St with 7.78 mmol-L~! of surfactant Dowfax™™8390 (E2), both the
intensity and volume PSDs are shown for samples taken after the 15 stage (25 minutes), 5.5
hours and 23.1 hours and (b) surfactant-free emulsion polymerization of BMA-co-St with
methyl acrylate in the 15¢ stage (E4), only the intensity PSD is shown for samples taken

after the 15° stage (20 minutes) (-), 6.5 hours (-) and 23.1 hours (-).The PSD curves are
normalized for area.

monomodal PSDs, the goal of this series of experiments.

Increasing the Initiator Efficiency by the Addition of Methyl Acrylate

Low BlocBuilder MA® initiator efficiencies in styrene miniemulsions were found to be
caused by extensive termination of the oligomers in the aqueous phase, and the accumulation
of excess SG1, leading to extremely slow growth of the oligomeric radicals in the aqueous

phase prior to entry into the monomer droplets.?! The initiator efficiency was shown to be

154



7. NMP-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION

greatly increased by the addition of a small amount of the hydrophilic, fast propagating
monomer methyl acrylate (MA), leading to much more efficient oligomer entry into the
miniemulsion droplets.?! We believe that in our system, methyl acrylate adds preferentially
to the oligomeric chain over BMA and St as it is propagating in the aqueous phase and
lowers the overall interfacial tension during aggregative nucleation. Lower interfacial tension
then minimizes the number of oligomers (and their charged end groups) required to stabilize
the precipitating particles, thus lowering the instances of termination between these species.
The addition of MA monomer during the 15 stage (at an equivalent of 3 MA units per chain),
greatly improved the initiator efficiencies of the resulting latexes (E4 and E5), while creating
highly living polymers as demonstrated by the growth of the full MWD over the course of
the reaction (Figure 7.2 and Appendix E) and narrow, monomodal PSDs (Figure 7.1b).
A similar phenomenon of increased initiator efficiency is demonstrated when surfactant is
present but in concentrations below the CMC and in the absence of MA (E8). The surfactant
lowers the interfacial tension of the particles formed by aggregative nucleation and with

fewer oligomers present per particle and an increased initiator efficiency is observed.

E4

0.0+
25 30 35 40 45 50 655

logM

Figure 7.2: Molecular weight distributions for the two stage, surfactant-free emulsion poly-
merization of BMA with 10 mol% styrene (E4). Samples shown for 15¢ stage (20 minutes)
(-), 2.3 hours (-), 4.4 hours (-), 6.5 hours (-) and 23.1 hours (-). The MWD curves are

normalized for area.

E4 shows a linear trend of In(1:(1-conversion)™!) vs. time (Figure 7.3a) for the lat-
ter part of the polymerization, indicating that there is little loss of chains in the system.

However, the first two samples, after the 15* stage and one hour after the monomer feed
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commenced, indicate that there were fewer radicals present in the system at the start of the
polymerization; this is the opposite of the tends previously observed by Nicolas et al.!! for
an MMA-co-St system. They observed that there is was higher concentration of propagating
radicals very early on in the reaction and the system only reached a linear trend of In(1-(1-
conversion) 1) vs. time later when the MMA-St-SG1 termination sequence was established.
Those polymerizations were conducted in batch with 4.4-8.8 mol% St concentrations. The
system presented here is quite different, as there is 30 mol% St in the 15 stage but only
10 mol% St in the feed. The additional styrene in the 15 stage inhibits the polymerization
through the formation of St-St-SG1 chains ends which are slower to reactivate; therefore,
this system is expected to have a lower concentration of propagating chains present in the
system during the feed stage and for the first hour or so of the polymerization until the
excess St added is consumed and the regular formation of MMA-St-SG1 end groups com-
mences. Further evidence of the living nature of this system is exemplified through the full
shifting of the MWD (Figure 6.2), a linear relationship between In(1-(1-conversion) 1) vs.
time (Figure 7.3a) and a continually increasing M,, over the course of the polymerization

(Figure 7.3b).
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Figure 7.3: Kinetic plots for the surfactant-free, two stage emulsion polymerization of BMA
with 10 mol% styrene (E4). The system was only semi batch for the 15 hour of the
polymerization. (a) The In(1-(1-conversion)~!) vs. time plot for samples taken during the
first 7.5 hours with an inlay of the same plot including all the samples up to 22 hours. (b)
The number average molar mass (M,,) and polydispersity (M,,/M,) vs. conversion plot
(the full line represents the theoretical M,, ).
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Addition of SG1 and Reducing Agents

The initiation efficiency was increased with addition of 10% excess SG1 (with respect to
BlocBuilder MA®) in the nucleation stage, which should shift the equilibrium to favor
dormant chains. When SG1 was added alone (E6), the polymerization was much slower
and exhibited an induction period at the start of the polymerization; however the initiation
efficiencies showed a dramatic improvement, up to 85% from 54% without SG1 (E6 and
E3 respectively). It appears that many of the oligomers were reversibly terminated either
prior to or during nucleation, protecting them from being irreversible terminated upon
aggregative nucleation with other oligomers. However, the extra SG1 appears to have
had a detrimental effect on the PSD, resulting in a very broad and possibly bimodal PSD
throughout the polymerization. One possible explanation for this is that the presence of
the excess SG1, along with 30% St in the 15¢ stage, produced water soluble oligomers that
were capped with SG1 prior to reaching the j..;+ value and precipitating. In environments
high in free SG1, the dormant state is favored; therefore, these water soluble oligomers may
have remained dormant for an extended period of time, continuing past the time when the
monomer feed was started. These water soluble oligomers, with an ionized COO™ group,
could act as amphiphilic chains and stabilize monomer droplets or form micelles which are
nucleated later, leading to a bimodal PSD. However, further characterization is required to
fully understand this phenomenon.

Experiments with 20% excess SG1 in the 15' stage and subsequent addition of the
reducing agent SF'S (also 20% with respect to the initial concentration of BlocBuilder MA®)
prior to the monomer feed were conducted (E7). SFS is a reducing agent which scavenges
free SG1 and can restore the activation/deactivation equilibrium towards the active form.
While these systems were living, as demonstrated by the growth of the entire MWD (please
see the Appendix E for the full MWDs of all the experiments discussed here), they did
not show any improvement in the initiator efficiency compared to the case with no SG1
(E4), and the MWD was more polydisperse. While the PSD was monomodal, the size
of the particles was very large (~500 nm). Interestingly, the experiment with excess SG1
but no SFS addition (E6) had two particle size domains: a large diameter domain (500-
600 nm) which matches the particle size obtained in the experiment with addition of SG1

and SFS (ET7), and a smaller domain (~200 nm) which matches closely the particle sizes
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obtained in the experiments without excess SG1 (E4). The very large particle size domain
created in the experiments where SG1 is present may be due to the superswelling effect,
where the oligomers (which are shorter and present for a longer time when excess SG1
is present) may be shifting the chemical potential so that the earliest nucleated particles
become superswollen with monomer with respect to the later formed particles. A discussion
of this has been presented for an ab-initio RAFT system.?? The colloidal stability and
particle size is known to be very sensitive to ionic strength in NMP emulsion; however the
concentration of SKFS added to the system is extremely small and these effects can likely be
discounted. The 1% stage of the E6 was monomodal, which suggests that the bimodality
of the PSD occurred during the monomer feed. It is possible that water soluble oligomers
may have still been present which could have formed micelle-like species to encourage a
secondary micellar nucleation. These micelle-like species would have disappeared following

the addition of SFS in experiment E7.

7.4 Conclusion

SG1 mediated emulsion polymerization of n-BMA with 10 mol% styrene, both in the pres-
ence and absence of surfactant, yielded well-controlled polymerizations with highly living
polymer chains. In the presence of surfactant above the CMC, bimodal particle size distri-
butions are observed, which can be attributed to the presence of two different nucleation
mechanisms: micellar and aggregative nucleation. SG1 mediated polymerization of MMA-
co-St in the presence of surfactant above the CMC, however, results in monomodal PSDs.
Surfactant-free emulsion polymerization of BMA-co-St gives monomodal particle size dis-
tributions, but suffers from poor initiator efficiencies and slow rates of polymerization as
irreversible termination occurs during nucleation. The initiator efficiency can be greatly
improved by the addition of a very small amount of the hydrophilic monomer methyl acry-
late in the 15¢ stage, or alternatively when surfactant is added in concentrations below the
CMC in the absence of MA. We propose that the increase in initiator efficiency is the result
of lower interfacial tension in presence of both MA and surfactant below the CMC. The
addition of excess SG1 greatly increases the initiation efficiency, but at the cost of slower
polymerization and very broad PSDs. The addition of the reducing agent SDS to consume

the excess SG1 does not impart greater control than simply through the addition of the MA
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during the 1% stage. This study represents the first instance of well controlled nitroxide
mediated polymerization of n-butyl methacrylate with a small proportion of styrene in a
simple, one-pot surfactant-free emulsion polymerization system. The elimination of surfac-
tant from the system not only allows for better control over the particle size distribution
but it is also an important advance for further applications, where the presence of a large

quantity of surfactant can be deleterious to both product properties and performance.

Acknowledgments

We wish to thank Arkema for providing financial support, materials and fruitful discus-
sions and the Natural Sciences and Engineering Research Council of Canada (NSERC) for

financial support.

References

[1] Cunningham, M. F. Progress in Polymer Science 33(4), 365-398 (2008).

[2] Zetterlund, P. B., Kagawa, Y., and Okubo, M. Chemical Reviews 108(9), 3747-3794
(2008).

[3] Bon, S. A. F., Bosveld, M., Klumperman, B., and German, A. L. Macromolecules
30(2), 324-326 (1997).

[4] Marestin, C., Noel, C., Guyot, A., and Claverie, J. Macromolecules 31(12), 4041-4044
(1998).

[5] Nicolas, J., Charleux, B., and Magnet, S. Journal of Polymer Science Part A: Polymer
Chemistry 44(13), 4142-4153 (2006).

[6] Nicolas, J., Charleux, B., Guerret, O., and Magnet, S. Angewandte Chemie Interna-
tional Edition 43(45), 6186-6189 (2004).

[7] Charleux, B. and Nicolas, J. Polymer 48(20), 5813-5833 (2007).

[8] Mchale, R., Aldabbagh, F., and Zetterlund, P. B. Journal of Polymer Science Part A:
Polymer Chemistry 45(11), 2194-2203 (2007).

[9] Dire, C., Belleney, J., Nicolas, J., Bertin, D., Magnet, S., and Charleux, B. Journal of
Polymer Science Part A: Polymer Chemistry 46(18), 6333—-6345 (2008).

[10] Charleux, B., Nicolas, J., and Guerret, O. Macromolecules 38(13), 5485-5492 (2005).

[11] Nicolas, J., Dire, C., Mueller, L., Belleney, J., Charleux, B., Marque, S. R. A., Bertin,
D., Magnet, S., and Couvreur, L. Macromolecules 39(24), 8274-8282 (2006).

[12] Lessard, B. and Maric, M. Journal of Polymer Science Part A: Polymer Chemistry
47(10), 25742588 (2009).

[13] Nicolas, J., Charleux, B., Guerret, O., and Magnet, S. Macromolecules 38(24), 9963—
9973 (2005).

[14] Dire, C., Magnet, S., Couvreur, L., and Charleux, B. Macromolecules 42(1), 95-103
(2009).

159



7. NMP-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION

[15]

Beuermann, S., Buback, M., Davis, T. P., Gilbert, R. G., Hutchinson, R. A., Kaji-
wara, A., Klumperman, B., and Russell, G. T. Macromolecular Chemistry and Physics
201(12), 1355-1364 (2000).

Hutchinson, R. A., McMinn, J. H., Paquet, D. A., Beuermann, S., and Jackson, C.
Industrial and Engineering Chemistry Research 36(4), 1103-1113 (1997).

Nicolas, J., Mueller, L., Dire, C., Matyjaszewski, K., and Charleux, B. Macromolecules
42(13), 44704478 (2009).

Gilbert, R. G. Emulsion Polymerization - a Mechanistic Approach. Academic Press,
San Diego, CA, (1995).

Maxwell, I. A., Morrison, B. R., Napper, D. H., and Gilbert, R. G. Macromolecules
24(7), 1629-1640 (1991).

Fitch, R. M. and Tsai, C. H. Polym. Colloids, Proc. Symp. , 103-116 1970 (1971).

Nicolas, J., Charleux, B., Guerret, O., and Magnet, S. Macromolecules 37(12), 4453—
4463 (2004).

Luo, Y. and Cui, X. Journal of Polymer Science Part A: Polymer Chemistry 44(9),
28372847 (2006).

160



Chapter

Conclusions and Recommendations

8.1 Conclusions

Changing the reaction medium of controlled radical polymerization from the more tra-
ditional bulk or solution systems to the more industrially preferable aqueous dispersed
phase presents very interesting challenges as the main locus of polymerization is now inside
nanometer scale particles. Two of the most poorly understood phenomena of this were
investigated here, both experimentally and theoretically: compartmentalization of the me-
diating species and radicals inside the particles, and the nucleation process that creates
these particles. Because many of the principles of CRP in the dispersed phase can be
relevant to different types of controlled chemistries, where a mediating species is used to
control the chain growth, investigations into atom transfer radical polymerization (ATRP),
catalytic chain transfer (CCT) and nitroxide mediated polymerization (NMP) were under-
taken. From this research, the main conclusions are as follows.

Compartmentalization effects were investigated through mathematic simulations for
ATRP and CCT. The effects of compartmentalization on the individual reactions occur-
ring inside the particles by discrete numbers of mediating agents are similar for the two
chemistries: 1) increases in the rate of combination of the radicals and mediating agents
as they are compartmentalized into smaller and smaller particles and 2) the creation of
vastly different polymer products than would be predicted using the global concentration
of mediating agents, as is done for bulk systems.

In aqueous dispersed phase ATRP polymerizations, compartmentalization effects can

influence the rate of polymerization, the control of the PDI and the livingness of the polymer
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formed. Segregation of the deactivating species, CuBra, into the particles is the result of
using the highly hydrophobic ligand EHAgTREN, which minimizes transfer to the aqueous
phase. For the highly active catalyst system CuBr/EHAGTREN, it was found that for
small particle sizes, both the rate of polymerization and the number of units added per
activation decreased proportionally to the volume of the particles. It was also found that
there exists a window of particle sizes where the rate of polymerization is higher than that
of an equivalent bulk system but where the PDI and the degree of termination remain below
that of bulk, indicating an optimal region of particle sizes in which to operate. Whereas
in bulk ATRP systems, the rate of polymerization is directly controlled by an equilibrium
ratio of Cu(I)/Cu(Il), this is not true for the compartmentalized system, where the rate is
instead controlled by enhanced deactivation and also the relative concentrations of Cu(I)
and Cu(II), which are dependent on the size of the particles. In addressing the industrial
relevance of ATRP, decreasing the concentration of transition metal catalyst required is very
important; however, as this study shows, this may not be easily done in the dispersed phase.
Lower catalyst concentrations lead to slower rates of polymerization as well as higher PDIs.
However, polymerizations conducted under these conditions do possess a greater livingness.

In CCT seeded emulsion systems, compartmentalization of the mediating agents be-
tween the particles results in multimodal MWDs (molecular weight distributions), and the
cause of this compartmentalization is the increased diffusional resistance to transfer of the
catalytic chain transfer agent (CCTA) between the particles, which is a function of viscosity.
This work resulted in the first simulations which demonstrate the effect of segregation of
both the propagating radical and a mediating species on the chain length distribution for
any CRP emulsion system. The multimodal MWD observed experimentally in seeded CCT
emulsion polymerization can be reproduced by our simulations and confirm that the diffu-
sional resistance against CCTA transfer between particles limits the ability of the CCTA
to effectively mediate numerous polymer particles. In instances of fast CCTA diffusion, for
example in a miniemulsion system, the expected degree of polymerization can be predicted
by the Mayo equation using the average concentration of CCTA per particle in the system.
However, when the diffusional resistances are significant, for example in a seeded emulsion
polymerization system, the individual contributions to the CLD can be attributed to the

compartmentalization of CCTA in the particles, whereby the peaks at different degrees of
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polymerization are due to polymerization in the presence of zero or more CCTA molecules
inside each particle over the course of the polymerization.

A dependence of the particle size on the concentration of initiator (or target molecular
weight) has been observed in a wide variety of ab-initio CRP emulsion and two stage
emulsion systems. To make the production of these specialty polymers economically viable
at the industrial scale, high solids content formulations are necessary and control over the
particle size is important to create colloidally stable latexes at these conditions. Although
we have studied particle nucleation only in nitroxide mediated emulsion polymerization,
many of the conclusions and systems could be applicable to other similar chemistries —
most especially for ab-initio RAFT (Reversible Addition Fragmentation Transfer) emulsion
polymerization, where commercially available, water soluble RAFT agent initiators are
available.

To this end, we studied how the characteristics of the 15 stage latex will influence the
colloidal stability of high solids latexes targeting a variety of molecular weights in SG1
mediated NMP. Minimizing the size of the 15¢ stage latex particles appears to be the best
way to maintain colloidal stability at high solids; however these 15 stage latex particles are
very sensitive to changes in ionic strength, buffering, the type of base used to ionize the Di-
BlocBuilder and the concentration of initiator. We have found that using NayCOg3 in excess,
rather than NaOH, to ionize the DiBB results in smaller 15¢ stage latex particle sizes while
also providing sufficient buffering capability to maintain the DiBB surface charges. The
drastic changes in the 15' stage latex particle size with changes in initiator concentration are
the result of superswelling during nucleation, where large concentrations of short oligomers
enhance the diffusion of monomer to the particles. We have demonstrated that colloidally
stable latexes can be created at 45 wt.% solids for n-BA mediated by Di-BlocBuilder with
final molecular weight targets >70 kg:mol~!. There is a very clear trend of increasing
particle size with increasing initiator concentration, making the creation of low target M,
difficult. All of the high solids polymerizations were controlled, but the breadth of the
MWD increased with increasing conversion.

The connection between particle size and target molecular weight can also be used
in a positive manner to create well-controlled, SG1l-mediated, MMA-co-St microemulsion

latexes. These microemulsons have small, monomodal particle size distributions, low sur-
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factant to monomer ratios, fast reaction rates and solids content up to 40 wt.% and high
molecular weights. Narrower molecular weight distributions were obtained when 30 mol%
St was used in the 1% stage compared to 8 mol% because reactivation of the dormant chains
following nucleation was minimized. Leaving the 1% stage latex for periods longer than 1
hour resulted in irreversible termination and the accumulation of SG1, which slowed further
polymerization. 15¢ stage latexes with more styrene present were more robust, experiencing
lower amounts of termination and narrower molecular weight distributions when left for long
periods of time prior to feeding the rest of the monomer. These MM A-co-St microemulsions
can easily be chain extended with BMA-co-St in one step, but the presence of BMA-co-St in
the seed stage leads to bimodal particle size distributions when (BMA-co-St)-block-(MMA-
co-St) polymers are made.

To understand the influence of monomer choice on the nucleation process, an n-BMA
emulsion system was explored further. SG1 mediated polymerization of MMA-co-St, in the
presence of surfactant above the CMC, results in monomodal PSDs; however when the more
hydrophobic monomer n-BMA is used, bimodal particle size distributions are observed. The
bimodality is the result of two different nucleation mechanisms: micellar and aggregative
nucleation. Eliminating micellar nucleation by conducting surfactant-free emulsion poly-
merization of BMA-co-St gives monomodal particle size distributions, but suffers from poor
initiator efficiencies and slow rates of polymerization as irreversible termination occurs dur-
ing nucleation. The initiator efficiency was improved by the addition of a very small amount
of the hydrophilic monomer methyl acrylate in the 15* stage to lower the interfacial tension
of the system during aggregative nucleation. The elimination of surfactant from the system
not only allows for better control over the particle size distribution but it is also an impor-
tant advance for further applications, where the presence of a large quantity of surfactant

can be detrimental to both product properties and performance.

8.2 Recommendations for Future Work

Because of the interdisciplinary nature of the work done in this thesis, it is very easy to
suggest investigations of different factors across a wide range of controlled radical chemistries
and monomer types. In particular, we would like to make the following recommendations

for future work based on research conducted in this thesis.
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In Chapter 4 we demonstrated modeling of the full molecular weight distribution of
CCT, but application of similar techniques to other CRP systems, most specifically those
which undergo reversible termination (e.g. ATRP and NMP) or regenerative transfer (e.g.
RAFT) would be particularly powerful. Unfortunately, simulations can only be conducted
in regimes where “memory” effect on the dormant polymer chain population will not be a
problem. In highly compartmentalized systems, the population of dormant polymer chains
will be different within particles containing different concentrations of mediating agents.
Unfortunately, the population balance approach assumes that the MWD of all the polymer
populations are similar throughout all the particles. As a result, the effects of mediating
agent compartmentalization cannot be accurately seen in the MWD with the current pop-
ulation balance approach. However, modeling by monte carlo simulations can avoid this
problem.

More simplistic modeling, like that used by the method of moments to estimate the
rate, livingness and PDI for ATRP systems (Chapter 3) is an excellent way of capturing
these compartmentalization effects for a wide variety of controlled chemistries. However, in
truly low catalyst concentration ATRP systems, it would be interesting to see if compart-
mentalization effects also manifest themselves on the activating agent, CuBr, in addition
to the deactivation agent, CuBrs. All simulations to date assume that CuBr is present in
such high concentrations that it need not be considered as a compartmentalization species;
however, this assumption will become invalid as lower catalyst concentration systems, with
extremely high activity ligands, are sought.

The challenges of nucleation in NMP dispersed phase systems are not yet solved, and
while the impact of the coupling of particle size with initiator concentration can be min-
imized (Chapter 5), it is not yet fully eliminated. Experimenting with mixed ab-initio
nucleation in the presence of pre-fabricated amphiphilic, surfactant-like initiators may off
set this coupling tendency, as increasing the initiator concentration in ab-initio systems
increases the particle size whereas increases in the concentration of amphiphilic initiators
tends to decrease it. This, or the use of a dead polymer seed latex, could be the solution
to achieving high solids, low target molecular weight latexes by NMP.

Novel, core-shell, block copolymer particles could be created beginning with either the

microemulsion (Chapter 6) or the surfactant-free (Chapter 7) formulations presented in
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this work. In particular, inverse core-shell, block copolymer particles (where the more
hydrophobic monomer resides at the polymer-water interface of the particles) could be
created by anchoring the more hydrophobic polymer to the surface through the COO™

groups present on BlocBuilder MA® initiator groups.
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Appendix

Compartmentalization in Dispersed Phase

ATRP

A.1 Equation Derivation

The rate of change of the singly distinguished particle distribution, d\S; j »/dt, can be checked

against the modified Smith Ewart equations, dN; ;/dt, by

dS; j k
dt

dt

= (1) (A.1)

A.2 TImplementation of the Computer Simulation

The model was implemented in fortran, using the OED solver DLSODI, as a fully integrated
set of differential equations using a backwards Euler method. The maximum number of rad-
icals (i) and maximum number of Cu(II) molecules (j) are flexible, provided the simulations
are recompiled before using. Other input parameters (including the rate constants of the
polymerization reactions and the particle size) are stored in a separate input file and can
be modified without recompiling the executable file.

At each time step (1 second), all of the ODEs are integrated. The integration loop is

setup such that the following equations are solved simultaneously.

Imaz Jmax Imaz
Noo=1-=>_ > Nij—=> N, (A.2)
i=1 j=0 J=1
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I J,
max max N
> d ’J (A.3)
=1 j=0
J;
max dNO’j
Lot (A-4)
7j=1

Imaz Jmax d)\(l)
>

=0 45=0

(A.5)

Imaz Jmax d)\ 2)

o> L o (A.6)

par i
i (A7)
d‘;il) (A.8)
d‘;f) (A.9)
df;:) (A.10)
d[c‘l]‘f] (A.11)

icus o

Ny is the only equation which is not integrated and is calculated as the remainder of
the other Smith-Ewart Equations to maintain a closed set of equations and minimize drift
occurring from truncation errors. Before this was made the permanent modification to the
model, the equations were all tested by keeping an integrated form of dNpo/dt and the

I’VVL(L(IJ J’rna:c

output was checked to ensure that > >  N;; =1.
i=0 j=0
After equations A.2 - A.12 were solved simultaneously, 71, Nichain, NCu(11)s TCu(IT)chain
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PDI, etc were calculated at the end of each time step and the results written to an output
file.
At each time step, many checks are made to ensure that the boundary conditions of the

model are not being approached and that the equations are closed. These include

New(I1)

(CuDlo = [Cul)] + [Cu(ID)] = [Cu(D] + 75 (A.13)
O O IO (A.14)

NaV,

If one or both of these balances do not hold from the beginning of the simulations, it
is likely that the equations are not closed and there is a problem with the code. If these
balances hold for the first portion of the simulation but begin to drift at larger time steps,
it is likely that one or both of the boundary conditions (maximum number of radicals,
equation A.14, or Cu(II) molecules equation A.13, per particle) are being approached. This
can happen when the initial concentration of chains, ,uéo), is too high or the particle size is

too large. It is the accumulation of Cu(II) in such particles that limits the conversion to

which the simulations can be run.
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Appendix

Compartmentalization in Catalytic Chain

Transfer

B.1 Kinetic Scheme for Free Radical Polymerization

Fundamental steps occurring within the polymer particles include propagation, bimolecular
termination by disproportionation, which is the dominant termination mechanism for MMA
polymerization,' and chain transfer to monomer. These reactions are summarized below,

along with their corresponding reaction frequencies, expressed in s~!.

Propagation
[ ] kp [ ]
Rshm‘t +M — Rl fp - kpM (Bl)
[ ] k [ ]
Termination
[ ] [ ] k
short T Rshort — short ft = kt/QNAVp (B.3)
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[ ] [ ] k
short + Rj — Pj ft = kt/QNAV;) (B4)
. o ki =
Rj + R — Pj + Py ft = ki/2NAV, (B.5)

Transfer to monomer

short

ktom .
R+ M - P+ R Frm = kpmM (B.6)

B.2 Generalized Form of the Distinguished Particle Distri-

butions

dSo,1,j,c

T = - [P + fp + fcm + (C)fcdes + ffm + (C)ftrans]SO,l,j,c

1
+ 550,11, + feinS0,1,j,e—1 + (¢ + 1) feoutS0,1,j,e+1 + §PSO,2,j,c

1
+ |:fdes + p:| Sl,2,j,c +jgl prl,l,c

2
(B.7)
% =—[p+ fp+ fein + (¢) feout + 2fm + 2(C) ftrans + 2ft]S0,2,5.c
+ fpSo2j-1.c + feinS0.2.c-1 + (€ + 1) feourSo.2,j.c41
+ fpS124e + 2 JpN12,c
(B.8)
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dS12.c
ﬂ = [:0 + fdes + fp + fcin + (C)fcout + fp + ffm + (C)ftrans + 2ft]Ss,i,j,c

dt
+ pSO,l,j,c + [ffm + (C)ftrans]SO,Q,j,c + fpSl,Z,j—l,c + fcinsl,Q,j,c—l

+ (c+ 1) feourS1,2,5,c41 + jgl 2fpN22.c

(B.9)

de . 1 (ffm + (C)ftrans) (SO,l,j,c + SO,2,j,c + Sl,Q,j,c)
dt NaVy +30 (5024 T S12.¢) + 2ftS125.c + 2f1502,5.c

(B.10)

B.3 Derivation of f;.

Radical exit is a very important mechanism, especially when there is a significant amount
of chain transfer. Monomeric radical exit is often considered to be a diffusion process where
the radicals are considered to have the same characteristics as the monomer.? Often it is
the diffusion of the monomeric radical away from the particle in the aqueous phase that is
rate determining, but at very high conversions and internal viscosity, the diffusion of the
radical through the particle is also limiting. Because these experiments are conducted at
very high internal viscosity, diffusion will be considered limiting in both the particle and

aqueous phase by?

3D a0t D,
fdes = part=zaq (Bll)
(&

WDpart + Daq) 2

where D, diffusion coefficient of in the particle phase, D,, is the diffusion coefficient
in the aqueous phase, C, is the concentration of monomer in the particle phase, C,, is
the concentration of monomer in the aqueous phase and r is particle radius. The Djqr¢
(4.58-10712 m2.s71) is estimated by the diffusion of monomer in the particle at a high
conversion (p = 80%) by the correlation given by Gilbert? for MMA at 50°C. The diffusion

of monomeric radicals in the aqueous phase, Dyy (1.9-107% m2-s71).3 is calculated by the
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Wilke-Chang correlation for dilute systems.* All simulations were conducted with fz.s =
1.35-10* s71, 8.4810% s~!, and 5.38-10% s~ ! for the 65 nm, 82 nm and 103 nm particle
respectively. We also show that the conclusions drawn from the CLD with respect to
particle size cannot be attributed to difference in fg.s alone. Figure B.1 shows that, all other
conditions being equal, a higher f;.s leads to a lower concentration of transfer-dominated
chains (because of enhanced exit), but has no effect on the formation of two populations.

—f,. = 1.3510"s"

\ d

L O f,. =53810°s"

\ d

w(DP) x10*

log(DP)

Figure B.1: w(DP) plot for the simulated CLD of 103 nm particles at 30% conversion,

assuming k/?P = 1.5-107 L-mol 1s71 k= 2.0-10'2 L-mol™ts7!, foour = 1073 s7! and

ncora = 1.0. The frequency of radical entry into the particles remained at p = 1 s~! for
all simulations but the frequency of radical exit was varied.

B.4 Effect of k; on the Chain Length Distribution

In the simulations for the seeded emulsion system, the instantaneous conversion is over 0.8,
which can lead to diffusional resistances to the movement of the radical chains and lower the
rate constant of termination® (k;) below the value listed in Table 4.2. In addition, the rate
constant of termination was increased far above any realistic value (to 2.0-10'? L-mol~!.s7!)
in the majority of the seeded simulations to mimic a zero-one system where termination
occurs instantaneously upon the entry of a new radical into a particle already containing a
propagating radical. These conditions were chosen because, as termination occurs primarily
by termination by disproportionation, the creation of a small disproportionation product

(at moderate to low k;s) following a bimolecular termination in particles containing no
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CCTA can obscure the true contribution to the CLD by transfer-derived polymer, which
is the predominant product in particles containing a CCTA. We have run simulations at
varying ks (Figures B.2-B.4) here to demonstrate that, although the assumption of a very
high k; may not have been physically correct, it is still appropriate as it does not change
the conclusions presented in this work: that there are contributions to the CLD from
bimolecular termination and catalyzed chain transfer. Lower values of k; lead to a DP of
the termination-dominated polymer population and can also lead to some broadening in
the CLD of the transfer-dominated population if the disproportionation product and the

transfer-derived product overlap.

1.4 S ——k=2.010" L'mol™s”
BRSNS k =2.0-10" L'mol"s”

1.2+
rrrrr k,=2.0-10" L'mol™s”
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0.4+

P

N

0.24 P
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Figure B.2: w(DP) plot for the simulated CLD of 65 nm particles at 30% conversion,

assuming kP = 1.5-10% L-mol™t-s7!, Accra= 0.5, p = 0.1 s7! and fepue = 1074 s7L.

The rate coefficient of termination was varied to simulate conditions with very different
diffusional resistances.

The simulations at different k; values show that two distinct polymer populations can
be seen when k; is 2.0-10"2 L-mol~-s~!. When k; is 2.0-10” L-mol~!-s™!, a smaller, tertiary
population of chains can be distinguished on the CLD: the disproportionation product from
the bimolecular termination reactions. Thus, when k; is 2.0-107 L-mol~'-s~!, this peak
overlaps with the transfer-dominated peak both when kiib = is 1.5-107 L-mol~!-s™! and
1.5-10% L-mol~'-s~!. This illustrates the rationale behind using k; = 2.0-10'? L-mol~*-s~! to
mimic a zero-one system. Simulations were also conducted with k; = 2.0-102 L-mol~!-s7! to

simulate systems with severe diffusional resistance.? Again, two populations can be seen, and

the disproportionation product (which is large) overlaps with the bimolecular-termination
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Figure B.3: w(DP) plot for the simulated CLD of 65 nm particles at 30% conversion,
assuming kfffm: 1.5-107 L-mol~ts™ !, fccra= 0.5, p =10 s~ and feout = 107% s~ L.
The rate coefficient of termination was varied to simulate conditions with very different
diffusional resistances.
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Figure B.4: w(DP) plot for the simulated CLD of 65 nm particles at 30% conversion,
assuming kfffm: 1.5-10% L-mol~!'s~!, AccTta= 0.5, p =10 s~ and Seout = 1074 s~ L.
The rate coefficient of termination was varied to simulate conditions with very different
diffusional resistances.

population, which is broader.

B.5 Effect of k, on the Chain Length Distribution

Similarly to k;, the values of k, also decrease when the viscosity inside the particles be-
comes high. However this effect is only observed for very high conversions (>75%),% as the
propagation reaction occurs between a small molecule and a long chain (rather than two

long chains as is the case for the termination reaction). Again, similar to the discussion for
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Figure B.5: (a) w(DP) and (b) w(logDP) plots for the simulated CLD of 65 nm particles

at 10% conversion, assuming ky-b = 1.5-10% L-mol~1s™! figera= 0.5, p = 1.0 s71, k=

2.0-10'2 L-mol~!s™!, andf,,us = 1073 s~!. The rate coefficient of propagation was varied
to simulate conditions with very different diffusional resistances.

k¢, while the chosen k;, may not be physically correct (although estimating an appropriate
k, is extremely challenging as it can change dramatically in this region), it does not change
the main conclusions of the paper. Figure B.5 shows that two polymer populations can still

be observed, although the DP of these is dependent upon the propagation rate coefficient.
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Appendix

High Solids NMP Emulsion with
Di-BlocBuilder

C.1 Titration Curves to Determine the pKa of BlocBuilder

MA® and Di-BlocBuilder

The pKa of BlocBuilder MA® and Di-BlocBuilder was determined by titration of an 0.1M
NaOH solution into a solution of BlocBuilder MA® (or Di-BlocBuilder) dissolved in a
mixture of anhydrous ethanol and water. This is the same method used previously to
determine the pKa of another di-alkoxyamine (DIAMA).! The pH probe was calibrated
with aqueous standards (pH 4, 7 and 10) and the observed aqueous pH was corrected for
the water /alchohol mixture by applying the method described in Bates.? The corrected pH

(pagm*) is calculated by:

pay =pH — « (C.1)

When the ethanol content in the alcohol/water mixture is below 0.5, the term « varies
in a nearly linear fashion with ethanol content (Figure C.1)

The acid dissociation constant (pKa) is the midpoint of a titration curve. The simplest
way to determined this is that the midpoint is the maximum of a dVol/dpH versus pH plot.
The base formulations for these titrations are listed in Table C.1 and the titration curves
for BlocBuilder MA® and Di-BlocBuilder are shown in F igures C.2 and C.3 respectively.

Therefore, the pKas of BlocBuilder MA® and Di-BlocBuilder are estimated as 5.90 and

6.66 respectively.
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Figure C.1: Variation of o with ethanol content.

Table C.1: Formulations for the Titrations of BlocBuilder MA® and Di-BlocBuilder with
NaOH in a Water/Ethanol Mixture

Exp.| Alkoxyamine | Acidic End Ethanol (g) | Water (g) | pKa
Groups (mmol)
A BB 0.556 10.60 13.33 5.96
B BB 1.21 19.32 21.84 6.00
C BB 0.366 17.73 24.40 5.75
D DiBB 1.13 20.26 25.13 6.59
E DiBB 1.08 12.18 15.92 6.78
F DiBB 0.457 8.72 10.12 6.69
G DiBB 0.399 17.64 22.25 6.56
The titrations were done with a 0.106 M NaOH solution.
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C.2 pKa of BlocBuilder MA® and Di-BlocBuilder

The experimental pKas for BlocBuilder MA® and Di-BlocBuilder are higher than the
predicted pKas for the methacrylic acid groups (4.65 for a single unit and as high as 5.45
for oligomers of methacrylic acid®). Therefore, it is possible that BlocBuilder MA® and Di-
BlocBuilder exist in a zwitterionic form in water, where the the acidic site on alkoxyamine
is deprotonated. A potential ionization mechanism is shown in Figure C.4. The presence
of this zwitterionic form can account for the higher pKas for both BlocBuilder MA® and

Di-BlocBuilder compared to that estimated solely by the carboxylic form.
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—_— o) ~
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or Na,CO3 Na
Me t-Bu
(0]
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o
G)o \T@) H
Me t-Bu

Figure C.4: Proposed zwitterionic form of BlocBuilder MA® in water and its ionization to
its water soluble form with base.

C.3 pH drop in the system prior to nucleation

Throughout all of the nucleation experiments, a significant drop in pH over the entire
reaction was observed. After nucleation, the drop in pH was always associated with an
increase in the particle size and can be, in part, attributed to the burying of charged surface

groups inside the particles. However, the drop in pH prior to nucleation (nucleation always
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occurs around pH ~7.5) is less understood. When the system was ionized with NayCOj3
or only a stoichiometric amount of NaOH, nucleation occurred within minutes of reaching
120°C. However, when the initial pH was much higher (closer to pH 11 when excess NaOH
is used) there was a significant induction period prior to nucleation (which again occurred
at pH ~7.5).

The most likely cause of this drop in pH prior to nucleation is the hydrolysis of butyl
acrylate into the water soluble acrylic acid. At room temperature butyl acrylate is known
to have a 243 minute (4.05 hour) half life at pH 11, a 1100 day half life at pH 7 and a 2800
day half life at pH 2.# The hydrolysis of BA into acrylic acid will be accelerated at 120°C.

Several experiments were conducted, the most notable using BA, water and NaOH. The
starting pH (prior to purging and heating the reactor) was 11.5, but the pH dropped to
4.88 after heating to 120°C over the course of an hour. While this is a radical drop in pH,
only 2.6x1073% of the BA was converted to acrylic acid. After a further hour at 120°C
the pH was 4.33 and 8.2x1073% of the BA was hydrolyzed. When the buffer NagCO3 was
added with BA and water, the pH drop was not as significant (starting pH 10.33, pH after
one hour of heating was 9.52 and after a further hour at 120°C the pH was 7.36).

Experiments were also conducted with ethyl benzene (the saturated analogue of styrene,
styrene was not chosen because of an interaction between the inhibitor 4-tert-butylcathechol
and NaOH), NaOH and water. The initial pH was 11.14 and after 3 hours at 120°C, the
pH dropped to 9.32 (1.11x10*7% of acid created with respect to the ethyl benzene in the
system). Since ethyl benzene is unlikely to undergo a hydrolysis reaction, this drop in pH
may be attributed to the deprotonation of the Si-OH groups on the surface of the glass
reactor.

A very small amount of BA hydrolyzing into acrylic acid leads to a dramatic decrease
in the pH at the start of the reaction. To minimize hydrolysis, beginning with a lower pH
(by using only stoichiometric amounts of NaOH or NayCOg) is preferable. However, the
hydrolysis of BA is self-regulating — the hydrolysis of BA leads to the creation of acrylic

acid, which lowers the pH of the system and, in turn, slows the rate of hydrolysis.
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Appendix

High Solids Microemulsion Polymerization

D.1 Estimation of the Concentration of Free SG1 Early in

the Polymerization

Assuming limited termination, the rate of change of free radicals in the system can be

estimated by

d[Re|
dt

= koet[BB] — kaeact|[SG1][Re] (D.1)

Applying the quasi-steady-state assumption, and assuming that BlocBuilder MA® ac-
tivates to form a free radical and a free SG1 in pairs, the concentration of free SG1 in the

system can be estimated as

bl -

561 = ( Kdeact
Using the initial concentration of BlocBuilder MA® i the system, [BB] = 1.45 mmol-L 1,
the rate coefficient of activation of BlocBuilder MA® initiator at 90°C, ket = 3.4-1072
s~1 1 and the rate coefficient of deactivation for a chain possessing an Ste end group, Kgeact
= 4.6-10% L-mol~'-s7! ! (the choice of the Ste end group rather than MMAe is appropri-
ate because the re-activation of a dormant chain with MMA as the terminal group will
be extremely fast! such that the period of time which that chain was dormant is insignifi-

cant), the concentration of free SG1 is calculated as [SG1] = 3.3:107% mol-L=! or 2.0-10'8

molecules- L~ 1.
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D.2 Estimation of the Expected Degree of Polymerization

for the First Activation Step.

The average degree of polymerization for the first activation step can be estimated by

Ry Fip[M]

DP = =
Rdeact kdeact [SGl]

(D.3)

Where Ep is the average rate coefficient of propagation for the copolymer system (see below),
Kgeact 18 the deactivation rate coefficient for the addition of an SG1 to an Ste chain end (kgeqet
= 4.6-10% L-mol~!.s7! 1), as described earlier, and [M] and [SG1] are the concentrations of
monomer and SG1 respectively in the system. The average DP can be estimated in two
ways — firstly assuming all the monomer and SG1 are present in the aqueous phase and
monomer swollen micelles play no significant role, or, alternatively, that the majority of the
monomer is present inside the micelles and the first deactivation step will occur between a
propagating chain and an SG1 molecule within the monomer swollen micelle.

Because this is a copolymerization system, the reactivity ratios, r; and re, and the
monomer feed concentrations, f1 and fo9, need to be taken into account in determining Ep

by2

P rft +2f1fa +r2fo (D.4)

P (rifi kpnn) + (rafe/kpes)

P kpi11[r1 f1 + fo

Ny A [y (D-5)
 kpon
e kpi11 (B-6)

where Tapa = 0.4929, rgy = 0.4829, syypma = 0.6014, sg; = 0.3615, k, prpa = 1640
L-mol~ts7! and k,s; = 900 L-mol~!-s71.6 Thus when 8 mol% and 30 mol% styrene is

added to the 15t stage, lgp = 1491 L-mol~!-s~! and Ep = 1200 L-mol~!-s™! respectively.

1) Theoretical DP for all reactions occurring in the aqueous phase Earlier we
calculated the average concentration of SG1 in the system in the absence of partitioning

between the aqueous phase and the monomer swollen micelles as [SG1] = 3.3-107% mol-L L.
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Because both MMA and St have similar molecular weights, [M]a, is 1.7 mol-L~! in both
the 8 mol% and 30 mol% St 15t stage experiments, A1 and A2 respectively (Section 6.3.1).
Thus, with equation D.3, the average DP each chain would reach in the aqueous phase, in
the absence of entry into the monomer swollen micelles, is DPZI}] = 768 and 618 for the 8

mol% and 30 mol% St systems respectively.

2) Theoretical DP upon entry into a monomer swollen micelle Because deacti-
vation of the propagating oligomers by SG1 is unlikely to occur in the aqueous phase prior
to these chains reaching their z-meric lengths (~4) and entering into a micelle, it is more
=4

practical to calculate the average length of each chain prior to deactivation as DP".

+DP;p micelie- DP%C can be determined assuming there is an SG1 molecule present inside

that micelle with which the chain can undergo a deactivation reaction

kp[M]

DP. =4+ T
kdeactm

maic

(D.7)

where [M] is the concentration of monomer inside the micelles, [M] = 9.2 mol-L ™! for both
the 8 mol% St and 30 mol% St because of their similar molecular weight and densities, and
N4 is Avogadro’s number and Vp is the volume of the monomer swollen micelle. Based on
dynamic light scattering measurements of Dowfax™8390 micelles in solution (see below),
we will assume a diameter of 2 nm for our monomer swollen micelles, resulting in N4V, =

2.5 L-mol~!. Using Equation D.7, this results in DP?. ~4 for both the 8 mol% and 30

mic
mol% systems as deactivation occurs almost instantaneously upon entry of a chain into a
particle containing an SG1 molecule (DP;, micerie = 0.075 and 0.060 for the 8 mol% and 30

mol% styrene systems respectively).

D.3 Estimation of the Aggregation Number of DowfaxT™8390

The aggregation number, N, of the surfactant DowfaxT™8390 was estimated in two different
manners and an appropriate order-of-magnitude estimate for N was made. For spherical

micelles, the aggregation number can be determined by geometric considerations,?

assuming
each micelle occupies a cone shaped volume within the sphere. If information about the

radius of the micelle, R,,;., and the surface area of the head group, ag, are known, N can
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be determined by

B 47 Ry

ao

N (D.8)

1) Estimation of the radius of the micelle by empirical correlation The radius
of the micelle can be estimated assuming that it is equivalent to the elongated length of
the surfactants hydrophobic tail, £y ax. DowfaxT™M8390 possesses a monoalkylated tail of 16

carbons (number of C molecules, n. = 16) s0 {paxcan be estimated as 2.178 nm from?

linax = (0.154 + 0.1265n,) nm (D.9)

The surface occupied by a DowfaxTM8390 type surfactant has been previously estimated
as ag = 1.66-2.49 nm (depending on the Gibbs pre-factor used in the estimation, the value
is assumed be to be 2 or 3).4

This estimates N for our surfactant between 24-36. The use of ¢p.x as Ry could
contain a great deal of error, as the correlation is normally applied for surfactants with a
single headgroup (not double like Dowfax™™8390) and assumes that there is full extension
of the C16 tail towards the center of the micelle. Stronger repulsing head groups tend lead
to lower aggregation numbers, and in these cases the assumption that the hydrophobic tail
would be fully extended may not hold. Thus it is believed that the N estimated here may
be high.

2) Estimation of the radius of the micelle by light scattering Surfactant dissolved
in DIW (at 10x its CMC) was analyzed by dynamic light scattering. The intensity and
volume average particle sizes were estimated at 3.48 nm and 1.82 nm respectively. Using
the same ag above and R, estimated from the intensity particle size, N is calculated
between 15-23.

Because our experimental system also contains a small concentration of electrolyte
(which tends to increase N), we have chosen to use N ~25 in our calculations of the con-

centration of micelles present at the start of the polymerization.
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D.4 Estimation of the Concentration of Micelles Early in the

Polymerization

DowfaxT™8390 is known to have a very low CMC,* and an order of magnitude estimate
of the concentration of micelles present at the start of the polymerization can be made by:
[micelles] = [surfactant]o-N~! -NA, which yields 1.86-102! micelles-L. ™! for our polymeriza-
tion. As a conservative estimate, we will assume our microemulsion systems have an initial
micelle concentration of 10?' micelles-L~!, which is two orders of magnitude higher than

the number normally cited for traditional emulsion polymerization of 10'? micelles-L~!.5
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Appendix E

SG1 Mediated Surtactant-Free Emulsion
Polymerization
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Figure E.1: Full molecular weight distributions of all experiments listed in Table 7.2. The
contribution of the 1% stage latex is included in all MWDs (-). (a) Two stage emulsion
polymerization of MMA-co-St with DowfaxT™8390 above the CMC (E1). (b) Two stage
emulsion polymerization of BMA-co-St with Dowfax™™8390 above the CMC (E2). (c)
Surfactant-free, two stage emulsion polymerization of BMA-co-St with no methyl acrylate
present in the 1st stage (E3). (d) Surfactant-free, two stage emulsion polymerization of
BMA-co-St with 3 units of methyl acrylate per chain present in the 15 stage (E4). (e)
Surfactant-free, two stage emulsion polymerization of BMA-co-St with 3 units of methyl
acrylate per chain present in the 15 stage (E5). (f) Surfactant-free, two stage emulsion
polymerization of BMA-co-St with 3 units of methyl acrylate per chain and 10 mol% excess
SG1 present in the 15 stage (E6). (g) Surfactant-free, two stage emulsion polymerization
of BMA-co-St with 3 units of methyl acrylate per chain and 20 mol% excess SG1 present
in the 1% stage, 20 mol% of the reducing agent SFS was added prior to the monomer feed
(ET7). (h) Two stage emulsion polymerization of BMA-co-St with SDS below the CMC and
no methyl acrylate present in the 15 stage (ES).
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