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ABSTRACT

Precipitation polymerization is a unique method that produces narrow-disperse,
uniform polymer particles with clean surfaces. In this research, internally structured
poly(divinylbenzene-co-chloromethylstyrene) polymer microspheres were prepared
by thermal imprinting precipitation polymerization. The influence of thermal
profiles and the monomer/crosslinker feed ratio on the resulting core-shell
microspheres were explored by optical and transmission electron microscopy, and
potential route to extend this technique to other polymer system was discussed.
Further surface functionalization of this type of particles was demonstrated by
substitution of chlorine with cysteine, a good and hydrophilic nucleophile. Narrow-
disperse, hydrophilic particles may in future serve as components of synthetic

extracellular matrices used in exploring cell-matrix interactions in a 3D context.

Vi
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CHAPTER ONE

1 Introduction of Polymer Microspheres

1.1 Introduction

The 3D structure of small dispersed systems in nature is often governed by the
desire to minimize interfacial tension. Examples of dispersed systems include water
droplets in air, oil droplets in water, and even some living cells and their internal
compartments. Colloid science deals with the formation and properties of many
types of small particles, including spherical polymer particles. Polymer micro- and
nanoparticles can be formed by a range of heterogeneous polymerizations including
suspension, emulsion, dispersion and precipitation polymerization. These particles
may be colloidally stabilized by electrostatic, steric, and electrosteric forces. In
precipitation polymerization, steric stabilization through a self-renewing surface gel
layer can prevent coagulation of particles, and can lead to stabilizer-free, narrow-

disperse spherical particles with controllable surface chemistry.

1.2 Traditional Heterogeneous Polymerizations
Traditionally, there are four polymer production methods: bulk polymerization,
solution polymerization, suspension polymerization and emulsion polymerization.

Bulk polymerization requires only monomer and initiator, and can hence lead
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to very pure products. However, process control, thermal management and product
work-up are challenging on large scales, so that bulk polymerization is usually
restricted to low viscosity polymers, such as lubricants, plasticizers and adhesives.

In solution polymerization, monomer and initiator dissolve and react in a
solvent, with the product polymer remaining in solution. Isolation of the product, as
well as recovery of the solvent, can become prohibitively expensive on large scales.

Heterogeneous polymerizations including suspension, emulsion, dispersion and
precipitation polymerizations were developed in part to overcome such issues. They
may start as two-phase or homogeneous mixtures, and the polymers are obtained in
form of dispersed particles at the end of polymerization. These particles have
different sizes, size distributions, and sometimes shapes. Generally, suspension
polymerization produces polydisperse particles with diameters in the range from 5 to
1000 um,[2] while emulsion polymerization produces monodisperse particles with
diameters of about 100 to 1000 nm.[2] The particles diameters produced by
dispersion and precipitation polymerizations lie between these above two
methods.[2] Classical precipitation polymerization leads to irregular particle shapes,
though recent developments led to formation of narrow disperse spherical particles
in presence of crosslinking under marginal solvent conditions. These four main

methods are discussed in more detail below.
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1.2.1 Suspension Polymerization

Suspension polymerization involves monomer droplets suspended in an
immiscible liquid, usually water. The initiator is soluble in the monomer, and
polymerization occurs in each monomer droplet which acts as a “microbulk”
polymerization reactor, with efficient heat transfer into the continuous phase.
Hydrophobic monomer-initiator droplets are kept in suspension by continuous
mechanical stirring and use of stabilizers like poly(vinyl alcohol), and are converted
into polymer beads. The overall cycle of particle shearing and aggregation during
polymerization is shown in Scheme 1.2.1[1]. It is useful for production of particles
with broad size distribution from about 5 to 1000 microns, which can be used as e.g.
ion exchange resins and chromatographic separation media. If narrow disperse

particles are required, sieves are needed to classify the particles.
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Scheme 1.2.1 Schematic diagram of states of dispersion in suspension polymerization of
technical divinylbenzene[1] (Reprinted with permission from Ref.1, Copyright © 1951,
American Chemical Society)

The average size of monomer droplets and the size distribution can be affected
by the ratio of monomer volume to medium, stabilizer concentration, stirring speed
and viscosities of both phases. Quantitative expressions for these relationships have
been reported.[2] Generally, the particle size is proportional to monomer loading[3]
and inversely proportional to stirring speed[4] and stabilizer concentration[1].
Another variable is the particle morphology which is of particular interest in
applications as ion exchange resin and polymeric supports.[3, 5, 6] Whether the
surface is smooth or porous depends on the solubility of the formed polymers in the

monomer phase. If the polymer is soluble in its monomer mixture, smooth surface
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particles will be produced, and vice versa. Diluents called porogens may be added to
the dispersed phase to generate a wide range of porosities.[5, 7] Suspension
polymerization is a mature technology, with renewed interest on large scale
production of polymer beads with narrow size distribution, as well as in forming

core-shell[8] and hollow particles.[9].

1.2.2 Emulsion Polymerization

Emulsion polymerization is similar to suspension polymerization, as shown in
Scheme 1.2.2[10]. The process is typically based on organic monomer droplets,
stabilized by emulsifier or surfactant and dispersed in a continuous water phase,
with the radical initiator dissolved in the aqueous continuous phase. The
polymerization starts when partially water-soluble monomer diffuses into the
aqueous media and reacts with the initiator radicals. The resulting oligomers,
together with some of the monomer, partition into surfactant micelles where most of
the polymerization takes places. Polymerization continues and consumes monomers
inside micelles, resulting in further monomer migration from monomer droplets and
aqueous phase to micelles with active polymer chains. Termination occurs when a
second radical enters the micelle with propagating polymer chain. At the end of the
polymerization, most monomer droplets are consumed, while the micelles have

turned into polymer particles. Both molecular weight and polymerization rate can be
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Scheme 1.2.2 Schematic diagram of emulsion polymerization method[10]

The diameter of the final emulsion polymer particles is usually in the range of

100-1000 nm. As the polymerization occurs in micelles, final particle size does not
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depend on the size of the initial monomer droplets[2], but on the solubility of
monomer(s) in the continuous phase, emulsifier concentration and polymerization
temperature. A great deal of work focusing on mechanism and kinetics, has been
reviewed.[11] In Gardon’s study, the particle size was controlled by varying the
nucleation rate (polymerization rate), and the results showed that particle size is
inversely proportional to the polymerization temperature.[12] Detailed experiments
revealed that an increasing rate of formation of radicals in the aqueous phase, leads
to a larger number of nuclei, and a smaller final particle size. As predicted by Smith-
Ewart’s theory[11], high emulsifier concentration allows formation of more micelles
and hence, contributing to smaller particle size in the aqueous phase.

In emulsion polymerization, surfactant plays an important role and the
corresponding critical micelle concentration (CMC) is essential for micelle
formation in solution. CMC is varied among polymers and micelles are formed
when surfactant concentration increases to CMC point or exceeds it. Other
morphologies like bilayer, cylindrical or liposome are also possible formations and
details are study by Israelachvili.[13] For polymerization, surfactant concentration
usually are at least one order above CMC and micelles are formed with diameter
about 2 -10 nm

Emulsifier-free emulsion polymerizations[14, 15] are carried out in the same

way as classical emulsion polymerization, but without surfactants and micelles
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formed during the polymerization from ionic initiators. The colloid is stabilized by

the ionic groups of the initiator residues on their surface.[14]

1.2.3 Dispersion Polymerization

Unlike emulsion and suspension polymerization, dispersion polymerization
starts with homogeneous conditions with monomer, initiator and colloidal stabilizer
such as poly(vinylpyrrolidone), PVP, all dissolved in the medium, which is usually
an organic solvent, such as ethanol. The initially formed polymer chains separate
from the homogenous phase and aggregate until the formed nuclei become
colloidally stabilized by adsorption of polymer chains grafted with PVP. Scheme
1.2.3[16] shows the nucleation and growth of particles in dispersion polymerization,
leading to formation of particles with diameters of about 0.1 - 10 um. The need to
allow the stabilizing graft copolymers to remain at the surface of the growing

particles prevents the use of crosslinkers in dispersion polymerization.
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Scheme 1.2.3 Schematic presentation of nucleation and particle growth in dispersion
polymerization[16] (Reprinted with permission from Ref.15, Copyright © 1985, NRC
Research Press or its licensors)

The factors controlling particle size include polymer solubility; stabilizer type,
molecular weight and concentration; temperature, and solvent properties.[16] A
study by Lok and Ober[16] was focused on polystyrene particles formed using
cellulosic stabilizers in different solvent combinations. Adding poorer (e.g., more
polar) solvents, led to smaller particles. Hansen solubility parameters offer insights
into the fundamentals of polymer-solvent interactions and their effects on particle
colloidal stability and size. Paine described how Hansen’s approach considers three
components: the dispersion term (84), hydrogen bonding term (&) and polarity term

(0p), instead of the single Hildebrand solubility parameter.[17] In addition,
9
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temperature can affect particle size and size distribution[18] by influencing both
thermodynamic factors like solubility, and kinetic factors such as rate of initiator
decomposition[16].

Monomer and stabilizer concentration also directly affect the particle size.
Polymerization of styrene with PVP stabilizer in alcoholic solvents shows that

increasing initial monomer concentration results in larger particles.[19]

1.3 Precipitation Polymerization
1.3.1 Development of precipitation polymerization

Modern precipitation polymerization can produce monodisperse, crosslinked
polymer microspheres, and has thus attracted increasing interest in academia, and in
specialty industries. A key feature of this technique is the absence of any added
stabilizer, leading to very clean particles. A systematic review of modern
precipitation polymerization has been given by Moéhwald et al.[20]. For a typical
precipitation polymerization system, monomer and/or cross-linker and radical
initiator are dissolved in solvent and polymerized as in classic solution
polymerization. The growing oligomers precipitate out of the solvent when they
reach their solubility limit, and crosslink to form colloidally stable nuclei that
continue to grow into the final particles.[21] Colloidal stability is provided by the

transient surface gel layer.

10



M.Sc. Thesis McMaster University
Yuqing Zhao Chemistry & Chemical Biology

This process evolved of classical precipitation polymerizations where the
monomer is soluble in the polymerization solvent, while the forming polymer
precipitates out during polymerization. This method has been practiced for a long
time period, and typically results in non-uniform particles[22-24]. In 1993, the
preparation of monodisperse poly(divinylbenzene-55) particles (PDVB-55) by
precipitation polymerization was reported.[21] In that process, DVB-55, a mixture
of divinylbenzene and vinylethylbenzene isomers is polymerized with AIBN as
initiator in acetonitrile to yield highly crosslinked particles with diameter ranging
from 2 to 5 um depending on reaction conditions. Subsequent papers described
copolymer microspheres such as poly(divinylbenzene-co-maleic anhydride)
(Poly(DVB-alt-MAn))[25, 26] in methyl ethyl ketone (MEK)/heptane mixtures and
poly(chloromethlstyrene-co-divinylbenzene) (Poly(CMS-co-DVB))[27] in
acetonitrile. Porous microspheres were formed by adding good cosolvents such as
toluene to the reaction solvent (i.e. acetonitrile).[28]

Distillation-precipitation polymerization was reported in 2004 as an updated
technique by Yang’s group to produce monodisperse PDVB microspheres.[29] The
distillation concentrates the reaction solution; as a result, particle formation is
accelerated, reducing the reaction time to 2 hours and increasing the monomer
conversion.  Hydrophilic  polymer microspheres like poly(ethyleneglycol

dimethacrylate) (PEGMA)[30] and non-crosslinked poly(methacrylic acid)

11
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(PMAA)[31-33] were also reported by distillation-precipitation polymerization. The
formation of the PMAA particles involves hydrogen-bonding as a non-covalent
linkage in the nucleation and growth process.[33]

Photoinitiated precipitation polymerization was reported by Irgum’s group in
2007 [34] for DVB system with AIBN as UV-initiator in acetonitrile. UV initiation
allowed the polymerization to proceed at or below room temperature in order to
minimize temperature dependent side reactions, such as chain transfer.[35]
Copolymerization of DVB-55 and glycidyl methacrylate can produce uniform
porous microspheres.[36] In addition, monomer loading as high as 5 vol% can be
used successfully.[34, 36]

‘Living’ radical polymerizations have been used to modify the surface
chemistry of microspheres. For example, our group reported grafting of
polystyrene[37] and poly(alkyl(meth)acrylates)[38] from polymer microspheres by
atom transfer radical polymerization (ATRP). The *grafting from’ technique allows

precise control of particle growth and surface modification.

1.3.2 Mechanism of precipitation polymerization
The mechanism of precipitation polymerization has been described by our
group for poly(DVB55)[39, 40] and poly(DVB-alt-MAN)[26] systems. The

proposed mechanism is shown in Scheme 1.3.2 for poly(DVB-alt-MAn)

12
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microspheres formed in mixed solvents containing 40 % MEK and 60 % heptane.
Basically, three stages are involved in the reaction process: oligomer formation,

particle nucleation and particle growth.[26]

QZJ &/ /Kf" Oligomer

Formation

"éfg Qg\ ﬁ in Solution

N/ Particle Nucleation
— by Coagulation
/‘ ‘\ of Oligomers

%N‘\ Particle Growth by
oK Oligoradical
Capture and
Internal Curing

Microsphere
Formation

Scheme 1.3.2 Proposed mechanism for Poly(DVB-alt-MAnN) microspheres formation in 40
% MEK and 60 % heptane[26] (Reprinted with permission from Ref.25, Copyright © 2002,
American Chemical Society)

Firstly, oligomers form from monomers via classic radical polymerization in
solution. These oligomers then may undergo three reactions: intermolecular

aggregation, continued growth by addition of monomer, and intramolecular reaction

13
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such as cross-linking and cyclization. All of these reactions cause a decrease of
entropy of mixing with solvent and thus promote further intermolecular interactions,
forming nanogels in systems with limited enthalpic polymer-solvent interactions,
e.g. marginal solvents. These nanogels homocoagulate into colloidally stable
microparticles that grow by further deposition of oligomers and nanogels. The
interior of such polymer-based gel network continues to desolvate and collapse,
driven by solvency of the continuous phase and further cross-linking.[39]

Particle nuclei are formed via homocoagulation of insoluble oligomers.
Homocoagulation is supported by the fact that final particle volume for poly(DVB-
alt-MAn) microspheres did not increase linearly with monomer concentration,[26]
indicating particle nucleation is concentration dependent. Nucleation stops when all
newly formed oligomers are captured by existing nuclei. The number of particles is
set at this stage and particles only grow in size but not in number.

Particles grow at least in part by capturing newly-formed oligomers from
solution by reaction with pendent vinyl groups or radicals on particle surfaces.[39]
These captured oligomers provide steric stabilization,[26] by forming a solvated gel
layer on the particle surface. Such transient gel layer prevents inter-particle
coagulation and at the same time continues to crosslink, and desolvate until it
becomes a part of the particles.

In heterogeneous polymerization process, there are two possible mechanisms

14
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for particle growth: enthalpic and entropic precipitation.[40] In enthalpic
precipitation, oligomers keep growing until they reach the solubility limit, phase-
separate from solution and deposit on nuclei or existing particle surfaces. These
nuclei and particles keep growing by capturing other nuclei and oligomers, and by
incorporation of monomers. An alternative approach is entropic precipitation, which
applies in precipitation polymerization. Particles grow by capturing soluble
oligomers from solution through reaction with vinyl groups and radicals on the
surface.[40] By continuous capturing of oligomers on the surface and further
crosslinking and desolvation of the resulting gel layer, particles grow in size and
transform into microspheres. The oligomers on the surface swell in the reaction
medium and provide colloidal stability, suppressing inter-particle coagulation by

steric stabilization.

1.3.3 Marginal solvent

Solvent selection is important for successful precipitation polymerizations. The
solvent needs to be miscible with monomer and initiator, but be a poor solvent for
the polymer. The selection of solvent typically depends on the monomer and
polymer polarity and hydrogen-bonding ability. Flory-Huggins model and Hansen’s
solubility parameter have been utilized to model the relationship between Flory’s

parameter and particle size.[41] In our previous work, acetonitrile works for PDVB

15
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and poly(CMS-co-DVB) systems[21, 27, 28, 40, 42, 43] and appropriate methyl
ethyl ketone (MEK)/heptane mixtures work for PDVB and poly(DVB-co-MAnN)[25,
26, 39]. In particular, the MEK/heptane ratio can be adjusted to match the polarity of
the monomer/crosslinker mixture. Generally, near theta (®) condition solvent is
required to form colloidally stable particles that grow by continuous desolvation and
renewal of the transient gel layer on the particle surface.[40] The ® condition
indicates that polymer coils act as ideal chains whereby the repulsive force from
excluded volume is balanced by the compressive force from surface tension of
solvent. When the ® condition is satisfied for a given polymer-solvent pair at a
given temperature, the temperature is called ® temperature, and the solvent is called
O solvent.

The concept of marginal solvent have been discussed in detail in our previous
work on DVB/MAnN microspheres.[25] In that work, solvents like acetonitrile and
ethanol (i.e. poor solvents for this monomer pair) lead to irregular aggregation as
reaction proceeds, which was believed to result from the insufficient steric
stabilization. The use of good solvents such as n-butanol or MEK resulted in
formation of microgel rather than microspheres, indicating high affinity between
polymer and solvent and swollen polymer networks that do not collapse and
aggregate into particle nuclei. When MEK/heptane mixtures with 20 — 50 vol.%

MEK were used, colloidally stable particles formed with low inter-particle

16
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interaction are formed.

1.3.4 Particle size control and size distribution

Irregular shape and non-uniform size of particles may limit their application.
The key to forming spherical particles is to match the three components in the
system: monomer, polymer and solvent to avoid extended or secondary nucleation
which can cause large size dispersities.

Increasing monomer concentration to 10 vol.% and beyond leads to higher yield
of microspheres but also increases inter-particle coagulation and secondary
nucleation. Particle size increases non-linearly with increasing monomer
loading,[26] as increased monomer loading affects particle nucleation as well as
growth.

The effect of cross-linker concentration was discussed in our previous work for
PDVB and Poly(DVB-alt-MAnN) system. At a constant MEK fraction of 25
vol.%[39], PDVB microspheres only form between 40 and 55 % actual crosslinker
in the total monomer. Microspheres yields increase with increasing crosslinking
level, while sizes decrease, for both DVB/MAnN and the DVB/CMS systems[27].

Both overall conversion and particle size are influenced by the amount of
initiator present.[21] Increased initiator concentration can lead to faster reaction,

which in turn accelerates the particle growth. Also, monomer conversion grows with
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initiator concentration.

1.3.5 Particle Morphology

Porous polymer particles have attracted much interest. By introducing toluene
as porogenic cosolvent in the precipitation polymerization process, poly(CMS-co-
DVB) particles can be obtained with different porosity.[26] Particles prepared with
0.1 and 0.2 mole fraction of CMS show continuous increase in porosity by elevating
toluene fraction from 20 to 30 vol.%. The formation mechanism of micropores has
been investigated for PDVB system[28] and can be extended to other polymer

systems.

1.3.5.1  Core-shell polymeric particles

Recently, efforts have been made to form core/shell and hollow particles by
various methods, as shown in Scheme