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ABSTRACT 
Thermally expandable microspheres are polymeric core/shell particles in 

which a volatile hydrocarbon is encapsulated by a thermoplastic shell. When these 
microspheres are heated, they expand and increase their volume dramatically. 
This volume increase is retained upon cooling, leading to a density reduction from 
around 1100 kg m-3 to about 30 kg m-3. Since the development in the early 1970´s, 
microspheres have been used extensively by the industry as a foaming agent or 
light weight filler. 

In this thesis, microspheres with a poly(acrylonitrile-co-methacrylonitrile) shell 
have been synthesized through free radical suspension polymerization. The 
microspheres have been characterized with respect to particle morphology and 
expansion properties in order to deepen the understanding of the microspheres.  

It was found that the monomer feed ratio and the polymerization temperature 
are very important parameters with respect to the expansion properties. Excellent 
expansion could only be accomplished when polymerizing at 62 °C, with the 
acrylonitrile feed, fAN, being around 60 mol%, even though core/shell microspheres 
are formed over a much wider range of fAN. Furthermore, no expansion was 
achieved when polymerizing at 80 °C, even though no noticeable differences were 
found, compared to the corresponding sample polymerized at 62 °C. 

It was also shown that the expansion properties can be modified by replacing 
the encapsulated hydrocarbon by another hydrocarbon with a different boiling 
point. Not only is the boiling point important, the structure of the hydrocarbon is 
also important. Isooctane which is highly branched was found to give superior 
expansion compared to linear or cyclic hydrocarbons having a similar boiling 
point. 

Crosslinking of the polymer shell has proven to be very important for the 
expansion properties. Both the amount and the structure of the crosslinker are 
important parameters. Especially the maximum expansion can be improved by the 
crosslinking of the polymer shell. This originates in an increase in the shape 
persistence of the expanded microspheres at elevated temperatures. By the 
combination of crosslinkers that are incorporated separately into the polymer 
shell, the onset temperature of expansion can be increased significantly.  

Finally, the surface of microspheres has been modified by grafting 
poly(glycidyl methacrylate) from the surface by ARGET ATRP. Given that the 
reaction conditions are appropriate, such modifications can be performed with 
only limited effects on the expansion properties of the microspheres. 



 

SAMMANFATTNING 
Termiskt expanderbara mikrosfärer är polymera partiklar i vilka ett flyktigt 

kolväte kapslas in av ett termoplastiskt skal. När mikrosfärerna upphettas, 
expanderar de och volymen ökar dramatiskt. Den expanderade volymen bibehålls 
när mikrosfärerna åter kyls ner, varför mikrosfärernas densitet kan reduceras från 
ca 1100 kg m-3 till ca 30 kg m-3. Sedan mikrosfärerna utvecklades i början av 1970-
talet är användandet av dem utbrett i industrin där de utnyttjas som bland annat 
skumningsmedel och lättviktsfyllmedel. 

I denna avhandling framställs mikrosfärer med ett poly(akrylnitril-co-
metakrylnitril) skal genom fri radikal suspensionspolymerisation, och utvärderas 
med avseende på partiklarnas struktur och expansionsegenskaper i syfte att öka 
kunskapen kring mikrosfärer. 

Monomersammansättningen i organfasen och polymerisationstemperaturen 
har båda visat sig vara viktiga parametrar som påverkar mikrosfärernas 
expansionsegenskaper. Även om bildandet av ihåliga partiklar är relativt 
oberoende av mängden akrylnitril i förhållande till totala monomermängden i 
organfasen (fAN) vid 62 °C, så erhålls utmärkt expansion endast då fAN är ca 60 
mol%. Dessutom, mikrosfärerna expanderar över huvud taget inte när 
polymerisationstemperaturen är 80 °C, även om inga påtagliga skillnader kan 
urskönjas ur analysdata jämfört med motsvarande försök vid 62 °C. 

I avhandlingen visas det även hur expansionsegenskaperna kan förändras 
genom att skifta det inkapslade kolvätet till kolväten med annan kokpunkt eller 
struktur. Det kraftigt grenade kolvätet isooktan ger till exempel betydligt bättre 
expansion jämfört med linjära eller cykliska kolväten, även om kokpunkterna för 
dessa är likvärdiga. 

Förnätning av polymerskalet är ytterligare en betydelsefull parameter för 
expansionsegenskaperna och då särskilt mikrosfärernas expansionsförmåga. Detta 
genom att mikrosfärernas förmåga att bibehålla den expanderade volymen vid 
höga temperaturer förbättras. Det är inte bara mängden förnätare som är 
betydelsefull, även dess struktur är viktig. Genom att kombinera förnätare med 
olika struktur är det dessutom möjligt att påtagligt höja den temperatur vid vilken 
mikrosfärerna börjar expandera.  

Slutligen så har mikrosfärer ytmodifierats genom att poly(glycidyl metakrylat) 
ympats från mikrosfärsytan med hjälp av ARGET ATRP. Dylika modifieringar, 
med minimal inverkan på mikrosfärernas expansionsförmåga är möjliga förutsatt 
att reaktionsbetingelserna är noggrant kontrollerade. 
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ABBREVIATIONS 
AN  acrylonitrile 
ARGET activators regenerated by electron transfer 
ATRP atom transfer radical polymerization 
BDDA 1,4 – butanediol diacrylate 
BDDMA 1,4 – butanediol dimethacrylate 
BDDVE 1,4 – butanediol divinyl ether 
DAC diallyl carbonate 
DMA N,N-dimethyl acetamide 
DMAP 4-(dimetylamino)pyridine 
EVE ethyl vinyl ether 
fAN  mol% of AN based on total amount of monomer and crosslinker  
fBDDMA mol% of BDDMA based on total amount of monomer and 

crosslinker 
FTIR Fourier transform infrared spectroscopy 
GC  gas chromatography 
GMA glycidyl methacrylate 
MA  methyl acrylate 
MALLS multi-angle laser light scattering 
Me6-TREN tris(2-(dimethylamino)ethyl)amine 
MMA methyl methacrylate 
MAN methacrylonitrile 
PAN polyacrylonitrile 
PGMA poly(glycidyl methacrylate) 
PMAN polymethacrylonitrile 
PVC poly(vinyl chloride) 
PMDETA N,N,N’,N’’,N’’-pentamethyldiethyltriamine 
PSD particle size distribution 
SEC  size exclusion chromatography 
SEM scanning electron microscope 
Tg  glass transition temperature 
TGA thermogravimetric analysis 
TMA thermomechanical analysis 
Tmax  temperature when maximum expansion occurs 
Tstart  onset temperature of expansion 
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1 PURPOSE OF THE STUDY 

Thermally expandable core/shell microspheres are widely used by the 
industry as a foaming agent or light weight filler because of the inherent capability 
to expand when heated. Since the development in the early 1970´s, there has been 
a constant demand for improved microsphere properties with regards to 
expansion temperature and capability. The expansion of these microspheres is 
largely dependent on the properties of the polymer shell and the hydrocarbon 
core. Even though there are many patents on the synthesis of microspheres, 
literature regarding the fundamental parameters governing expansion is scarce.  

The overall objective for this thesis has been to elucidate the correlation 
between fundamental polymerization parameters and the expansion properties of 
microspheres. Examples of such parameters include monomer composition, 
polymerization temperature, and crosslinking of the polymer shell. The work can 
be divided into three major and one subsidiary part. All the major parts involves 
suspension free radical copolymerization of acrylonitrile (AN) and 
methacrylonitrile (MAN) in the presence of a hydrocarbon. 

The first major part deals with the in situ encapsulation of isopentane. The 
influence of monomer feed composition and polymerization temperature have 
been investigated with regards to particle morphology, polymerization kinetics, 
and expansion properties. The second major part covers the synthesis of 
microspheres in which the amount and structure of the encapsulated hydrocarbon 
have been correlated to the expansion properties of the microspheres. The third 
major part investigates the correlation between crosslinking of the polymer shell 
and the expansion properties of the microspheres. 
Finally, in a subsidiary study, poly(glycidyl methacrylate) (PGMA) have been 
grafted from the surface of microspheres, using activators regenerated by electron 
transfer (ARGET) atom transfer polymerization (ATRP). 
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2 INTRODUCTION 

2.1 THERMALLY EXPANDABLE MICROSPHERES 

2.1.1 Concept 

Thermally expandable microspheres are polymeric particles with a core/shell 
structure that expand when heated. The microsphere core contains a saturated 
hydrocarbon with low boiling point, while the shell consists of a gas tight 
thermoplastic polymer that prevents the hydrocarbon from escaping. At ambient 
temperatures, the polymer shell is stiff. However, the polymer shell softens when 
heated, while the hydrocarbon increases the internal pressure. Eventually the 
microspheres expand like balloons and the volume increases tremendously 
(Figure 1). Once the microspheres are cooled down, the polymer shell stiffens in 
the expanded state why the volume is retained. This way the density of the 
microspheres can be reduced from approximately 1100 kg m-3 down to around 30 
kg m-3. However, continued heating when the microspheres are expanded 
eventually causes the microspheres to shrink, because the hydrocarbon is 
gradually lost and the pressure drops.  

 

polymer shell

hydrocarbon3 µm

30 µm

0.1 µm

120 µmpolymer shell

hydrocarbonhydrocarbon3 µm

30 µm

0.1 µm0.1 µm

120 µm120 µm  
Figure 1. An illustration of the general concept of thermally expandable microspheres. 

These microspheres are produced through suspension polymerization, in 
which the hydrocarbon is encapsulated as the polymer forms. Monomers from 
which the polymer shell is formed are mixed with the hydrocarbon; this mixture is 
dispersed in water to form an emulsion; the emulsion is heated in the presence of 
an oil soluble initiator why the monomers polymerize and simultaneously 
encapsulates the hydrocarbon by forming the shell. The properties of 
microspheres depend on parameters such as polymer shell composition, boiling 
point of the hydrocarbon, and size of the microspheres. The unique expansion 
characteristics are generally determined by thermomechanical analysis (TMA) and 
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defined by the onset temperature of expansion (Tstart), the temperature when 
maximum expansion occur (Tmax), and the maximum probe displacement which is 
a measure of the sample volume increase (Figure 2). 
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Figure 2. A typical TMA-thermogram monitoring the expansion behavior of microspheres. 

2.1.2 History 

In the late 1960´s and early 1970´s, the thermally expandable microspheres 
were developed by Morehouse and Tetreault at Dow Chemicals.1 Currently there 
are a few manufacturers of which Expancel (part of Eka Chemicals AkzoNobel) 
from Sweden and Matsumoto Yushi-Seiyaku from Japan have been the major 
producers since the early 1980´s. Throughout the years, there has been an ongoing 
development covering all aspects of microspheres from product to manufacturing 
to application. This is illustrated in Figure 3 which presents the number of patents 
containing the trade name Expancel from 1982 until the end of 2009. There is a 
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Figure 3. Distribution of hits from a Scifinder Scholar search limited to patents, using Expancel as 
search term (search performed December 13, 2009).  
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peak in the yearly number of patents in the early 2000´s which correlates to the 
emerging of a number of new manufacturers of microspheres. 

Although the majority of the patents in Figure 3 cover the use of microspheres 
in various applications, a substantial amount of the patents concern the properties 
of the microspheres and their production. There are patents covering everything 
from for example the composition of the polymer shell,1-6 specific suspension 
stabilizers,7,8 specific hydrocarbons as blowing agents,9,10 the reduction of residual 
monomers,11,12 to expansion techniques for the production of expanded 
microspheres.13-15 

Considering the large number of patents, there are surprisingly few papers in 
the scientific literature discussing the synthesis and properties of microspheres. 
The effect on the expansion properties from crosslinking of the polymer shell with 
dipentaerythritol hexaacrylate was investigated by Kawaguchi and Oishi.16 
Furthermore, in another paper Kawaguchi and Oishi with coworkers,17 
investigated the influence of properties such as cohesive energy, free volume, and 
glass transition temperature (Tg) with respect to the expansion properties of 
microspheres. Very recently, a paper from Kawaguchi in collaboration with 
Ohshima and coworkers18 was published, in which the relationship between the 
polymer shell viscoelasticity and expansion properties was investigated. A model 
for the simulation of expansion properties of microspheres has been developed by 
Huang19 in a PhD-thesis from Lehigh University. The thesis also includes studies 
covering the influence of the water phase composition with respect to the 
synthesis and expansion properties of microspheres. Microspheres in which the 
encapsulated blowing agent is not a hydrocarbon have been synthesized in a 
paper by Hu, et al.20 In this paper, nitrogen from the decomposition of 
encapsulated p-toluenesulfonylhydrazide, is utilized as blowing agent instead of a 
hydrocarbon. Besides these papers, there are also some papers written in Japanese 
for which short abstracts in English may be found. 

2.1.3 Application 

The remarkable expansion capability of microspheres makes them valuable for 
the industry in a vast number of applications.21 They are for instance used for 
weight reduction, altering product properties (e.g. thermal-, sound-, and electrical 
insulation properties) and material savings. Microspheres are used in coatings to 
enable 3D patterns on wall papers, or enhancing surface properties such as 
matting or anti-slip, as well as weight reduction. In underbody coatings for cars, 
material savings of 50 wt% are possible with simultaneous improvements in 
corrosion resistance and noise reduction.22 Other benefits of using microspheres 
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can be improved resiliency and rebound properties combined with low weight.23 
Using the inherent force created by the pressure from the encapsulated 
hydrocarbon, adhesive joints can be broken to enable easy dismantling of for 
instance car wind shields.24  

Thermoplastic materials such as PVC, TPE, PE, PP, TPU, etc. can be foamed 
with microspheres in conventional polymer processing methods, such as extrusion 
or injection molding.25 Since microspheres used in such processing techniques 
usually come in the form of a dry powder or as a masterbach, no special 
equipment is needed for the manufacturing of foamed products.21 

2.2 IMPORTANT POLYMER PROPERTIES IN MICROSPHERES 

The general function of thermally expandable microspheres seems rather 
straight forward. The polymer shell softens when heated and the internal pressure 
causes the particles to expand. However, the ability of the microspheres to expand 
is highly dependent on the barrier-, and the mechanical properties of the polymer 
shell to (1) retain the blowing agent, and (2) deform during expansion.  

Acrylonitrile (AN) or vinylidene chloride are the major components in the 
polymer shell of nearly all microspheres. The homopolymers from these 
monomers are semi-crystalline and have excellent barrier properties.26,27 However, 
the thermoplastic characteristics of these homopolymers are insufficient why 
copolymers with monomers such as methyl methacrylate (MMA), methyl acrylate 
(MA), and MAN commonly constitute the polymer shell.  

The barrier properties of the polymer shell can be divided into two parts. First 
of all, the polymer shell forms in situ during polymerization and unless the 
polymer shell is massive and without defects, the encapsulation of the 
hydrocarbon is impaired. Secondly, the cohesive properties of the polymer 
constituting the shell are important in order to prevent the permeation of the 
hydrocarbon through the polymer shell. The barrier properties are important, not 
only for the unexpanded microspheres, the polymer shell thickness decreases 
significantly during expansion, thereby highlighting the importance of the barrier 
properties even further. 

Assuming that the barrier properties of the shell are sufficient to prevent the 
hydrocarbon to escape from the microspheres; the expansion of the microspheres 
depend on the viscoelastic properties of the polymer shell. For the microspheres to 
expand, the internal pressure must overcome the yield strength of the polymer 
shell. The glass transition temperature (Tg) of the polymer shell is a fundamental 
parameter in determining the expansion temperature of microspheres. The shell is 
stiff below Tg and effectively prevents the microspheres from expanding. 
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However, around Tg, the shell softens and the ductility of the polymer shell 
increases why the microspheres are able to expand. Thus, Tg of the polymer 
constituting the shell, is closely correlated to the expansion parameter Tstart. The 
tremendous expansion of the microspheres is possible because the polymer shell is 
deformed through plastic flow. Important factors for the ductility of the polymer 
constituting the shell of the microspheres include composition, molecular weight, 
crosslinking, and crystallinity. A more comprehensive description of these briefly 
summarized polymer properties may be found in Properties of polymers by D. W. 
van Krevelen28. 

Polymer degradation in the shell is another parameter that can not be 
neglected when utilizing microspheres in some applications, since processing 
temperatures of more than 200 °C are sometimes required in for example the 
foaming of thermoplastics. This degradation can cause discoloration, or affect the 
mechanical properties of the microsphere shell, because of cyclization reactions 
between nitrile groups in the polymer (Figure 4).29-35  

N NN
n

CN CN CN
n N NN

n
CN CN CN

n
 

Figure 4. A cyclization reaction occur in polyacrylonitrile (PAN) at elevated temperatures. This can 
give discoloration or affect the mechanical properties of the polymer shell in microspheres.  

2.3 RADICAL POLYMERIZATION 

2.3.1 Free radical polymerization 

Free radical polymerization is a widely utilized process for the synthesis of 
polymers. It is an effective method to polymerize a vide variety of monomers 
containing unsaturated carbon-carbon bonds. It is a chain polymerization which 
generally consists of three steps, initiation, propagation and termination. In this brief 
summary of free radical polymerization, it is assumed that the polymerization is 
initiated by the thermal decomposition of an initiator that produces radicals. For a 
more extensive description of the mechanisms involved, and other means of 
creating the initiating species in a free radical polymerization, the reader is 
referred to a textbook in polymer chemistry such as “Principles of polymerization” 
written by Odian36.  
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2.3.1.1 Initiation 

In order to initiate free radical polymerization, radicals must be introduced to 
the system. The radicals are most often formed by the thermal decomposition of 
an initiator (I) into two radicals (R•). The most commonly used initiators (Figure 5) 
for radical polymerizations include peroxides, containing a weak O-O bond, or 
azo compounds.  

R2I •⎯→⎯kd        (1) 

in which kd is the rate constant of initiator decomposition and depend on the 
structure of the initiator and the radicals formed. The rate constant can be used to 
calculate the initiator concentration at any given time by 

e]I[]I[ 0
tkd−=        (2) 

Formed radicals may add to monomers, to form radical species (RM1•) which are 
the embryos of the polymer chains.  

RMMR 1
•• ⎯→⎯+ ki       (3) 

in which ki is the rate constant of initiation. 

N N

CN CNR O O R

OO
N N

CN CNR O O R

OO

 
Figure 5. Examples of common initiator types used in free radical polymerizations. (left) Acyl 
peroxides such as dilauryl peroxide [R = C11H23] (right) 2,2’-azobisisobutyronitrile [AIBN] 

The addition of the radical to the monomer is much faster than the 
dissociation of the initiator (ki >> kd) and thus, the initiator decomposition is the 
rate determining step in the initiation process. Because of the highly reactive 
nature of radicals, not all radicals initiate a polymerization. Instead these radicals 
react in other ways, why the rate of initiation (Ri) also depends on the initiator 
efficiency, f. This is the fraction of radicals that actually initiates polymerization. 

[ ]I2 kfR di =        (4) 

2.3.1.2 Propagation 

The propagation step is the addition of monomers to the radical species. 
Depending on the reaction conditions, many thousands of repeating monomer 
units can add to the propagating chain (Mn•). 
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MMM 1)(n
•

+
• ⎯→⎯+ n

kp       (5) 

in which kp is the rate constant of propagation. Although monomer is consumed 
also in the initiating step, that monomer consumption is generally negligible 
compared to that of the propagating step. The rate of monomer consumption can 
therefore be expressed by the rate of propagation (Rp) which depends on the 
monomer- and radical concentration in the system. 

pR
d

d =−
t

[M]         (6) 

Rp = kp [M•][M]       (7) 

2.3.1.3 Termination 

Eventually the propagating radicals will encounter another radical and the 
radicals will be terminated by reacting with each other. Usually the propagating 
radicals combine to form one polymer chain (coupling). However, in some cases 
the radicals terminate by forming two separate polymer chains (disproportionation). 

MMM mn
k

mn
tc

+
•• ⎯→⎯+       (8) 

MMMM mn
k

mn
td +⎯→⎯+ ••      (9) 

kaakk tdtct )(1−+=        (10) 

in which kt, ktc, and ktd, are the rate constants of termination, termination by 
coupling, and termination by disproportionation, respectively.  

If the initiator dissociation is very rapid, the radical concentration in the 
system will be high. This can give rise to primary termination in which the 
propagating radical (Mn•) terminates with the initial radical species (R•). 

2.3.1.4 Chain transfer 

Because of the highly reactive nature of the free radicals, propagating chains 
can terminate the propagation by abstracting a hydrogen atom or other species 
from molecules present in the system (often monomer, solvent, or initiator). This 
limits the molecular weight of the polymer. However, in this chain-transfer, a new 
radical is formed which can propagate to form polymer why the rate of 
polymerization not necessarily is affected by the occurrence of chain-transfer.  
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2.3.1.5 Rate of polymerization 

The rate of polymerization depends on the concentration of radicals and 
monomers in the system. However, since it is very difficult to quantify the radical 
concentration, it is normally assumed that there is a steady-state in the radical 
concentration, i.e. the rates of initiation and termination are equal. This way the 
rate of polymerization, which is equal to the rate of propagation (Rp) can be 
expressed by 

[ ] [ ]
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

k
kf

kR
t

d
p

IM
21

p       (11) 

The kinetic chain length (v) correlates the rate of propagation to the rate of 
initiation, and describes the average number of added monomer units to each 
radical that has initiated polymerization.  

( )]I[2
]M[

2
1

kkf
kv

td

p=        (12) 

The kinetic chain length is correlated to the molecular weight of the polymer. The 
kinetic chain length is independent of the termination mechanism, while the 
molecular weights depend on the termination mechanism and the molecular 
weight of the monomer. Polymer terminated by coupling will consist of 2v 
repeating units, i.e. added monomer units, whereas polymer terminated by 
disproportionation contains v repeating units. 

2.3.1.6 Copolymerization 

Copolymerization of monomers with different properties is an important 
method to produce an unlimited variety of materials, and today the vast majority 
of synthetic polymers produced are copolymers of some kind. The polymer 
composition will depend not only on the fraction of each monomer, but also on 
the relative reactivity of each monomer or more precisely on the reactivity of the 
radical on the propagating chain end towards the monomers in the system. In a 
copolymerization of two monomers (M1 and M2), there are as a result four possible 
propagation reactions to consider.  

MMM 111
11 •• ⎯→⎯+ k       (13) 

MMM 221
12 •• ⎯→⎯+ k       (14) 

MMM 112
21 •• ⎯→⎯+ k       (15) 
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MMM 222
22 •• ⎯→⎯+ k       (16) 

k
k

12

11
1r =  

k
k

21

22
2r =       (17) 

The reactivity ratios, r1 and r2, describe the reactivity of the monomers and thereby 
which monomer that will preferably add to the propagating radicals. An r-value 
larger than one means that the propagating radical prefers to react with a 
monomer of the same type, whereas an r-value less than one means that the 
propagating radical prefer to add to the other monomer in the system. In Polymer 
Handbook, r-values for numerous monomer pairs are tabulated, while the r-
values of monomer combinations not tabulated can be estimated, given that the r-
values of each monomer in the copolymerizations with styrene and AN are 
known.37  

In equations (13) – (16), it is assumed that it is only the end unit on the 
propagating chain that affects the reactivity ratios of the species in the system. 
However, for instance in the copolymerization of AN, the reactivities are affected 
also by so called penultimate effects,38,39 i.e. monomer units further back in the 
propagating chain have an effect on the reactivity of the end species. Furthermore, 
other influences can also have an impact on the polymerization. For example, 
when the organic phase is rich in AN, dipolar bonding between the nitrile groups 
of AN and the copolymer affects the polymerization kinetics.39 

2.3.2 Controlled radical polymerization 

A deficiency of free radical polymerizations is the lack of control over the 
polymerization, with regards to termination and chain-transfer reactions. Free 
radical polymerization can therefore not be used to synthesize polymers with 
controlled molecular weights and narrow molecular weight distributions, or well-
defined structures such as block copolymers, star polymer or comb polymers. 
However, all this is achievable using living polymerization techniques such as 
ionic polymerization (anionic or cationic) although it is seldom feasible due to 
extremely high demands on reaction conditions and purity of reagents, while 
there are also limitations in the monomers that can be used.  

Controlled radical polymerization techniques have been developed to 
overcome the drawbacks of free radical polymerizations. Three major types of 
controlled radical polymerizations have been extensively studied; nitroxide 
mediated polymerization (NMP),40 atom transfer radical polymerization (ATRP),41 
and reversible addition fragmentation chain transfer polymerization (RAFT)42. 
These techniques combine the versatility of the radically initiated polymerizations, 
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with the control of the living polymerization techniques. The polymerization 
proceeds via radical polymerization, although termination and undesired chain-
transfer are suppressed by keeping the instantaneous concentration of radicals to a 
minimum.  

In 1995, Sawamoto and coworkers,43 and Matyjaszewski and Wang,44,45 
independently developed ATRP. ATRP is based on a reversible redox process 
with equilibrium between active propagating chains and dormant, reversibly end-
capped, chains unable to propagate. Even though ATRP has been demonstrated to 
be a versatile and useful method to achieve complex polymer structures with 
excellent control, there are drawbacks that limit its versatility. To achieve control 
of the system, relatively high amounts of catalysts are used and because of the 
relatively toxic nature of the catalysts, tedious purification of the polymer is often 
necessary.46,47 To circumvent these deficiencies of ATRP, Matyjaszewski and 
coworkers have refined the technique so that only minimal amounts of catalyst is 
needed.48,49 One such development is ARGET ATRP.50-52 In this method, the 
catalyst is continuously regenerated by a reducing agent why only ppm amounts 
of catalysts are needed. 

2.4 SUSPENSION POLYMERIZATION 

Suspension polymerization is one of the major heterogeneous polymerization 
techniques used to produce polymer particles on an industrial scale.53-56 The 
suspension polymerization technology was developed in the early 1900’s in 
Germany in the quest for producing synthetic rubber.57,58 It was later adopted in 
the synthesis of other polymers and according to Munzer and Trommsdorff,59 the 
first polymer particles were commercially available in the 1930’s.60 Suspension 
polymerization is distinguished from other heterogeneous techniques (emulsion, 
dispersion, and precipitation polymerization) in that an oil phase containing 
monomer and initiator is dispersed in a continuous phase (usually water), with 
the polymerization taking place within the oil droplets.53 This produces polymer 
particles which can be from about 10 µm in diameter up to several millimeters in 
diameter. Commercially important polymers produced by suspension 
polymerization today include PVC, PS, and PMMA. 

A major advantage of suspension polymerization over homogeneous 
polymerization techniques such as bulk- or solution polymerization include the 
facilitated removal of heat evolved during the polymerization.59 This is important 
in order to ensure stable product properties and a safe process. The high heat 
capacity of water, combined with the large surface area of the organic droplets, 
provides excellent heat transfer from the organic droplets to the water phase. Thus 
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good temperature control in the organic droplets can be maintained throughout 
the process. Furthermore, the viscosity of the system mainly depends on the 
viscosity of the continuous phase and not on the viscosity in the organic droplets. 
This facilitates heat removal from the system, compared to a homogeneous 
polymerization in which rapidly increasing viscosity can influence the agitation in 
the system and thereby limit the heat removal.  

2.4.1 Particle formation 

The most common method to disperse the organic phase in the continuous 
phase is by agitation in which the particle size is controlled by equilibrium 
between droplet break up and coalescence.61,62 The size of the polymer particles is 
often close to that of the original organic droplets and each droplet or “micro-
reactor” pass through several characteristic transitions during the polymerization. 
Initially the organic droplets are liquid drops with low viscosity. The viscosity of 
the droplets increase as the polymerization proceed and they become tacky; break 
up and coalescence still occur in this stage and unless properly stabilized, the 
droplets tend to agglomerate. In the final stage of the polymerization, the polymer 
particles are no longer tacky and the particles adopt their final size as breakup and 
coalescence no longer occur.  

The droplet break up is controlled by the agitation while a suspension 
stabilizer is added to prevent coalescence of the particles. Usually these stabilizers 
are either water soluble organic polymers or inorganic particles, and the 
coalescence of the droplets is controlled by the type and amount of these 
stabilizing agents. Water soluble polymers such as poly(vinyl alcohol) or 
poly(vinyl pyrrolidone) arrange at the droplet interface and limits the coalescence 
through steric stabilization.63 Inorganic particles, for example flocculated silica64 or 
Mg(OH)28, which are commonly used in the synthesis of thermally expandable 
microspheres, stabilize droplets to form so called Pickering emulsions65 by 
adsorbing to the droplet interface, thereby preventing the coalescence of the 
organic droplets.66  

2.4.2 Factors that influence the kinetics 

Each organic droplet, simultaneously contains a tremendous number of free 
radicals (can be as many as 108)67 and may be considered as a tiny bulk reactor. 
The kinetics of corresponding bulk- and suspension polymerizations are therefore 
often similar, although there can be significant differences in the reactivity of the 
monomers in copolymerizations depending on the polymerization technique 
(Table 1).59,68  
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Table 1. Reactivity ratios for the copolymerization of AN (monomer 1) and MA (monomer 2) when 
using different polymerization techniques68 

Technique r1 r2 
solution polymerization 1.02 0.70 
suspension polymerization 0.75 1.54 
emulsion polymerization 0.78 1.04 

 
Also, if the monomer is partly water soluble, the kinetics may deviate 

significantly67,69,70 since the monomer will be partitioned between the phases. This 
can limit the conversion, since monomer dissolved in the water phase may remain 
in the water phase and thereby be unable to participate in the polymerization.69,71 
The water solubility can be reduced by addition of an electrolyte to the water 
phase. Competing emulsion polymerization in the water phase is another problem 
that may arise from partly water soluble monomers. It is desirable to avoid 
polymerization in the water phase since the resulting polymer will differ in 
composition and molecular weight compared to the polymer formed in the oil 
droplet.67,72,73 It has been shown that the hydrophobicity of the initiating radicals 
can make a difference in such a system; the greater the hydrophobicity of the 
radicals, the less likely is the water phase polymerization.72,74 Another means of 
reducing competing emulsion polymerization is the addition of an inhibitor such 
as sodium nitrite to the water phase that catches radicals entering the water 
phase.73  

Back-transfer of components from the water phase to the oil phase as the 
polymerization proceeds may occur when there are components with different 
water solubilities in the system.70 With the consumption of monomer during 
polymerization, there will be a gradual change in the composition of the oil phase. 
This is a driving force for back-transfer of components dissolved in the water 
phase into the organic droplet in order to re-establish the equilibrium between the 
phases.  

Furthermore, in the copolymerization of AN and styrene, it was found by 
Bhargava and coworkers75 that the molecular weights vary depending on the size 
of the polymer particles.  

2.4.3 Particle morphology 

The morphology of particles synthesized via suspension polymerization is 
important for the final particle properties and depend on several parameters. 
Whether or not the polymer is soluble, swellable, or precipitated in the organic 
phase, is important for both the surface- and the bulk morphology of the 
particles.53-56,59 If the polymer dissolves or swells in the organic droplet, like PS or 
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PMMA, homogeneous smooth surfaced particles are usually formed. On the other 
hand, if the polymer is insoluble in the organic phase and precipitates during 
polymerization, like PVC or PAN, opaque, irregular shaped particles are usually 
formed. 

Three-phase systems in which the oil phase contains a non-reactive 
component can be used to synthesize particles with desired morphologies, for 
instance to encapsulate the non-reactive moiety. In such a system, the morphology 
of the polymer particles can be thermodynamically76-78 or kinetically79,80 controlled. 
The morphology can be kinetically controlled when the polymerization is very 
fast, or when the polymer is highly crosslinked. This may affect the mobility of 
polymer within the organic droplet so that the system can not adopt the 
thermodynamically favored morphology. When the morphology is 
thermodynamically controlled, the driving force of the system is to minimize its 
interfacial energy. Thus, depending on the interfacial tensions between the 
different phases, various morphologies can be reached; ranging from complete 
encapsulation (i.e. core/shell morphology), to partial encapsulation or 
hemispheres, to no encapsulation (Figure 6). The core/shell morphology is 
thermodynamically favored in a polymer/oil/water system when 

γwo > (γwp + γop)       (18) 

in which γwo, γwp, and γop are the interfacial tensions of the water/oil interface, 
water/polymer interface, and oil/polymer interface, respectively.77  

In the synthesis of thermally expandable microspheres, the core/shell 
morphology is obviously desirable. However, in systems with similar 
compositions in which the intended application for the polymer particles are 
different, such as in ion-exchange resins, other morphologies may of course be 
desirable.81-83 

 

(a) (b) (c)(a) (b) (c)  
Figure 6. Examples of particle morphologies that may be thermodynamically favorable in a three-
phase system during suspension polymerization. Blue represents the polymer phase, yellow represents 
the oil phase, while the continuous water phase (white) surrounds these particles. (a) complete 
encapsulation of the oil phase (b) partial encapsulation of the oil phase (c) no encapsulation of the oil 
phase. 
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2.5 SURFACE MODIFICATION 

Adhesion promoters are often used in various applications in which 
microspheres are used. By improving the adhesion of the microspheres to the 
matrix, the mechanical properties of the substrates can be significantly improved.84  

Another route to improve the microsphere/matrix interaction is to modify the 
microsphere surface. There are many possible routes to modify surfaces. 
Considering that these modifications must be performed without affecting the 
expandability of the microspheres, the choices are more limited. For instance, 
chemical conversion of the nitriles in the polymer shell,85,86 is hardly a feasible 
route to alter the surface characteristics as this may severely affect the barrier 
properties of the polymer shell. Coating of the microsphere surface is possible and 
has been done by Armes and coworkers,87 who coated microspheres with 
polypyrrole. Furthermore, functional monomers such as 2-hydroxyethyl 
methacrylate (HEMA) may be incorporated into the polymer shell,17 to give 
hydroxyl groups on the microsphere surface. These hydroxyl groups may interact 
directly with a matrix, or they can be used as reactive handles to graft polymer 
from the surface88. Controlled radical polymerization techniques are often used in 
surface modifications by grafting as they offer excellent possibilities of tailoring 
the properties. Especially ATRP is utilized for “grafting from” because of the facile 
introduction of initiators on the surface and the versatility of the polymerization.89-

98 



Experimental 

 16

3 EXPERIMENTAL 

This section briefly describes the experimental procedures used in the studies 
presented in this thesis. A more detailed description can be found in the appended 
papers. 

3.1 MATERIALS 

All chemicals with a few exceptions were purchased from well known global 
suppliers of fine chemicals such as Sigma-Aldrich and were used as received. 
Hydroxyl functional microspheres having an AN/MAN/HEMA copolymer shell 
(15 wt% HEMA) were kindly provided by Expancel. The microspheres were 
treated with H2SO4 (aq, 10%) in order to remove the suspension stabilizer from the 
microsphere surface, filtered off, rinsed with vast amounts of deionized water and 
dried at 50 °C over night prior to use. Glycidyl methacrylate (GMA, 97%, Fluka) 
was passed through a column of neutral alumina to remove inhibitor prior to use. 
Tris(2-(dimethylamino)ethyl)amine (Me6-TREN) was prepared from tris(2-
aminoethyl)amine (98%, Aldrich), similar to the procedure presented by 
Ciampolini and Nardi.99 

3.2 SYNTHESIS 

3.2.1 Polymerization of thermally expandable microspheres  

In a typical experiment, the polymerization was performed according to the 
general procedure described in reference 8. A magnesium hydroxide dispersion 
was prepared by mixing sodium hydroxide with magnesium chloride in 
deionized water, followed by vigorous stirring for 30 minutes. This dispersion, 
together with sodium 2-ethylhexyl sulfate was mixed with an organic phase 
containing AN, MAN, hydrocarbon, crosslinker and dilauryl peroxide. The 
mixture was emulsified using a high shear mixer after which polymerization was 
performed at 62 °C in a 50 ml glass reactor (Tinyclave from Büchi). The 
polymerization was quenched by cooling to ambient temperature after which the 
microspheres were collected by filtration and dried.  
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3.2.2 Surface modification via ARGET ATRP 

3.2.2.1 Immobilization of ATRP-initiator on the microsphere surface 

2-Bromoisobutyryl bromide was added to a dispersion containing 
microspheres, triethylamine, and 4-(dimethylamino)pyridine (DMAP) in 
dichloromethane. The reaction was carefully quenched (in an ice bath) by the 
addition of methanol after two hours of gentle stirring at ambient temperature. 
Caution: highly exothermic reaction! The microspheres were filtered off, washed 
with dichloromethane, methanol and dried at ambient conditions. 

3.2.2.2 ARGET ATRP of glycidyl methacrylate (general system) 

GMA, toluene, CuBr2, N,N,N’,N’’,N’’-pentamethyldiethyltriamine (PMDETA), 
and ethyl 2-bromoisobutyrate were sonicated for five minutes to ensure complete 
dissolution of the CuBr2. The mixture was cooled to 0°C (ice bath) after which 
microspheres and ascorbic acid was added, and the system was deoxygenated by 
bubbling with nitrogen for five minutes. Polymerization was conducted at 30 °C 
and the immersion of the vial in the heated oil bath defines the time zero, used in 
this work. After the desired polymerization time, the microspheres were filtered 
off. Bulk polymer was removed by washing with dichloromethane, after which 
the microspheres were dried over night at 50 °C. 

3.2.2.3 Oxirane hydrolysis  

PGMA modified microspheres were dispersed in THF and acidified by HCl. 
The dispersion was poured into a large excess of isopentane after 45 minutes at 
ambient temperature. The microspheres were filtered off, rinsed with vast 
amounts of water and finally dried at 50 °C over night. 

3.3 CHARACTERIZATION 

Thermomechanical analysis (TMA) was performed using a Mettler Toledo 
TMA/SDTA 841e. Samples were heated from 30 to 250 °C at 20 °C min-1 under 
nitrogen atmosphere with a 0.06 N load applied to a probe in contact with the 
sample within a confined chamber. Information that may be extracted from the 
TMA thermogram includes; Tstart, Tmax, and the maximum expansion presented as 
the maximum probe displacement (Figure 2).  
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Thermogravimetric analysis (TGA) was performed using a Mettler Toledo 
TGA/SDTA 851e. Samples were heated from 30 to 650 °C at 20 °C min-1 under 
nitrogen atmosphere. TGA was used to determine the volatile- and polymer 
content, as well as the degradation of the polymer shell (Figure 7). 
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Figure 7. A typical TGA-thermogram presenting the information which may be extracted from this 
versatile analysis. 

Particle size and particle size distribution (PSD) were determined on a 
Malvern Mastersizer Hydro 2000 SM light scattering apparatus. Particle sizes are 
presented as the volume mean diameter D(0.5) while the PSD is represented by 
[(D(0.9) – D(0.1)) / D(0.5)]. 

Monomer conversion was determined by gas chromatography (GC) on an 
Agilent 6890 equipped with a flame ionization detector (FID) and a CP-SIL 19CB 
(25 m × 0.53 mm × 2.0 µm) column from Varian. 0.2 g of dispersion was 
withdrawn directly from the reactor and swollen in 10 ml N,N-dimethyl 
acetamide (DMA) using 3-hexanone as internal standard.  

Hydrocarbon content was determined by GC-FID. A J&W Scientific HP-1 (60 
m × 0.32 mm × 1.0 µm) column from Agilent Technologies was used and dry 
microspheres (0.2 g) were swollen in DMA (10 ml) with cyclohexane as the 
internal standard. 

Gel fraction was determined gravimetrically after repeated extractions with 
DMA. Microspheres (0.1 g, previously washed with dilute sulfuric acid to remove 
remaining suspension stabilizer on the microsphere surface) were dispersed in 
DMA (10 ml) and stirred for 20 h at ambient temperature. The swollen mixture 
was centrifuged (5000 rpm, 15 min), and the upper solvent phase was removed. 
The remaining gel was washed three times by the following sequence: addition of 
DMA, agitation (2 h), centrifuge (5000 rpm, 15 min) and removal of the solvent 
phase. Finally, the gel fractions were determined gravimetrically after drying 
(ambient temperature over night followed by 6 h at 135 °C).  
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Particle morphologies were studied using a Philips SEM XL 20 scanning 
electron microscope (SEM). A thin layer of gold was applied to all samples prior to 
analysis, using a BAL-TEC SCD 005 sputter-coater (0.01-0.1 mbar, 230 seconds at 
~35 mA). Particles were molded into an epoxy matrix to enable studies of the 
particle cross-sections after sample preparation using a LKB ultramicrotome. 

The expansion behavior was studied by optical hot stage microscopy at 100× 
magnification, using a Zeiss optical microscope equipped with a hot stage 
attachment from Leitz Wetzlar (Germany). Heating of the sample in the hot stage 
equipment was controlled by manually regulating the power supply, while 
monitored by a thermometer attached to the hot stage set up. 

Size exclusion chromatography (SEC) with multi-angle laser light scattering 
(MALLS)/refractive index (RI) detection was used to determine the molecular 
weights of poly(AN-co-MAN). The system consisted of a Dionex P580 A, isocratic 
pump and a Degasys Populaire DP 2010, solvent degasser. Separation was 
performed by three PLGel 10 µm Mixed-B 300 × 7.5 mm columns (Polymer 
Laboratories Ltd.) held at 80 °C. A Dawn EOS MALLS detector together with an 
Optilab DSP RI detector were used for detection. DMF with 10 mM of tetraethyl 
ammonium nitrate100 was used as mobile phase at a flow rate of 0.250 ml min-1. 
Samples were dissolved in the mobile phase by heating at 70 °C for one hour, 
followed by at least three days of gentle shaking at ambient temperature prior to 
analysis. dn/dc values used for calculating the molecular weights from the light 
scattering data were determined prior to analysis using the Optilab DSP RI 
detector.  

PGMA molecular weights were determined by SEC in THF (1 ml min-1) at 
35 °C, using a Viscotek TDA model 301 equipped with two GMHHR-M columns 
with TSK-gel (mixed bead, MW resolving range: 300 - 100000 g mol-1) from Tosoh 
Biosep, a VE 5200 GPC autosampler, a VE 1121 GPC solvent pump, and a VE 5710 
GPC degasser (all from Viscotek corp.). Calibration was conducted using linear 
polystyrene standards. 

Fourier transformed infrared spectroscopy (FTIR) was performed in the 
absorbance mode on a Nicolet Nexus equipped with a Durasampler™ attenuated 
total reflection (ATR) accessory. 



Results and Discussion 

 20

4 RESULTS AND DISCUSSION 

4.1 PREPARATION OF CORE/SHELL MICROSPHERES 

Because successful encapsulation of the hydrocarbon blowing agent is 
fundamental for microspheres, this is an interesting process to study. The 
influence of monomer composition and polymerization temperature has therefore 
been studied in this part of the thesis, with regards to particle morphology, total 
monomer conversion, and molecular weight of the polymer. The system used 
consisted of an oil phase containing AN and MAN as monomers, together with 20 
wt% isopentane based on the total amount of hydrocarbon and monomers. The 
monomer feed composition, fAN, was varied from 0 mol% to 100 mol% and 
polymerization was conducted at 62 °C and 80 °C. No crosslinker was used in 
these experiments in order to enable the determination of the molecular weights 
by size exclusion chromatography (SEC). Furthermore, no other alterations in the 
composition of the system than the above mentioned ones were made between 
experiments. 

Finally, based on the accomplished results, this study was wrapped up by 
synthesizing microspheres with a crosslinked polymer shell, in order to elucidate 
the influence of the investigated parameters on the expansion properties of the 
microspheres.   

4.1.1 Influence of temperature on the polymerization kinetics 

Temperature is a crucial parameter in free radical polymerizations since it has 
a profound effect on the kinetics. For instance, the decomposition rate of dilauryl 
peroxide is increased tremendously at 80 °C compared to 62 °C, as seen by the 
half-life times at these temperatures; about 8 hours at 62 °C compared to less than 
one hour at 80 °C.101  

In Figure 8, it can be seen that high monomer conversions are reached 
regardless of fAN for polymerizations conducted at 62 °C. Even so, it does increase 
nearly 10% with increasing fAN to reach almost quantitative conversion when fAN is 
100 mol% (Figure 8). Considering that AN is quite water soluble (8.4 wt% at 50 °C) 
and that the polymerization takes place within the organic phase, there must 
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either be a back-transfer of AN dissolved in the water phase, or a competing 
polymerization in the water phase.71 Since the thermal decomposition of dilauryl 
peroxide yields highly hydrophobic undecane radicals, there is a low probability 
of radicals entering the water phase.72,73 Also, there is a gradient in the organic 
phase during polymerization even when fAN is 100 mol% because of the 
hydrocarbon. The high conversion can therefore be ascribed to a back-transfer of 
AN to the organic phase, and not a competing water phase polymerization.  
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Figure 8. Total monomer conversions for the suspension polymerization of AN and MAN at different 
polymerization temperatures and fAN. (×) 62 °C (Δ) 80 °C 

At 80 °C, there is completely different polymerization behavior when fAN is 
lower than approximately 55 mol%, as seen by the monomer conversion (Figure 
8). The conversions are very low until fAN reaches 35 mol%, when there is a rapid 
increase with increasing fAN. For fAN above 55 mol%, no obvious difference in 
conversion can be seen regardless of polymerization temperature. Further 
information on the polymerization behavior of this system may be extracted from 
the molecular weights as determined by SEC-MALLS (Figure 9).  

Only minor differences can be seen in the molecular weights, between 
experiments conducted at 62 °C and 80 °C, when fAN is 55 mol% or higher. For the 
polymerizations at 62 °C, molecular weights are high at low fAN. However, as fAN 
increases, there is a linear decrease in the molecular weight until very high fAN 
when the molecular weights increase some. This increase at high fAN most 
probably comes from polymer agglomerates, due to poor solubility of these 
polymers. The molecular weights from the polymerizations at 80 °C are low at low 
fAN, but increases with increasing fAN up to 55 mol%; above that the molecular 
weights are similar to those from polymerizations at 62 °C. When fAN is 0 mol% 
(i.e. for the homopolymerization of MAN), the monomer conversion is nearly 80% 
higher and the molecular weight is nearly 20 times higher after polymerization at 
62 °C, compared to what is reached at 80 °C.  
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Figure 9. Molecular weights as determined by SEC-MALLS for polymers varying in polymerization 
temperature and fAN. (×) 62 °C (Δ) 80 °C 

Plausible explanations for the deviating monomer conversions at 62 °C and 80 
°C, can be differences in the initiator efficiency (i.e. the number of radicals formed 
from the thermal decomposition of dilauryl peroxide that actually initiates 
polymerization), changes in the termination rate, or chain-transfer. It is not 
unreasonable that the main reason for these differences seen in the monomer 
conversions comes from lower initiating efficiency and changes in the termination 
mechanism. Increases in the polymerization temperature leads to a higher radical 
concentration due to an increasing decomposition rate of the initiator. This 
increases the probability of two radicals finding each other to terminate.   

A partial explanation for these observations comes from an increasing 
tendency of termination by disproportionation with increasing temperature in the 
polymerization of MAN to polymethacrylonitrile (PMAN).102,103 This is verified by 
the thermal decomposition of PMAN (fAN = 0 mol%) polymerized at 62 °C, 75 °C, 
and 80 °C. As seen in Figure 10, there are two noticeable peaks in the differential  
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Figure 10. Relative decomposition rates of PMAN as determined by differential TGA depending on the 
polymerization temperature. (––) 62 °C (––) 75 °C (––) 80 °C  
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TGA-thermogram at approximately 330 °C and 400 °C, respectively. The peak at 
around 330 °C corresponds to depolymerization occurring at unsaturated chain 
ends (i.e. chain ends from termination by disproportionation); at around 400 °C, 
chain cleavage of the polymer back bone rapidly increases the number of possible 
sites for depolymerization and thus, the rate of decomposition increases.104 

4.1.2 Influence of polymerization parameters on the microsphere 
morphology 

Considering that 20 wt% isopentane is charged to the oil phase in these 
experiments, the volatile content of the particles is a good indication of whether 
the encapsulation of the isopentane is successful or not. The volatile content 
consists of isopentane, residual monomers and moisture. Based upon experience; 
the residual monomers, and moisture, each contribute with approximately 1 wt% 
to the volatile content in experiments with successful encapsulation of the 
hydrocarbon. As can be seen in Figure 11, there are profound differences in the 
volatile content of the particles, depending on fAN and polymerization 
temperature. These differences in volatile content are easily understood from the 
particle morphologies when the particle cross-sections are examined (Figure 12). 
Not only the particle morphology depends on the polymerization parameters, the 
mechanism of the core/shell formation varies as well. When polymerizing at 62 °C, 
only a minor amount of AN is needed to induce a morphology transition, going 
from all solid spheres when fAN is 0 mol%, to all core/shell particles when fAN 
reaches 17 mol% (Figures 12 and 13). When fAN exceeds 90 mol%, there is yet 
another morphology transition into particles built up from agglomerated primary 
particles similar to those seen in Figure 12c. The morphology in these 
microspheres with fAN higher than 90 mol% is most probably kinetically 
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Figure 11. Volatile content as determined by TGA with regards to the monomer feed in microspheres 
polymerized at 62 and 80 °C. (×) 62 °C (Δ) 80 °C. 
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Figure 12. SEM images showing the cross-section of particles polymerized at 62 °C with different fAN. 
(a) fAN = 0 mol% (b) fAN = 44 mol% (c) fAN = 100 mol% 

  

Figure 13. SEM images displaying the morphology transition from solid- to core/shell particles for 
microspheres synthesized at 62 °C. (a) fAN = 4 mol% (b) fAN = 17 mol% 

determined.79,80 Rapid polymerization combined with the insolubility of the 
polymer in the organic phase, gives a vast number of primary particles early in the 
polymerization. These primary particles form clusters that limit the ability of the 
microspheres to adopt a thermodynamically favored morphology. 

At a polymerization temperature of 80 °C, core/shell particles are formed in a 
more narrow fAN interval with a different mechanism. It can be seen in Figure 14 
that relatively small polymer particles are beginning to agglomerate to form larger 
spherical particles with pronounced core/shell morphology when fAN is around 35 
mol%. Even though the core/shell morphology is evident already when fAN is 39 
mol% (Figure 14b), it is not until fAN reaches 49 mol% that the barrier properties of  
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Figure 14. SEM images revealing the dependence on fAN for the core/shell formation for microspheres 
synthesized at 80 °C. (a) fAN = 35 mol% (b) fAN = 39 mol% (c) fAN = 44 mol% 

the polymer shell are sufficient to retain the encapsulated isopentane. Interestingly 
this transition in morphology when polymerizing at 80 °C coincides with the 
rapid increase in conversion (Figure 8) and molecular weight (Figure 9) in this fAN 
interval.  

The driving force of the system to minimize the interfacial energy76,77 is evident 
early in the polymerization. Even though the polymer is not sufficient to entirely 
cover the organic droplets at 12% conversion after one hour at 62 °C, it is obvious 
from Figure 15 that the core/shell morphology is forming already at this stage of 
the process. After 2 hours of polymerization at 24% conversion, the hydrophobic 
organic droplet containing isopentane is completely encapsulated within the 
polymer shell. As a result, the energetic organic droplet/water interface is no 
longer present and only the organic droplet/polymer- and polymer/water 
interfaces remain in the system. 
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Figure 15. SEM images illustrating the shell formation in the early stages of polymerization at 62 °C 
[fAN = 70 mol%]. (a) 12% conversion after 1 h (b) 24% conversion after 2 h (c) enlargement of part of 
image a. 

4.1.3 Influence of polymerization parameters on the expansion 
properties 

So far when discussing these experiments, no consideration has been taken to 
the expansion of the microspheres. It can be seen in Figure 16, that both fAN and 
the polymerization temperature are very important parameters for the expansion 
properties. A crosslinker (1,4-butanediol dimethacrylate (BDDMA), 0.075 mol% 
based on monomer and crosslinker) has been used to tailor the properties of the 
polymer shell of these microspheres. As will be discussed further in section 4.3, 
crosslinking of the polymer shell is crucial in order to reach excellent expansion. 
When polymerizing at 62 °C, excellent expansion is reached when fAN is around 60 
mol%. The importance of the polymer shell composition on the barrier- and 
mechanical properties of the polymer shell is evident from the comparison of the 
expansion when fAN is around 60 mol% to the expansion of microspheres with fAN 
being around 50 or 70 mol%. It is very interesting to notice that the excellent 
expansion properties of the microspheres with fAN around 60 mol% polymerized at 
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62 °C is completely lost when the polymerization temperature is increased to 80 
°C. This is somewhat surprising considering that there are no noticeable 
differences in the analytical data from the corresponding experiments without 
crosslinker.  
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Figure 16. Significance of fAN and polymerization temperature for the expansion properties of 
microspheres [fBDDMA = 0.075 mol%]. (––) fAN = 59 mol%, polymerized at 62 °C (––) fAN = 59 mol%, 
polymerized at 80 °C (––) fAN = 49 mol%, polymerized at 62 °C (––) fAN = 70 mol%, polymerized at 62 °C 

4.2 INFLUENCE OF THE ENCAPSULATED BLOWING AGENT 

One way to modify the expansion properties of microspheres is to replace the 
encapsulated hydrocarbon with one having a different boiling point. This has been 
investigated in this part of the thesis in which saturated hydrocarbons have been 
examined with respect to boiling point and structure. Presumably the 
hydrocarbon is inert throughout the polymerization process and as a result, there 
should be no effects on the encapsulation because of the hydrocarbon. A poly(AN-
co-MAN) shell with fAN = 59 mol%, was used based on the results of the first study 
of this thesis. Also unless noted otherwise, 20 wt% of hydrocarbon was used, and 
the polymer shell was crosslinked by 0.2 mol% BDDMA. All samples were 
fractioned with respect to particle size to be around 35 µm, in order to avoid any 
contribution to the expansion properties because of the particle size. As seen in 
Figure 17, Tstart and Tmax increases substantially by replacing isopentane with 
hydrocarbons having higher boiling points, although there are limitations as 
demonstrated with n-octane.  
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Figure 17. Expansion properties of microspheres containing 20 wt% of hydrocarbon with different 
boiling points as shown by TMA [fBDDMA = 0.20 mol%]. (––) isopentane (––) isohexane (––) isooctane  
(––) n-octane 

As long as the microspheres are unexpanded, the internal pressure is limited 
by the vapor pressure of the hydrocarbon and as a result, most of the hydrocarbon 
is in the condensed state regardless of temperature. This is important for the 
expansion capacity of microspheres. The spectacular expansion of the 
microspheres is possible due to the tremendous volume increase for the 
hydrocarbon upon vaporization. The vapor pressure of the hydrocarbons can be 
calculated105 and compared based on the following assumptions; (1) no 
hydrocarbon is lost below Tstart and (2) there is no contribution from residual 
monomers. As seen in Table 2, the vapor pressure at Tstart is considerably higher 
for isopentane compared to the other hydrocarbons in the microspheres analyzed 
in Figure 17. This originates from the influence of temperature on the mechanical 
properties of the polymer shell. The ductility of the polymer shell increases with 
increasing temperature and is comparatively low near Tg of the polymer shell 
(around 105 °C for this particular polymer composition based on the Fox 
equation106), which explains why higher internal pressure is needed to expand the 

 
Table 2. Calculated vapor pressures at Tstart in microspheres containing hydrocarbons with different 
boiling points 

Hydrocarbon 
Molecular weight 

(g mol-1) 
Boiling point 

(°C)107 
Tstart  
(°C) 

Vapor pressure 
at Tstart (bar)105  

isopentane 72 28 122 11 
isohexane 86 60 138 7 
isooctane 114 99 177 6 
n-octane 114 126 207 6 
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microspheres containing isopentane compared to those containing for instance 
isooctane.  

In expanded microspheres, the encapsulated hydrocarbon can be assumed to 
be entirely vaporized and to behave similar to an ideal gas. The expansion 
capability of the microspheres thereby correlates to the amount of the 
hydrocarbon. The expansion properties of microspheres can therefore be altered, 
not only by the selection of hydrocarbon, but also by varying the amount of 
hydrocarbon. However, altering the amount of hydrocarbon is not always 
effective since the thickness of the polymer shell is affected as well. An example of 
this can be seen in Figure 18 in which the amount of encapsulated isooctane is 
varied between 10 and 40 wt%. The internal pressure is insufficient to expand the 
microspheres well with 10 wt% isooctane. On the other hand, the polymer shell is 
too thin to allow proper expansion of the microspheres with 40 wt% isooctane. 
Based on these observations, 20 to 30 wt% seems to be an optimal amount of 
isooctane. In applications where thermal- and chemical resistance is important, 20 
wt% isooctane may be desirable to benefit from the thicker polymer shell, while 30 
wt% isooctane is more desirable when maximum expansion is of higher priority. 
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Figure 18. Expansion properties as determined by TMA for microspheres containing various amounts 
of isooctane [fBDDMA = 0.20 mol%]. (––) 10 wt% (––) 20 wt% (––) 30 wt% (––) 40 wt% 

We have found that the structure of the hydrocarbon is also an important 
parameter that affects the expansion properties of microspheres. This is evident 
from Figure 19, in which the expansion properties of microspheres containing a 
linear- (n-heptane), a branched- (isooctane), or a cyclic hydrocarbon (methyl 
cyclohexane) with similar boiling points (99, 99, 101 °C, respectively107) are 
surprisingly different. It can be seen that the expansion of microspheres 
containing highly branched isooctane is superior to microspheres containing 
linear n-heptane or cyclic methyl cyclohexane. This can be explained by 
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differences in the hydrocarbon loss through the polymer shell, thereby affecting 
the internal pressure of the microspheres. TGA reveals that the bulkier isooctane is 
retained better within the microspheres than n-heptane or methyl cyclohexane. 
Furthermore, even though the boiling point of n-heptane and methyl cyclohexane 
are similar, there is a difference in vapor pressure of approximately 0.8 Bar at 180 
°C.105 Apparently, this pressure difference is enough for n-heptane to expand the 
microspheres at around 180 °C, although the expansion is limited because of n-
heptane losses. The microspheres containing methyl cyclohexane on the other 
hand remains unexpanded until higher temperatures, and the loss of methyl 
cyclohexane severely limits the expansion. 
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Figure 19. Comparison of thermal properties for microspheres containing 20 wt% of hydrocarbons 
having a linear, branched or cyclic structure with similar boiling points and vapor pressures [fBDDMA = 
0.20 mol%]. (––) n-heptane (––) isooctane (––) methyl cyclohexane 

4.3 CROSSLINKING OF THE POLYMER SHELL 

4.3.1 Incorporation of crosslinker into the polymer shell 

The expansion properties of the polymer shell can readily be modified by 
crosslinking. This has been investigated in a system similar to the one used in the 
previous study, with the difference that 20 wt% of isooctane was used throughout 
the study, and that the crosslinker type and amount has been varied. Three 
difunctional crosslinkers with different vinyl functionalities, but with the same 
backbone (1,4-butanediol) has been utilized in this study. The crosslinker 
concentration has been varied from 0 up to 0.4 mol%, based on the total amount of 
monomer and crosslinker, in order to investigate the effect on the expansion 
properties of the microspheres.  
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As seen in Figure 20, 0.05 mol% of crosslinker can improve the expansion 
properties tremendously when compared to microspheres without crosslinker. 
However, the expansion properties vary depending on the crosslinker structure 
when comparing the effect of 1,4-butanediol dimethacrylate (BDDMA), 1,4-
butanediol divinyl ether (BDDVE), and 1,4-butanediol diacrylate (BDDA). The 
relevance of the crosslinker structure is further confirmed when investigating the 
influence of these crosslinkers over a wider range of concentrations with respect to 
the gel fraction in the polymer shell, and the expansion properties of the 
microspheres. 
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Figure 20. TMA-thermograms showing the difference in expansion characteristics depending on the 
crosslinking of the polymer shell, when comparing microspheres without crosslinker with those 
containing 0.05 mol% of different crosslinkers. (––) BDDMA (––) BDDVE (––) BDDA (––) no crosslinker 

 
As expected, the gel fraction in the polymer shell increases with crosslinker 

concentration (Figure 21). At low crosslinker concentrations (< 0.05 mol%) there 
are differences in the gel fractions, depending on the crosslinker type. However, 
no significant differences in the gel fraction can be seen when the crosslinker 
content is 0.05 mol% or higher. This shows that it is not only the crosslinking 
density of the polymer shell that is important for the expansion properties of the 
microspheres, since the expansion properties of the microspheres containing 0.05 
mol% crosslinker varies depending on the crosslinker type. 
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Figure 21. Gel fractions in the polymer shell depending on the type and concentration of crosslinker  
(□) BDDMA (∆) BDDVE (o) BDDA  

There are significant differences in the maximum expansion of the 
microspheres depending on the crosslinker type, even though maximum 
expansion is reached with 0.05 mol% crosslinker, regardless of structure (Figure 
22). 0.05 to 0.1 mol% BDDMA seems to be optimum for reaching maximum 
expansion, while BDDVE and BDDA show a more narrow maximum at 0.05 mol% 
although the expansion with these crosslinkers are inferior to that of BDDMA. The 
microspheres exhibit different behavior during the expansion process depending 
on the polymer shell composition.  

By observing the expansion process in an optical microscope equipped with a 
hot stage set up, it was seen that each sample contains two microsphere fractions 
with completely different behavior when expanded. One of the fractions only 
contributes marginally to the sample volume as the microspheres in this fraction 
collapse immediately after reaching maximum expansion. The microspheres in the 
other fraction show shape persistence at elevated temperatures. The type and 
amount of the crosslinkers are important not only for the size of each fraction in 
the samples, but also for the relative shape persistence when expanded. 
Microspheres crosslinked with BDDMA show better shape persistence than those 
crosslinked by BDDVE or BDDA. The extreme examples with regards to these 
fractions are the samples containing no crosslinker which consists exclusively of 
microspheres collapsing immediately upon expansion, and the samples containing 
0.05 mol% BDDMA in which the vast majority of the microspheres exhibit 
excellent shape persistence. However, this discussion of shape persistence 
concerns the elevated temperatures where the microspheres expand. The 
durability of expanded microspheres at ambient temperatures is excellent unless 
in contact with certain solvents or strong shear forces. 
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Figure 22. Maximum probe displacement as a function of type and concentration of crosslinker in the 
polymer shell. Lines have been inserted to guide the eye and pass through the average value where 
there are multiple experiments. (–□–) BDDMA (–∆–) BDDVE (–o–) BDDA  

Crosslinking of the polymer shell is not as crucial for Tstart and Tmax as it is for 
the maximum expansion, since Tstart and Tmax depends more on parameters such as 
monomer composition in the polymer shell (Figure 16), as well as the type (Figure 
17) and amount (Figure 18) of the encapsulated hydrocarbon. None the less, 
crosslinking of the polymer shell is important in order to optimize the expansion 
characteristics and can affect both Tstart (Figure 23) and Tmax substantially (Figure 
24). Crosslinking of the polymer shell may increase Tstart for a sample with up to 20 
°C compared to a non-crosslinked sample, regardless of the crosslinker type 
(Figure 23). Crosslinking narrows the temperature span in which the microspheres 
expand as observed in the optical microscope. Especially those microspheres 
within a sample expanding early on in the heating process seem to be shifted 
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Figure 23. Differences in Tstart depending on the crosslinker type and concentration. Lines have been 
inserted to guide the eye and pass through the average value where there are multiple experiments.  
(–□–) BDDMA (–∆–) BDDVE (–o–) BDDA  
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Figure 24. Differences in Tmax depending on the crosslinker type and concentration. Lines have been 
inserted to guide the eye and pass through the average value where there are multiple experiments.  
(–□–) BDDMA (–∆–) BDDVE (–o–) BDDA  

upwards in temperature. BDDVE and BDDA actually give slightly higher Tstart 
compared to BDDMA at crosslinker concentrations higher than 0.05 mol%. This 
indicates that a too high BDDMA content may be detrimental to the yield strength 
of the polymer shell. 

The highest Tmax values are reached with 0.05 mol% crosslinker, irrespectively 
of crosslinker type. For this particular system, there seems to be a limit in Tmax at 
approximately 225 °C, which is nearly 45 °C higher than the samples without 
crosslinker. Tmax often is quite closely correlated to the maximum expansion since 
the resistance towards shrinking for the expanded microspheres obviously is very 
important for both these expansion parameters. However, Tmax is the expansion 
property that varies most between samples and a high Tmax does not necessarily 
mean that the expansion is good. The largest differences in Tmax are often seen in 
the expansion curves that are either flat or with a highly irregular shape, which 
there are examples of in Figure 18. It is therefore important to always consider the 
overall shape of the expansion curve and not only look at the Tmax value. 

An explanation for these differences in expansion properties depending on the 
crosslinker type can be found in the incorporation of the crosslinker (Figure 25). 
Early on in the polymerizations when the conversion is around 10%, the gel 
fraction obtained with BDDMA is nearly twice that for BDDA, with BDDVE in 
between. As the polymerization proceeds, the gel fraction remains quite stable at 
70 to 80% with BDDMA, while it increase with BDDVE and BDDA until there are 
no obvious differences in the gel fractions.  

To deepen the understanding of the polymer shell formation during 
polymerization, the incorporation of the crosslinkers was mimicked by monitoring 
the conversion of monofunctional monomers with structures resembling those of 
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the crosslinkers (Figure 26). Thus, 1 mol% of the crosslinker analogue (based on 
the total amount of monomer and crosslinker) was added to a system containing 
0.05 mol% crosslinker. MMA was added to the system containing BDDMA, ethyl 
vinyl ether (EVE) to the system containing BDDVE, and MA to a system 
containing BDDA, with the assumption that the addition of 1 mol% of these 
monomers does not significantly affect the properties of the microspheres, or the 
conversion of AN, MAN, and crosslinker during polymerization. GC analysis 
confirms that MMA is consumed considerably faster than EVE and MA. This is in 
accordance with the reactivities of AN- and MAN-radicals towards these 
monomers (Table 3),37 from which it can be assumed that the order of 
incorporation into the polymer shell are BDDMA > BDDVE > BDDA. Thus, 
corresponding well with the data presented in Figure 25. 
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Figure 25. Evolution of the gel fraction as a function of total monomer conversion. 1 mol% of a 
monofunctional crosslinker analogue has been added in these experiments [0.05 mol% crosslinker]. (□) 
BDDMA (∆) BDDVE (o) BDDA 

 

Because of the difference in reactivity of AN and MAN (Table 3), there is a 
drift in the polymer composition throughout the polymerization. MAN is 
consumed faster than AN because of its higher reactivity and as a result, MAN-
rich polymer forms early in the process. Considering the fast core/shell formation 
(Figure 15), it is likely that this MAN-rich polymer constitutes the outer parts of 
the polymer shell. Already after 9 h of polymerization at 62 °C and approximately 
65% total conversion, about 80% of the MAN is consumed. The high MAN  
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Figure 26. Crosslinkers (left) and their monofunctional analogues (right) used to investigate the 
incorporation of the crosslinkers into the polymer shell. (a) BDDMA and MMA (b) BDDA and MA (c) 
BDDVE and EVE  

 

Table 3. Reactivity ratios for AN, MAN and crosslinker analogues used to mimic the crosslinker 
incorporation.37 

Monomer 1 Monomer 2 r1 r2 
AN MAN 0.42 1.67 
AN MMA 0.16 1.33 
AN EVE 1.21 0.85 
AN MA 0.67 0.06 
MAN MMA 0.63 0.85 
MAN EVE 2.34 0.49 
MAN MA 10.9 0.05 

 
 
 
content in this polymer makes it mostly amorphous. However, when most of the 
MAN is consumed, AN-rich polymer will form which is likely to introduce semi-
crystalline parts into the polymer shell. This phase of the polymerization is very 
important for the expansion of the BDDMA crosslinked microspheres as seen in 
Figure 27, because much of the mechanical- and barrier properties of the polymer 
shell are evidently determined during this stage of the polymerization. SEM 
images revealing the inside of these microspheres provides further information 
about this phase of the polymerization. The microsphere shells changes from a 
smooth inner surface, into shells in which the inner surface have a pronounced 
topography (Figure 28). It can be seen in Figure 15 that small primary particles  
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Figure 27. TMA-thermograms showing the tremendous evolution in expansion properties during the 
polymerization [fBDDMA = 0.05 mol%]. (a) expansion of microspheres 9 h into the polymerization at 60% 
total monomer conversion (b) 12 h into the polymerization at 82% total monomer conversion.   

precipitate from the oil phase during polymerization and assemble in the interface 
of the oil droplets. These primary particles assemble in an ordered manner to form 
the comparably smooth surface seen in Figure 28a, provided that the MAN 
content in these primary particles are sufficient to yield a certain flexibility. In the 
later stages of the polymerization, the particles tend to aggregate to form the 
rough topography seen in Figure 28b. Some of these particles can be seen in the 
polymer shell even after expansion (Figure 29).  
 

  

Figure 28. SEM images of the particle cross-sections of unexpanded microspheres containing 1 mol% 
MMA at different monomer conversions [fBDDMA = 0.05 mol%]. (a) 60% total conversion (b) 82% total 
conversion. 
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Figure 29. SEM images revealing the inner surface-texture on the polymer shell of expanded 
microspheres at different magnifications [fBDDMA = 0.075 mol%].  

4.3.2 Increasing Tstart by combination of different crosslinkers 

Considering that pronounced differences were seen in the expansion 
properties depending on the incorporation of the crosslinker in experiments with 
BDDMA, BDDVE, and BDDA, a continuation of the study presented in section 
4.3.1, was performed, in which an even less reactive crosslinker was utilized. 
Diallyl carbonate (DAC) was chosen for these experiments and is expected to be 
incorporated very late in the polymerization process, based on the reactive ratios 
of AN towards the monofunctional analogue allyl acetate (r1 ~ 7, r2 ~ 0).37  

In Table 4, it can be seen that the gel fraction in the polymer shell of 
microspheres containing 0.075 or 0.15 mol% DAC is significantly lower than the 
corresponding molar amounts of BDDMA, and that the expansion properties are 
inferior as well. However, when combining 0.075 mol% DAC with an equal 
amount of BDDMA, it was found that there are only negligible differences in the 
expansion properties when compared to samples containing only 0.075 mol% 
BDDMA (Table 4). Also, the expansion in microspheres crosslinked by the 
combination of DAC and BDDMA is clearly superior to that of microspheres 
containing 0.15 mol% BDDMA, which emphasizes that BDDMA and DAC affects 
the mechanical properties of the polymer shell differently.  

When combining 0.15 mol% DAC with 0.075 mol% BDDMA, pronounced and 
interesting results are seen with regards to the expansion properties (Figure 30). 
Tstart increases by nearly 15 °C while the expansion is only slightly impaired, when 
compared to microspheres containing 0.075 mol% BDDMA. These expansion 
properties cannot be reached by crosslinking of the polymer shell by BDDMA 
alone, nor by the combination of BDDMA with BDDVE or allyl methacrylate.  
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Table 4. Influence of crosslinking on the properties of microspheres. 

XLa 1 mol% XLa 2 mol% Gel fraction 
(%) 

Tstart 
(°C) 

Tmax 
(°C) 

Probe displace-
ment (mm) 

-  -  0 165 180 0.3 
BDDMAb 0.075 -  79 175 225 2.5 
BDDMA 0.15 -  91 175 215 1.5 
DAC 0.075 -  39 176 194 0.8 
DAC 0.15 -  58 188 202 0.9 
Allyl MAc 0.075 -  77 169 194 1.2 
Allyl MAc 0.15 -  89 176 208 1.0 
BDDMA 0.075 DAC 0.075 85 180 225 2.3 
BDDMA 0.075 DAC 0.075 85 178 226 2.2 
BDDMA 0.075 DAC 0.15 86 189 223 1.7 
BDDMA 0.075 BDDVE 0.075 90 180 211 1.4 
BDDMA 0.075 BDDVE 0.15 88 186 211 0.8 
BDDMA 0.075 Allyl MAc 0.075 90 174 225 1.5 
BDDMA 0.075 Allyl MAc 0.15 92 180 222 1.0 
a) crosslinker 
b) average of 5 experiments; std. dev.: gel fraction 0.5%, Tstart 7 °C, Tmax 1 °C, Probe disp. 130 µm 
c) allyl methacrylate 

Tstart increases as expected by the combination of 0.075 mol% BDDMA and 0.15 
mol% BDDVE (Figure 23). However, the expansion is reduced significantly at the 
same time (Table 4). From this it can be concluded that BDDMA and DAC are 
indeed incorporated into separate parts of the polymer shell, and that the 
incorporation of DAC does not impair the ductility of the polymer fraction 
crosslinked by BDDMA. 
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Figure 30. TMA thermograms illustrating the increase in Tstart when combining BDDMA with DAC as 
crosslinkers in the polymer shell. (––) 0.075 mol% BDDMA (––) 0.15 mol% DAC (––) 0.075 mol% 
BDDMA and 0.15 mol% DAC 
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The benefits of the increase in Tstart from the combination of BDDMA and DAC 
is demonstrated by the curing of PVC plastisol draw downs, 500 µm in thickness 
containing microspheres (4 wt%). The curing temperature can be significantly 
increased with a low probability of premature expansion, compared to plastisols 
containing microspheres crosslinked by 0.075 mol% BDDMA as exemplified in 
Figure 31. It can be seen that there are only a few expanded microspheres after 
curing at 190 °C for 5 min in the plastisol containing microspheres crosslinked 
with 0.075 mol% BDDMA and 0.15 mol% DAC. In the plastisol containing 
microspheres crosslinked by 0.075 mol% BDDMA, expanded microspheres are 
evident after curing at 170 °C for 5 min. Such premature expansion is desirable to 
minimize since the expanded microspheres may influence the product quality as 
exemplified in Figure 32, where it can be seen that the expanded microspheres 
affects the surface finish of the cured plastisol draw downs. Also, it is clear that 
this is less of a problem in the plastisol containing the BDDMA and DAC 
crosslinked microspheres.  

 

 

 

Figure 31. Cross-section of PVC plastisol draw downs containing 4 wt% microspheres crosslinked with 
0.75 mol% BDDMA (upper) or 0.75 mol% BDDMA combined with 0.15 mol% DAC (below). The draw 
downs have been cured at different temperatures for 5 min. (a) 150 °C (b) 170 °C (c) 190 °C 
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Figure 32. Improvement in surface smoothness of plastisol draw downs containing 4 wt% 
microspheres after curing at 190 °C for 5 min. (a) microspheres containing 0.75 mol% BDDMA (b) 
microspheres containing 0.75 mol% BDDMA combined with 0.15 mol% DAC 

 
Cured plastisols are easily foamed at 210 °C into fine closed cell structured 

foams as exemplified in Figure 33, in which plastisols cured at 170 °C for 5 min 
have been foamed. The addition of 4 wt% microspheres thereby reduces the 
density of the plastisol draw downs by approximately 65%. The densities are as 
expected somewhat lower in the plastisols foamed by microspheres crosslinked 
with 0.075 mol% BDDMA (Table 5), since these microspheres expand slightly 
better in the TMA. 

 
 

 
Figure 33. SEM images of the cross-section of PVC plastisols foamed by microspheres showing the 
closed cell structure. The plastisol have been cured for 5 min at 170 °C after which the microspheres 
have been expanded by heating the plastisols for 3 min at 210 °C. (a) microspheres crosslinked with 
0.075 mol% BDDMA (b) microspheres crosslinked with 0.075 mol% BDDMA and 0.15 mol% DAC. 
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Table 5. Foam densities of PVC plastisols containing 4 wt% of microspheres after curing for 5 min at 
170 °C, followed by a separate heating at 210 °C to foam the composites. 

 Foam density (g ml-1) 
 BDDMAa BDDMA + DACb 
after curing 1.15 1.15 
1 min at 210 °C 0.50 0.49 
3 min at 210 °C 0.37 0.42 
5 min at 210 °C 0.37 0.43 

a 0.075 mol%  
b 0.075 mol% BDDMA, 0.15 mol% DAC 

 

4.4 SURFACE MODIFICATION VIA “GRAFTING FROM” USING 
ARGET ATRP 

The final part of this study covers the subsidiary work in which microspheres 
with the polymer shell containing 15 wt% HEMA have been modified by grafting 
PGMA from the surface, using the hydroxyl groups as reactive handles (Scheme 
1). This is challenging because of the need of optimizing the reaction conditions in 
order to preserve the expansion properties of the microspheres. Obviously, 
temperature is an important parameter in the handling of microspheres. Also, 
even though the chemical resistance of the microspheres most often is satisfying, 
care must be taken when the microspheres are exposed to shear forces in solvents 
that plasticizes the polymer shell. It can be seen in Figure 34 that excessive shear 
forces may rupture the polymer shell and thereby reduces the isopentane content 
in the sample (Table 6). 
 

Scheme 1. Synthetic strategy for the surface modification of microspheres by ARGET ATRP using 
hydroxyl groups at the microsphere surface as reactive handles. 
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Conditions: (i) 2-bromoisobutyryl bromide, triethyl amine, DMAP, dichloromethane, ambient 
temperature, 2 h; (ii) GMA, CuBr2, PMDETA or Me6-TREN, ethyl 2-bromoisobutyrate, ascorbic acid, 
toluene (50% v/v), 30 °C; (iii) HCl (conc.), THF, ambient temperature, 45 min.  
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Figure 34. SEM image revealing ruptured microspheres because of excessive shear forces when stirred 
vigorously in dichloromethane for 3.25 h, thus explaining the reduced isopentane content.  

 

Table 6. Isopentane content (wt%) as determined by GC after agitation of microspheres (originally 
containing 22 wt% isopentane) under gentlea or vigorous agitation at ambient temperature using a 
magnetic bar. 

agitation time  water tolueneb THFb dichloromethane 
 (gentle/vigorous) 
1 h  22 / 18 21 / - 22 / - 22 / 17 
2 h  22 / 18 21 / - 21/ - 19 / 10 
3 h  21 / 15 18 / - 21 / - 16 / 6c 

a) gentle agitation – microspheres barely kept dispersed in the media  
b) only investigated at gentle agitation 
c) 3.25 h of vigorous agitation 

4.4.1 Conversion of the hydroxyl groups into ATRP initiating sites 

Hydroxyl groups accessible on the microsphere surface were converted into α-
bromo esters with only limited effects on the expansion properties (Figure 35) 
using 2-bromoisobutyryl bromide in either THF or dichloromethane for two 
hours. Acid bromides such as 2-bromoisobutyryl bromide react violently and 
quantitatively with primary hydroxyl groups and although quantification of the 
α-bromo esters was unsuccessful, there where indications of increasing 
conversions with prolonged reaction times. FTIR suggests that even though a 
large excess of 2-bromoisobutyryl bromide was added, only a fraction of the 
hydroxyl groups in the polymer shell was converted to α-bromo esters since there 
is no obvious increase in the carbonyl signal at 1727 cm-1 (Figure 36). Presumably a 
certain extent of plastization of the polymer shell is necessary in order for the 
hydroxyl groups to be accessible to the reagents. For example, when the reaction 
was carried out in ethyl acetate or toluene, no signs of α-bromo esters could be 
detected.  
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Figure 35. TMA-thermograms showing the expansion properties of microspheres after each synthetic 
step in the surface modification by grafting PGMA on the microspheres. (––) original microspheres  
(––) microspheres with α-bromo esters on the microsphere surface (––) microspheres after grafting 
GMA from the surface for 3 h (––) microspheres after hydrolysis of the PGMA oxiranes. 

5001000150020002500300035004000

wavenumbers (cm-1)

ab
so

rb
an

ce
 (a

.u
.)

 
Figure 36. FTIR spectra used to monitor the surface modification of microspheres from hydroxyl 
groups to hydrolyzed PGMA. (––) original microspheres (––) microspheres with α-bromo esters on the 
microsphere surface (––) microspheres after grafting GMA from the surface for 3 h (––) microspheres 
after hydrolysis of the PGMA oxiranes. 

4.4.2 Polymer grafting 

Initial experiments in which MA was grafted by ATRP showed promising 
results.108 However, focus was turned to GMA in order to introduce functionalities 
useful for further chemistry. GMA has already been polymerized successfully by 
ATRP in different systems, including those with reaction conditions suitable for 
microspheres.109-114 It was therefore surprising to encounter problems with gel 
formation, considering that no such tendencies are mentioned in these earlier 
studies. This gel formation is probably caused by ring opening reactions of the 
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oxiranes115 and were recently encountered in another paper116 covering ATRP of 
GMA. The tendency of gel formation could be suppressed by keeping the GMA 
conversion below 40% with copper concentrations lower than 100 ppm why it was 
beneficial to use the ARGET ATRP technique.  

GMA was successfully grafted from the microsphere surface using the ARGET 
ATRP technique as is seen by the transition from a smooth surface into a 
pronounced surface topography in SEM images (Figure 37), as well as the large 
increase in the carbonyl signal at approximately 1730 cm-1 combined with the 
typical oxirane signals around 846, 910, and 3050 cm-1 in the FTIR spectra (Figure 
36). As is seen from the TMA thermograms in Figure 35, the expansion is affected 
by this process. However, this is more the result of increasing polymer content in 
the sample, rather than a true reduction of the expansion properties due to the 
reaction conditions. The covalent attachment of the grafted PGMA to the 
microsphere surface was confirmed by a blank experiment which shows that bulk 

  

  

Figure 37. SEM images revealing the difference in surface morphology before and after grafting GMA. 
(a) microspheres with the surface hydroxyl groups converted into α-bromo esters (b) after grafting 
GMA from the microsphere surface by ARGET ATRP for 5 hours. 
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polymer is easily removed from the microspheres, and that no physiosorbed 
polymer remains after work up (Figure 38). 

Considering that there is no control of the distribution of the α-bromo esters 
on the microsphere surface, narrow molecular weight distributions of the grafted 
PGMA were less of a concern compared to the development of an efficient system 
with regards to minimal gel formation during and after grafting, together with 
preserved expansion properties of the microspheres. PMDETA was found to be 
the preferred ligand compared to Me6-TREN in these experiments; primarily 
because the gelling tendency where suppressed substantially but also since there 
was better control of the polymerization reaching PDIs around 1.4 when no 
microspheres were present. With microspheres present, control of the 
polymerization decreases which may come from an affinity of the macro radical to 
the microsphere surface. This would increase the radical concentration locally and 
thus the probability of termination. 

 

5001000150020002500300035004000

wavenumbers (cm-1)

ab
so

rb
an

ce
 (a

.u
.)

 
Figure 38. FTIR spectra verifying that no PGMA formed in the reaction solution remain on the 
microsphere surface following a blank experiment using microspheres without α-bromo esters on the 
microsphere surface, in combination with sacrificial initiator. (lower) original microspheres prior to the 
blank experiment (upper) microspheres after the blank experiment. 

4.4.3 Hydrolysis of the PGMA oxiranes 

In order to demonstrate the utility of the oxirane functionalities on the 
microsphere surface, these were hydrolyzed under acidic conditions (Scheme 1). 
FTIR shows the disappearance of the typical oxirane signals around 846, 910, and 
3050 cm-1 while a broad signal at approximately 3440 cm-1 typical of hydroxyl 
groups has appeared (Figure 36). This signal also is indicative of the huge number 
of functional groups on the microsphere surface when comparing with the weak 
signal from the hydroxyl groups in the original sample. 
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5 CONCLUSIONS 

The monomer feed composition, and the polymerization temperature, both 
have been proved to be important parameters affecting the properties of thermally 
expandable microspheres. In microspheres with a poly(AN-co-MAN) shell, the 
range of monomer compositions in which isopentane was successfully 
encapsulated depended on the polymerization temperature. When polymerizing 
at 62 °C, the desired core/shell morphology was attained with a polymer shell 
containing 15 to 90 mol% AN. At a polymerization temperature of 80 °C, a 
core/shell morphology was attained within a more narrow monomer composition 
ranging from 50 to 85 mol% AN. Furthermore, the mechanism of core/shell 
formation differed significantly depending on the polymerization temperature.  

The polymerization kinetics in this system also depended on the monomer 
composition and polymerization temperature. When the organic phase contained 
more than 55 mol% AN, no palpable differences in the kinetics could be 
distinguished from the monomer conversions or molecular weights, whether the 
polymerization temperature was 62 °C or 80 °C. Below 55 mol% AN, significant 
differences in the kinetics were seen from the monomer conversions and 
molecular weights, depending on the polymerization temperature. A partial 
explanation for these differences was found in the termination mechanism for the 
homopolymerization of MAN. The extent of termination by disproportionation 
increased with increasing polymerization temperature. 

Successful encapsulation of the isopentane is not sufficient to ensure 
expansion of the microspheres when heated. Microspheres synthesized at 62 °C 
with a polymer shell containing 60 mol% AN was found to have superior 
expansion properties compared to microspheres containing 50 or 70 mol% AN 
synthesized at 62 °C, as well as microspheres containing 60 mol% AN but 
synthesized at 80 °C. 

The expansion properties of the microspheres differ depending on the 
encapsulated hydrocarbon. For the microspheres to expand, the internal pressure 
must overcome the yield strength of the polymer shell. Because of this, Tstart 
increases with increasing boiling point of the hydrocarbon. The polymer shell 
thickness is dependent upon the amount of encapsulated blowing agent and as a 
result, 20 to 30 wt% hydrocarbon was found to be appropriate depending on the 
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desired microsphere properties. The ability of the polymer shell to retain the 
encapsulated hydrocarbon was found to be crucial for the expansion of the 
microspheres. A bulky branched hydrocarbon is preferable, rather than a linear or 
cyclic hydrocarbon as shown with isooctane, n-heptane, and methyl cyclohexane 
which all have similar boiling points and vapor pressures, but gave very different 
expansion properties. 

The type and amount of crosslinker is important for the expansion properties 
of microspheres. BDDMA was found to be a better crosslinker compared to 
BDDVE and BDDA, when it comes to the expansion properties of the 
microspheres. 0.05 to 0.1 mol% BDDMA seems to be optimum as seen by the 
superior shape persistence in these microspheres while expanded. The 
incorporation of the crosslinker into the polymer shell was proven to be important 
for the expansion properties. BDDMA was incorporated earlier in the 
polymerization compared to BDDVE and BDDA, even though no differences 
could be seen in the gel fraction at high monomer conversions.  

It was possible to alter the expansion properties of microspheres by combining 
BDDMA with DAC. These microspheres showed a higher Tstart with somewhat 
lower maximum expansion, compared to microspheres crosslinked only by 
BDDMA. Compared to microspheres crosslinked only by DAC, these 
microspheres exhibited a dramatically improved maximum expansion. The 
microspheres crosslinked with BDDMA and DAC, enabled increased curing 
temperatures without risking expansion of the microspheres, when used in PVC 
plastisol draw downs. Simultaneously the surface finish of the draw downs was 
improved compared to draw downs containing microspheres crosslinked only by 
BDDMA.  

Microspheres have been successfully modified by grafting PGMA from 
the microsphere surface, using hydroxyl groups in the polymer shell as reactive 
handles. In this work, ARGET ATRP was utilized for the grafting reaction. 
However, any polymerization technique can be used, presuming that the reaction 
conditions do not impair the expansion properties of the microspheres. Care must 
be taken to limit the microspheres from excessive exposure to solvents and shear 
forces from which the microspheres may be damaged. 
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6 FUTURE WORK 

There is a dramatic effect on the expansion properties when increasing the 
polymerization temperature from 62 °C to 80 °C. There are however no obvious 
differences in the analytical data between these microspheres, except for the 
expansion properties as determined by TMA. Because of this, it would be 
interesting to further investigate the influence of polymerization temperature on 
the in situ formation of the microsphere shell.    

Microspheres having a poly(AN-co-MAN) shell in which fAN is 60 mol% 
exhibit excellent expansion over a wide range of temperatures. However, based on 
the experimental work in this thesis, there seems to be a limitation in Tmax at 
around 225 °C for these microspheres. To broaden the versatility of these 
microspheres even further, it would be interesting to elucidate the reason for this 
limitation in Tmax in order to enable further improvements in the microsphere 
properties.   

Significant differences in the expansion properties were found when 
comparing isooctane, n-heptane, and methyl cyclohexane as blowing agents. All 
have similar boiling point and vapor pressures, which suggests that maybe the 
assumption that the hydrocarbon is inert during the shell formation process is not 
valid. This makes it interesting to investigate whether the expansion properties 
can be further improved by the appropriate choice of hydrocarbon as blowing 
agent, and if so, the reason for this. 

Considering the importance of the ductility in the polymer shell for the 
expansion properties, it would be very interesting to be able to determine the 
mechanical properties of the polymer shell in situ during expansion, and correlate 
those to the microsphere composition and expansion properties. In the literature 
there are a few examples where the mechanical properties have been 
examined.18,117 However, in these studies, the blowing agent is removed, after 
which the polymer is compression molded into sheets at high temperature. As a 
result, it is worth questioning whether these procedures affects the mechanical 
properties of the polymer, considering that for instance cyclization reactions32 can 
occur at the temperatures used during sample preparation. 
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