Emulsion co- and terpolymerization : monomer partitioning,
kinetics and control of microstructure and mechanical
properties
Citation for published version (APA):
Schoonbrood, H. A. S. (1994). Emulsion co- and terpolymerization : monomer partitioning, kinetics and control of
microstructure and mechanical properties. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical
Engineering and Chemistry]. Technische Universiteit Eindhoven. https://doi.org/10.6100/IR426294

DOI:
10.6100/IR426294
Document status and date:
Published: 01/01/1994
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 09. Jan. 2023

EMULSION CO- AND TERPOLYMERIZATION
Monomer Partitioning, Kinetics and
Control of Microstructure and Mechanical Properties

Harold A.S. Schoonbrood

CIP-GEGEVENS KONINKLDKE BIBLIOTHEEK, DEN HAAG
Schoonbrood, Harold Andreas Simon · ·
Emulsion co- and terpolyrnerization : monomer partitioning,
kinetics .and control of microstructure and mechanical
properties I Harold Andreas Simon Schoonbrood. Eindhoven : Technische Universiteit Eindhoven
Proefschrift Eindhoven. - Met lit. opg.
ISBN 90-386-0364-9
Trefw.: emulsiecopolymeJisatie.

EMULSION CO- AND TERPOLYMERIZATION

Monomer Partitioning, Kinetics and
Control of Microstructure and Mechanical Properties

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op gezag van de Rector Magnificus, prof.dr. J.H. van Lint,
voor een commissie aangewezen door bet College van Dekanen in bet
openbaar te verdedigen op donderdag 1 december 1994 te 16.00 uur door

HAROLD ANDREAS SIMON SCHOONBROOD
geboren te Geleen

Dit proefscbrift is goedgekeurd door/this thesis has been approved by

de promotorenlthe promotors:
prof.dr.ir. A.L. German
prof.dr. R.G. Gilbert
en de copromotor/ 'and the copromotor:
dr. A.M. van Herk

Dit proefschrift is gedrukt op kringlooppapier om
te Iaten zien dat de leesbaarheid niet slechter, of
zelfs . beter is dan de leesbaarheid op nieuw,
ongebleek:t papier. Het. is de bedoeling van . de
auteur om meer mensen aan te moedigen dit
voorbeeld te volgen./ This thesis has been printed
on recycled paper to show that .its readibility is as
good as, or even better than, tbe readability of one
printed on unrecycled, bleached paper. It is the
intention of the author tO encourage more people
to follow this example.

De auteur is fmancieel ondersteund door de

Stichting Emulsion Polymerization (SEP)./ The
author was financially supported by the Stichting
Emulsion Polymerization (SEP).

otK71
oun~

"(ap

ouK EPEUT • EP btp(Ja.>..p.oic; fJpoTWP,

1rp'iv f:xpopot:; e11rMm(POP eKp.ct.8ELTI O'ct.tpWt:;
O'TV"(Ei OEOOPKWf:;, OVOEP ~OIJC1/P.EPOc; .•.•

(Medea, tragedy by Euripides, first episodion, verses 219-221:
for !here is no justice in the eyes of humans,
who, before learning about a person's heart,
dislike what they see, without having suffered any injustice.... )

To all beloved, especially Fransien, Huub, Ray and ...

... Angie

Contents

. Contents
Chapter 1
1.1
1.2

1.3

Emulsion polymerization
Aims of the investigations
Outline of the thesis

Chapter 2

2.1
2.2
2.3 ·
2.4
2.5
2.6

General Introduction

Principles of Emulsion Co- and Terpolymerization

Emulsion polymerization
Composition drift
Monomer partitioning
Free radical co- and terpolymerizations
Kinetics of emulsion (co)polymerization
Comprehensive emulsion copolymerization models

Extension and Experimental Verification of Monomer
Partitioning Models I
The effect of monomer molar volume and water solubility on partitioning

1
2
5

7
7
8
10
11

15
16

Chapter 3

3.1
3.2
3.3

3.4

Introduction
3 .1.1
The effects of monomer molar volume and water solubility
Experimental
3.2.1
Monomer partitioning and phase separation experiments
Results and discussion
3.3.1
The effect of monomer molar volume
3.3.2
The effect of water solubility
3.3 .2.1

Monomer partitioning between aqueous phase and droplet phase

3.3.2.2

Monomer partitioning between aqueous phase and polymer phase

Conclusions

17
18
23
24

25
26
26
31
31
36

40

Chapter 4

Extension and Experimental Verification of Monomer
Partitioning Models II
Multimonomer partitioning of mOderately water~soluble monomers

41

4.1
4.2

41
42

Introduction
Derivation of the partitioning equations for n monomers
4.2.1
Saturation swelling with n monomers
4.2.2
Partial swelling with n monomers

44

46

Contents

4.3

4.4

Experimental
Results and discussion
4.4.1
Swelling with tWo monomers
4.4.2
Swelling with three monomers
. 4.4.2.1
4.4.2.2

4.5

Conclusions

Chapter 5

5.i
5.2
5.3
5.4

5.5

5.6

5.7

6.3

6.4

6.5

The Effect of Reactivity and Monomer Partitioning on
Composition I>rift and Chemical Composition Distributions of
Co- and Terpolymers

Introduction
Low-conversion bulk polymerizations to determine reactivity ratios
·
Gradient Polymer Elution Chromatography•
The emulsion co/terpolymerization simulation model TRISEPS
Batch emulsion copolymerizations
5.5.1
Styrene-methyl acrylate
Chain transfer of poly(methyl acrylate) radicals to polymer
5.5.2
Methyl acrylate..-methyl methacrylate
5.5.3
Styrene-2~hydroxyethyl methacrylate
5.5.4
Batch emulsion terpolymerizations of S-MMA-MA
Conclusions

Chapter 6

6.1
6.2

Saturation swelling
Partial swelling

Rate-determining Kinetic Mechanisms in the Seeded
Emulsion Copolymerization of Styrene and Methyl Acrylate

Introduction
Zero-one seeded emulsion polymerization
6.2.1
Rate-determining mechanisms in zero-one seeded emulsion·
polymerizationS
6.2.2
Rate equations for zero-one seeded emulsion homopolymerizations
Zero-one seeded emulsion copolymerization
6.3.1
Assumptions
6.3.2
Kinetic equations ·
6.3.3
Rate equations for zero-one seeded emulsion copolymerizations
Application of the model to S-MA emulsion copolymerizations
6.4.1
System parameters
6.4.2
Discussion of the assumptions in the S-MA system
Experimental
6.5.1
Recipes and experimental conditions
6.5.2
Experimental methodology

48
48
48
52
52
53
56

57
57
58
62
63
65
65

68
70
71

75
80

81

82
83
83
85
87

88
88
92
95
95
97

101
101
103

Contents

6.6

6.7

Results
6.6.1
6.6.2
6.6.3

104
'¥-relaxations and chemically-initiated experiments
Molecular weight distributions and transfer to monomer
Exit rate

6.6.4
Entry rate
The
entry and exit rate models combined
6.6.5
Conclusions

Chapter 7
Emulsion Co- and Terpolymer Composition Control I
Semi-continuous emulsion copolymerization of styrene and methyl acrylate
7.1
7.2
7.3

7.4

Introduction
Experimental
Results and discussion
7.3.1
Batch reactions
7.3.2
Semi-continuous emulsion copolymerizations under starved conditions
7.3.3
Determination of optimal addition rate profiles for homogeneous
copolymers
Determination of an addition rate profile for a controlled
7.3.4
heterogeneous copolymer
Conclusions

Chapter 8
Emulsion Co- and Terpolymer Composition Control II
Optimal addition rate profiles and kinetics in emulsion terpolymerizations

104
105
110
113
118
119

121

121 .
123

124
124
125

129
133
136

137

8.1
8.2

Introduction
Methods for determination of the optimal addition rate profile

137

8.3

Experimental
Detenrtination of an optimal addition rate profile with method i
8.4.1
The optimal addition rate profile for the system S-MMA-MA
(0.2, 0.3, 0.5)
8.4.2
The choice of the addition profiles and convergence of the iteration
procedure

142

8.4

8.5

Determination of an optimal addition rate profile with method iii
8.5.1
The optimal addition rate profile for the system S-MMA-MA
8.5.2

8.5.3
8.5.4

138
145
145

147
149

(0.33, 0.33, 0.33)
Low-conversion seeded batch emulsion terpolymerizations

149
149

Interpretation of ~ft in relation to the glass transition
Reactions with the optimal addition rate profile determined with
method iii

151

152

Contents
8.5.5

The kinetics of the AIBN-initiated emulsion terpOlymerization
ofS-MMA-MA

. 8.5.5.1
8.5.5.2

8.6

9.3

9.4

Kinetic model for the emulsion terpolymerization of·S, MMA and MA

8.5.5.3

Zero-one emulsion terpolymerization of S, MMA and MA.

8.5.5.4

The rate of entry

8.5.5.5

A mechanism for entry of AIBN in emulsion polymerizations

8.5.5.6

Effect of wP on radical desorption and termination, and fi

Conclusions

Chapter 9

9.1
9.2

Pulsed laser terpolymerization (PLP) of the S, MMA and MA

The Effect of Microstructure on Mechanieal Properties of
Emulsion Copolymers of Styrene and Methyl Acrylate

Introduction
Experimental
9.2.1
Preparation and processing of the copolymers
9.2.2
Analysis of microstructure and mechanical properties
Results and discussion
9.3.1
Copolymers with F8 = 0.80 and Fs = 0.50
9.3.2
Copolymers with F5 = 0.25
Mecfutnical properties. of chemically homogeneous copolymers
9.3.3
Mechanical properties of chemically heter!)geneous. copolymers
9.3.4
Controlled heterogeneous copolymers
9.3.5
Conclusions

Chapter 10 Epilogue
10.1

10.2

Evaluation ofthe investigations
10.1.1
Monomer partitioning and kinetics in emulsion cO- and
terpOlymerizations
10.1.2
Control of microStructure
10.1.3
Control of mechanical properties
Future research

Glossary
References
Samenvatting
Summary

Acknowledgements/Dankwoord
Curriculum Vitae

154
155
158
· 159
164.
164

166
168

169
169
170
170
171

172
173
i74
178
181
184
186
187

187

187
188
189
189
191.
195
205

207
209
210

General introduction

1

Chapter 1

General introduction
Synopsis: After a short introduction to emulsion polymerization, a definition of
the aims of the investigations presented in this thesis is given, followed by a
brief outline of each chapter.

1.1 Emulsion polymerization
Emulsion polymerization is a heterogeneous polymerization process. It involves the
polymerization of mostly water-insoluble monomers via free radical addition reactions. The
monomers are initially located in droplets dispersed in water, stabilized by emulsifiers, and
dissolved in the aqueous phase. The actual polymerization takes place in monomer swollen
polymer particles, which are much smaller than the original monomer droplets. The
product is a latex: sub-micron polymer particles dispersed in water.
The first model for emulsion polymerization was published by Harkins1 in 1947.
Further development of the Harkins model led to a classic description of the emulsion
polymerization process with a division into three distinct intervals: (1) particle formation
(nucleation), (2) polymerization in the particles in the presence of monomer droplets, and
(3) polymerization in the particles in the absence of monomer droplets, with a decreasing
monomer concentration in the particles. Smith and Ewart2 gave a quantitative description of
the original model by Harkins. Since these early publications the understanding of the ·
mechanisms that play a role in emulsion polymerization has continued to progress and more
detailed models have been published up to the present day (e.g. ref. 3).
Compartmentalization, i.e. the confinement of the growing radicals to the polymer
particles, is a very important aspect of emulsion polymerization. The advantages of
emulsion polymerization originate from this aspect: (1) high molecular weights can be
obtained along with high polymerization rates, in contrast to homogeneous systems, (2) the
polymerization takes place in a non-apolar, highly viscous environment, whilst the

2
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continuous phase is water. Therefore, the overall viscosity of the reacting system is low
and relatively fast heat and mass transfer ate· possible. Moreover, water is not harmful to
the environment, in contrast to organic solvents.

These aspects pertain to the

polymerization process as such. Other advantages are related to the application of emulsion
polymers. The polymers in the final product are dispersed in sub-micron particles, which
means that they can be easily mixed into other materials, as is the case in rubber-toughened
materials. 4 The pl\Iticles can also be used for immobil~ing catalysts, 5•6 sub-micron carriers
for medicines/ or, when the medicine is placed in the interior o~ the particles, they can be
applied for controlled-release of the medicine. In other applications not only the nature of
the polymer particles is important, but also the fact ·that high molecular weight polymers
· are dispersed in the harmless dispersion medium water. Major applications are in
adhesives, water-borne paints, textiles, paper, coatings, polishes, inks, cosmetics, etc. 8 Of
the vast amount of publications on emulsion polymerization a selection of overviews by the
following authors are mentioned: Blackley ,9 Bassett and Hamielec, 10 Piirma, 11 Guillot and
Pichot, 12 Candau and Ottewill, 13 Napper and Gilbert, 14 Van Doremaele et al.,l 5 Daniels,
Sudol, and El-Aasser, 16 and Barton and Capek. 17

1.2 Aims of the investigations
Emulsion co- and . terpolymerizations , (in this thesis

the

terms

co-

and

terpolymerizations will be used instead of binary and ternary copolymerizations) can be
very complex processes, be<;ause parameters such as type of monomer, solid content,
· temperature, type. and amounts of initiator and emulsifier and ll)onomer addition strategies,
all determine the course of the polymerization interdependently. Classic models, .such as
that of Harkins and Smith/Ewart, are important for basic understanding, but are almost
useless if applied to a typical industrii:tl recipe, which has numerous ingredients. For
instance, when a water-miscible monomer is used, particle formation can· take place during
all three intervals and the main locus of polymerization is not

nece~sarily

the polymer

phase. Prediction of the number of particles and the rate of .polymerization can be a
hazardous exercise. As demands for special polymers and applications increase, and the
requirements with respect to. safety and particularly environmental imp11ct become
increasingly stringent (for instance the maximum allowed monomer and solvent contents in
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the final product, which are fortunately ever decreasing), it is becoming more necessary to
develop general theories and models that can be applied to systems with monomers that
behave very differently from an ideal monomer such as styrene. Apart from knowledge
about the emulsion polymerization process itself, it is also necessary to know more about
the emulsion polymers and their properties. Only with all this knowledge can polymers be
made for specific applications. This defines the aims of the present investigations:

(1)

It is one of the aims to obtain a more detailed understanding of the way the

polymerization mechanisms and polymer properties are related to the characteristics of the
monomers and the process conditions. As can be seen in Fig. (1.1), the process of an
emulsion co- or terpolymerization is determined by a complex maze of parameters and
mechanisms. In co- and terpolymerizations composition drift (i.e. the difference in the
relative, individual consumption rates of the monomers, see chapter 2) is very important. It
is determined by monomer partitioning and free radical copolymerization kinetics. If these
.are known, then the individual monomer concentrations in the particles and in the aqueous
phase are known at any degree of conversion. These, together with particle size, particle
number and initiator concentration (emulsion polymerization kinetics), determine the radical
balance, i.e. the rate of entry of free radicals into the particles, the rate of termination
between radicals, the rate of desorption of free radicals from the particles, and the
subsequent events involving these radicals in the aqueous phase, which in tum determines
the concentrations of radicals within the particles and in the aqueous phase. The
concentration of radicals, the individual monomer. concentrations in each phase and the
copolymerization kinetics govern the total rate of polymerization in each ph:i.se and also the
molecular

weight

distribution.

The

composition

drift

determines

the

chemical

.microstructure and the particle morphology. Microstructure and morphology determine the
properties of the product. It is clear that in order to understand the whole process all of
these aspects need to be understood.
(2)

Once all these aspects are understood, it should be possible to influence the process

·advantageously with little trial and error. Therefore a further aim is to show that co- and
terpolymerizations can be controlled in such a way that polymers with specific
microstructures can be produced.
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characteristics
S/MA/MMAI
HEMA/CHMA

3/4

SIMAIMMA
HEMA

6/8

21518

SIMAIMMA

free radical
copolymerization
propagation kinetics

7/8

~··············································~·······················]
5/7/8
SIMAIMMA

overall rate of
polymerization

chemical
composition
distribution

8/9

SIMAIMMA

particle
mo,Phology

Fig. ( 1.1). Schematic representation of relations between monomer characteristics and process
conditions, polymerization mechanisms and parameters, and the eventual product properties. The
numbers indicate in what chapter a relation is further examined, with the pertaining monomer
systems indicated (S

=

styrene, MA

=

methyl acrylate, MMA

2-hydroxyethyl methacrylate, CHMA =

= methyl methacrylate, HEMA. =

cyclohexyl methacrylate). The dotted lines refer to

relations beyond the scope of this thesis.

(3)

.Jt is also necessary to know more about the properties of the copolymers. The

properties of copolymers are . determined by their microstlJ!cture, which is a direct
reflection of the polymerization mechanisms. A detailed understanding of the mechanisms
is only valuable, if more is known about the relation between microstructure and
properties. A final aim of this investigation is therefore to analyse the properties of
copolymers which are produced under controlled conditions and to relate the properties to
the microstructure, and therefore also to the process conditions.
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The choice of the monomer systems used in the investigation is not based on a
direct commercial application. The monomer systems are merely model systems. Because
many studies have been performed with styrene-(meth)acrylate systems, a relatively large
number of experimental parameters are known, for instance propagation parameters, see
chapter 2. Further, the styrene-methyl acrylate system displays a strong composition drift
under normal conditions and has therefore been used as a model system. 18

1.3 Outline of the thesis
The aims presented above will be dealt with in the following chapters. The first aim
(obtaining an understanding of the various features in emulsion copolymerization) will be
dealt with in chapters 3, 4, 5 and 6. In chapters 7 and 8 it will be shown how the
knowledge gained in the previous chapters can be used to control the microstructure of coand terpolymers and to understand the kinetics of an emulsion terpolymerization. In chapter
9 the relation between the microstructure and properties is studied. In chapter 10 the results
of the investigations are evaluated. An outline of the chapters 2-9 is given below.

Chapter 2 is an introduction to emulsion polymerization. The most important
features of emulsion co- and · terpolymerization are briefly treated: composition drift,
monomer partitioning, free radical copolymerization kinetics (the system S-..,.MA is treated
as an example) and emulsion polymerization kinetics. An overview of comprehensive
models on emulsion copolymerization is given.

Chapters 3 and 4 deal with recently developed monomer partitioning models. These
models are simplifications of more elaborate' ones, which are not very transparent, ·and
require much experimental corroboration due to the large number of parameters. The
simplified models (valid only for low to moderately water-soluble monomers) require only
a few experimental parameters. In chapter 3 the restrictions to the application of the
models are investigated: the influence of the monomer molar volumes being different (MA
and CHMA) and the effect of a water-miscible monomer (HEMA) on the system S and/or
MA. In chapter 4 the simplified models are extended to describe partitioning of more than
two monomers and checked for the systemS-MA-MMA with gas chromatography.

6

Chapter 1

In chapter 5 the monomer partitioning model described in the previous chapters is
combined with . free radical co- and terpolymerization kinetics (reactivity ratios are
determined for S-HEMA and MMA-MA) to explain composition drift and the resUlting
co- and terpolymer microstructures. The validity of the use of copolymerization reactivity
ratios to a terpolymerization is checked with low-conversion bulk polymerization and 1H
NMR. 1H NMR and gradient polyiner elution chromatography (GPEC} ar¢ used to analyse
the microstructure of the emllliion co- and terpolymers (S-MA/HEMA, MMA-MA, and
S-MA-MMA). The effect of chain transfer to polymer on the apparent chemical
composition distribution of S-MA copolymers as analysed with GPEC'" is also investigated.

The kinetics of the emulsion copolymerization of S and MA are investigated in

chapter 6. Recent theoretical models on the kinetics of the emulsion polymerization of S
are extended to copolymerizations, The applicability to the S-MA system is examined
theoretically. With the experimental set-up the kinetic mechanisms and transfer to monomer
are elucidated and. the results are explained on the basis of the theoretical model without
any adjustable parameters. Experimental techniques are transmission electron microscopy,
dila\ometry and gel permeation chromatography (GPC).

The semi-continuous emUlsion copolymerization of S-MA and terpolymerizations of
S-MA-MMA are investiga:ted in chapters 7 and 8. In chapter 7 . various monomer
addition strategies are applied to produce copolymers with widely varying microstructures.
In chapter 8 two different methods to determine optimal addition rate profiles for
homogeneous terpolymers are presented. It is shown that the copolymer microstructure can

be controlled. With pulsed laser polymerization the average propagation rate coefficient of
S-MMA-MA is determined to analyse the kinetics of the AIBN-initiated emulsion
terpolymerization of these monomers. The analysis of the mechanical bulk properties of the
S-MA copolymers, described in chapter 7, is presented in chapter 9. It is shown clearly
that controlling the emulsion copolymerization process can result in copolymers with a wide
variety in mechanical properties. Experimental techniques used in these three chai?ters are
dilatometry, GPEC" {applied also to terpolymers), GPC,
microscopy,. differential scanning calorimetry and tensiometry.

1

H NMR, scanning electron
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Chapter 2

Principles of Emulsion Co- and Terpolymerization
Synopsis: In this chapter an introduction is given to emulsion co- and
terpolymerization. The principle of composition drift is outlined with respect to
its two determinants: monomer partitioning in latex systems and the kinetics of
free radical copolymerization. Literature data for the average propagation rate
coefficient of styrene and methyl acrylate and better estimates of the homopropagation rate cons.tants are fitted with the penultimate model for propagation
models. A brief introduction to the kinetics of emulsion (co)polymerization and
an overview of some emulsion copolymerization models are given.

2.1 Emulsion polymerization
According to the classic Harkins-Smith-Ewart theory 1•2 the process of a batch
emulsion polymerization can be divided into three distinct intervals. Interval 1 comprises
particle nucleation. Besides the monomer droplet and aqueous phase a third phase is formed
consisting of monomer swollen polymer particles. Interval 2 starts when the nucleation
stage has ceased; the polymerization proceeds with the monomer droplets still present, i.e.
the polymer phase and the aqueous phase are saturated with monomer. The monomer
droplets disappear at the end of interval 2 and the monomer remaining in the particles and
aqueous phase is polymerized during interval 3. Intervals 2 and 3 are the growth stages.
The initiator is usually water-soluble and either dissociates thermally in two radicals
(e.g. the commonly used persulfate 19) or reacts with a reducing agent, which results in the

formation of one or two radicals (e.g. peroxides 20). The persulfate-derived radicals react
very rapidly with monomer dissolved in the aqueous phase. The rate of this step is
diffusion controlled. 21 These radicals will then further propagate to form oligomers. They
can either (1) terminate in the aqueous phase, (2) precipitate to form precursor particles
that develop into latex particles (particle nucleation), 21- 15 or (3) enter into existing latex
particles in a classical emulsion polymerization or into very small stabilized monomer
droplets in miniemulsion polymerization26 or microemulsion polymerization, 27 depending on
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the droplet size (entry) or into micelles (entry/nucleation).

Various mathematical models have. been proposed for particle nucleation:

homogeneous nucleation, as described in the so-called HUFT theory24 •25 (formation of
particles by precipitation of oligomers). homogeneous/coagulative nucleatiofil8 {formation of
precursor particles after precipitation of .oligomers and subsequent coagulation), micellar

nucleation <(formation of particles after entry of oligomers into micelles), aii.d monomer
droplet nucleation26•21•29 (mini- and microemulsioli polymerization) ..
In some cases nucleation continues throughout the course of the reaction. In other
cases particle formation ceases and the polymerization prcr.;eeds in intervals 2 and 3, the
growth stages. The monomers usually have low water solubilities, and the polymerization
takes place in the. formed polymer particles

(20~

nm) or, in

mini~

or microemulsion

polymerization, in the monomer droplets. Particle growth depends on a number of features,
as already stated in chapter 1: composition drift (section 2.2, monomer partitioning (2.3),
free radical copolymerization kinetics (2.4)) and emulsion (co)polymerization kinetics (2.5).

2.2 Composition drift ·
Emulsion copolymerization involves two different monomers. Although this is very
obvious, it characterizes the main difficulty of the process: at worst the only thing the
monomers have in common is that they can react with a free radical to give a polymer. All
other characteristics can be different.
A major

co~quence

is that (emulsion) copolymerization almost always displays

composition drift. This phenomenon is mainly responsible for the chemical heterogeneity of
the copolymers formed. Composition drift is a result of the difference between the
instantaneous copolymer composition and the overall monomer composition: because of this .
the monomers are .not consnmed at the same relative rate, .and the composition of the
monomer mixture , changes continuously. The difference · between the instantaneous
copolymer composition and the monomer feed composition is partly caused by · the
difference between the monomer composition in the· main loci of polymerization (normally
·the latex particles) and the overall monomer .composition (monomer partitioning, section
2.3). 18·30-32 This is determined by differences in the partitioning of the monomers over the
'

.

.

. phases that are present: the polymer phase, the aqueous phase, and, in in:tervals 1 and 2,
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the droplet phase. The larger contributor to composition drift is mostly the difference
between instantaneous composition and the monomer composition in the main loci of
polymerization, caused by a difference in the reactivities of the monomers towards the
radicals (kinetics of free radical copolymerization, section 2.4). There are two general
cases: 33 (1) the monomer that is more reactive in copolymerization is also less watersoluble. The composition drift can be very strong, as the main loci· of polymerization, the
polymer particles, are richer in the more reactive monomer. In comparison to bulk
polymerization the composition drift becomes stronger. by the addition of water. (2) The
monomer that is more reactive is also more water-soluble. In this case the extent and
direction of composition drift depends on the monomer/water ratio.
The initially formed copolymer can be either richer or poorer jn the mote reactive
monomer than the overall monomer composition. As a result the batch processes can give
two-peaked distributions of copolymer composition, when a strong composition drift
occurs. This can be complicated by the fact that in the very beginning (in the nucleation
stage) the copolymer composition can be mainly determined by aqueous phase
polymerization (oligomerization): the initially formed copolymer is rich in the monomer
that is predominantly present in the aqueous phase. The extent of this effect depends
strongly on the nucleation mechanism. 34 •35
Another consequence of the use of more than one monomer is that monomers that
are highly water-soluble or that have no limited water solubility (miscible in water) can be
used. The radicals that are formed in the aqueous phase will react with these monomers, as
the concentrations in the aqueous phase of the latter are very high compared with the
monomers with a limited water solubility. This can lead to considerable polymerization in
the aqueous phase, 36 sometimes taking place concurrently with polymerization in the
particle phase, and water-soluble polymers can be formed giving the latex new properties.
If these monomers are present in a reasonable amount, they can alter the mechanism of the
classic emulsion polymerization. Not only can the main locus of polymerization shift to the
aqueous phase, but also the intraparticle kinetics can be affected considerably, for instance
if the radical desorption rate is increased because highly water-soluble monomeric radicals
are formed. Most functional monomers that are used because of the special properties they
have are miscible in water. 20 •3&-39 In many cases these monomers are less reactive in
copolymerization than the relatively water-insoluble comonomer, and this can affect their
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distribution in the fmal latex: they can be located in the interior of the particles, on the
particle surface orin the aqueous phase (in water-soluble polymer chains). 4·40-42
A further ronsequence of the use of more than one monomen is not so much
connected with differing monomer characteristics, but with the characteristics of the
polymers. Composition drift can, and often does, lead to the formation of mutually
incompatible polymers. Phase separation occurs, and all kinds of particle morphologies can
develop (e.g. refs. 43-45): core-shell, partially localized structures, etc.
A batch reaction may thus not result in the desired polymer latex. (Semi-)continuous
emulsion copolymerization can be used to overcome the· problems, as the monomers can be
added to the reactor at different rates, and the monomer concentrations in all phases can be
controlled at any stage of conversion. 4Hs- However, this requires knowledge of monomer
partitioning (section 2.3), free radical copolymerization kinetics (section 2.4), and emulsion
(co)polymerization kinetics (section 2.5).

2.3 Monomer partitioning
Thermodynamic partitioning governs the concentration of each of the monomers in
all phases, as it is generally assumed that there is thermodynamic equilibrium in emulsion
(co)polymerizations. A. reliable prediction of partitioning in polymer latex systems with
more ~ one monomer is becoming more essential, inter alia because. the use of
monomers with a relatively high water solubility (most functional monomers) increases
rapidly. It · is also one of the prerequisites for gaining insight into the polymerization
mechanisms and for ·controlling composition drift. Most models put forward in literature
are based on the description of the thermodynamics of polymeric solutions aecording to the
lattice theory developed by Flory49•50 and Huggins. 51 For application to emulsion'
polymerization the resulting expression for the Gibbs energy of mixing a solvent
(monomer) with polymer has to be combined with an expression for the interfacial energy
(Kelvin effect), which is quite large for small particles, as was done by Morton et al. 52
Several investigators applied this approach in their work to describe mopomer partitioning
in emulsion copolymerizationsSH7 by. combining expressions for the molar free enthalpies
of each monomer in every phase with. mass balances. Chapters 3 and
extensively with monomer partitioning.

4

deal more
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2.4 Free radical co- and terpolymerizations
The model most frequently used to describe copolymerization kinetics, sequence
distribution and chemical composition of copolymers is the terminal model, also known as
the ultimate model. In 1944 this ultimate model was independently introduced by Alfrey
and Goldfinger, 58 and Mayo and Lewis. 59 In this model the monomer addition to a radical
only depends on the nature of the terminal group of the radical and the monomer, therefore
obeying first-order Markov statistics. 60 The reactivity ratios of monomers i and j are
defined by r, =

~Jkpij

monomer i and

~ii

and ri

~i/~i;,

where

~;;

is the homopropagation rate constant of

is the propagation rate constant of the propagation of a radical with

terminal unit i and monomer j. The instantaneous copolymerization equation relating
monomer composition with the copolymer composition is given by Eq. (2.1).

rj;2

+

F; = --------~---

rJ/

+ 2fjj +

(2.1)

rj./

where f, is the molar fraction of monomer i in the monomer mixture and F; the molar
fraction of monomer i in the copolymer. When three monomers are used Eq. (2.2) is used
for the terpolymer composition. 61
1

(2.2)

where i,j and k represent monomers 1,2,3. Note that there are now three pairs of reactivity
ratios, each pair being the same as used for each comonomer pair (id, i-k, j-k).
The average propagation rate coefficient

(kp) for copolymerization is as follows:
(2.3)

In systems where the nature of the penultimate unit has a significant effect on the
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absolute propagation rate constants, the penultimate model has to be used, and eight
different propagation reactions have to be considered. 62 In case of a copolymerization there
are six reactivity ratios describing the system: r;

= kFu/kFni• r;

= kpi;;/kpJu• and s;

= kpi;;/kpm.

where kpm is the homopropagation rate constant of monomer i, kpiii the propagation constant
of a radical with j as the p,enulilinate unit and i as the terminal unit with monomer i, etc.
The copolymer composition and average propagation rate coefficient are as. follows.

with

F,

-

kp =.

2

r1Ji +

r,J:,.
kpii

where

-

iJ2

2ft~ + r1

r .J:,

r;(rJ;

r;Ji

+ ~)

(2.4)

+~

with

(2.5)

+·-}_
kpjj

i\ is· a composed reactivity ratio and k,ii is a composed propagation rate coefficient.

In most common comonomer systems the terminal model has been shown to describe
adequately the cdpolymer composition. However, as experimental techtiiques to measure
· propagation rate coefficients progressed· (such as spatially intermittent polymerization63 and
pulsed laser polymerization (PLP)64•65), it became clear that for most systems the
propagation rate coefficient can not be described with the terminal model (Eq. (2.3)) if the
reactivity ratios are used that are.obtained by fitting the composition data (Eq. (2.1)). As
the tetm.irtal model has been widely accepted for describing the copolymer composition,
!llld therefore also the reactivity ratios that are obtained by fitting composition data with
this' model, the penultima~e model is commonly used for the average propagation rate
coefficient with the restriction r;

= r;.

Thus, the expression for the copolymer composition

of the penultimate model . conveniently reduces to that of the terminal model. The
. propagation rate· coefficients are then fitted with the penultimate model, with Sj and si as the
adjustable parameters. Sometimes s; and si are equated for mathematical reasons. 66 This
procedure

was

methacrylate,65 •67

followed

inter alia for the following systems:
68

styrene-methyl acrylate and styrene-butyl acrylate

acrylate. 69 Fukuda et al.

10

styrene-methyl

and• styrene-ethyl

gave an overview (up to 1992) of the various models for the

kinetics of free radical copolymerization. To be noted is that the apparent contradiction that
the terminal model can describe the .~omposition, but not at the same time the propagation
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rate, is presently hotly debated, 71 •72 and in relation to this also the physical interpretation of
the penultimate effect. 73 •74 Note that the techniques for measuring ~ can obviously also be
used to measure more reliably the homopropagation rate constants. 75 - 80
Particularly interesting in view of in chapter 6 (rate-determining mechanisms in the
emulsion copolymerization of styrene and methyl acrylate) are the data published by Davis

et ai. 68 for styrene (S) and methyl acrylate (MA). ~ values were experimentally determined
with PLP at 25 and 50 °C. Davis et al. fitted their data with the penultimate model with Ss
and sMA as the adjustable parameters. They used a low value for the Is, of S (which was not
measured in the same series of experiments), and noted that the fit was not very sensitive
to the value of the Is, of MA. They reported an estimated lowest value for the Is, of MA of
3400 Llmoh at 40

oc.

Recently a better estimate for the Is, of MA at 50

oc has been given

by De Kock and Manders (10,700 dm3/mol·s). This value and a higher value of Is, of S
(258 dm3/mol·s) 81 will be used in this thesis, and combined with the~ data of Davis et al.
to obtain the ~ at the compositions needed for the work in chapter 6. In Fig. (2.1) the ~
data of Davis et al. 68 are plotted and the results of fitting the data with the penultimate
model. Also the prediction with the terminal model is indicated. Fitting the data with the
penultimate model yields s5

=

0.59, sMA

=

0.02 when using the values for r5 and rMA

82

reported by Van Doremaele et al. : 0. 73 and 0.19, i.e. S is more reactive than MA- note
that more reactive throughout this thesis means that a monomer is more reactive in
(emulsion) copolymerization, not that a monomer's Is, is higher (see also chapter 8).
The value of sMA seems physically unrealistic. Refitting the data with the restriction
s5

= sMA66 gives

s-values of 0.41. This restriction is sometimes used if there is some scatter

on the data and fitting with two parameters is not statistically correct. It can be seen that
the terminal model is incorrect if the reactivity ratios obtained from fitting composition data
are used, as expected. The fit of these ~ data is quite insensitive to the propagation model,
so that this exercise cannot serve to discriminate between models.
Another parameter that can be calculated with the propagation models is the ratio of
the concentrations of radicals terminated with monomer unit i and j (Eq. (2. 6)):

"kpjjrJ;
"kp;/);

(2.6)

where ~ii is the homopropagation rate constant of monomer i and i\ is the reactivity ratio
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of monomer i if the terminal model is applied. If the penultimate model is applied ~u and
f 1 are as given ii1 Eqs. (2.4) and (2.5) (in the case of the penultimate m<?del

the ratio of ([- ii ·]

Au

represents

+ [ -ji·]) over ([- jj·] + [- ij· ])).

~------------------~--------------------~1200

900

200

100

fs (·)
Pig. (2.1) (left y-axis) Tho average propagation rate coefficients of S-MA (D) measured at 50
with PLP,68 , and the homopropagation rate constants of S

<•)

Manders). The data are fitted with the penultimate model: Ss ;ot

81

and MA

sMA (~)

<•.

and s5

:c

De Kock and

= sMA

(--).

The

dotted line ("') is a prediction with the terminal model. (right y-axis) Ratio of the concentrations of
S-terminated polymeric radicals and MA-terminated polymeric radicals, calculated according to the
penultimate model with Ss ;ot

sMA

(-)and s5

= sMA (-·)and the teniunal model('").

If the ratio AsMA is calculated for the system S-MA with the s-values as given
above, the use of the, set of s-values where s8 ¢ sMA> results in values for AsMA that are
lower by a factor of approximately 40 compared to the results with the terminal model,
while the. other set s-values (s5 ==

s~

gives results that are comparable to those given by

the terminal model, see Fig. (2.1), right y-axis. TQe same exercise with data for S/MMA at

40 °C67 shows that in this case the penultimate model gives approximately the same results
as the terminal model. Hence it is assumed that an estimated value for the ratio AsMA can

Principles of emulsion co- and terpolymerization

be obtained with Eq. (2.6) with Ss
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= 0.41, see also chapter 6.

In the discussion about the correct propagation rate model the ratio

J\i

may prove to

be another parameter that could be used to discriminate between models (or even a
parameter .which can be fitted with a propagation model), especially in the case of S and
MA, because the predictions according to the terminal and penultimate model vary so
much. This depends critically on the feasibility of measuring this quantity experimentally,
for instance with (calibrated) electron paramagnetic resonance (EPR). 83

2.5 Kinetics of emulsion (co)polymerization.
After the nucleation stage the polymerization takes place in very small particles
separated from each other by the aqueous phase, a medium with totally different properties
than the mostly apolar polymer particles. Due to this compartmentalization the free radicals
cannot react with each other as they do in homogeneous systems. The high probability of
the termination reaction between two polymeric radicals is effectively eliminated, because
the polymeric radicals cannot diffuse towards each other through the aqueous phase. Hence,
the total number of radicals that can propagate is mainly determined by the number of
polymer particles and not so much by termination. In that case termination reaction
between two radicals in one particle can still be very fast. The average number of radicals
per particle (fi) is equal to or less than 0.5, and the kinetics are referred to as "zero-one",
as particles contain zero or one radical. fi is determined by the rate of entry of radicals into
the particles and by the rate of desorption of radicals from the particles. Various models for
entry have been proposed, 84 but the most successful model for entry was published by
Maxwell et al. :85 the rate-determining step is the propagation of oligomeric radicals in the
aqueous phase until a critical degree of polymerization is reached. It is generally accepted
that radical desorption can only occur after chain transfer to monomer has occurred. 3 •86-88
The most well-known example of such a system is the emulsion homopolymerization of S.
There are cases where the total concentration · of radicals is determined by
termination, e.g. the emulsion homopolymerizations of methyl methacrylate and MA and
butyl acrylate. In these cases monomeric radicals formed after transfer diffuse rapidly into
the aqueous phase and into other particles and/or propagate so quickly that termination is
riot instantaneous. Under these conditions the compartmentalization is kinetically not
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effective, the system is almost homogeneous from a kinetic point of view, and the kinetics
are referred to as pseudo-bulk. As the rate of entry of radicals is increased, the· relative
importance of the exit rate is reduced and fi is determined by the· rate of entry and
termination. In' contrast to the ·zero-one system, the number of particles becomes less ·
important in determining the overall number of radicals and thus rate of polymerization.
The deScription of termination can be complicated: the chemical reaction (combination or
disproportionation} is so fast that the diffusion of the radicals towards each other is rate· ·
determining: the rate of termination is depeitdent on the degrt'le of polymerization of both
radicals and on the weight fraction of polymer in the particles. 89-9t

2.6 Comprehensive emulsion copolymerization models
Several emulsion polymerliation models published describe the complete process,
including the copolymer microstructure, which can be ch8racterized in terms of sequence
distribution, tacticity, molecular weight (molar mass) distribution (MMD) and chemical
composition distribution (CCD). The last two can be combined in a three-dimensional
distribution of molar mass and chemical composition {MMCCD).92 The MMCCD
represents the linkage between the fundamental mechanistic chemical processes occurring in .
the reaction loci60•93 and copolymer properties. 94-97 The CCD. of copolymers can · be
measured inter alia with thin · layer cbromatography98•99 or high performance liquid ·
chromatography. 101H

02

Among these .models we mention the models by the following

authors: Nomura et al. {ki~tics of batch emulsion copolymerizations of S-MMA),87•1oo-106
Dougherty (S-MMA)/07 Mead and Poehlein (S-MA, S-acrylonitrile),57•108 Storti et al.
(pseudo-homopolymerization approach), 109•110 Gilbert and co-workers (S-MMA), m.m
'

· Forcada (S-MMA), 55 Broadhead et al. (S-butadiene), 113 and
(S:_MA).l14

Van

'

Doremaele et· al.
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Chapter 3
Extension and Experimental Verification of Monomer Partitioning
Models I
The effect of monomer molar volume and water solubility on partitioning
Synopsis: In this chapter recently published models on partitioning of
moderately water-soluble monomers in polymer latex systems were reviewed
and extended. The models are based on extended versions of the well-known
Morton equation and the Vanzo equation, which describe monomer partitioning
in a polymer latex. In these equations the Flory-Huggins lattice theory is used to
describe the free enthalpy of mixing of a polymer and a solvent. In the models
the extended equations are simplified with a limited number of assumptions.
Two assumptions in the models are (1) that the ratio of the molar volumes of
the monomers is close to unity and (2) that the monomers are only low to
moderately water-soluble. In this chapter these assumptions were studied in
detail. The results further establish the validity of the models. It was shown that
even if the ratio of the molar volumes is not equal to unity, there are simple
equations. describing monomer partitioning. Further, it was shown that for
systems with a combination of moderately water-soluble monomers and a
monomer that is fully water-miscible the simple equations describing monomer
partitioning do not hold any more. There are, however, some interesting
analogies with the monomer partitioning behaviour of systems with only low to
moderately water-soluble monomers. It was observed that in some experiments
without a polymer phase, 2-hydroxyethyl methacrylate (no limited water
solubility) can be treated as a co-solvent for the· moderately water-soluble
comonomers styrene and methyl acrylate. The concentration of this watermiscible monomer in the aqueous phase is not only determined by its molar
fraction in the droplet phase, but also by the ratio of the molar fractions of the
two low to moderately water-soluble comonomers. The concentration of methyl
acrylate in the aqueous phase in the same experiments is dependent only on the
ratio of the molar fractions of styrene and methyl acrylate, as if there were no
2-hydroxyethyl methacrylate present. Experiments with water-miscible
monomers in the presence of a polymer latex exhibit separation problems: it is
impossible to separate polymer phase and aqueous phase completely, which is
necessary for analysis. Despite this difficulty it was observed that the
concentration of methyl acrylate in the aqueous phase under conditions below
saturation was independent of the amount of 2-hydroxyethyl methacrylate in the
aqueous phase, in analogy· with what was found in the absence of a polymer
phase under saturated conditions.
·
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3.1 Introduction
In chapter 2 the relevance of gaining insight mto and developing models for
monomer partitioning was explained. A distinction can be made between monomers that
have a low to moderate water solubility and monomers that are fully miscible in water. A
basic knowledge of the monomer partitioning of monomerS with a low to moderate water
solubility is ~ecessary for understanding the m~re complex situation with monomers with a
very high water solubility. In this. chapter recent theories for partitioning of low to
moderately water-soluble monomers are extended and a first· step· is made towards unders~ding

the monomer partitioning in the presence of a water-miscible monomer.

Flory and Huggins49-51 were the frrst to report on the thermodynamic properties of
polymeric solutions. By applying the so-called lattice theory they derived an expression fot
the Gibbs energy change when mixing a polymer and a solvent (monomer):

(3.1)

where ll.p.1p is the partial molar Gibbs energy or chemical potential of mixing of

the

monomer in the polymer phase. The frrst two terms on the right-hand side· denote the
contribution of the combinatorial entropy of mixing ·(denoted configurational entropy by
Flory), and the thiid the partial .molar excess enthalpy (If). and any contributions to the
entropy of mixing arising from specific interactions. 50 This term will be referred to as
residual energy of mixing. The volume fraction of polymer in the ·polymer phase is t~>p,

P.

is the number average degree of polymerization of the polymer and Xip the Flory-Huggins
interaction parameter between monomer and polymer. Several reSearchers modelled
monomer partitioning in polymer latex systems. Morton et al. ,52 using Eq. (3.1), derived

Eq. (3.2):
Lip,.

. .

--! = ln(l-4>) +
. RT.
P

[

1
pn

1~-

l

4>P
.

2

+X· 1'/>p +
"'

2yv.
'

=0 .

(3.2)

.

.

This is an expression for the saturation swelling of polymer
The
. particles by one monomer.
.
fourth tenn represents the contribution of the surface energy (Kelvin effect).

V; is

the partial
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molar volume of monomer i (which is equal to the molar volume (Vi) of the pure monomer, if the partial molar excess volume,

, is equal to 0), y is the interfacial tension

between particle phase and aqueous phase, and r, is the radius of the swollen particle. This
equation will hereafter be referred to as the Morton equation, as is customary in literature,
Vanzo, Marchessault and Stannetm took the aqueous phase into account to describepartial
swelling (interval 3 of emulsion polymerization), as was later done by Gardon,116 by setting
the right-hand side of Eq. (3.2) equal to ..:lp,ill<J/RT (the chemical potential of the monomer
in the aqueous phase), which is equal to ln(Ciaq/Ciaq,s,h) (Ciaq is the concentration of
monomer in the aqueous phase, and

ciaq,s,h

is the saturation concentration in the aqueous

phase). The result is the so-called Vanzo equation. Ugelstad et al. 117 extended the Morton
equation to be able to describe monomer partitioning in systems with more monomers.
Several investigators used these extended equations to describe partitioning in emulsion
copolymerizations (e.g. refs. 55, 56 and 118) but only in a few cases was the validity of
the equations and input panimeters, such as the x parameters, checked with experimental
data of the monomer concentrations. 53 •54•57 •119 Lu et a/. 120 used the equations to describe the
polymeriZation of styrene in ethanol.
Recently a number of papers have been published12 1-123 where major simplifications
were made to the full equations as derived by Ugelstad et al. 117 The equations that were
derived describe the monomer partitioning during interval 2 of emulsion polymerization (in
the presence of monomer droplets, i.e. saturated conditions) and interval 3 (in the absence
of monomer droplets, unsaturated conditions) and can be used for one or two monomers.
The validity of the simplified equations was corroborated by numerous experimental
results. The major advantage of the use of these equations is the fact that the number of
experimental data needed to describe the complete system is limited: only the values of the
saturation concentrations of each monomer in the. aqueous phase and in the polymer phase
in the absence of any other monomer are required. The comparisons of the predictions and
experimental data show that the small deviations that may be found are always smaller than
the experimental error. A summary of this work will be given below.
Maxwell et al. 121 made some assumptions that led to a major simplification of the
\

Vanzo equation and derived Eq. (3.3). The results of the assumptions for the one monomer
system are that partial swelling, especially at higher volume fractions of polymer, can be
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described by combinatorial entropy of mixing only, i.e., the frrst two terms on the left-

o.

band side of Eq. (3.2) with

liP.

correction term, indicated by

corr in Eq. (3.3). This term can be calculated from the

=

and by taking all other terms as

a· constant

saturation value of the monomer concentration in the polymer phase, and is also readily
accessible from experiment.
(3.3)

In a second· paper Maxwell et al. 122 worked on the partitioning in a two monomer
system nsing the extended equations of Ugelstad et al. 117 as an expression for the partial
molar free energy of monomer i. in the polymer phase (Eq. (3.4a)). For· the chemical
potential of monomer i in the droplet phase they also used an expression based on the
Flory-Hugginslattice theory (Eq. (3.4b)), assuming this can be used to describe the mixing
·of two low molecular weight components. The surface energy term was neglected because
of the relatively high droplet radii. For the aqueous phase they applied the right-hand side
of the Vanzo equation (Eq. (3.4c)).

{3.4b)

ap,iaq

= In

RT

'
[ l
c/aq

(3.4c)

. Ctaq.•.h

where vi = Vi. t:/Jq,, t:Pw. are the volume fractions of monomer i in the polymer particle and
droplet phase,

lllji

is the ratio of the molar volumes of monomers i and j, Xij is the Flory-

, Huggins interaction parameter between

mo~omers

i and j, Xip is the interaction parameter

between monomer i and polymer, Ciaq .is ·the· concentration of monomer i in the aqueous .
phase and C;aq,s.h its saturation value if there are
homopolymerization). Maxwell et a/.

122

{l.O

other monomers. present (h for

discussed the difficulties that are inherent to the use

· of these equations. They simplified these equations in a similar manner

as they did· with the

·
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one monomer system. 121 Noel et al. 123 used the same equations and simplifications to derive
simple equations for the partial swelling with two monomers. Below follows a brief
summary of these simplifications:
(1) lln(¢ip.J I ~

I(1-mu)(l-.f>;p,J I,

or, less strictly, Ill;j and its equivalents were set

equal to 1, because the differences in molar volumes for many monomer pairs are small
(for instance, the molar volumes of styrene and methyl acrylate at 20

oc are 0;11 and 0.09

3

dm /mol, respectively). The ratio of the molar volume of monomer i and the molar volume
of polymer, 111;p, and its equivalents were set equal to zero, because the molecular weight of
the polymer is evidently much larger than that of the monomers.
(2) The contribution of the residual free energy of mixing to the partial molar free
energy of mixing two monomers in the monome~ or droplet phase (Eq. (3.4b)), i.e. x1i¢Jd•
is negligible compared to all other terms (cf. ref. 53).
(3) For the contributions of the residual energy of mixing to the partial molar Gibbs
energy of mixing in the particles one can assume the interaction parameters for monomer
with polymer to be equal for each monomer (xip

Xip). The contribution of the residual

free energy of mixing to the mixing of the two monomers in the particles, represented by
Xii• can then be assumed to be negligible, as with the mixing of the monomers by themselves in the droplet phase.
Applying these assumptions to Eqs. (3.4a-c) and their equivalents for monomer j
and rearranging leads to the following equations, valid under saturation conditions (for a
more detailed treatment see refs. 122 and 123):
¢;p

.pid

.pjp

.pjd

(3.5a)

(3.5b)
Eq. (3.5b) indicates that the saturation value of the concentration of monomer i in the
aqueous phase in the presence of monomer j is linearly dependent on the fraction of the
monomer in the droplet phase. Since the molar volumes of all monomers are taken to be
similar, Eqs. (3.5a) and (3.5b) lead to Eq. (3.5c). The molar fractions in the polymer
phase (f;p) are related only to the monomers, not to the polymer

(~P

= ¢ip/(¢;p +

.PiP)).
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(3.5c)
Maxwell et al. 122 noticed a linear dependence of the total monomer concentration in
the .particles on the monomer molar fraction in the particles, and therefore they assumed
that the total monomer cona:nt:rlltion (Cp,s) is equal to the sum of the individual monomer
concentrations, and linearly dependent on the molar fractions. This leads to:
(3.5d)
(3.5e)
where C;p,s,h is the satnration value of the concentration of monomer i in the polymer phase
if only monomer .i is present, C;p is the concentration of monomer i in the polymer phase in
the presence of monomer j. Similar expressio~ were derived by Noel et al. 123 to include
partial swelling:
(3.6a)

(3.6b)

(3.6c)

The correction factor is assumed to depend only on the monomer mole ratio in the
particles, whether at satnration or not, i.e., the value of corr{c) is independent of 1/>p or
degree of unsatnration (C;aq/C;aq,J. c indicates that the satnration value of a quantity at a
particular monomer composition (c) in the particles, see chapter 4.
Maxwell et al. and Noel et al. showed in their papers that the

resu~ting

equations

hold for several monomer systetns (methyl acrylate (MA)-styrene (S), MA-butyl acrylate
(BA), BA-S, vinylacetate-MA). The validity of Eq. (3.5c) for methyl methacrylate (MMA)
and S was already established by Nomura et al., 103 although they did not derive it
theoretically. Aerdts et al. 124 .stndied the behaviour of MMA and S. in swelling poly(MMA.
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co-S), poly(butadiene), and heterogeneous polybutadiene-co-poly(MMA-co-S). They found
that the equations derived by Maxwell et al. were valid, even though the polymer systems
were very heterogeneous, which indicates that the type of polymer does not influence the
mixing of the monomers. Ia another paper by Maxwell et al. 125 a sensitivity analysis was
made showing that deviations between the simple and very straightforward correlations
given by Eqs. (3.5a-e) and (3.6a-c) and the full equations are within experimental error.
Although the simplified model is in agreement with experimental results, it is
important to note that each set of experiments was always carried out with one seed latex.
Therefore the particle size is nearly constant, as is the surface free energy. Consequently
the correction factor can be taken to be constant. · However, in the course of an emulsion
polymerization the radius increases strongly, and the surface tension may increase as well,
thereby counteracting the increase of the radius. The correction term may not be constant,
but in practice it is not necessary to take this into account, as the total contribution of the
· surface energy to the free energy of mixing is small, and changes in its contribution
probably only result in minor changes in the total monomer concentrations, except with
small particle sizes. Moreover, it can be easily shown that under saturated conditions the
molar fractions of the monomers in the particles are independent of the total monomer
concentration in the particles, if Eq. (3.5c) is valid. So if one wants to model composition
drift (for which only the molar fractions in the particles are needed), the changes in total
monomer concentrations are not important.

3.1.1 The effects of monomer molar volume and water solubility

At this point it is important to look more closely at some of the assumptions that
were made in the work12 H

24

described above. The assumptions seem to be valid for

monomers with comparable molar volumes. As .stated above, it was shown that if the ratio
of the molar volumes m;i is not equal to unity, the simplified equations for the polymer and
droplet phase can still be used. 125 The deviations between predictions of the full equations
and the simplified equations are so small that no distinction can be made with experiments,
even if mii is given almost absurd values like 0.1. However, the expression for the
chemical potential of the monomers in the aqueous phase (Eq. (3 .4c)) indicates that the
thermodynamic behaviour in this phase should not be influenced by the molar volumes of
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the monomers in contrast to the thermodynamic behaviour of the polymer and monomer
phases. Hence in this chapter results are shown of a system where .the ratio of the molar
volumes is about 0.5, and where ·at least one monomer has a sufficiently high water
solubility so that its concentration in the aqueous. phase can be accurately measured. The
monomer pair that meets these requirements is cyclohexyl methacrylate-methyl acrylate.
All monomers that· have been investigated with respect to the validity of the
simplified equations· have a (low to moderate) limited water solubility (including methyl
methacrylate (MMA), vinyl acetate (VAc), and methyl acrylate (MA) 123). However, the
equations have not yet been shown to hold for monomers with a limited water solubility
higher than that of MA (approx. 0.6 molldm3) or even for monomers that are water. miscible. If the monomer is water-miscible, Eq. (3.4c) can obviously not be. used. This also
implies that such a monomer has a high affinity towards water. In that case other
assumptions may not be valid any more: one can also expect that the assumption

Xip

= Xjp

no. longer holds if one of the monomers has a high polarity, e:g., as is the case with

:i-

hydroxyethyl methacrylate (HEMA), since the interaction of the monomers with the
polymers might not be similar en9ugh for that equality to hold. The same applies to the
assumption that Xij is small. In other words; there might be systems where enthalpy effects
and entropy effects arising from specific interactions are not negligible compared with the
combinatorial entropy of mixing as opposed to the systems that were checked.Ul3· 12 l-1 24
These cases are particularly interesting, because most functional monomers have a very
high polarity (e.-g: (meth)acrylic acid, acrylamide, methylol acrylamide, aminoethyl
methacrylate). It seemS reasonable to take the solubility in water as a rough indication of
the validity ofas$umptions (2) and (3), because the water solubility is inter alia influenced
by the polarity of the monomer. In relation to the above considerations it Is expected that
systems with the completely water-miscible monomer HEMA will show a partitioning
behaviour which is different from that of monomers with a limited water solubility. ResUlts
will be given. of experiments with this monomer and MA and styrene as comonomers.

3.2 Experimental
The following monomers were used in the experiments:. styrene (S),· methyl acrylate
(MA), methyl methacrylate (MMA), cyclohexyl methacrylate (CHMA) and 2-hydroxyethyl
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methacrylate (HEMA), all p.a. Extra hydroquinone was added to prevent polymerization. If
polymerizations were carried out with these monomers (i.e., for seed latices), they were
vacuum-distilled to remove inhibitor and stored at 4 °C. The latices used were a
poly(methyl acrylate) latex (poly(MA), average diameter 120 nm (dynamic light scattering))
and a poly(styrene) latex (poly(S), diameter 86.6 nm (transmission electron microscopy)).
The seed latices were prepared with sodium dodecyl sulfate (>98%) (poly(MA)) or
Aerosol

MA80

(poly(S))

as

emulsifiers,

sodium

bicarbonate

as

pH-buffer,

potassium/sodium persulfate as initiator, and n-dodecyl mercaptan as chain transfer agent
(poly(MA)) (all p.a.). The exact recipe for the poly(S) latex is given in chapter 6 (843).

3.2.1 Monomer partitioning and phase separation experiments

A seed latex was mixed with a monomer mixture and extra water. This mixture was
then left to stand for 24 hours without agitation to prevent possible coagulation. The
resulting phases of this mixture were separated in an ultracentrifuge. Experiments with the
poly(MA) latex were run at 45,000 rpm for 1-2 hours, experiments with the poly(S) latex
at 50,000 rpm for 5 hours. Representative samples of each phase were then analysed by gas
chromatography (GC) with a Carlo Erba GC 6000 VEGA Series 2 (column type: methyl
silicone gum) using 2-propanol, iso-butyl methacrylate and toluene as internal standards or
a Hewlett Packard 5890 (column type: methyl phenyl silicone gum) with butyl acrylate as
an internal standard. After centrifuging the monomer phase was situated on top, the
aqueous phase was in the middle part, and the swollen polymer phase was found on the
bottom of the tube. In the case of S and poly(S) the polymer phase was situated between
the monomer'phase and the aqueous phase. In order to take a sample of the aqueous phase,
a needle had to be inserted through the droplet phase, so care had to be taken to avoid
pollution with monomer droplets. The polymer phase could not be sampled without the
inclusion of some remains of the aqueous phase. Additionally, it appeared that the swollen
polymer phase still contained some "interstitial" aqueous phase, i.e., it was not possible to
separate the aqueous phase from the particle phase completely, possibly because the
particles retain their round shape during ultracentrifugation. Therefore the polymer content
of the polymer phase was determined by drying. The calculated water content was excluded
from the calculations of monomer concentrations, and by assuming that this amount of
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water contained the same amounts of monomer as the aqueous phase, it was possible to
correct for this extra amount .of monomers in the particles. This amount is usually very
of the
small,
because of the relatively low concentrations
.
.

~onomers

in the aqueous phase.

In case of HEMA this is normally not, negligible. Moreover, ·it means that

if there is an

equilibrium amount of water present in the ·particles, this cannot be distinguished from the
included "interstitial" water. In that case it is impossible to analyse the polymer phase
reliably. For experiments in the absence of a polymer phase known amounts. of monomers
were added to a known amount of water at 45 °C in a water-jacketed .separatory funnel.
The mixture was then stirred for 5 minutes and was then left to stand for 1-2 hours to
reach equilibrium. In all cases it was assumed that the partial molar excess volume is zero,

i.e., volu;ne additivity was assumed.

3.3 Results and discussion
3.3.1 The effect of monomer molar volume
.

.

In the sensitivity analysis that was performed125 only the monomer droplet p - and
the polymer phasewere considered (Eq. (3.5c)). It was shown that large deviations of ID;j
from 1 (e.g.

ltlji

= 0.1) when applying the full equations (3.4a) and (3.4b), do not result in

large deviations from the prediction of Eq. (3.5c). These deviations are not larger than the
experimental uncertainty. The thermodynamic behaviour of the aqueous phase is very
different from both other phases (in the aqueous phase the monomers do not influence each
other, as this phase is dilute; in the other phases the monomers have a large influence upon
each other; the monomer concentrations are relatively high). The deviation of

lllji

from 1

has . comparable effects on the concentrations in the droplet and polymer phases, and
therefore the left-hand side equality of Eq. (3.5c) can still be used. The fact that ID;j ¢ 1
should, however, not have any effect on the thermodynamic behaviour of the monomers in
the aqueous Phase: So, if one is to compare the droplet/polymer phase with the aqueous
phase, the effects of

ltlji

illustrate the. effect of

might be noticeable. Therefore simple calculations were done to

lllji

when comparing the droplet phase .8lld the aqueous phase. For

saturated conditions, the following equations were used for the partial molar Gibbs energy
. (chemical potential) of the monomers in the droplet phase:
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!:J.p.itt
RT
!:J.p.itt
RT

(3. 7a)

= In( <!>itt)

(3.7b)

ln{f;d)

(3.7c)

Eq. (3. 7a) is based on Eq. (3.4b) by ignoring any effect of the molar volumes of the
monomers (assumption (1)) and the residual energy (assumption (2)). 53 •122 •123 Eq. (3.7b) is
applicable to ideal systems, and is the simplest approach possible (cf Eq. (3.5c)). Eq.
(3.7c) is also based on Eq, (3.4b) by taking the effect of the molar volumes of the
monomers into account, but ignoring the residual energy. By equating each of these
expressions to an expression for the partial molar Gibbs energy of the monomers in the
aqueous phase, in this case Eq. (3.4c), the ratio C1./Ciaq,s,h can be calculated as a function
of the volume fraction of monomer i in the droplet phase (¢-uJ), see Fig. (3 .1).

tP;d (-)
Fig. (3.1). Ratio of the concentration of monomer i in the aqueous phase (C,,.) and its saturation
value (C,,•. ,.h) versus the volume fraction· of monomer i in the droplet phase (t/>1d). The lines are
predictions with Eq. (3.7a) (-), Eq. (3.7b) (---), and Eq. (3.7c) ("·) with two values for
indicated in the figure.

ffi;i,
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By varying the parameter mii the effect of the monomer molar volume is illustrated.

It can be seen that the value of 11\j has a significant effect on the concentrations in the
aqueous phase, certainly a much more significant effect than was found for the droplet and
polymer phases.
To compare these calculations with experimental data some experiments were
performed with methyl acrylate (MA) and cyclohexyl methacrylate. (CHMA), for which
mMA-cHMA = 0.515. poly(S) was used ~ a seed latex. In Fig. (3.2) the experimental values
of CMAaq/CMAaq,s,h are plotted versus ¢MAd· Also the predictions accOrding to Eqs. (3.7a-c)
with 11\j = mMA-eHMA

= 0.515 are given.

Fig. (3.2). Experimental values of the ratio of the concentration of MA in the aqueous phase (C,..Aaq)
and its saturation value (C...Aaq.s..J. versus the volume fraction of MA

i~

the droplet phase (<I>MA<t). The

lines represent Bq. (3.7a) (-), Eq. (3.7b) (---), and Bq. (3.7c) (···) with m,i = 0.515.

The use of Eq. (3;7a) is certainly not valid. The predictions by Eqs. (3.7b) and
I

•

(3.7c) are in good agreement with the experimental data. Based on these results it. is
.

I

justifiable to use either Eq. (3.4b) or (3.4c) when

.

lnji

.

+ 1.

But since the predictions of both

equations are so close it is not possible to discriminate between either equation. To fmd out
what equation should .be applied at lower values of lnji (where according to Fig. (3.1) there
is a noticeable difference between the two equations), experiments with other monomers
could perhaps give an answer, though it should be noted that in most practical systems Eq.
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(3.4b) will be valid, since cases where mii < 0.5

a~
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very rare.

The polymer phase (poly(S)) fu the same system was analysed as well, and the
results are displayed in Figs. (3.3a) and (3.3b). The data in Fig. {3.3a) unambiguously
show the validity of Eq. (3 .5c). The data for the total monomer concentrations in the
polymer phase in Fig. (3.3b) were fitted to a straight line (Eq. (3.5d)), and the fit is
satisfactory. The intersections with the y-axes give the values for the saturation
concentrations of each monomer in the seed latex used. These were used with Eq. (3.5e) to
give predictions for the partial monomer concentrations in the polymer phase (Fig. (3.3b)).
The predictions are agree with the data.

!.0

7

(a}

(b)

0.8

"'8
;:.
""

0.6

8

J

0

s

0.4

u';t.
0.2

0.~.0

0.2

0.4

0.6

0.8

!.0

fMAd (·)

Fig. (3.3). (a) The molar fraction of MA in the particles (fMAp) versus the molar fraction of MA in
the droplets (fMAJ. The line represents the predictions according to Eq. (3.5c). (b) The total
monomer concentration in the particles (C •.J (0), and the partial concentrations (C,.) of MA (e)
and CHMA (0) versus the molar fraction of MAin the particles (fMAp)· The lines are fits with Eq.
{3.5d) and predictions with Eq. (3.5e), see text.

The above results indicate that the simplified equations (3.5a-3.6c) are valid for
cases where mu is not equal to unity, with the notion that the use of Eq. (3.5b) or Eq.
(3.7a) is only valid if mu ""' 1, and should for most practical cases be replaced by Eq.
(3.7b).
The fact that the chemical potential of a monomer in the aqueous phase is· not
influenced by a difference in molar volume of the monomers, reflects a basic difference
between the monomer and polymer phases on the one hand and the aqueous phase on the
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other hand. The aqueous phase is so dilvte that the monomers do not influence each other;
in the monomer and polymer phases, the monomer concentrations

an~

so high that they

strongly influence· each other. The latter can be simply illustrated by the following
hypothetical example. In Fig. (3.4) the concentrations in the polymer phase of two
hypothetical monomers x and y with Cxp;s,h

Ko

o.z

= 8 and Cyp,s,h = 2 111oUdm3 are plotted.

0.6

0.4

f.p (·)
Fig. (3.4). The partial concentrations of monomer x (C.,) (--) and monomer y (-) in the particles
verSUS the molar fraction

Of X

(f~),

c,p,s,h

= 2 mol/dm3, c)'1>,S,b = 8 molldm3 ,

· With Eqs. (3.5d) and (3.5e) it can be shown that the addition of monomer y (under
saturated conditions) to the particles that already contain monomer x, can increase the
concentration of monomer x to a value greater than Cxp,s,n• if the ratio Cxp,s.JCyp,s,h is
smaller than 0.5, and inequality (3.8) holds.

fxp

>

c

1

yp,s,h

_

1

(3.8)

cxp,s,h

This is shown in Fig. (3.4), where Cxp,s,hiCyp,s,h

= 0.25: C,P >

c.p.s,h if fxp

> 113.

In the aqueous phase the addition of another low to moderately water-soluble monomer
always decreases the concentration of the ftrst monomer (Eq. (3.7b).
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3.3.2 The effect of water solubility

In this section results are shown of experiments with the monomers styrene (S),
methyl acrylate (MA) and 2-hydroxyethyl methacrylate (HEMA). S has a water solubility
(Csaq,s,h) of about 4.3 mmolldm3

3

(low), CMAaq.s,h

0.6 mol/dm3

126

(moderately water-

soluble), and HEMA is miscible in water in the temperature range investigated. The
monomers S and MA have been chosen, because extensive experimental work has shown
that the simplified equations given in the introduction of this chapter hold for tQese
monomers. 122 •126 First experiments with an aqueous phase and a monomer droplet phase
(saturated conditions) will be described, followed by experiments with an aqueous phase
and a partially swollen polymer latex phase (interval 3 of emulsion polymerization).

I~

the

experiments without a polymer phase the systems investigated are: MA-HEMA,
S-HEMA, and two S-MA-HEMA systems, one where the ratio SIMA was varied
greatly, and one where it was not varied. In the experiments with the polymer phase the
system MA-HEMA was studied with the poly(MA) seed latex.

3.3.2.1 Monomer partitioning between aqueous phase and droplet phase
All these experiments have been carried out at 45 "C unless stated otherwise. In
Fig. (3.5) (system MA-HEMA) the concentrations of MA and HEMA in the aqueous
phase are plotted versus the molar fraction of HEMA in the droplet phase. Note that the
amount of water that was found in the droplet phase is not taken into account in the
calculation of fHEMAd· The surprising result is that instead of being dependent on the molar
fraction of HEMA, CMAaq is constant and equal to the value it has in the absence of any
other monomer (CMAaq,,,J. This is even more surprising, if one· sees that the concentration
of HEMA in the aqueous phase in the same system is strongly dependent on fHEMAd· What's
more, CHEMAaq is proportional to fHEMAd!
This anomalous behaviour of MA might be explained as follows. The fact that the
ratio of HEMA and water in the aqueous phase does not influence CMAaq indicates that the
partial molar Gibbs energy of MA in the aqueous phase is independent on the volume
fraction of HEMA (or water) in the aqueous phase, i.e. both HEMA and water act as
solvents for the solute MA.
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u

0.4

0.6

Fig. (3.5). The concentrations in the aqueous phase (C,aq) of MA (D) and HEMA

<•> versus the

molar fraction of HEMA in the droplets (fHEMAd). The. solid line (-) represents the prediction
according to Eq. (3.5c) forMA, the dashed line (---) for HEMA with a fictive saturation concentration of 2.5 molldm3•

.

If a, fourth component (S) is added to the system (and SIMA is varied greatly), the
.

.

.

· following is observed. When CMA.aQ is plotted versus the adjusted molar fraction MA in the
droplet phase (f~ defmed by:

•.. -=
JiMAil

!MAil

(3.8)

!MAd + !Sd

a linear relationship between CMAaq and f~d is observed, see Fig. (3.6) .

•

1.0

Fig. (3.6}. The concentration of MA in the aqueous phase

(~A>q)

versus the adjusted molar fraction

of MA in the droplets (fMAJ· The line is predicted by Eq. (3.5c) with fld = fMAd·
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This is exactly the same as was found experimentally by Van Doremaele et
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at. 122•126

for experiments in the absence of HEMA. Eq. (3.5c) seems to be applicable forMA, if the
presence of HEMA .is ignored. In other words, if water is replaced by an equivoluminar
amount of HEMA, the concentration of MA in the aqueous phase is not influenced. HEMA
can be considered a co-solvent of water for the solutes S and MA.
In Fig. (3.7) CHEMAaq .is plotted versus fHEMAd for three different systems:
MA-HEMA (cf Fig. (3.5)), S-HEMA, and S-MA-BEMA, where the ratio SIMA does
not vary greatly (0.42

<

f~Ad

<

0.60).
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Fig. (3.7). The concentration of HEMA in the aqueous phase (CHEMAaq) versus the fraction of HEMA
in the droplets (fHEMAd) for the systems: MA-HEMA (0); S-HEMA (e); S-MA-HEMA (+).

There is a strong dependence of the HEMA concentration in the aqueous phase on
fHEMAd· This dependence is, however, not the same in each system: the more MA is
present, the lower CHEMAaq at one particular value of fHEMAd· This is corroborated by the
results in Fig. (3.8): here CHEMAaq is plotted versus the adjusted molar fraction of MA.(f~Ad)
for a system S-MA-HEMA where the ratio SIMA was varied, but where fHEMAd was
nearly constant. CHEMAaq is strongly dependent on f~Ad• although fHEMAd is nearly constant.
From these figures it is clear that Eq. (3.5c) is not valid for HEMA, in contrast to what
could have been 'concluded from Fig. (3.5). If Eq. (3.5c) were valid, all data points in Fig.
(3.7) would lie on one straight line, and in Fig. (3.8) the data points would lie on an
almost horizontal line.
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(MAd(-)
Fig. (3:8). Tile concentration of HEMA in the aquoous phase (CHEM....>. versus the adjustei.t molar
fraction of MA in tl).e droplets (f~;...J. The values of fHEMAd are indicated.

For low to moderately .water-soluble

monom~rs

the concentrations in 'the aqueous

phase are low, i.e., the molar fractions are close to 0 and the activity coefficients are close
to 1 (asymmetric approach). Eq. (3.4c) is valid for the partial molar free energy in the
aqueous phase in these cases. With higher monomer concentrations or when there are
specific interactions between solute and solvent (non-ideal systems) deviationS start to occur
and Eq. (3.9) should be applied.

ln[

r!x~~]
'Yi

(3.9)

Xiaq

where 'Y; is defined as the activity coefficient of monomer i, valid at fraction Xwq of
monomer i in the aqueous phase, 'Y; o is defmed as the activity coeffiCient at some standard
state, arui x'{..q is the fraction at that standard state. The standard state can be defmed as the
saturated state. For ideal systems this expression reduces to Eq. (3.4c). Because the
concentrations of functional monomers in commercial recipes are usually low, fractions x
can be replaced by concentrations C, which leads to Eq. (3.10).

l

In [a·a!C"'C ! = In [ C;~q]
K,
·E

Ull/

(3.10)

where a; and a; 0 are the corresponding activity coefficients. If a straight line is fitted to the
data of Fig. (3. 7) for the systems MA-HEMA and S-HEMA (fHEMAd

<

0.5), values for the
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partitioning coefficient KnEMA can be found by equating the right-hand side of Eq. (3.10) to
the right-hand side of Eq. (3.7b). This results in the following values: in the presence of S:
K~EMA = 4.0 mol/dm3 and in the presence of MA: K~~MA = 2.4 molldm3 . These values

are dependent on the type of comonomer, but also on the temperature, as can be seen in
Fig. (3.9). Here more data for the system S-HEMA at different temperatures are plotted,
including a line with K~EMA

5.35 mol/dm3 , calculated from one data point measured by

Kamei et a/. 121

0.04

0.02

0.06

0.08

fHEMAd (-)
Fig. (3.9). The concentration of HEMA in the aqueous phase (CHsM,uq) versus the molar fraction of

oc <•);
cc (e); 70 oc (0); data from Kamei et al. 127 (c.) and("'); 45 cc. K~EMA = 4.0 mol/dm3 (---).

HEMA in the droplets (fHEMAd) in S-HEMA systems as a function of the temperature: 20
50

The influence of the temperature is quite strong. This can be taken as an indication
that besides entropic effects also enthalpic effects govern monomer partitioning in this case,

i.e. there are specific interactions between solvent and solute. Also the line with KkMA =
4.0 mol/dm3 is plotted. It can be seen that at low values of fuEMAd ( < 0.1) there is no
linear relation between CnEMAaq and fHEMAd·
To describe the three monomer system the following correlation is proposed:
(3.11)

where KAEMA is the correlation coefficient for HEMA in the presence of monomer i, and
K~~~ A

is the coefficient for HEMA in the presence of both S and MA at a particular ratio.

With this equation, the calculated values for KAEMA and the S-MA-HEMA data in Fig.
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(3.7), Fig. (3.10) is obtained, representing the correlation between CHEMAaq and fHEMAd·
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Fig. (3.10). The concentration of HBMA in the aqueous phase (CaEMA>q) versus the molar fraction of
.l{EMA in the droplets (&,EM,w): exjlerimental (+);calculated with

(3.11) (0).

There is reasonable accordance between calculated data: lU.ld experimental daqt at
fractions of fHEMAd between 0.1 and 0.4, and deviations start to occur at fHEMAd

> 0.4.

Note

that in this approach it is not really possible to determine whether the anoinality/non·ideality has to be attributed to either the aqueous phase or polymer phase (or both).
The main conclusion from these experiments with HEMA is that the .simplified
equations as given in the introduction of this chapter cannot be applied in a straightforward
manner to these systems. If HEMA is considered as a co-solvent next to water, the
partitioning behaviour of the solutes S and MA is analogous to what is found in the absence
of a monomer such as HEMA: Eq. (3 ..5c) is applicable. The concentration of HEMA in the
aqueous phase is dependent on the ratio of the other two monomers. This dependence can

oo

described. It. should be noted though, that the description used here is by no means ·

predictive. Variol.l$ approaches, such as the Hildebrru;td solution parameter, have been
proposed to describe systems that do not shOw ideal behaviour and where enthalpic
interactions play a role. Grant and Higuchi have given an overview of the possibilities. 128

· 3.3.2.2 Monomer partitioning between aqueous phase and polymer phase
In the previous section it was shown that systems with HEMA behave anomalously
in comparison to systems described earlier with moderately water-soluble monomers. In
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this section a few experimental data will be shown, which might give some rough
indications about the system with polymer particles under unsaturated conditions.
The poly(MA) seed latex was used, and MA and HEMA were used as monomers.
The temperature was 20 °C. The ratio MA/poly(MA) was kept constant. In one set of
experiments (A) the ratio water/poly(MA) was kept constant as well, but the amount of
HEMA was varied, and in another (B) the ratio HEMA/poly(MA) was kept constant, but
the amount of water was varied. The difficulty with this type of experiments is that there is
always a part of the aqueous phase that cannot be separated from the particle phase. As the
CHEMAaq

is generally quite high, it is not possible to simply ignore the presence of water, as

can be done safely if the monomers are only moderately water-soluble, see section 3.2. If
this is done in the calculations in this case, the calculated concentrations of HEMA in the
particle phase are negative. To solve this, the weight fraction of water found in the
particles was plotted against the fraction of HEMA in the particles (Fig. (3.11)). By
extrapolating to zero a value is found for the weight fraction of water that has to be
subtracted from all values found.

0.3 .....--~-------···-----------,

0.0 L___,.~---'--~~---'---~--"---~---'
0.00
0.04
0.08
0.12
0.16
fHEMAp (-)

Fig. (3.11). The weight fraction of water in the particles (wwp) versus the molar fraction of HEMA
in the particles (fHEMAJl).

With the new values· all the concentrations of MA and HEMA in both phases are
recalculated. It should be noted that the results thus obtained should only be used in a
qualitative way. They are shown in Fig. (3.12), where the concentrations of MA and
HEMA in both phases are plotted (both data sets are used) versus the fraction of HEMA.
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Fig. (3.12). The concentrations of MA (0) and HEMA (D) in the polymer phase (C;p• open

· symbols) and in the aqueons phase (C;,q, closed symbols) versus the molar fraction of HEMA in the
polymer phase (fHEM...J·

The stqking result is that the concentration of MA in the aqueous phase is constant
in both sets of experiments (ca 0.4 moll<fn:tl),. despite the variation. in the amounts of
HEMA and water; and a variation in the concentration of MA in the particles (which is
itself not very sensitive to chapges in the weight fraction of water).
The independency of the concentration of MA in the a9ueous phase of the ratio
MA/HEMA in. the polymer phase is analogous to what is found for the equilibria between
droplet phase and the . aqueous phase, although it has to . be kept in mind that under
unsaturated conditions (interval 3) the concentration.of a mmiomer in the aqueous phase is
also influenced by the extent of unsaturation.
If the partitioning behaviour between polymer particles and aqueous ·phase is similar
to that between monomer droplets and aqueous phase, the question of what governs the
'

concentrations of MA and HEMA in the aqueous phase is still unanswered. The concentration of HEMA in the aqueous phase is much higher than is found for corresponding values
. of fHEw. in the droplet phase

(cf.

Fig. (3. 7)), in the absence of a polymer phase. It is

known that the aqueous phase concentrations are always closer to saturation than the
corresponding

concentrations

in the

particle phase

for

moderately . water-soluble

monomers, 121 •126 and this is what is foJ,llld here qualitatively. Also, if fHEMAd is extrapolated
to zero, a value for CMAp is fot\nd that is in agreement with the value (2.75molldm3) that is
found by substituting 0.4 .mol/dm3 for CMAruJ in the empirical correlation. given by Van
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Doremaele et a/. 126 However, these last two facts. contradict any analogy between polymer
phase and droplet phase. The partitioning behaviour in the presence of a polymer phase
cannot be modelled simply. The number of experimental data is too limited and the
uncertainty with respect to the water content of the particles too large to draw any
quantitative conclusions.

It is stressed again that the simplified equations, presented in this chapter and the

previous one, hold (1) if the monomers have a low to moderate solubility in water, and (2)
if the monomers are solvents for the polymers, as was explicitly stated by Flory. 50 This is,
for instance, not the case with HEMA in the experiments described above (it is not a very
good solvent for poly(methyl acrylate). This also means that. systems where a considerable
amount of water is dissolved in the particles, cannot be described by these theories,
· because water is not a solvent for the polymer. One could argue that in systems where
water plays a significant role in the polymer particles, enthalpic interactions are so strong
that· they cannot be neglected (hE

-:;e.

0), and that the assumptions regarding the

x terms

in

the theoretical development discussed in the foregoing sections with moderately watersoluble monomers, are not valid. It should, therefore, be realized that in cases where polar,
functional monomers are used in high concentrations, the theory does not hold, as can be
· concluded from the presented data with HEMA. It is known that water dissolves to a
limited extent in both polymers and monomers. 119 The good accord that was found between
theory and experiment in the papers discussed in the foregoing 121-

124

shows that a small

amount of water in the particles does not seriously invalidate the theory. In practice, all .the
water that is found in the particles experimentally when using only moderately watersoluble monomers, can safely be taken to be part of the aqueous phase, rather than the
polymer phase. In conclusion, if water is present only in limited amounts in the particles, it
can be shown on both experimental and theoretical grounds (Flory5~ that treating water
according to the Flory-Huggins theory, as was done by Tseng et al. ,ll9 is not correct.
Ugelstad et al. 117 considered water in the particles in the same way,' but noted that the use
of the. original Flory-Huggins equation in this case is open to doubt. Ugelstad et al. also
give a short overview of approaches other than the original Flory-Huggins model for
describing polymer systems with enthalpic interactions.
Some further remarks about the general validity of the assumption that the
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combinatorial entropy dominates the mixing. In most experiments used to validate the
assumption really. only one parameter was. varied: the· type of monomer. More parameters
.

should be varied to further extend the vaJidity. Nomura et al. 103 •105 and Aerdts et al. 124
varied parameters such as surface tension, ionic strength, copolymer composition and
particle diameter, and found that any deviations from ideality were within experimental
error, which indicates that contributions of the residual energy are insignificant.
Maxwel172 argued that the validity of Eq. (3.5c) indicates that the any bootstrap

effect in free radical copolymerization of S and MMA (difference between monomer
composition near the propagating radical end and in the bulk) is not caused by bulk
thermodynamic effects. The argument can be reversed: the absence of a solvent effect on
the reactivity ratios in free radical copolymerization of monomers for which the equations
have been shown to hold, may corroborate the general validity of the equations. If mixing
really is really dominated by entropy, then perhaps the single most important variable
. parameter is the temperature.

3.4 Conclusions
It has • been shown that the simplified equations that were derived in recently
published models describing monomer partitioning with moderately water-soluble
monomers,. are valid even if the monomer molar volumes are not equal. Experimental data
show that the equations can be applied with monomer molar volume ratios as low as 0.5.
When very water-soluble or water-miscible monomers are used, the simplified equations
.cannot be applied. The concentration of methyl acrylate in the aqueous. phase seems to be
independent of the concentration of 2-hydroxyethyl methacrylate (HEMA) under both
saturated and unsaturated conditions, whereas the concentration of HEMA in the aqueous
phase is strongly dependent on the fraction of HEMA. In the system styrene (S)-HEMA
this dependency is affected by the temperature, which indicates that enthalpic interactions

cannot be neglected. In the system S-methyl acrylate (MA)-HEMA the concentration of
MA in. the aqueous phase is dependent only on the fractions of S and MA in the droplets;
whereas the concentration· of HEMA in the aqueous phase is dependent on its fraction in
the droplets, but also on the ratio SIMA. HEMA can be regarded as a co-solvent with
water for the solutes S and MA.

.
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Chapter 4
Extension and Experimental Verification of Monomer Partitioning
Models II
Multimonomer partitioning of moderately water-soluble monomers
Synopsis: In this chapter simple equations were derived to describe monomer
partitioning of any number of low to moderately water-soluble monomers in ·
polymer latex systems, under saturated and unsaturated conditions. The equations are extended versions of the equations for up to two monomers given in
·the previous chapter. These are simplifications to more general equations that
have been known for long in literature. The simplifications are pursued under a
limited number of assumptions. The most important assumption is that the
partitioning is mainly governed by the combinatorial entropy of mixing, and that
other contributions to the Gibbs energy of mixing can be neglected or taken as a
constant depending only on the composition of the monomer mixture in the
polymer particles, and not on the extent of unsaturation. Experimental results
with the monomers styrene, methyl methacrylate and methyl acrylate under
saturated and unsaturated conditions convincingly show the validity of the
equations. The main advantage of the model is the fact that only a limited
number of physical quantities are needed to describe the system completely.
These parameters are the water solubilities of the monomers, and the maximum
saturation concentration of each monomer in the polymer latex.

4.1 Introduction
The foregoing chapter dealt with the partitioning of one or two monomers, and was
based on the model presented by Maxwell et al. ,121 · 122 and Noel et al. 123 Simple equations
were given for systems where all monomers had low to moderate water solubilities and
where the ratio of the molar volumes is not necessarily approximately equal to one.
Experimental data were presented for a case where the ratio of the molar volumes was
approximately 0.5. It was shown that .there are still simple equations describing the
partitioning. Also experimental data were shown for systems in which one of the monomers
is miscible in water. The partitioning behaviour could not be described in a straightforward
manner, as with low to moderately water-soluble monomers. It seemed that the water

Chapter 4

42

solubility of the monomers is a· good indication of the validity of the simplified equations.
The main conclusion from chapter 3 is that the simplified equations are valid .411der
the conditions set out. In thi~ chapter the work of Maxwell ·et. at. 121 •122 and Noel et al. , 123 as
summarized in Chapter 3, is extended to obtain equations valid for any number of monomers with· low to moderate

wa~r

solubility. In deriving these equations it is seen that the

simplifications made by Maxwell et at. · to the Morton equatiow for systems .with one
monomer and to the extended equations of Ugelstad 117 for systeins with two monomers, can
be applied equally well to systems with three or more monomers. This follows {rom the
fact that the assumptions made by Maxwell et at. can be extended to systems with three
monomers or more without any further assumptions.

4.2 Derivation of the partitioning equations for n monomers
Eqs. (4.1a), (4.lb) and (4.lc) are adopted as the basic equations that describe the
'

'

'

partial J]lolar Gibbs energy of a compound i in each .of the three phases that can be present
in a polymer latex system.

(4.1b)

=In[~]

(4.1t)

ciaq.s),

In these equations i,j and k can be 1, 2, ... , n-l,n, and p. Here the nrimber of monomers
(or more generally low molar. weight compounds) is n, while p represents the polymer in
the latex particles. 4i,t;p is the partial molar Gibbs energy (or chemical potential) of
monomer i in the polymer phase, dJ.L;d the partial molar Gibbs energy in the droplet phase
and

4J.t;aq

the partial molar Gibbs energy in. the aqueous phase. tP;p is the volume fraction of

. monomer i in the polymer phase, tPp (tbpp) is the volume fraction of polymer in the polymer
phase, Xij is the interaction parameter between i and j, 'Y is the interfacial tension between
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polymer phase and aqueous phase, V is the molar volume of the monomers (see below), r,
is the swollen radius of the polymer particles, f;d is the molar fraction of monomer i in the
droplets,

C;aq

is the concentration of monomer i in the aqueous phase, and

Ciaq,s,h

the

saturation concentration of i in the aqueous phase in the absence of other monomers.

Eg. {4.1a) was derived from the equation developed by Ugelstad et al. ,117 with the
following simplifications (the equivalent for two monomers is Eq. (3.3a), but without the
following simplifications, see also chapter 3):
(1) The molar volumes of the monomers are assumed to be comparable, so that 11\J,

the ratio of the molar volumes of the monomers i and j, can be set equal to 1 for each

monomer pair. (see also assumption (1) in chapter 3).

V;

(the partial molar volume of

monomer i) is replaced by V, the molar volume of the pure monomer
ratio of the volumes of a monomer and a polymer chain,

liP"

(vT =

0). 11\p (the

in chapter 3) is set equal to

0 for eacl;l monomer, since the molecular weights of the polymers are much higher than
those of the monomers. Note that 'Y may depend on monomer type, but this has no further
consequences.
(2) The interaction parameters X;p are assumed to be similar for all the monomers

(assumption (3) in chapter 3). If the interaction parameters for monomer with polymer are
the same for each monomer, then it should be equally valid to set the interactions for each
pair of monomers, represented by XiJ etc., equal to each other. In the following all X;J etc.
are therefore replaced by a single parameter x.

Eg. {4.lb) was shown to be generally applicable for 0.5.

<

m;1

<

2 (chapter 3), and

as it is simpler than Eq. (3.3b), it is used in this chapter.

Eg. (4.lc) is in principle a simplification of the following, more general expression
(see also chapter 3):
fl. P.;aq "" In [
RT

a; C,aq
o

CX.t

Co
iaq

l

(4.1c ')

where a; is defined as the activity coefficient of monomer i valid at
the activity coefficient at some standard state, and

qaq

C;aq, a; o

is defmed as

is the concentration at that standard

state. However, for concentrations of only a few molar or less, this expression reduces to
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Eq. (4.1c). Therefore Eq. (4.1c) will be used rather than (4.1c') ..
Let us consider the monome~s x and y, where x and y can be anything between 1
. and n. Eqs. (4.1a--c).for monomer yare subtracted from the equivalents for monomer x,

= ln[

¢xp]
tPyp

*
+

x( tP;p -¢!,)

n.

+

.

x( tPyp -¢xp) L

k"J
k"'x,y

.

tPtp + X¢p(¢yp -¢:tp)

(4.2a)

(4.2b)

(4.2c)

Eq. (4.2a) can be rewritten as follows:

(4.3)

This subtraction can be performed with any combination· of monomers 1· to n. It is
important to realize this, since this fact will be used in the following considerations leading
to the same type of equations as those derived by Noel et al. Therefore, the considerations
in the next section apply to any monomer x.

4.2.1 Saturation swelling with n monomers
Under saturated conditions the following equation holds:

(4.4)
.

/

'

.

· Eqs. (4.lb) and (4.1c) with the right-hand side equality of Eq. (4.4) give for monomer x:
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(4.5)

-Cxaq.s.h

In this equation c denotes the saturation value of the pertaining quantity at a particular
composition c of the monomer mixture in the particle or droplet phase. Noel et al. used r
to denote this (r stands for ratio in their work), but since the equations derived here should
be applicable to more than two monomers, it may be more convenient to use c instead, c
standing for composition. c represents a particular set of molar fractions in particles and/or
droplets: c

= {f1,

f2 ,

... ,

f0 }. Since Eq. (4.5) was derived from Eqs. (4.lb) and (4.1 c),

this equation must hold for any monomer.

By combining Eqs. (4.2b-c), (4.3) and (4.4) the following is found for saturated conditions:

ln [ ¢tPxp,c
yp,c

l

+

x(¢yp.c - ¢ xp,c )

=

ln [ fxd,c

l

In [

~xoq,c ~oq,s,h
xaq,s,h

]

(4.6)

yoq,c

As done by Maxwell et al. and Noel et al., it can be stated that the x-terms are small
relative to the other terms when mixing monomers (assumption (3), see chapter 3).
Applying this to the left-hand side equality of Eq. (4.6) leads to:
(4.7)

Because this applies to any pair of monomers, the following holds also, if assumption (1) is
taken into account:

1

1
n

cp.

l+L:~
i=l

=

fxd.c

(4.8a)

tP:rp,c

I ;OX

This is an important result, because it means that the polymer in the particles has no
influence on the mixing of the low molecular weight components, simply because only the
combinatorial entropy of mixing is important. Eq. (4.8a) applies to any component. The
work of Maxwell et a/. 122 and Noel et al. 123 clearly showed that Eq. (4.8a) is valid for two
monomers (see also refs. 103, 124 and 126). Since here the same assumptions are made as
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were made by these authors, it can be expected that the .equation holds for systems with
more than two monomers, because. it was derived. from the same type of equations; but
referring to any number of monomers, The sensitivity analysis by Maxwell et al. 125 showed
that the equation can be used, even when not every assumption is fully obeyed.
If it can be assumed that the total monomer concentration in the particles is linearly
dependent on the fractions of the monomers in the droplets or particles, 122 the following
expression is obtained for the total monomer concentration, Cp.s:
n

cp.s

=

.L !;p,ccip:s.,.
i•l

(4.8b)

.

n

cxp.c =!xp.c 2: !ip.cctp.•.h

(4.8c)

i•l

From Eqs. (4.5) and (4.8a) the following equation can be derived: ·
(4.8d)
Note that

c.p,c is not only dependent on the molar fraction of x, but also on the value of the

fractions of all other components ({f1p,c•

••• ,

fnp,c}).

Cxaq,c

fraction of x, and independent of the other fractions.

is only dependent on the molar

This

reflects the basic difference

between the aqueous phase and the monomer and polymer phases (see also chapter 3, Fig.
3.4). The aqueous phase is so dilute that the monomers do not influence each other (which
is why Eq. (4.lc') reduces to Eq. (4.lc)); in the monomer and polymer phases the
cOncentrations are so high that the monomers strongly influence each other.

4.2.2 Partial swelling With n monomers

For partial swelling (interval 3 in emulsion polymerization), the following holds:

(4.9)

By combining this with Eqs. (4.2c) and (4.3) and applying assumption (3) (neglecting the
residual energy, i.e. the x-terms) for monomer x this leads to:
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=

ln [

rf>yp

~
cxaq,s,h
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(4.10)

Cyflll,s,h ]
CYflll

From this one obtains
(4.11)

With Eq. (4.8d) this leads to
(4.12a)
This means that all monomers in the aqueous phase in interval three are equally far from
saturation (C,.qlC,aq.c

:=

degree of unsaturation) ..

By definition ~e following holds as well:
(4.12b)

C,aq,c and C,p,c are very easily calculated from Cxaq,s,h and C,p,s,h if all f,P are given.

The equations mentioned above only give relative concentrations in the polymer and
aqueous phases. To obtain the absolute values of the concentrations in the aqueous and
polymer phase, one has to go back to equations (4.1a) and (4.1c), applying assumption (1),
and taking all terms except the combinatorial entropy; of mixing together. This results in the
following expression:

ln(rf>xp) + rf>P

+

corr(c)

=

In [

CCxaq
xaq,s,h

l

(4. 12c)

The correction term corr(c) represents the terms for the contributions of the surface energy
and the residual energy of mixing. Maxwell et a/. 121 and Noel et al. 123 showed that all these
terms can be taken constant at every degree of unsaturation, provided that the composition
of the monomer mixture (c) does not change, i.e .. all f,P remain the same. It is therefore
assumed that this term can be calculated from the saturation values of rf>xp•

rPp and C,aq, at
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composition c (Eq. (4.12d)). In tum these can be easily calculated from
C1p,s,h for each monomer i

corr(c)

=

-In(¢xp.c)

Cxaq,s,h

and from

= 1... n.

-~

p,c-

+

Infl
.

CCXIJq,c

(4.12d)

]

XIJq,S,h

The set of Eqs. (4.12a-d) can be used to characterize the unsaturated case, just as
Eqs. (4.8a-d) can be used. for the saturated system. The only parameters that need to be
known are C.aq.s,h and Cllp,s.n for each monomer. The last are dependent on the type of latex
and should be measured again whenever a new seed latex is used. In chapter 3 more

comments on the applicability of these simplified equations are given.

4.3 Experimental
The validity of the derived equations for systems with more than two monomers will
be shown in the next section. In the experiments styrene, methyl acrylate and methyl

methacrylate, all p.a., are used.· The latices that were used in this chapter are the same as
used in the previous chapter: a poly(MA) latex, average diameter 120 nm (dynamic light
scattering)) and

apoly(S) latex,

diameter 86.6 ,nm (transmission electronmicroscopy), the

recipe for this latex is given in chapter 6 (S43)). All experiments were performed

.~t

20 °C.

For further experimental details·see chapter 3.

4.4 Results and discussion
4.4.1 Swelling with two monomers
The validity of the assumptions made in this work with regard to swelling of various
polymer

latices

established.

with

the

103 105 121 122 124 126
•
• •
• •

monomer

pairs

S-MA

and

S-MMA

was

already

In this chapter it was checked whether the simplified equations

also hold for the S-MMA system and the MA-MMA system on a poly(MA) latex, which
was also used in the three monomer swelling experiments.
The results are shown in Figs. (4.1a-b); (4.2a-b) and (4.3a-b).
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Fig. (4.1). (a) molar fraction of S in the particle phase (fsp,c) versus molar fraction of S in the
droplet phase (fsd,) in the system S-MMA, and (b), molar fraction of MA in the particle phase
(fMAe.o> versus molar fraction of MA in the droplet phase (fMAd,c) in the system MA-MMA. The lines
represent the predictions by Eq. (4.8a).

It can be .seen in Figs. (4.la) and (4.1b) that also for these systems the molar
fraction of monomers in the monomer droplets and polymer particles are the same (Eq.
(4.8a)). The deviation seen in Fig. (4.1a) could. be attributed to systematic errors in the gas
chromatography analyses, such as slightly deviating calibration factors. Both Nomura et

al. 105 and Aerdts et a/. 124 gave extensive experimental evidence for the validity of Eq.
(4.8a) for S-MMA. As was noted by Noel et al., 123 the deviations from ideality that occur
when one uses the full equations and reasonable values for all
that are usually found for gas chromatography.

125

Xij•

are comparable to errors

This means that one cannot distinguish

between the simplified equations and the full equations, and that Eq. (4.8a} can be used as
a reasonable approximation even in the case where the assumptions do not hold. Figs.
(4.2a) and (4.2b) show that Eqs. (4.8b) and (4.8c) also hold. It can be seen that the
assumption that the total monomer concentration in the polymer phase is a linear function
of the molar fraction in the particles is valid. By fitting the data for Cp.s with a straight line
in Figs. (4.2a) and (4.2b) the values for the saturation concentrations are found of all
monomers in the particles of the poly(MA) seed used (Table 4.1). For comparison also the
values that were found by other investigators are indicated: Nomura et al., 103 Van
Doremaele et al., 126 and Aerdts et al. 124 Although it is not strictly possible to compare these
values, since the polymers in the seeds and the applied temperatures are different and the
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surface properties will most likely be different as well, it is still possible to discern rough
trends.

Fig. (4.2). (a) monomer concentrations in particle phase (c;,) of S (CSJ>.J (e) and MMA (CMMAp.J

(A), and "total monomer concentration (<;,,,) (0) versus the molar fraction of S (fSp.J in the system
S-MMA, and (b), in the system MA-MMA: ~Ap.c (e) and CMMAp,• (A), and total monomer
concentration (Cp,J (0) versus the molar fraction of MA (fMAp,,). The lines were calculated with
Eqs. (4.8b) and (4.8c), values for

C,p,s.b

were calculated from these data.

Table (4.1): Satoration concentrations of several monomers
a experimental results from this. chapter, T

(C;p~.J

in different polymer particles.

= 20 •c, except: b 35 •c and e 50 •c.

seed

MA (mol/dm3)

MMA (mol/dm3)

poly(MA)4

8.4

5.8/6.4

poly(MA) 126

7.9b/8.4

3.8b

5.6

poly(BA) 126

8.8b

5.5b/6.1

5.4

poly(S)126

6.2

5.4

4.2/6.6

BA (mol/dm3)

S (mol/dm3)

3.5

poly(S-co-MMA) 103

6.~

5.6°

poly(S-co-MMA) 124

6.9

5.6

For instance,- one could argue that with decreasing polarity of the monomer (going
rrom MA to S) the swellability also decreases. However, there is no such trend for the
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polarity of the seed polymer, i.e., with decreasing polymer polarity (going from poly(MA)
to poly(S)) the swellability with a certain monomer does not change consistently. This
might be explained by the fact that at saturation the volume fraction of polymer in the
particles is lower than the volume fraction of the monomer and therefore the type of
monomer has a larger influence than the type of polymer. Typical values for the volume
fraction of polymer are: 0.37 for poly(S) in poly(S) +S and 0.24 for poly(MA) in
poly(MA) + MA .. Furthermore, the comparison tells us that the relative low value found for
S in poly(MA) (3.5 molldm3 : </Jp.s

= 0.6) is not much lower than what was found

for BA in -

poly(MA) or S in poly(S) by Van Doremaele et al. It is also clear that there is quite some
variation in saturation concentration of each monomer, depending on the seed latex. With
the saturation concentrations and Eq, (4.8c) the lines for

Cxp.c

in Fig. (4.2) are calculated.

In both Figs. (4.2a) and (4.2b) there is agreement with the experimental data.
The monomer concentrations in the aqueous phase under saturated conditions are
linearly dependent on the monomer fractions in the droplets or polymer particles (Figs.
(4.3a) and (4.3b) as predicted by Eq. (4.8d).

0.15

(a)

0.10

I

1
0.2

o~""o..,..~..,.o'-:-.2--o.c...4--o-'-.6--o-'.s-._,._jLo
fMMAp,c (-)

l.O
fMAp,c (·)

Fig. (4.3). (a) Concentration of MMA in the aqueous phase (CMMru.q,,) versus molar fraction of

MMA in the particle phase (fMMAp.J (S-MMA system}, and (b) concentrations of MA (e) and MMA
(v) in the aqueous phase · (C,,.J versus molar fraction of MA in the particle phase (fMAp.<)

(MA-MMA system) for which Eq. (4.8d) predicts a straight line. The solid line is a linear fit which
gives the values for CMA•v.• and CMMAaq.~h·

The concentrations of S in the aqueous phase are omitted. They were found to be very low,
as expected from the saturation concentration of S in the aqueous phase, and showed much
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scatter. The accordance between theory. and experiment indicates that the mixing of these
monomers with the polyll1er in the particles is mainly determined by the combinatorial
entropy of mixing.

4.4.2 SweUbtg with three

monom~rs

4.4.2.1 Saturation swelling

Eq. (4.8a) is tested for the three monomer system S"MMA-MA and the poly(S)
latex. The results are depicted in Fig. (4.4), where the molar fractio1,1 of each monomer in
the particle phase is plotted versus its molar fraction in the droplet phase. It can be seen
that there is very good accordance between experill1ent and theory,. as was the case for the
two systems with these monomers.

0.6

0.8

Fig. (4.4). Molar fractions (f,•.•) of S (0), MMA (a) and MA (e) in the particle phase versus their
respective molar fractions

(f,c~,J

in the clroplet phase in the

syst~m

S-MMA-MA: Tile line is the

prediction by Eq, (4.8a).

For the same monomer system the saturation concentrations in the aqueous phase (in
the presence of the poly(MA) latex) is measured as a function of the molar fractions in the
particles as a test for Eq. (4.8d). This is shown in Fig. (4.5). The concentrations of S are
omitted for the same reason as with the two monomer system S-MMA. The average
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saturation concentrations for MA and MMA in the aqueous phase calculated from
extrapolations in Figs. (4.3a) and (4.3b) are 0.58 molldm3 for MA and 0.16 mol/dm3 for
MMA, and these values are in good accordance with literature data (0.6126 and 0.15 3
mol/dm3 • The measured values were used to predict both lines in Fig. (4.5). For both
MMA and MA Eq. (4.8d) holds.

1

0.4

g

'go"'

0.2

d

0.2

0.4

0.6

0.8

1.0

fxp,c (-)

Fig. (4.5). Concentrations of MA (.o) and MMA (L>.) in the aqueous phase (C,.q,J versus their
respective molar fractions (f,p,,) in the panicle. The solid lines are the predictions by Eq. (4.8d).

4.4.2.2 Partial swelling
Several experiments were done in interval 3 with S, MA and MMA on both the
poly(MA) seed and the poly(S) seed. The results are shown in Figs. (4.6) and (4.7). In
Fig. (4.6) is depicted the ratio of the concentration of MMA in the aqueous phase and its
. saturation concentration at composition c versus the ratio of the concentration of MA in the
aqueous phase and its saturation concentration at the same composition c, or degree of
unsaturation of MMA versus that of MA. The composition c in each case was calculated
from the concentrations of all three monomers in the particles. According to Eq. (4.12a)
this should give a straight line as indicated in the figure. The good accordance indicates
that both Eq. (4.12a) and Eq. (4.11) (from which Eq. (4.12a) was derived) are valid,
which in tum indicates that the assumptions made to derive this equation are valid as well,

i.e., partitioning is mainly determined by the combinatorial entropy of mixing.
However, in practice one needs to know the absolute values of the concentrations in
both phases, for instance to model emulsion co- and terpolymerizations, or to calculate
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concentrations from mass balances, see chapters 5, 7 and 8.

l

j

Fig. (4.6). Degree of unsaturation of MMA versus degree of unsaturation of MA in

the

aqueous

phase, in the presence of the poly(MA) latex (0), and the poly(S) latex (e). The line is the

prediction according to Eq. (4.12a).

Eq. (4.11) only gives the ratios of the concentrations and volume fractions in the
aqueous phase and particle phase. Noel et al. 123 convincingly showed that taking all terms·
but the combinatorial entropy of mixing (residual energy of mixing and the contribution of
the surface energy) together as a constant that is dependent only on the composition of the
monomer mixture in the particles, worked very well for the monomers VAc and MA on a
VAc-MA-copolymer seed. In section 4.2 equations were derived that are based on this
concept (Eqs. (4.12c) and (4.12d)).
In order to check whether these equations can be used in the case of partial swelling
a poly(S) seed with S, MMA and MA the following calculations have been carried out:
·From experimental data one can directly calculate the composition of the monomer mixture
(c) in the particles, the volume fraction of polymer in the particles and the concentrations
of the monomers in the aqueous phase. With this information it is possible

tO calculate the

· correction terms for both MA and MMA with Eq. (4.12d) (since the concentrations of Sin
the aqueous phase are very low, this is not done for S). It is then possible to c!llculate
the absolute values of the volume .fractions of MMA and MA in the particle phase with Eq.
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wat~r-soluble
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(4.12c). These volume fractions are then compared with the measured values. This
comparison is displayed in Fig. (4.7).
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Fig. (4.7). Comparison of calculated values (Eq. (4.12c) and (4.12d) for the volume fractions in the
particle phase (</>,") with measured values (in poly(S)) for MA (0) and MMA (e). The diagonal
line represents exact accordance between calculated and measured values.

Because the values for

Cip,s,h

for each monomer in the poly(S) latex are needed,

these were determined in a separate experiment. If Eqs. (4.12c) and (4.12d) are correct,
the measured ·volume fractions should coincide with the calculated values (this is
represented by the diagonal). The accordance between calculated and experimental values is
quite satisfactory at low volume fractions. Since the calculations are in fact very sensitive
to experimental errors (the accuracy of determining the weight fraction of polymer in these
experiments was low) the data cannot support nor invalidate the assumptions leading to
Eqs. (4.12c) and (4.12d). Note that this does not invalidate the conclusion that the
combinatorial entropy of mixing is the most important contribution to the free energy. of
mixing.
As was already stated in chapter 3, there are some restrictions to the use of the
equations described in this chapter. The work presented in this chapter does not give reason
to expect that there are more restrictions than already mentioned in chapter 3. In fact, it
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was shown that the applicability goes eveh further- than for 2 monomers. However, the
most important restriction should be emphasized again: only the partitioning of systems
with low to moderately water-soluble monomers should be taken into account: MA (water
solubility 0.6 mol/dm3) ·is the monomer with the highest solubility investigated, the
partitioning of which can be described with the simplified equations. Systems with a
monomer that does not have a limited water solubility (like 2-hydroxyethyl methacrylate)
behave differently, and more research is need~ to elucidate this behaviour. Further, only if
the monomers are all solvents for all the polymers in the particles, can the equations be
used reliably. Although it was shown that the equations are valid even if the particles are
not

homogeneous

(for

instance,

the

extremely

heterogeneous

poly(butadiene-co-

. poly(styrene-co-methyl methacrylate), where the copolymer forms inclusions in the
poly(butadiene)) particles124), it cat)Uot be expected that the equations are valid if one of the
is a non-solveni: for one
of the polymers in the particles.
monomers
.
.

4.5 Conclusions
The experimental results that are presented show that all assUmptions made in this work ate
valid for the systems experimentally ihvestigated. Monomer partitioning of low to moderately water-soluble monomers is mainly governed by the combinatorial entropy of mixing:
the systems behave ideally in all phases. Monomer partitioning with three monomers in
interval 2 and 3 can be described very well with the simplified equations. It was shown that
there are no additional assumptions to be made compared with the
.

two

comonomer
-

systems. This ·also indicates_ that the same equations also hold for systems with more than
three monomers. Up to now it has been shown that systems with the monomers_ most
commonly used in emulsion polymerization (styrene, methyl methacrylate, methyl acrylate,
butyl acrylate and vinyl acetate), but also for less common ones such as cyclohexyl
methacrylate, comply very well to the various conditions set out in the assumptions made in
this and the previous chapter and various pap~rs in literature .

•
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Chapter 5
The Effect of Reactivity and Monomer Partitioning on Composition
Drift and Chemical Composition Distributions of Co- and Terpolymers
Synopsis: In this chapter the reactivity ratios of the comonomer pairs methyl
acrylate-methyl methacrylate and styrene-2-hydroxyethyl methacrylate were
determined with low-conversion bulk polymerizations. It was shown that the
binary reactivity ratios of the systems styrene-methyl acrylate, styrene-methyl
methacrylate and methyl acrylate-methyl methacrylate describe composition
drift in low-conversion bulk terpolymerizations · reasonably well. The
composition drift in three batch emulsion copolymerizations and one emulsion
terpolymerization was investigated. The composition drift was analysed with
respect to free radical copolymerization kinetics (reactivity ratios) and monomer
partitioning. A computer model was used to simulate the composition: drift in
emulsion co- and terpolymerizations. Cumulative co- and terpolymer
compositions were determined with 1H NMR and the chemical composition
distributions with gradient polymer elution chromatography (GPEC). This
technique was also used for the first time to obtain information about the extent
of composition drift in emulsion terpolymerizations. It was shownthat in most
emulsion copolymerizations the composition drift is main:ly determined by the
reactivity of the monomers and to a lesser extent by monomer partitioning,
except in systems where there is a large difference in water solubility.

5.1 Introduction
In this chapter the composition drift occurring in four different systems will be
examined. The first three are emulsion copolymerizations of styrene (S) and methyl
acrylate (MA), MA and methyl methacrylate (MMA), and S and 2-hydroxyethyl
methacrylate (HEMA). The fourth is an emulsion. terpolymerization of S, MA and MMA.
Except for the system S-HEMA these are all systems where every monpmer has a limited
water solubility. The monomer partitioning can therefore be described with the equations
given in the sections 3.1. and 4.2. The monomer partitioning in the system S-HEMA is
very complex, as described in section 3.3.
In section 5.2 results will be shown of low-conversion bulk polymerizations, which
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were performed to determine the reactivity ratios for the systems MA-MMA and
S-HEMA. The reactivity ratios of the system S-MA (section 2.4) and of the system
8-MMA are known, and the reactivity ratios of the system S-MMA-MA are taken to be
similar to the binary reactivity ratios of the three pertaining com.onomer pairs (see also
section 2A). Low-conversion bulk terpolymerizations will be performed to check whether
the binary reactivity ratios describe the terpolymer composition acceptably.
In section 5.3 a description will be given of the analytic technique of gradient
polymer elution chromatography, GPEQ (formerly gradient high peitormance liquid
chromatography for co]lolymers). This chromatographic technique will be used to
determine the chemical composition distributions (CCD) of the various copolymers
described in this and the following chapters. In chapters 7 and 9 the technique will be used
extensively to determine the homogeneity/heterogeneity of semi-continuously prepared
copolymers of S and MA. This is the ftrst time that the technique has been applied to true
terpolymers: to determine the homogeneity/heterogeneity of batch emulsion terpolymers of
S; MMA and MA in this chapter, and semi-continuous emulsion terpolymers of the

s~e

monomers in chapter 8.
A computermodel, TRISEPS, will be introduced

in section 5.4. This model can

predict composition drift in co- and terpolymerizations in batch and semi-continuous
reactions. In chapter 8 it will be used to calculate optimal addition proftles for
homogeneous

terpolymers.

The

composition

drift · occurring

in

the

emulsion

1

copolymerization systems will be studied with H NMR and GPEC and compared with
predictions with TRISEPS and discussed
partitioning.

Further

indications

in

the light of the reactivity ratios and monomer

for chain transfer

to

polymer in free

radical

polymerizations with acrylic monomers will be obtaineq with OPEC (section 5.5). The
composition drift occurring in ·emulsion terpolymerizations will be investigated with 1H
NMR and GPEC and discussed in. section 5.6.

5.2 Low-conversion bulk polymerizations to deteniline r-eactivity ratios
In .this section the reactivity ratios (according to the terminal model)· ·of the
comonomer pairs methyl acrylate-methyl methacrylate (MA-MMA) and styrene-2hydroxyethyl methacrylate (S-HEMA) will. be determined in bulk at 50 °C. It will also be
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checked whether the binary reactivity ratios of the monomer pairs S-MA, S-MMA and
MA-MMA can be used to describe the composition of terpolymers of these monomers.
Reactivity ratios can be determined as follows in bulk or solution polymerizations
by fitting the copolymer composition equation (Eq. (2.1)) to data obtained by analysing:
1) composition (feed composition and corresponding copolymer composition) of copolymers
that have been sampled at low conversion,
2) composition of unreacted monomer in semi-continuous copolymerizations when a
monomer mixture of constant composition is added under starved conditions (a steady-state
is reached where the composition of the copolymer is equal to that of the added mixture.
This composition can then be related to the actual monomer composition in the reactor129).
3) cumulative copolymer composition or the composition of the monomer mixture as a
function of conversion. 59
Method 1 is the most common method and was applied here. The monomers were
weighed into a jacketed glass reactor and purged with nitrogen. The initiator was 0.5 w%
of a,a' -azobisisobutyronitrile. The conversion was monitored by withdrawing sampies and
adding them to excess non-solvent (water, methanol or n-heptane, depending on the
monomers). As soon as some precipitate was observed, the reaction mixtures were shortstopped with hydroquinone. Conversion was· always lower than 5 %. The polymer was
separated from the monomers by subsequent cycles of pouring into excess non-solvent,
decanting and redissolving in a solvent. After drying under reduced pressure (50 °C}, the
polymer composition was analysed with 1H NMR with a Bruker AM 400 spectrometer (400
MHz) at 298 K with CDC13 as a solvent. The reactivity ratios were determined with two
numerical techniques: 1) a simple non-iterative non-linear least-squares fitting procedure. 130
2) the error-in-variables-model (EVM).m
Monomer compositions used to determine the reactivity ratios were varied over a
wide range, although it is realized that this may not be the best statistical method for
parameter estimation according to Tidwell and Mortimer, 132 which is by replicating
experiments at two well-chosen compositions. The monomer compositions were varied,
because the reactivity ratios of the pair S-HEMA show a strong solvent/bootstrap effect.129
Any deviation from the terminal model can only be discerned if a range of monomer
compositions is evaluated (model discrimination). 132 The low-conversion copolymers thus
obtained are also used as standards for GPEC.
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The resulting reactivity ratios

are (the values in brackets have been determined with

EVM): rMMA = 2.49±0.7 (2.09±0.3), rMA
and rMA = 0.36 found by Zubov et al.

133
)

= 0.26±0.06 (0.22±0.05) (cf.

and r8

rMMA = 2.23

= 0.27±0.08 (0.27), rHEMA = ?.48±0.15

(0.49). In Fig. (5.1) the experimental data and the fitted curves (with the non-linear leastsquares method) are depicted, ·together with the copolymer compositions for the pair
~MA, <;alculated with the reactivity ratios determined by Van Doremaele

0.73±0.05, rMA

et al. :82 rs

=

= 0.19±0.05, and for S-MMA, calculated with r5 = 0.48±0.03, rMMA =

0.42±0.09, detel'l1lined by Maxwell et al.n Although there seems to be a discrepancy
between the reactivity ratios determined with both methods for MA..:...MMA, the cilrves are
identical(not shown). There are binary azeotropes for S-MA at fs
f8

0.75, for S-MMA at

= 0.53, and for S-HEMA at fs = 0.42.

~ (-)

Fig. (5.1). Molar ftaction of monomer i in the copolymer (F;) versus molar fraction in

for MA-MMA

(FMMA>fMMA

tl\e feed

(f;)

0), S-HEMA (F8,fs 0) -the solid, curved lines represent the fits

with the terminal model- S-MA (Fs.fs "-) and S-MMA (F8 ,fs ...).

It haS been shown in literature that the terpolymer composition in many termonomer
systems can be adequately described with the terminal model (Eq. (2.3)), e.g. for the
systems methacrylonitrile-styrene-a-methyl styrene 134 and styrene-methyl methacrylatebenzyl acrylate. 135 KobayashP 36 used the terminal model to describe the diad concentrations
of methyl methacrylate .in the terpolymerization with styrene and . butyl acrylate. Six
reactivity ratios ·are needed for describing a terpolymerization with the terminal model. If
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the terminal model is really valid, these reactivity ratios are exactly equal to the six
reactivity ratios that are needed to describe the copolymerizations with each of the three
pairs. To test this for the system S-MA-MMA, low-conversion bulk experiments were
done to obtain composition data without the interference of composition drift. The
procedure was as described above for the copolymerizations (Table (5.1)). The composition
data were recalculated with Eq. (2.3) with the reactivity ratios for MA-MMA as obtained
with the non-linear least-squares method 130 and for S-MA and S-MMA as given above.

Table (5.1). Molar fraction in the feed (f.} and experimental/calculated molar fraction in the
terpolymer (F,,,..IF,,,") for low-conversion bulk terpolymers of S-MA-MMA.
Fs,calc

FMMA,C"f'

FMMA,calc

0.10

0.80

. 0.27

0.26

0.28

0.19

0.45

0.55

0.10

0.20

0.70

0.24

0.24

0.38

0.33

0.38

0.44

0.10

0.30

0.60

0.21

0.23

0.45

0.43

0.33

0.34

0.20

0.10

0.70

0.44

0.37

0.18

0.16

0.39

0.47

0.20

0.20

0.60

0.37

0.35

0.39

0.28

0.24

0.37

0.20

0.30

0.50

0.33

0.34

0.39

0.38

0.28

0.28

0.20

0.50

0.30

0.29

0.32

0.60

0.53

0.11

0.15

0.30

0.20

0.50

0.42

0.43

0.27

0.26

0.31

0.31

0.30

0.30

0.40

0.40.

0.42·

0.39

0.35

0.20

0.23

0.30

0.40

0.30

0.41

0.40

0.44

0.43

0.15

0.16

0.30

0.50

0.20

0.39

0.39

0.54

0.50

0,07

0.10

0.40

0.30

0.30

0.48

0.48

0.34

0.34

0.18

0.18

0.40

0.40

0.20

0:50

0.47

0.36

0.42

0.14

0.11

0.25

0.21

0.21

0.10

0.50

0.20

0.30

0.56

0.55

0.24

0.50

0.40

0.10 .

0.50

0.52

0.49

0.42

0.01

0.06

0.43

0.34

0.06

0.13

0.50

0.30

0.20

0.52

0.53

As can be seen, there is reasonable agreement between experimental and predicted

values, except for very low fMA and high fs and for high fMA and low f5 . There is no ternary
azeotrope. Terpolymer composition values calculated ·with the reactivity ratios of the pair
MA-MMA as determined with the EVM method, are not significantly different from those

calculated with the reactivity ratios obtained with the non-linear least-squares method. The
binary .reactivity ratios will be further applied to the terpolymerization of these monomers.
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5.3 Gradient Polymer Elution Chromatography
A consequence of composition .drift is that copolymers generally consist of a
mixture of polymers with varying composition. This mixture of copolymers ciUl ·be
separated and analysed with gradient polymer elution chromatography (GPECj. This is a
distinct form of liquid chromatography that is nsed to separate copolymers with varying
chemical composition by eluting with a solvent-non-solvent eluent mixture with a timedependent gradient in solvent strength. A sample of a copolymer is dissolved in a good
solvent (a good solvent for. all polymer chains in the sample). This is injected in the eluent
with a high content of non-solvent. This results in separation in a dilute phase, which is
taken up by the eluent, and in a polymer rich phase; which adheres to the column. The.
· composition of the eluent is gradually changed and the content of the .good solvent
increased (hence gradient elution). As the eluent contains more solvent, the separation
process. is reversed and more and more chains are taken up by the eluent ·and eluted
through the column, until finally all chains have been redissolved and eluted. The chains
are separated at yarying elution times corresponding to the solvent composition at which
they are soluble. The polymer chains are separated on the basis of changing solvent/nonsolvent ratios needed to dissolve a chain. These ratios are. determined mainly by the
microstructure of a chain, in most cases completely determined by the composition. As
usual, ideal conditions are very rare, and there will almost always be some influence of the
degree of polymerization. This effect is minimal at high degrees of polymerization, say

>

100. If composition drift occurs during a free radical polymerization, the changes in
moriomer composition are negligible on the timescale of chain growth, so the
intramolecular structure of a chain is homogeneous, i.e. not dependent on the degree of
polymerization. It bas been noted that the type of column can have an influence on the
separation, 137 because it was thought that the polymers adsorb onto the column even· though
they are dissolved in a good solvent, but it is now believed that the main function of the
column is to provide a high surface area to which the polymer rich phase can adhere after
phase separation and to decrease the extent of chromatographic broadening. 137
The procedure for· the separation of the polymers in this thesis has been described
elsewhere. 100 The following colunms have been used: a silica column (Zorbax Sil
precolumn, 4.6 mm

* 15 em),

a C18 column (Nova-Pak" C18, Waters, 3.9 mm

* 15 em)
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1 em, Waters) without a

column. The detector used for the analysis of the styrene-methyl acrylate copolymers in
chapters 7 and 9 was a flame ionisation detector with a moving wire (MWFID) (Tracor 945
Universal FID Detector). The eluent with polymer dissolved in it is continuously sprayed
onto a wire of silica. This wire is applied onto a wheel that is turning, so that the wire plus
eluent pass through a heated chamber, where the eluent is evaporated. The wire then passes
through the FID detector and the polymer is analysed. This detector has been described in
more detail elsewhere. 101 For all other polymers another detector was used: an evaporative
light-scattering detector (ELSD) (model 750/14, Applied Chromatography Systems Ltd). In
this detector the eluent is nebulized by a nitrogen flow. This flow is then heated and the
eluent evaporated. An aerosol is formed of the non-volatiles (polymer) and this is detected
with light-scattering. Though the detector response depends on the chemical composition of
the chains, this was not taken into account,. and no units for the detector response are used
in the CCDs in this thesis. This means that the presented CCDs are otily approximations of
the real CCDs, although the general shape of the CCDs is reliable. In Table (5.2) details
are given for the analysis of the co- and terpolymers in chapters 5, 7, 8 and 9.

Table (5.2). Column type, elution gradient (volume fractions, </>) and detector used for the analysis
of co- and terpolyrners (chapters in brackets).
co-/terpolymer

column

elution gradient, </> (%)

detector

S-MA (5,7,9)

SI

80/20 HPT/THF - 100 THF

MWFID

S-MA (5)

C18GP

100 H 20 - 100 ACN

100 THF

ELSD

MA-MMA (5)

C18GP

100 H20 - 100 ACN

100 THF

ELSD

S-HEMA (5)

C18

80/20 H2 0/MeOH - 80/20 THF/MeOH'

ELSD

s--MMA-MA (5,8)

C18GP

100 H 2 0 - 100 ACN - 100 THF

ELSD

SI = silica, C18 = C18 Nova-Pak, Cl8GP = C18 Nova-Pak Guard Pak, ACN
acetonitrile, HPT = nheptane, THF = tetrahydrofuran, MeOH = methanol. Flow is 1 cm3/min. ' ¢MeOH = 20% throughout and
flow rate = 0.9 cm3/min.

5.4 The emulsion co/terpolymerization simulation model TRISEPS
For

the

purpose

of calculating

composition drift

in emulsion co-

and

terpolymerizations and comparing these calculations with experimental data, a computer
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model was developed called TRISEPS (TRlmonomeric Seeded Emulsion Polymerization
Simulation). It is partly based on the computer model SIEMCO developed by Van
Doremaele. 18 The model can predict the course of composition drift in seeded batch and
semi-continuous emulsion co- and terpolymerizations of low to moderately water-soluble
monomers. It can calculate the resulting two-dimensional CCD of copolymers and threedimensional CCD of terpolymers, applying the S~ockmayer equation93 for the statistical
broadening of the composition distribution. It .can also calculate optimal addition proftles
for semi-continuous reactions (see chapter 8). It ,cannot predict particle nucleation, the
average number of radicals per particle or molecular weight distributions. The basic
assumptions are that:
1)

the composition of co- and terpolymers can be described with the terminal model,

2)

the monomer partitioning of the. low to moderately water-soluble monomers can be

deseribed with the equations given in chapters 3 and 4,
3)

for the statistical broadening of the chemical composition distribution a liniform

kinetic chain length can be assumed {e.g.

1,000); because normally in emulsion

polymerizations the molecular weights are very high. A

pseudo~copolymer

approach was

used for chemical broadening by taking the. analytical solution for copolymers, · as an
analytic solution of the Stockmayer distribution for terpolymers is still lacking. The molar
fraction of one monomer is kept constant and the chemical composition broadening is
calculated as a function of the other two coupled fractions. This procedure is repeated for
each monomer. It should be noted that statistical broadening (Stockmayer) does not
contribute as much as the broadening due to composition drift, and - in CCDs meaSured
with GPEC

due to chromatographic broadening.

The further procedure is dividing the whole reaction · i~ small conversion steps,
during. which it assllined that composition drift is negligible. The calculations are based on
combining the monomer partitioning equations, mass balances .of each monomer in the
three phases, and the recipe. The solution of the set of equations thus obtained is found

with the Simplex-method. The· input parameters include the binary reactivity ratios
according to the terminal model, the solubilities in the aqueous phase, the swellabilities of
the polymer particles by each monomer, the densities of the monomers and the p(>lymer,
the number of seed latex particles, and the total amount of seed latex polymer.
For the calculations described in this thesis (chapters 5 and 8), the most important·
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input parameters are (at 50 °C): the reactivity ratios: r5 = 0.73 and rMA = 0.19; rs = 0.48
and rMMA = 0.42; rMA = 0.26 and rMMA = 2.49 (section 5.2); r 5
rMA

=

0.95 and rBA

1 and r8 A = 1; 18 the solubilities in the aqueous phase: Csaq,s,h

CMMAaq,s,h

= 0.15 molldm> \

= 0.18; 138

= 0.0043 mol/dm3 3;

CMAaq,s,h = 0.6 molldm3 126 ; CBAaq,s,h = 0.01 mol/dm3 139 and

the swellability of the polymers by each monomer: Csp,s,h .== 5.8 mol/dm3 ; CMMAp,s,h = 6.3
mol/dm3 ; CMAp.s,h = 6.6 mol/dm3 ; CBAp,s,h 5.8 mol/dm3 • These last values are best estimates
for the seed latices used in chapters 5 and 8, and are based on average values. From a
sensitivity analysis with TRISEPS of the polymer swellabilities (not shown) it could be
concluded that the values of these parameters could be changed within a reasonable range
· without having a noticeable effect on composition drift.

5.5 Batch emulsion copolymerizations
In this section three batch emulsion copolymerizations (S-MA, MA-MMA,
S-HEMA) will be investigat~d theoretically by using TRISEPS and experimentally with 1H
NMR with CDC13 (or DMSO for S-HEMA) as solvent. All monomers (p.a.) were distilled
under reduced pressure before use. The monomer to water ratio (M/W) was 0.2 gig. All
reactions were carried out at 50

oc with the following recipes (per 100 g of water):

sodium

dodecyl sulfate (SDS, emulsifier, 99%) 0.11 g (unless stated otherwise); sodium persulfate
(SPS, initiator, p.a.) ca 0.03 g; sodium bicarbonate (SB, buffer, p.a.) ca 0.01 g; n-dodecyl
mercaptan (NDM, chain transfer agent, p.a.) 1 w% of monomer (unless stated otherwise).

5.5.1 Styrene-methyl acrylate
In this system the more reactive monomer (S) is also the less water-soluble
monomer, which results in considerable composition drift, as will be shown. Three batch
reactions were performed with M/W = 0.2 g/g, but with varying average compositions: Fs
(average fraction of S in copolymer)

0.25, 0.50 and 0.80. The amourit of SDS was 0.33

g per 100 g of water. Fig. (5.2) shows the CCDs of these polymers as determined with
GPEC/MWFID. Concerning the CCD of the copolymer with F 5

0.50 it should be

pointed out that the average fraction of S in the copolymer as calculated from this CCD is
higher than 50 %. The reason for this is that polymer is also formed with fractions of S
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. much lower than 50 % due to composition drift, but this polymer is hard to detect due to

Of its low concentration; because, a small shift of the baseline can result in a relatively
large change in apparent concentration· of polymer that bas a low concentration. Calculating
the average composition from a broad CCD is in general only possible if the measurement
· is very accurate and specific detector responses. are taken into .account. 1H NMR showed
that the average composition was indeed 50 %.
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Fig. (5.2). Chemical composition distributions of 8-MA batch emulsion copolymers with.MIW
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0.50 (---),and 0.80 ("·),determined with GPEC/MWFID.

It can be clearly seen that the broadness of the CCD depends strongly on the overall
composition. The lower Fs the broader the CCD, which means that composition drift is
strongest in the case of the lowest F8 • Tl].e composition drift is so strong that S is depleted
long before MA, so in the last stage of the reaction MA homopolymerizes, which leads to
a bimodal distribution. This can be explained ·qualitatively with the monomer partitioning
data and reactivity· ratios. The monomer partitioning behaviour of this system in interval 2,
as describe<{ in chapter 3, is such thatthe composition drift due to the difference between
the monomer ratio in the particles and the o:verall monomer ratio is not strongly dependent
on the overall fraction of S, This can be shown with mass balance calculations in
·combination with monomer partitioning .data as determined by Van Doremaele et al. , 126
which experimentally verified the equations given in chapter 3. The strong composition .
drift with low fractions of S must result primarily from the copolymerization kinetics as
described by the reactivity ratios (rs = 0.73 and rMA

= 0.19). As can be seen in Fig. (5.1),
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the lower f8 , the higher the difference between F 5 and fs and the stronger the composition
drift. Fig. (5.3) shows the results of some calculations with TRISEPS of composition drift
in batch S-MA emulsion copolymers with Fs

0.25.

0.75,------------.,..,-,
(a)

l.O

LO

Fig. (5.3). Instantaneous fraction of S (Fi.sl in S-MA batch emulsion copolymerizations (Fs

=

0.25)

versus overall conversion (x.,) as calculated with TRISEPS: (a) varying M/W: 0.05 (-), 0.2 (---),
100 ("·), and (b) varying

CMAaq.s.h:

0.6 molldm3

(-),

0.2 (---), and 0.06 ("·) (M/W

=

0.2).

In Fig. (5.3a) the monomer to water ratio was varied. An M/W of 100 can be
compared to conditions in a bulk copolymerization. Some homopolymer of MA is formed
when S is depleted at a conversion of 0.84. Decreasing the M/W leads to a stronger
composition drift, as more MA is retained in the aqueous phase. The point at which S is
depleted is reached at a lower conversion: in all cases a bimodal CCD is the result. 18 It can
be seen that there is only a large effect of monomer partitioning on composition drift, if the
M/W is varied widely. In Fig. (5.3b) the saturation concentration of MA in the aqueous
phase (CMAaq.s.h) was varied and given fictive values, while M/W was kept constant. It can
be seen that decreasing CMAaq,s.h by a factor of 10 at M/W = 0.2 does not have a large
influence on the extent of composition drift (the effect is dependent on M/W and strong at
very low M/W). Both figures indicate that composition drift is mainly determined by the
reactivity ratios, and that monomer partitioning in this system with the moderately watersoluble MA has a significant effect only at a M/W that is far below values commonly used
in practical applications of emulsion polymerization.
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5.5.2 Chain transfer of poly(methyl acrylate) radicals to polymer
In Fig. (5.4) the CCDs of three batch S-MA emulsion copolymers with F 8

= 0.25

are shown. The recipes ofthese reactions were all the same except that the amount of chain
transfer agent, n-dodecyl mercaptan (NOM), was varied. The copolymers shoWn in Fig.
(5.4b); which are also shown in Fig. (5.4a), are also used in chapter 9.

0.00

0.25

Fs (-)

0.50.

0.75

(a)
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0.00

0.25.

Fs (-)

0.50

\""'··

0.75

Fig. (5.4). Chemical composition distributions of S-MA batch emulsion copolymers
the same recipe (MfW = 0.2, F8

= 0.25) except the weight fraction of NOM;

p~ared

with

(a) 0.0 w% ("'), 0.3

w% (--} ami 1.0 w% (-); determined with GPEC/ELSD, (b) 0.0 w% ("·) and l.O w% (-),
determined with GPEC/MWFID.

The CCDs in Fig. (5.4a) were determined with GPEC/~LSD with .a gradient of
H 2 0-ACN~THF,
r

the CCDs iri Fig. (5.4b) with GPEC/MWFID with a gradient of HPT-

THF. Despite the fact that the recipes of all these copolymers were the same except the
amount of NDM, the differences in the CCDs are considerable: a general trend is that the
higher is the amount of NDM, the lower is the peak at F 8

= 0. This peak represents the

homopolymer of MA that is formed in the last stage of the. reaction, and it seems

~t

the
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amount of poly(methyl acrylate) (poly(MA)), as determined with GPEC, depends on the
amount of NDM. In both figures different detectors and different columns were used, and
the elution gradients were different as well: with the gradient H20-ACN-THF (Fig. (5.4a))
MA-rich polymers elute first and S-rich polymers last; with the gradient

HPT~THF

(Fig.

(5.4b)) the elution order is reversed. Despite these differences the apparent effect of NDM
remains the same. However, since propagation reactions are much faster than transfer
reactions. (which is why polymer is formed) the composition drift cannot be influenced by
the presence of a chain transfer agent!
The following explanation is proposed. It is known that acrylates give transfer to
polymer, which leads to the formation of branched polymer chains. 140 In chapter 2 it was
shown that in the copolymerization the relative concentration of S-terminated radicals is
much higher than that of MA-terminated radicals. At the conversion at which all S has
been depleted the situation changes drastically: all radicals are MA-terminated. It is very
well possible that MA-terminated polymer radicals react with S and/or MA units that are
incorporated in the copolymer formed earlier. This then leads to the formation of branches
of poly(methyl acrylate) (poly(MA)) on the copolymer chains, which explains the high
polydispersity of the copolymer that was prepared without NDM (weight average molecular
weight over number average molecular weight

8, see chapter 9). Depending on the rates

of transfer to (co)polymer and termination (true bimolecular or by transfer to monomer) a
certain amount of the MA that polymerizes in the last part of the reaction is bound to the
copolymer chains. This means that not all MA forms free poly(MA) chains. If NDM is
added, the rate of chain growth termination is increased strongly, and the length of the
poly(MA) branches is reduced

and not their number - because the rate of transfer to

. (co)polymer is not altered by NDM. If chain transfer to NDM is much more likely than
bimolecular termination, the kinetic chain length of a branch is given by the ratio of the
rate of chain transfer to NDM and the rate of chain transfer to polymer. Therefore, the
· higher the amount of NDM, the shorter the poly(MA) branches and the more free
poly(MA), and the higher the peak that represents the free poly(l'v,IA) chains in the CCD at
F5

= 0.

The poly(MA) that is bound to the copolymer contributes to the height of the

copolymer peak. The fact that the position of the copolymer peak in the copolymer
prepared without NDM seems to be shifted to a higher Fs could be due to its higher
molecular weight or perhaps to the poly(MA) branches attached to it, because, as stated
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before, elution behaviour is ·dependent on the microstructure of a ·chain. Results of
experiments under more

controlle~l

conditions are needed to verify the proposed

explanation: it is not known what fraction of NDM is left at higher conversions when MA
is homopolymerizing and the influence of the molecular weight on the elution behaviour
cannot be ruled out. Fractionation of the copolymer, thereby isolating the copolymer
fraction, might make it possible to determine the composition of that fraction, which should
contain more MA than predicted. Alst> the amount of free poly(MA) can be detennined.
5.5.3 Methyl acrylate-methyl methacrylate
In this section the composition drift in the emulsion copolymerization of MMA and ·
MA. will be studied and compared with that in the system S-MA. The partitioning
equations given in chapters 3 and 4 have been shown to hold for this monomer system, see
chapter 4. In Fig. (5.1) the copolymer composition curves of both systems are depicted. It
can be seen thai at high fractions of MA the extent of composition drift is the same for
both systems, but at high fractions of MMA or S, composition drift in the MA-MMA
system is stronger; there is no azeotrope as there is in the S-:-MA system. This seems to
contradict the fact that in the copolymerization S-MMA, S is slightly more reactive. MMA
being less water-soluble than MA increases the extent of composition drift in MMA-MA

'

even more, although the difference in water-solubility is not as large as in

S-MA.
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Fig. (5.5). The chemical coniposition distributions of three MA-MMA batch emulsion copolymers
with MIW

0.2 and with

with GPEC/ELSD.

FMMA

= 0.25 (~·),

0.50 (-) and 0.75 (~-}, experimentally determined
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In Fig. (5.5) the CCDs of three MA-MMA emulsion copolymerizations with M/W
0.2 and FMMA

=

0.25, 0.50 and 0.75 are shown. The composition drift is stronger than

in the S-MA system and in two cases bimodal distributions can be seen. This means that
the effect of a smaller difference between the water-soJubilities of MA and MMA than
between MA and S is more than counteracted by the effect of the reactivity ratios. In Fig.
(5~6)

the instantaneous fractions of MMA and S (calculated with TRISEPS) in their

emulsion copolymerizations with MA with various values of M/W, . are given. It can be
seen that in the first part MMA is indeed more reactive in its emulsion copolymerization .
with MA for both values of M/W. As MMA is being consumed relatively quicker than S,
F;,MMA drops quicker than F;.s and falls below F;,s· At higher conversions, F;,s drops below
Fi,MMA again. This is due to the fact that in interval 3 the aqueous phase is closer to
saturation than the polymer phase, i.e. relatively more monomer resides in the aqueous
phase. Because MMA is more water-soluble than S, this effect is more significant for
MMA, and the concentration of MMA in the particles is relatively lower than that of S, so
that its consumption rate becomes lower than that of S.

0.2

0.6

0.4

0.8

1.0

Fig. (5.6). The calculated instantaneous fractions (F;,x) of MMA (-) and S (---) in their emulsion
copolymerizations with MA, with

FMMA

and F5

=

0.25, and with varying M!W: 0.05 .( two lines

with highest intercepts) and 100 (two lines with lowest intercepts). Calculations with TRISEPS.

5.5.4 Styrene-2-hydroxyethyl methacrylate

In chapter 3 it was shown that the monomer partitioning behaviour of systems with
the completely water-miscible monomer 2-hydroxyethyl methacrylate (HEMA) is very
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different from that of systems with only low to moderately water-soluble monomers. Due
to the fact that an appreciable amount of Wl}.ter was found in the latex particles, it was not
possible .to obtain qualitative information about total and partial monomer concentrations in
the polymer pbase. This unfortunately means that it is not possible- to interpret data on
composition drift quantitatively. The problem is enhanced by the fact that it was found that
the reactivity ratios of

s~HEMA

obtained from solution copolymerizations seemed to

depend on the polarity of the solvents. f29 In toluene HEMA is the more reactive mono~er,
whereas in polar solvents the monomers have similar reactivity ratios, but S is slightly
\

more reactive. In emulsion copolymerization these reactivity ratios can therefore not be
used, so the-reactivity ratios were determined in bulk at 50

oc (see section 5.2), because

these conditions are closer to those in the polymer particles. It should be kept in mind
though, that the presence of some water in the particles might have an effect on the
reactivity ratios, as is the case in solution polymerizations. In Figure (5 .1) it can be seen
that HEMA is more reactive than S in bulk. On the other hand.• HEMA is water-miscible,
and this will counteract the effect of reactivity on composition drift. In Fig. (5.7) the CCDs
are shown of three S-HEMA emulsion copolymers with varying M/W. Calibration was
performed with low-conversion bulk copolymers and high molecular weight poly(HEMA).

0.00

. 0.25

0.50

0.75

1.00

FsH
Fig. (5.7). Three CCDs of S-HEMA emulsion copolymers with Fs
0.05

0.75 and with varying M/W:

0.2 (-·) ll!1d 0.5 ("·), as determined with GPECIELSD.

It can be seen that the distributions are probably bimodal, witl). a cdpolymer ·very

rich in S, and some polymeric/oligomeric material that, according to the calibration, is
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eluted from the column before the high molecular weight poly(HEMA). With the gradient
used here, HEMA-rich polymers elute first. As HEMA is very water-soluble, watermiscible in fact, and styrene is just sparingly water-soluble, it is possible that in the
aqueous phase homopolymer of HEMA is formed. As there can be considerable termination
in the aqueous phase, this material is probably of low molecular weight (see chapter 6).
Because low molecular weight polymers can have a different retention behaviour than high
molecular weight polymers, i.e. they normally elute earlier, this may account for their
short retention time, Cross-fractionation by GPEC, followed by GPC might prove very
useful. The positions of the copolYJller peaks indicate that the compositions of these peaks
depend on M/W.
It has been suggested that in this .emulsion copolymerization system two

homopolymerizations take place concurrently: the formation of poly(HEMA) in the aqueous
phase and poly(S) in the polymer phase. That this is not the case will be shown by looking
in detail at 1H NMR data. In bulk copolymerization true copolymers are formed. The 1H
NMR spectra of these copolymers show that the signal of the hydroxylic proton in the
HEMA-units is split into three peaks at high fractions of S. This is shown in Fig. (5.8),
where parts of the 1H NMR spectra (between 5 and 4 ppm) are depicted of two bulk
copolymers with two different compositions (Fs = 0.71 and 0.80). Also shown are the
corresponding parts of spectra of an emulsion copolymer of Sand HEMA (M/W = 0.2, Fs

= 0.75),

sampled at two overall conversions (x 0 ) and cumulative compositions (Fc.s). It can

be seen that in the bulk copolymers the hydroxy-signal splits up into three peaks

~A

~B

Fig. (5.8). Hydroxy-signals of HEMA in 1H NMR spectra
of two bulk copolymers of S and HEMA (A: Fs = 0.80;
B: F,

=

0.71) and of two emulsion copolymers with Fs

0.75 and M/W

0.2 (C: F,.s

0/xo

=

0.02, D: F5

= 0.76/x, = 0.86).

~c
representing contributions of the various triad/pentad

~D
4.8

4A
(ppm)

fractions. 141 This depends strongly on the fractions of S
and HEMA in the copolymer, and it does not occur in
the homopolymer of HEMA, as shown in spectrum C.
At low conversion the polymer formed consists solely
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of HEMA. This polymer .was probably formed in the aqueous phase.At high conversion,
the fraction of S has increased rapidly. That this is not due to homopolymerization of S,
but to copolymerization with HEMA is proven by the fact that there appears

a hydroxy-

sigrutl which is split into three peaks just as in the bulk copolymers. This conf111t1s what
'

'

was .seen in the CCDs, namely that the position of the copolymer peak in the CCDs
depends on the M/W: if tWo homopolymers were formed, the positions of the two peaks
would be independent of M/W.
If .this system is considered. to behave the same way as the two previous systems

with regards to composition drift, one woUld expect that the copolymer with high Fs is
formed in the frrst part of the reaction, and that most of the polymeric material with
retention times lower than that of the high-molecular-weight poly(HEMA) would be formed
later.
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Fig. (5.9). Cumulative fraction

of S (F•.s) in the S-HEMA emulsion copolymer with F

With varying MIW: 0.5 (0), 0.2

5

<•> and 0.05 (D), as deterntined with

= 0.75 and

1

H NMR.

However, analyses with 1H NMR (Fig. (5.9), also Fig. (5.8)) reveal that in the first
stage of the reactions HEMA is consumed quicker than S, but that after

aconversion of 10-

20% the consumption of S has increased strongly {this is found also for S-MA systems,
but to a much lesser extent142). At the end, the consumption of HEMA is again higher than
that of S, and more polymeric material containing only HEMA is probably formed. This
type of copolymerization was also repot:ted· for the emulsion copolymerization of ·S and
acrylamide by Ohtsuka et al. 36 In the present system it can be seen that although HEMA
seems to be mote reactive than S in bulk experiments, S-rich copolymers are formed
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throughout the 'larger part of the reaction, because a relatively large part of HEMA is
present in the aqueous phase (see chapter 3). Only at the beginning, where there are not
enough polymer particles, and. at the end when S has been depleted, is HEMA-rich
polymeric material being formed. The locus of polymerization probably shifts from the
aqueous phase to the polymer phase in the beginning of .the reaction, whereas the main
locus of polymerization at the end of the reaction cannot be elucidated with this
experiment. The fact that the material is probably also of low molecular weight may
indicate that it is the aqueous phase, since in this phase the rate of termination is higher. As
expected on the basis of results obtained from partitioning experiments with HEMA
(chapter 3), these systems with HEMA do not behave as straight-forwardly as do systems
with only low to moderately water-soluble monomers. However, it is clear from the work
presented here that the monomer partitioning does have a large effect on composition drift
in contrast to the two systems described before. It also shows that sometimes it is not
enough to understand composition drift, since also other factors (in this case kinetic factors
governing oligomer/polymer growth in the aqueous phase) can determine the course of the
reaction and the final CCD and particle structure.

5.6 Batch emulsion terpolymerizations of 8-MMA-MA
In this

section

the

composition drift

occurring

in the

batch

emulsion

terpolymerization of S, MMA and MA will be extensively studied with the experimental
techniques 1H NMR and GPEC/ELSD. Three overall monomer compositions are used: F5 ,
FMMA• FMA = (0.2, 0.5, 0.3), (0.33, 0.33, 0.33) and (0.2, 0.3, 0.5). These have increasing
fractions of MA. Emulsion copolymerizations of S and MA and of ·MMA and MA, as
discussed in sections 5.5.1 and 5.5.3, show a strong composition drift that becomes
stronger when the overall fraction of MA. is increased. This is expected to be the case also
for the present terpolymers.
In Fig. (5.10) two triangular terpolymer composition diagrams, calculated with
TRISEPS, are shown. In Fig. (5 .1 Oa) the initial composition drift in the batch emulsion
terpolymerization of S, MMA and MA with M/W

=

0.2 is shown. The arrows represent

the overall monomer composition (start of arrow) and the corresponding initial terpolymer
composition (end of arrow). It can be seen that there is strong composition drift. In the
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second diagram the course of the composition drift in three batch .emulsion
terpolymerizations is shown. The lines represent the instantaneous compositions of the
terpolymers as they are successively formed in the course of the reactions. As can be seen,
they all end at pure MA (poly(MA)). ·

s

s

Fig. (5.10). (a) Triangular collJP.Osition diagrams representing the initial composition drift occurring

in 8-MMA-MA batch

e~ulsion

terpolymerizations with M!W

= 0.2,

and (b) the course of the

composition drift in three batch emulsion terpolymerizations with varying overall compositions: (0.2,
.

.

0.5, 0.3 (A)),

(0.33, 0.33, 0.33 (B)) and (0.2, 0.3, 0.5 (C)). The lines represent the instantaneous

compositions of the terpolymers successively formed in the course of the reactions.

In Fig, (5.10b) it can be seen that S is the most reactive monomer and that.
eventually a copolymer MA-MMA is formed. To obtain more details (as a function of
conversion) these reactions have also been studied experimentally. In Fig. (5.11) the partial
conversions of tile monomerS are plotted versus overall conversion for the overall
compositions (0.33, 0.33, 0.33) and (0.2, 0.3, 0.5). Two monomer to water ratios were
used: MIW

= o.2 and 0.05.

The data were obtained with gravimetry and 1H NMR, the

lines are calaulated with TRISEPS. It

can be seen that indeed MA

is the least reactive

monomer, and, in these cases, S the most reactive. This monomer is depleted first, and a
copolymer of MA and MMA is formed until all MMA is depleted as well,, after which the
remaining MA polymerizes. It is also evident that the lower M/W the stronger the
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x. (-)

x. (-)

Figs. (5.11). The panial conversions (x;) of S (0), MMA (0) and MA (A) of the batch emulsion
terpolymerization of S-MMA-MA versus overall conversion (x.,) with F,, FMMA> FMA
0.3) and M/W
=

=

(c) 0.2 and (d)

(0.2, 0.5,

(a) 0.2 and (b) = 0.05, and with Fs, FMMA• FMA = (0.33, 0.33, 0.33) and M/W
=

0.05. The lines are ealculated with TRISEPS.

0.8

0.6

:1:

:1:

,:,0.4

x. (-)

Fig. (5.12). (a) Cumulative fractions (F,,,), determined with 'H NMR, and (b) partial conversions
(x,) of S (0), MMA (0), and MA (A) of batch terpolymer (0.2, 0.3, 0.5) with M/W

overall conversion. The lines are calculations with TRISEPS.

0.2, versus
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composition drift, and ·the lower the conversion of MA and the lower the · overall
conversion at which S is depleted.
In Fig. (5.12) the cumulative fractions and the partial conversions of each monomer
in the terpolymer (0.2, 03, 0.5) with M/W

=

0.2 are plotted versus the overall

conversion. The composition drift behaviour is the same again. That composition drift is
considerable, can also be seen clearly in Fig. (5.13). In this plot are displayed the chemical
composition distribution (CCD) of

~is

terpolymer as calculated. with TRISEPS (Figs.

(5.13a and b, from two different perspectives) and .the CCDs calculated from the
experimental data in Fig. (5.12b) (Figs. (5.13c and d, from the same two perspectives).
The cillculations for Figs. (5.13c and d) are based on the derivatives of the
cumulative fractions of the monomers versus the overall conversion, The derivative is a
measure for the instantaneous terpolymer composition. For the calculations of these CCDs
a simplification of the Stockmayer expression was applied with a uniform kinetic chain
length of 1,000, as described in section 5.4 (the Stockmayer distribution was also applied
to the experimentally determined CCD). As can be seen, there is quite good agreement
between the calculated CCD and the measured CCD.

To validate further the calculated CCDs and those obtained from calculations with
1

H NMR data, GPEC/ELSD was applied to the terpolymers. In Fig. {5.14) the elution

chromatograms are displayed of samples of the batch terpolymer (0.2, 0.3, 0.5), taken at
various stages of conversion and of batch terpolymer (0.33, 0.33, 0.33) at .high conversion.
Note that an elution chromatogram is not a chemical composition distribution. It is not
possible.· (yet) to link retention time to terpolymer composition, because one elution run
does not provide enough information. Terpolymers with different compositions can in
principle elute at the same time. A second elution run under different conditions (different
solvents, etc.), or even better, an elution after which cross-fractionation can be performed,
are needed to determine the CCD of a terpolymer.

However, a fortunate aspect of the monomer system used here is that as ·the
composition drift proceeds, the instantaneous composition changes from S-rich, to MMArich and then to MA-rich (see above) and thus that the polarity of the instantaneously
produced terpolymer increases monotonically. The. solvent strength needed for dissolution
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(a)

(c)

(d)

Fig. (5.13). (a) and (b) The chemical composition distribution of the batch terpolymer (0.2, 0.3, 0.5)
as calculated with TRISEPS, (c) and (d) as calculated from the experimental data in Fig. (5.12b).
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Fig. (5.14). Elution chromatogram, determined with GPEC, of the S-MMA-MA batch emulsion
terpolymer (-, 0.2, 0.3, 0.5), at various stages of conversions (indicated in the figure) and of
batch terpolymer (---, 0.33, 0.33, 0.33) at high conversion, determined with GPEC/ELSD.
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in the solvent combination used in GPEC (in this case H2Q--acetonitrile-tetrahydrofuran)
. increases monotonically in the order MA, MMA, S. In other words, the retention time of a
certain polymer chain decreases monotonically with the extent of conversion at which this
. terpolymer chain was grown. So,

mthis

case there will be no terpolymer chains with

different compositions, having the same retention time. The different terpolymers can be
separated and the elution chromatogram approaches the

ceo quite closely,

except for the .

fact that the retention time has not been tral;lsformed into some measure for the chemical
composition. Bearing the above in mind, one can compare this elution chromatogram with
the three-dimensional CCO in Figs. (5.13b and d). If those CCOs, with the S-MA axis in
the foreground, are examined, the similarities can be seen. Fig. (5.14) also shows the
development of the CCO as a function of conversion. The highest conversion measured was
98%, which is probably why no poly(MA) peak was seen with GPEC.

5. 7 Conclusions
In this chapter the .composition drift occurring in batch emulsion copolymeriZations
· of low to moderately water-soluble monomer pairs S and MA. and MA and MMA, and of
the pair S and the water~mlscible HEMA are outlined ·extensively. The composition drift

could be understood on the basis of the reactivity ratios and monomer partitioning, the
latter having a smaller effect than the first, except for the system S-HEMA .. 1H NMR was
used to show that in this system true copolymers are formed. GPEC was used successfully
for determining the CCOs of the copolymers. It was shown that the composition drift in the
corresponding terpolymer is similar to that occurring in the systems S-MA and·
MMA-MA: in all cases S and MMA can be depleted before the end of the reaction leading
to homopolymerization of MA aiJd bimodal CCOs. For the terpolymers two ways of
determining the CCOs experimentally were investigated, one using 1H NMR data and one
using GPEC. As a result of the nature of the S-MMA-MA system, the resulting elution
chromatograms in GPEC are almost equivalent to the three-dimensional CCOs. The CCOs
determined with 1H •NMR and GPEC are in good agreement. The model TRISEPS,
develop~

to predict composition drift in emulsion co- and terpolymerizations, ·gave results

that were in very good agreement with experimental data, including the CCOs
experimentally determined with 1H NMR.
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Chapter 6
Rate-detennining

Kinetic

Mechanisms

in

the

Seeded

Emulsion

Copolymerization of Styrene and Methyl Acrylate
Synopsis: In this chapter a kinetic study of the seeded emulsion
copolymerization of styrene (S) and methyl acrylate (MA) is presented, which
was carried out to investigate the mechanisms of radical entry into and radical
exit from the latex particles, and the fate of radical species in the aqueous
phase. Three seed latices of differing size were used, two of poly(S....co-MA)
and one of poly(S). This means of determining kinetic parameters of emulsion
copolymerization on a homopolymer seed ("heteroseeded polymerization") is
possible, because the techniques used involve only a relative small change in
conversion. This means that phase separation will not be a problem at the high
monomer concentrations used and that composition drift is negligible.
Conditions were such that the system followed zero-one kinetics (Smith-Ewart
cases 1 and 2) which means that no latex particles· contain more than one
growing chain. Data were obtained for the steady-state rate of polymerization
with persulfate as initiator and for the non-steady-state relaxation kinetics in 'Yradiolysis initiation experiments and evaluated using kinetic parameters in
chapter 2, and the partitioning equations in chapter 3. The relaxation kinetics
are dominated by radical loss mechanisms such as radical exit and termination.
It was possible to obtain a value for the chain transfer constant of styreneterminated radicals to methyl acrylate from the molecular weight distributions.
It was found that this copolymer system is retarded at very low conversions,
possibly by oxygen. The data can be explained with the following mechanisms.
Radical exit occurs via the same transfer-diffusion mechanism as found in a
number of other systems, i.e. transfer of the radical activity to monomer(s) and
subsequent desorption into the aqueous phase. These desorbed monomeric
radicals always re-enter the particles and either terminate or propagate therein. Initiation by persulfate is inefficient, with 50-95 % of the persulfate-derived
_radicals undergoing termination in the aqueous phase. This is in accord with the
mechanism for entry that states that the rate-determining events are aqueousphase propagation and termination. Radicals of a critical degree of
polymerization enter a particle irreversibly and instantaneously. At high
fractions of S in the S-MA system, although MA polymerizes quickly (high
propagation rate constant), the occasional addition of S in the aqueous phase
slows the propagation rate down considerably. Thereby it also decreases the
probability of the attainment of a sufficiently high degree of polymerization for
surface activitY., perhaps 10-20 monomer units with the relatively water-soluble ·
MA.

S2

Chaptet 6

6.1 Introduction
As stated in chapter 1, one of the aims of this thesis is· to gain more insight in the
relations between monomer characteristics and process conditions. Monomer partitioning
(chapters 3 and 4) and free radical copolymerization kinetics (chapters 2 and 5) play a role
in these relations (see chapter 5); and knowledge of these relatio!JS allows good copolymer
composition control. In order to have more flexible composition control or good control of
other product properties; Sl!Ch as the molecular weight distribution, the particle size
distribution, surface charge density, etc. , a good understanding of the kinetics of emulsion
copolymerization is also very important.· The aim of the investigation presented in this
chapter is to link monomer characteristics such as water solubility, propagation rate
constants, and process conditions such as the type and amount of initiator and particle
number to parameters such as polymerization rate and molecular weight distribution.
Most industrial recipes involve water-soluble monomers; As it is now wellc
established that the aqueous phase plays a dominant. role in the kinetics, 143 it is important to
find out what kinetic mechanisms are dominant

if monomers with

a hi~h water solubility

are used. Recently, extensive models for the rate-determining kinetic mechanisms in
emulsion polymerizations have been developed for and applied to the homopolymerizations
of styrene3•143 •144 and methyl methacrylate. 3 These models mainly involve descriptions of
radical enny85• 143 and radical exit, 3•144 the kinetic processes that are · typical for
compartmentalized systems such as emulsion polymerizations, and (chain~length dependent)
termination. 90 Some researchers have also paid attention .to copolymerizations such as
styrene':'""methyl methacrylate. 55 •103 Tl).e objective of this chapter will be to investigate the
emulsion copolymerization of S and MA, which displays zero-one kinetics, i.e. where
intraparticle termination reactions are not rate determining, and where one monomer is
sparsely water-soluble (S), and the other monomer moderately water-soluble (MA) {for the
difference between zero-one kinetics and pseudo-bulk kinetics, see section 2.5). It will be
investigated whether the kinetic scheme shown to be valiq for water-insoluble monomers
can be applied in· the present case, . or whether there are different rate-determining
mechanisms. By looking at seeded emulsion polymerizations, particle nucleation is avoided
and particle growth can be studied. This is controlled by entry and exit of radicals, and by
the fate of desorbed radicals in the aqueous phase.

•
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In the description of the rate-determining steps in emulsion copolymerization the
extensive treatment by Casey et al. 3 of zero-one emulsion polymerization systems will be
followed. Accordingly a brief summary of their treatment will be given with the resulting
rate equations. Then the corresponding rate equations for a copolymerization system will be
derived, followed by a discussion of the assumptions that are made in the derivation of the
rate equations with respect to applicability to the comonomer system that is studied
experimentally, Free radical kinetics and monomer partitioning described in chapters 2 and
3 will be applied here. Predictions for radical entry and exit based on the rate equations
and parameter estimations will be presented. The experimental set-up that was used to
check the predictions will be described, and then the experimental results will be discussed.

6.2 Zero-one seeded emulsion polymerization
6.2.1 Rate-determining mechanisms in zero-one seeded emulsion polymerizations

Radical entry
Radical entry is determined by the rate of generation. in the aqueous phase of
oligomeric radical species capable of entering irreversibly. This rate is determined by both
propagation and termination reactions. When persulfate is used as the initiator, the
following processes are involved: after decomposition a sulfate radical reacts with monomer
that is dissolved in the aqueous phase: an oligomeric species is formed that is watersoluble. This can undergo propagation as well as termination. If the oligomeric species
keeps propagating, it will eventually reach a certain length z at which it has surface-active
properties or is water-insoluble (n.b. z

< jcrit• the critical degree of polymerization at

which an oligomer can form a precursor particle (nucleation)). If the number of particles is
high, the oligomeric radicals will enter the particles and not form new particles. If the
actual entry event is so fast as not to be rate-determining, the propagation of the oligomer
in the aqueous phase becomes rate-determining and a mathematical expression according to
the entry theory of Maxwell et al. 85 •145 is applicable. Other models (e.g. ref. 146) take into
account that there is a range of oligomers than can enter a particle, each with its own
partition coefficient for the aqueous and polymer phase.

However~

such an approach will

lead to an average value for z, so in this chapter the model of Maxwell et al. 85 is used.
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This treatment has been shown to be applicable to styrene and also to methyl .
· methacrylate. The entry efficiency, defmed as the fraction of initiator radicals that act:wllly
end up entering

a particle,

dependS mainly upon intrinsic parameters: the propagation rate

constant kp, the. monomer concentration in the aqueous phase Caq• the termination rate
constant k1,aq and the critical degree o,f polymerization for irreversible entry z. Note that the
termination reaction between two radicals in the aqueous phase is assumed · to be in the
diffusion limit, and therefore not very dependent upon monomer type. In general, the
smaller the time-scale for propagation

(l~Caq)

or the lower the critical degree of

polymerization, the higher the fraction of initiator radicals that actually enter. This explains
why the efficiency for styrene is lower than 100%: this monomer has both a low Caq and a
relativeir low kp (and a low z). Entry efficiency with methyl methacrylate is close to
100%,90 as it has a higher kp, higher Caq and a relatively low z-value.

Exit of radicals The extenSive discussion of exit by Casey et al) (encompassing descriptions given
by Ugelstad and Hansen, and by Nomura and co-workers) has been tested for styrene and
methyl methacrylate. Morrison et a/. 144 provided an extended means for verification of exit
models. It has been generally accepted that the first step in exit is transfer to a small
species that is capable of diffusing away from the particle rapidly. This species is normally
a monomer, but can also be a transfer agent, if present. Only transfer to monomer will be
· taken into ·account here. Once transfer to monomer has occurred, the monomeric radical
has in principle three fates: 1) escape from the particle, 2) termination with another radical,

and 3) propagation, after which escape is assumed to be virtually impossible. If the last
process · occurs there is no direct influence on the radical concentration in a . zero-one
system, and it is therefore_ kinetically unimportant.

It

is normally assumed that diffusion

into the aqueous phase is rate determining for exit/desorption.86

Fates of desorbed free radicals
The effect of exit on

the

overall kinetics is greatly dependent on the fates of the

escaped monomeric radical in the aqueous phase: 1) termipation in the aqueous phase, 2)
re-entry . into a particle which is not necessarily the particle it escaped from, and 3)
propagation in the aqueous phase, which is normally very unlikely (except maybe for very
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water-soluble monomers with a high kp). The absence of a hydrophilic part as in the
persulfate-derived radicals, considerably shortens the residence time of monomeric radicals
in the aqueous phase, which decreases their probability to propagate. Casey et al. 3 took
these fates into account, and this resulted in a number of limits of. the resulting rate
equation. Below the most important assumptions they made in the derivation and the
resulting rate equations for homopolymerizations will be given.

6.2.2 Rate equations for zero-one seeded emulsion homopolymerizations
Casey et al. 3 derived kinetic equations based on some fundamental mechanisms that
will be treated later and on the following reaction scheme. Reactions in the particle phase
and in the aqueous phase are considered, and also the phase exchange processes that
kinetically important species can undergo. Initiator-derived radicals are distinguished from
monomeric radicals, and assumed to enter a particle irreversibly after propagation to a
degree of polymerization z in the aqueous phase, which effectively means that they can reenter and redesorb until they have propagated or undergone termination in the particle.
Aqueous phase: Propagation and termination of initiator-derived radicals; propagation and
termination of monomeric radicals.
Polymer phase: Propagation or termination of monomeric radicals; propagation of
polymeric radicals; chain transfer of polymeric radicals to monomer.
Phase exchange processes: Entry of initiator-derived radicals into a particle (p1) that already
contains a radical (giving instantaneous termination) or does not contain a radical; (re-)
desorption of monomeric radicals from a particle (kuM); re-entry of monomeric radicals (pre)
or of thermally-derived radicals (p,h) from the aqueous phase into a particle that already
contains a radical (giving instantaneous termination) or does not contain a radical;
The above considerations lead to the following basic rate equation for a batch process:

=

.

~ = p(l - 2fi) - p

dt

re

k (1 - fi\
dM
"I
-k---;--

ktrC}~
kdM +

dM+

where fi is the average number of radicals per particle,
types of radicals, hence p

=

p1

+

Pre

+

Pm•

ki,

p

k~CP

(6.1)

is the entry rate coefficient of all

is the propagation rate constant of a

monomeric radical, which is generally assumed to be greater than the propagation rate
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constant of a polymeric radical (kp), 144 CP is the concentration of monomer in the particles,

Ka. is the rate constant of chain transfer to monomer. Depending on the fate of
monomeric radicals in the aqueous phase and particle phase two limits can be derived.
and

Limit I: no· re-entry of desorbed monomeric radicals:
This limit is applicable wben the rate of re-entry of monomeric radicals is much smaller
than the rate of termination of the monomeric radicals in the aqueous phase, Eq. (6.1) leads
to;

(6.2)
where PA = Pr

+

Pth· Note that the rate of entry of initiator-derived radicals

can be

influenced by the monomeric radicals in this case. The loss rate is first order in ii.

Limit 2: complete re-entry of desorbed monomeric radicals:
. This limit is applicable if the rate of re-entry .is much higher than the rate of termination.
The re-entry rate is equal to the exit iate, and Eq. (6.1) leads to:

2ii) - 2

ktrCldM

. k~

+

rl

k;cp

(6.3)

There are two possible sublimits with loss rates. first or second order in fi:

Limit 2a: escape is more probable than propagation
PA·(l - 2fi\
"J - 2ktr

c

p

fi

(6.3a)

Limit 2b: escape is less probable than prop(lgation
(6.3b)

The reader is referred to the paper by Casey et al. 3 for the complete derivation.
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6.3 Zero-one seeded emulsion copolymerization
As this chapter deals with the kinetics of copolymerizations, the corresponding rate
equations for copolymerizations will be derived. The derivation of the equations for two
monomers is based entirely upon the derivation for the homopolymerizations by making the
same assumptions and considerations. In a further section the validity of the assumptions
with respect to the more water-soluble monomer MA will be discussed. The propagation of
copolymeric radicals in the particle phase is naturally different from a homopolymerization,
but it can be described with an average rate coefficient kp, where any desired model can be
used to describe the propagation process. For entry the Maxwell/Morrison model85 is used.
In this derivation it is assumed that it is not necessary to distinguish between different types
of entering oligomers, although the value of the rate parameter p1 will depend on the type
and amount of either monomer used. The propagation of the initiator-derived radicals in the
· aqueous phase will be described with an average propagation rate coefficient and
termination with one rate constant,

~.aq•

neglecting any effect on these rates of chain

length, microstructure and coloidal properties of the oligomers. These are also not taken
into account for the actual entry event, since this is assumed not to be rate-determining. It
is stressed again that it is assumed that only radicals of critical degree of polymerization z
will enter, or, equivalently that the total entry rate of all oligomers possibly capable of
entering, can be approximated by an average entry rate, which is equal to that of radicals
of degree of polymerization z, so no partitioning coefficients need to be taken into account.
Since the source of thermal entry is unknown, it also assumed that this entry rate can be
described with a single rate parameter Pm· In other words, for entry of initiator-derived and
thermally-derived

radicals

and

propagation

of

polymeric

radicals

a

pseudo-

homopolymerization approach is used. The main difference with the derivation for the
homopolymerization case is that now a distinction has to be made between two types of
monomeric radicals. This implies that for all reactions where monomeric radicals are
involved (propagation and termination of monomeric radicals in the aqueous phase;
propagation and termination of monomeric radicals, and transfer to monomer in the
polymer phase) and for phase-exchange processes of monomeric radicals,· this distinction
has to be taken into account. With these considerations in mind equations analogous to the
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homopolymerization case can be derived.· The assumptions and the· kinetic equations. that
describe the microscopic events and the resultant rate equation will be given.

6.3.1 Assumptions
The most iinportant assumptions made by Casey et al. 3 are given below.
i) The particles are homogeneous and are the main loci of polymerization.

ii) No significant polymerization occurs when a particle contains two .radicals, i.e. ,

upon entry of a radical into a particle that already contains a radical, termination between

.

these radicals
occurs before one . escapes the particle or propagates significantly. This is
.
instantaneous termination. It is now realized that instantaneous termination can only occur,
.

'

if one of the radicals is monomeric, as the monomeric radicals c;an rapidly diffuse through
the particle. Oligomeric, persulfate-derived radicals are anchored to the surface due to their
hydrophilic initiator group and are therefore not able to react quickly with a long polymeric ·
radical. It is necesSary that monomeric radicals capable of terminating instantaneously (see
condition 1) below), are formed much more frequently than oligomers from the aqueous
phase can enter .the particle. This guarantees that thetime during which two radicals can
propagate in one particle, is much shorter than the time-scale of entry, and that the entering
oligomeric radical or the polymer radical are terminated by a monomeric radical long
before the oligomer can become a polymeric radical. The conditions for instantaneous
termination are: 1) termination between a radical and a monomeric radical is much faster
than escape or propagation of the monomeric radical, and 2) transfer to monomer (resulting

in a monomeric radical conforming to condition 1)) is more frequent than entry. 3
iii) Monomeric radicals are the only radicals that

can escape from a particle.

iv) Re-entry or termination of monomeric radicals in the aqueous phase is most likely.
v) Thermally-derived radicals enter into all latex particles at the same rate.

6.3.2 Kinetic equations.
The kinetic equations describing the reactions that take place in the aqueous phase
and the polymer phase will be presented, followed by the

phase

transfer processes. Where

necessary it is indicated that different radical types i and j have to be distinguished.
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Aqueous-phase kinetics
initiator-derived radicals

kd
initiator decomposition: 12

-----+

(6.4)

2 /·

where 12 represents the initiator, I· the initiator radical and

kd

the initiator decomposition

rate constant.

(6.5)

TCpl

initial propagation: I· + Maq

-----+

IM1•

where Maq represents both monomers dissolved in the aqueous phase, IM1 • is a radical with
an initiator end group and one added monomer unit,

iS,r

is the average rate coefficient of

propagation of the initiator radical with both monomers. This is assumed to be very high,
and therefore not rate-determining.

·
(6.6)

where IMn · is a radical with an initiator end group and n monomer units added, ~ is the
average, chain-length independent rate coefficient for propagation in the aqueous phase,
usually given the value of the organic-phase propagation rate constant iS,.

termination: /Mn · + T·

----+

(6.7)

oligomers

where T· represents all aqueous-phase radicals and

~.aq

is the termination rate coefficient in

the aqueous phase.

transfer-derived radicals
kt,iaq
termination: Miaq. + T · - oligomers

(6.8)

where M;aq · is an aqueous-phase· monomeric radical of type i and k.,iaq is the rate coefficient
of termination of monomeric radical of type i with any other radical T·.

90

Chapter 6

Ti;t
propagation: M1aq • +

Maq --.....

(6.9)

dimeric radicals

where Maq represents the monomers in the aqueous phase and ~; is the average propagation
rate coefficient of monomeric radical i, which can be described by the terminal model.

Particle-phase kinetics

Ti;1cp
. m
. N.'; : N,.',
propagatton

~
~

(6.10)

N.'P

where Nj is the fraction of latex particles that ~ontain one monomeric radical of type i, N~
. is the fraction of latex particles which contain one polymeric radical and CP is. the · total
monomer concentration in the particle phase .

. Tiptp
·propagation inN;: P· + MP ------'--+PM·

(6.11)

where P· is a polymeric radical, MP represents both monomers in the polymer pruise and

PM· is the result of propagation of P·.
Titr,lcip
transfer in N;: N) N]
where ~.; is the average rate coefficient for transfer to monomer

(6.12)

and

C;p

is the

concentration of monomer i in the particle phase.

Phase exchange processes

transter-derived radicals
kdi

desorption: N/ -

(6.13)

N° + M1aq •

where ~ is the fraction of latex ·partiCles that do not contain a· radical and
coefficient for desorption of a monomeric radical of type i.

kd; is the rate .
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re-entry into N°: fVJ
where

krei

+
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(6.14)

Miaq · _____.. N/

is the rate coefficient for re-entry of a monomeric radical of type i. The re-entry

rate of,monomeric radicals i is given by

I<r.1N/NA,

where N. is the particle concentration

and NA is Avogadro's number.
krei

re-entry into N 1: N"

+

Miaq · _____.. N°

+

polymer

(6.15)

where N1 is the fraction of particles that contain one radical. This results in instantaneous
termination.

initiator-deriv~d

radicals
(6.16)

where IM,,- is a surface-active initiator-derived radical which enters a particle irreversibly
and k.z is the pertaining rate coefficient for entry. The entry rate is given by p1

= k.z[IMz·].

Since it is assumed that these radicals enter instantaneously the entry rate p1 is also given
by the rate of formation of these radicals.
kez

entry into N 1 : Nl

+ /Mz · _____..

N°

+

polymer

(6.17)

This results in instantaneous termination.

thermally-derived radicals
P,h

entry into N°: fVJ _____.. N;
P,h

entry into N 1: N 1

_____..

(6.18)

(6.19)

N° +polymer

This results in instantaneous termination.
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6.3.3 Rate equations for zero-one seeded emulsion copolymerizations
Radical balance equations
Applying the steady-state assumption to the ·mass balances set· up ·for all radical
species (taking the above reactions and phase transfer processes into account) results in the
necessary rate equations.
An estiination can be given for the concentration of radicals in the aqueous phase
{[T·]) via Eq. (6.20), which is obtained by equating the rate of termination of aqueous
phase radicals to the rate of initiator radical production. This has been shown to be accurate
for a number of monomers. Eq. (6.21) is then found fot the total entry rate of initiatorderived radicals. 85
. (6.20)

[T·]

(6.21)

where C1 is the concentration of initiator 12 , Nc the particle concentration and Caq the .total
monomer concentration in the aqueous phase. Alternatively, Eqs. (6.20) and (6.21) can be
· replaced by the exact numerical solution of the steady-state equations.85

'

The resulting rate equation describing the radical balance in the particles:
(6.22)

where the average number of radicals per particle, ii, is given by

Ni + NJ +

N~.

i and j

represent the two monomers and p is the entry rate coefficient of all types of radicals
(hence p

=

p1

+

Pre1

+

·

Prei

+

Pm). Also in thi~ case different limits cart be derived ·

depending on the fate of the monomeric radicals in the aqueous phase. Here only the limits
that correspond to the ones given for emulsion homopolymerization are discussed:

Rate-determining kinetic mechanisms in seeded emulsion copolymerization

93

Limit 1: no re-entry of either type of desorbed monomeric radical:

This limit is applicable when the rate of re-entry of the monomeric radicals is much smaller
than the rate of termination of the monomeric radicals in the aqueous phase. Eq. (6.22)
leads to Eq. (6.23) with a first order loss rate.
dii

dt

(6.23)

Limit 2: complete re-entry of either type of desorbed monomeric radical:

This limit is applicable if the rate of re-entry is much larger than, the rate of termination.
The re-entry rate is equal to the exit rate, and Eq. (6.22) leads to:
(6.24)

The rate equation derived by Nomura et a/. 103 for an emulsion copolymer system is
the same as the one derived under limit 2, in spite of a slightly different reaction scheme:
Nomura et al. treated initiator radicals kinetically the same as monomeric radicals,
although they then assumed that these initiator radicals are so reactive that they propagate
immediately as they enter a particle and that they are therefore not contributing to the exit
rate.

Propagation
Presently a lot of research is being devoted to unravelling the mysteries surrounding
the appropriate model for propagation in free radical copolymerizations, see chapter 2. As
stated before, in the present kinetic model propagation will be treated with a pseudohomopolymerization approach so that it is not necessary to distinguish between different
types of polymeric radicals. This is in contrast with propagation of monomeric radicals or
transfer to monomer. For propagation of monomeric radicals it is assumed that the value of
the propagation rate constant is about 4 times higher than the corresponding long chain
value. This was found to be applicable in the evaluation of a large number of experimental
data in styrene emulsion polymerizations. 144 There are also theoretical considerations that
support this. 147 There are no further data available, so a simple approach based on the
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terminal model is used (because there is 110 penultimate Urtit) to obtain expressions

f~r

the

propagation of monomeric radicals in copolymerizations:
(6.25)

where ~ii is the propagation rate constant of monomeric radical i with monomer i, ~Y is
the cross propagation rate constant,

~

is the molar fraction of monomer i and r1 is the

reactivity ratio of monomer i according to the terminal model. It should be noted that the
use of this model arid the reactivity ratios of the terminal model for propagation in effect
implies that the monomeric radicals have a structure that is very similar to that of the
polymeric radicals.

Chain transfer to monomer
A terminal. model is applied for describing chain transfer to monomer: 148

A
1
.
A..
1
7Ctr "'K.tr,i.li£. + 7CtrJIJ
f.= 1k 1. - ·9- +k .. --)·". + (k1 .. -"-+k JJ~·-V
~ tr,r 1 +A..
trJr 1 +A .. Jt
r,u 1 +A..
tr 1 +A .. Jj
u
. "
"
. IJ

(6.26)

where ~ is the average rate coeffiCient
for transfer
to monomer,
.
.

leu' u is the chain transfer

constant of a radical with a terminal unit of type i to monomer i,

kt•. u is

the cross-transfer

constant and Aii is the ratio of polymeric radicals with a terminal unit of t}'pe i and polymer
radicals with a termitial.unit of type j, see chapter 2, As the frequency of propagation is
much higher than that of transfer or any other chain growth cessation or initiating eve~t
(hence polymerization), Aii is determined by propagation reactions and gi'\ien by Eq. (2.6).

Rate of escape of monomeric radicals
The rate of escape from the particles is given by the following equation:
(6.27)
In this equation the values of the various parameters for the monomeric radical are taken to
be equal to those of. the corresponding monomer. Hence Diaq is the diffusion coefficient of
monomer i in the

aqueou~

phase, C;aq is the concentration of monomer i in the aqueous
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in the polymer phase. r. is the swollen

radius of the particles. The derivation of this equation is based on the reversibility of
diffusion towards and from the particle and the Smoluchowski expression for diffusion. 149

Rate of re-entry of monomeric radicals
Re-entry is given by Eq. (6.28), also based on the Smoluchowski expression.
(6.28)

Rate of intraparticle termination
The rate of termination is calculated with Eq. (6.29):
(6.29)
where ci 1L is the pseudo first-order rate coefficient of termination of a monomeric radical of
type i with a long polymeric radical, 150 estimated by applying the Smoluchowski
expression. ~/L is the second-order rate coefficient of the bimolecular termination reaction,

v. is the

volume of the swollen particle, Dip is the diffusion coefficient of the monomeric

radical in the particle, ai is the radius of interaction, which can be approximated with the
Lennard-lones diameter of the corresponding monomer.

6.4 AppUcation of the model to S-MA emulsion copolymerizations
6.4.1 System parameters
To be able to. apply a model to a particular system some monomer characteristics
and values of model parameters have to be known as well as specific experimental
parameters. For the S-MA system they have been collected in Table (6.1).
It has been shown in chapters 3 and 4 that in interval 2 the ratio of both monomers

in the particles is exactly the .same as that in the monomer droplets, i.e., fip

=

fid (Eq.

(3.5c), see also ref. 126). The total monomer concentration in the particles was shown to
be linearly dependent on the monomer composition in the particles (Eq. (3.5d)). The
concentrations in the aqueous phase of both monomers were shown to be linearly dependent
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. on

th~

respective molar fractions in the particlestdroplets (Eq. (3.5c)). Thus, the monomer

concentrations in the polymer and aqueous phase have been calculated (Table 6;2).

Table (6.1). Values of (rate) parameters of styrene and methyl acrylate: diffusion coefficient in the
aqueous phase (D1,q) and in the particle phase (D1p), saturation concentration in the aqueous phase
(C;.q,,,.J, propagation rate constant

(~),

mutual reactivity ratios (r;), ·rate constant for transfer to

monomer (k.,), encounter radius of radicals o-1 and termination rate coefficient in the aqueous phase

(k.,,,_J.
ciaq.s.b

kp

2

(m /s)

(mol/dmJ)

(dm3/mol-s)

(-)

D;aq

D;p

ts)

(m2

a)
b)
c)

d)

CT;

~~

(dm /moh)

<A>

(dm3/moJos)

ku

r;

3

s

1.5·l<J9

1.13·10-9

0.0043

258

0.73

9.3·10-3

6.0

3.7·109

ref.

151

3

3

81

82

152

153

85

MA

1.9·10-9

1.2·1()-9 a)

6·10-1

10,700 b)

0.19

ref.

151

126

0.9

c)

5.8 a) 3.7·H1 dl

82

the value for methyl methacrylate was taken as an approximation for MA3

this value was extrapolated from preliminary data of pulsed laser polymerization experiments at lower
temperatures by De Kock and Manders, see chapter 2
calculated from C.n = k./kp = 0.8·10-4 154 and~ = 10,700 dm3/mol·s, see b)
the termination reactions. of small molecules like oUgomeric radicals in the aqueous phase are in the diffusion
·
limit. 85 Hence the s~e value as for S is adopted for MA

Table (6.2). Total monomer concentrations (Cp, CP.• in chapters

3 and 4), molar fraction of styrene

(f.sp). partial concentrations (C;p. C1,q) in the polymer and aqueous phase and molar fraction of
styrene (fs.q) in the aqueous phase. at two different SIMA ratios.

a)

SIMA

cp

fsp

CSp

CMAp

cSaq

CMA"'i

fsaq

(mol/mol).

(molldm3)

(-)

(molldm3)

(molldm3)

(molldm3)

(molldm3)

(-)

0.84/0.16

. 5.9•)

0.84

4.9al

0.94a)

0.0036

0.096

0.036

0.57/0.43

5.9

0.57

3.37

2.52

0.0025

0.26

0.009

These values apply

to

the poly(s-co-MA) seed. In poly(S)

CP

is slightly lower (5.8 moVdm3)
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With these concentrations the swollen radii of the seeds have been calculated: the lowest
value of the swollen radius of the seed latices used is 28 run and the highest 55 run.
To obtain values for AsMA and ~ the penultimate model for propagation will be
used. In chapter 2 details have been given of the penultimate model in relation to the
S-MA system. 68 For AsMA the restricted penultimate model is used (ss
values for AsMA are 455 for fs

= 0.84 and

162 for fs

= 0.57,

= sMA = 0.41).

see also Fig. (2.1). For the

calculation of the values of~ the unrestricted penultimate model is applied (ss
sMA

= 0.02).

The calculated value of~ at fs

The

= 0.59 and

0.84 is 276 dm3/mol·s and at fs

=

0.57 it

3

is 303 dm /mol·s. Because AsMA is so high, it is assumed that the contribution of radicals
·with an MA unit as terminal unit to transfer can be neglected at these compositions, unless
the transfer rate from an MA terminal unit is extremely high in comparison. The literature
gives values for ktr.ss and ktr,MAMA (Table (6.1)). Although the latter is much higher than the
first, it is not so much higher that it will contribute significantly, see section 6.6.2. This
means that in Eq. (6.26) the terms with the factor 11(1 +A;i), where i stands for Sand j for
MA, can be neglected. Thus the rate of transfer is linearly dependent on the monomer
composition and it should be possible to calculate the value of ktr,sMA (see section 6.6.2, Eq.
(6.33)).

6.4.2 Discussion of the assumptions in the S-MA system

Casey et al. 3 gave a methodology for determining the applicability of the model and
its assumptions. Their procedure will be followed here:

i)

Homogeneous particle-phase propagation
The polymer in the seed latices used is either poly(S) or poly(S-co-MA) with a

molar fraction of S in the copolymer (F5) of 0.80. Both these polymers dissolve well in the
monomers. Since the kinetic runs are carried out in interval 2 (polymer particles saturated
with monomer) and the kinetics can be evaluated at low conversions, it can be safely
assumed that there will be no phase separation in the particles, and therefore that the
particle phase is homogeneous. However, it should be noted that at high conversions (and
certainly ,in interval 3) there can be phase separation. 155 Another condition is that
polymerization takes place in the particles only. It has been suggested by several
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investigators 18•126•142 that MA can polymerize in the aqueous phase. This may indeed occur,
but hydrophobic Gibbs energy· considerations85 indicate that slich a polymer would beeome
insoluble/surface-active at a degree of polymerization of ca 20 (see section 6.6.4), which is
negligible

~ompared

to the degree of polymerization obtained in the particles, and this

polymerization is noticeable only when no seed latex is used. 18 This aqueous-phase
polymerization is kinetically important when entry of particle .nucleation is considered.
After the particle nucleation stage, the composition of the polymer· that is formed and the
. composition drift can be described very well by assumin1:5 propagation in the particle phase
only. 18•126•142 A further condition is that the particles are not too large, and the maximal
swollen radius of the seeds used is ca 55 nm. Hence homogeneous particle-phase
propagation is assumed.

ii) .

· (a)

Instai:ttaneous termination
The rates of termination (Eq. (6.29)), desorption (Eq. (6.27)), and propagation (Eq .

. (6.25)) of a monomeric radical are to be compared, and
(b)

the rates of entry (Eq. (6.21)) and chain transfer to monomer (Eq. (6.26)) (see

Table (6.3)).
Table (6.3). Rates of termination c/L, ,desorption k.t~o propagation ~1 C" of monomeric radicals, entry
p1 and chain ttansf~r to monomer ku. 1C1P of Sand MA at two fractions

s (0.84)

MA (0.16)

. 1-9·104

k..; (s-1)

1-5·103

2-7·10S

~;Cp (s-1)

<

Pt (s-1)

5·10-2

(a)

of SIMA (between brackets).
s (0.57)
MA (0.43)
. 1·104

1·104

1·10'

1·10S

1·1()6

9·10S

5·10-2

< 4·1(}2

2·10-2

From this table it becomes clear, that indeed S monomeric radicals should lead to

zero-one kinetics; as the rate of termination of these radicals is higher than either
propagation or desorption. The situation with MA is quite different. Here the rates of
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propagation and desorption are higher than the rate of termination. It is therefore quite
likely that a homopolymerization of MA is a pseudo-bulk system (fi = 0.5 has then no ·
special meaning). However, it can be argued that in spite of all this, the presence of two
radicals in a particle, one of which is a monomeric MA radical, results in termination
before significant polymerization has taken place: the most likely fate of the monomeric
MA radical would be propagation to form a dimer. If that happens it is most likely to
propagate with S, as this monomer is more reactive. The dimer thus formed will not escape
again. The propagation rate will drop significantly and termination would be the most likely
fate if there were another radical present in the particle. However, even if it propagates
with MA the desorption rate will drop significantly to about 1% of that of the monomeric
radical, as can be calculated with Eq. (6.30). This equation was derived by Casey et al. ,3
and it is based on expressions for water solubilities156 and diffusion coefficients151 •157 as a
function of molecular weight. Eq. (6.30) gives an expression for an estimate of the ratio of
the desorption rate coefficients of a dimeric radical D and a monomeric radiCal M:
kdD = 10-29±0.3M
·
0

k

s

M

(6.30)

dM

where

Mo is the molecular weight of the monomeric radical (g/mol) and SM is the molar

solubility of the monomeric radical ( = C;aq) in molldm3 • Also the propagation rate will
drop quickly under the termination rate. Note that these arguments do not hold if there is
no significant amount of S present, because the propagation rate will then never drop below
that of teimination, and chain length dependent termination has to be taken into account and
kinetics are not zero-one. This would lead to an acceleration in fi in interval 2, 158 which is
not seen in the present system and so can be discarded.
(b)

p1

is calculated with Eq. (6.21), by assuming entry efficiency is 100% and by using

the highest initiator concentration and lowest particle concentration applied. This gives an
overestimation, usually the entry rate is much lower, see also section 6.6.4. It can be
concluded that indeed the frequency of transfer to monomer is higher than the frequency of
entry. From a comparison of the rates of formation of either type of monomeric radical it
is clear that in this S-MA system enough S monomeric radicals are formed to guarantee
instantaneous termination. even if MA monomeric radicals do not lead to virtually
instantaneous termination.
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Only monomeric radicals can desorb
This has actually already been confirmed under ii) with Eq. (6.30). It can.be safely

said that for all four possible dimeric radicals the desorption rate is ldnetically unimportant
in comparison to the desorption of the monomeric radicals, although it is interesting to note ·
at this point that for instance the desorption rate of a dimeric radical MA2 • is of the same
magnitude as the desorption rate of a

iv)

s monomeric radical.

Monomeric radicals in the aqueous phase are more likely to re-enter or
terminate than to propagate
Re-entry is given by Eq. (6.28) and termination in the aqueous phase by

~.iaq[T"],

where it is sufficient to account for initiator-derived radicals only, as other radicals are
present only in very low concentrations. Propagation is given by ~;Caq. The estimated
values of these rates are given in Table (6.4):
Table (6.4). Rates of re-entry k,, 1NiNA, termination k,1aq[T•] and propagation ~Caq of monomeric
radicals of S and MA.

s

>5·104

<6

0.4-1·102

MA

>7·104

<6

0.5-1·104

For the calculation

of re-entry

the lowest values for r. and Nc applied in the

experiments are used and for termination the highest C1• The propagation rates are
calculated for SIMA

= 0.84/0.16 and 0.57/0.43.

It is apparent that re-entry is the most

likely fate of the monomeric radicals: they will neither propagate nor terminate in the
aqueous phase. This is probably not so in systems with more MA or other water-soluble
monomers: With pure MA the rate of propagation in the aqueous phase is 3·10" s...;1 •

v)

Thermally-derived radicals enter particles at the same rate
In the experimental set-up used, it is possible to determine the contribution of

thermal entry to the total rate of entry. Although the source of this process is unknown, the
thermal entry rate is expected to be the. same in each particle in monodisperse systems.
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A further conclusion from iv) is that Limit 1 (complete aqueous phase tennination)
is not applicable. Limit 2 seems the most likely limit for either monomer type. This means
that the monomeric radicals of either type do not interfere with each other, because they do
not react in the aqueous phase. Hence, the exit tenn in the rate equation is simply the sum
of the exit rates of both types of monomeric radicals. If re-entry would not be complete it
would be possible that they interfere with each other, and this would become apparent in
the. rate equation, because re-entry would be a function of monomeric radical
concentrations in the aqueous phase. From ii) it can ·be concluded that both types of
monomeric radicals are fonned at approximately the same rate. The rate of escape of MA
monomer radicals is about 102 times higher than that of S monomer radicals, but this is
counteracted by the fact that the rate of propagation is higher by the same factor. Hence it
is not possible to neglect the contribution of S to the exit rate at this composition. At higher
fractions of MA the rate of transfer to MA becomes relatively higher and exit is
predominantly by MA radicals. Nomura et a/. 103 · concluded in their S-MMA system that
exit was predominantly by MMA. It should be noted, however, that chain transfer to S is
then still important with respect to the molecular weight distribution.
From Table (6.3) it can be concluded that propagation of the MA monomeric
radical is more likely than desorption, so Limit 2b is the most likely sublimit. Therefore a
dependence of the exit rate on r, is expected.

6.5 Experimental
6.5.1 Recipes and experimental conditions
In this investigation seeded emulsion polymerizations were perfonned which enable
one to study the kinetics of particle growth without the interference of the particle
nucleation stage. The seed latices were prepared at relatively high temperatures and high
initiator concentrations in a so-called bottle polymerizer. MA (Merck) and S (Ajax) were
distilled before use and stored at 4 °C. Sodium dihexyl sulfosuccinate (AMA80, Cyanamid)
was used as emulsifier, potassium persulfate (KPS, Merck) as initiator and sodium
bicarbonate (SB, Merck) as buffer. The recipes of the seeds used in the experiments are
given in Table (6.5). One poly(S) seed was used with a radius of 43.3 (S43) nm, and two
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poly(S-Co-MA) seeds (SIMA

=

0.80/0.2,{}) with radii of 31.2 (SMA31) and 22.4 run

(SMA22), respectively. The diameters were determined by analysing at least a 1.000
particles on transmission electron micrographs. Transmission electron microscopy

was

also

used to check for secondary nucleation.
Table (6.5). Recipes of the seed latices.

seed latex

s

MA

H 20

AMA80

. KPS·

SB

.r

(g)

(g)

{g)

(g)

(g)

(g)

("C)

1558

19.25

2.6

2.6

85

S43

392

SMA22

16.56

3.43

70

2.0

0.2

0.2

70

SMA31

16.56

3.43

70

1.0

0.2

0.2

70

Chemically initiated runs, where KPS was used as initiator, and· the so-called -yrelaxations, where initiation is by a -y-radiation source ~o), were performed. in a twopiece dilatometer fitted with an automatic tracking device that measures contraction of .the
volume of the reacting system, which is a measure for conversion. In both initiation
systems the seed latices were swollen with the monomers overnight; All kinetic runs were
performed at 50°

± 0.5 °C. All seeds were used in both types of experiments, and. in the

chemically-initiated runs the initiator concentrations were varied over wide ranges. In ali
cases conditions were such that reactions were started in interval 2,

i.e.

in the presence of

monomer droplets. As it is expected that the kinetics are strongly dependent on the
monomer composition in the latex. particles and in the aqueous phase, most experiments
were performed at a nearly azeotropic composition with f5p
azeotrope is at fs

= 0,84. In the bulk system the

= 0.75, see chapter 5. In an. emulsion system there is normally no real

azeotrope, as in the course of the reaction the phase volumes change and therefore also the
monomer ratios in each phase, except when the saturation concentrations of the monomers
in the aqueous phase are exactly the same or very low. The kinetics were analysed only at
low conversions, so that hardly any composition drift has occurred. It was. therefore also
possible to study the

k:ineti~s

at a much lower fsp (0.57).

Gel permeation chromatography (GPC) was done on a chromatogtaphic system .
equipped with two Shodex linear columns (GPC KF80M, 30 em) and a refractive index
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detector (Waters Model 410). THF was used as the eluent, flow rate was 1 cm3/min.
Calibration is discussed later in the text.

6.5.2 Experimental methodology
In experiments with -y-initiation the system is allowed to reach a steady-state. in the
-y-source. After this steady-state has been reached the reactor plus tracking device are taken
out of the source, so that the entry rate drops virtually instantaneously from a relatively
high value in the source to a low value, namely that of thermal entry: The time-average
number of radicals in the particles drops to a lower steady-state value. A change in
polymerization rate is observed. This set-up enables one to study the radical loss
mechanism(s). Details have been described elsewhere. 144•159 The chemically-.initiated runs
should in principle give two pieces of information: the steady-state rate and the approach to
steady-state. It is possible to obtain mechanistic information from these runs. In -yrelaxations the radical loss mechanisms can be studied separately from radical creation
mechanisms, whereas in chemically-initiated runs they cannot be separated. If -y-relaxation
data are available these can be used as an important and independent check for the
interpretation of the data obtained in chemically-initiated runs. It should be noted that the
approach to steady-state in a chemically-initiated system can only be used in a meaningful
way, if there are no retardation effects. In S emulsion polymerizations oxygen acts as a
true inhibitor (no retardation) and the steady-states can be used to elucidate the kinetics. 159
For a new system it is important to check for any inhibition effects. One of the main
advantages of -y-relaxation runs is that it is possible to re-insert the reactor in the source in
the same run. It is therefore possible to compare approaches to steady-state in subsequent
insertions, which provides excellent means for checking for inhibition artifacts. In the
absence of any inhibition effect, the approaches to steady-state should be the same. As
stated before, a dependence of the exit rate on particle radius is expected in the SIMA
system. Therefore relaxation runs were performed with seeds with varying particle sizes ..
The relaxation kinetics are interpreted with both first and second order loss processes. This
results in two values for the exit rate coefficient, which are compared with theoretical
predictions for the exit rate coefficient. The exit rate data are used to elucidate tlie kinetics
(entry) of the persulfate-initiated runs. Molecular weight distributions will be used to obtain
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infonnation on chain transfer to monomer, which is needed

to

calculate exit rate

coefficients.

6.6 Results
6.6.1 'Y-relaxations and chemically-initiated experiments
In Fig. (6.1}
the conversion
versus time plots· are shown of two of the experiments
.
.
perfonned with 'Y-initiation (with seed latex S43).

O.Gl (b)

time (s)

time (s)

Fig. (6.1). Conversion (xJ versus time of (a) four consecutive insertions into the ,.-radiation source

(fsp

=0.57, seed latex S43), and (b) three consecutive relaxation runs (fsr "" 0.84, seed latex S43).

In these experiments four insertions into the 'Y-radiation source were done (Fig.
(6.la)), and three relaxations after taking the reactor out of the source (Fig. (6.lb)). It
appears that after the first insertion, the approach to the steady-state in the source is slower
than .in the consecutive three runs. This was also found for the three other experiments

perfonned with different seed latices, and with the other monomer composition. The
approach to steady-state was always slower in the first insertions, whereas the approaches
to steady-state in the consecutive runs were always the same. As stated above, the
approaches to steady-state can be used to reveal any retardation effects. The results indicate
that there is indeed a. retardation effect in this system. It is quite possible there is a non:
ideal inhibitor. Once this has been consumed, there are no retardation effects any more,
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which explains why the approaches to steady-state in consecutive runs are the same. This
means, however, that the approach

to steady-state in the chemically-initiated runs cannot be

used to obtain mechanistic information about the kinetics, as it is impossible to completely
exclude inhibitor, preSumably oxygen, from the system. In Fig. (6.2) a number of
conversion versus time plots for chemically initiated runs are shown, in this case with seed
latex S43, where the initiator concentration was varied over a wide range.
0.4.--------------,-------,

25000

time (s)
Fig. (6.2). Conversion (x,,} versus time for reactions initiated with varying concentrations of
persulfate. fsp
9·10-.6,

=

0.84, S43 is the seed latex, Nc

(b) 9·10-5 ,

{c) 9·10-4, (d)

2.9·10-3 ,

(e)

=

2.1(±0.1)·10 17 dm-3 , C1 (in mol/dm3)

5.1·10-3 ,

(t)

9.2·10-3 ,

(g)

=

(a)

9.3·10-3 .

It can be seen that the system reaches a steady-state after a few percent of

conversion, and that the rate in this steady-state is constant, which is. expected for a zeroone system. It can be seen that the higher the initiator concentration, the higher is the
reaction rate, although at the highest initiator concentrations the rate is only weakly
dependent on initiator concentration. Note that the steady-state value of fi was always
smaller than 0.5, which· is a necessary, but insufficient condition for zero-one kinetics.

6.6.2 Molecular weight distributions and transfer to monomer
The copolymers which have been obtained after stopping the chemically-initiated
runs with hydroquinone, were analysed with GPC to obtain values for the average rate
coefficient for transfer. In Fig. (6.3) are shown the differential log molecular weight
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.

.

distributions fot

.

.

.

a series of copolymers polymerized
onto the same seed ·latex ·with varying
.

persulfate concentrations.

Fig. (6.3). Differential log molecular weight <Jistributions, · d W(log (M))/d log(M), of seed polymer
(S43) and S-MA copolymer (Fs = 0.84), polymerized onto the seed latex with varying C, (in
'molldm3): 9·1lr~ (-), 9.1·10-4 (···),and 5.t·Hr3 ("·}.The high molecular weight peak is due
only to the copolymer~

The low molecular weight peak is the seed latex polymer, in this case poly(S), and
the· peak on the hlgh molecular weight side is the S-MA copolymer polymerized onto the

seed latex. Since there is a relatively large difference between the molecular weight of the
seed latex and the copolymer, it was not necessary to correct for interference .of the seed
polymer on the distribution of the copolymers.

It is possible to calculate the average rate coefficient for chain transfer to monomer
from the molecular weight distributions l:iy using the linear part of the natural logarithm of

the differential number fraction distribution (In (P(M)) versus M). 91 •161H

62

The differential

number fraction distribution was calculated from the differential log molecular weight

distribution (d W(log(M))/d log(M)), which in tum is calculated by multiplying the GPC
trace (d W(log(M))/d Ve1) ,with

Eq. (6l31).

a Veld logM (the derivative of the calibration curve),

see

163

P(M)

d W(log(M)). d¥.1
1
dVet
. d(Iog{M)) M 2

{6.31)
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where V01 is the elution volume. Universal calibration was applied to correct for the
difference in hydrodynamic volume of the poly{S) standards used in GPC, and the S-MA
copolymers. The molecular weight of a copolymer (M.opotymer) with a fraction of S equal to
Fs was calculated according to Eq. (6.32).
(6.32)

where

MJ

is the molar mass of monomer i, and Mgopotyrner the average molar mass of the

monomers in the copolymer. Ms is the molecular weight obtained after calibration with
monodisperse poly(styrene) standards, and MMA is the molecular weight calculated from Ms
with universal calibration. Values for the Mark-Houwink constants for poly(S) (K .
7 .88·10-3 cm3/g, a

16.2·HJ3 cm3/g, a = 0.71) and poly(MA) (K
from literature.

68

0.885) were taken

An example of the resulting distribution is shown in Fig. (6.4).

·····~······························
0.0

2.0xi06
Mcopolymer

4.0x!0 6

(g/mol)

Fig. (6.4). An example of a plot of the natural logarithm of the differential number fraction
distribution (In (P(M)) of seed polymer and copolymer versus M""'"'Y"'""

The linear part was evaluated with the restriction of the highest reliable value of
Mcopotymer being the highest GPC sta.ndard used. The slope of the linear part is equal to
Mgopotymer times the ratio of the rate of cessation of chain growth and the rate of propagation
¢

(Cm). 91 •160--162 The values for Cm are plotted versus the ratio of initiator concentration (C1)

and particle concentration (N0 ) , which is a measure for the entry rate. By taking the
minimum value, the ratio of the average transfer rate coefficient and the average
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propagation rate coefficient can be. obtained, because in a zero-one system· chain growth
. cessation is predominantly· by

tr~fer

to monomer, especially at low entry rates (low

initiator concentrations). This is shown in Fig. (6.5), for four different series of
experiments with varying particle sizes and monomer compositions.
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Fig. (6.5). Ratio (C,.) of the average rate coefficient for chain transfur to monomer
av~rage rate coefficient for propagation

particle concentration (N.). f5p

0.84:

(kJ

<krr> and the

~ersus the ratio of initiator concentration (C1) and

<•> 843, (e) SMA31, (~) SMA22, fs,. = 0.57: (0).

One can see that the ratio decreases slowly with decreasing initiator concentration,
but at very low initiator concentrations the ratio increases significantly. This is a result of
the fact that then the molecular weights are so high that. the linear part is at molecular
weights higher than the highest standard used or even at molecular weights above the
exclusion limit in GPC, so these data should not be taken into account .. They are included
in the plot to show that one must perform a number of. experiments at varying initiator
concentrations to be sure to be able to exclude artifacts.
It was shown in section 6.4.2 that the average rate coefficient for chain transfer can

be expressed as follows for high fractions of S, if AsMA is very high:
(6.3~)

If the plot of the average rate coefficient of transfer

~o

monomer versus

t;;p is linear, one

can assume that AsMA is indeed very high, i.e., transfer is dominated by S-terminated
radicals. It is .then possible to eKtract a value for krr.sMA· Jn Fig. (6.6) are plotted the
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average chain transfer rate coefficients obtained from the experiments described above. It
can be seen that in combination with the literature value for ktr.ss (Table (6.1)) there is a
linear dependence (filled symbols).

0.6

0.8

1.0

Fig. (6.6). Average rate coefficient for chain transfer to monomer Cktt) versus molar fraction of S in
the particles (fSp), fitted with Eq. (6.33). (e) data obtained from kinetic experiments,

<•> literature

value for k,,, 55 , (0) data obtained from additional copolymerizations, also fitted with Eq. (6.33)
(neglecting the data point at fsr = 0.9).

Since this linear dependence of ~ on fsp is a critical condition if the terminal model
for chain transfer is assumed to be valid, an additional series of copolymerizations in
dilatometers was carried out to obtain~' data for a larger range of f5 values, to be more
certain that there is indeed a linear dependence. These experiments were performed in the
same way as described above for the kinetic runs. Seed latex S43 was used in all cases.
The ratio of seed polymer and total amount of added comonomers was ·such that at 5%
conversion the ratio seed polymer/newly formed copolymer was 1/1. At 5% conversion
composition drift can be completely neglected. Conversion of these

reaction~

was not

followed as a function of time, but the reactions were stopped when 5% conversion was
reached. For each composition fsp three different initiator concentrations were used, and

ktr

was evaluated as described above, using~ data from chapter 2. Fig. (6.6) shows~' versus
fsp·
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It can be seen thl\t the dat;a of the additional copolymerizations also show a linear

dependence (neglecting the data point at fSp
justified to

negl~ct

= 0.9),

so it can be concluded that. it is

the contribution of radicals with MA as the terminal uuit, except at very

low fractions of S. In relation to this it is interesting to note that when measuring· the
radical concentration in a terpolymerization with methyl methacrylate (MMA), bll:tyl
acrylate (BA) and 1% methacrylic acid with EPR, Lau et al. 83 noted that the ESR-spectra
all showed a propagating MMA radical, i.e., the concentration Of MMA termirtated radicals
is much higher than the concentration of BA terminated .radicals. This system is similar to
the S-MA system, in the sense that MMA is much more reactive than BA (rMMA

= 2.28,

r8 A = 0.40164), and has a much lower~ than BA, so the observation. by Lau et al. could be
considered to support the suggestion that the concentration of MA terminated radicals can
be neglected in the S-MA system.

It can also be seen that the

ktt

data from the additional copolymerizations are

consistently lower than those obtained from the kinetic experiments, although the latter are
in agreement with the literature value for ~.ss· This can. be attributed to deviations in the
GPC elution: the retention of high molecular weight polymers is very sensitive to changes
in experimental conditions. The use of Mark-Houwink constants can introduce further
errors. So the values ofk,. are subjec~ to systematic errors, probably in the order oflS%.
Fitting Eq. (6.33) to the data obtained from the kinetic runs and the literature value
of ku-.ss (see Table (6.1)) results in a value for ~r.sMA of 3.0·10-2 'dm3/mol·s. Fitting Eq.
(6.33) to the data obtained from the additional copolymerizations results in a value of
2.2·10-2 dm3/mol·s. In view of the errors

a value of 3·10-2

dm3/mol·s seems a reasonable

estimate, and this was used in the discussion of the model assumptions .in this system, see
section 6.4. Not shown are the· n;:sults for the system with pure MA.

~'

is then much

higher than in systems with S (ca 1 dm3/mol·s), but the data are not very conclusive. MAterminated radicals may contribute to

k1, for fMAp ;;::: 0.9, although this cannot be concluded

with certainty from Fig. (6.6).

6.6.3 Exit rate

The relaxation runs were analyzed by using the slope and intercel't method and the
following tate equations with both frrst and second otder dependencies of the exit rate on ii.
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(6.34)

(6.35)

where Ptht is the thermal entry rate calculated if the data are interpreted with a first order
dependence, and k 1 the corresponding exit rate coefficient, etc. These rate equations
represent the two sublimits of Eq. (6.24) (Limit 2, complete re-entry): if the rate of escape
from the particles is larger than the rate of propagation, a first order dependence is found
for the exit rate (k1ii), and if the rate of propagation is larger than the rate of escape, a
second order dependence is found (2k2ii2). The results are shown in Table (6.6). The results
of fitting to a first order dependence are included, although a second order dependence was
expected (see section 6.4).

Table (6.6) Results of -y-relaxation experiments with varying particle radius and monomer
composition: p"'' and PtJa are the thermal entry rates calculated according to a first or second order
exit rate, k 1 and k2 are the corresponding experimental exit rate coefficients, and k,,p..., and ka.pred are
the predicted exit rate coefficients.

seed latex (SIMA)

Pmt

Pth2

kz

k2,pred

(s-1)

k1
(s-1)

kl,pred

(s-1)

(s-1)

(s-1)

(s-1)

S43 (0.84/0.16)

3.5·10-4

1.8·10-4

2.3·10-3

1.5·10-l

5.0·10-3

1.4·10-2

SMA31 (0.84/0.16)

3.3·10-4

9.2·10-5

5.2·10-3

1.5·10-1 1.3·10-2

2.7·10-2

SMA22 (0.84/0.16)

1.6·10-4

7.6·10-5

2.2·10-3

1.5·10-1

8.6·10-3

5.3·10-2

S43 (0.57/0.43)

1.9·10-3

8.8·10-4

6.9·10-3

2.1·10-1

9.4·10-3

.

1.8·10-2

In the same table the theoretical predictions are given for the exit rate coefficients based on
the sublimits of Eq. (6.24).

If these simplifications are pursued in Eq. (6.24), the following expressions are
found for the exit rate coefficients k1 and k2 :
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(6.36)

(6.37)

Note that there are in principle also cases where the exit rate of one of the monomers
shows .a ftrst order dependence, and the other a second order dependence. However, for
simplicity these possibilities are not taken into account. Eqs. (6.36) and (6.37) are used to
give predictions. for the exit rate

coef~cients (kt,prec:t•

k2 ,preJ, by inserting values for the .

chain transfer. constants, monomer concentrations, the rates of. escape (depending on
swollen particle radius) and the propagation rates, see Table (6.3).
It can be seen that the experimental values for k1 are lower than the pre4icted values

by at least a factor of 30. These are in effect rates of chain transfer to monomer, values for
.

.

which are obtained from independent experiments. Therefore there is no numerical
agreement if the relaxation data are interpreted with a . first order dependence .. If the
experimental values for k2 are compared wtth the predicted values there seems to be
reasonable accordance (within

a factor of 2), except for the system with the lowest swollen

.Particle radius (a factor of 6) .. This suggests that second order dependences for .the. exit rate
like trail.sfer-diffusion mechanisms are probably correct, but that other factors may play a
role for small particle sizes.
In Fig. (6. 7) predicted exit rate coefficients of S and MA monomeric radicals are
plotted versus the molar fraction of S in the particles at one particle size (r.

= 55 run).

It

can be seen that MA monomeric radicais are dominant only at low fSp ( <0.5), in contrast
to what is found in the system S-methyl methacrylate (MMA). 55 •103 In this system exit is
completely dominated by MMA. This discrepancy can be explained easily, if one realizes
that,. although MA is much more water-soluble than S and has a higher rate of escape, the
propagation rate of the MA monomeric radical is also much higher; and the ratio of rate of
escape to rate of propagation is not much larger than that of S. The water solubility of MA
is 4 times higher than that of MMA, but the kp (616 dm3/mol·s165) is
50 °C.

ca 15 times higher at
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Fig. (6.7). Predicted exit rate coefficients (using Eq. (6.24)) of S (-) and MA (-) monomeric
radicals as a function of f 5•• at a constant swollen particle radius of -55 nm.

6.6.4 Entry rate

Now that it can be assumed that the model for radical exit from the latex particles is
correct at least for the higher particle sizes, let us tum to the chemically-initiated runs. The
other rate determining mechanism in these systems is radical entry. As stated above, it can
be assumed that the rate-determining steps in the entry process are propagation and

termination of oligomeric, initiator-derived radicals in the aqueous phase. It was shown that
for monomers with a relatively

high~

and/or a high water solubility and/or a low z (e.g.

MMA) the entry efficiencies are close to 100%, which means that almost all initiator
radicals propagate in the aqueous phase reaching a critical degree of polymerization z, after
which they enter a particle instantaneously. MA has both a very high

~

and a relatively

high water solubility. It is therefore expected that systems with pure MA also show 100%
entry efficiency. A value for z can be estimated from the expression given by. Maxwell et

al., 85 for which the water solubility is needed (Eq. (6.38)).
z

with RT in kJ/mol and

C;aq,s,h

= -1

+int

I

-23
[ RT

in mol/dm3 • This gives z

=

(6.38)

18 for MA. If the efficiency is

then calculated with the second factor of the right-hand side of Eq. (6.21), it is found that
the efficiency is always 100%.
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In this way the entry rate was calculated for the different initiator concentrations and

particle concentrations, The slopes of the steady-states in the conversion-time plots of the
chemically-initiated runs can be used to obtain steady-state

v~lues

for it. By inserting the

values for the entry rate (calculated assuming 100% efficiency) and the values for fi in Eq.
(6.35), values for the extt rate coefficients

0<2)

in the chemically-initiated experiments can

be derived. The values for k2 thus obtained vary greatly and do not accord with either the
predicted values or. the values found experimentally in the relaxation runs: the vatues from
the chemically-initiated runs are always much higher. If the model for exit is correct, the

discrepancy is so large as not to be consistent with the hypothesis that the entry efficiency
is 100%.
Hence the predicted and experimental values from the '}'-experiments for the exit
rate coefficients are taken, which are in accord with each other except at the lowest particle
radius, and the entry rates in the chemically-initiated runs are calculated by inserting the
values for k2 and the experimental values for fi in Eq. (6.35). The initiator efficiencies can
then be calculated after subtraction of the experimental values for p1112 • The resulting
initiator efficiencies are plotted versus the initiator concentration in Fig. (6.8). It can be
seen that in spite of the scatter, especially at low initiator concentrations, there is clearly a
dependence on· the· initiator concentration, i.e. the initiator efficiency decreases with
increasing initiator concentration. This means that the efficiency is not 100%.
'

This can be understood as follows. Although MA is much more water-soluble than S, there
is still some appreciable amount of S in the aqueous phase, because the overall fraction of
S in the recipes is much higher than that of MA. This can be seen in Table (6.2). The
fraction of S in the- aqueous phase (fsaq) is very low, f5aq

= 0.036 when fsp = 0.84.

If fsaq

were 0, then the kp in the aqueous phase would be that of MA. But a small amount of S
decreases the average propagation rate coefficient considerably: at fsaq
3

= 0.036 ~ = 740

3

dm /mol·s; This is much lower than the value of 10,700 dm /niol·s of pure MA. Also the
total monomer concentration in the aqueous phase is much lower, because the concentration
of MA in the aqueous phase is linearly dependent on fMAp• which is 0.16. If it can be
assumed that the expression for the copolymer com~sition, Eq. (2.1), which is normally
valid for long copolymer chains, can be applied to the composition. of the oligomeric
radicals by using the reactivity ratios given in Table (6.1), it can be calculated that the
fraction of S in the oligoniers is non-negligible, and equal to ca 0.15. The validity of the
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copolymer equation has been assumed before, 155 and was claimed to be applicable to
S-(meth)acrylic acid and S-MMA oligomers on the basis of FTIR spectroscopy and

13

C

NMR. 166•167 Therefore the initiator efficiency is calculated with the low value for ~of 740
dm3/mol·s, a total monomer concentration of 0.1 mol/dm3 (see Table (6.2)), z

=

18 and a

3

termination rate constant in the aqueous phase of 3.7·H1 dm /mol·s (Fig. (6.8)).

Fig. (6.8}. Entry efficiencies, calculated with experimentally determined (0), and predicted

<•>

second-order exit rate coefficients versus the initiator concentration (C1) for seed latices with
different swollen particle radii: (a) S43, .r,
The lines are predictions with Eq. (6.26):
dm3/mol·s, and z

=

55 nm, (b) SMA31, 39 nm, and (c) SMA22, 28 nm ..

k,

740 dm3/mol·s, C'"' = 0.1 mol/dm3 ,

kr.aq

= 3.7·109

18. In Fig. (6.8d) all data calculated with the predicted exit rate coefficients are

combined. The lines are predictions with Eq. (6.26): values for z are. indicated.
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The scatter at low initiator concentrations is due to the fact that the thermal entry
rate is considerable compared to the entry rate of initiator-derived radicals. The latter is
calculated by subtracting two entry rates of comparable magnitude, so the error can be
quite large. However, the trend of the efficiency as a function of initiator concentration
with the highest particle size (Fig.(6.8a)) is in good agreement with the predicted line. The
data with the intermediate particle size (Fig. (6.8b)) are not conclusive, as most reactions
were performed at low initiator concentrations. With the .lowest particle size (Fig. (6.8c))
the data with the experimental exit .rate coeffiCient are very low, but the data calculated
with the predicted exit rate coefficient are in accord with the predicted line. The conclusion
from Fig. (6.8) is that z

= 18 fits

the data reasonably well, which is in accord with Eq.

(6.38).

It is realized that the use of Eq. (6.21) is a serious simplification. One could
question both the use of a constant termination rate coefficient and one critical degree of
polymerization. The first is in the diffusion limit, and one could therefore argue that it
should be dependent on the siZe of the oligomer as the diffusion coefficient is sizedependent ·and inversely proportional · to the degree of polymerization. This would then
increase the predicted efficiency. However, the critical degree of polynierization is also
dependent onthe chemical compositionofthe oligomer, i.e., on the number of S units: the
more S units the lower z and· the higher the efficiency. However, virtually nothing is
· known of the effect of composition on the solubility for this kind of oligomers. As the
experimental data show considerable scatter, and the number of data at higher initiator
concet;ttrations is very limited (for the lower particle sizes), there is no point in trying to
model the entry process with a size dependent termination rate and a composition
dependent critical degree of polymerization.
It is important to realize that the largest effect on the efficiency comes from the
influence of a small amount of S on the average propagation rate: S slows the rate .of
propagation in the aqueous phase ~Caq) · down to sl.lch an extent that termination of the
oligomeis becomes rate-determining as well.
Finally a very interesting observation is presented. The conversion-time curves in·
Fig. (6.2) show that the rate of polymerization is not very dependent on initiator
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concentration if the initiator concentration is high. As ii. is smaller than 0. 5, this must be a
result of the entry rate becoming independent of the initiator concentration. If for simplicity
it can be assumed that the approach for describing the entry rate in this system is correct
and if the entry rate is plotted as a function of initiator concentration (Fig. (6.9)), it can be
seen that there appears to be a maximum or at least an upper limit for the entry rate.

0.006.----------------------,

0.004

0.000
0.000

0.003

0.009

0.012

Fig. (6.9). Entry rate (p1) calculated with the predicted second-order exit rate coefficients, versus the.
initiator concentration (C 1) calculated with Eq. (6.26):
3.7·109

dm3/mol·s,

z

18, N,

2·10 17

k0

= 740 dm3/mol·s,

c,.

= 0.1 M,

k....

=

dm-3 •

Apparently z is so high that at high initiator concentrations termination in the
aqueous phase becomes more and more dominant. This means that there is no point
increasing the initiator concentration to increase the rate of polymerization. This will only
lead to the production of more water-soluble oligomers that can have an adverse effect on
the properties of the resulting polymer, for instance the water resistance in coatings
applications.
This

observation

is

in

accord

with

unpublished

results

of

emulsion

copolymerizations with the water-miscible monomer 2-hydroxyethyl methacrylate and
styrene, 168 · where an increase in the concentration of persulfate leads to a higher fraction of
2-hydroxyethyl methacrylate homopolymerizing in the aqueous phase, or a decrease in the
relative contribution of the polymerization in the polymer phase, see also chapter 5.
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6.6.5 The entry and exit rate models combined
In the previous sections the entry and exit rates were looked at in detail. It was
concluded that the model for the exit rate with a second order dependence on fi described
the experimental data reasonably well, except at the lowest value of the particle radius.
Also the rather crude approach of the entry rate (using one oligomer size capable of
entering and estimating this value with Eq. (6.38), and using one value for the termination
rate constant in the aqueous phase) seemed to be in accordance
a model is to have practical value
rate-determining m~hanisms -

~beside

~ith

the data. However, if

making it possible to interpret data of individual

the combination of the descriptions of each rate-

determining mechanism should describe the experimental data of macroscopic parameters as
well.
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Fig. (6.10). Calculated values of the average number of radicals per particle (ii) versus the initiator
concentration (C,) and experimental data obtained with seed latices S43 {calculated (-),
experimental (0)) and SMA31 (calculated(---), experimental (•)).

Therefore the models for the entry rate and the exit rate as presented in this chapter
were used to calculate fi as a function of initiator concentration by using only literature
parameter values and the independently determined value for ku.sMA and no adjusted
parameters. Note that since the source of thermally-derived radicals is unknown, the·
thermal entry rate· is not used. The results are sho'\Vn in Fig. (6.10). As can be seen the
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agreement is not exactly optimal, but as no adjustable parameters were used, the agreement
is satisfactory.

6. 7 Conclusions
In this chapter the results of a study on the kinetics of seeded particle growth of a
styrene-methyl acrylate emulsion copolymerization are reported. The seed was either a
poly(stryene) or a poly(styrene-co-methyl acrylate) polymer latex; because the method
used to obtain kinetic information only requires changes of a few percent in conversion, the
use of a hetero-seed (polymerization in a polymer swollen with another monomer
(mixture)) will not lead to phase separation. The system was shown to obey "zero-one"
kinetics, i.e. fi

< 0.5, with entry of a free radical into a particle already containing a

growing radical resulting in instantaneous termination, because enough styrene monomeric
radicals are formed. Experiments were performed with persulfate as initiator or with ')'radiation as a source of radicals. The latter initiation system enables the relaxation kinetics
to be observed, which are sensitive to radical annihilation events, such as radical exit
followed by eventual termination. Transfer rate coefficients were obtained from the highmolecular weight part of the observed molecular weight distribution. Results of relaxation
experiments indicated that the styrene-methyl acrylate system is retarded in the initial
stages (perhaps by oxygen), and it is likely that this retardation also holds for the
persulfate-initiated system. Relaxation data show numerical agreement with the transferdiffusion model for exit of radicals from latex particles, except for small particle sizes. The
exit rate is most likely to have a second-order dependence on the time-average number of
radicals per particle. Exit is not dominated by the most water-soluble comonomer in this
system at molar fractions of styrene higher than 0.5, in contrast to what is found in
styrene-methyl methacrylate emulsion copolymerizations. By using the relaxation data to
calculate entry efficiencies from runs initiated with persulfate it could be shown that the
initiator efficiencies in the styrene-methyl acrylate copolymer system, at the composition
investigated, are not 100%, but vary between ca 5 and 50% depending on the initiator
concentration. The dependence on the initiator concentration is in accordance with . the
theory that states that the rate-determining step in entry is propagation of the initiatorderived oligomeric radicals in the aqueous phase, if the copolymer composition equation
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can be applied with these relatively short chains, which is not trivial. It was shown that the
presence of a small amount of styrene in the aqueous phase slows the rate of propagation
down considerably. It was also shown .that the entry rate can show a maximum as a
function of the initiator concentration.
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Chapter 7
Emulsion Co- and Terpolymer Composition Control I
Semi-continuous emulsion copolymerization of styrene and methyl acrylate
Synopsis: Three different monomer addition strategies were used to produce
styrene-methyl acrylate emulsion copolymers with varying average
compositions and varying composition distributions: (1) monomer starved semi:
continuous emulsion copolymerization, where a monomer mixture of constant
composition was fed to the reactor at a constant rate, (2) semi-continuous
emulsion copolymerization with optimal addition rate profiles to produce
homogeneous emulsion copolymers in relatively short times, and (3) a semicontinuous emulsion copolymerization with an addition rate profile such that a
controlled heterogeneous emulsion copolymer with pre-determined
heterogeneities is produced in a relatively short time. The chemical composition
distributions (CCD) of the copolymers prepared with method (3) do not consist
of one narrow peak, as do homogeneous copolymers, but they have
predetermined broadness profiles. Gradient polymer elution chromatography
(GPEC) was used to determine the homogeneity/heterogeneity of the copolymers produced, and proved to be very helpful in determining the optimal
addition rate profile. Most of the copolymers described in this chapter were
used to investigate the relation between microstructure (CCD) and mechanical
bulk properties (chapter 9).

7.1 Introduction
In chapters 3-6 several aspects of emulsion co- an:J terpolymerizations have been
investigated: monomer partitioning, free radical co- and terpolymerization kinetics,
composition drift and emulsion copolymerization kinetics. These aspects have been
investigated in detail for the system styrene-methyl acrylate (S-MA). In the remaining
chapters 7-9 the knowledge gained will be used to look at the last two aims that were set in
chapter 1. In this chapter investigations are reported as to how the process conditions in
emulsion copolymerizations can be used in such a way that the strong composition drift that
normally occurs with S and MA, can be controlled and that copolymers with specific
properties (CCD) can be prepared. As can be seen in Fig. (L 1), one should be able to
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control composition drift,

and therefore the CCD by controlling the monomer

concentrations. The monomer concentrations can be effectively controlled by adjusting the
monomer addition rates in semi-continuous reactions. The copolymers that are produced
under these controlled conditions will be used to study the relation between microstructure
and mechanical properties, see chapter 9.
Many researchers have studied semi-continuous emulsion copolymerization, which
involves the addition of the monomers to the reaction mixture during the course of the
reaction,. in contrast to continuous polymerizations where product is also removed from the
reactor during the reaction. The easiest way to do this is to add the monomer mixture (pure
or pre-emulsified) at a constant, low rate (starved conditions). 169-176 Li and Brooks 177
modelled the time evolution. of the polymerization rate in emulsion polymerizations under
starved conditions, incorporating several kinetic approaches taken from literature to
calculate the average number of radicals per particle.
If the polymerization takes place under starved conditions, the monomer concentrati-

ons are low and this leads to low polymerization rates and long reaction times. Therefore;
Arzamendi and Asua56•178 proposed a method to make homogeneous copolymers in emulsion
at high monomer concentrations by adding the more reactive monomer via an optimal
addition rate profile to the reaction mixture containing all of the less reactive monomer.
Applying this method to the emulsion copolymerization of vinyl acet;ite(VAc)'-MA, they
could keep the ratio of the monomers inside the latex particles constant during the reaction.
This technique was also applied to the emulsion copolymerization of S and, MA by Van
Doremaele et al., 179 but a somewhat different procedure was utilized to calculate the
optimal addition rate profile. Arzamendi et al. 180 also applied the technique to the emulsion
copolymerization of methyl methacrylate (MMA) and ethyl acrylate (EA) (two different
compositions) and Urquiola et a/. 181 also to the Vac-MA emulsion copolymerization. Since
fhe method of the optimal addition rate profile leads to shorter reaction times, heat removal
can be a limiting factor. Therefore Arzamendi and Asua? also. looked at the situation where
the reactor had limited capacity for heat removal, adding the less reactive monomer to the
reactor at a constant rate, and adding the second monomer via an optimal addition rate
. profile.

A

more

elaborate

approach

to

modelling

semi-continuous

polymerizations was published ·by Hamielec and co-workers.

113 183
•

(emulsion)

They modelled

polymerizations - including molecular weight distributions - with empirically measured
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kinetic parameters. They were able to model batch, semi-continuous and continuous
polymerizations, also taking into account heat removal. However, because only a few of
the kinetic parameters are known and have to be estimated, the approach presented by
Arzamendi and Asua56•178 seems to be more practical.
In the work described in this chapter a procedure very similar to that developed
previously by Van Doremaele et al. 179 is applied to produce homogeneous S-MA
copolymer latices with varying fractions of S (F5). This procedure is also used to produce a
controlled heterogeneous copolymer with a Fs

0.25, and with a predetermined broad

CCD. The semi-coptinuous reactions are compared with batch reactions (chapter 5 and 6)
with respect to composition drift and kinetics to see how the factors that govern the CCD
and polymerization rate in batch reactions also control the homogeneity of the semicontinuously formed copolymers.

7.2 Experimental
. Applied chemicals were: styrene (S), methyl acrylate (MA), sodium persulfate (SPS,
initiator), n-dodecyl mercaptan (NDM, chain transfer agent), sodium bicarbonate (SB,
buffer) (all p.a.), sodium dodecyl sulfate (SDS, emulsifier, 99%). The monomers were
distilled under reduced pressure before use. All experiments were carried out in a 1.3 dm3
stainless-steel reactor equipped with a turbine impeller .18
During semi-continuous reactions the monomer feed (never emulsified) was added
with a Dosimat 665 (Metrohm) and the feed was computer controlled (Atari 1040 ST).
During the semi"continuous reactions the total amount of monomers added was such that all
latices had a final solids content of about 17 %, corresponding. to an initial monomer to
water ratio (M/W) of 0.2 g/g for batch reactions. The impeller speed was 250 rpm and the
reactions were carried out at 50

oc

mmol/dm3 (in case of reactions with

with the following recipes: water 900 g; SDS 12
~e

(optimal) addition profiles 3.9 mmol!dm3); SPS

1.23 mmol/dm3; SB ca 1 mmol/dm3 (all based on water); MA +S 180 g (including polymer
in seed latex); NDM 1 w% based on monomers. In semi-continuous reactions a
corresponding part of the NDM was always added with the monomer feed. In the
experiments with (optimal) addition rate profiles the reactor was always pre-charged with
all ingredients, including all of the MA and part of the S and the remaining part of the S
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· was added during the reaction. The batch reactions and reactions under starved conditions
were performed ab initio, the reactions with (optimal) addition rate profiles were started .
from a

se~

latex. This was done to avoid irreproducibility due to the nucleation stage. By

doing so the number of particles could be controlled as well as the reaction rate, which is
very important in reactions where both monomers are added to the reactor with different
feed rates. The seed always had the same average composition as the desired copolymer.
The size of the seed particles was small enough to ensure that the polymer in the seed

•

particles had a negligible contribution to the final CCD. The seed latices were prepared by
semi-continuous addition of

a:

monomer mixture with the same composition as the desired

composition of the copOlymer in the ·seed latex. These reactions were carried out at 80 °C.
The amount of seed latex in the rei:ipes was such that the particle concentration was ca

5·10 17 dm-3 (calculated from the final particle size in optimal addition reactions). The
conversion was calculated from wlid content. The total decrease of the reaction volume due
to sampling for analysis .of solid content was always less than 5% in semi-continuous
reactions. Corrections were made to accourit for this decrease. The copolymer composition
was checked with 1H NMR. Gradient polymer elution chromatography· (GPEC) was used to
determine the CCD of the copolymers. Details of 1H NMR and GPEC have been explained
in chapter 5; All copolymers described in this chapter and in chapter 9 have been analysed
using a flame ionisation detector with a moving wire (MWFID) (Tracor 945 Universal FID
Detector). The particle size in the final product, used to calculate the particle concentration,
was determiried with dynamic light scattering (Malvern Autosizer Ilc) .

•

· 7.3 Results and discussion
7.3.1 Batch reactions

The copolymers described in this chapter have average fraction of S of 0.25, 0.50
'

and 0.80. The composition drift that occurs in the batch reactions with these compositions
and MIW

= 0.2 has been discussed

in chapter 5, and the CCDs of these copolymers have

been depicted in that chapter, see Fig. (5.2); these can serve as reference for the CCDs of
the semi-continuous copolymers in this chapter. The conClusion from chapter 5 was that
composition drift with copolymers with Fs

= 0.80 is negligible,

so it is expected that the

Semi-continuous emulsion copolymerization of styrene and methyl acrylate

125

semi-continuous copolymers with 80 mol% S will also be quite homogeneous in all process
modes.

7.3.2 Semi-continuous emulsion copolymerizations under starved conditions
Reactions under starved conditions were performed with two different fractions of S
(0.50 and 0.80) and each reaction was carried outusing three different additiontimes: 4, 8
and 32 h. In all cases 180 g of monomer mixture was added to 900 g of water. This type
of reactions is very simple because the addition rates are constant. The reactions were
performed for comparison with the results of reactions with optimal addition rate profiles
which are more difficult to carry out. Similar reactions were performed previously with 25
mol% S. 179 Fig. (7.1) shows the overall conversions (xJ of these reactions versus
dimensionless time t/fo, to being the total addition time.

2
0

"

Fig. (7.1}. Overall conversion (xJ versus·dimensionless time (1(,

addition time} of the experiments

under starved conditions with different addition times: ( +} 4 hours; (0) 8 hours; (D) 32 hours. a}
F8

0.50 b) F8 = 0.80. The diagonal represents 100% instantaneous conversion.

These results are comparable with those found earlier by Van Doremaele et al., 179

i.e. the longer the addition times the higher the instantaneous conversions of monomer to
polymer. Adding the monomer mixture at low rates leads to a situation where the addition
rate determines the reaction rate. In this way one can effectively control the concentrations
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of the monomers inside the latex particles, where the .Polymerization takes place throughout
the greater

p~

of the reaction. In ail early stage of the reaction the system reaches

a

steady state in which the polymerization rate equals the addition rate for both monomers.
This must mean that the ratio of the monomers in the particles corresponds to the value that
can be calculated from the reactivity ratios and copolymer composition (Eq. (2.1)). It is
obvious that it takes some time before this siJ;Uation is reached and it is during this tilne
that some composition drift can occur. There is a relatively large difference between
reaction rate and addition rate in the beginning of the reaction as can be seen in Fig. (7,1).

Li and Brooks 117 showed that this can. also be derived theoretically, if the number of
particles does not increase after the initial stage. In the initial stage one can assume that
particle nucleation takes place over some period of time and that the particle conce,ntration
increases in the beginning. If the particle concentration increases with time, it is evident
that in the beginning the polymerization rate is lower than the addition rate which leads to
accumulation of monomer and hence to some composition drift. The composition drift is
clearly shown in Fig. (7 .2), where the cumulative fractions of S (Fc,s) as determined wi:th
1

H NMR, have been plotted versus di:t;nension1ess time.
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Fig. (7.2). Copolymer composition, F•.s (measured with 1H NMR), versus dimensionless time of the
reactions under starved conditions with different addition times: (A) 4 hours; (0) 8 hours; (D) 32
hours. Open s)'mbols Fs
fractions of S in the feed.

= 0.50;

closed symbols F5

~

0.80. The dashed lines represent the overall
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In all cases it can be seen that the conversion of S in the beginning is larger than the

conversion of MA, leading to S rich copolymers, except for the very beginning, where the
absence of a significant number of particles could cause monomer consumption processes
connected with the particle nucleation process to prevail (see also chapters 2 and 6). Note
that in these figures t/!Q ranges from 0 to 0.5 and Fc.s from 0.4 to 1.
Fig. (7 .3) shows the CCDs of the reactions under starved conditions, including
some unpublished results from Van Doremaele et al. 179 (starved conditions copolymers with
Fs

= 0.25,

made with the same recipes as used in this chapter).

0.2

0.0

0.4

0.6

0.8

1.0

Fs (-)
Fig. (7.3). Experimental CCDs (GPEC/MWFlD) of reactions under starved conditions. Addition
times (h) are indicated in the figure. From left to right: Fs

Fs

0.50 and Fs

0.25 (unpublished data from ref. 179),

0.80 ..

It seems that the average composition of the copolymer with Fs = 0.50, formed

with the 4 h addition, as calculated from the CCD, is about 60% S, which was also found
for the corresponding batch copolymer, see also chapter 5. The explanation might be the
same in this case, .that there is probably be a tail stretching towards lower fractions of S,
which is hard to detect. This indicates that there is still considerable composition drift and
this is not surprising since the addition time of the monomers (4 h) is comparable with the
total reaction time of the batch product, which is about 4-5 h. Most probably this reaction
is not starved at all, but flooded. The average composition of the final product was indeed
50% as determined with 1H NMR (not shown in Fig. (7.2)). Fig. (7.3) indicates that the ·
lower the addition rate the more homogeneous the products are. This effect is in
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accordance with the fact that lower addition rates lead to higher instantaneous conversions,

i.e., less composition drift. It is a direct consequence of the fact that the reacting system
reaches the

st~y

state at a lower conversion when low addition rates are applied;

If these results are compared with those of Van Doremaele et al. 179 (who did

experiments with Fs
the case of Fs

= 0.25),

= 0.25

it seems that the effect of addition rate on homogeneity in

is smaller than in the case of Fs

= 0,50.

This was not expected,

because the batch reactions show that composition drift is stronger the lower f5 , see chapter

5. The system with the lower fraction of S may reach the steady state at an earlier stage as
a result of a higher polymerization rate, which is determined by the ~. Nc an~ ii. The ~
increases strongly with a decrease of the fraction of S (see Fig. (2.1)): in Table (7.1) the
values of fsp and~ are g'iven for F8 = 0:25, 0.50 and 0.80.
Table (7.1). Values of fraction of S in the particles (f"P) and the average propagation rate coefficient
(~) corresponding to the values of F8 used in the starved conditions experiments.

F.s (-)

fsp (-)

0.25

0.08

490

0.50

0.34

328

0.80

0.81

279

As can be seen, the ~ does indeed increase with decreasing fsp• but only by ·a factor .
of 2. In these reactions the concentration ·of SDS is above its erne, which means that
micellar nucleation is probably the dominating nucleation mechanism at very high fractions
of S, but. there might be another nucleation mechanism operational at small fractions of S
(perhaps homogeneous(/coagulative) nucleation, see chapter 2). Unfortunately the number
of particles was not

me~ured.

In chapter 6 it was concluded that the exit rate increases as

the fraction of S decreases. So, ceteris paribus the average number of radicals per particle
(ii) should decrease. The dependence of ii on the exit rate is not so large that it can

counteract the increase in kp. So ·the polymerization rate is probably higher in the
experinients with Fs

= 0.25.

Furthermore it should be noted that in the case of 80 mol% S

the effect of addition rate on homogeneity is .smaller than in both other cases, since this
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composition is near the azeotropic composition. Composition drift in this case is negligible
and the effect of~ on the onset of steady state is not noticeable in the CCDs.
7 .3.3 Determination of optimal addition rate profiles for homogeneous copolymers

As stated in the introduction, Arzamendi and Asua 56 •178 were the first to report on
the possibility to produce homogeneous emulsion. copolymers via a method that is referred
to as polymerization with an optimal addition rate profile. This way the ratio of the
monomer concentrations inside the polymer particles can be fixed at a value that ensures
the formation of a homogeneous copolymer of the desired composition. Furthermore, the
concentrations of the monomers in the particles are much higher than they are in monomer
starved reactions. This leads to higher polymerization rates and therefore to shorter reaction
times. In order to comply with the above conditions (constant monomer ratio and high
concentrations) the following strategies were applied by Arzamendi and Asua and by Van
Doremaele et al. ;18 •179 both methods will be discussed and the strong points of both adopted
in the procedures followed in this chapter.
The reactor is precharged with a seed to ensure relatively constant numbers of
particles. AU of the less reactive monomer is added (VAc in the case of MA-VAc
copolymerizations (Arzamendi and Asua), MAin the case of S-MA copolymerizations
(Van Doremaele et al.)) and part of the more reactive monomer. The amount of
precharged, more reactive monomer is crucial. It is calculated so that copolymer of the
desired composition is formed as soon as the reaction is started. This calculation is based
on mass balances, monomer partitioning data and reactivity ratios (chapters 3 and 5). The
remaining amount of the more reactive monomer is then added during the reaction with a
feed rate that is variable in time, depending on the reaction rate and the change in volume
of the various phases (monomer partitioning).
The difficulty of this strategy lies in the determination of the optimal addition rate
profile. • Kinetic studies such as that described in chapter 6 can elucidate kinetic ·
mechanisms, but prediction of the polymerization rate is still not as accurate as is necessary
here. Semi-empirical methods have to be used to determine the optimal addition rates:

• an addition rate profile is the amount of more reactive monomer to be added as a function of time; an addition
profile is the amount to be added as a function of conversion
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Arzamendi and Asua, 56•178 and Van Doremaele et al. 18•179 looked at the problem from
different angles,, but arrived at methods that are intrinsically the same. Arzamendi and
Asua178 first developed a mathematical model for calculating the optimal addition rate
profile for a seeded reaction where they pre.,charged all of the VAc and part of the MA.
The calculation of ii was based on the model developed by Ugelstad and Hansen. 86
However, in a second paper56 the same authors stated that several paran1eters needed for
the calculation .of ii are not known and that it is therefore not possible to calcUlate the
optimal addition rate profile without further experiments. To overcome this problem they
developed a semi-empirical method to calculate . the time evolution of. ii. Using
thermodynamic equilibrium equations according to Ugelstad et al. 111 and the reactivity
ratios, they calculated the amount of MA needed in the initial charge. Then they carried out
an experiment where they added the remaining part of MA at a ,constant rate and calculated
ii with help of a model and the experimental results of this first reaction. ii was correlated

with the volume fractiQn of polymer in the particles. This correlation was used to calculate
the optimal addition rate profile. If the results of the reaction that was carried out with the
new addition rate proftle indicated that the copolymer composition deViated from the
desired value, the procedure was repeated.
The authors pointed out that the dependence of ii on the volume fraction of polymer
is critical. Arzamendi et al. 180 also studied a system where ii was lower than 0.5 and they
correlated ii to the volume fraction of polymer and particle diameter.
Van Doremaele et al. 18•179 used another approach, i.e., the experimentally found
addition profile was compared with the calculated optimal addition proftle in each iteration
step. This means that it is not necessary to calculate ii in each iteration step. The procedure
is recalled briefly hereafter, but for a more detailed. description one is referred t? ref. 179.

i)

The amount of S that is needed to produce the right copolymer at the beginning of

the reaction is calculated, and a correlation is determined between the amount of S to be
added (A*8)b and the instantaneous molar conversion (x;.,J: A*8

= g(x;..J,

the calculated

optimal addition profile. This correlation is unique and only depends on reactivity ratios

and monomer

b

partitioni~g. Only if the reaction

an asterisk indicates that an addition~) profile is optimal

is carried out in such a way that the
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experimental dependency of added amount of S on instantaneous molar conversion
corresponds exactly to the calculated dependency A*5

g(X;0 ,J, the fraction of S in the

particles will be constant and have the desired value, and the copolymer will be
homogeneous. To meet this condition one needs to find an optimal addition rate profile (A* 5

= h(t)). An .initial guess is used as a start.
ii)

The next step is to carry out a reaction with the addition

profile and determine

the conversion-time curve, xinst = f(t). The conversion-time curve is then fitted with a
polynomial.
iii)

A*5

The fitted, experimental conversion-time curve is combined with a function fitted to

= g(x;nsJ to give a better addition rate

profile As

= h(t).

This new addition rate profile

is then used in step ii), and the new conversion-time curve is fitted again, and combined
with the function fitted to the optimal addition profile until the new profile is not
significantly different from the previous one.
In the work described in this chapter this more pragmatic procedure is applied,
because the particle diameters of the seeds that are applied here are not known, and it was
not possible to do any meaningful calculations on ii. The exception to the described
procedure is that in this case xinst is not the instantaneous molar conversion but the
instantaneous weight conversion, which means that it is not necessary to monitor the partial
molar conversioris of the monomers. Furthermore, the initial runs in each iteration
procedure are not based on the assumption fi = 0.5, as did Van Doremaele et al., but are
performed with a constant addition rate of S, as did Asua et al.
The optimal addition rate. profiles for homogeneous copolymers with F5
0.50 and. 0.80 are determined with help of a computer model

(SIEMC018).

=

0.25,

As stated in the

introduction the addition rate profile for 25 mol% S was determined previously, 179 but since
a similar copolymer was needed for chapter 9, it was necessary to determine a new
addition rate profile, as in this' case a different seed latex was used.
In the initial runs for

0.50 and 0.80 the S was added at a constant rate based

on the reaction rate of the corresponding batch reactions. The addition rate profile found by
Van Doremaele et al. 179 for F 5

0. 25 was used as the initial guess in the iteration

procedure for the new addition rate profile.
In all cases an optimal addition rate profile was obtained after three or four iteration
steps, comparable to what was found earlier for Fs

0.25. Fig. (7 .4) shows the
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experimental results of the iterations, i.e. the amount of S to be added versus instantaneous
conversion for each composition. Also the calculated optimal addition profiles are depicted.
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Convergence was reached in each case. The difficulty with the profile for 80 mol%
S was to fmd the time at which the reaction reached the conversion ·at w~ich the addition

had to be started.

. The best impression of such

an

iteration procedure is obtained by looking at the

CCDs of all these reactions as depicted iil Figs. (7.5a), (7.5b) and (7.5c) corresponding to
the reactions with Fs= 0.25, 0.50 and 0.80. As expected, one can see that the homogeneity
of the copolymers improves with every iteration step. Furthermore, one can see that the
.

.

.

heterogeneity of the copolymers of the first steps is in all cases already quite limited, and
this must be the result of good initial guesses. If the CCD would have been determined
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after each run (and not after the whole procedure was already finished), the number of runs
would have been smaller.
(a)

(b)

0.75

1.00

0.00

0.25

1.00

Fs (-)

Fs (-)

(c)

Fig. (7.5}. CCDs (GPEC/MWFID)
of

successive

iteration

reactions

procedure

to

in

the

find

the

optimal addition rate profiles for a)

)
00

0.2

0.4

0.6

Fs ·
0.8

1.0

0.25 b) Fs

0.50 c) F5

0.80. Run numbers are indicated,
except in Fig. (7.5c).

So it seems that judging whether an addition rate profile is optimal or not is best
done by comparing the CCDs

rathe~

than the addition profiles. The reactions performed to

obtain copolymers with 80 mol% S, carried out under almost aieotropic conditions, all
resulted in homogeneous copolymers, although the addition profiles differ considerably.

7.3.4 Determination of an addition rate profile for a controlled heterogeneous
copolymer
Up to now all efforts were aimed at producing homogeneous copolymers. However,
it might equally well be that one wishes to make copolymers that have a broad composition
distribution rather than a narrow distribution. Whatever the shape of the CCD one wants to
obtain, the reaction will have to be controlled in a similar way as shown with the optimal
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addition profiles, if relatively high addition rates are required (if this is not so, strategies
such as power feed 10 can be applied). To illustrate this hypothesis attempts were made to
produce a copolymer with a CCD with predefmed broadness. In order to compare the
properties of such an emulsion copolymer with a copolymer with the same average
composition but with a narrow distribution, Fs

= 0.25 was chosen as average composition,

with the instantaneous composition ranging from 0 to 0.50. In Fig. (7.6) the hypothetical
CCD of such a copolymer is shown schematically.
To accomplish this, the following strategy, comparable to that applied for the
preparation of the homogeneous copolYmers, was applied. In· the very beginning of the
reacti~n poly(MA) needs to be formed and slowly the instantaneous composition of the

copolymer should shift towards higher fractions of S. In fact a composition drift that is
reversed compared to the drift occurring in batch emulsion copolymerizations of S and
MA. The first run was based on a reaction where the total amount of MA was added to the
reactor, and S was added at a constant rate. One can see that the distribution already
resembles vaguely the one that is aimed for, see Fig. (7.6). The copolymer of the frrst run
will be used. in chapter 9 (code: CH2). The further procedure is as with the homogeneous
copolymers. However, the following runs did not seem come closer to the desired CCD,

0.75

1.00

Fig. (7.6). Hypothetical CCD (da&hed line) of a controlled heterogeneous copolymer, and
eXperimental CCDs (determined with GPEC/MWFID) (full lines) of copolymers obtained in
consecutive ruus in the iteration procedur1:1 to find the optimal addition !lUll profile for the
hypothetical CCD. Run numbers are indicated.
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The difficulty in the present case seems to be the presence of all the MA at the
beginning of the reaction. The ~ of the copolymerization drops sharply if S is added, see
Fig. (2.1), and when a small amount of S has been added, the composition drift is very
strong, see Fig. (5.1). So the polymerization rate and composition drift are very hard to
control. The result is that, if the addition of S is not exactly right, either much poly(MA) is
formed, or a copolymer with a relatively high fraction of S. If one would try to make the
same copolymer in reversed order, i.e. starting at an instantaneous fraction of F 1,s

0.50

and ending at 0 mol% S, one would have to add too much MAin the beginning, leaving no
MA to add to control the reaction. This is a consequence of the copolymerization behaviour
of S and MA. To improve the CCD the iteration procedure was carried out, but these runs
did not seem to get much closer to the desired CCD. In Fig. (7.7) the amount of S to be
added versus instantaneous conversion for the three consecutive reactions is depicted.
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Fig. (7.7). Representation of the successive experimental reactions in the iteration procedure to find
the addition rate profile for the heterogeneous copolymer defined in Fig. (7. 7). Amount of S to be
added (A5) as function of instantaneous conversion (x;.,J. (a) 1~ run; ( 0) 2"" run; (D) 3'ct run;
dashed line: calculated addition rate profile for the hypothetical CCD in Fig. (7.6).

Fig. (7. 7) shows that the first profile is already comparable to the calculated
addition rate profile, but that the sensitivity of the reaction rate to small amounts of S in
the first parts of the reaction has a strong influence on the rest of the profile. It was
decided not to continue the procedure. If one were to make a heterogeneous copolymer
with an average composition of 0.50, with FiS ranging from 0.25 to 0.75, the procedure
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would probably be easier to carry out, because it is not necessary to start with pure MA
and so the initial reaction rate is not as ·high, and not as seruiitive to the amount of S.

7.4 Conclusions
Homogeneous emulsion copolymers of styrene and methyl acrylate (MA) with
various fractions of styrene (S) could be produced via two different strategies. By applying
constant addition rates under starved conditions homogeneous copolymers could be made, if
long addition times were used. The compositipn drift that does occur in these reactions
could be explained with knowledge of the corresponding batch reactions. Applying optimal
addition rate profiles (adding all MA and some S to the reactor at the beginning and adding
the remaining S with ·a feed rate that varies in time) resulted in homogeneous copolymers
but with reaction times comparable with the times needed for the batch reactions. The

.

information about composition
drift and kinetics in batch reactions was seen to be useful in
.
explaining how quickly an optimal addition rate profile can be found. It was shown that
GPEC is of great value in determining whether an optimal addition rate profile is really
optimal and that by comparing the experimental addition profile to the calculated optimal
profile, more runs· .are necessary, because it is not easy to link some specific profllcy to
homogeneity. The strategy· used to produce homogeneous copolymers with optimal addition
rate profiles can also be applied to the production of copolymers with a predefmed broad
CCD. However, in the present case the iteration procedur~ did not .seem to lead to an
optimal profile in a limited· number of . iterations, because of the sensitivity of the
polymerization rate to the amount of S at very low fractions of S.
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Chapter 8
Emulsion Co- and Terpolymer Composition Control II
Optimal addition rate profiles and kinetics in emulsion terpolymerizations

.Synopsis: Optimal addition rate profiles for homogeneous emulsion terpolymers
of styrene, methyl methacrylate and methyl acrylate· were determined with two
different methods: (1) a purely empirical/iterative method with a calculated
optimal addition profile (this method has been described for emulsion
copolymers in chapter 7), and (2) a semi-empirical method, where the
polymerization rate as a function of conversion was determined with
independent seeded batch reactions. For this purpose several terpolymer seed
latices with varying particle sizes were prepared under starved conditions. These
particle sizes correspond to intermediate stages in a reaction with the optimal
addition profile. With these seed latices low-conversion batch emulsion
terpolymerizations were performed under conditions that correspond to the
conditions in a . reaction with an optimal addition profile. Thus the
polymerization rate was obtained at various stages of conversion, and the
complete addition rate profile could be determined. For the calculation of the
optimal addition profile for both methods the partitioning equations given in
chapter 4 and the reactivity ratios given in chapter 5 were used. With gradient
elution polymer chromatography the homogeneity of the terpolymers made with
these optimal addition rate profiles could be shown and compared to the
heterogeneity of the corresponding batch terpolymers described in chapter 5 and
this chapter. The polymerization rate data obtained with the second method
were - under the assumption of instantaneous termination
analysed with a
kinetic model for zero-one systems developed in chapter 6 to obtain values for
the eritry efficiency of a,a' -azobisisobutyronitrile (AIBN). For this purpose the
average propagation rate coefficient of the terpolymerization with these
monomers was experimentally determined with pulsed laser terpolymerization.
It was found that the entry efficiency of AIBN is low, 10%, which is in
accordance with literature data. It was also found to decreases with conversion,
which could be explained on the basis of a model for the efficiency of AIBN in
bulk polymerizations.

8.1 Introduction
In the previous chapter various methods were presented to obtain styrene-methyl
acrylate emulsion copolymers that have specific chemical composition distributions. Of
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producing polymers with specific properties at relatively high reaction rates. Arzamendi et
al. 184 published results of simulations of reactions with optimal addition rate profiles for

homogeneous terpolymers of styrene-methyl methacrylate-ethyl acrylate (S-MMA-EA).
The approach is in principle the same as the one used to make homogeneous
copolymer8,56•17s-181 as described in chapter 7. Urretabizkaia et aU 85 •186 calculated the
optimal addition rate profile of .the emulsion terpolymerization vinyl acetate-MMA-butyl
acrylate (VAc-MMA-BA) on the ·basis of an· analysis of results obtained from kinetic
experiments under starved conditions and . a kinetic model. Urretabizkaia et al. 187 also
applied this technique to the emulsion copolymerizations of ethyl acrylate and MMA and
also to terpolymerization8 VAc-MMA-BA, where the amounts of unreacted monomer in
the reactor were monitored on-line with gas chromatography. By following a procedure
similar to that needed for the calculation of an addition proflle, the addition rates of the
more reactive monomers could be adjusted on-line. Although this method· allows more
flexibility -

inter alia because the actual .rate of polymerization. does not need to be

predicted, whereas this is necessary in situations were the conversion is not monitored online and because inhibition can in principle be detected - this method is· not used in the
work described in this chapter. Here the optimal addition. rate profile for two chemically
homogeneous emulsion terpolymers of S, MMA and MA with different compositions will
be determined by using two different methods, the first of which has already been ·
described in chapter 7 for the preparation of chemically homogeneous copolymers .of S and
MA. Knowledge gained in all previous chapters is combined to determine the optimal
addition profiles, and to ·analyse the kinetics of the emulsion terpolymerization of these
monomers, initiated with the oil-soluble a,a' -azobisisobutyronitrile (AIBN) by using the
kinetic model for zero-one emulsion copolymerizations of chapter 6 - under the assqmption
that termination in this system is instantaneous -

and pulsed laser terpolymerizations

described in this chapter.

8.2 Methods for determination of the optimal addition rate profile
In case of a copolymerizati()n all of the less reactive monomer is added to the
reactor before the start of the polymerization, and .also part of the more reactive monomer,
such that the initial copolymer already lias the desired composition. The remaining part of

•
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the more reactive monomer is then added at a rate such that the ratio of both monomers in
the main locus of polymerization is kept constant. All methods start out by calculating the
optimal addition profile (amount of monomer i to be added as a function of conversion, A*i
= gi(xinsJ) on the basis of monomer partitioning relations, reactivity ratios and mass

balances. This optimal addition profile has to be combined with the polymerization rate. It
is this rate that has to be determined: if the correlation between conversion and time (Xjns,
=

f(t)) is known, the optimal add.ition rate profile (amount of more reactive monomer to be

added as a function of time, A*i = hi(t)) can be calculated. The reader is referred to
chapter 7 for more details on addition profiles and the difference between addition profiles
and addition rate profiles). One of the main differences between the approach used by Asua
and co-workers56•178•180•181 .1 84 •187 and the one used by Van Doremaele et al. 179 is the way the
optimal addition rate profile or conversion-time correlation is determined. There are four
general possibilities:

i)
al.

Completely empirical/iterative. This method was adopted by Van Doremaele et
179

and also in this thesis in chapter 7. The optimal addition rate profile is obtained via a

short iteration procedure of semi-continuous experiments with addition rate profiles that
become more and more optimal. The first addition rate profile is "guessed". The
conversion-time curves obtained in the iteration are not correlated to a physical quantity.

ii)
Asua.

Semi-empirical/iterative. This method was first applied by Arzamendi and
56 178
·

After an initial guess for the rate of polymerization, a semi-continuous

experiment is carried out, the rate (or more precisely the average number of radicals per
particle) of which is correlated with some physical quantity, such as the volume fraction of
polymer in the particles or the particle diameter. This correlation is then combined with the
optimal addition profile to determine the optimal addition rate profile.
iii)

Semi-empirical/non-iterative. The rate of polymerization is determined in

independent seeded low-conversion batch experiments, conditions of which correspond to
various stages of conversion, and these rates are then combined to give the complete
conversion-time curve, which can then be combined with the optimal addition profile.

iv)

Completely theoretical. In this case the rate of polymerization is predicted

beforehand on the basis of some kinetic model. In view of the "state of the art" in
predicting polymerization rate for a given emulsion polymerization system, this method is
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predicting polymerization rate for a given emulsion polymerization system, this method is·
not generally applicable.· Urretabizkaia and Asua185•186 applied this method, but, although
their terpolymer seems to be homogeneous, from their experimental results with gas
chromatography (GC) one' cannot obtain information about the sensitivicy of the
homogeneity to errors in the addition rate profile or kinetics. Van Doremaele et a/. 119 used.
High Performance Liquid Chromatography (HPLC) to show that small errors in the optimal
addition rate profile can lead to heterogeneities (bimodal chemical composition distribution
(CCD)) that cannot be picked up easily from cumulative co- and terpolymer composition
data obtained with.GC, 1H NMR, or DSC, whereas it is very well possible with HPLC or
GPEC. The fact that these techniques are not generally used is the reason why not much
attention has been paid to the sensitivity of the optimal addition method to errors in the
optimal addition

profile. Related to this is the question whether slight errors, resulting

in slight heterogeneities, have any effect on final product properties (see chapter 9).
Analysis with differential scanning calorimetry (DSC) of a bimodal copolymer of· S and
MA by Van Doremaele

et a/.

179

revealed that this Copolymer had exactly· the same glass

transition as the homogeneous product. In this chapter (JPEC/ELSD is used to ·check the
homogeneity .
. Methods iii and iv have the advantage that they can be applied to systems that do
not converge (easily) in an iteration procedure to find the optimal addition rate profile. In
this. chapter methods i and iii will be applied to prepare homogeneous emulsion
terpolymers of styrene (S), methyl methacrylate (MMA), and methyl acrylate (MA). These
methods are outlined in more detail belmy.

Method i) · · In case of a terpolymerization, S and MMA are far more reactive than MA
and have to be added according to a calculated addition profile to be able to keep the

monomer composition in the polymer particles constant, while parts of these monomers and
all of the less reactive
starts.

monome~

MA are added to the reactor before the polymerization

The optimal addition profiles of the more reactive monomers are linked to the

conversion, which means that they are linked to each other as well. So, if one of .the
profiles is optimal, the other is as well; if the optimal addition rate profiles are determined
with an iteration procedure, only one procedure is needed, and not two. For method i a
seed latex has to be used, in this case with the same overall compOsition as the terpolymer

Optimal addition rate profiles and kinetics in emulsion terpolymerizations

141

(F 5 , FMMA• FMA = 0.2, 0.3, 0.5) that will be polymerized onto it. The particle diameter is
very small, so that its contribution to the homogeneity/heterogeneity at the end of the
reaction is negligible (see chapter 7).

Method iii)

In this case the optimal addition rate profile is determined by first

determining the optimal addition profile (A*i versus xinsJ and then the conversion versus
time correlation under conditions that resemble those of a reaction where the optimal
addition profile is applied (hereafter referred to as optimal reaction): see Fig. (8.1) .
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Fig. (8.1). Schematic representation (method iii)) of the optimal reaction with two monomers to be
added in a hypothetical system. The amount of monomer i to be added (optimal addition profile)
(A\ -), and the particle diameter (d, ... ) versus instantaneous conversion (x,,,). x(O,l...)
represent the instantaneous conversions corresponding to a particular seed latex.

First a monodisperse seed latex is prepared, for instance a poly(S) latex. Then
homogeneous terpolymer with the desired composition is polymerized onto the poly(S) seed
latex under starved conditions. By varying the amount of monomers added, composite seed
latices can be obtained with the same poly(S) core, but with varying amounts of
(homogeneous) terl>otymer, and therefore with varying diameters. These poly(S)-copoly(S-MMA-MA) seed latices represent various stages of conversion in an optimal
reaction. With the optimal addition profiles for S and MMA one can calculate how much of
each monomer is still present at any conversion, how much monomer has been converted to ·
terpolymer, and what the particle diameter is. One can thus determine how much of each

Chapter 8

142

monomer should be added to each of the composite seed latices, so that the amounts of
polymer and monomer and the particle diameters match those under the conditions of an
optimal reaction. If the exact amounts of monomers are then actually added to these seed
latices, low-conversion seeded batch reactions can be carried out. If the reactions are
analysed at low conversions (say

< 5-10%, depending on the extent of composition drift),

the rates of polymerization (or more precisely, the product of the average propagation rate
coefficient and the average number of radicals per particle ~·fi) thus found are also the
rates of polymerization or ~·ii at the conversions that correspond to the opt~J.reaction,
by assuming that possible differences . in the particle morphology and molecular weight
distributions do not seriously affect the kinetics. If this is done with all the seeds (including
tbe starting seed of poly(S)), one has data for the rate of polymerization as a function of.

conversion and with these the conversion versus time. curve for the optimal reaction can be
calculated with TRISEPS, and also the optimal addition rate profile. For this method it is
important to have an initiator system that gives an alffiost constant and reproducible
production rate of radicals. If this production rate decreases considerably during the
reaction time; then .the conditions of the low-conversion batch reactions with the ~arious
seed latices do not correspond exactly to the conditions of the optimal reaction. Secondary
nucleation should also be avoided.
This method is applied to the terpolymerization with Fs

= FMMA = FMA = 0.33 and

with AIBN as initiator, because its half-life time is quite long at 50 °C, and because its
tendency to give second.l!l}' nucleation is probably less than that of per8ulfate.

8.3 Experimental
For both methods the optimal addition profile (amount of a monomer i to be· added
as a function of conversion, A*;

=

g;(xinsJ) was determined with tbe simulation program

TRISEPS, described in chapter 5. The input parameters are as given in chapter 5.
For experiments carried out for method i tbe . experimental .procedures and
conditions

are

the same as those used in chapter 7. The reagents used were: styrene (S),

methyl methacrylate (MMA), methyl acrylate (MA), sodium persulfate (SPS, initiator), ndodecyl mercaptan (NDM, chain transfer agent), sodium bicarbonate (SB, buffer) (all p.a.),
sodium dodecyl sulfate (SDS, emulsifier, 99%). Recipes: water 900 g; SDS 10 mmollffin3
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; SPS 1 mmol/dm3 ; SB 1 mmolldm3 ; S + MMA + MA (including polymer in the seed latex)
180 g (F5 , FMMA• FMA = 0.2, 0.3, 0.5); NDM 0.5 w% of monomers. In semi-continuous
reactions a corresponding part of the NDM was added with the monomer feed. Conversion
was measured gravimetrically. After each sample withdrawn from the reactor the decrease
of the reacting mass was calculated and the addition rate of the monomers was corrected
accordingly during the experiments. The seed latex recipe was equivalent to that used in
chapter 7. For the emulsion terpolymerization to which method iii was applied, four types
of reactions were carried out: 1) the preparation of the initial poly(S) seed, 2) the
preparation of three composite seed latices with the poly(S) seed as core and with various
amounts of terpolymer polymerized onto it, 3) low-conversion seeded batch reactions to
determine the rate of polymerization ~·ii) as a function of conversion, and 4) the optimal
reactions with the optimal addition rate profile with the poly(S) seed.

ad 1,4)

The diameter of the initial monodisperse poly(S) latex, d(O), was determined

with transmission electron microscopy (TEM): 68.1 nm, corresponding to xinst = x(O) =
· 0.0. The chosen final particle diameter d(final) is 140 nm. The following recipe was used:
water (including water in seed latex) 189 · g; SDS 28 mmol/dffil (added incrementally);
AIBN 1 mmolldm3 (based on aqueous phase volume); poly(S) (in the seed latex) 4.5 g;
monomers 37.9 g (Fs = FMMA = FMA = 0.33). No chain transfer agent was used. These
data were used as input for the TRISEPS program to calculate the optimal addition profiles
for S and MMA and the amounts of S and MMA to be charged initially with MA.
ad 2)

In three different experiments S-MMA-MA terpolymer (0.33, 0.33, 0.33)

was polymerized onto the initial seed under starved conditions. A redox initiator system
(cumene hydroperoxide/sodium formaldehyde sulfoxylate/iron(II) sulfate/ethylenediaminetetraacetic acid, tetrasodium salt) was used.

Table (8.1). Particle diameters (d(i)) of the composite seed latices and corresponding instantaneous
conversions

d(i) (nm)

(x,.~(i)).

0

1

2

3

final

68

83

109

137

140

0.0

0.22

0.61

0.96

. 1
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The latices were dialysed to remove water-soluble remains of this initiator system.

The resulting diameters (determined with TEM) and corresponding conversions according
to the optimal addition profile are given in Table (8.1).

ad 3)

The low-conversion seeded batch reactions (i

=

0, ... ,3) were performed on

the four seed latices described above. The recipes are based. on that of the optimal reaction:
the relative amounts of monomers, seed latex and water were obtained from the optimal
addition profile (see also Fig. (8.1)). These batch reactions were performed in dilatometers,
so that the rates of polymerization at low conversion could be determined quite accurately.
Differential scanning calorimetry (DSC) was used for interpretation of the dependency of
. the rate of polymerization on conversion (see section 8.5.3), so that the complete conversion-time curve could be determined.
ad 4)

Once the. optimal addition rate profile was determined with the results of the

low-conversion seeded batch. reactions and the «alculated optimal addition profile, the
optimal reaction was carried out in a reactor similar to that used for the reactionS described
in chapter 7 and in this chapter for method i, but with a smaller volume. The procedure is
the same as that for the experiments for method i.

Pulsed laser pOlymerization (PLP) experiments were . conducted to determine the

average propagation rate coefficient~ of tble terpolymerization of S, MMA and MA at a
monomer composition that is given by the optimal addition profile. To obtain an idea about
the dependence on temperature, ~ data at two other compositions were determined. The

experiments were .carried out with a Lambda Physik LPXllOiMC excimer laser
(wavelength 351 nm). The repetition rate was varied between 1

an~

20 Hz and the total

pulse time between 2 and 20 minutes, depending on the polymerization temperature, which
was varied between 18° and 80 °C. As photo-initiator was used Irgacure 651 (2,2dimethoxy-2-phenylacetophenone, Ciba-Geigy) at a concentration of 5 mmol/dtJil.
As analytical techniques gradient polymer elution chromatography (GPEC/ELSD,
details in chapter 5),. 1H NMR and DSC were used. DSC was performed on a Perkin-Elmer
DSC-7 differential scanning calorimeter. Second run results were used .. The· heating rate
. was 20 °C/min, unless stated otherwise. GPC. (set-up as in chapter 6) was used to
determine the differential log molecular weight distributions of the PLP terpolymers.
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8.4 Determination of an optimal addition rate profile with method i
8.4.1 The optimal addition rate profile for the system S-MMA-MA (0.2, 0.3, 0.5)

In chapter 5 the batch emulsion terpolymerization of S, MMA and MA with F5 ,
FMMA• FMA = 0.2, 0.3, 0.5 and M/W = 0.2 was extensively studied with various
techniques including 1H NMR and GPEC. The model predictions with TRISEPS were in
agreement with the experimental data. It was clearly shown that MA was by far the least
reactive monomer. In this section the results will be shown of an attempt to control the
composition drift occurring in that system: by calculating the optimal addition profile with
help of TRISEPS and determining the optimal addition , rate profile with an iteration
procedure with method i. In the second part of this section the general feasibility of the
optimal addition profiles will be discussed. In Fig. (8.2) the elution chromatograms of the
terpolymers produced in four consecutive iteration runs are depicted. For comparison, the
elution chromatogram of the corresponding batch terpolymer (see Fig. (5.14)) is included.
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Fig. (8.2). Elution chromatograms of terpolymers produced in consecutive iteration

run~

for the

determination of the optimal addition rate profile (-) with the run numbers indicated, and of the
corresponding batch terpolymer (·")as determined with GPEC/ELSD (see also Fig. (5.14)).

As can be seen, the 3'd and 4th runs already give terpolymers that are homogeneous

in comparison to the batch product and to the terpolymers of the 1" and 2nd runs, although
it should be noted that strictly speaking it is impossible to tell from a chromatogram that a
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terpolymer is or is not homogeneous, see section 5.4. In Fig .• (8.3) the consecutive addition
profiles of S are shown. The addition profiles of S and MMA are coupled, so showing the
addition proftles of MMA gives no additional information.

~r---------~--~~-------------------,

%.o

0.2

0.4

0.6

0.8

1.0

xinst (·)

Fig. (8.3). Representation of the consecutive experimental reactions in the iteration procedure to find
the optimal addition Uh: profile for t!Ie terpolymer (0.2, 0.3, 0.5). Shown are the .addition profiles
of S (amonnt of S (As) versus instantaneous conversion (x,.,.)). (D) 1" run;

<•> 2nd run;

(0) 3n1

run;. (A) 4th run; line: calculated optim.al addition profile.

It can be seen that the optimal addition profile is already closely approximated in the
2nd

11m.

Since Fig. (8.2) shows that o.,Uy runs 3 and 4 gave "homogeneous" terpolymers, it

can be concluded that . GPEC is a much more appropriate .techhlque for iitdicating the
homogeneity than plotting the addition profiles versus conversion, as in Fig. (8.3).
,...-.....__ __:._. _ _ _ _--l
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Fig. (8.4). The DSC-thermograms of the batch (--) ·aild 4th-run optimal addition terpolymer (-'·).
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A further indication for the homogeneity of the optimal addition terpolymer of run 4
is given in Fig. (8.4), which shows the differential scanning thermograms of this
terpolymer and the corresponding batch terpolymer. It can be seen that the batch
terpolymer has two. glass transitions (Tg
terpolymer only one (Tg

= 55

26

oc

and 73 °C), but the optimal addition

°C), as expected from the elution chromatograms.

8.4.2 The choice of the addition profiles and convergence of the iteration procedure
The systems so far investigated in relation to optimal addition profiles did not give
rise to any problems, neither with respect to the feasibility of finding optimal addition
profiles (i.e. what monomers should be added?) nor with respect to the feasibility of the
iteration procedure (i.e. does this type of iteration procedures always converge?).
With respect to finding the right optimal addition profile the situation with the
·emulsion terpolymerization of S, MA and butyl acrylate (BA) is more complex than is the
case for S, MA and MMA. In the first monomer system S is the most reactive monomer
and BA and MA are the least reactive monomers. In the binary copolymerization BA and
MA are equally reactive: rBA = rMA = 1. 18 BA is slightly less reactive towards S than MA
(BA-S: r8A = 0.18, rs

0.95, 138 MA-S: rMA

0.19, r5

= 0.73), but it is almost as

water-insoluble as S. As argued in chapter 5, reactivity ratios mostly have a greater effect
on composition drift than partitioning. In this case this is not true. For a recipe with a final
solid content of 17% and FMA

F8 A

F5

=

0.33 the result is that more MA than BA

needs to be charged initially, because more MA is retained in the aqueous phase. However,
if all of the MA is charged initially and BA and S are charged only partly, the calculated
addition rate of BA is negative, because MA is slightly more reactive. The conclusion is
that neither BA or MA should be charged completely in the beginning. This seems to be a
general phenomenon in .cases where the more reactive monomer is also the more watersoluble monomer: if reactivity and partitioning counteract each other, it is possible that no
monomer is the least "reactive" monomer (taking into account monomer partitioning).
The convergence of the iteration procedure according to method i seems to depend
mainly on the relation between monomer addition .

and therefore composition of the

monomer mixture in the reactor at any time - and rate of polymerization. The iteration
procedure converges in a particular system (with monomer A as the more · reactive
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monomer, ignoring monomer partitioning effects), oo'cause the instantaneous conversion
drops when more of A is added at a given conversion than should be added according to
the optimal addition profile. The measured instantaneous conversion is lower than it should
be, the next calculated rate profile will be slower and the addition rate of A will be lower.
So in the next run the overall concentration of Sat any time will be. lower, i.e. the addition
~ ~

profile becomes more optimal. The iteration procedure does llQ.t converge, if the rate

of polymerization increases strongly when too much A is added, because then the next
calculated addition rate profile will be even faster. As stated in section 2.4, more reactive
means more reactive in (emulsion) copolymerization. The propagation ra'te Constant may
· still be lower than that of the less reactive monomer, and in fact, that seems to be the rule
of thuin:b in the most corinnon comonomer systems: the higher the propagation rate
constant of a monomer, the less reactive it is in copolymerization. This is the case for S ·
with methacrylates, S or methacrylates with acrylates, S or methacrylates with vinyl esters.
One exception to the rule is MA' with VAc. Here. MA is far more reactive, 178 but at
temperatures below 54 "C the homopropagation rate constant of MA is higher than that of
VAc. 188 Another/ interesting exception is the system MMA-VAc for. which the av~rage
propagation rate coefficients were measured by Ma et al. 189 Here the
with fMMA at fMA!A > 0.04. If the

kv

kv increases strongly

is one of the main factors detennining the rate of

polymerization, the above mentioned rule of thumb tells us that the behaviour of the
favour convergence . in most cases, since

kv

kv will

drops by adding more of· the more reactive

monomer.
In the system S-MA, S .is more reactive, but at higher f8 the

kv

is not very

dependent on f8 , see Table (8.2). The rate of polymerization is detennined by fi. That the
rate of polymerization does not increase strongly when too' much S is present can be shown
Table (8.2). Comparison of total entry rate (pA *NJ, the second order exit rate coefficient (k;J, the
average number of radicals per particle ·and the av;erage propagation rate coefficietlt

0Cp)

of the

emulsion copolymerization of S and MA at two different monoiner compositions in th~ particles
(fSp), with a persulfate concentration of 3·10-3 moUdm3 and the same seed larex (PS2A, chapter 6).

fsp

PA*Nc (s-1 ·dm-~.

k2 (s-1)

0.84

4·1015

5·1o-3

0.26

276

0.57

15

2

0.32

303

4·10

l·Io-
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with some of the raw data from chapter 6 at a persulfate concentration of 3·1(13 mol/dm3
with seed latex PS2A. As can be seen, the total entry rates and the exit rate coefficients do
not differ more than a factor· of 2, hence the values of ii are almost equal. So, if the
number of particles is roughly the same, the rates of polymerization will be almost the
same, and the system will converge. At lower fractions of S the strong increase of the

k;,

with increasing fraction of MA will ensure convergence.

8.5 Determination of an optimal addition rate profile with method iii
8.5.1 The optimal addition rate profile for the system S-MMA-MA (0.33, 0.33, 0.33)

In chapter 5 results were shown of the batch emulsion terpolymerization of
S-MMA-MA with F5 = FMMA = FMA = 0.33 and M/W

0.2. It was shown that there is

considerable composition drift (Figs. (5.8) and (5.10)). In this section an optimal addition
rate profile will be determined for this termonomer system with method iii. As with the
case discussed in the previous section, S is the most reactive of the three, and MA by far
the least reactive. S and MMA will be the monomers to be added. The optimal addition
profile was calculated with TRISEPS for the recipe given in section 8.3. The monomer
composition needed for the desired terpolymer composition is: fsp• fMMAp• fMAp

= 0.186,

0.248, 0.566. The results of the low-conversion seeded batch reactions will be shown
(section 8.5.2), followed by a kinetic interpretation of the rate data of the emulsion
terpolymerization by using data for the glass transition behaviour of the terpolymer. In
8. 5 .4 the optimal addition rate profile will be calculated and the results of the reactions
with this profile will be shown. A value for

kp,

determined with PLP (8.5.5.1), will be

used to analyse the kinetics of this emulsion terpolymerization (8.5.5.2-6).

8.5.2 Low-conversion seeded batch emulsion terpolymerizations

At least two reactions were carried out with each seed latex. The reactions were
monitored with dilatometry, which allows relatively accurate conversion measurements.
The results of these reactions on two of the seeds are shown in Fig. (8.5). Note that the
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conversions have been. calculated according to. the optimal addition profile, hence the initial
value on the right y-;axis.
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Fig. (8.5).

Duplicate conversion versus time curves of low-conversion seeded emulsion

terpolymerizations on two composite seed latices corresponding to th.e instantaneous conversions. of
the optimal reaction: x(O)

= 0.0 <•

and

e,

lefty-axis) and x{l)

= 0.21 (0 and 0, right y-axis).

As can be seen, the rates are ,quite.reproduciple, but it can also be seen that they are
almost the same for both seed latices. From the rates of polymerization values for ~·ii
have been calculated by using the monomer concentrations as given by the optimal addition
300.---~--~----------~

prdfile. These values have been plotted
versus ~e .corresponding

"
250

instantaneous

conversions in Fig. (8.6).

Fig. (8.6). The product of ~ and .fi,
• 150

obtained from the low-conversion batch
reactions on the composite seed latices,

100

Q

versus the instantaneolls conversion of the
optimal reaction. The liue is . a fit with a

0

linear combination of a straight line .and an
exponential function, nsing the conversion

~-0

at, which the system reaches the glass
0.2

0.4

0.6

xins, (-)

08

1.0

transition range, see Fig. (8. 7).
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As can be seen, for the first three seed latices fi increases only slowly with
conversion, but it shows a dramatic increase between xinst

=

0.62 and 0.96. At which

conversion this starts to happen exactly will be determined in the next section, where also
an interpretation of the relatively slow increase of fi will be given.

8.5.3 Interpretation of k.Pii in relation to the glass transition
As will be shown later (section 8.5.4), the emulsion terpolymerization of S, MMA
and MA follows zero-one kinetics under certain conditions, which means .that there is no
significant polymerization before termination between two radicals occurs (instantaneous
termination, see also sections 6. 3 .1 and 6.4. 2). Termination is then not rate-determining.
At high conversions in interval 3 -

at high volume/weight fracti0.£!8 of polymer -

termination, being determined by diffusion, is slowed down to such an extent that it
becomes rate-determining: fi increases. The conversion at which this increase shows up
cannot be extracted from the data for fi, as there are not enough seed latices available.
To overcome this, the conversion connected with the onset of the glass transition of
the monomer/polyii}er system - which can be measured easily with DSC

is taken as an

estimation. Because of the relatively high monomer concentrations at low conversion, the
polymer particles can be above their T8 at the reaction temperature (50 °C}. As conversion
proceeds, the volume fraction of polymer, t/>p, increases and so does the Tg and eventually
the Tg will reach the reaction temperature. At this point the system turns glassy, and the
termination rate is assumed to drop. To determine at what conversion the glass transition
starts, the seed latex corresponding to x(3)

= 0.96 was

partially swollen with MMA. With

DSC the glass transition range and the Tg were determined (Fig. (8.7)). The glass transition
range is defmed as the temperature range where the derivative of the heat flow is changing,

i.e. where the heat capacity changes.
By varying the amount of MMA various values for tPp were obtained. The T8 of the
terpolymer (0.33. 0.33, 0.33) is 72 °C, i.e. it is glassy at the reaction temperature. At low
values of tPr the Tg is well below the reaction temperature. The Tg is equal to the reaction
temperature at a tPp between 0.9 and 0.95, but the glass transition range is reached at tjJP
0.875, corresponding to xinst

= X;n.,,g

= 0.815.

=

It was assumed that here the termination rate

begins to drop, and not at the point where the T8 itself is reached.
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0.9

1.0

(-)

I)anJ the glass transiti~n temperature (e) of composite

seed latex 3, partially swollen with MMA, versus the volume fraction ofpolymer <l>p·

This value for

XJnst,g

was used to oburin a functional form correlating

iG,·ii and

xinst,

Eq. (8.1) (also the line in Fig. (8.6)). This line is a linear combination of a straight line
straight line and an exponential function, and not based on any model.
(8.1)

This function will be used in section S.5.4 to calculate the optimal addition rate profile. It

is stressed again that this approach has been chosen because of a lack of data. It is possible
that the termination rate already starts to decrease at a lower conversion as a result of
slowly decreasing diffusion coefficients.
8.5.4 Reactions with the optimal addition rate profile determined with method iii .

The optimal addition rate profile calculated with Eq. (8.1) indicates that the total
reaction will take two days. The fact that the reaction will take this long has a technical
consequence: the concentration of AIBN will decrease and therefore also the rate of
initiation: this effect is, however, not dramatic: at

"-inst

=

80%, 20% of the AIBN

molecules will have decomposed. The decomposition rate constant

k.! of AIBN (1.6· w-6

s-1) was taken from the Polymer Handbook. 190 This decrease in overall AIBN concentration
was accounted for by multiplying the rate of polymerization obtained from the procedure
described before with a factor exp(-k4 ·t), which is the fraction of undecomposed AIBN at
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timet, and which is an estimation for. the decrease of the entry rate due to the depletion of
AIBN by assuming that the entry rate is proportional to

CAIBN•

the concentration of AlliN

relative to water. In reality the entry rate will probably not be proportional to

CAIBN•

but the

decrease, as stated, is not large enough to have a noticeable effect. The optimal addition
profile thus obtained was used to carry out optimal reactions. The first reaction carried out
suffered from inhibition during 10 h (see Fig. (8.8)). When after the inhibition the reaction
started, the instantaneous conversion came close to the values it should have had according
to the optimal addition rate profile. The reaction was stopped prematurely, because of
clogging of the sample loop. The second reaction carried out with this optimal addition rate
profile suffered from inhibition as well (6.5 h).
to.---------------~~-----,

0.8

time (s)
Fig. (8.8). Tlie instantaneous conversion (x,.,.) versus time of two optimal reactions of the
terpolymer (0.33, 0.33, 0.33): reaction 1

<•)

and reaction 2 (0). The line (---) is the optimal

conversion-time curve.

Due to this inhibition there is unwanted accumulation of S and MMA, and when the
reaction does start, there will be composition drift: S-MMA rich. terpolymers will be
formed, but these terpolymers will contain less S and MMA than the terpolymer peak in
the corresponding batch terpolymer (0.33, 0.33, 0.33), as shown in Fig. (8.9). The main
peaks of terpolymers 1 and 2 have a lower retention time, indicating a lower S-MMA
content. The peak at t,

=

92 min represents the poly(S) in the seed latex used here.

Because the reactions started before all of the S and MMA was added, the composition
drift is not as strong as it is in the batch reaction, but the products are not homogeneous.
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Fig. (8.9). The elution cbromatograms (determined with GPEC/ELSD) of the two "optimal"
reactions carried out with the optimal. addition !.§!!l profile for the terpolymer (0.33, 0.33, 0.33)
(-) and of the corresponding batch terpolymer (···).

So, unfortunately it was not possible to perform a truly optimal reaction due to the .
inhibition. Despite of this, one can see that the general conversion-time behaviour was not
very different from what was predicted. No doubt the terpolymers would have been more
homogeneous had there been no inhibition, because the right terpolymer composition would
.

.

.

have been made initially. One can further conclude that GPEC can reveal whether a
terpi:>lymer is homogeneous or not, whereas that would not have been as easily diagnosed
with conversion-time data.

8.5.5 The kinetics of the AIBN-initiated emulsion terpolymerization of 8--MMA-MA

In this section the kinetics of the AIBN-initiated emulsion terpolymerization of
S-MMA-MA, as presented in section 8.5.2, will be further investigated. Because the
average number of radicals per particle .has to .be determined, the average propagation. rate
coefficierit for the terpolymerization has to be known. Therefore, this coefficient will be
determined for three different compositions with pulsed laser polymerization (PLP), which
is probably the first time this technique is applied to a terpolymerization. The experimental
values for ~·ii, measured a~ three different particle diameters, will be analysed in terms of
radicat entry rate arid radical desorption rate. The kinetic analysis of the system 8--MA in
chapter 6 and the rate equations given there will be used.
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8.5.5.1 Pulsed laser terpolymerization (PLP) of S, MMA and MA .
The average propagation rate coefficient of a particular free radical polymerization
system can be determined from the differential log molecular weight distribution of the
polymer prepared with PLP under certain conditions. The inflection point at the low
molecular weight side of the PLP peak in the differential log· molecular weight distribution
is a direct measure for the propagation rate of the polymeric radical. If the monomer
concentration is known, a value for the propagation .rate constant/coefficient can be
calculated. The theoretical considerations behind this technique for determining propagation
rate constants/coefficients will not be outlined here. The reader is referred to section 2.4
for an overview of the literature on this subject.
Experimental details of the PLP experiments were given in section 8.3. For analysis
of the molecular weight distributions obtained with GPC (for details see section 6.5.1),
universal calibration has to be applied to relate the molecular weight of the terpolymer to.
the molecular weight of the poly(S) standards used. The Mark-Houwink coefficients for
poly(S) and poly(MA) have been given in chapter 6. For poly(MMA) the following MarkHouwink coefficients were used: 191 K = 1.78·10-2 cm3/g, a = 0.69. The same calibration
procedure is used as applied for the determination of the average rate coefficient of transfer
to monomer (Eq. (6.32), section 6.6). Note that this procedure to calculate the molecular
weight of the co(ter)polymer in the inflection point is different from the procedure applied
by Davis et al. 68 For the calculation of the kinetic chain length of for instance the
copolymer of S and MA they first determined the inflection point without universal ·
calibration (i.e. as if the polymer were pure poly(S)), and then also after calibration with
the Mark-Houwink coefficients for poly(S) and poly(MA), as if the polymer were pure
poly(MA). The two chain lengths thus obtained were averaged according to the molar
composition of the copolymer. The resultirig average chain length was defined as being the
chain length of the copolymer. In the present case the whole distribution is recalculated by
an averaging procedure given by Eq. (6.32), and then the inflection point is determined.
Both methods give estimations for the .true value of the molecular weight at the inflection
point. For a terpolymer with Fs

FMMA

FMA = 0.33 the. difference between the ~value

determined according to either method is less than 1 %.
It is expected from literature data on the ~ for the copolymerizations of S and MA
(Fig. (2.1)) and of Sand MMA that the~ of the present terpolymer, at the compositions
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investigated, will not be much higher than that of S. Therefore, the same experimental
conditions were chosen as used for PLP of S. By varying the temperature over a wide
range, the possibility of artefacts going unnoticed can be minimized. The three monomer
compositions investigated are: (fs, fMMA• fMA =) (A): 0.166, 0.229, 0,606 (B): 0.186,
0.248, 0.565 (C): 0.333, 0.333, 0.333.
In Fig. (8.10) the differential log molecular weight distribution of a S-MMA-MA
terpolymer is depicted, which is prepared with PLP at 50 °C with a monomer composition
of fs, fMMA• fMA

= (B)

0.186, 0.248, 0.565. This composition is the one needed for the

preparation of a terpolymer of the desired composition via the optimal adoition rate profile.
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Fig. (8.10). Differential log molecular weight distribution (left y-axis) of a S-MMA-MA
terpoiymer prepared with PLP at 50

oc.

f8 , fMMA> fMA = (B) 0.186, 0.248, 0.565, repetition rate

1/.:lt = 10Hz, total pulse time is 4 min, concentration of initiator is 5 mmol/dm3 • The derivative is
also given (right y-axis).

As can be seen, the PLP peak is quite apparent, and so is the inflection point at the
low molecular weight side, indicated by the maximum in the derivative (right y-axis). The
occurrence of· a second inflection point (overtone) at a molecular weight almost exactly
twice that of the first inflection point is a strong indication that the first inflection point is a
good measure of the propagation rate: the molecular weight at the inflection point
(Mterpotymer) is a good measure of the kinetic chain length a polymeric radical attains by
propagating during the time passing between two pulses, times the average molecular
weight of the monomer units in the terpolymer (M{{rpotyme'). That kinetic chain length is
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equal to the ratio of the time between two pulses (dt) and the time scale for one
propagation step (~CP)- 1 , where CP is the monomer concentration in the experiment (here
the bulk concentration). The following equation holds:
time between
·M terpolymer
time scale for propagation °

Mterpolymer

k ·C . Ll.t·M terpolymer {8.2)
P

0

P

In Fig. (8.11) the ~ values thus obtained for three monomer compositions have
been presented in an Arrhenius plot. Data sets (A) and (B) could be fitted very well with
the Arrhenius expression, which is an indication that the data. are not artefacts. Because the
values found for the compositions (A) and (C) are close to those for the composition that is
needed, (B), it can be assumed that the k:P does not show a strong dependence on the
monomer composition, like the systems S-MA and S-MMA at intermediate to high
fractions of MA. This means that the value for k:P needed is a very good estimate.
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Fig. (8.11). The natural logarithm of the average propagation rate coefficient In(~) (lefty-axis), and
the ~ on a logarithmic scale (right y-axis), versus the inverse temperature (bottom x-axis, liT), and
versus the temperature (top x-axis). Termonomer compositions fs,
0.606 (.. ·, e.), (B) 0. 186, 0.248, 0.565

(~,

fMMA•

fMA;

(A) 0.166, 0.229,

0), (C) 0.333, 0.333, 0.333 (---, D). The lines are

fits with the Arrhenius equation (see Table (8.3)).

In Table (8.3) the Arrhenius parameters and the values for ~ at 50

oc

for each

composition are presented. A relative error of 15% is assumed, 10% stemming from
deviations in the Mark-Houwink parameters, and an additional 5% from GPC errors. Note
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that the ~ is a average propagation rate coefficient· composed of rate constants, ratios of
rate constants,

etc. The Arrhenius parameters do therefore not pertain to. a single rate

constant.

Table (8.3). Arrhenius parameters (pre-exponential factor A and activation energy ·E...) and values of

•c (k;'~') and calculated with the

the average terpolymer propagation rate coefficient, measured at 50
· terminal model

(k;""').
A (dm3/mol·s)

fs, fMMA• fMA

Eap~.

(k:J/mol)

.

~·P (dm3/mol·s)

~em (dm3/mol·s) ·

.

107.96

32.9

433±65

689±83

0.186, 0.248, 0.565 .

107.62

31.1

393±60*

677±72

0.333, 0.333, 0.333

107.72

32.4

305±45

618±31

0.166, 0.;229,

0~606

It can be seen that ~xp increases slowly with increasing fMA, which can be expected.
Values for-~- were calculated with the terminal model by using Eq. (2.2), the reactivity
ratios of chapter 5 (for MA-MMA rMA = 0.2q±0.06, rMMA == 2.49±0.7 are uSed), and
the homopolymerization kp values given in chapters 2/6. These values for ~erm are not in
agreement with the experimental values: they are much higher for each composition, as is
also the case in the copolymer systems. S-MA and 8-MMA, see chapter 2. The errors.
·indicated for ~erm are calculated by assuming a worst case for the errors in the reactivity
ratios. It is very likely that, as in the case of the above mentioned copolymer systems, the
· penultimate model will have to be used here as welL However, the number of extra
unknown parameters then exceeds the number of experimental data, so no parameter values
.
.
can be derived from the data. The value marked with ·• will be used in the following ·
section.

8.5.5.2 Kinetic model for the emulsion terpolymerization of S, MMA and MA
.

.

The experimental data that will be analysed here are given 'in Fig, {8.6). With the
appropriate value for~ the values for fi can be. easily calculated, ~ Table (8.4). In this
table are given also the values for · the instantaneous conversion, the swollen radius, the
·total monomer concentrations, the degree of unsaturation of the aqueous phase

ai monomer
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composition (B) fsp• fMMAp• fMAp

= 0.186,
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0.248, 0.565 (see chapter 4, Eq. (4.12a)), the

weight fraction of polymer in the particles, and the diffusion coefficient of monomeric
species in the particles.

Table (8.4). Values for the instantaneous conversion (xin.), swollen radius (r,), total monomer
concentrations in the particles {C,), degree of unsaturation (Cia/C;,q,<), weight fraction of polymer in
the particles (w,), the diffusion coefficient of a monomeric species {D,). and the average number of
radicals per particle (ii), all at experiment numbers i corresponding to Table (8.1).

Xinst (-)

r, (illn)

cp (mol/dm3)

Ciaq/Ciaq,c (-)

wP (-)

DP (m2/s)

fi (-)

0

0.0

47

6.4

1

0.39

6·10-10

0.033

1

0.22

. 54

6.0

0.94

0.48

4·lo-10

0.040

2

0.61

60

2.5

0.65

0.78

3·10-11

0.043

These parameters are given by the optimal addition profile, except the diffusion
coefficients, which were estimated from plots of the diffusion coefficients of toluene and
benzene in mixtures of poly(S) and respectively toluene and benzene, as a function of
weight fraction of poly(S), above the glass transition temperature. 151 Because in the present
system experiments 0, 1 and 2 (not 3) have been carried out above the glass transition
temperature as well (see Fig. (8.7)), it might be possible to apply these diffusion
coefficients to the present system. The experiment at xinsl3)

0.96 will not be analysed

for two reasons: (1) the scatter on the data is simply too large to allow proper comparison
with a theoretical model and (2) as the system is in the glassy state, termination will
definitely be rate-determining. Although models for the kinetics of termination have been
given in literature (e.g. refs. 89 and 90), its complexity will not allow a simple treatment
here.
8.5.5.3 Zero-one emulsion terpolymerization of S, MMA and MA
In chapter 6 it was shown that the kinetics of the emulsion copolymerization of S
and MA at low conversions can be described with the zero-one model. The assumptions
that lead to the derivation of the rate equations describing such a system were given there.
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The present monomer system resembles the 8-MA system of course very. closely, and it
can therefore be assumed that the present system is zero-one as well at low conversions and
that re-entry of desorbed radicals is

predominant~

However, it is appropriate to go through

the assumptions briefly and to check whether the presence of MMA validates any of tQe
assumptions. The reader is referred to chapter 6 for a more extensive treatment of the
assumptions. First some parameter values for MMA will be given in. Table (8.5) (the
parameter values for Sand Mkare given in Table (6.1)).

Table (8.5). Values of (rate) parameters of methyl methacrylate: diffusion coefficient fu the aqueous
phase (Dnq), diffusion coefficient in the partiCle phase (D;p), saturation concentration in the aqueous
phase (Ciaq,,,J, propagation rate constant (kp), rate constant for iransfer to monomer (k,), encounter
radius of radicals u; and termination rate coefficient in the aqueous phase (k;,;aq).
Dial!

D1p

ciaq,s,h

kp

.ktt

O"j

~.iaq

2

(m /s)

(m1/s)

(mol/dm3)

(dm3/mol·s)

(dnf/mol·s)

(A)

(dm3/mol-s)

MMA

1.7·1<J9

1.19·10-:-9

0.15

616

2.3·10-2

5.8

3.7·109

ref.

151

3

3
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Discussion of assumptions in .the 8-MMA-:-MA system
i) .

Homogeneous particle-phase propagation
In the present case a poly(S) seed latex was used, and on this seed terpolymer of S,

MMA and MA was grown. In chapter 6 it was argued· that phase separation will not occur
in interval 2, as the monomer concentrations are still high. For experiments 0 and 1 it can
be assumed that the particles are still homogeneous (although it should be noted that
experiment 1 takes place in interval 3). In experiment 2 the ratio newly formed terpolymer
to seed polymer poly(S) is

ca 5. Strictly speaking the assumption that particle-phase

propagation is homogeneous is not valid, but· as the. particles mainly consist of terpolymer
at this stage, it is assumed for simplicity that the presence of a second phase cim be ignored
from a kinetic point of view. This. also implies that any morphological differences between
the composite seed latex particles prepared under starved conditionS and ·the latex particles
as they are grown in the optimal reaction.can be ignored as well.
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Instantaneous termination
The emulsion homopolymerization of MMA follows pseudo-bulk kinetics. 3•90 This is

a consequence of the fact that the desorption rate of an MMA monomeric radical is higher
than its rate of termination or propagatioril (see Table (8.6)), which also applies to MA
monomeric radicals in the emulsion copolymerization with S, but, as argued in chapter 6,
enough S monomeric radicals are formed to guarantee virtually instantaneous termination.
Note that zero-one kinetics for the emulsion copolymerization of S and MMA at low
conversions have been assumed by other investigators. 103•105 In Table (8.6) the rates of
termination (Eq. (6.29)), monomeric radical desorption (Eq. (8.3)), monomeric radical
propagation (Eq: (6.25)), and the rates of entry (Eq. (6.21)) and chain transfer to monomer
(Eq. (6.26)) are compared.
For monomeric radical desorption .Eq. (8.3)86 is used, rather than Eq. (6.27). For
the latter it is assumed that only the diffusion into the bulk of the aqueous phase is ratedetermining. However, in the present case intra-particle diffusion becomes rate-determining, since the diffusion coefficient of the radicals in the particles decreases as wP increases.

(8.3)

The situation with transfer to monomer is quite complex. As stated in chapter 6 the
equivalent of the terminal model has been assumed for transfer. To calculate the rate of
transfer to each monomer, the relative concentrations of the S-, MMA-, and. MAterminated radicals have to be known. In chapter 2 it was argued that in the S-MA system
the concentration of MA-terminated radicals is much lower than the concentration of Sterminated radicals. The same is probably true for the system MA-MMA, because
according to the reactivity ratios MMA is by far more reactive (this system is very
comparable to the system butyl acrylate-MMA, for which Lau et al. 83 concluded from
EPR experiments that the propagating radical is mostly MMA-terminated, see chapter 6).
Therefore it is assumed that in the system S-MMA-MA only S- and MMA-terminated
radicals are present. The equivalent of Eq. (6.26) can then be applied, where Auis replaced
by AsMMA· Remains the difficulty of estimating a value for this parameter. Due to a lack of
further data the following approach is used: AsMMA is estimated to. be equal to the ratio
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AsMMA in the copolymerization of S and MMA. The value of fs/fMMA (0.186/0.248) in the
terpolymerization is used for f 8/fMMA in the S-MM;\ copolymerization, resulting in f8

=

0.428. By using the propagation rate constants and reactivity ratios for the penultimate

as

model

given. by Fukuda et al. 67 at 40

oc

(see also chapter' 2),

a value of 4.6

is

calculated. The dependence on temperature is neglected.
Nomura et al. 100 have given values for the cross-transfer constants in the

and MMA, calculation of which is based. on the ultimate mo.det· for

copolymerization of S

prop~gation: ktr,sMMA = 0.08 dm3/mol·s, ktr.MMAS

= 0.12 dm3/mol·s, ktt,MMAS

ktr.sMMA

0.04 dm3/mol·s, ktr.MMAS

= 0.01

=

0.28 dm3/mol·s. Ballard et

at. 112 give

= 0.08 dm3/moh;, and Forcada et a/. 55 give ktr,sMMA

dm3/mol·s. As can be seen, there is no agreement amongst

the various authors, so in this case average V!ilues are applied: ktt.sMMA = 0.08 dm3/mol·s,
ktr.MMAS = 0.12 dm3/mol·s. The value for ktr,sMA was determined in chapter 6 (= 0.03
dm3/mol·s). ktt.MMAMA was estimated by ktr,MMAs'k1r,SMA/ktr.sMMA

=

0.04 dm3/mol·s. For the

maximum entry rat.;: Eq. (6.21) was used with an entry efficiency of 100%.
Table (8.6). Rates of tennination c11L, desorption kdl• propagation
entry

I>AmN

and chain transfer

ku,icip·

Nc

1.38·10

17

dm-3,

r8

0.78 (experiment 2)'.

= 54

of monomeric radicals,

nm,

CAmN

=

I mmollctml

=0.48, and for S also at wp =

wp

(based on the aqueous phase), conditions of experiment 1 with

ii{,1c;

·

s

MA

·MMA

S*

c/L (s-1)

5·103

5·103

5·103

2.4·10Z

~~

1·103

l·IOS

4·10"

1·103

9·1Q3

.6·106

l·l<f

4·103

(s-1)
~~CP (s-1)
PAIBN

ku·C.
·'

lp

(s-1)

«

1.7·10'-2

it<f2

(s-1)

"L7·w-2
1·10-1

«

1.7·10-2

1·10-1

«

~

1.7·10-2
1.4·lo-2

It can be seen that the situation is quite similar to the s.:...MA system at lower

conversions, especially if this type of calculations is also done for the dimers, by using Eq.

(6.30). It can then

Pe

shown that dimers are more likely to terminate before significant

propagation has occurred. However, at higher conversions (wp

=

0.78) the propagation

rate is higher than the .termination rate of S monomeric radicals, because the diffusion
coefficient is so

low~

This also applies to dimers. According to the theory termination is
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then not instantaneous. However, up to

X 10, 1
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0.62 fi increases only slowly with

=

conversion (see Fig. (8.6) and Table (8.4)), much slower than one would expect for a
system where termination is rate-determining. Close examination of the conversion-time
plots of the reaction with the see corresponding to

X.nst

=

0.62, does not reveal any

significant increase of the polymerization rate with conversion, which one would expect in
case termination is rate-determining. By plotting fi versus (r,3/Dp)05 , which is a measure for
the termination rate, this point can be illustrated even better, see Fig. (8.12).
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Fig. (8.12). The average number of radicals per particle (n) versus (r,3/Dp) 0 ·5 . The data correspond
to experiments 0, 1 and 2.

If termination would be completely rate-determining, one would expect - ceteris

paribus- fi to be strongly dependent on (r,3/Dp)05 , but this is not the case here. The above
mentioned experimental findings contradict what theory predicts. It is possible that the
diffusion coefficients that were used (Table (8.4)) are not really applicable here; they
pertain to poly(S) and as the Tg of the terpolymer used here is some 30

oc lower than that

of poly(S). It is not unthinkable that the diffusion coefficients are higher. The termination
rates would then be higher, perhaps even leading to instantaneous termination. However,
this will remain an unanswered question until the diffusion coefficients are actually
measured. In the foilowing sections the kinetics are described with the zero-one model up
to

xinst

= 0.62, assuming termination is not rate-determining at high conversions.
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iii) and iv)

Only monomeric radicals can desorb and they are more Hkely to re-enter

than to propagate or terminate
Eq. (6.30) can be usedto show that assumption (iii) (only monomeric radicals can
desorb) holds, as in the case of S-MA. In Chapter 6 it was shown that MA and S radicals
re-enter under normal conditions, and it can easily be shown to hold for MMA as well.

8.5.5.4 The rate of entry
If the assumptions of the previous section hold, the equivaleot of Eq. (6.24), Eq.

(8.4), can be used (complete re-entry of desorbed monomeric radicals).

dii

. .
- 2ii)
..

(8.4)·

-dt = p A (1

where

PA

= Plh + PAIBN and 1,2,3 represent the three monomers.

By applying this equation, and using the rates given in Table (8.6) for experiment 1
. and the equivalent rates for the expe~ents 0 and 2, and the values for the monomer
concentrations and ii in Table (8.4), values for

PAIBN

can be calculated, if p111 is assumed to

be negligible. This gives (between brackets the number of the experiment): PAmN(O)
1.2·10-3

s-1,

PAIBN(1)

= 1.4·10-

3

s-t, PAIBN(2)

= 6.9·10-4

s-1,

=·

corresponding to efficiencies

of 9, 10 and 5 %. If the calculations of the desorption rate are correct, and the entry
efficiency is indeed so low,. what mechanism could then explain this behaviour? And does
the entry rate really decrease with_ conversion?

8.5.5.5 A mechanism for entry of AIBN in emulsion polymerizations?
Many re_searchers have investigated emulsion polymerizations initiated with AIBN.
It is mostly believed that the behaviour of an oil-soluble initiator such as AIBN is compar-

able to the behaviour of water-soluble initiators such as persulfate. 192•193 A general observation is that the rate of polymerization with AIBN is lower than with persulfate under
comparable

conditions.

SQdol • et

al. 194 performed

successive

seeding . emulsion

polymerizations with S and observed an initiator efficiency of 15%. Al-Shabib and Dunn195
found that the initiation (or better nucleation) efficiency of AIBN is 4%. This· number was
found by direct comparison between the number of particles formed with AIBN and
persulfate. It should be noted they made a number of assumptions, the most important of
l
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which are that every micelle in which an oligomeric radical enters, will become a polymer
particle, i.e. there is no coagulation between small particles, and that the initiation
(nucleation) efficiency of persulfate is 100% (it is now known that this is not so). They also
assume that 50% of the AIBN-derived radicals that are formed in the particles, are
available for nucleation in the aqueous phase. However, concerning the mechanism of entry
for AIBN there is nothing but controversy in literature. Nomura et al. 196 · only consider
AIBN dissolved in the aqueous phase to be responsible for entry/particle nucleation. They
calculated a partitioning coefficient of 115 for AIBN, which means that 4% of the AIBN is
residing in the aqueous phase at MIW

= 0.2.

Nomura et a/. 196 used the value found by Al-

Shabib and Dunn to corroborate their own findings. Asua et al. 191 disagree with Capek et

al. 192 and Nomura et al. 193 •196 who only consider AIBN dissolved in the aqueous phase.
Asua et al. argue that the partition coefficient of AIBN, as calculated by Capek et al. is too
low, and that therefore the aqueous phase cannot be the only source for efficient AIBNderived radicals. They also argue that radicals resulting from decomposition of AIBN in the
particles, first diffuse into the aqueous phase and then give re-entry.
Based on the above mentioned findings one can discern three (rate-determining)
processes determining the initiator efficiency of AIBN in an emulsion polymerization, the
first of which also determines efficiency in bulk polymerizations: i) the process by which
radical recombination Of the fragments upon AIBN dissociation is avoided: diffusion out of
the solvent cage, ii) subsequent desorption of AIBN-derived radicals into the aqueous
phase, and iii) re-entry as single radicals into the particles (the actual entry event).
The process i) was studied theoretically and experimentally by Boback et al. 198 in
bulk polymerizations of S by using infra-red spectroscopy to determine directly the initiator
efficiency of AIBN (i.e., the efficiencies were not derived indirectly from the rate of
polymerization, but directly from the concentrations of the

variou~

nitrile-group containing

species). They found a general dependence on the conversion of S, and therefore also on
the weight fraction of polymer (wp): above.the Tg of the system the efficiency decreases by
a factor of S over a conversion range of 0 to 80% (0

<

wP

<

0.8).

The processes ii) and iii) are determined by the kinetics of the cyanoisopropyl
radical (CIP, decomposition fragment of AIBN 198). The probabilities of the fates this radical
can undergo after it has escaped recombination with its geminate radical in the particle
phase, can be calculated similarly as done for the monomeric radicals in this section and in
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section 6.4.2. If the rate constant of CIJ> for adding a monomer (kp1) is of the same order
of magnitude as that of the propagation rate constant of an MMA monomeric radical (ca

2·103 dm3/mol·s), it appears that desorption into the aqueous phase is the most likely fate
(Cc1Paq.s.h

= ca

0.5 mol/dm3), after which re-entry is the most likely fate. Such a radical .

will redesorb and re-enter until it terminates or propagates in a particle (termination and

propagation in the aqueous phase are unlikely). The generally low efficiencies- lower than
in bulk even at low wp - can. not be explained.
According to Buback .et al. 198 an important avenue, other· than diffusion, via which·
recombination can be defied in process i) is a very . fast reaction (with average rate .
coefficient ~U between CIP and monomer .. ~1 has not been measured yet, and could
perhaps be as high as that of the sulfate radical198 (see section 6.3.2), but this is a
controversial issue. After one propagation step the formed oligomeric radical is less likely
.

'

to desorb than the CIP radicals. The rate of intraparticle termination is still quite high

(secondary termination) and now more likely than propagation (certainly in zero-one
systems) or desorption. This could explain the low efficiencies in emulsion polymerization.
In bulk polymerizations the efficiency is detel:mined by process i): after the CIP radicals

.

quickly or by diffusion,
they can diffuse away
have escaped recombination by propagating
.
.
into the bulk phase and successfully initiate polymerization. In emulsion polymerization the
bulk phase they diffuse into is very small due the compartnientalization (the bulk phase is
as small as the volume of one particle). The two radicals will therefore quickly terminate
each other after all, before they can propagate significantly (certainly in zero-one systems).
Only those CIP radicals that escaped geminate recombination by diffusion and avoided
propagation and a small fraction of those that added one .monomer unit, can undergo ·
processes ii) and iii) and initiate polymerization successfully. This can explain why
efficiency is generally lower than in bulk. If the value of PAmN(2) is reliable, the entry rate
decreases with increasing wP. This can be explained with the above-mentioned

mec~m:

the rates of propagation and diffusion after decomposition decrease with decreasing wP.

8.5.5.6 Effect of wP on radical desorption and termination, and ii
From the above it becomes clear that the relative slow increase of ii with conversion
is not due to

an increase of the entry rate. It is due· to a gradual, but significant decrease of

the radical desorption rate of the MMA monomeric radical, because this has by far the
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highest contribution to exit (see Table (8. 7), and section 6.6.3). This net decrease of the
desorption rate is partly due to an increasing particle size, an increase of the partitioning
coefficient (C;.qlC;p) and a decrease of the rate of transfer to monomer <kt,,;Cip), but to a
greater extent due to decreasing monomeric radical diffusion coefficients in the particles.
At low wP the diffusion into the aqueous phase is rate-determining for desorption, but at
higher wP diffusion within the polymer particle also plays a role, and according to Eq. (8.3)
this is a significant effect for relatively water-soluble monomers such as MMA and MA.
For instance, at xinst

0.62 the desorption rate of an MA monomeric radical is only 9% of

the rate that can be calculated by ignoring the diffusion within the particle (see Table
(8. 7)).

Table (8.7). Experimental rates of entry (pAmN), exit rate coefficients (k;) of monomeric radicals and
the ratio of the desorption rate coefficients calculated by taking into account intraparticle diffusion
and the coefficients calculated by ignoring it (ll1). The numbers 0, l, 2 refer to the low-conversion
batch emulsion polymerizations. ·

1
PAIBN (S- )

ks (s-1)

Os (-)

kMA (S-1)

OMA (-)

kMMA (S-1)

OMMA (-)

0

1.2·10-3

5·10-3

1

3·10-3

0.78

5·10-1

0.94

1

1.4·10-3

4·10-3

1

2·10-3

0.68

4·10-1

0.90

2

6.9·10-4

5·10-3

0.94

4·10-4

0.09

2·10-1

0.30

This table also indicates that it is justified to ignore intraparticle diffusion in the
calculations in chapter 6: these pertain to interval 2, and it can be seen that the decrease is
only 20% forMA, which is negligible for the purpose of the calculations in that chapter.
If termination is not instantaneous at wP

=

0.78, Eq. (8.4) cannot be used and the

value for PAIBN(2) is not valid. However, the effect. of exit on fi is the largest in systems
with instantaneous termination. If that is not the case, the effect on fi is smaller. The slow
increase of fi with conversion is then due to a decreasing termination rate and a less
effective exit process, which means that, if these effects would be taken into account, the
value for PAmN(2) that would be calculated, would be even lower than is found by assuming
zero-one kinetics. So, in conclusion, even if termination is not instantaneous at high
conversions, the calculated entry rate decreases with increasing wP, and the above-
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mentioned mechanism can account for this.

8.6 Conclusions
Homogeneous emulsion terpolymers of ·styrene, methyl

methacrylat~

and methyl

acrylate were prepared with optimal addition rate profiles. These rate proftles were
determined with two different methods by applying knowledge gained in chapters 2-6 on
monomer

partitioning,

co-

and terpolymerization kinetics and

general emulsion

polymerization kinetics. The first method is a completely empirical/iterative method based
on an iterative series of experiments. With this method the .optimal addition rate profile
could be determined fairly quickly and a homogeneoll;S terpolymer could be prepared. The
second method applied here was a semi-empirical/non-iterative method, where the rate of
polymerization was determined as a function of conversion with low-conversion batch
reactions on four · ~d latices with varying particle diameters corresponding to various
stages ·of conversion. This method also resulted in an optimal addition rate profile. Due to
inhibition it was not possible to prepare a homogeneous terpolymer .. The homogeneity/heterogeneity of the terpolymers prepared with both methods and the corresponding batch
terpolymers was verified with gradient polymer elution chromatography. The rate data of
the low-conversion batch reactions of the second method were analysed with a kinetic
model - under the assumption of instantaneous termination - by using the value of the
average propagation rate coefficient determined with pulsed laser polymerization (which
was much lower .thl!n predicted by the terminal model for propagation). This analysis
revealed that the slow increase of fi is due to a strong decrease in the desorption rate of
MMA monomeric radicals, which determine the exit rate largely. It was found that the
efficiency of the initiator {AIBN) decreases with conversion and weight fraction of
· polymer~ which could be explained on the basis of a recently developed mechanism for the
initiation efficiency of AIBN in bulk.
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Chapter 9
The Effect of Microstructure on Mechanical Properties of Emulsion
Copolymers of Styrene and Methyl Acrylate
Synopsis: In order to determine. the effect of composition drift and copolymer
microstructure on mechanical bulk properties several styrene-methyl acrylate
emulsion copolymers with varying chemical composition distributions were
prepared batch-wise and semi-continuously, as described in chapter 7. Three
different average compositions were used. The copolymers were processed with
a viscosimeter at 120-170 "C, which ensured that the original particle structure
was lost before the polymers were tested. It was found that varying the chemical
composition distribution had a large effect on the mechanical properties
(Young's modulus, maximum stress, elongation at break). This influence could
be understood very well on the basis of the present knowledge about structuremechanical properties relationships. In the case of homogeneous copolymers,
maximum stress and elongation at break are dependent on the molecular weight,
and on the chemical composition, whereas the Young's modulus is independent
of chemical composition and molecular weight in the range of compositions
investigated. In the case of heterogeneous copolymers, the influence of
copolymer microstructure on Young's modulus, maximum stress and elongation
at break is very large. Depending on the extent of control of composition drift
during the polymerizations, phase separation was observed in the processed
polymers, and the presence of a rubber phase in the heterogeneous copolymers
affected the properties profoundly.

9.1 Introduction
The investigations in the preceding chapters were aimed at gaining insight into the
relation

between

monomer

characteristics,

process

conditions

and

copolymer

microstructure. In chapter 7 it was shown how the microstructure of emulsion copolymers
can be controlled by adjusting the addition rate of the monomers. In this chapter the
relation between the microstructure of emulsion copolymers of styrene (S) and methyl
acrylate (MA) and their mechanical properties will be examined. Depending on the way the
polymers are processed, the final properties can reflect the bulk properties of the polymers
and the particle morphology, e.g. in core-shell structures. 43 •175 •199 If the polymers are
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applied in films/coatings, the film forming properties will reflect both bulk properties and·
particle·morphology. 200 The properties of the ·films can be studied by casting films from the
latices and looking directly at the structure .and the properties of the films. 201-2°3 As stated
above, for the .final properties of the fihns the bulk properties of the ·polymers in the
particles are also important,200 and because partiCle morphology is beyond the scope of this
thesis, in this chapter will be analysed only the effects of composition drift and
microstructure oil the mechanical bulk properties (Young's modulus, maximum stress;
elongation at break and fracture toughness) of S-MA emulsion copolymers with varying
chemical composition distributions (CCD) and compositions.
• In chapter 7 it was shown how copolymers with varying CCDs can. in principle be
prepared: in batch, semi-continuously under starved conditions, and with (optimal) addition
profiles (homogeneous and with pre-defmed controlled heterogeneity). In. this chapter the
copolymers· are grouped according to either their average chemical composition (F8) or to
their way of preparation. The CCDs of these copolymers are shown, and .their average
. molecular weights are given, as well as the glass transition temperatures. The following
symbols are used to indicate how a copolymer was produced: BA for batch-wise, ST for
semi-continuous under starved conditions (8 hot!rs addition), OA for semi-continuous with
the optimal addition method; and in the case of the copolymers with F8

::;::

'

0.25, CH for the

copolymers that were made in attempts to produce copolymers with pre-defmed controlled
heterogeneity, see chapter 7. These symbols are followed by the average composition in
mol% S, e.g. BA80 is a copolymer made batch-wise, with an average composition of 80
mol% S. Most of the copolymers described in this chapter have been introduced in chapter
7, others were prepared (again) for the study in this chapter: this applies to all batch
copolymers, .and ST80, ST25, CHl and CH3.

9.2 Experimental
9.2.1 Preparation and processing of the copolymers

The recipes of the copolymers prepared for this study are the same as those given in
chapter 7. Note that in all recipes a chain transfer agent was used. The reason for this is
that the aim is to investigate the effect of the CCD on the properties of the copolymers.
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Adding a chain transfer agent ensures that the MWD is determined mostly by · chain
transfer. Therefore the effect of monomer addition strategy on the MWD is negligible. 204
The polymer latices were dialysed and coagulated by adding 6 cm3 of a 0.5 mol/dm3
aluminum nitrate solution (Al(N03k 9H20) to 1 dm3 of latex, at a rate of 1 cm3 per
minute under continuous stirring. The copolymers were then washed three times with 1 dm3
of deionised water per 170 g of copolymer, while filtering trough a Buchner funnel. The
copolymers were dried for at least three days at ambient temperature. The copolymers were
processed with a Wiedmann 1-212 melt viscosimeter equipped with an injection moulding
device to produce test bars. The copolymers with Fs
copolymers with Fs

0.80 were processed at 170 °C, the

= 0.50 at 140 °C, and the copolymers with Fs = 0.25 at

120 °C. The

mould was kept at room temperature.
Small tensile bars were manufactured according to ASTM D1708, because of the
relatively small quantities of polymeric material available. Fracture toughness bars were
manufactured with a self-constructed mould (65*10*3 mm3). The bars had a V-shaped
notch of 2.54 mm. A natural crack was generated by gently tapping on a razor blade placed
in the notch tip. Tensile and fracture toughness bars were not annealed, be<;:ause especially
the tensile bars would shrink too much at annealing temperatures just above Tg· This
means, .however, that orientation in the bars could not be avoided. Orientation in the load
'

axis may lead to an increase in material rigidity (Young's modulus, maximum stress, etc.).
Since all specimens had orientation, it was not possible to rule out the influence of
orientation, but since all specimens had similar orientation, mutual comparison was
. probably not greatly affected.
9.2.2 Analysis of microstructure and mechanical properties
Gel permeation chromatography was used to determine the average molecular
weights of the polymers (set-up as described in chapter 6). For calculating the number and
weight average molecular weights universal calibration was applied with Eq. (6.32) based
on the average chemical compositions of the copolymers. The Mark-Houwink constants
were the same as used in chapter 6. The chemical composition distributions (CCD) of all
copolymers examined were determined with gradient polymer elution chromatography, as
described in chapter 5. The detector was a moving. belt flame ionisation detector (Tracor
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945 Universal FID detector). The glass transition temperatures (Tg) of the copolymers were
determitied with differentialscanning calorimetry: temperature range
heatitig rate

= -10 oc to

125

oc,

= 20 "Ciniin. Further details have been given in section 8,3.

Scanning Electron Microscopy (SEM) was applied to examine the morphology of

the fracture surfaces of copolymer fracture toughness bars. A Cambridge Steteoscan 2000
scanning electron microscope was used. The specimens were • fractured at cryogenic
temperatures to obtain a smooth surface with as few as possible deformation effects. The
fracture surfaces were subsequently etched with an oxygen plasma and coated with a AuiPd
layer to ensure conductivity. This process preferentially etches MA rich phases.
Tensile measurements were performed at room temperature on a Frank 81565-IV
tensile machine, with a ctosshead speed of 5 nim/min. Elongation was

measured

with an

lnstron 2620-602 extensiometer. According to ASTM :b 1708 it is not permitted to
detertni.ne Young's modulus with these t~n8ile bars. A13 alteady explained, there was no
other means to determilie .Young's rilodulus, the above mentioned procedure was applied
allowing a relatively aec:urate mutuai comparison of the tensile b~trs. Fracture toughness
was measured with a Zwick Rei 1800 hydraulic tensile machine with a climate chamber.
Crosshead speed

was

10 mmlmin, and the tempetahire was kept at -25

plane strain situation and brittle fractnre of the specimens.
according to the standard .test of Williams

and

05

Cawood/

The

oc

to

ens11re a

test was carried out

with thtee point bend specimens

(also ca1Ied SENB,. singte edge notched berid).

9.3 Results and discussion
In general, the mechanical properties of the polymers depend greatly on their glass
transition temperature (Tg). The extremes in this case.are the Tgs of poly(S) and poly(MA),

ca 100° and 6 °C, respectively. The closer the· Tg is to the test temperature, the mote the
polymer will show visco-elastic behaviour, and measurements can depend on the crosshead
speed in the tensile test. If the Tg of the polymer is very close to .or under the test

.

.

temperature, it can be expected that the modulus and maximum stress will decrease, and
the elongation will increase, as the behaviotir will resemble that of arubber. The extent of
composition drift will affect the Tg of the copolymers. greatly, and therefore also the
mechanicill properties. The molectllar weight <Mv,) als<i has a large influence on the
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mechanical properties. The maximum stress (umax) and elongation at break (fb) normally
increase with increasing Mw and level off at some critical Mw. 206 The Young's modulus (E)
on the contrary, is mainly detemiined by inter- and intramolecular forces and is therefore
independent of Mw. In sections 9.3.1 and 9.3.2 the properties of the various copolymers
will be presented, and they will be discussed in sections 9.3.3 and 9.3.4. In section 9.3.5
the controlled heterogeneous copolymers wili be treated.
9.3.1 Copolymers with Fs

0.80 and F8 = 0.50

In Fig. (9.1) the CCDs of these copolymers are displayed. As shown in chapter 5,
copolymers with F8

=

0.80 are homogeneous with respect to chemical composition. This

gives no reason to expect large differences in mechanical properties. It can be seen that the
CCDs of ST50 and OA50 are homogeneous as well. The CCD of BA50 shows the result of
some composition drift (see chapter 5).

Fs=O.SO.

0.0

0.2

0.6

0.4

0.8

LO

F s (-)
Fig. (9.1). The chemical composition distributions of copolymers with an average composition F5
0.80 and F5 = 0.50: BA80/50 (-), ST80/50 (---) , OA80/SO (" ·).

In Table (9 .1) the weight average molecular weights and the glass transition
temperatures (Tg) are given, and the mechanical properties (Gc is fracture toughness; in
each case the standard deviation is given in brackets) ..

174

Chapter 9
Table (9.1). Moleeular weights

<Mw),

glass transition ten:ipetamres (T8) and rt1echanieal properties

(Young's. modulus E, maximum stress umax• elongation at llreak 9,; fractUre toughness. 0 0 , standard
deviation between brackets) of the copoiymers with F8 = 0.80 and Fs

= 0.50.

PrOduCt·

BA80

ST80

OA80

BA50

STSO

OA50

Mw (kg/mol)

67.

94

162

71

64

34

Tg (OC)

82.2

81.0

87.8

72.7

65.6

62.8

E (GPa)

1.34 (0.03)

L41

{0.04)

1.44 (0.08)

1.46 (0.08)

1.40 (0.06}

1.53 (0.11)

(MPa)

33.8 (2.0)

40.9 (1.2)

65.6 (0.6)

64.8 (1.2)

59.4 (3.0)

35.2 (3.4)

(%)

2.7 {0.3)

3.1 {0.2)

8.4 (0.1)

7.6 {0.9)

7.8 (1.3)

2.6 (O.S)

126 (32)

118 (42)

357 (26)

100 (20)

110 (40)

54 (9.6)

Umax
fb

Gc (11m2)

The relatively low molecular weights of these copolymers show some variation,
although the addition strategy has no consistent .effect. The reason for measuring the Tg is

that it can be indicative of phase separation, which would .lead to two glass transition
regions. One could also suggest that

the high T8s of OA80 and BA50 are the result of .their

higher molecull,'l' weight. Since the CCDs of these polymers are very similar (for each
composition), the differences in mechanical properties must be a result of the differences in
molecular weights. Maximum stress and elongation at break increase with increasing
molecular weight, and the Young's modulus is not affected by the difference in molecular
weight, as expected. Note that the polydispersities of all polymers in this chapter were
comparable (2-3), exeept for BA25* (8).

9.3.2 Copolymers with F 8

= 0.25

These copolymers generally show considerable composition drift (see chapter 5) 'and
are therefore most . likely to reveal an influence of composition drift on mechanical
properties. The ccbs of the semi-continuous copolymers are given in Fig. (9.2a), and the
CCDs of the batch copolymers in Fig. (9.2b).
Usually copolymers made under starved conditions are very homogeneous. 126
However, in this case a semi-continu()us copolymer made under starved conditions (ST25)
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was studied that is not homogeneous with respect to CCD .' This is due to inhibition of
polymerization at the start of the monomer addition, which caused accumulation of
monomer,. and thus composition drift when the inhibition stopped. In addition, the
properties of a semi-continuous copolymer that was produced with the optimal addition .
profile (OA25) were studied. Another semi-continuous polymer (NA25) was made with a
non-optimal addition profile (the first run in the iteration procedure described in chapter 7),
hence it is heterogeneous.

Fs (-)
M

U

M

U

U

r-------~--------~---------.-------(~~--

(b)

0.8

Fs (-)

Fig. (9.2). (a) The chemical composition distributions of semi-continuous copolymers with an
average composition F5

=

0.25: OA25 (--), ST25 (---), NA25 (···), and (b) the chemical

composition distributions of batch copolymers with an average composition F5 = 0.25: BA25 (-),
BA25* (---), MIX25 (···). BA25* was made without NDM. The numbers refer .to distinct regions
referred to· later. BA25 and BA25* have been mentioned in section5.5.2.

The batch polymer BA25 was made with a recipe that is very similar to that of
OA25 and ST25. It shows a typical bimodal CCD due to strong composition drift. BA25*
was made with exactly the same recipe, the only difference being the absence of chain:
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transfer agent. The CCDs of BA25 and BA2S* are different (lower poly(MA) peak). A
possible reason for this has beeh given in chapter 5.

If one looks closely at i:he CCD of BA2S one can distinguish thfee regions: (1} a
copolymer with an average composition

Fs

of about 0.45, (2) a (co)polymer mainly

consisting of MA (this polymer is formed at the end of the batch .reaction, when all S has
been depleted), and (3) .copolymer with a composition Fs ranging approximately from 0.050.10 to 0.40. Of the last copolymer the1."e is only a very small amoui:tt present, but because

it has a broad range in composition it might act as a series of mutually compatibilizing
compoUnds, br~dging the gap between the two pha8es that apparently exist in .these batch
polymers according to Table (9.2). The (co)polymer mainly consisting of MA is rubbery. ·

. table (9.2). Molecular weights (Mw)• glass transition' temperatures (Tg) and mechanical properties
(Young's modulus E, maximum stress ulnlll<, elongation at break Etl• fracture roughness Gt• standard

deviation between brackets) of the ~mpolymers with Fs

0.25.

OA2S

ST25

NA2S

BA25

BA25*

.MIX25

14

30

20

23

840

38

Tg ("C)

41.7

18.9/46.5

39.3

16.•7/56.7

15.4/59;8

14.2/59.6

E (G~a)

1.22 (0.09)

0.94 (0.03)

1.84 (0.23)

0.55(0.04)

1.19 (0.33)

0.51 (0.05)

(MPa) ·

28.7 (3.1)·

43.2 (1'.9)

32.7 (3.7)

24.2 (2.4)

32.1 (2.4)

18.0 (1.1)

(%)

2.3

37.9 (3.7)

2.4 (0.3)

79.2 (8.3)

57.2 (8.1)

111 (13)

69 (21)

69 (19)

94 (31)

260 {00)

129 (41)

Product
Mw

(kg/mol)

O'max

fb

Gc (J/m2)

(0.6)

28 (9.4)

In rubber toughened materials, the rubber is present in small particles, which retain

their original particle structure (in contrast to the polymers described in this chapter).
These rubber particles can only toughen the. material if they are somehow bound to tlie
matrix. To see whether i~ the present case with the batch copolymers, the copolymer
material .with intermediate composition can. actually serve to bind the rubber phase and the
copolymer phase with Fs ;::: 0.45, which emerge after processing, attempts were made to
prepare a polymer that resembles BA25, but. that has no polymer· with intermediate
composition: MIX25 ..This was therefore made by literally mixing two latices, one of a

..
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. copolymer that was made semi-continuously under .starved conditions, arid the other. of
homopolymer poly(MA). The idea is that mixing these results in a latex ·that has the same
CCD as BA25 without the copolymers of iptemiediate compositions in between the two
luge peaks in the CCD of BA25. Note .that MIX25 has the same two Tg values as both
other batch copolymers.
On ·the
only cOnclude .that there is
. .basis of the T1 results one ~
.
no significant difference in phase separation be~viour be.tween MIX25 and BA25.
'

. The mechanical properties of all copolymers with Fs

= 0.25 are also given in Table

(9.2). In Fig. (9.3) the SEM nucrographs :of ST25, BA25, BA25*, and MIX25

are

displayed.

Fig.· (9.3). SEM micrographs of heterogeneous copolymers: · ST25 (top left), BAl5 (top right),
BA25* (bonomle.fi), MIX25 (bottom right).

These SEM micrographs are all' of heterogeneous copolymers. The SEM micrograph .
.

of the homogeneous OA25 (not displayed) shows a fracture surface without any indications
.

'

.

of phase separation, which is exi>ected on the basis of its homogeneity. If one looks closely
at the SEM micrograph of ST25, a dispersed phase in ~· continuous phllse can be seen .. This
.

is confirmed by the fact that DSC shows two glass transition regions. The dispe~sed phase

.
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is most likely the more MA-rich phase, as argued below:
It has been shown before 18 that the particles. of a batch emulsion copolymer made with

a

recipe .exactly the .same. as. that of BA25 have a core-shell, structure.. and that the. shell
consists of an MA-rich polymer that is formed itt the last part of the reaction
consequence of strong composition drift.

126

as a

During the reaction of ST25, a composition

·drift similar to that of BA25 occurred, and an MA-rich polymer was formed at the end of
the reaction. This situation is very similar to what happens in emulsion copolymerizations
of butyl acrylate and vinyl acetate (VAc): 175•207- 209 In those cases, in the last stages of the
reaction a VAc-rich polymer is formed which forms· a shell. Both MA and VAc are the
· more hydrophilic monomers which is another reason why phases rich in these monomers
form the outer shell in the particles. If the polymeric material after processing were to
consist of the original: latex particles blended together, the poly(MA) phase would have
been the continuous phase, because the poly(MA) phase is the outer shell of the original
.

.

latex particle. However, the MA-rich phase is the one that is .most readily etched, and
shows up dark in the micrographs, and the volume fraction of the dispersed phase is
smaller than the volume fraction of the continuous phase; the copolymer phase is larger
than the poly(MA) phase as one

can see in the CCI).• So, it seems that the copolymer

phases {core of the original latex partiCles) have formed a continuous phase, and that the
poly(MA) phases (shell in the original latex particles) have formed a dispersed phase. The
phase inversion can be simply explained by the fact that during the processing the larger
phase will become the continuous phase. BA25 shows two co-continuous phases, which
unambiguously shows that the original latex particle structure is lost, as with ST25. It is
assumed that the original latex particle structures of the other polymers were lost as well.

9.3.3 Mechanical properties of chemically homogeneous copolymers
In Figs. (9.4) to (9.6) the var:ious mechanical properties of the homogeneous
copolymers are displayed as a function of molecular weight (M.v). For comparison the data
of the heterogeneous copolymers ST25, NA25, BA25 and MIX25 are included; they will be
discussed in the next section. Fig. (9.4) shows E of all these copolymers. It appears that E

The fact that the detector signal depends on the chemical composition {see chapter 5) does ·not affect this
statement
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of the homogeneous copolymers is not really dependent on composition (F5) or molecular
weight. The latter observation is a well-known fact in literature. Note that the Tg values of
all homogeneous copolymers are higher than the test temperatures, although that of OA25
is close to the test temperature.

T

2.0

iNA25~

1.5
~
p,

"

'-.../

'I'

..L

1.0

'

~

!

I

:0: ST25

tl.l

0.5

40

80

120

160

~(kg/mol)

Fig. (9.4). Young's modulus of homogeneous (closed symbols:

<•l F

5 ;.

0.80, (e) F~ = 0.50, (1.)

OA25) and heterogeneous copolymers (0) versus M,..

80.-----~------------------------------~

60
~·····

~

~

Qsn.s·

40

'Og

.·····'

......

....... ·········

'I'£NA25:r
-'- :0:BA25

20

:O:M!X25

40

80

120

160

Mw (kg/mol)
Fig. {9.5). Maximum stress of homogeneous (closed symbols: (•) Fs = 0.80, (e) Fs = 0.50, (1.)
OA25) and heterogeneous copolymers (0) versus M,..

It seems that · O'max is linearly dependent on molecular weight. It can also be

concluded that there is also a dependence upon composition, i.e. the higher F5 , the lower

amax.

€b

(Fig. (9.6)) shows a similar behaviour as amax·
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Fig. (9.(}). Elonj!ation.at break of hmnogeneous (closed symbols:
(•) OA25) and NA25 (0)

Figs.

{9,~a)

<•> Fs =

0.80, (e) Fs = 0.50;

ver~us M~.

apd, (9.611,) sb.ow

~orne

resemplapce. The maximum

E~

i": 1:his figure is

10%, 1:herefore, of 1:he heterngeneous copolymers only NA2.5 is represented. The cu..Ves of
stress versus elongation (pot shown) of fue homogeneous copolymers point to l:)rittle

fail~re,

and of two (l3A5Q ap.d ST50) to brittle faHvre after some tJlastic yielding. D"!le to 1:he l~ge
errors in fue

meas11rement~

of Gc no conclusions will ])e drawl]..

Do 1:he resplts foill.ld for
are independent of

~::llemical

E and

U.!""X

really indicate t}Iat fuese ll1echanical properties

composition and molecPlar weight (E) ami linewly depenclent

on molecular weight (amax) in fue case of
dependence of

amax

S~MA

copolymers? Qenef1l,lly, a SPnilar

at relatively low molecular weights is found for true btllk polymers,

i.e., polymers that were made by homogeneous (bulk or solution) polymerization. 206 Since
fuese ·copolymers were made by emulsion polymerization, it is conceivable that this is an
artefact: fue copolymers could show a structure that is reiilllllilt of the original latex particle
I

structure,

a~

is the case, for instance; with films cast from latices a,t relatively low

temperatures. In those cases micrographs clearly snow the existence of such structures. 4
Nevertheless, this is not likely to be the case herel since firstly, the original latex particle
structure is lost, as discussed above. Secondly, if the latex particle structure were not
completely disrupted during the processing at high temperatures (well above T8), and the
copolymer chains have hot diffused across the latex particle boundaries, the mechanical
properties could reflect the "binding" between latex particles, rather than the "binding"
between polymer chains. If that were the case, it would be unlikely that all homogeneous
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copolymers have the same value for E, irrespective of their composition.
Gulbekian et al. 210 have also looked at the mechanical properties of S-MA emulsion
copolymers. These were all made batch-wise with F8 ranging form approx. 0.09 to 0.22,
which means that these copolymers are very heterogeneous. Gulbekian et al. report that the
highest value for the modulus they have measured (at Fs ::::: 0.22) is close to the range of
values reported for poly(S). They expect that for increasing S content the modulus does not
rise appreciably, but reaches a limiting value. This is in fact in accordance with the values
found in the present investigation. The present values for the modulus are close to the
maximum value of Gulbekian et al., and they do not vary in the range of F5 = 0.25 0.80. A typical value of amax for poly(styrene) is 40 MPa. Gulbekian et al. measured a
highest value of ca 30 MPa (at F5

""

0.22), which is comparable to the average value at F8

0.25 found here, and not much lower than the values at F8

=

0.50 and 0.80 in this

work. Admittedly, the dependence of amax on the molecular weight has to be taken into
account, but unfortunately Gulbekian et at. did not report molecular weights. The values in
this work for

et al. at F8

Eb

""'

are

< 10% for Fs

0.50 or 0.80, and for OA25. The value of Gulbekian

0.22 is in accordance with this. Thus it seems that it can be concluded that

for homogeneous S-MA copolymers with Fs ;;:: 0.25, E is independent of Fs,

~'b

is always

lower than 10% (brittle failure). These results are in agreement with what is commonly
found for amorphous polymers in the glassy state.

9.3.4 Mechanical properties of chemically heterogeneous copolymers
It was shown that the properties of the homogeneous copolymers are not greatly

affected by the chemical composition. From Figs. (9.4) - (9.6) (which include results from
ST25, NA25, BA25, and MIX25) it is immediately. clear thatthe situation is more complex
with the heterogeneous copolymers. Since according to the DSC results the heterogeneous
copolymers show phase separation, it is very likely that the mechanical properties are
influenced by composition drift.
The stress versus elongation curves (not shown) indicate that all heterogeneous
copolymers. fail after plastic yielding (except NA25), in contrast to all homogeneous
copolymers, which show brittle failure. This is caused by the generally lower Tg values.
Fig. (9.4) shows that Young's moduli E of all heterogeneous copolymers are lower
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than the values of the homogeneous copolymers. This can be explained very well by the
of two phases, one of whil:(h has a Tg which is lower than the. test temperature.
existence
.
This also explains why E of ST25 is higher thanE of BA25 or MIX25. The last two have
two co-continuous phases, ST25 has one co)ltinuous phase, and one dispersed phase, and
the dispersed phase will not contribute much to E. The exception is NA25, which has an E
that is higher than E of the homogeneous copolymers (it also shows brittle failure).
According to the OSC data this polymer has only one phase, although its CCO looks quite
heterogeneous. A similar situation .is observed for amtix. The values are quite low (probably
du~

to the low molecular weights), but again a"""' of ST25 is higher than those of.SA25 and

MIX25. The same explanation can be given here: co-continuous versus dispersed/continuous. With respect to 4 NA25 again is not different from the homogeneous ·
copolymers. From this one could conclude that although the CCD of NA25 is not as
narrow as that of the homogeneous copolymers, it is apparently not broad enough to have
any significant effect on the mechariical properties.
There is, however, an enormous increase in eb for the other heterogeneous
copolymers. In the case ofBA25 and MIX25 this increase results from the existence of two
co-continuous phases, one of which is rubbery. Although E and umax: of these products are
roughly a factor of 2-2.5 lower than their homogeneous counterparts, the relative increase
in eb is much larger. The increase in elongation at break of ST25 is probably caused by
phase separation as well. However, in this case there is only one continuous phase and one
dispe~sed

phase. The dispersed particles, which are rubbery at the test temperature, might

act as craze initiators (multiple crazing). 4 The stress versus elongation curve .of ST25
indicates that it is a tough polymer, in contrast to the homogeneous OA25, which is brittle.
The Gc value of ST25 is not much different form those of BA25 and MIX25. Since the
fracture toughness is measured at -25

oc,

the dispersed phase is not rubbery in fracture

toughness tests, and the particles cannot act as craze initiators in these experiments.
From the above one can conclude that phase separation has a huge effect on the
'

mechanical properties, especially if the composition drift leads to a broad

ceo.

At this

point there is not enough knowledge to predict what phases will develop, what their
average chemical composition will be, what volume fraction they will have and whether the
phases will be co-continuous or dispersed/continuous. If one looks at the strUctures of
ST25, BA25 and MIX25, one can discern a rough trend: ti:J.e CCO of ST25 shows a
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relatively small fraction of copolymer with a composition that deviates significantly from
the main peak. In the case of BA25 and MIX25 there is a larger fraction of copolymer with
a composition deviating significantly from the composition of the main peak. This may be
an explanation for the fact that the last two copolymers have two co-continuous phases .
. The above mentioned results for BA25 and MIX25 show some differences. The
small fraction of copolymer with a composition Fs ranging from approximately 0. 05-0.10
to 0.40 has some effect on the mechanical properties. If the SEM micrographs of these
copolymers are .compared, a large difference in structure can be seen. One could state that
the copolymer with intermediate composition indeed has some compatibilizing effect; in
MIX25 the phases are more clearly separated (although the difference according to the T8s
is not significant), which is probably why
211

publication by Kollinsky and Markert

~

is higher, and umax lower. In a very early

it was shown for methyl methacrylate - butyl

acrylate copolymers that only in copolymer mixtures where there are no gaps in the
composition range (as in BA25) can phase separation be prevented to a certain extent.
Unfortunately, as the. two phases in BA25 are co-continuous, the intermediate copolymers
cannot serve to enhance any rubber-toughening effect.
One polymer has been left out of the discussion so far, BA25*. The reason for this
is its high molecular weight. This high molecular weight explains the higher umax in
comparison to BA25, MIX25, and ST25. Its e" is not as high as that of BA25. The reason
for this can probably be found in the SEM micrograph of these copolymers. Where BA25
has two co-continuous phases, BA25* seems to have no second phase, although DSC gives
two Tg values, both in excellent accordance with the values for both other batch
copolymers. This confirms what was proposed as the explanation for the difference in CCD
of BA25* and BA25, see chapter 5. Part of the poly(MA) chains that are formed in the last
stage of the reaction, and which should constitute the second phase, are bound to the
copolymer formed earlier, and cannot form a separate macroscopic phase.
The above mentioned results indicate that control of the emulsion copolymerization
as implemented, for instance, in the case of the homogeneous copolymer OA25 leads to
mechanical properties that are very different from the properties that result if the
copolymerization is not controlled as with BA25. Note that the properties of the controlled
copolymer are not necessarily better than those of the uncontrolled copolymer. The
accidentally formed

copolymer ST25

shows that

intermediate situations (between
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homogeneous (OA25) and heterogeneous (BA25)) can occur readily.

9.3.5 Controlled heterogeneous copolymers .
In the light of the relation between microstructure and mechanical properties, the
.

.

.

controlled heterogeneous copolymers described in chapter 7 can·serve as an illustration of
• the various possibilities fuat can be achieved in principle with controlled copolymerization
as opposed to batch copolymerization. CHI and CH3 were prepared for this chapter, CH2
bas been presented in chapter 7. In Fig. (9.7) the CCDs and the SEM micrographs are
given.
CH2

CH3

Fig. {9.7). Top left: the · chemical composition distributionS of the controlled heterogeneous
copolymers {CHI - , CH2 -:-"• CH3 ···), and the SEM micrographs: CHI {top right), CH2 {bottom
.left), CH3 {bottom right).

The CCDs of these copolymers mdicate a large heterogeneity: However, DSC only
· reveals one T, for these polymers. The SEM miCrographs show that CHI could have some
phase separation (dispersed domains), but this is not clear. CH3 shows no second phase
.

.

and CH2 shows an anomalous morphology compared to all other products. The fact that .
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CH2 shows only one Tg can be misleading as the polymer thatis not included in the peak
at low Fs has a broad composition distribution, so that glass transition range will also be
very broad. The same applies, in principle, to CHl and CH3 as welL The fact that the
main peak in the CCD of CH2 has a low Fs may explain why this polymer shows an
anom31ous morphology. Table (9.3) shows the results that were obtained with these
copolymers. With respect to E these copolymers are comparable to the other heterogeneous
copolymers, and the amax are only slightly lower than those of ·the homogeneous copolymers
(effect of 1fw).
Table (9.1). Molecular weights (Mw)• glass transition temperatures (Tg) and mechanical properties
(Youn(s modulus E, maximum stress "max• elongation at break 9>· fracture toughness Gc, standard
deviation between brackets} of controlled heterogeneous copolymers with F8

0.25.

Product

CHl

CH2

CH3

Mw (kg/mol)

14

18

16

Tg (OC)

22.8

17.2

25.1

E (GPa)

0.53 (0.14)

0.89 (0.17)

0.72 (0.14)

23.8 (3.0)

38.7 (1.3)

21.4 (0.9)

198 (19)

5.0 (0.5)

160 (16)

22 (5.4)

27 (6.7)

13 (2.7)

<1max

Eb

(MPa)
(%)

Gc (J/m2)

The most striking result from Table (9.3) is the very high
higher than the

eb

of BA25 and MIX25), and the very low

Eb

Eb

of CHI and CH3 (even

of CH2. The continuous phase

of CH2 has a relatively high F5 and is probably not rubbery. The extremely high

c:b

of CHI .

and CH3 is somewhat mysterious, if these really do not show phase separation. However,
it has been shown211 that if a copolymer has a broad composition distribution it may seem
that there is no phase separation, whereas dose examination with transmission electron
microscopy can reveal very small microphases that can not be detected with SEM. If this is
the case in CHl and CH3, it could be the explanation for the high q,. The stress versus
elongation curves of CHl and CH3 show plastic yielding, but CH2 gives brittle failure
after some plastic yielding, resulting in the differences in elongation. Whatever the
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explanation for the large differences, it is cleat that there is a large irtfluence of
composition drift on the CCD and the properties of these copolymers.
To illustrate the effect of composition drift and microstfucture further, E and eb of
the copolymers with Fs

=

0.25 (Fig. (9.S)) are shown. One can clearly see the large

variation in properties that can be attainad by controlling the microstructure.

Fig. (9.8). Young's modulus (E) and elongation at break (EJ.) of controlled heterogeneous copolymers
with F8 = 0.25.

9.4 Conclusions
It was shown that composition drift in the emulsion copolymerization of styrene ·(S)

and methyl acrylate (MA) can have a large irtfluence on the mechanical bulk

properties~ of

the copolymers, as composition drift determines the copolymer microstructure, which in
tum determines the properties. In the case bf homogeneous. S-MA copolymers, it was
fm.indthat Young's modulus is independent of chemical composition and molecular weight
and that maximum stress and

elong~tion

at break are dependent on both chemical

composition and molecular weight. The more heterogeneous the copolymer, the higher the
elongation at break, the lower Young's modulus, and the lower the maximum stress. This
can be mainly attributed to the existence of a rubbery phase. The heterogeneous ·
copolymers all show plastic yielding, whereas the homogeneous copolymers show brittle
failure. The results of the controlled heterogeneous polymers illustrate that very different
properties can be obtained depending .on whether composition drift was prevented
(homogeneous copolymers), not controlled (heterogeneous copolymers) or enhanced
(controlled heterogeneous copolymers).
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Chapter 10
Epilogue
Synopsis: The investigations presented in the chapters 2 to 9 will be evaluated.
Some new aspects will be highlighted and final conclusions will be .formulated
with respect to future research in the field of emulsion (co/ter)polymers.

10.1 Evaluation of the investigations
10.1.1 Monomer partitioning and kinetics in emulsion co- and terpolymerizations
The effect of monomer characteristics and process conditions on polymerization
mechanisms was

investigated by

looking

at monomer partitioning,

free

radical

copolymerization kinetics, emulsion polymerization kinetics (initiator concentration) and
monomer addition rate.

Monomer partitioning
Monomer solubilities in water and in the polymer particles, and the molar volumes
are the monomer characteristics that determine one of the most important aspects of
emulsion polymerization, namely monomer partitioning. One can now safely say that any
monomer system, where no significant specific enthalpic or entropic interactions are to be
expected between the monomers, the polymer chains and water, can be modelled with the
equations given in this thesis. In those monomer systems where the monomers do give rise
to specific enthalpic or entropic interactions (i.e.

water-miscible monomers), the

partitioning behaviour will be very different to that of moderately water-soluble monomers.

Free radical copolymerization kinetics
Beside monomer partitioning, free

radical copolymerization kinetics are a

determining factor in both the composition. drift and the overall rate of polymerization. It
was shown that knowledge of the average propagation rate coefficient ~) can be used to
analyse polymerization rate data in emulsion co- and terpolymerizations, the effect on the
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polymeriZation rate of the. addition of one of the comonomers in semi-continuous reactiot:IS,

etc. A new. parameter was introduced: the ratio (Au) of i-tenninated radicals and jterminated radicals in the copolymerization of i and j. This parameter, which tnight prove
to be a useful alternative parameter with which propagation models can be discriminated,
was shown to be needed for calculating the rate of chain transfer. It was shown that the
relatively new technique Pulsed Laser PolymeriZation can be of good use, because it
provides invaluable propagation rate data that cannot be determined in a model-independent
way in emulsion polymeriZation. Another key feature of free radical (co)polymeriiation is
transfer of the free radical activity. In order to describe transfer, first propagation has to be
understood completely, simply . because· propagation reactions determine the relative
concentrations of the various types of radicals. By analysing the molecular weight
distributions it could be shown that transfer in, the S-MA systetn is dominated by s~
terminated radicals. By applying a terminal model for chain transfer to monomer the crosstransfer constant ku..sMA could be determined and it could be concluded that AsMA is very
high, which gives indications about the propagation model.

Initiator· concentration and monomer addition rate.
The initiator concentration has a large effect on particle nucleation and on the rate
of polymerization (initiator efficiency), which was studied here. It was concluded that
increasing the concentration of persulfate may not necessarily result in an increase of the
rate of entry, if relatively water-soluble monomers are used:. aqueous phase termination of
the growing oligomers may become dominant. Process conditions have a large influence on
polymerization mechanisms. For instance, the addition tate of monomers will have an
effect ori the monomer concentrations in each phase and on.composition drift.

10.1.2 Control of microstructure
The second aim of this thesis was to rriake co- and terpolymers with specific, welldefmed microstructuresto by using the knowledge gained with respect to the first aim. This
applies to emulsion co- and terpolymerizations where, under batch conditions, strong
composition drift occurs (S-MA and S-MMA-MA). Various experimental techniques
were used to analyse the resulting co- and terpolymers. For the first time the chemical
composition distribution (CCD) of a terpolymer was plotted three-dimensionally on the

.

basis of calculations .with a model, and also on the basis of measurements with 1H NMR.
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Also for the first time Gradient Polymer Elution Chromatography (GPEC) was used to
determine the homogeneity/heterogeneity of terpolymers. With the monomer partitioning
equations and the reactivity ratios optimal monomer addition profiles were calculated, and
it was shown to be possible to control composition drift and to make co- and terpolymers
with a specific microstructure.
10.1.3 Control of mechanical properties

The third aim was to see to which extent controlling the microstructure - and
therefore the composition drift

has any effect on final product properties. Various S-MA

copolymers with different CCDs and average compositions were analysed with respect to
mechanical properties.

A distinction could be made between homogeneous and

heterogeneous S-MA copolymers. The heterogeneous copolymers had properties very
different from the homogeneous copolymers, largely because of the existence of two phases
in the heterogeneous copolymers, one of which is a rubbery phase. The conclusion here is
that in those cases where composition drift is very strong under batch conditions 1 the
mechanical properties can be varied considerably by adjusting the composition drift.

10.2 Future research
The work described in this thesis mainly pertains to low to moderately water-soluble
monomers. At present our knowledge about all aspects that play a role in the emulsion coand terpolymerizations with these monomers, is sufficient to make it possible to design and
control emulsion polymerization processes with these monomers to a reasonable extent.
This does not mean that no more research is necessary: if a mechanism is known, the
parameter values needed may not be known and have to be determined. It is possible

to

do

so in a few strategic experiments. However, some aspects require still more research, e.g.
the emulsion polymerization kinetics, the mechanism of entry and the development of the
particle size distribution in the presence of relatively water-soluble monomers, the kinetics
in systems with phase separation occurring early in the reaction, the kinetics of core-shell
emulsion polymerizations, and in relation to this the radial distribution of radicals and
monomer in the particle at high conversions, the development of the molecular weight, also
in the presence of chain transfer agents, the relation between microstructure and properties,
and - last but not least

the achievement of sufficiently high conversions.
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The situation with very water-soluble monomers - mostly bearing functional groups

is quite different. One of the problems here is the strongly deviating .monomer
partitioning behaviour, which prevents us at the moment from reliably predicting
composition drift in systems with these monomers. Monomer partitioning should therefore
be looked at. systematically to try and extract general trends, and, it is ·to be hoped, a
general model"or a strategy with which a few strategic experiments can be designed. Only
if we can model monomer partitioning, we can

unders~d

why a certain functionality can

be built in the polymer particles or why it remains and only polymerizes/oligomerizes in
the aqueous phase .. No doubt understanding monomer partitioning will make it possible to
control the build-in ratios and to cut down the quantities of functional monomers needed to
obtain a certain level of functionality in the particles.
The phenomenon .that lies at the basis of the anomalous .partitioning behaviour also
affects the apparent free radical copolymerization kinetics through bootstrap or solvent
effects. This needs to be considered as well. If the terminal model is applied the reactivity
ratios may need to be determined under conditions that resemble those in an emulsion
polymerization, i.e.,

low~conversion

seeded batch emulsion co- or terpolymerizations

should be used (together with low initiator concentrations). GPEC will be an excellent
means to analyse the newly formed copolymer. Since these systems can show
polymerization in the aqueous phase as well, it might prove to be necessary to cast some
light on the emulsion polymerization kinetics· as well,. especially particle nucleation and
radical entry.

The basic kinetic models for homogeneous (aqueous phase) and

heterogeneous (emulsion) copolymerizations can be applied. The combination of these can
only be studied with proper methods for analysis and again (quantitative) GPEC will prove
to be invaluable in distinguishing between polymeric material formed in the polymer phase
and in the aqueous phase. A system to investigate this will have to be chosen with care.
In conclusion, for further (academic) research a distinction will have to be made .
between systems with highly water-soluble monomers, and systems without these. Our
knowledge of the latter category is more 'advanced and more specific topics can be and are
investigated there. Systems with highly water-sohible monomers need to be studied at a
more basic level, but of course much of the insight gained for the other category can be
applied here.
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Glossary

symbol

definition

unit
(dm3/mol·s)

A

pre-exponential factor in Arrhenius expression

. A;i

ratio of concentrations of i-terminated radicals and }terminated radicals

A';

amount of monomer ito be added according to the optimal addition profile

a

Mark~Houwink

(g)

caq

total monomer concentration in the aqueous phase

(mol/dm3)

c,

initiator concentration in the aqueous phase

(mol/dm3)

Ciaq

concentration of monomer i in the aqueous phase

(mol/dm3)

C;,q,s,h

saturation concentration of monomer i in the aqueous phase

(mol/dm3)

C;p

concentration of monomer i in the polymer phase

(mol/dm3)

C;p,s,h

saturation concentration of monomer i in the polymer phase

(mol/dm3)

exponent

Cfaq
cp
cp,s

concentration of monomer i in the aqueous phase at a standard state

(molldm3)

.total monomer concentration in the polymer phase

(molldm3)

total monomer concentration at saturation in the polymer phase

(mol/dm3)

C1./Ciaq,c

degree of unsaturation

Cm

ratio of rate constants of chain transfer to monomer and propagation
pseudo-first order rate coefficient of termination of a monomeric radical i

corr

correction term in expressions for Gibbs energy of mixing in latex paricles
diffusion coefficient of monomeric radical i in the aqueous phase

(m2/s)

diffusion coefficient of monomeric radical i in the polymer phase

(m2/s)

(particle) diameter

(nm)

Young's modulus

(GPa)

activation energy in the Arrhenius expression

(k:J/mol)

molar fraction of monomer i in co- or terpolymer
F;,x

instantaneous molar fraction of monomer x in co- or terpolymer

Fc,x

cumulative molar fraction of monomer x in co- or terpolymer

f;aq
f;p

molar fraction of monomer i in the aqueous phase

(based on monomers only)

molar fraction of monomer i in the polymer phase

(based on monomers only)

f;d

molar fraction of monomer i in the droplet phase

(based on monomers only)

C:d

adjusted molar fraction of monomer i in the droplet phase

Gc

fracture toughness

(J/m2)
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12
I·
IMii .
IMi

Jeri,
K

1{, {Kj)
k

kl/2
kll2,pred

ko

k.n
k.z
~

~

k;""
~erm

~
~Qij

~
~I

~

~~

k!u

k!ij·
~
kg!L
k.,(l)aq·

~

k.r
k.r.i

..

~

Mo
MSo~~erpo~ymer

M,.q

(J/mol)
partial molar excess entlfalpy
initiator molecule
iilitiator radical
initiator-derived oligomer with n monomer units added
initiator-derived oligomer (with z monomer units) capable of entering a particle
critical degree of polymerization of an oligomer to form a precursor particle
(cm3/g) ·
Mark-Houwink coefficient
partitionihg coefficient of monomer i (in the presence of monomer j)
(moUdi.rf)
(s-•)
exit rate coefficient
00
(s-•)
exit. rate coefficient for 1"/2 order dependence on ii of exit rate
(s-•)
predicted exit rate coeffici~nt for lllf2nd ordef dependence on ilof exit rate
(s-•)
first order initiator decomposition rate constant
(s-•)
desorption rate coefficient from a !~ex particle of a monomeric radical i
entry rate coefficient of an oligomer of degree of polymerization z
(dm3/mol·s)
homopropagation rate constant
(dm3/mol·s)
average propagation rate coefficient
(dm3/mol·s)
experimentally determined average propagation rate coefficient
(dfn.l/mol·s)
average propagation rate coefficient according to the terminal model
(dfn.l/mol·s)
composed propagation rate coeffcient in the penultimate model
(dm3/mol·s)
(dm3/mol,s)
homopropagation rate constant in terminal (penultimate) model
average propagation rate coefficient in the aqueous phase
(dm3/mol·s)
average propagation rate constailt of an initiator radical ·
(dm3/mol·s)
(dm3/mol·s)
average propagation rate constant of a monomeric radical
average propagation rate coefficient of a monomeric radical of type i
(dm3/mol·s)
(dm3/mol·s)
propagation rate constant of a monomeric radical i with monomer i
propagation rate constant of a monomeris; radical I with monomer j
(dm3/mol-s)
rate coefficient of re-entry of a monomeric radical of type i
(dm3/mol·s)
termination rate constant of a monomeric radical i with a long radical
(dm3/mol·s)
termination rate constant of a·(monomerlc) radical (i) in the aqueous phase (dm3/mol·s)
rate coefficient of chain transfer to monomer
(dm3/mol·s)
· (dm3/mol·s)
average rate coefficient of chain transfer to monomer
average rate coefficient of chain transfer to monomer i
(dfn.l/mol·s)
(dm3/mol·s)
rate constant of chain transfer -of an i-terminated radical to monomer i
(g/mol)
molecqlar weight of ~ monomeric radical
(g/mol)
molecular weight of a monomer i
average molecular weight of the monomer units in the co/terpolymer

(g/mol)

molecular weight after universal calibration

(g/mol)

weight average molecular weight after universal calibration

(g/mol)

monomer dissolved in the aqueous phase
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monomer dissolved in the polymer phase
monomeric radical of type i in the aqueous phase
ratio of molar volumes of i and j
ratio of molar volumes of i and polymer
particle number concentration (per volume -of aqueous phase)

N'l

fraction of particles that contain no radicals

1

fraction of particles that contain one radical

N

N~

fraction of particles that contain one polymeric radical

Nl

fraction of particles that contain one monomeric radical i

ii

average number of radicals per particle

P(M)

differential number fraction distribution

P·

polymeric radical

PM·

polymeric radical with one monomer unit added

P.

average degree of polymerization

r,

radius of a monomer swollen particle

(nm)

reactivity ratio of monomer i in the (terrninal)/penultimate model

(~;);/~ilij)

composed reactivity coefficient of monomer i in the penultimate model
reactivity ratio of monomer i in the penultimate model (kpi 1/kpi 1j)
molar solubility of a monomeric radical

s1

reactivity ratio of monomer i in the penultimate model (kpi;;lkpn;)

T·

radical in the aqueous phase
glass transition temperature

("C)

retention time in chromatography

(min)

total addition time in semi-continuous polymerizations

(h)

time between two pulses in pulsed laser polymerization

(s)

(cm3)

elution volume

(dm3 /mol)

V (V;)

molar volume of monomer (i)

v,

volume of a monomer swollen particle

v~

partial molar excess volume of monomer i

(nm3)
(dm3/mol)

weight fraction of polymer
wwp
X;aq

weight fraction of water in the polymer phase
molar fraction of monomer i in the aqueous phase
molar fraction of monomer i in the aqueous phase at a standard state

x,

partial conversion

x,.

overall conversion

x,,,

instantaneous conversion

X;,~g

instantaneous conversion at the start of the glass transition of the polymer phase

z

critical degree of polymerization of an oligomer to enter
activity coefficient, pertaining to

(dm3/mol)

C~aq

activity coefficient at a standard state, pertaining to
surface tension
activity coefficient, pertaining to x,,q

C'iaq

(dm3/mol)
(J/m2)
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~

ft.

.Ap;aq
AP1p

Afi.id
p

PA

Glossary
activity coefficient at a standaid state, pertaining to X~aq
ratio of the desorption rates of radical i with and without limited
intraparticle diffusion
elongation at break
partial molar Gibbs energy of i in the aqueous phase
partial molar Gibbs energy of i in the polymer phase
partial molar Gibbs energy of i in the droplet phase
total rate of entry
rate of entry of initiator-derived and thermally-derived radicals
of re-entry of monomeric r~icals
of re-entry of monomeric radicals of type i
of entiy of initiator-derived radicals
of entry of AIBN-derived radicals
of entry of thermally-derived radicals
of entry of thermally-derived radicals according to 1"12""

p,.112

rate
rate
rate
rate
rate
rate

U;

order dependence on ii of exit rate
interaction radius of monomeric radical of type i

Pre
Pre1
Pt

p,.

<Pip
<b;d

<bp
Xii
X;p

maximum stress
. volume fraction of i in polymer phase
volume miction of i in droplet phase
volume fraction of polymer
Flory-Huggins interaction parameter between i and j
Fl9ry-Huggins interaction parameter l;letweeri i and polymer

(%)
(J/mol)
(J/mol)
(J/mol)
(s-')
(s-')
(s-')

(s-•).
(s-')
(s-')
(s-')
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Samenvatting
In dit proefschrift is een onderzoek beschreven dat gericht is op het gecontroleerd
sturen van een emulsieco- of terpolymerisatie, zodat een gewenst product gevormd wordt.
De sleutel . hiertoe ligt in bet begrijpen van de mechanismen en processen die een
belangrijke rol spelen in emulsie(co/ter)polymerisaties. In dit proefschrift is onderzocht hoe
monomeer-eigenschappen de polymerisatiemechanismen en processen bepalen, hoe het
verworven inzicht gebruikt kan worden om emulsieco- en emulsieterpolymerisaties te sturen
zodat een bepaalde microstructuur verkregen wordt, en hoe de uiteindelijke eigenschappen
van bet polymeer gerelateerd zijn aan de microstructuur.
Een van de belangrijkste fenomenen in emulsieco- en emulsieterpolymerisaties is
"composition drift". Dit wordt veroorzaakt door zowel de monomeerverdelingsevenwichten
als de copolymerisatiekinetiek. Een onlangs gepubliceerd model voor monomeerverdelingsevenwichten is gedetailleerd bestudeerd met betrekking tot monomeersystemen waarbij de
molaire .volumina niet gelijk aan een zijn, of waarbij een van de monomeren wateroplosbaar is. In het eerste geval is het gemakkelijk aan te passen, in het laatste geval is het
model niet toepasbaar. De enige monomeereigenschappen die nodig zijn, zijn de maximale
oplosbaarheden in de water- en polymeerfase, en de molaire volumina.
De copolymerisatiekinetiek van het systeem styreen-methylacrylaat (S...;.MA) is
onderzocht, zowel wat betreft propagatie als transfer naar monomeer. De conclusie is dat
de transferkinetiek wordt bepaald door S-getermineerde radicalen. De conc'entratie van deze
radicalen is veel groter dan die van MA-getermineerde radicalen, hetgeen een gevolg is van
de propagatiekinetiek. De cross-transfer constante van S naar MA kon hierdoor eenvoudig
bepaald

worden

uit

de

molecuulgewichtsverdeling

van . bepaalde

S-MA

emulsiecopolymeren. Transfer van acrylaatradicalen naar polymeer is ook onderzocht, met
behulp van Gradient Polymer Elution Chromatography (GPECj. Het "terminal" model
voor propagatie is gebruikt om de copolymeersamenstelling in de systemen methylmethacrylaat(MMA)-MA, S-2-hydroxyethylmethacrylaat en S-MMA-MA te beschrijven.
Het laatste systeem kon redelijk beschreven worden met de betreffende binaire reactiviteitsverhoudingen. Een computermodel is ontwikkeld om composition drift in emulsieco- en
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emulsieterpolymerisaties te beschrijven. Het ·model maakt gebruik van het ·terminal model
en het hierboven beschreven monomeerverdelingsmodel. De voorspellingen van het model
zijn gecontroleerd met rH NMR en OPEC. Voor het eerst is een .driedimensionale
chemische samenstellingsverdeling (CCD) bepaald met 1H NMR, die in overeenstemtning
was met de voorspelling. Het was ook de eerste keer dat OPEC gebruikt is om
terpolymeren ·te analyseren.
De kinetiek van emulsiepolymerisaties wordt door meer monomeereigenschappen
bepaald: diffusiecoefficienten, transferconstanten, enz. Een bestaand model voor "zero-one"
kinetiek is uitgebreid en toegepast in de emulsiecopolymerisatie van S en MA, waarvan is
aangetoond dat het ook een ''zero-one" systeem is. De snelheidsbepalende stappen entry en

exit zijn experimenteel bepaald en konden met behulp van bestaande modellen beschreven
worden.
De verkregen kennis is gebruikt om emulsieco- en emulsieterpolymerisaties van S en
MA en S, MMA en MAte sturen. Dit resulteerde in homogene

co~

en terpolymeren,

hetgeen gecontroleerd is met OPEC. Ookzijn S-MA-copolymeren met erg brede CCD's
verkregen. Deze zijn ·samen met de homogene copolymeren met drie verschillende
samenstellingen geanalyseerd .met betrekking tot de mechanische eigenschappen. Er

ts

aangetoond dat het sturen van de composition drift en dus ook de .microstn:ictuur een
enorme invloed kan hebben op de uiteindelijke eigenschappen.
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Summary
In this thesis investigations have been presented which are aimed at controlling an
emulsion co- and terpolymerization in such a way that a product with desired properties is
formed. The key to controlling an emulsion (co/ter)polymerization is understanding the
relevant mechanisms. Here it was investigated how monomer characteristics determine the
polymerization mechanisms and processes, how this understanding can be used to control
emulsion co- and terpolymerizations leading to certain microstructures, and how the final
properties are related to the microstructure.
One

of the

most

important

processes

occurring

in

emulsion

co-

and

terpolymerization is composition drift. This is determined by monomer partitioning and free
radical copolymerization kinetics. A recently published model on monomer partitioning was
carefully reviewed with respect to systems where the monomer molar volumes are not
equal and also to systems where one of the monomers is water-soluble. In the first case the
equations can be easily adapted, in the latter case the model is not applicable. The only
monomer characteristics that are needed are its solubility in the polymer and aqueous phase
and its molar volume.
The free radical kinetics of the styrene-methyl acrylate (S-MA) system were
investigated in detail including both propagation and transfer to monomer. It was concluded
that the transfer kinetics are dominated by the S-terminated radicals, whose concentration
greatly exceeds that of MA-terminated radicals due to the propagation kinetics. A crosstransfer constant for S to MA could therefore be determined from the molecular weight
distributions of the emulsion copolymers of these monomers. Transfer of acrylic radicals to
polymer was also investigated with Gradient Polymer Elution Chromatography (GPEC).
The terminal model was used to describe copolymer composition in the systems methyl
methacrylate(MMA)-MA, S-2-hydroxyethyl methacrylate and S-MMA-MA. The latter
system could be described with the pertaining binary reactivity ratios. A computer model
was developed that can describe composition drift in emulsion co- and terpolymerizations.
It uses the terminal model and the monomer partitioning model mentioned in the previous ·
paragraph. The predictions obtained from this model were verified with 1H NMR and
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GPEC. It was the ftrSt time a three-dimensional chemical composition distribution' (CCO)
was determined with 1H NMR. This experimentally determined CCO was in· agreement
with the predicted

ceo.

It was also the first time GPEC was used to analyse the chemical

composition distribution of a terpolymer.
The emulsion copolymerization kinetics are determined by even · more monomer
characteristics than composition drift, for instance by diffusion coefficients, transfer rate
constants etc. An existing model for zero-one kinetics was extended and applied to the
emulsion ·copolymerization of. the system S and MA, which was ·shown to be a zero-one
· system. · The rate-determining · mechanisms . of radical entry and radical exit were
experimentally determined and could be described with existing models.
The k:riowledge gained was used to coritrol emulsion copolymerizations with S and
MA and emulsion terpolymerizations of S, MA and MMA. This resulted in the preparation
of homogeneous co- .and terpolymers, which was verified with GPEC. Also 8-MA
emulsion copolymers with very broad CCDs' were prepared. These, and the homogeneous
products of three different compositions, were analysed with respect to the relation
microstructure-mechanical properties by applying for the first time the experimentally
determined CCDs. It was shown that the extent of composition drift and thus also the
microstructure, can have a large el'fect on the mechanical propert!es. ·
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STELLINGEN
behorende bij het .proefschrift

EMULSION CO- AND TERPOLYMERIZATION
Monomer Partitioning, Kinetics and
Control of Microstructure and Mechanical Properties
van Harold Andreas Simon Schoonbrood

1.

La conclusion de Forcada y Asua de que Ia deviaci6n de Ia compostclOn en Ia
copolimerizaci6n en emulsion del Estireno y el Metacrilato de Metilo a fracciones globales
de los monomeros mayores o menores que 0.5 es tma consecuencia de tma absorci6n
preferencial en las particulas polimericas del mon6mero con Ia menor fracci6n global, no
es correcta.
J. Forcada, J.M. Asua J. Polym. Sci., Polym. Chern. 28, 987 (1990)
Capitulo 3 de esta disertaci6n

2.

The values, given by Wang and Poehlein, for the composition and especially the maximum
molecular weight of oligomers present in the aqueous phase in a number of styrene-co(meth)acrylate latices, are not reliable due to the applied methods of separation and analysis.
S.-T. Wang, G.W. Poehlein J. Appl. Polym. Sci. 50, 2173 (1993), ibid. 51, 593 (1994)

3.

One of the conditions for instantaneous termination in zero-one systems as given by Casey et a/.,
namely that "the rate of transfer per radical is greater than the rate of entry per particle" should
be redefined as "the rate of radical transfer to a species then capable of terminating
instantaneously is greater than the rate of entry per particle" in order to be applicable to emulsion
polymerization systems with more than one monomer or components.
B.S. Casey, B.R. Morrison, I.A. Maxwell, R.G. Gilbert, D,H. Napper J. Polym. Sci., Potym.
Chem. 32, 605 (1994)
Hoofdstuk 6 van dit proefschrift

4.

La methode utilisee par Guillot et coli. af'm d'estimer les constantes de vitesse de propagation
d 'une homopolymerisation a partir des copolymerisations en emulsion en batch ab initio est
toujours incorrecte. Elle aboutit a des valeurs qui sont de 20 a50 fois plus basses en comparaison
aux valeurs qui ont ete determinees avec d'antres methodes generalement acceptees, et a des
conclusions completement fausses par rapport ades autres parametres cinetiques .. Il est egalement
tres etonnant qu'ils puissent toujours modeliser Ia distribution des masses moleculaires Apartir
de ces valeurs iricoirectes.
J. Guillot in "Polymer ReactionEI!ginwing•, Eds. K.H. Reichert, W. Geiseler, Hilthig& Wepf
Verlag, Basel, 147 (1986)
.
S. Djek:haba, C. Graillat, J. Guillot Eur. Polym. J. Z4, 109 (1988)
G.HJ. van Doremaele •Model Prediction, Experimemal Determination, and Control ofCopolymer
Microstructure•, these Eindhoven 1990, stelliqgen 2 et 3
J. Guillot in "Proceedings of the 3n1 International Symposium on Rlidical Copolymers in Dispersed
Media", Lyon (1994)

5.

De berekening van het gemiddelde aantal radicalen per latexdeeltje als functie van de conversie
in reactiCs met het optimale additieprcifiel door Schoonbrood et al. draagt niet bij tot de algemene
strek:king van het artikel, mede omdat de deelgesgrootteverdeUng niet gemeten is.
H.A.S. Schoonbrood, H.A. ThijSSe!l, H.M.G. Brouns, M. Peters, A.L. German J. Appl. Polym.
J. 49, 2029 (1993)

6.

Het onderzoek naar verdelingsevenwichten in latexsystemen met sterk wateroplosbare monomeren
verdient vanwege de complexiteit - en meer nog vanwege het grote belang van hydrofiele
comonomeren- meer aandacht dan er tOt nu toe aan gegeven is.
Hoo~ 3 en 5 van dit proefschrift

7.

Een verhoging van de persulfaatconcentratie bij. emulsiepolymerisaties met· wateroplosbare
monomeren leidt niet altijd tot een verhoging van de intreesnelheid van radicalen in latexdeeltjes.
Hoofdstuk 6 van dit proefschrift

8.

Het verbeten onderzoek naar methoden om homogene einulsiecopolymeren te lrunnen maken wekt
ten onrechte de indruk dat homogene copolymeren in principe betere eigenschappen hebben dan
gecontroleerd heterogene copolymeren.
· Hoofdstuk 9 ,van dit proefsehrift

9.

Het is merkwaardig dat vegetariers verantwoording (moeten) afleggen voor het afkeuren van de consumptie van vlees, terwijl vleeseters in feite verantwoording zouden moeten afleggen voor de
aanslag die zij plegen op dierenwelzijn en milieu.

10.

Er zou snel een beroepscode moeten komen voor (scheikundige) academici die misbruik ten
aanzien van milieu en mensenrechten voorkomt.

11.

The challenge of adulthood is to keep hold of your idealism while you lose your innocence.
Bruce Springsteen

12.

Na bet schrijven van 210 pagina's in het Engels was het maken van een samenvatting van dit
proefschrift in het Nederlands moeilijker dan bet schrijven van het proefschrift zelf.

13.

Het poneren van een stelling over het mislukken van de formatie van een politieke coalitie is als
het, overigens verwerpelijke, verkopen van de huid van een beer die nog blijkt te Ieven.
B. Klumperman •Free Radical Copolymerization of Styrene and Maleic Anhydride", proefschrift
Eindhoven 1994, Stelling 10

14.

Paars blijkt blauw, maar niet rood en zeker niet groen.

15.

Aileen aanhangers van Feyenoord weten waarom je met 53 punten in de PTT-telecompetitie
kampioen vim de armoede bent (Feyenoord, seizoen '92-'93), en met 54 punten glorieus kampioen
(Ajax, seizoen '93-'94).
Naar een uitspraak van Jorien van den Herik, voorzitter van Feyenoord

16.

Degenen die vanwege bet gebruikte kringlooppapier, overigens ten.onrecbte, verwacbten dat dit
proefschrift na 10 jaar uit elkaar gevallen zal zijn, kunnen troost putten uit de gedachte dat door
de vooruitgang van de wetenschap de inhoud waarschijnlijk en hopelijk binnen 10 jaar achterbaald
zal zijn.

Eindhoven, l december 1994

Errata
Dear reader,
Please note the following errors that have occurred in this thesis:
*Chapter 5:
The reference to Eq. (2.3) on pages 60 and 61 should be to Eq. (2.2).
Fig. (6.6) plus caption on page 109 should be replaced by the following:
*Chapter 6:

0.08....-----------------------,

0.00 ..___...__
QO

_.___.....__-~.-

Q2

_ _.__ __,__ __.__ __,__ __.__

Q4

Q6

Q8

__.J

1.0

fsp (-)
Fig. (6.6). Average rate coefficient for chain transfer to monomer (ktr) versus molar fraction of S in
the particles (fsp), fitted with Eq. (6.33). (e) data obtained from kinetic experiments,
literature
value for krr.ss• (0) data obtained from additional copolymerizations, also fitted with Eq. (6.33)
(neglecting the data point at fsp = 0.1).

<•>

Consequently on page 110, line 22, the value of 2.2·10-2 dm3/mol·s should be replaced by 5.0·10-2 dm3/mol·s.
This change does not affect any of the conclusions drawn in chapters 6 and 8.
*
References 190 and 191 should be interchanged.
This list is by no means complete.

