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Abstract

High temperature multi-component polymerizations have prompted a great deal of
interest on the part of the paints, coatings and adhesives industry. Due to this interest, a
study of the kinetics of bulk and solution butyl acrylate / methyl methacrylate
(BA/MMA) copolymerization was performed over a wide range of temperatures.

Reactivity ratios for the bulk and solution (in toluene) BA/MMA copolymer
system were estimated for reaction temperatures of 60°C to 140°C and exhibited a weak
temperature dependence. These parameters increased with increasing temperature which
signaled a tendency of both monomers to homopolymerize. The bulk reactivity ratios
were comparable to those estimated in the solution experiments and were used to
successfully predict copolymer composition up to high conversions of monomer to
polymer for various reaction conditions.

Conversion profiles followed a typical s-shaped diffusion-controlled
polymerization curve. The rate of polymerization increased with increasing temperature.
Composition drift was determined to be significant at 40 to 50 wt% conversion for high
and low temperatures. The use of solvent altered the conversion profiles by delaying the
onset of the gel effect. However, the solvent did not affect composition and molecular
weight profiles. All data obtained concurred with classical kinetic trends.

Depropagation, which often plays a role at higher temperatures, was not observed
for the BA/MMA copolymer system. A study of other copolymer systems that were
prone to higher rates of depropagation was also performed in order to ascertain whether

model discrimination could be carried out using composition data.



Résumé

La polymérisation de plusieurs composants en haute température ont mérité une
grande attention de la part de I’industrie des peintures, des revétements et des adhésifs. A
la lumiére de cet intérét, nous avons élaboré une étude sur la cinétique de la
polymérisation grossiére et de la polymérisation en solution du composé acrylate de
butyle / méthacrylate de méthyle a plusieurs températures.

Les rapports de réactivité pour ce copolymeére en présence de toluéne, pour la
polymérisation grossiére et en solution, ont été estimées pour des températures de
réaction de 60°C et de 140°C, ce qui démontre une faible variation des rapports de
réactivité avec la température. Ce paramétre augmente avec la température ce qui tend les
monomeres & se polymériser de fagon singuliére. Les rapports de réactivité pour la
polymérisation grossiére sont comparables a ceux obtenus avec les expériences de
polymérisation en solution. Les rapports de réactivité prédisent avec succés la
composition du copolymere a de grandes conversions, et ce, pour plusieurs conditions de
réaction.

Le profil de conversion est fidéle a la courbe en S typique d’une polymérisation
contrlé par diffusion. Le taux de polymérisation augmente avec la température.
L’accentuation de la composition semble étre prédominante a une conversion autour de
40% a 50% pour les basses et hautes températures. L’utilisation du solvant altére le profil
de la conversion en retardant 1’effet de gel. Cependant, le solvant n’affecte pas le profil de
composition et de masse moléculaire du composé. Toutes les données obtenus sont
représentatives de la cinétique classique pour notre composé.

La dépropagation, qui généralement joue un réle a des températures élevées, n’a
pas €té observé pour le systéme acrylate de butyle / méthacrylate de méthyle. Dans le
méme sens, une étude pour d’autres copolymeéres, qui ont un taux élevé de dépropagation,
a été réalisé afin de vérifier si notre modéle n’offre aucune discrimination quant &

'utilisation des données de compositions.
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Nomenclature and Molecular Formulas

A, Propagation collision frequency factors
A, Depropagation collision frequency factors
Ay Arrhenius frequency factor
Cu Chain transfer to monomer constant
Cs Chain transfer to chain transfer agent constant
G Chain transfer to initiator constant
E; Energy of activation
E, Propagation energy of activation
E; Depropagation energy of activation
F,, F, Instantaneous mole fraction of copolymer composition
£, Mole fraction of monomer in reaction medium after polymerization for
certain period of time
f; Mole fraction of monomer feed
fine Initiator efficiency
] Initiator concentration
k, Propagation rate constant
k, Termination rate constant
k. Termination by combination rate constant
kg Termination by disproportionation combination rate constant
K, Primary radical termination rate constant
| Total chain transfer rate constant
ke M Chain transfer to monomer rate constant
ke s Chain transfer to chain transfer agent rate constant
ket Chain transfer to initiator rate constant
k; Homopropagation rate constant
k; Cross-propagation rate constant
k- Homopropagation rate constant
k,]—, Homopropagation rate constant
k. sp Segmental diffusion termination rate constant
5 Reverse of segmental diffusion termination rate constant
k— Reverse of translational diffusion termination rate constant
k,p Translational diffusion termination rate constant
K, cr Chemical reaction termination rate constant
k Chemical reaction termination rate constant

M, Number-average molecular weight
M,, Weight-average molecular weight

iv
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Z-average molecular weight of a molecular weight distribution
Z-average molecular weight of a molecular weight distribution
Polymer free-radical concentration

Monomer feed concentration

Monomer concentration in reaction medium after polymerization for a
certain period of time.

Molecular weight distribution

Copolymer reactivity ratio

Rate of propagation

Rate of initiation

Rate of termination

Rate of chain transfer

Ideal Gas Constant

Chain transfer agent concentration

Temperature

Kinetic ckain length

Weight percent conversion of monomer to polymer
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CHAPTER 1

Introduction

Polymers are extended chains of unit molecules. They are very important in the
manufacture of rubber, resins and a variety of other synthetic products. A polymer may
be comprised of one or more different types of unit molecules. A copolymer is made up
of two different unit molecules. In this study these molecules are butyl acrylate and
methyl methacrylate. The manufacture of copolymers are very popular due to the
blended properties obtained by using more than one type of unit molecule. In this case
butyl acrylate (with its low glass transition temperature) will lend flexibility to the
product while methyl methacrylate (with its high glass transition temperature) will lend
mechanical strength to the final polymer.

The wide range of polymer products that may be manufactured with specific
properties and high degrees of quality control are the basic reasons why the study of
copolymer systems has been popular. The copolymers discussed in this study were
produced via free-radical polymerization reactions that involve the addition of one or
more molecular units (termed monomers) to a growing radical chain in order to form long
(sometimes branched) chained molecules.

The temperature effects on the kinetics of copolymerization was an important
consideration of this study. Most industrial scale polymerizations are run at relatively
low temperatures (20 to 80 °C). This fact is reflected through the academic and industrial

researchers’ emphasis on low temperature homo- and copolymerization reactions.



Recently, there has been mounting interest in running the reactions at high temperatures
(80 to 140 °C). This is due to the following advantages of operating at elevated
temperatures:

e Increases in the rate of reaction and a resultant decrease in the time to reach a

desired conversion.

e Reduction in the initial initiator and chain transfer agent concentrations

resulting in cost savings and decreased impurities in the reaction medium.

e Decrease in viscosity related problems involving the storage and

transportation of the final polymer product.

e Decrease in residual monomer concentrations in the final polymer product (an

important environmental concern).

e Increase in the overall efficiency of the polymerization process.

However, there are some disadvantages inherent to the operation of polymerization
reactions at high temperatures:

e Special safety considerations are required to run reactions at high temperature

conditions.

e The high temperature conditions may increase the rates of depropagation

(reverse polymerization) which may affect the kinetics of the system.
e Unwanted side reactions not present at low temperatures may dominate the
polymerization.
These factors need to be considered when working at these conditions.

Copolymerization reactions may be run in bulk (i.e. only monomers and initiators)
or in solution (i.e. with an added solvent such as toluene). The advantage of the use of
solvents is to decrease viscosity related problems at higher conversions. This also
enhances heat transfer to and from the reaction mixture. To this date, there were very few
studies performed on the effect of solvents on the kinetics of high temperature
polymerization. For this reason, one of the major objectives of this study was to

document the effects of varying amounts of solvent on the copolymerization kinetics of

the system.



The prospect of high productivity and reduced operating costs is the basis for
utilizing this approach in this thesis. To date, very little work has been done in this field
and this work is expected to launch more extensive studies in high temperature multi-
component polymerizations with the future goal of implementing industrial-scale high
temperature processes. In attempting to assist the manufacture of polymer products at
high temperature conditions, effective process control needs to be applied to the system.
This requires an intrinsic understanding of the process at these conditions. This
knowledge can be gained through a systematic and detailed study of the system. The
final form of the» study is an experimentally validated mechanistic model of the system
that may be incorporated into a control scheme and also used to predict polymer
characteristics (i.e. compositions) at certain conditions, thus reducing the need of costly
experimentation.

The bulk homopolymerization of methyl methacrylate has been well studied in the
literature whereas that of butyl acrylate has received substantially less attention. This is
due to the tendency of butyl acrylate to form branched polymers that are generally
difficult to work with. To this date, little work has been done on the copolymerization of
butyl acrylate (BA) and methyl methacrylate (MMA) in bulk and in solution with
toluene.

The aforementioned considerations will be explored in greater detail in Chapter 4.
These considerations form the basis for the objectives of this study. The first goal is the
study of high temperature kinetics of the BA/MMA copolymer system. The second

objective is to study the effects of solvent on the kinetics of the system. These main



goals form the basis for future development of experimentally validated models that may

help explain the underlying mechanisms in copolymer reaction systems.

1.1  Thesis Outline

In order to fulfill the thesis objectives, a few secondary goals must be met. These

are outlined at the beginning of every chapter. This list provides an overview of the

major emphasis of each chapter in order to describe the systematic approach used to

satisfy the main purposes for this work :

e Chapter 2

e Chapter3

e Chapter 4

Literature Survey

This chapter highlights some of the work performed on butyl acrylate and
methyl methacrylate homo- and copolymer systems. Emphasis is placed
on what paths of study would be important to further the investigation into
these systems.

Free Radical Polymerization Reaction Kinetics

This chapter highlights the theoretical basis of free-radical polymerization
kinetics. Emphasis is placed on the reaction mechanism, diffusion-
controlled termination, chain transfer and rate expression development.
The models used to predict the experimental data obtained are also
described in this chapter.

Experimental Procedure and Product Characterization Techniques
Details of the methods and designs used to run the polymerization

reactions and obtain experimental data via various characterization
techniques are described in this chapter.



Chapter 5

Chapter 6

Chapter 7

Chapter 8

Reactivity Ratio Experiments

This chapter describes the theory, design, experimental results and data
interpretation involving low conversion (reactivity ratio) bulk and solution
copolymerizations of BA and MMA.

Full Conversion Experiments

This chapter describes the theory, design, experimental results and data
interpretation involving low to high conversion bulk and solution
copolymerizations of BA and MMA.

Propagation and Depropagation Modeling

In this chapter, the effects of depropagation of butyl acrylate - methyl
methacrylate - a-methyl styrene copolymer systems at high temperatures
are presented. The theory involved in the modeling as well as the design
and reactivity ratio estimation for the discrimination of models for each
system is thoroughly discussed.

Conclusions and Recommendations
This chapter outlines the major observations in the thesis and provides

suggestions for procedural improvements as well as directions for future
studies on the subject.

These chapters are supplemented with a section highlighting the references as well as an

Appendix that contains the raw data tables for all the experiments performed.



CHAPTER 2

Literature Survey

Homopolymerization studies of methyl methacrylate (MMA) have been cited
extensively in the literature. Less work has been performed on butyl acrylate (BA) and
the BA/MMA copolymer system. Similarly, high temperature studies of either the
homopolymerizations or the copolymerization of butyl acrylate (BA) and methyl
methacrylate (MMA) have rarely been explored in the literature. This chapter will serve
to briefly review the homopolymerization of both butyl acrylate and methyl methacrylate.
This synopsis will be followed by a look at the research performed using the copolymer

system.

2.1 Butyl Acrylate Homopolymerization

Most of the research on butyl acrylate homopolymerization to date has involved
the estimation of propagation and termination rate constants. As a result, there were very
few papers dealing with full conversion runs. One of the first systematic studies of BA
homopolymerization was performed by Dubé et al. (1991b). A list of studies performed
in this area are described in Table 2-1 (modified from Dubé, 1994). Table 2-1 indicates
the type of reaction, data and conditions for each work cited. Very few high temperature

and full conversion studies have been performed.



In 1995, McKenna explored the advantages in defining the rate constants for the
homopolymerization of butyl acrylate. These-free-radical solution polymerizations led to
the investigation of the influence of oxygen inhibition on the observed rate of reaction. In
this work, McKenna demonstrated the importance of taking the oxygen inhibition into

account when performing kinetic studies.

Table 2-1 Butyl Acrylate Homopolymerization Literature

Reference Reaction Data Full Conditions
Type Collected Conversion

Bengough and Melville, 1954 Bulk x, Mg Yes AIBN 25 °C
Bengough and Melville, 1959 Bulk X, ko /K No AIBN 25°C
Benson and North, 1959 Bulk & Solution X, koo Ky No AIBN 30°C
Bradbury and Melville, 1954 Bulk & Solution X Koo ke No AIBN 25-60°C
Buback and Degener, 1993 Bulk X Ko . ke Yes AIBN 25-80°C
Buback et al., 1989 Bulk Ko/ ke No 50,70 °C
Buback et al., 1994 Bulk ky /K Yes 50°C
Buback, 1990 Bulk X, k; No 50°C
Dubé et al., 1991b Bulk X Yes AIBN 50, 60 °C
Gladyshev and Rafikov, 1966 Bulk X, ks, K Yes 25°C
Kamachi et al., 1982 Solution Ky, ke No 30°C
Kaszas et al., 1983 Bulk & Solution ko ke 12 No AIBN 50 °C
Liaw and Chung, 1982 Solution Ky . ke No AIBN 30 °C
Majury and Melville, 1951 Bulk Ko/ ke No 15°C
Mckenna et al., 1995 Bulk X, Ky o ke No AIBN, Low Temp
Melville and Bickel, 1949 Bulk ko /Ky No BPO 25,35°C
Nandi et al., 1982 Bulk M, No 80°C
Ogo and Yokawa, 1977 Bulk Ko+ ke No 30°C
Ratzsch and Zschach, 1968 Solution R, No BPO 50 °C
Scott and Senogles, 1970 Bulk & Solution X, Yes AIBN 35, 40°C
Scott and Senogles, 1974 Bulk & Solution X, No AIBN 10 °C
Subrahmanyam et al., 1992 Solution X, Mo, M, R, Yes BPO 70°C
Wunderiich, 1976 Solution Rp, MWD No 30, 50, 70°C
Yokawa et al., 1974 Bulk ky . ki Ry No 30°%C

Examination of solvent effects on BA homopolymerization was performed by

Kamachi et al. (1982). In this paper, the solvent effect was observed on the propagation



constant k, and not k, . This was stated to be due to the formation of complexes with
aromatic solvents and could not be readily explained by the diffusion-controlled
polymerization theory (described in Chapter 3). In 1983, Kaszas et al., developed the hot
radical theory to explain this trend. To date, there have been many questions regarding
the validity of this theory. This illustrates the continuing need to explore solvent effects
on the kinetics of polymerization processes.

Many studies have been directed at validating the mechanisms proposed by
diffusion-controlled termination and propagation theory (Odian, 1991). This mechanism
will be discussed in greater detail later in this thesis (see Chapter 3). The
homopolymerization of BA has been considered to be diffusion-controlled from the
beginning of the process (Scott and Senogles, 1970). This trend has been confirmed for
termination (Russell et al., 1988; Buback et al., 1989). Other studies have suggested that
BA homopolymerization was diffusion-controlled for conversions from 0 to 80 %
(Buback, 1990; Buback and Degener, 1993; Buback et al., 1994).

BA has been described as dynamically rigid due to the bulky side groups (Mallya
and Plamthottam, 1989). It was also observed that the homopolymer was insoluble. This
was probably due to the transfer to polymer resulting in terminal double bond reactions
which form polymer branches (Dubé et al., 1991b). This branching effect was supported
by earlier molecular weight studies of styrene (STY) / BA copolymerization (Dubé et al.,
1990) with direct evidence of chain transfer to polymer reactions provided by Lovell et al.
(1991, 1992). This was attributed to the removal of tertiary hydrogens from BA repeat
units which led to 10 to 20 branch points per 1000 carbon atoms in the polymer

backbone.



The modeling of BA homopolymerization has been a subject of growing interest.
Dubé et al. (1991b) performed an experimental investigation of the kinetics of the bulk
free radical polymerization of butyl acrylate at 50 and 60 °C. Conversion levels were
measured by gravimetry and were independently confirmed using replicate runs. The
model was able to predict conversion for all the conditions studied. Recently, Gao and
Penlidis (1996) introduced an experimentally verified free-radical polymerization
simulator to model many homopolymer systems including BA and MMA
homopolymerization. Recent versions of the program incorporated the modeling of
BA/MMA copolymerizations. This thesis will complement this work by studying models

for the high temperature copolymerization reactions of BA and MMA.

2.2 Methyl Methacrylate Homopolymerization

MMA is an important component of many commodity polymers and as a result,
kinetic studies for this monomer are widely cited in the literature. A detailed list of some
MMA homopolymerization studies are found in Table 2-2 (modified from Dubé, 1994).
There are many full conversion studies shown in Table 2-2. However, very few high
temperature polymerization studies have been performed to date.

Bulk polymerization studies performed by Nishimura (1966) confirmed the
usefulness of obtaining MMA homopolymerization conversion and molecular weight
data for modeling purposes. There were some questions as to the assumptions of

isothermal behaviour in that report (Armitage et al., 1988). This inquiry was addressed in
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a paper by Zhu and Hamielec (1991) who provided guidelines for isothermal reactions,

and gave recommendations for proper ampoule dimensions, reaction temperatures and

initiator concentrations.

Table 2-2  Methyl Methacrylate Homopolymerization Literature

Reference Reaction Data Full Conditions
Type Collected Conversion

Actiilias and Kiparissides, 1988 Bulk x,M,,M, Yes AIBN
Achilias and Kiparissides, 1992 Bulk x, M., M, Yes AIBN 60 °C
Agarwal and Gupta, 1993 Solution Not Available Yes BPO, Benzene
Armitage et al., 1988 Bulk x, M., M, Yes AIBN 50, 70,90 °C
Benson and North, 1959 Bulk & Solution X, KTk No AIBN 40 °C
Bresler et al., 1974 Bulk K, . ki No Various Temperatures
Buback 1990 Bulk x, k No 0,50°C
Buback et al., 1994 Butk K,/ ke Yes 0,50°C
Carswell et al., 1994 Bulk f,x k. k Yes AIBN 60 °C
Davis et al., 1989 Bulk & Solution ko No AIBN 25°C
Gladyshev and Rafikov, 1966 Bulk X, Ky, Kk Yes 25°C
Hamer et al., 1981 Solution Not Available Yes BPO, 27 °C
Hutchinson et al., 1993 Bulk K, No AIBN 20-90°C
Jahanzad et al., 1993 Bulk x, M, M,, Yes AIBN, NDM 60 - 90 °C
Louie et al., 1885a Bulk & Solution x, M,, Yes AIBN 45, 70 °C
Mackay and Melville, 1949 Bulk ko K No 35.9, 50.5°C
Madruga and Malfeito, 1992 Bulk & Solution x, M, M,, Yes AIBN, NDM 70 °C
Madruga et al., 1990 Bulk x, M,, Yes AIBN, NDM 70 °C
Mahabadi and O'Driscoll, 1977a Bulk ky . K No AIBN 15-30°C
Ogo and Yokawa, 1977 Bulk k. ke No 30°C
Penlidis et al., 1992 Solution x, M,, M,, Yes 65,75°C
Ponnuswamy et al., 1988 Solution x, M, M,, Yes 65, 70, 75°C
Ramelow and Qio, 1995 Bulk X, k. K No UV initiation
Schmidt et al., 1984 Solution b Yes AIBN
Shen et al., 1991 Bulk xR,k f Yes 60, 70, 80 °C
Shen et al., 1992 Bulk LR LKL Yes BPO 26, 50 -80°C
Soh and Sunberg, 1982b Solution X Yes AIBN 50 °C
Wang and Ruckenstein, 1993 Bulk x Yes AIBN 80 °C
Yufand et al., 1997 Buik e No Zirconocene initiators
Zhu and Hamielec, 1991 Bulk x, T Yes AIBN 60 -90°C
Zhu et al., 1590 Bulk k.R Yes AIBN 25 °C

Another major issue that involved MMA was the determination of propagation

constants for this homopolymerization. Electron spin resonance was used to calculate k,
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(Ballard et al., 1986 ; Chang et al., 1992; Carswell et al., 1992 ; Cutting and Tabner,
1993) which seemed to concur with other techniques (Buback et al., 1988). Pulsed-laser
polymerization, which gave similar results (Davis et al., 1989 ; Hutchinson et al., 1993),
is now considered the state of the art method of obtaining propagation constants. Due to
this new procedure, k, and k, values for MMA homopolymerizations are considered to be
well known over a limited temperature range (0 to 90°C).

Chain transfer constants (see Chapter 3) for MMA have been collected to a
significant degree. N-dodecyl mercaptan (NDM) was used as a chain transfer agent and
was shown to modify the gel effect of the homopolymer, lowering the final molecular
weight and the degree of branching (Madruga et al., 1990; Madruga and Malfeito, 1992).
The use of NDM as a chain transfer agent was also discussed by Jahanzad et al. (1993)
who developed a temperature dependent expression for the transfer reaction. The validity
of the model has since been questioned due to its predictions that an increase in molecular
weight results from an increase in the temperature. This model trend is contrary to
classical kinetic theory.

The homopolymerization of MMA has been said to be best described by
diffusion-controlled propagation and termination (Sundberg et al., 1981; Soh and
Sundberg, 1982a and 1982b; Buback, 1990 and Buback et al., 1994). These studies have
indicated that higher levels of conversion are reaction diffusion-controlled (Odian, 1991).
Yet Zhu et al. (1990), observed two radical populations (free radicals and trapped
radicals) at high conversions. This study went on to claim that these two populations

have very different reactivities for both propagation and termination processes. Thus,
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there is much work to be done to better understand the suitable mechanism for this

system as well as the copolymer system with BA.

2.3 Butyl Acrylate - Methyl Methacrylate Copolymerization

Limited research has been done on BA / MMA copolymerization. A list of
studies dealing with the copolymer system is found in Table 2-3. As mentioned, there are
few high temperature studies cited (Table 2-3). In this section, some of the work
performed are discussed and the areas that have been least explored are identified.

Bulk reactivity ratio estimates (low conversion runs) for the BA/MMA copolymer
system have been obtained for low temperatures (Grassie et al.,, 1965; Bevington and
Harris, 1967; Dubé 1994; Dubé and Penlidis, 1995). To date no reactivity ratios have
been estimated for high temperature conditions.

There has only been limited work done involving the copolymerization of BA and
MMA with a solvent. Brosse et al. (1983), performed solution polymerizations to
observe solvent effects on the copolymer system at low conversions. In 1997, Fernandez-
Garcia and Madruga, performed a kinetic study of high-conversion copolymerization of
butyl acrylate with methyl methacrylate in solution. BA and MMA were copolymerized
in benzene solution using AIBN as an initiator over a wide composition and conversion
range. The overall copolymerization parameter (k/k'?) and the composition of the
copolymer formed were measured as a function of conversion (Odian, 1991). Theoretical

values of the coupled parameter lc,,/lc,“2 calculated from the implicit penultimate unit
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model and those of cumulative copolymer composition, determined from the terminal
model, have been correlated with the results that were experimentally obtained (Gao and

Penlidis, 1996; Fernandez-Garcia and Madruga, 1997).

Table 2-3  Methyl Methacrylate - Butyl Acrylate Co-polymerization Literature

Reference Reaction Data Full Conditions

Type Coliected Conversion

Benson and North, 1959 Bulk & Solution X, Ko/ K No AIBN 40 °C
Bevington and Harris, 1967 Bulk f No AIBN, 60 °C
Bresler et al., 1974 Bulk A 4 No Various Temperatures
Brosse et al., 1983 Solution x F. 5 No H,0, 55°C
Buback 1990 Butk x, k No 0,50°C
Buback et al., 1994 Bulk ko / ke Yes 0,50 °C
Carswell et al., 1994 Bulk f,x. Ky, Kk Yes AIBN 60 °C
Davis et al., 1989 Bulk & Solution Ky No AIBN 25°C
Dubé and Penlidis, 1995 Bulk X, Fy, rg Mo, My, Yes Various Temperatures
Dubé et al., 1997 Bulk X Yes Various Temperatures
Fernandez-Gracia et al., 1997 Solution X F,n No Benzene Solvent
Gladyshev and Rafikov, 1966 Bulk X, Ky, K Yes 25°C
Grassie et al., 1965 Butk Ty No AIBN, 60 °C
Hamer et al., 1981 Solution NA Yes BPO, 27 °C
Hutchinson et al., 1993 Bulk ko No AIBN 20-90 °C
Hutchinson et al., 1997 Bulk Ko« ke No Pulsed Laser initiation
Jahanzad et al., 1993 Bulk x, My, M,, Yes AIBN, NDM 60 - 80 °C
Louie et al., 1985a Bulk & Solution x, M,, Yes AIBN 45, 70 °C
Mackay and Melville, 1949 Bulk L No 35.9,50.5°C
Madruga and Malfeito, 1992 Bulk & Solution X, My, M,, Yes AIBN, NDM 70 °C
Madruga et al., 1990 Bulk x, M,, Yes AIBN, NDM 70 °C
Mahabadi and O'Driscoll, 1977a Bulk Ky . Ke No AIBN 15-30°C
Ogo and Yokawa, 1977 Bulk K k No 30°C
Ponnuswamy et al., 1988 Solution X, My, M, Yes 65,70,75°C
Rajatapiti et al., 1996 Bulk x, F.r No AIBN, Low Temp
Schmidt et al., 1984 Solution X Yes AIBN
Shen et al., 1991 Bulk X, R,k f Yes 60, 70, 80 °C
Shen et al., 1992 Bulk X, R,k,f Yes BPO 26,50 -80°C
Soh and Sunberg, 1982b Solution X Yes AIBN 50 °C
Wang and Ruckenstein, 1993 Bulk X Yes AIBN 80 °C
Wang and Ruckenstein, 1993 Bulk X Yes AIBN 80 °C
Zhu and Hamielec, 1991 Bulk x, T Yes AIBN 60 - 80 °C
Zhu et al., 1990 Bulk k.R Yes AIBN 25°C
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New techniques have emerged to allow for a more accurate study of the system.
Hutchinson et al. (1997), used the pulsed-laser technique to study the penultimate
copolymerization propagation kinetics of methyl methacrylate / n-butyl acrylate. The
PLP/MWD technique was based upon analysis of the molecular weight distribution
(MWD) of a polymer produced by pulsed-laser polymerization (PLP). The new method
of analysis has proven to be a powerful probe for the examination of free-radical
homopolymerization kinetics. The same method was applicable to the study of
copolymerization propagation kinetics provided that proper calibrations were established
for the measurement of copolymer MWDs. This was illustrated through an examination
of the BA/MMA system. Statistical analysis indicated that although BA/MMA
copolymer composition was well described by the terminal model, the propagation
kinetics were not. Like many other systems recently examined, the data were well
represented by the double prime implicit penultimate unit effect (Gao and Penlidis, 1996;
Hutchinson et al., 1997). However, previous systems studied resulted in measured
propagation rates that were lower than those predicted by the terminal model. As a result,
it was found that the propagation rate of BA/MMA was greater than the terminal model
predictions.

Estimates of reactivity ratios have been obtained for bulk copolymerizations of
BA/MMA at low temperatures (Dubé and Penlidis, 1995). These parameters successfully
predicted copolymer composition accurately through the full conversion range. An
extensive review that included some BA/MMA work was performed by Dubé et al,,

(1997) on the mathematical modeling of multi-component polymerizations in batch,
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semi-batch and continuous reactors. In 1996, Gao and Penlidis introduced a program that
simulates the free-radical copolymerization of many systems including BA/MMA.

The advantages of operating at high temperatures (see Chapter 1) indicated that
studies need to be performed in order to understand the process at these conditions. The
special safety considerations, increase in the rates of depropagation, and solvent effects
need to be examined in detail so that high temperature polymerizations may be performed
industrially. To date, very few high temperature copolymerization studies have been
performed in bulk or in solution. To that effect, this thesis will examine the bulk and
solution (in toluene) free-radical polymerization kinetics of the BA/MMA copolymer

system at high temperatures along the full range of conversion.
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CHAPTER 3

Free Radical Polymerization Kinetics

3.1 Stages of Free Radical Polymerization

The copolymers used in this study were produced via free radical polymerization.
This form of polymerization is driven by the production of polymer radicals that add to
one another in a successive manner to elongate the polymer chain. There are three steps
in free radical polymerization: initiation, propagation and termination.
Initiation occurs in two parts. This first involves the homolytic dissociation of an
initiator, I, to yield a pair of initiator radicals, R;e , in the following manner:
I—% 5 2R (3-1)
The initiators used in this study were 2,2’-azobisisobutyronitrile (AIBN) and Trigonox B.
These initiators underwent thermal, homolytic dissociation in order to generate initiator
radicals. Not all initiator radicals go on to react with monomer. This effect is factored in
through the use of an initiator efficiency, f,,. In systems where a large amount of solvent
exists (usually near the beginning of a reaction), a solvent cage can form around the
initiator radical pair. Once dissociation occurs in this cage, there is a strong possibility
that the initiator radicals will recombine. This would lead to a decrease in the initiator

efficiency and is termed as the cage effect (Odian, 1991). The second part of initiation
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involves the addition of a newly formed radical to a monomer, M,, to produce a monomer
radical:
Ry + M, —— M, (3-2)
This new molecule is termed a primary radical.
Propagation involves the sequential growth of the primary radical through the
successive addition of hundreds to thousands of monomer molecules in the following
manner:

M., + M, —> M

n+l.j

(3-3)
In equation 3-3, a monomer, M; , adds to a radical of chain length n, ending in monomer
i, M

n,i?

to form a radical of chain length n+1 ending in monomer j, M®

nesj- Lhis step
occurs quite quickly so that a long polymer chain (> 1000 monomer units long) is in a
very short time (< 1 second). This model assumes that the kinetics of the propagation
step are only dictated by the monomer radical at the end of the polymer chain. This
mechanism 1is referred to as the terminal model. An alternative model that incorporates
the effects of the last two monomers (at the end of a polymer radical) on the kinetics of
the system is known as the penultimate model (Odian, 1991).

Termination involves the annihilation of the radical, ceasing propagation. There
are many ways in which termination can occur. One type of termination is through
combination (coupling):

M, + M, —=>M,,, (3-4)
This is a bimolecular reaction where two polymer radicals combined to form one larger

polymer molecule without a radical center. A second type of termination occurs when the
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two molecules mutually terminate their respective free radical centers leading to the

formation of two polymers, one saturated and one unsaturated:

M, + M, —> M, +M, (3-5)
The sum total termination step may be described as:

M;, + M, ; —*—> Dead Polymer (3-6)
Another type of termination occurs when the initiator radical combines with a polymer or

monomer radical to form a polymer-initiator molecule as shown below:

M, + M, =5 M -M, (3-7)
The process shown above is known as primary radical termination. The total rate of
termination may be expressed as a function of termination by disproportionation and
combination in the following manner:
ko =k, +ky+k, ~k +k, (3-8)
Typically, the rate constant for primary radical termination is nearly zero.
In most cases, the rate of termination is said to be diffusion controlled (Mahabadi
and O’Driscoll, 1977a, 1977b; North, 1974). There are three stages to the mechanism of
diffusion-controlled termination which help define the conversion profile of a polymer

system. The three stages are:

Translational Diffusion
Propagating polymer radicals need to diffuse towards each other in the bulk
solution in order to react and terminate the polymerization. This stage depends on

the viscosity of the solution as well as solvent effects.
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M, -+M,- —> M,-—-M_- (3-9)
(.—_

As the viscosity of the solution increases, translational diffusion-controlled

termination becomes dominant in determining the kinetics of the system.

Segmental Diffusion
This stage occurs after translational diffusion. Once the two polymer radicals are
in close proximity, their radical ends need to rotate and join, in order to terminate
the polymerization.

leD

c——— M, — M, -IM,- (3-10)
k—

tSD

M

n

This stage is not very dependent on the viscosity of the solution.

Chemical Reaction
This stage occurs once the radicals are in close proximity to one another.

kICR
M,-/IM_ - — Dead Polymer (3-11)

At this point, termination depends on the properties of the radical molecules

involved and not on any diffusion effects.
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Using the mechanism described above, the rate of termination may be expressed

in the following manner (Odian, 1991):

,=k‘f£f ,EAS[DF =k [M T (3-12)
with
kier >> k5
and assuming a steady-state concentration of
[M,-—-M, | and [M,-1M, ] (3-13)

One limiting case for this model occurs when translational diffusion is slow

ksp >>kr
In this case,

R =k [M] (3-14)
Another limiting case occurs when the segmental diffusion is slow

kisp <<k

so that

_ kzm k:so [M]z
r k

tTD

(3-15)

Some work has suggested that segmental and translational diffusion are expected to be
affected differently as the conversion increases (Dionisio and O’Driscoll, 1980; Mahabadi

and O’Driscoll, 1977a, 1977b; Mahabadi and Rudin, 1979).
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Segmental Translational Reaction
Diffusion Diffusion Diffusion
Control Control Control

T SD <<y D

VWK,

Conversion

Tsp>\ 1D Time

Figure 3-1 Typical S-shaped Conversion Profile

A typical s-shaped conversion curve is shown in Figure 3-1. The curve is split up
into three regions that are defined by the relative rates of propagation and termination
occurring in the reaction medium at one time.

The polymer medium is not viscous in the first region. As the conversion
increases, the random coil size of the polymer decreases. This leads to a larger free
radical concentration gradient across the polymer and so it is easier for polymer
molecules to react together once translational diffusion occurs. This leads to an increase
in segmental diffusion. Simultaneously, the increase in conversion also leads to an
increase in the viscosity due to an increment in the amount of chain entanglement. The

polymer radicals are impeded from moving quickly across the solution medium in order
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to react. Thus, the rate of translational diffusion decreases. In most cases, the increase in
the rate of segmental diffusion is balanced by the decrease in the rate of translational
diffusion. Assuming that none of the limiting cases apply here, the rate constant of

termination may be described in this manner,

ko k
k, = Constant = —R 2y (3-16)

k[—T3 +k,gp

so that the rate constant of segmental diffusion may be expressed in terms of the forward
and reverse rate constants of translational diffusion. This expression may be used to
calculate the various rate constants for the system.

. Ak—

o = m (3-17)
There are some systems (i.e. styrene, methyl methacrylate) that exhibit a larger increase
in segmental diffusion than a decrease in terminal diffusion (Abuin et al., 1978; High et
al., 1979). At this point there is an increase in the termination rate constant and so a
subsequent decrease in the rate of polymerization is observed. Since the rate of
termination in this interval is dependent on the magnitude of segmental diffusion increase
(relative to the decrease in translational diffusion), then the termination is said to be
segmental-diffusion controlled.

In the second interval, the decrease in translational diffusion drops dramatically.
The conversion and the viscosity have reached a point where the polymer radical
movement is significantly hindered in the reaction medium (Lachinov et al., 1979). Thus,

the decrease in translational diffusion is much larger than the increase in segmental

diffusion. This results in a dramatic decrease in the rate of termination. Since the rate of
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termination in this region is dependent on the magnitude of the decrease in the rate of
translational diffusion (relative to the increase in segmental diffusion), then the
termination is said to be translational diffusion-controlled. The rate constant of
propagation also decreases in this interval. Nonetheless, the fact that propagation usually
involves a polymer radical and a monomer (which can freely move around in a viscous
medium) while termination requires the movement of two bulky polymer radicals, the
magnitude of the rate constants relative to one another (Odian, 1991) is

k, ~(10* t010°) k, (3-18)
Thus, due to the smaller size, the decrease in the rate constant of propagation is much less
significant than that of the termination rate constant. This results in an increase in k/k*
(Odian, 1991) and subsequently an increase in the rate of propagation. The initiator
efficiency decreases linearly from the onset of the polymerization but does not have a
great effect on the rate of propagation at that point (Russell et al., 1988; Sack et al.,
1988). Thus, during this stage, the reaction medium turns to a gel-like state. This
phenomenon is termed autoacceleration and may also be described as the gel,
Trommsdorf or the Norrish-Smith effect. It turns out that the gel effect is “normal”
behaviour for most polymerizations (Abuin and Lissi, 1977; Balke and Hamielec, 1973;
Cardenas and O’Driscoll, 1976, 1977; Small, 1975; Turner, 1977; Yamamoto and
Sugimoto, 1979). This gel effect is not a result of any non-isothermal conditions that
would lead to an increase in propagation due to a localized increase in the reaction
temperature (typical for exothermic polymerization). The actual gel effect phenomena

occurs in isothermal conditions due to the factors described above. It is important to note
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that the addition of a chain transfer agent to lower the molecular weight would shift the
onset of the gel effect to higher conversions and moderate the increase of the rate
throughout this period. The same effect is observed when a solvent is added to the
system or the reaction temperature is decreased (Abuin and Lissi, 1977; Cardenas and
O’Driscoll, 1976, 1977).

In the third interval, the rate constant of propagation significantly decreases so
that k/k'? begins to level off and then decreases through this period. The initiator
efficiency, which has been decreasing linearly up until this point, drops dramatically
(Russell et al.,, 1988; Sack et al., 1988). The combined rate constant and initiator
efficiency trends usually lead to a decrease in the rate of propagation and a plateau effect
in the conversion profile (refer to Figure 3-1). Since the viscosity of the solution and the
conversion of monomer to polymer is very high, the polymer radicals are fixed in one
place. At this stage, termination is proposed to occur in one or two different manners.
The first is that the monomer (which is still relatively free to roam about in the solid-like
medium) adds on to the stationary polymer free radical until its chain meets another
radical and terminates the polymerization. Another theory proposed by Zhu et al. (1990)
states that the polymer free radicals get trapped and the reaction cannot occur because
there are no monomers or initiators present in those regions. Termination in this interval
is said to be reaction diffusion-controlled. @ The phenomenon that describes the
characteristics of the reaction medium at this stage is termed the glass effect. This
behaviour is also characterized by the dramatic increase in the glass transition
temperature of the polymer throughout the period. If the glass transition temperature

increases to a point where its value is greater than the temperature of the reaction,
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polymerization would stop before 100 % conversion is achieved (Russell et al., 1988;
Sack et al., 1988). This is an important consideration in choosing the reaction medium

and temperature for a particular system.
3.2 Copolymer Composition Based Theory

There are many models developed to simulate the polymerization rate kinetics for
a copolymer system. One is the terminal model (described earlier in the chapter). This
model assumes that only the terminal monomer (the one upon which the free radical
resides) of a free radical polymer chain plays a role in the rate of polymerization (shown
in Figure 3-2). The mechanism detailed in Figure 3-2 describes propagation and
depropagation. The incorporation of depropagation in various models will be discussed in
Chapter 7.

The mechanistic model, used to estimate the reactivity ratios for the
copolymerization experiments, was developed by Mayo and Lewis (1948). This model
will be discussed in greater detail along with the computer programs used to estimate the
reactivity ratios.

The Mayo-Lewis model incorporates polymerization propagation as discussed
earlier (also see equation 3-20 below). The equations used to model the copolymer

system are generally described by:

k..
® y L] -
Mn,i+Mj__>Mn+1,j (3-19)
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This case only incorporates propagation. The propagation occurs through
homopolymerization and cross-polymerization as described in Figure 3-2.
Homopolymerization involves the addition of monomer i’ (either 1 or 2 in this case) to a
polymer radical ending in the same monomer. Cross-polymerization involves the
addition of monomer 1 to a polymer radical ending in monomer 2 or vice-versa. There
are other models that incorporate the effects of depropagation (reverse depropagation) on
the kinetics of the system (Wittmer, 1971). A detailed description of depropagation
kinetics is found in Chapter 7.

Using this polymer reaction behaviour, Mayo and Lewis derived an expression for
the instantaneous polymer composition as a function of the initial monomer
concentrations and the reactivity ratios. This expression is defined as:

F dg] (M) n(M1+(M,)]

i S = . (3-20)
Fy ~d[M,] [M,] [M]+ry[M,]
with
k k
1 22
r, =— and r, =—==
L oky 2 ky

The program that was used to estimate the reactivity ratios for this model was produced
by Dubé et al. (1991a) and called RREVM. RREVM is a Fortran-based program that
employes the Error-In-Variables Method (EVM) to obtain reactivity ratio estimates. The
EVM method takes into account the experimental error in both dependent and
independent variables. Using this method, there are no groups of variables that are
considered to be free (independent) of error nor to have constant (dependent) error. All

measured variables are considered on an equal basis, and represented as originating from
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some true, but unknown, value which is contaminated with measurement error. The use
of this method was prompted by a study conducted by Macfarlane et al. (1980) which
revealed that linear methods had introduced error in the reactivity ratio estimation
procedure. Patino-Leal et al. (1980), applied EVM to the estimation of reactivity ratios.
This method has since been recommended over non-linear and linear methods (O’Driscoll

and Reilly, 1987; Hamielec et al., 1989).
Homopolymerization
—_— M+ M, = —M M

— M+ M, > —M,~-M;

Cross-polymerization

kxz
— M+ M, = —M,~-M;

—_— M, + M, Y M, - M

Figure 3-2  Mechanism of Copolymerization

The second form of analysis was based on the same propagation mechanism

described above. This model was developed by Meyer and Lowry in 1965. It is the
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integrated form of the Mayo-Lewis equation described above. This form contains the

conversion of monomer to polymer and is described as:

(L) (=1 "(f,—a)’ .
x_l—(flj (1—]’,) 1. -6 (3-21)

with

l-r,

2-r—-n

The use of the Meyer-Lowry equation permits the estimation of reactivity ratios from full
conversion experiments. The estimation of the parameters was performed through a
Fortran 77 program developed by Burke et al., (1994). This program uses a non-linear
least squares (which only incorporates the error in the dependent variables) method for
obtaining the reactivity ratios.

The applicability of the Mayo-Lewis model was tested for this system in two
ways. The first was that an Arrhenius-type expression was applied to the system using

the reactivity ratios estimated as follows:

4 (_ﬁiu)

E . -E
e <o -T2 322
2 1

This relationship indicates that the natural logarithm of a reactivity ratio is inversely

and T

proportional to temperature. This relationship has the algebraic form:
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1

€« — (3-23)
T (Absolute)

Inr,

The use of this expression and its detailed description are found in Chapter 5.

The analysis performed using the Meyer-Lowry equation was compared to the
reactivity ratio estimates from the differential form of the Mayo-Lewis model as a second
test of the validity of the Mayo-Lewis equation for the prediction of polymer
composition. This was performed by fitting the reactivity ratio values to an Arrhenius-
type expression that was centered about the average temperature (Pritchard and Bacon,

1975). The equation is a derivation of equation 3-22 above, and is described as:

A- . E- . E. . 1 1
S R vl-_ (3-24
i A..CXP[ R (T Tj )
y
with
1 1
r.= Aexp l:— B(—; - E)J (3-25)
where
I represent the monomers
Aand B represent grouped parameters
T, represents the centering temperature

The Arrhenius-type expression was fit to the reactivity ratio data using a non-linear
equation solver program named Scientist® (discussed in greater detail in Chapter 7).
Major discrepancies between the reactivity ratio estimates would indicate that
composition drift in the samples were too large to use the differential form (Mayo-Lewis

equation) rather than the integrated (Meyer-Lowry equation) model. Equation 3-22 was
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also used to determine whether there was a solvent (toluene) effect on the reactivity ratios

estimated.

3.3 Molecular Weight Modeling

The molecular weight is of great importance in defining polymer quality and final
product performance. Therefore, understanding the basic mechanisms for the
development of molecular weight as a reaction proceeds is of great use.

Estimation of the kinetic chain length of a polymer is one way of relating the
molecular weight to the propagation rate (which we have already modeled). For
termination by coupling, the relationship between the number-average molecular weight
and the kinetic chain length for linear polymer chains is:

Mn = Mmonomzr Xn = Mmouomer 2v (3-26)

When termination occurs through disproportionation, the relationship is described as:

M n= Hnonomer —X;n = Hnonomer | 4 (3 '27)
The kinetic chain length is related to the rate of propagation for a system initiated by the

thermal homolysis of an initiator in the following manner:

R, R, K[M] Kk [M]

——— A

-~ - - 172 (3-28)
R, R 2KkR, fk,k[I])

It may be observed from the expressions above that the molecular weight is inversely

proportional to the initiator concentration. Thus, any attempts to increase the reaction
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rate by increasing the initiator concentration would lead to smaller molecules. This is an
important consideration if one is trying to make a polymer of a specific molecular weight.
Another important factor in varying the molecular weight is the existence of

radical displacement processes known as chain transfer reactions.
ktr
M, +X4 ~™ M, -X+4- (3-29)

In this case, XA may be a monomer, initiator, chain transfer agent, or other substance (i.e.
polymer, solvent) with X as the atom or species transferred. The rate of chain transfer is
expressed as

R, =k [M-][x4] (3-30)
The species transferred may react with another monomer to reinitiate polymerization with
a rate constant of k, . Thus, through chain transfer, the polymer radical stops propagating
at a smaller chain length. The effect of the chain transfer on the reaction rate depends on
whether the rate of reinitiation is comparable to that of the original propagating radical.
In this case, the kinetic chain length remains unaffected by the chain transfer but the
degree of polymerization (X,) decreases so that the molecular weight drops. The kinetic
chain length remains constant but the amount of polymer molecules produced as the
kinetic chain length varies. This degree of polymerization is then expressed as

- _ R (3-31)

(R 12) + ke, p [ 0]+, [M TS+ i, [ T

n

The various terms in the denominator relate to:
(R, / 2) Rate of termination by coupling

k, . [M-IM] Rate of transfer to monomer
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k, s [M-]S] Rate of transfer to chain transfer agent
k, M-I Rate of transfer to initiator

The chain transfer constants for the monomer, chain transfer agent and the initiator are

given by :
kﬂ‘ M kIrS kfr’
C. == C. =—= C ==
M kp S kp I kp
Thus,
1 R, [S] []
== -— 3-32
X, 2R,, +C,, CS[M]+C'[M] ( )
with
1 kR, [s] k R:
C, +C. C, 3-33
X, kZ[M]Z 2T T TS T e fE, [M]° (3-33)

There are various methods that may be used to calculate C,;, Cg, and C; . A good
description of these methods is found in Odian (1991). Chain transfer to polymer is very
difficult to estimate (Yamamoto and Sigimoto, 1979). Chain transfer to solvent has not
been studied in great detail (Odian, 1991). The controlled use of chain transfer agents
when the chain transfer to monomer, initiator and other substances are small, have led to

the production of polymers with precise molecular weights.

3.4 Polymerization Rate Expressions

The chain growth of the polymerization process resides in the propagation stage.

Large amounts of polymers are formed relative to the number of initial free radicals
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produced. This section details the rate expression for the system, highlighting all of the
assumptions associated with the derivation.

The first assumption is that k, and k, are independent of chain length. This is
based on the observation that the dependence of free radical formation on the molecular
size diminishes considerably after dimers and trimers form in solution (Kerr, 1973). As
mentioned earlier in the chapter, the propagation rate is quite high and leads to a large
production of high molecular weight polymers. Thus, this assumption may be deemed
valid for free radical polymerization. Monomers are consumed in the initiation as well as
the propagation stage as discussed earlier in the chapter. This rate of monomer

disappearance may be said to be approximately equal to the rate of propagation only:

d[m]
R 3 39S (3-34)

4
This is based on the larger number of molecules produced in the propagation stage rather
than the initiation part of the reaction.
The next assumption is that all of the propagation steps are the same regardless of

chain length. Thus, the rate of propagation may be expressed as:

R, =k, [M]M,] (3-35)
Since the concentration of monomer radicals is not easy to measure, a steady-state
assumption of free radicals is made (Kondratiev, 1969, Wittmer, 1971). Thus, the rate of
termination is said to be equal to the rate of initiation:

R ~R =2k[M T (3-36)
Isolating for the monomer free radical concentration and substituting the expression in the

rate of propagation equation above leads to:
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_ _}gf—) 172 i
R, -kp[M,( 7 (3-37)

Thus, doubling the initiator concentration doubles R, but increases the rate of propagation
by a factor of +/2 only.
The rate of production of primary radicals by thermal homolysis of an initiator

was described using the following expression:

R, =2f k1] (3-38)
In this case, f was the initiator efficiency and was defined as the fraction of the radicals
produced in the decomposition reaction. The initiator efficiency may be dependent on the
monomer concentration so that:

S = o[ 2] (3-39)
This leads to a first-order dependence of R; on [M] and a 3/2-order dependence of R, on
[M]. Typically, the formation of the primary radical is a faster process than the
homolysis reaction. Thus, we can state that the rate of decomposition, R is rate limiting
and so is equal to the total rate of initiation R; . The final equation for the rate of

propagation is expressed as:
u2
R =k [m (f%@l) (3-40)

Now, the parameters may be estimated for a particular system at a set of conditions to

model the rate of propagation.
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CHAPTER 4

Experimental Procedure and Product
Characterization Techniques

This chapter describes, in detail, the methods used to conduct the polymerization
experiments and the manner in which the polymer products were characterized. Classical
methods for the purification of the reagents were used (Stickler, 1987 ; Dubé et al,,
1991b). The experimental method was very thorough and served tc maximize the
information content from the data. Particular emphasis was placed on reagent preparation
and polymerization runs along the full range of conversion of monomer to polymer. The
polymer products were characterized for percent conversion, cumulative copolymer
composition and the cumulative number- and weight-average molecular weights. The
systematic approach used to perform these experiments and the acquired data led to

reliable, readily reproducible results.

4.1 List of Reagents

Reagent selection for the experimental runs outlined in this thesis, was based on
criteria listed in Dubé (1994). This section will list the following reagents used
throughout the runs. The monomers used for this work were:

e Butyl Acrylate (BA, Aldrich) with 40-80 ppm methyl ethyl hydroquinone (MEHQ)
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e Methyl Methacrylate (MMA, Aldrich Chem Co.) with 20-30 ppm of hydroquinone
HQ)

The following list of solvents were used as packaged without any further purification :

Toluene (reagent grade, ACP Chemicals Inc.)

Acetone (reagent grade, ACP Chemicals Inc.)

Ethanol (denatured, ACP Chemicals Inc.)

Methanol (distilled, Aldrich Chem Co.)

Chloroform-D (Cambridge Isotope Laboratories)

Tetrahydrofuran (THF, HPLC grade, VWR Canlab Inc.)

Di-tert-butyl peroxide (Trigonox B, Akzo Nobel Chemicals Inc., initiator)
Azobisisobutyronitrile (AIBN, Aldrich Chem Co.)

1-Dodecanethiol (chain transfer agent, N-dodecylmercaptan, NDM, Acros
Organics N.V.)

Sodium Hydroxide pellets (lab grade, ACP Chemicals Inc.)
Calcium Chloride Anhydrous (4-20 mesh, lab grade, ACP Chemicals Inc.)

AIBN initiator was used for reactions involving temperatures at or below 60 °C. The
half-life for AIBN was too small for temperatures over 60 °C. At higher temperatures,

Trigonox B, with a larger half-life under these conditions was used.

4.2 Experimental Design

The polymerization experiments performed were run to low (less than 5%) mass

conversion and full mass conversion (0 to 100 wt%) of monomer to polymer. Two

separate experimental designs were applied to these runs.



37

The purpose of the full conversion experiments was to obtain a profile of the
conversion of monomer to polymer versus the time of reaction. Analysis by 'H-NMR
was employed to generate a profile of the cumulative copolymer composition as
conversion increased. Finally the number- and weight-average molecular weights of the
polymer products were analyzed as a function of conversion. For these types of
experiments, a program that models this system (Dubé, 1991a) was used to obtain the
approximate times to draw samples from the reaction bath. The goal was to draw
samples at approximately every 8 to 10 % conversion increase. For that matter, 12
samples were usually taken for each full conversion run. The samples were drawn from
the reaction bath at a greater frequency at the beginning of the run (when conversion was
changing very quickly with respect to time) and less often near the end of the experiment
(by this time the polymer solution was a solid near 100% conversion).

The low conversion runs were required in order to estimate reactivity ratios.
These experiments also allowed for the estimation of parameters from the various
alternative models that are discussed in Chapter 7. The low conversion was necessary to
prevent significant composition drift from affecting the polymer composition
measurements.

There were five criteria that the experimental design needed to meet in order to
estimate the best reactivity ratios using the data acquired. These five conditions
influenced the selection of the starting compositions of the monomer solution (before
polymerization). A brief list of these conditions are listed below:

e Tidwell-Mortimer D-Optimal criterion (Tidwell and Mortimer, 1965)
e Equidistant starting monomer solution compositions (Burke et al., 1994)
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e Required seven different starting monomer compositions (due to seven
degrees of freedom) because some models used call for the estimation of up to
six parameters.

e High temperature studies were necessary to investigate the impact of
depropagation which occurs more frequently with an increase in temperature.
Low conversion of monomer to polymer (less then 5 wt% on average).

Use of a wide temperature range (60 to 140 °C) in order to estimate the
temperature dependence of reactivity ratios.
The application of the conditions in the design of reactivity ratio experiments will be

discussed in greater detail in Chapter 5.

4.3 Reagent Preparation

4.3.1 Initiator and Chain Transfer Agent Preparation

The initiators used in these experiments were azobisisobutyronitrile (AIBN) and
Di-tert-butyl peroxide (Trigonox B) . The chain transfer agent, 1-Dodecanethiol (CTA)
and the initiator, Trigonox B were used as packaged without further purification. AIBN
was purified as follows.

First, a water bath was heated to 50 °C using a built in thermometer. A 250 ml
beaker was filled with 150 ml of distilled methanol. The beaker was then submerged into
the water bath and heated until it reached 40 °C (using a thermometer in the beaker).
AIBN was then added until a saturated solution was produced. Next, the beaker was
covered with a watch glass and placed in a freezer at -10 °C for 20 minutes in order to
recrystalize the AIBN. The crystalline solution was then filtered using a Buchner funnel.

The filtered crystals were placed in the 250 ml beaker with 140 ml of distilled methanol.
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The production of a saturated solution was repeated two times as before. After the
creation of the third saturated solution, the beaker was left to return to room temperature
in order to produce larger crystals. Once at room temperature, the covered beaker was
placed in the freezer for 30 minutes and then filtered one last time. The purified AIBN
crystals were placed in a tinted bottle covered with a thick tape, labeled according to
WHMIS standards and stored in a freezer at -10 °C. The initiator was allowed to heat to

room temperature before being used for the polymerization reactions.

4.3.2 Monomer Preparation

There were three steps in monomer preparation. The first involved the removal of
water and inhibitor from the monomers (these were normally supplied with inhibitors).
The inhibitors introduced by the suppliers were:

40-80 ppm methyl ethyl hydroquinone (MEHQ) for Butyl Acrylate (BA, Aldrich)

20-30 ppm of hydroquinone (HQ) for Methyl Methacrylate (MMA, Aldrich)

The second step was to distill the monomer using a rotary evaporator. The final step
involved the removal of oxygen (a free radical scavenger) from the reaction mixture.

These steps are described in detail below.

4.3.2.1 Monomer Cleaning

Initially, the monomer (MMA) was taken out of the freezer and left to heat up to

room temperature (BA was stored at room temperature). The monomers were then
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washed three times with a 10% solution of sodium hydroxide (NaOH) to remove the
inhibitor. This was done using a separatory funnel with a NaOH solution equivalent to
one-tenth of the monomer volume. After every wash, the aqueous (bottom) portion of the
emulsion was discarded. Next, the monomer was washed three times with distilled,
deionized water in the same manner using an amount of water equivalent to one-tenth of
the monomer volume. The monomer was then placed in an Erlenmeyer flask and a small
amount of calcium chloride (to remove any residual water) was added. The flask was
then closed with an aluminum wrapped rubber stopper and sealed with parafilm. The

sealed solution was stored in a freezer at -10°C .

4.3.2.2 Monomer Distillation

The monomers were vacuum-distilled using a rotary evaporator. The monomers
were removed from the freezer and left to thaw to room temperature. The distillation
temperatures were 32°C for BA and 35°C for MMA. The first 20-50 ml of the distillate
were discarded. Distillation continued until 20-50 ml of the undistilled solution was left.
The distillations were performed, at most, 24 hours before polymerization in order to
minimize the formation of dimers and trimers. After distillation, the purified monomers

were stored in the freezer at -10 °C if necessary.

4.3.2.3 Solution Preparation and Oxygen Removal
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Solution preparation involved the calculation of the amounts of monomers,
solvents and initiators required to make up a mixture at a given feed mole fraction. The
freshly distilled monomers were removed from the freezer and left to reach room
temperature. The monomers and solvents were weighed out using 5 - 10 ml pipettes with
the initiators and the chain transfer agent added using Eppendorf micropipettors. Once
the monomer solution was made, it was pipetted into borosilicate glass ampoules (length
10 cm, outer diameter 1.7 cm, capacity 10 ml) to a total of approximately 1.5 ml .

Next, oxygen was removed from the reaction mixture (prior to polymerization)
using the setup shown in Figure 4-1. Each ampoule was connected to the degassing
manifold (Apeizon AP 100 high/low temperature vacuum grease was applied to ensure a
good seal). The ampoules were submerged in a liquid nitrogen containing dewar and a
vacuum was applied to the contents. The valve to the manifold was then closed and the
contents were allowed to thaw. Oxygen bubbles were then seen to rise into the evacuated
head space of the ampoules. The ampoules were refrozen and the procedure was repeated
for a total of three freeze-pump-thaw cycles or until bubbling was no longer evident.

Finally, the ampoules were flame-sealed and placed in ice water.

4.4 Polymerization Reaction Runs and Assays

There were four different types of polymerization experiments performed in this
work:

. Bulk Reactivity Ratio BA/MMA Experiments
o Solution (in toluene) Reactivity Ratio BA/MMA Experiments
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. Bulk Full Conversion BA/MMA Experiments
. Bulk and Solution (in toluene) Full Conversion BA/MMA Experiments

The reactivity ratio experiments were run to low conversion levels (typically less than 5
wt%). This was done in order to minimize the effects of composition drift. The full
conversion experiments were run along the full range of conversion of monomer to
polymer (0 to 100 wt%). The procedures for all of these runs were similar with a few

exceptions as noted below.

Degassing Manifold
Check Valve to Pump ¢

N

Check Valve

: : to Ampoules
Vacuum Pump

R

o

Figure 4-1 Polymerization Degassing Setup

Ampoules

<€ Liquid Nitrogen Dewar

A NESLAB EXACAL EX-250HT high temperature bath was employed to

maintain the ampoules at the desired reaction temperature. Dow Corning 510 fluid was
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used as the heat transfer medium in the bath to reduce vapour formation at elevated
operating temperatures.

The oil bath was heated to the desired temperature. The ampoules were removed
from the ice bath and then cloth dried. They were submerged in the reactor for a
specified time. At recorded time intervals, the ampoules were removed, dried and
directly placed in ice water to quench the reaction. Each unopened ampoule was then
weighed, scored and broken. The contents were then poured into a pre-weighed
crystallization dish and the ampoule was cleaned with acetone. A 10-fold excess of
ethanol was then poured into the dish to precipitate the polymer and the mixture was then
allowed to dry. In some full conversion experirilents at conversions greater than, say 80
wt%, the unopened ampoules were placed in liquid nitrogen after being weighed. The
ampoules were then broken while frozen and a piece of frozen polymer was placed in a
pre-weighed crystallization dish and weighed immediately. The weight of the frozen
polymer slug now represented the reaction medium before precipitation of the polymer.
The polymer slug was dissolved in acetone and precipitated in a 10-fold excess of
ethanol.

Upon drying, the crystallization dishes were placed in a vacuum oven. The
samples remained in the oven for over 24 hours and were left to cool to room temperature
for another period of 24 hours. The crystallization dishes (containing polymer) and the
empty broken ampoules were then weighed. An overview of these procedures as well as

the ensuing product characterization are shown in Figure 4-2.



4.5 Product Characterization

4.5.1 Gravimetric

A gravimetric analysis was used to determine the percent conversion of monomer
to polymer. The weight conversion was calculated using the following formula for bulk
and solution polymerization runs:

(4-1)

% Conversion =

(wt.of dried polymerand dish —wt.of emptydish)
(wt.of ampoule and reaction mixture— wt.of ampoule)x (1—wt. fraction monomer in feed)

X100

Monomer Inhibitors Removed By Extraction with NaOH

v

Monomer Dried with CaCl and Distilled

\

Monomer Solutions Made and Degassed (Oxyger Removed)
Polymerization Reaction Run Isothermally for a Recorded Time

Polymerization Quenched by Precipitation in Ethanol

\ \ \

Gravimetric TH-NMR GPC
Analysis An:%ysis Analgsis

Mass Conversion of Monomer Composition Molecular Weight
Monomer to Polymer in Polymer of Polymer

Figure 4-2 Polymerization Procedure Outline
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4.5.2 Polymer Composition Measurement

Proton nuclear magnetic resonance (‘"H-NMR) spectroscopy was used to determine the
amount of each monomer chemically bound in the polymer. The polymer composition
may be obtained in many ways including gas chromatography, UV spectroscopy, 'H-
NMR spectroscopy and elemental analysis. 'H-NMR spectroscopy is both accurate and
simple to perform. 'H-NMR spectroscopy yields a measure of the extent to which
electromagnetic radiation (radiant and magnetic energy) is absorbed or emitted by a
sample of material. The absorption or emission of radiation depends on the wavelength.
This relationship is known as the absorption/emission spectrum. In 'H-NMR
spectroscopy, a sample is placed in a magnetic field which causes the deflection of the
hydrogen bonds to different degrees dependent on the amount of shielding (against the
magnetic field) that results from the different atomic arrangements surrounding the bond.
Once the magnetic field is turned off, the hydrogen bond relaxes and this energy is
released. This released energy is measured and compared to a reference in the spectrum
(deuterated chloroform, in our case). The absorption of electromagnetic radiation occurs
in the radio frequency portion of the spectrum so that the radiant energy involved in the
deflection is very small. The recorded spectrum of electromagnetic radiation absorbed
contains peaks in which the ratio of the areas of the peaks are equivalent to the relative
amounts of each proton (hydrogen bond) of a particular grouping. In our case, this
grouping was identified as belonging to either BA or MMA due to its position from the

reference peak. In the BA/MMA system the spectral peak of the -OCH, group in MMA
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was at ~3.6 ppm and the -OCH, group in BA was located at ~4.C ppm. Sample spectra
for this system are shown in Figure 4-3.

The acquisition of the NMR spectra was accomplished with a Bruker AMX500
'"H-NMR spectrometer run using the following specifications :

Deuterated chloroform as a reference and solvent
Spectrometer frequency of approximately 500 Mhz
Relaxation delay of 0.01 seconds

Pulse of 3 microseconds

Acquisition time of 4.6 seconds (on average)
Number of scans averaged for readout was 16
Time domain of approximately 65000 points
Spectral window of 7042 Hz (13 to -2)

The procedure involved in acquiring the NMR spectra along with an explanation of the

parameters just listed is found in Figure 4-4.

Relaxation Delay of 0.1 sec
/ Pulse of 3 microsec

Acqulsmon time of 4.6 sec
Bruker NMR
Run at )

500 mHz

Number of Scans = 16

Fournier Transform

Time Domain of 65 K point
Average Curve tme Lomaim potnts

NMR Spectrum .
. Spectral Window

I of 7042 Hz
. f A

Figure 4-4 NMR Procedure And Specifications
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Sample preparation for NMR analysis involved mixing a portion of the dried
polymer with deuterated chloroform (chloroform-d) for a 2% w/v solution. As
mentioned, the relative amounts of monomer bound in the polymer were estimated from
the areas under the appropriate absorption peaks of the spectra. Thus, the mole fraction

of the incorporation of monomer in the polymer was calculated as

BA Area
F,, = 2
B4 — BA4 Area . MMA Area
2 3 (4-2)
and
MMA Area
F _ 3
MMA ™ BA Area . MMA Area
2 3 (4-3)

4.5.3 Molecular Weight Measurement

A Waters Associates Gel Permeation Chromatograph was used to determine the

number- and weight-average molecular weights of the polymer (M, and M.,
respectively) using a differential refractometer. This system is illustrated along with
several key components in Figure 4-5. The detailed description of the system
components are listed as follows:

e Rheodyne 77251 Injector with automatic relay
e Waters 610 Fluid Unit (pump)
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e Waters Syragel Column container with HR6, HR4 and HR3 columns set up in
the order specified.

Waters 600 Pump Controller

Waters 410 Differential Refractometer

Digital Venturis 575 Personal Computer

Millennium Chromatography Manager Version 2.15

Rheodyne 7725i Injector

Waters Styragel Columns

Sample Separated
By Molecular Weight
Waters 600
Waters 610 Pump / Controller
Data -
Mw Analyzed Sample
of B Read
Sample
] ]g:iog:;:aluﬁf \ Waters 410
W?th Differential
\ Millenium Refractometer
Software

Figure 4-5 Gel Permeation Chromatograph Setup

A sample of polymer diluted in tetrahydrofuran to make a 0.01 g/ 100 ml! solution was
injected (Figure 4-5). This passed from the Rheodyne injector through the pump at 0.3
ml/min as controlled by the Waters 600 controller and the Millennium software. The
sample was then fractionated in the gel columns which were kept at 38 °C and read by the
differential refractometer. The raw data were then analyzed using the Millennium

software and different molecular weight numbers were generated. The SYRAGEL
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columns were packed with porous beads made up of a cross-linked polymer of styrene
and divinyl benzene.

The GPC method separates the polymer sample based on its hydrodynamic
volume. Hydrodynamic volume is directly proportional to the degree of solvation of the
polymer molecules, the molecular weight and the amount of short- and long-chain
branching of the polymer. Thus, the larger the hydrodynamic volume, the faster the
polymer will elute through the columns. Polymers with a small hydrodynamic volume
enter the pores of the column beads and are delayed, resulting in longer elution times.
Upon leaving the column, the polymer passes through a differential refractometer. This
refractometer consists of a mercury lamp that shines white light through two cells. One
cell contains the polymer in solution and the other, the pure solvent (reference cell). The
light beam is refracted and reflected back through both cells and the difference in the
refractive index between the eluted polymer solution and the pure solvent is recorded.
This Differential Refractive Index (DRI) reflects the proportion of polymer solution that
has eluted through the columns at a particular time. The elution time and the magnitude
of the DRI are registered and a curve is developed. The elution time of the largest peak is
compared with a calibration curve (elution time vs. molecular weight). This calibration
curve is generated using monodisperse polystyrene standards of various molecular
weights. The comparison of the sample to this calibration curve is used to generate a
molecular weight distribution chromatogram which allows for the calculation of different
molecular weight numbers listed below:

e Mn Number-average molecular weight for the distribution
e Mw Weight-average molecular weight for the distribution



51

e Mw/Mn Polydispersity of the polymer
Mz Z average molecular weight for this distribution
Mz+1 Z+1 average molecular weight for this distribution
The basis of the calculation of these numbers is also described in Odian (1991) .

There are many errors associated with the calculation of these molecular weight
averages. The hydrodynamic volume is not a function of the molecular weight but also of
copolymer composition and polymer branching. For example, the amount of long- and
short-chain branching affects the hydrodynamic volume and thus, polymers of the same
molecular weight but different degrees of branching will have different elution times.
Polymer chains of varying compositions (and likely different molecular weights) may
have the same hydrodynamic volumes and elute at the same time. These two factors need
to be taken into account in the interpretation of the molecular weight distribution
generated and the numbers calculated from it (Garcia-Rubio et al., 1983 ; Hamielec and
Meyer, 1986 ; Styring and Hamielec, 1989 ; Cotts and Siemens, 1991). The
hydrodynamic volume is also dependent on the degree of solvation. Polymer solutions
with similar molecular weights and differing degrees of solvation will elute at different
times. Finally, the calibration curve generated for our study was based on polystyrene
standards and not varying molecular weight samples of the BA/MMA copolymer. Since
polystyrene and BA/MMA polymers of the same molecular weight do not elute at the
same times, there is likely some error associated with generating molecular weight
averages from a BA/MMA sample elution time compared to a polystyrene calibration

curve. The use of BA/MMA standards (which are not commercially available) or a

universal calibration curve could have reduced such errors. In addition, there are no
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Mark-Hownink coefficients for BA/MMA available in the literature; thus, a universal
calibration approach could not be used. Furthermore, due to composition drift, many of
the polymer samples had a wide composition distribution. While absolute molecular
weight values were not measurable, the relative trends in the molecular weight averages
as the conversion increased were informative. Therefore, results obtained from the
molecular weight characterization of the polymer samples were treated in a relative
manner. Emphasis was placed on the interpretation of trends rather than the absolute

molecular weight results.
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CHAPTER S

Reactivity Ratio Estimation Experiments

BA/MMA copolymerizations were performed in order to estimate the reactivity
ratios described in Chapter 3. The experiments were performed in bulk and in solution in
order to provide an opportunity to observe the effects of solvent on the kinetics of the
system. Since high temperatures were used, issues related to depropagation were also

investigated. The effects of depropagation are described in greater detail in Chapter 7.

S.1 Experimental Design

Low conversion (< 5 wt%) experimental runs were performed in order to obtain
reactivity ratios for the BA/MMA copolymer system. The low conversion criterion was
necessary in order to prevent composition drift from altering the values of the reactivity
ratios estimated. Typically, composition drift occurs as conversion increases. The
purpose of obtaining these reactivity ratios was to provide parameters for a mechanistic
model of the system (Dubé et al., 1997). The next step involved testing the applicability
of the models through adherence to the Arrhenius-type equations (see equation 3-22).
The Arrhenius expression (see equation 3-24) and reactivity ratios estimated using data at
various temperatures were also used to test model suitability.

There were five criteria that the experimental design needed to meet in order to

estimate the best reactivity ratios using the acquired data. The five conditions influenced
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the selection of the starting compositions of the monomer solution (before
polymerization). The first condition was the Tidwell-Mortimer D-Optimal Criterion
(Tidwell and Mortimer, 1965). This criterion was used to identify two starting
compositions where there was the most variation in the Mayo-Lewis model for the
BA/MMA system. These two points were calculated from previous reactivity ratios
estimated for the system (see Table 5-1). The Tidwell-Mortimer criterion is considered to
be part of an iterative procedure. The second condition involved the use of equidistant
starting monomer feed compositions in order to discriminate between competing models
(Burke et al., 1994). It was shown by McFarlane et al. (1980) that the Tidwell-Mortimer
method produced better reactivity ratio estimates than the equidistant points scheme. The
resulting simplicity and precision due to the use of the Tidwell-Mortimer criterion has led
to its recommendation for use by many authors (O’Driscoll and Reilly, 1987; Hamielec et
al., 1989; Dubé et al., 1991a; Burke et al., 1994). The third condition was based on the
fact that some of the mechanistic models, which were applied to the system, required the
estimation of six parameters. Thus, at least seven starting monomer solution
compositions were required (number of parameters +1) in order to meet the degrees of
freedom criteria and estimate the parameters for these models. The fourth condition
involved the fact that depropagation (reverse polymerization) was potentially active at the
reaction conditions of this study. The fifth condition was the low conversion requirement
in order to avoid composition drift effects. There was some evidence presented that the
conversion could go up to 40% without significant composition drift occurring.
Nonetheless, the experimental design was implemented with a 5 to 10 wt% conversion

limit.
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Using these five conditions, the following experimental design was proposed for

the BA/MMA reactivity ratio experiments :

The temperature range was from 60°C to 140°C with experiments performed at
60, 80, 100, 120, and 140 °C respectively.

Eight different monomer feed compositions were employed at each
temperature.

The two Tidwell-Mortimer starting points calculated were replicated for a
total of four runs. The monomer feed compositions were calculated using the
following expressions (Tidwell and Mortimer, 1965):

2

- 5-1
. __n
= 5-2
f.lo 2 +rz ( )

The initial guesses for the bulk systems were based on reactivity ratios
generated by Dubé and Penlidis (1995). The initial values for the solution
runs were based on reactivity ratio estimates from a combination of literature
values and preliminary (screening) experiments in our lab. The resulting
Tidwell-Mortimer points are found in Table 5-1.

The remaining six initial starting monomer compositions were equidistantly
dispersed amongst the two Tidwell-Mortimer points (these were selected at
0.15, 0.25, 0.35, 0.60, 0.70, and 0.95 mole fraction of BA in the monomer
feed).

Experiments were performed to < 5 wt% conversion.

This design led to the polymerization of fourteen (14) samples for each reactivity ratio

experiment at a given temperature. The solution polymerization runs were performed

with 30 wt% toluene. The different reactivity ratio experiments performed in this work

are displayed in Table 5-2.



Table 5-1 Monomer Feed Mole Fractions Based on the

Temperature
T (°C)

60
80
100
120"
120
140

Note:

Table 5-2 Reactivity Ratio Estimation:

Run
Type

Solution
Solution
Solution
Bulk
Solution

Solution

Tidwell Mortimer Criterion

Starting Values (**)

r (BA)
0.2646
0.3361
0.3562
0.3351
0.3856

0.3809

r (MMA)
1.5900
1.9270
1.7713
1.6010
1.6972

1.6298

* Reactivity Ratios are taken from Dubé (1994)
** Reactivity Ratios from Preliminary Screening Experiments

Experimental Conditions

Condition

Name

RR60S30

RR80S30

RR100S30

RR120B
RR120S30
RR120S50

RR140S30

Temperature
T(°C)

60
80
100
120
120
120

140

Run
Type

Solution
Solution
Solution
Bulk
Solution

Solution

Solution

Mole Fractions

fano
0.8832
0.8561
0.8488
0.8232
0.8384

0.8400

Toluene
(wt %)

30

30

30

30

50

30

fans
0.4429
0.4907
0.4697
0.4970
0.4591

0.4490
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5.2 Bulk Reactivity Ratio Results

A great deal of work has been performed on bulk BA/MMA reactivity ratio
estimation. A synopsis of the major works was described earlier in Chapter 2. The
emphasis of the present study is on solution polymerization reactivity ratio estimation. A
bulk reactivity ratio run was performed at 120 °C in order to verify our experimental
technique with a previous study (Dubé and Penlidis, 1995). The instantaneous mole
fraction of BA bound in the copolymer ( F 5, ) is plotted against the BA feed concentration
(fza) in Figure 5-1. The data profile is almost identical to the bulk BA/MMA experiments
performed by Dubé and Penlidis (1995). The Mayo-Lewis model predictions (Figure 5-
1) using reactivity ratios estimated from this study and Dubé and Penlidis (1995) were
also in good agreement. The standard deviation of the F 5, at the two Tidwell-Mortimer
points was very small (less then 5 mole% Fz.). Reproducibility of the literature data
confirmed the validity of both the experimental and analytical techniques used in this
study.

The reactivity ratios estimated from all of the runs in this study (using the Meyer-
Lowry and Mayo-Lewis equations) as well as those acquired from preliminary studies are
located in Table 5-3. The Mayo-Lewis and Meyer-Lowry models were fit to this data as
shown in Figure 5-1. Predictions from both models fit the data equally well. This
indicated that both the differential (Mayo-Lewis) and integral (Meyer-Lowry) model

forms



1.0
BDAININIA
09} Buik Runs at 120 °C & .
osl Low Conversion Experiments :
07 O F_BADubé(1994) i
| o  OurStudyBulk Data ;
06} Our Study Model (Mayo-Lewis) !
u:é 05} Our Study Model (Meyer-Lowry)
04 } |
03} |
0214 ;
01}
0.0
0.0 0.1 0.2 0.3 04 0.5 06 07 08 09 1.0
fBA
Figure 5-1 Comparisons of Bulk Reactivity Ratio Estimation
Results to Literature Data
!
168 ‘
167 § :
Contour
166 ¢ \‘
165 }
<<
s s}
| =
| 163 |
A/MMA Bulk (T = 120°C) '
162 § x Point Estimate
rga = 040689 ;
Fuaw = 1.63716 |
161 § t
1.60 '
0.39 0.40 041 042
Fga
Figure 5-2 '

BA-MMA Reactivity Ratio Bulk Run 95% Posterior Probability Contour

58



59

will apply to this system. The use of the differential copolymer composition equation was
justified due to the limited amount of composition drift at low conversions. This was also
confirmed by Dubé and Penlidis (1995). Typically, composition drift was negligible ( <
40 wt% conversion) so these reactivity ratio experiments with conversions under 5 wt%
were not expected to exhibit composition drift. This observation was further validated by
conclusions resulting from the full conversion experimental results (see Chapter 6).

The reactivity ratio results indicate the tendency of one monomer to
homopropagate rather than cross-propagate. The BA/MMA bulk runs at 120 °C reveal a
reactivity ratio for BA under 1 and a reactivity ratio of MMA greater than 1 (Figure 5-2).
This indicates that BA tends to cross-propagate while MMA usually undergoes homo-
propagation. H'-NMR results measure relative amounts of monomers bound in the
polymer as opposed to the sequence of monomers in the polymer (microstructure). The
reactivity ratios allow one to predict the microstructure of the polymer. Alternatively, the
microstructure can be measured using “C-NMR.

The reactivity ratio 95% posterior probability contour and reactivity ratio point
estimates are plotted in Figure 5-2. The narrow elliptical shape of the region indicates the
typical amount correlation between ry, and ry,,. Thus, observations of model suitability
need to incorporate the reactivity ratio pairs and not simply individual parameter values.
This indicates that the reactivity of one monomer effects the other. All contour plots

generated from the reactivity ratio estimates exhibited this narrow elliptical shape.
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5.3 Solution Reactivity Ratio Results

Low conversion BA/MMA solution copolymerization experiments were
performed using toluene as solvent. The cumulative copolymer composition, Fs., is
plotted versus the monomer feed composition, f;, , in Figure 5-3 (similar plots at other

reaction conditions may be found in Appendix A).

Table 5-3 Reactivity Ratio Estimates With Comparisons to Classical Data

Condition  Temperature Reactivity Ratios * Reactivity Ratios B Classical Reactivity Ratios
Name T (°C) (Based on Mayo-Lewis) (Based on Meyer-Lowry) (Preliminary Study)
r (BA) r (MMA) r (BA) r (MMA) r (BA) r (MMA)
RR60S30 60 0.1377 1.2046 0.1498 1.1845 0.2646 1.5900
RR80S30 80 0.2820 1.7350 0.2913 1.8285 0.3361 1.9270
RR100S30 100 0.2575 1.3278 0.2988 1.4905 0.3562 1.7713
RR120B* 120 0.4070 1.6379 0.3543 1.5805 0.3351 1.6010
RR120S30 120 0.3753 1.5469 0.3525 1.6046 0.3856 1.6972
RR120S50 120 0.3571 1.5433 0.3549 14611 - NA NA
RR140830 140 0.3688 1.3802 0.3758 1.7381 0.3809 1.6298

Note: Refer to Table 5-2 for Condition Name Description
* Reactivity Ratios are taken from Dubé (1994)
A Reactivity ratios estimated using the Mayo-Lewis Model!
B Reactivity ratios estimated using the Meyer-Lowry Model
NA Reactivity Ratio Estimate Not Available
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There was little effect on the F,, profile when temperature was increased from 60 °C to
140 °C nor as the initiator concentrations decreased. There was a change in the
copolymer reactivity ratio values as temperature was varied (see Table 5-3). Since the
values of the reactivity ratios have been mathematically proven to be independent of the
initiator concentration (Odian, 1991), the change was attributed to the temperature effects
only. As the temperature increased, the ry, increased while the r,,,, decreased for both
models (see Table 5-3). This indicated that the frequency of the homopropagation of BA

and the cross-propagation of MMA were increasing as the temperature increased.
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- The natural logarithm of the reactivity ratio pairs estimated from the Mayo-Lewis
and Meyer-Lowry models were linearly proportional to the inverse of the temperature
(Figures 5-4 and 5-5). This linear relationships indicated adherence of both models to the
Arrhenius type expressions shown in Chapter 3 (see equation 3-22).

It can be concluded that both the Mayo-Lewis and Meyer-Lowry models are
suitable for the BA/MMA copolymer system. The two models also fit the experimental
data very well as shown in Figure 5-3 (see Appendix A for somilar plots for the
remainder of the experimental conditions). The modified Arrhenius-type expression (see
equation 3-25) was utilized to fit the reactivity ratios derived from the Mayo-Lews and
Meyer-Lowry models. The linear expressions are plotted with the BA and MMA
reactivity ratio values in Figures 5-6 and 5-7, respectively. The Arrhenius-type
expressions for the Mayo-Lewis and Meyer-Lowry derived reactivity ratios were almost
identical. This further validates the observation made by Dubé and Penlidis (1995)
regarding negligible composition drift at low conversions (< 40 wt%). 95% probability
posterior contour plot were generated for the all BA/MMA solution runs (see Appendix
A). All of the contours were elliptical and resembled the narrow and long shape found in
Figure 5-2 (for the bulk experiments). The confidence intervals for every reactivity ratio

estimate are shown in Figures 5-6 and 5-7.
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S.4 The Solvent Effect On Reactivity Ratio Results

Bulk and solution copolymerization experimental data in 0, 30, and 50 wt%
toluene at 120 °C are compared in Figure 5-8. There seemed to be no effect of the solvent
on the BA composition in the polymer as the conversion increased. A comparison of the
reactivity ratios generated at these conditions using both Mayo-Lewis and Meyer-Lowry
models indicated little or no solvent effects (Table 5-3). The small differences in the
reactivity ratio estimates for each condition were attributed to the estimation procedure
and experimental error.

Mayo-Lewis reactivity ratio estimates from 30 wt% toluene low conversion data
and bulk results (Dubé and Penlidis, 1995) were fit to the Arrhenius-type expression
(Equation 3-25). This was performed in order to determine the effects of solvent on

reactivity ratio values. At higher temperatures (> 120°C), only slight differences were
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observed in the reactivity ratios estimated from bulk and solution (30 wt% toluene) data
(as shown in Figures 5-9 and 5-10). Similarities in the bulk and solution composition
profiles at 120°C confirm the negligible solution effect at that temperature (refer to Figure
5-8). Differences in the reactivity ratio estimates derived from bulk and solution data
were significant at lower temperatures (< 120°C). This indicates that the presence of a

solvent will affect the reactivity ratio values at lower temperatures.
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Figure 5-8 Effect of Solvent on BA/IMMA Copolymer Composition

As a result of these observations, it may be concluded that the solvent will not
affect the BA/MMA copolymer composition and reactivity ratios at higher temperatures.

There appears to be a solvent effect on reactivity ratios at lower temperatures (< 120°C).
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The effects of the solvent on the composition drift, molecular weight and conversion

profiles will be discussed in Chapter 6.
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CHAPTER 6

Full Conversion Experiments

BA/MMA copolymerization experiments were run to high conversion levels

(approximately 100 wt%). These experiments were performed in order to address the

following objectives:

Obtain bulk and solution conversion vs. time profiles for different reaction
conditions.

Observe how composition of the polymer changes as conversion increases in
order to determine the moment when composition drift becomes significant.
Observe how the molecular weight changes as the polymer conversion
increases.

Determine the effects of solvent on the copolymerization kinetics.

Compare the effects of temperature on polymerization rates and profiles.

Test whether reactivity ratios (from low or high conversion data) may be used
to predict composition.

The conversion, cumulative copolymer composition and cumulative average molecular

weight profiles were compared to classical free-radical polymerization kinetic trends.

6.1 Design of Experiments

The experiments were designed using the following criteria:

Experimentation at previously unexplored higher temperatures (90 and
115°C).

The solution runs were performed with 30 wt% toluene. Additional
experimental runs at 23 wt% toluene were run to help confirm the solvent
effects observed.
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e An initial BA mole fraction of 0.439 was used (it corresponds to a 1:1 weight
ratio of the BA and MMA monomers). This feed concentration is typically
used in industry.

e An initial BA mole fraction of 0.148 was chosen in order to minimize the
composition drift.

These criteria were used to set up a set of experiments highlighted in Table 6-1. The

times at which the samples (ampoules) were drawn were determined through the use of

model predictions (Dubé et al., 1997).

Table 6-1 Full Conversion Experimental Conditions and Reactivity Ratio Estimates

Condition Mass Ratlo  Temperature Run Toluane  Trig B (Initiator) NDM (CTA)  Reactivity Ratios (Meyer-Lowry)
Name BA:MMA Type {wt %) {moliL] [molL] r(BA} r (MMA)
FC10458TS0 10745 90 Bulk 0 0.0453 0.0058 3.7675 3.4427
FC79180BT115 797180 115 Bulk [¢] 0.0061 0.0058 0.4839 1.9824
FC1045523T115 10745 115 Solution 23 0.0058 0.006 12352 2.2556
FC79180523T90 797180 90 Solution 23 0.045 0.006 1.1281 3.7131
FC1045523T30 10745 90 Solution 23 0.045 0.006 0.3105 1.7958
FC1045530T115* 10745 115 Solution 30 0.045 0.006 0.6353 1.5460
FC79180S30T90 797180 90 Solution 30 0.045 0.006 0.7494 2.9570
FC1045530T90 10745 S0 Solution 30 0.045 0.006 1.1892 22693
Note : The * experiment was repeated twice

6.2 Full Conversion Bulk Results

The main objectives of this section are to draw conclusions from the bulk full
conversion BA/MMA experimental runs. Emphasis was placed on the study of the
effects of temperature and initiator concentration. The applicability of the Terminal
model for the BA/MMA system was also examined.

Two bulk BA/MMA runs were performed and their reaction conditions are shown

in Table 6-1. The conversion profiles for both runs are shown in Figure 6-1. Both curves
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followed the typical s-shaped curve for diffusion-controlled polymerization reactions
(discussed in Chapter 3). The initial gradual increase in the conversion (for the
FC1045BT90 condition) is typical for segmental diffusion-controlled polymerization.
The onset of the gel effect was observed to occur at 350 min for that condition
(FC1045BT90). At higher conversions, reaction diffusion-control became significant and
a plateau effect was observed. The addition of BA and the increase in the temperature to
115°C (FC78190BT115) hastened the onset of the gel effect (refer to Figure 6-1). BA
was expected to increase the propagation rate due to its propensity to increase the
frequency of branching reactions. This will eventually increase the molecular weight of
the BA/MMA copolymer as well as the reaction medium viscosity. Higher temperature
conditions will also accelerate the rate of propagation which leads to the early onset of the
gel effect. The outcome of increasing the propagation rate as well as the reaction medium
viscosity on the gel effect is discussed in greater detail in Section 6.3 .

As expected, the composition of BA in the polymer was lower for the low BA
feed composition than for the higher one (Figure 6-2). This figure also indicates that
composition drift is significant only after 40 to 50 wt% conversion. This experimentally
verified the observation made by Dubé and Penlidis (1995) with respect to negligible
composition drift at lower compositions. It also validated the use of the terminal model

to predict composition.
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The reactivity ratios estimated using the Meyer-Lowry model are listed in Table
6-1. The reactivity ratios were then applied to the Terminal model (Dubé and Penlidis,

1995) to predict the composition profiles. The Terminal model fit all of the composition
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experimental data very well (Figure 6-2). This confirmed that the reactivity ratios
estimated using the Meyer-Lowry model and high conversion data may be used in the
Terminal model to predict full conversion profiles.

The molecular weight profiles for the FC1045BT90 and FC79180BT115 runs
indicated little or no increase along the full conversion range (refer to Figure 6-3 for a
sample and Appendix C for the remainder of the results). This was due to the presence of
the chain transfer agent which helped keep the molecular weight constant through chain
transfer reactions (see equation 3-26 and 3-33). The number-average molecular weights
were approximately 110,000 and 155,000 Daltons for the FC1045BT90 and
FC79180BT115 runs. The presence of BA will increase the propagation rate due to its

propensity to participate in branching reactions (Dubé, 1994).
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6.3 Full Conversion Solution Results

Full conversion BA/MMA copolymerization experiments in toluene were

investigated at various conditions (see Table 6-1). The main focus of this section is to

determine the temperature and initiator concentration effects on the BA/MMA system

along the full conversion range. The effect of the toluene solvent on the polymerization

kinetics will be discussed in a separate subsection.
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Representative conversion versus time profiles for a sample run performed using

23 wt% toluene is found Figure 6-4 with the remainder of the plots in Appendix C.

These profiles

followed the same s-shape (typical for diffusion-controlled
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polymerization) curve exhibited by the bulk full conversion runs. The FC1045S23T115
condition exhibited an gel effect almost immediately (Figure 6-4). The translational
diffusion-controlled region characterized by the gel effect occurred once the reaction
medium viscosity increased to a particular point where translational diffusion decreases
rapidly. This results in the large decrease of the termination rate constant relative to the
propagation rate constant leading to a dramatic increase in the rate of polymerization and
the gel effect. The early onset of the gel effect for the FC1045S23T115 relative to the
FC1045523T90 condition was due to a rapid increase in the viscosity of the solution at
higher temperature where the propagation rate, and hence, the molecular weight was
greater (Figure 6-4). This shortened the segmental-diffusion controlled region at the high
temperature condition. As expected, higher temperature conditions (irregardless of
weight ratio of initial solution) led to the early onmset of the gel effect. The quick
dynamics of the higher temperature condition were dramatic, considering 10 times less
initiator was used, compared to the low temperature condition (see Table 6-1). The
solvent and chain transfer agent concentrations were equal at 23 wt% toluene and 6.01 x
10° moV/L (Table 6-1), so they would not have had an effect on the trend observed.

The three systems (at 23 wt% toluene) also revealed little composition drift at
lower conversions (refer to Figure 6-5 for a sample and Appendix C for the remainder of
the results) as discussed in the previous section dealing with the bulk runs. The reactivity
ratios estimated using the Meyer-Lowry model and 23 wt% toluene full conversion data
are listed in Table 6-1. As with the bulk runs, the reactivity ratios were incorporated into
the Terminal model in order to predict composition. The Terminal .model fit all of the

full conversion experimental data very well (refer to Figure 6-5 for a representative run
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and Appendix C for the remainder of the results). This reconfirms that the Terminal
model was suitable for the BA/MMA copolymer system for high conversion experiments

(as discussed in Chapter 5).
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The 30 wt% toluene conversion profiles resembled the 23 wt% toluene runs (refer
to Figure 6-6 for a representative run and Appendix C for the remainder of the results).
The compositicn drift occurred at conversions over 50 wt% (see Figures 6-7 to 6-9) as
seen for the bulk and 23 wt% toluene systems. Two types of reactivity ratios were
incorporated into the Terminal model in order to predict copolymer composition. The
first type was derived from full conversion data (termed r,) and utilized the Meyer-
Lowry equation. The second type of reactivity ratio (r,.) was obtained from the
Arrhenius expression developed using low conversion data (described in Chapter 5) and
the Mayo-Lewis model. The Terminal model predicted the FC1045S30T115 (at 115°C)
composition data very well using both 1, or ry, (Figure 6-7). At lower temperatures
(90°C), the 1, did not predict the composition as well as the 1, (see Figures 6-8 and 6-

9).
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The precision of the experimental data obtained for this thesis is well illustrated in
Figure 6-10. In this case the FC1045S30T115 was repeated with almost identical
conditions (Figure 6-10). The two runs were made months apart with the entire
procedure repeated completely two times. The conversion profile was consistently lower
for the first run due to the small differences in the initiator and initial monomer
concentrations (see Appendix D). The small deviations in the composition and
conversion data were much less than expected for the complexity of the procedure
outlined for these experiments. This allowed us to conclude that our full conversion
results were readily reproducible with a high degree of precision.

The molecular weight profiles for the full conversion solution runs (Table 6-1)
indicated little or no increase along the full conversion range (refer to Figure 6-11 for a

sample and Appendix C for the remainder of the results). This was due to the presence of
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the chain transfer agent which helped keep the molecular weight constant through chain
transfer reactions (equation 3-33). The number-averaged molecular weights were

approximately (values averaged over full conversion range)

FC1045S23T90 115,000 Daltons
FC79180S23T90 109,000 Daltons
FC1045823T115 100,000 Daltons
FC1045S30T90 120,000 Daltons
FC79180S30T90 80,000 Daltons
FC1045S30T115 75,000 Daltons

for the BA/MMA copolymer products. The generation of the molecular weight values
(through integration under the MWD peaks, refer to Chapter 4 for details) led to

deviations of +/- 10,000 Daltons.

6.4 The Solvent Effect On The Full Conversion Results

The solvent effect on the conversion versus time profiles 10-45 BA/MMA at 90°C
conditions (0, 23, 30 wt% toluene) are shown in Figure 6-11. The onset of the gel effect
was delayed as the toluene concentration in the reaction medium increased. This was
due to the relative decrease of the reaction medium viscosity for similar conversions at
higher solvent concentrations. This resulted in a delay of the onset of the gel effect which
required the medium to attain a particular viscosity in order to occur (Chapter 4). These
effects are not evident in Figure 6-12 for the 79-180 BA/MMA condition (23 and 30 wt%
toluene) used at 90°C . The presence of BA may have countered the slight solvent effect

(from 23 to 30 wt% toluene) so that no delay in the onset of the gel effect was observed.
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The composition of BA in the polymer as the conversion increased was not
affected by the presence of the solvent for all conditions as expected (refer to Figures 6-
13 and 6-14). Since these profiles were primarily dictated by the reactivity ratios (which
help define the kinetics of the system) then, only changing the temperature would have a
significant effect on the results. This result was confirmed by similar observations made

using low conversion reactivity ratio estimation experiments (see Chapter 5).
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CHAPTER 7

Model Discrimination: Depropagation Kinetics

Depropagation is the reverse reaction of propagation. Depropagation occurs in
many instances depending on the temperature of reaction, and the type of monomers
used. The rate of depropagation increases with the reaction temperature and thus, its
effects on reaction kinetics need to be considered when modeling high temperature
polymerizations. In this study, depropagation was examined by using low conversion
(reactivity ratio estimation) data to estimate parameters for various models that include
depropagation. = This allowed us to determine the kinetic mechanisms for the
polymerization of the butyl acrylate / methyl methacrylate, butyl acrylate / o-methyl
styrene (AMS), and the methyl methacrylate / a-methyl styrene copolymer systems.

In Chapter S, it was seen that by using an Arrhenius-type expression to describe
the dependence of the reactivity ratios on temperature, the applicability of a particular
model to the system may be determined. In that chapter, only the forward propagation
reactions were considered in the models (e.g. Mayo-Lewis model). Testing the suitability
of various models that incorporate depropagation (using the Arrhenius-type expression),
will permit us to infer whether depropagation is occurring in that copolymer system.

In this chapter, we first describe the different models, which include
depropagation, that were used to predict copolymer composition. Next, the computer-
aided statistical methods used to estimate the reactivity ratios from the different models

are discussed. Each model was based on a different polymerization mechanism. The
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reactivity ratios estimates were then fit to an Arrhenius-type expression, to discriminate
between the different models. This assisted us in establishing whether depropagation

kinetics were active.
7.1 Model Theory

Depropagation is defined as the reverse of propagation. The rate of depropagation
increases as the temperature rises. At a certain temperature, the rate of depropagation is
equivalent to the rate of propagation. The temperature at this point is termed the ceiling

temperature (T,). It is usuaily expressed as:

__ E,-E, AH
T RIn(4,[M1/4,) Rln(4,[M]/ 4,) (7-1)

I,

where
E Energy of activation
A Collision frequency factor
H Enthalpy
Above the ceiling temperature, the polymer radical will tend to depolymerize in the
presence of monomer.
The mechanism through which depropagation is expected to occur was shown
previously in Figure 3-2. This mechanism used a terminal model approach which

assumed that only the reactions on the terminal end of a polymer are considered to have a

significant effect on the reaction rate and copolymer composition. This assumption has
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been previously applied to the MMA-AMS copolymer system (Wittmer, 1971). Four
models were considered for the model discrimination exercise discussed herein. The
parameters estimated from these models are shown with their respective reaction

conditions in Table 7-1.

Table 7-1 Reactivity Ratio Estimate Comparisons Among Various Propagation and Deprapagation Madels

Copoly Temp: R Ivity Ratios Reactivity Ratios Reactivity Ratios Reactivity Ratios
System {Mayo-Lewis Model) (D1 Modal) (D2 Madel) {03 Model}
TrC) fe I LY L£3 L] £ fy L3
BA (1) / MMA (2) 60 0.3257 2.043 NA NA 1.763 17.305 NA NA
80 0.3085 1.841 NA NA 1.8916 15717 NA NA
100 0.3736 1.848 NA NA 8.065 50.27 NA NA
120 0.3731 1.618 NA NA 1.872 13.728 NA NA
140 0.4558 1.768 NA NA 0.72436 6.4705 NA NA
In()vs. UT Fit Linear Unear NA NA Non-Uinear Unear NA NA
BA (1) 1 AMS (2) 80 0.1183 0.6207 NA NA 0.1018 2844 NA NA
] 0.1412 0.4090 NA NA 0.0958 4.92E+12 NA NA
100 0.1641 0.1400 NA NA 0.1266 7.45E+15 NA NA
120 0.1774 0.0806 NA NA 0.1314 4.98E+13 NA NA
140 02122 0.0964 NA NA 0.1490 1.70E+14 NA NA
In () vs. 1T Fit Linear Non-Linear NA NA Unear Non-Unear NA NA
MMA, (1) 7 AMS (2) 80 0.5740 0.6628 0.4113 3.584 0.4133 3679 04134 3.679
80 0.4705 0.1649 0.6280 5478 0.6605 4612 0.6669 4.620
100 1.098 0.0262 1.129 0.4824 1271 0.1295 0.1289 0.1285
120 1.7367 0.0207 0.7627 6.668 1.928 0.1118 1.999 0.0999
140 2.8912 -0.0534 0.878 0.09582 6.064 9.46E-16 7.142 9.46E-16
In(f) vs. 1T Fit Unear Non-Unear Linear Non-LUinear Unear Non-Linaar Unear Linaar with one
point deviation
Note = Refer to Table 7-2 for a list of the parameters used in every mode!

The Mayo-Lewis model has been previously described in Chapter 3. The
depropagation models proposed by Wittmer (1971) were based on mass balances on the
monomers and the monomer radicals using the mechanism proposed below. These mass

balances are expressed in the following manner:

d_[g D D100 1 e 71— (MO, 1+ R [0 (7-2)
d[ifz] = —ky, [M1[M, ]+ kg [M;, ] — Ky [M 1M, 1+ ki [ M,] (7-3)
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d[M/]

= R [MUIIM, ]+ kg (M ] [MG1IM, ]+ e (M, ] (7-4)
d[M;] L] . L] . 7 5
Tz"'klz (MM, ]+ kﬁ (M3]-k, [M;1[M,] "‘kﬁ [M;] (7-5)

where

ky [M;1[M,] Represents the generation or consumption (based on
positive and negative sign respectively) of a polymer
radical ending in > from a polymer radical ending in “i”.

k- [M;] Represents the generation or consumption of a polymer
radical ending in “j” due to the depropagation of a polymer
radical ending in “i”* followed by “j”.

k, [M;1M,] Represents the generation or consumption of a polymer
radical ending in “” due to the propagation of a polymer
radical ending in “j”.

k-[M;] Represents the generation or consumption of a polymer

radical ending in “j”” due to the depropagation of a polymer
radical ending in “j” followed by “i”.

Now using the following conditions:
e The Bodenstein principle that assumed that the free radical concentration was

constant.

diM;] _dIM;] _

7-
dt dt 0 (7-6)

e Monomer free radical concentrations (i.e. radicals of chain length 1) were
equal to zero.

[M;](Imer)~[M;](1mer) =0 (7-7)

e Schulz-Flory (Vollmert, 1962) distribution function assumed.



86

The following expression was derived for the case where all forms of depropagation are
possible (Model D1).

Model D1

[M] X
n [M;] -n [Mlz] (l—xl)
- 7 JMhl+ax
FodiMl LM, [M]+q, ¥ (7-8)
E, d{M,] [M,] K
Y [M?] 2 [Mi](l_yl)
I W i LS B4

2 1M [M,1+4, x,

1+

1+

with

2r1 K1 2r1 K1 K

)
" ([M1]+K1)+[M2]_ [r1 ([M1]+K1)+[M2]] DM
1

-y = 2ry K, 2r, K, K

2
y ([M2]+K2)+[M1]_ [rz ([M2]+K2)+[M1]J 1My
2

x _k1_1 z _kﬁ =kii q _k21
Lk 2 Ky L ky 2"k

and the parameters are described as

r represents the reactivity ratio
K represents the homo-depropagation equilibrium constant
q represents the cross-depropagation equilibrium constant
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In the special case where only the homopolymerization of M, is reversible, the rate

constants k., ks,

ks are equal to zero. Thus, the parameters K, , q, , q , are all equal to

zero. As aresult, equation 7-8 reduces to the following expression (termed Model D2).

Model D2

1+r [Mll—r Kl (l—x)
FodiMg] M, Tvpv Tl (7-9)
Fz"d[MZ]‘ . [M,5]
2 1M

The D3 model case occurs when the homo-depropagation of both monomers are

significant. Only the cross-depropagation rate constants (kz,k5;) are equal to zero.

Thus, parameters q, and q, are also zero. The final depropagation D3 model (Table 7-1)

is expressed as:

Model D3
(] K
FdiM] 1+r1[M2]—r1 [Mz](l_xl) .
—1 — -]_
F, " dM,] 1,1 &, (7-10)

l+r, [M]_] —r [Ml] (I—y1

Determination of the parameters for these models for each case was very difficult to
achieve due to numerical difficulties encountered in the non-linear estimation program
(Scientist®). Thus, following the method of Wittmer (1971), the parameters X, , K, , q,
and q, were set as constants from literature estimates. The resultant parameters used and

the reactivity ratios estimated are shown in Table 7-2.
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Table 7-2 Parameter Values For Depropagation Models

Temperature K (MMA) K (AMS) K (BA) q (MMA) q (AMS) q (BA)
T (°C) [mol/L] [mol/L] [mol/L]
60 0.001 741 0 0.1 0.1 0
80 0.1 129 0 0.5 0.1 0
100 0.119 229 0 1 0.1 0
120 0.262 35 0 7 0.1 0
140 0.54 54 0 15 0.1 0
Note : Parameter Data from Wittmer (1965)

7.2  Design of Parameter Estimation Runs

The ML model was solved through the use of the RREVM program (Dubé et al.,
1991a). This program employed the Error-In-Variables (EVM) technique (see Chapter 3
for a detailed description of the program and its use) to converge on the estimates. Four
sets of initial reactivity ratios were generated via a two level factorial grid design. All
sets of initial reactivity ratios converged to approximately identical final estimates.

The D1, D2 and D3 models were solved using a non-linear least squares technique
(NLS) found in the Scientist Software package from Micromath. This technique utilized
a modified Powell algorithm (Micromath, 1995) to find a local minimum (possibly the
global minimum) of the sum of the squared deviations between observed data and model
calculations. Convergence was usually achieved very quickly. Failure was usually a

consequence of the initial parameter estimates being so far removed from the solution
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that Scientist® could not determine which direction to search. The usual behaviour was
that the algorithm took anywhere up to several dozen iterations to converge on a solution.
The minimization algorithm was tuned to indicate convergence after it detected an
unchanging sum of squares value. Scientist® frequently took an extra 5 to 10 iterations
near the solution in order to ascertain convergence. The Powell algorithm and the least
squares fitting process are described in greater detail in Micromath (1995).

A grid of initial values of reactivity ratios were established using a two-level
factorial design. The high starting value was 1.5 and the lower was 0.4 for both reactivity
ratio parameters. The K and Q parameters were set to specific values (Wittmer, 1971) as
shown in Table 7-2. The final reactivity ratio estimates generated from the different
starting values were, for the most part, in agreement with one another. The tolerance for
the error-squared value was set at 1 x 10™"°. Upon reaching this value, the program
stopped iterating. The search algorithm was constrained to a minimum step of 1 x 10°

and a maximum step size of 100.

7.3 Parameter Estimation Results

As a rule, the Mayo-Lewis model converged very quickly and yielded estimates
of high precision using different starting points. In addition, the reactivity ratio estimates
were physically realizable and thus conclusions centered around these estimates can be
regarded with a high level of confidence. On the other hand, the Wittmer (1971)

depropagation models (D1, D2, D3) were difficult to work with. The symmetric, square
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root containing, highly complex formulas made parameter estimation very challenging.
In order to test the viability of the Powell algorithm used to obtain parameter estimates,
benchmark runs were performed. In this case, each model had a set of data made up that
corresponded to a specified pair of reactivity ratios (with fixed parameters K and q). The
bench mark data were then used by the Powell non-linear least squares (NLS) method
(Micromath, 1995) to obtain parameter estimates. The reactivity ratios obtained were in
excellent agreement with the ones specified for the data. This confirmed that the Powell
NLS method was able to obtain the correct parameter estimates using different starting
points. The variability of the estimates from the specified reactivity ratios increased as
the initial starting values were significantly varied. Thus, the high and low initial
reactivity ratios limits need to be carefully chosen when setting the two-level factorial
design grid for the model runs.

Another concern revolved around the reliability of the data from Wittmer (1971).
The MMA-AMS system was compared to data from Dubé (1994). There were
disagreements between data obtained from Dubé (1994) and Wittmer (1971) for the 60
and 120°C cases but results for the 80 and 100°C conditions were similar. These
discrepancies are worth noting. For example, re-estimation of reactivity ratios using
Wittmer’s (1971) MMA/AMS data at 80°C was performed. The results, shown in Figure
7-1, reveal that our re-estimation of the parameters, using the D2 model, resulted in a
better fit than the reactivity ratios estimated in his paper. Also, the D2 model fit
generated using his data and reactivity ratios did not match up with the composition
profile displayed in his work (Wittmer, 1971). This led to the observation that there may

have been some error in the work presented by Wittmer (1971). Nonetheless, a re-
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derivation of the depropagation models in Wittmer (1971) led to exactly the same
equations. While the data may be questionable, the theory is solid.

The following list represents the series of observations made when estimating the
parameters for the various depropagation models:

e The 1 x 10 tolerance stipulated in the Powell NLS method did not seem to
adhere to all of the converged runs performed. In some trials, the deviations of
the predicted model to the experimental data were much too large for the
tolerance to have been met.

e Some of the converged runs resulted in irregular fits of the model to the data
(as seen in some of the runs to be discussed).

e The Simplex parameter estimation method (Micromath, 1995) produced
different parameter estimates than the Powell NLS procedure. The Simplex
method used a multi-dimensional surface techmique to find the local minima.
The convergence of the Simplex method to various values near the starting
points indicated that the multi-dimensional surface of the depropagation
equations were very flat. This meant that local minima may be found very
quickly irregardless of the starting points used. The NLS method found the
global minima without any surface technique. For this reason, the Powell NLS
method was used to estimate the parameters for the depropagation models.

e Irregular fits resulted when the K and q parameters were allowed to vary. In
some cases, the results indicated that the depropagation of AMS was less than
MMA which was contrary to classical literature and incorrect. For this reason,
the K and q parameters were fixed in the same fashion as Wittmer (1971).

e MMA-AMS data at 80°C along with K and q parameters for the 60°C condition
were used to obtain reactivity ratio estimates. The reactivity ratios obtained
were irregular (some had magnitudes of 10™"°). When the correct K and q
parameters were used for the 80°C case, the reactivity ratios estimated were in

excellent agreement with the experimental data. This meant that there was
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some physical relevance to the reactivity ratios estimated using these models
and methods.
These observations played a major role in all the parameter estimation methods used and

the conditions specified to obtain reasonable model predictions to the data.

7.3.1 Depropagation Models Sensitivity Analysis

In order to gain a better understanding of the depropagation model equations and
the challenges of obtaining meaningful parameter estimates, a sensitivity analysis was
performed.

The first case involved the use of the D2 model (equation 7-9). Benchmark data
for the MMA-AMS system were used. The homodepropagation equilibrium constant of
AMS (K (AMS)) was varied from 0 molVL to 100 mol/L.. Reactivity ratios were
estimated for several values of K (AMS). The results, shown in Figure 7-2, reveal that
for a wide range of reactivity ratio pairs and different K (AMS) values, similar fits of
model to the data may be achieved. This implies that the value of K (AMS) is rather
insensitive to composition data. It is likely that rate data would be necessary for model
discrimination in this case.

The results of this analysis, led to a more in depth look at the sensitivity of every
parameter used in the depropagation models. Therefore, the full depropagation model

(D1, equation 7-8) was chosen to perform the study. Benchmark data were generated
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using a fixed set of parameter values. In each case, only one parameter was varied
along a specified range and the model fits were discussed.

The first case, involved the variation of r (MMA) as shown in Figure 7-3. Figure
7-3 reveals that even slight variations (greater than 0.2) in r (MMA) resulted in large
deviations from the benchmark data. Thus, the model was relatively sensitive to
variations in r((MMA). This trend was also found for r (AMS) as shown in Figure 7-3. A
sensitivity analysis using the Mayo-Lewis equation resulted in similar sensitivities for the
reactivity ratio values.

In varying the value for K (MMA), less deviation was observed from the data
(Figure 7-4). In fact, noticeable deviations of the model from the data occurred only at 50
mol/L with the true value of K (MMA) being 0.2 mol/L. This trend was also observed
for K (AMS) as shown in Figure 7-4. This suggests that the model (D1) is reasonably
insensitive with respect to the homodepropagation equilibrium constants. Similar
conclusions were arrived at for the parameters q(AMS) and q(MIMMA) as shown in Figure
7-5.

As a result of this sensitivity analysis, it was concluded that the homo- and cross-
depropagation equilibrium constants should be fixed and only the reactivity ratios would

be estimated.
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7.3.2 Butyl Acrylate / Methyl Methacrylate Parameter Estimation Resuits

The Mayo-Lewis and D2 models were applied to this copolymer system at
temperatures of 60 to 140°C. The D1 and D3 models did not apply because the homo-
and cross-depropagation constants for BA are zero (refer to Table 7-2). This is due to the
high ceiling temperature of BA. The bulk low conversion data used for this study were
obtained from Dubé (1994).

The Mayo-Lewis model fit the data very well for all température conditions (refer
to Appendix E). This implied that the estimation of proper reactivity ratio values for this
system was successful. Plots of the natural logarithm of the reactivity ratios versus the
inverse of the temperature (termed Arrhenius test) revealed linear fits (as indicated in
Table 7-1 and Appendix E). Conversely, the D2 model fit the data very poorly at all
conditions. The Arrhenius test indicated that the system is not suitable for the D2 model.
The test results may not be valid due to the poor estimation of the reactivity ratios using

the D2 model.
7.3.3 Butyl Acrylate / a-Methyl Styrene Parameter Estimation Results

As in the BA/MMA case, only the Mayo-Lewis and D2 model were applied to the
BA/AMS copolymer system. The Mayo-Lewis model fit the data (Dubé, 1994) very well
at all temperature conditions (60 to 140°C). The non-linear relationship exhibited when
the Arrhenius test was performed revealed the unsuitability of the Mayo-Lewis model for

the BA/AMS system (described in Table 7-1 and Appendix E). This is likely due to the
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low ceiling temperature of AMS (60°C), which indicated that significant depropagation
will occur at higher temperatures. The D2 model fits of the BA/AMS system were very
poor (Appendix E). This is likely why this model did not pass the Arrhenius test (refer to

Table 7-1 and Appendix E).

7.3.4 Methyl Methacrylate - Ailpha Methyl Styrene Parameter Estimation Results

The relatively low ceiling temperatures of both MMA and AMS was indicative of
the non-zero homo- and cross-depropagation constants for these monomers (Table 7-2).
Thus, the Mayo-Lewis, D1, D2 and D3 models were applied to this system. All of the
models fit the MMA/AMS system very well except for the 140°C condition for the D2
and D3 models (Appendix E). In these two cases the r,, estimate was very low (9.46 x
107'°) indicating an erroneous estimate (Table 7-2). This means that model discrimination
may be applied to the system for appropriate reactivity ratio estimates were obtained in
most cases.

The application of the Arrhenius test to the reactivity ratios estimated using the
Mayo-Lewis model revealed a non-linear relationship (Table 7-1 and Appendix E). this
implies that significant depropagation is occurring in the MMA/AMS system. The
unsuitability of the Mayo-Lewis model for the MMA/AMS system was also exhibited by
D1 and D2 model results (Table 7-1). This indicates that no significant cross-
depropagation was occurring (D1) and that AMS is not the only monomer that is homo-

depropagating at higher temperatures. The D3 model did pass the Arrhenius test with the



100

exception of the erroneous reactivity ratio estimate at 140°C. This implies that both AMS

and MMA were homo-depropagating in this copolymer system.
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CHAPTER 8

Conclusions and Recommendations

This chapter summarizes the major conclusions made throughout the thesis and
relates them back to the objectives of this study. Recommendations are made to help
guide future research in this area.

The two main thesis objectives are to study the BA/MMA copolymer system at
elevated temperatures and determine the effect of solvent on polymerization kinetics. In
order to achieve these general goals, a list of specific objectives were developed. They
are listed as follows:

e Estimate reactivity ratios using various models and verify the predictions with
high and low conversion experimental data.

¢ Determine the effect of temperature on the composition, conversion profiles,
reactivity ratios.

e Analyze the effect of toluene solvent on the conversion profiles, reactivity
ratios, composition.

¢ Explore copolymer systems (through model discrimination) that consist of at
least one monomer that depropagates at elevated temperatures.

8.1 Conclusions

Low and hfgh conversion data were obtained at many temperatures in order to
obtain a good understanding of the types of polymerization kinetics involved in the
BA/MMA system. BA/MMA réactivity ratios were estimated in order to obtain a
mechanistic model representing the data collected. These initiatives led to the following
observations:

¢ The s-shape of the full conversion profiles were indicative of a diffusion-
controlled polymerization reaction mechanism.
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o Reactivity ratio and full conversion results were confirmed with classical data.
This led to the conclusion that the system developed is reliable.

e The shape of the 95% contour plots for bulk and solvent reactivity ratios
indicated the dependence of ryg, t0 Iy -

¢ The Mayo-Lewis and Meyer-Lowry models fit the bulk and solution reactivity
ratio data equally well. This implied that very little composition drift was
occurring in these low conversion runs. This fact was confirmed by
composition profiles which revealed composition drift commencing at 40 to
50% conversion.

e Reactivity ratios derived from low conversion data were successfully used to
predict copolymer composition along the full conversion range at elevated
temperatures.

e The full conversion results were almost identical for two runs (at the same
conditions) but were performed months apart. The two results showed very low
conversion and composition profile deviations. The error was much less then
expected given the complexity of the procedure outlined for these experiments.
This allows us to conclude that our full conversion results are readily
reproducible with a high degree of precision

e Reactivity ratios derived from high conversion data were successfully used to
predict copolymer composition along the full conversion range for all
conditions.

A study of the effects of temperature on BA/MMA copolymerization resulted in the
following conclusions:

e As the temperature increased, the ry, increased while the r,,, decreased for
both models. This indicated that the frequency of the homopropagation of BA
and the cross-propagation of MMA were increasing as the temperature
increased.

e Higher temperature conditions (irregardless of weight ratio of initial solution)
led to a faster onset of the gel effect, where 100% polymerization was achieved
quickly.

The study in to the effect of solvent on the polymerization reactions led to the following
conclusions:
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The use of a toluene solvent delays the onset and intensity of the segmental-
diffusion-controlled region due to the difficulty of polymers to translationally
diffusing in order to terminate the reaction.

There are no effects of the solvent on the polymer composition profiles at
higher temperatures (> 120°C) for the reactivity ratio estimation experiments.
This was confirmed in the solvent full conversion runs as well.

There was an effect of the solvent on the reactivity ratio values estimated for
the BA/MMA system. This effect was small at higher temperatures (> 120°C)
and significant at lower temperatures (< 120°C).

An examination of depropagation and model discrimination techniques led to the
following observations:

The Mayo-Lewis and depropagation models are very sensitive with respect to
the reactivity ratios.

The depropagation models are reasonably insensitive with respect to the homo-
and cross-depropagation equilibrium constants K and q .

The insensitivity of the parameters to the composition data implies that rate
data may be necessary to perform appropriate model discrimination.

The Mayo-Lewis model was found to be suitable for the BA-MMA copolymer
system. This implies that the depropagation of MMA and BA are negligible in
this system.

No model was found suitable for the BA-AMS system. It was noted that due
to the low ceiling temperature of AMS, the D2 model should have fit the
system. This would imply that only AMS will depropagate at higher
temperatures in this system. The deviation of the results from this observation
has been largely due to the difficulty of obtaining good reactivity ratio
estimates for the depropagation models.

The D3 model is found to be suitable for the MMA-AMS copolymer system.
This implies that the only homodepropagation of AMS and MMA may be
assumed to be significant at these temperature ranges. Little or no cross-
depropagation is occurring in this system.

These observations lead to the overall conclusion that the study of high temperature

polymerization will generally require the incorporation of depropagation in the
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mechanistic models used to simulate copolymer systems at these conditions. The use of a
solvent in the system will not alter the copolymer composition at high temperatures

(>120°C). It may effect the reactivity ratio estimates and will certainly delay the onset of

the gel effect.

8.2 Recommendations

The following are a list of suggestions that were formulated throughout the period

in which this work has been performed:

e The acquisition of rate data may be useful in discriminating between the
various depropagation models. The use of full conversion data would give
reliable results. This would require the integration of the differential versions
of the depropagation models.

e The effect of grease on the polymerization reaction kinetics needs to be
performed. The grease was used in several different parts of the monomer
purification procedure (i.e. when degassing the ampoules) and may have
contaminated some of the results obtained.

e Examine alternative methods of obtaining accurate molecular weights.

o The effects of the use of other solvents maybe explored to see if there are
changes in the kinetics of the system. The solvent effect on the reactivity ratios
(and probably the composition) at lower temperatures may be diminished when
using different reagents.

e Comparisons of bulk and solution composition profiles at lower temperatures
(< 120°C) will help verify the solvent effect observed on the reactivity ratio
values at those temperatures.

e Estimation of the reactivity ratios at lower temperatures (< 60°C) in order to
verify that the solvent effect is greater at those conditions as indicated by
trends in Figures 6-11 to 6-14.



These suggestions were made in the hopes of directing future work in high temperature

multi-component polymerization.
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Reactivity Ratio Estimation
Experimental Figures
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Appendix C

Full Conversion
Experimental Figures



131

120

100 +

80 +

Conversion (%)
2]
o

40 |

20

i .
[ gy FC10458T90 Data *
i

100

200 300 400

Time (min)

500 600 700

Figure C-1

Full Conversion 10/45 BA-MMA Bulk Profile At 90 °C

120

100 +

80 4

60 4

Conversion (%)

40 }

20 +

oedre=FC79180BT115 Data |
|

200
Time {min)

100 150 250 300 350 400

Figure C-2

Full Conversion 79/180 BA-MMA Bulk Profile At 115 °C



132

0.16

0.14

0.12

0.10

0.08

0.06 1

Mole fraction BA in Polymer

0.04 1

0.02

¢ FC1045BT90 Data
Terminal Model

0.00

20 40 60 80 100 120

Conversion (%)

Figure C-3

BA-MMA 10/45 Bulk Composition Profile At 90 °C

0.50

045 1

0.40 +

0.35

0.30 +

0.25 +

0.20 +

0.15 +

Mole fraction BA in Polymer

0.10

0.05 +

: 0.00

& FC79180BT115 Data |
Terminal Model

}

L

20 40 60 80 100 120
Conversion (%)

Figure C4

BA-MMA 79/180 Bulk Composition Profile At 115 °C



133

» 300000
£ s
R= :
2 ;
= 250000 + - = i
s 1
3 I
(2]
2 - - |
S 200000 t . e - ;
o [ | | i
& |
£ € 150000
> o
* o

< 100000 } ¢ P 4
2
<
g !
Y 50000 } ! eMn M
2
E
=
z 0

0 20 40 60 80 100 120

f Conversion (%)

Figure C-5 BA-MMA 10/45 Bulk Molecular Weight Profile At 90 °C

350000

300000 + u " =

E
250000 } =

200000 1

150000 + L 4

100000 +

4Mn EMw

50000 +

Number and Weight-Averaged Molecular Weights
(g/mol)

0 20 40 60 80 100 120

Conversion (%)

o

Figure C-6 BA-MMA 79/180 Bulk Molecular Weight Profile At 115 °C



134

120 i

100 1 e |

80 +

60 1

Converslon {(wt%)

401 semthymaC1045523790 Data

20 }

0 200 400 600 800 1000 1200 1400
Time (min)

Figure C-7 BA-MMA 10/45 23% Toluene Conversion Profile At 90 °C

! 100
% +
80 1
70 +
60 1

50 +

Converslon (%)

10 s C 10455237115 Data

20

10 ¢

0 50 100 150 200 250 300 350 400 |
Time (min)

Figure C-8 BA-MMA 10/45 23% Toluene Conversion Profile At 115 °C



100

Conversion (wt%)

20 -

90 -
80 -
70
60 -
50 4
40 1

30 1

10 -

gy C79180S23T90 Data

0 200 400 600 800 1000 1200 1400

Time (min)

Figure C-9

BA-MMA 79/180 23% Toluene Conversion Profile At 90 °C

0.20

Faa

i 0.04

0.00

0.18 1

0.16 -

0.14 4

0.12

0.10 -

0.08 -

0.06

0.02 1

i
|
& FC1045523T00 Data
B Tenminal Mode!
|
' 1
0 20 40 60 80 100 120 |

Conversion (Percent)

Figure C-10 BA-MMA 10/45 23% Toluene Composition Profile At 90 °C



136

0.20
0.18 +
0.16 +
0.14

0.12 +

Faa
o
-t
S
¥

0.08 }
i o006t
0.04 |

0.02 +

& FC1045S23T115 Data
Terminal Model

0.00

20 40 60 80 100 120
Conversion (wt%)

Figure C-11

BA-MMA 10/45 23% Toluene Composition Profile At 115 °C

0.50

045

0.40 +
0.35 {
0.30 4

025 +

Fga

0.20 }
0.15 }
0.10 }+

0.05 +

i

© FC79180S23790 Cata i
Terminal Mode! l
1

i

0.00

20 40 60 80 100 120
Conversion (wt%)

Figure C-12

BA-MMA 79/180 23% Toluene Composition Profile At 90 °C



250,000
200,000 - - -
: s =5 @ =
3 [ |
£ 150000 ¢
iz . o . . S
25 00000 } ¢ L
==z
h-}
=
]
50,000 | 1
£ oMn Lo
| |
0
0 20 40 60 80 100
Conversion (wtk}

120

Figure C-13 BA-MMA 10/45 23% Toluene Molecular Weight Profile At 90 °C
L 250000
é 200,000 § .
h-}
§3 e, = ", .
E g 150,000 | g
< .
S5 10000) o ® o ¢ ° 00. :
z2 ® % .
‘g i
E 50,000 4 II o o
£ ' ;
2 0 {
[ 20 40 60 80 100 120 |
Conversion (wt%) ;
E
|
Figure C-14  BA-MMA 10/45 23% Toluene Molecular Weight Profile At 115 °C
250,000
2 200000 ¢ a
3 s "= o 2 "% ae
2g
SE 150,000 1
£5 10000/ ¢ T e e o0
zz
2
P (= =]
£
2
0
0 20 20 60 80 100 120
Conversion (wt')

Figure C-15

BA-MMA 79/180 23% Toluene Molecular Weight Profile At 90 °C

137



138

120

100 4 i
80 +

60 +

Converslon (wt%)

40 + g 1045S30T90 Data

20 +

0 200 400 600 800 1000 1200 1400
Time (min) :

Figure C-16 BA-MMA 10/45 30% Toluene Conversion Profile At 90 °C

120

|

i 100 + i —h

!

i = 80 ¢

)

i B _
S 60 |
| |
z semhreme£C1045S30T115 15t run Data :
S 40 : i

T e C 10455307115 2nd run Data ; ;

i

[

20 + !
0 ; ‘ : |
0 50 100 150 200 250 300 350 400 450 ‘
Time (min) f

Figure C-17 BA-MMA 10/45 30% Toluene Conversion Profile At 115 °C



139

120

100 +

[}
=]
t

Conversion (wt%)
[o2]
o

40 =gy (C79180S30T90 Data
20§ :
0 _ : 3
0 200 400 600 800 1000 1200 1400

Time (min)

Figure C-18 BA-MMA 79/180 30% Toluene Conversion Profile At 90 °C

0.16 i
i
0.14 4
0.12
R _”M._.—/
0.10 ===
1
& 0.08 {
006 4 Reactivity Ratios* &  FC1045S30T50 Data
Using Arrhenius Expression from i
0.04 Low ConversionData | ce-e-as Terminal Model (Using -
T raa = 0.25457 Reactivity Ratios*) ;
uma = 1.4308 Terminal Model
0.02 +
3 0.00
' 0 20 40 60 80 100 120

Conversion (Percent) |

Figure C-19 BA-MMA 10/45 30% Toluene Composition Profile At 90 °C



140

0.20
0.18 1+
0.16 4
0.14 4
0.12 4 ]
B 010 - :
0.08 + i &  FirstRun
0.06 } Reactivity Ratios* 4 Ru
Using Arrhenius Expression from } W Second Run
0.04 + Low Conversion Data ‘ ------ Terminal Mode! (Using Reactivity
rea = 0.3216 ! Ratios")
0.02 4 fuma = 1.4547 L Terminal Model
0.00 : i
0 20 40 60 80 100 120
Conversion (wt%) |
'

Figure C-20

BA-MMA 10/45 30% Toluene Composition Profile At 115 °C

0.50

0.45 |

Fea

i 0.20 1

0.40
0.35
0.30 4
0.25 1

0.15
0.10 1

0.05 -

0.00

i Reactivity Ratios” ¢  FC79180S30TS0Data |
Using Arrhenius Expression from Terminal Model (Usi :
- Low ConversionData | 7777 R?cﬁty Ratios(') e i ,
rea = 0.25457 Terminal Model i !
i fMMA = 1.4308 : i
]
0 20 40 60 80 100 120
|
Conversion (wt%) :

Figure C-21

BA-MMA 79/180 30% Toluene Composition Profile At 90 °C



141

» 250,000

=4

=2

D

=

8 200,00C + = - n

§ (] ] = | s

2 | [}

= . | 1

o 150,000 .

ge . . ® . i

POt 100,000 + L4 |

= H

o2 & :

(3 i

= :

e e

H 50,000 oMn sMw i

g !

2 i

[5 :

= I

= 0 |
0 20 40 60 80 100 120 ¢

Conversion (%) :

Figure C-22 BA-MMA 10/45 23% Toluene Molecular Weight Profile At 90 °C

P 160,000
=
k= ‘
2 140,000 + ;
E a [ -
(-3 1
35 i ] a s :
3 120000 -‘ {
3 i
£ 100,000 } g
B ¢
§ E 80,000 { . * . ‘ i
<< °* i
E 60,000 + i
= !
o i

i £ 40000 | '

I8 oMn aMw |
5 20,000 | :
-]
5
z o]

: 0 20 40 60 80 100 120

Converslon (%)

Figure C-23  BA-MMA 10/45 23% Toluene Molecular Weight Profile At 115 °C
(1°* Run)



142

L) 140,000
=

K=

[

= 120,000
;

2

o 100,000
[}

S

k-]

@ . 80,000
=]

s £

<2 60,000
=

=]

2 40,000 |
k-4

=

<

= 20,000
L

€

=1

z 0

[}
1
R . I i
s a
| a2
i
H
|
+ i
g i
I ¢ s
®
1 oMn BMw
o 20 40 60 80 100 120

Converslon (%)

Figure C-24  BA-MMA 10/45 23% Toluene Molecular Weight Profile At 115 °C

d
(2" Run)
|
n 160,000
=)
2 s
2 140,000 4 S a
z n
| B
i B 120000} = = s ®
-3
s
. T 100000 } .
. oF o ¢
1 £ E 80000t . TS ® PY
. 2 ¢
I 2 60,000+
-
H ©
2 400001}
:“: oMn BMw i
3 20,000
€
=3
z 0
0 20 40 60 80 100 120
Conversion (%)

Figure C-25 BA-MMA 79/180 23% Toluene Molecular Weight Profile At 90 °C



Appendix D

Full Conversion
Experimental Data



143

LELEYL0 25’16 0€9 85000 £540°0 818/¥1°0
89€'9V2 ogy'ecl 2812510 95°26 g9y 85000 £5+0°0 818.¥1L°0
29¢e'v¥e £6L'ccl ZLoviio A Sob 85000 £540°0 8L8.¥10
veL'sel £00'L6 9/L104'0 82'GS GGe 85000 £540°0 8i8.¥1'0
059'202 16¥'201 ¥¥8880'0 ev'el gee 85000 £5+0°0 818.1'0
Ge6'lel gL1'001 000680'0 ¥1'09 082 86000 £640'0 8L8.¥1'0
296'v61 606'80} £88480°0 LY've 052 85000 €500 818.¥1°0
GLy'961 Le'zol 268580'0 80°0¢ 022 86000 €6¥0'0 818.¥1'0
16€'081 181'96 ¥69.10°0 88'6Z Ggl 85000 £640'0 818.¥1'0

81£¥80'0 £0'€2 091 85000 €50'0 8i8.¥1°0
6v.'v02 Gel'sit L€¥280'0 9z'sl 00l 85000 £G640°0 818.¥1'0
205'88l L6¥'201 6896.0'0 19'9 ov 8500°0 £5v0'0 818.¥1'0
(lowB) (towy6) (% M) (ujw) (ow) (iow) s9Y MaN 06

"W ‘W ve 4 Uojs18AU0D awiy (Wan) [v.iol [g ‘Bull vd "oel ooy pea4

S}INSay MaN

o 06 3& suny jing Gy/01 uoisiaAuoy jind YININ-vE 1-a djqel



144

lbo'oez  0bS'/2L 6LYEYY0 ¥8'16 09¢ 85000 19000 1€06EY°0
¥5.'68¢2 Lvl'zsl OEEVLY'0 LY'S6 ove 85000 1900°0 LE06EY'0
v£8'882  265'691 GLIELY'O 6b'€6 (1[4 85000 19000 1E06EY'0
682'v.2  L¥O'vOlL 28zLob'0 G6'88 081 85000 19000 LE0BEY'0
gee'sye  628'6EL 8YYeSE0 £1'6L 0S1 85000 1900°0 LEOBEY'0
L0e'06e2  beg'acl L1YZ58€0 G9'L9 o€l 85000 19000 LE0BEY'0
091'262  822'0Sl 986/2€°0 8e'¥S oLt 85000 19000 LE06EY'0
121'88C  196'LL1 18061€0 ev'ey 06 85000 1900°0 LE06EYV'0
€bG'20€  90L'981 LL9Y0€"0 0.'2¢ 0L 8500°0 19000 LE0BEY'0
602'60€ 20118} 25be0e0 ov've 0S 85000 19000 LE06EY0
189'00€  692'/8l 918062'0 65°2L G2 8500°0 1900°0 LE06EY'0
(1owyB) (lowy6) (% M) (uw) (nows) (1now) sy MON GL|
"W ‘W ve d uojs19Au0) awiL (wan) [v.ol [a Bu1l Ve el 8joly peaj

s)jnsay MaN

Qo Sl JE suny ying 081/6.L UoisIdAUO) |ind VINN-VE ¢-d djqel



145

064'002
£92'86.
1¥8'081
ZLL'0LL
825'¢61
$09'G61
Li'eLl
191'202
85b' 181
266'081
(1ou/B)
uw

1L9g'0E )
yi0'zzl
y0Z'0LL
£68'201
9eg'L2l
855'021
6.8'011
G/9'12tL
100011
01011
(1owy/B)
MmN

20€e8eL’0
9e8eYL’0
2692¢1°0
LLLLVLO
12274 N
8€8880°0
veLioLo
695280°0
¢80060°0
L06LLL'0

va d

99'66
lY'86
02'96
29'L6
Go'L8
0e'v9
eeLy
€9've
Le'82
0L'L}

(% ™)

UO]SI2AU0D

00cl
066
oiLg8
yxdA
009
£6¢
09¢
0/¢
08i

06
(uyw)
awy),

0900°0
0900°0
09000
0900°0
0900°0
0900°0
09000
0900°0
0900°0
09000
(11ow)
(wan) [v.ol

S}INSay MaN

0S¥0'0
0S¥0'0
0S$0'0
0S¥0°0
0500
0S¥0'0
05¥0'0
0S¥0'0
05¥0'0
05¥0°0
(1iow)
[a ‘Bull

v6.8¥1°0
v6.8v1°0
v6.8¥1°0
¥6.8v1°0
$6.8¥1°0
$6.8v1°0
v6.8v1°0
¥6.8v1°0
v6.8v1°0
v6.8¥1°0
vg ‘oeld
ajoN poa4

Do 06 18 suny [0] %ET SP/0| UoisisAuo) [In4 VINN-vE €-d 3iqel



146

£68'vvl 958'L8 29.551'0 0,86 Syl 0900°0 8500'0 TL8LYLO
968'6G1 285'v6 9¢.ivei'o pe'G6 09¢ 09000 85000 cl8.lYL0
626'8v1 16L'v8 185Z1°0 £26'88 ove 0900°0 8500'0 2.8.¥1'0
Liv'evl 8hl've GEYOEL'O 19'68 AR 09000 8G600'0 cl8lvL'0
268'c81  9£6'G0L 1111110 vZ's8 68z 09000 8500°0 AL IRANY
116'v61 G66'9L1 evLioLo 09'6. GGe 09000 8G00'0 ¢l8.ly1L°0
££6'€9} 181'26 Sb6S0L°0 9,01 Géc 09000 8G00°0 [AX TA AN ]
Gi¥'LLL v10'601 €.v160°0 68°9G 081 09000 8G00°0 ci8ivl0
€6L'vLL L19'etl 655260'0 09ty L€} 09000 8500°0 28110
/GE'69L  0ES'E0l 2800600 L0'LE 06 0900°0 8500°0 z/8lY1°0
80’04}  896'S0} 1¥£980°0 9122 19 09000 85000 2.8.Y1'0
80v'0LL  959'¥0l 0£8€80°0 1G'el 0€ 0900'0 8500'0 Z181¥1°0
(1ow/B) (1ouwyB) (% “Im) (ujw) (iow) (1now) soy MaN 06
up M ve 4 UOJSIBAU0D awy) (Wan) [v.19l [a ‘Bl V4§ "oeld 8|0 pea

S}{NSay MaN

Do Sl Je suny [0] %EZ GY/01 UolisidAuo) |ind YINN-VE t-a diqel



147

185'921)
1G6'¥61
185'081
£62'08}
£09'9/1
619'881
zLL'o8
0b6'921
¥29'L.1
69v'281
¥GL's8L
rAYAIIA)
(1owyB)
uw

9lz'1ol
626'LLL
1GL'501
692'v01
102'G0L
108011
g6lcLi
ovl'l0)
192'901
624'801
gez'ell
009'604
(low)B)
MmN

18082¥'0
122118440
9v6eey'0
250¥0¥'0
vE186€°0
1502.€°0
L19EvE0
18216€'0
80¥82¢°0
9€1€0€0
01200€'0
6£€0.2°0

va d

11°86
12’16
S.'v6
16'88
vZ'18
€118
90'p.
G6'G9
92'9g
VZ'sy
85'8E
c6've
(% W)
UoISIdAu0D

G8L1
0051
0LL1
/8
o)
059
0bS
08y
ocy
OEE
0.2
0S4
(uw)
aun g

09000
09000
09000
09000
09000
09000
09000
09000
0900°0
09000
09000
09000
(1iow)

(WaNn) [v.io]

S)INSay MaN

05¥0'0
0540°0
0Sv0°0
05¥0'0
05¥0'0
05¥0'0
0S¥0°'0
0sv0'0
0S¥0°0
05¥0°0
0st0'0
0S¥0°0
(1iow)
[a ‘Buyl

vZ68EY'0
$268eY'0
¥268eY°0
$268EY'0
vZ68EY'0
¥268EY'0
$268EY'0
ve68er'0
$268EY°0
v268EY'0
¥268eY'0
v268eY'0
S8y MBN GL|
Ve 'Jeld sjo| pooy

Jo 06 18 suny 101 %EZ 081/6.1 UOISIBAUO) |Ind VININ-VE S-d @lqeL



148

65€'sLi
686'091
9€9'281
68L'vLL
90'v81
€09'102
£/8'981
Llg'lel
¥G2'26l
6v2'v02
1GL'v81
SL0'v8L
(1owB)
U

6.5'v01
€0'941
LL6'LLL
029'¢Lt
rAZR:TA)
08€'9€ 1
0st'12l
Zh9'v8
625'sZl
199'0v1
LIG'LLL
620'121
(1owyB)
MR

169¢¢1°0
SEYoEL'0
s9¢ielo
9evsLL'0
092viLo
G¥6501°0
£69860'0
6952600
1¥€980°0
1¥€980°0
695¢80°0
S0€180°0

va d

06'S6
6526
1£°68
l6'18
b8 Ll
68'89
80'65
08'8Y
98've
Lr'se
St'zl
16'6
(% ")
UO|SI9AUO0)

08i1
0001
o¥6
GG8
ShL
019
0€S
0S¥
00€
502
ogl
0.
(ujw)
auil|

09000
0900°0
09000
09000
09000
09000
0900'0
0900°0
09000
09000
09000
09000
(inow)
(WaNn) [v1ol

s}insay MaN

1S¥0°0
1S$0°0

LS$00

L5¥0°0

LG¥0'0

LS¥0°0

LS¥0'0

LS¥0°0

LS¥0°0

1S%0°0

LS¥0°0

15900

(Inow)

(g Buil

ce6LYL'0
CEBLYLO
2e6LYL'0
ce6Lyl’0
ce6LYL'0
TANTA ANV
ce6Lylo
[AXTA4 A
FAXTAAN Y]
(A% VA4
2e6LPL°0
2e6Lyi0
SOy MOIN
vg "oeld 8jo|y pead

0, 06 ¥& SuNy [0] %0€ S¥/01 UOISI2AUOD [IN] VININ-VE 9- dlqeL



149

2Le'sLL 096'.S LE00EY'0 28'96 clel 0900'0 0S¥0'0 2068E¥°0
99.'6€1 GGe'L6 929¥2¥'0 £6'G6 0.04 09000 05400 2068E4'0
166'GYL ¥02'L6 LE00EY'0 €E'v6 0.6 0900°0 0S¥0'0 2068E4°0
220'eel GGh'8.L 995040 9Z'L6 088 09000 05400 2068EY°0
229'.8 881'8¢ G0PS6E°0 GL'l8 0€8 09000 05400 2068€H°0
180'ebL LLz'es 09.66€'0 v1'68 16 0900°0 05400 2068EH°0
88p'cZ) £v6'v. 92Z19€'0 66'6. 0.9 09000 05400 2068EY'0
TANGIAR 626'18 0.955€'0 69'L2 086 0900°0 05+0'0 2068€4'0
162'221 v19'6. v1€S0€°0 6G'LS 0.€ 0900°0 0S¥0°0 2068EY'0
Lyb'eel 690'G. 6L06.2°0 G0'6€ 0.2 0900'0 05¥0°0 2068€Y°0
669'8L 1 851'LL G10682°0 0£'82 061 0900'0 05$0°0 2068EY'0
6£0'92) 966'92 9€6.92'0 0L'GL 08 09000 05¥0'0 Z068€Y'0
(1owyB) (low/B)  say maN GLL (% W) (ugw) (‘ow) (ow) S9Y MON GLI
upn MN va 4 UojSiaAu0D aw)) (wan) [v.Lol [a ‘Bl vd 'oely 9oy peod

s}insSay MaN

o 06 3& Suny |01 %0€ 08L/6. UOISIdAUO] |IN4 VINN-VE .- dlqel



150

yov'1gL £62'€L 9e8eYL'0 12’66 ozh 09000 LS¥0'0 9..8Y1°0
L6¥'szlL S68'0L L1201 06'66 0S¢ 0900°0 LS5¥0'0 9..8Y1°0
z01'12l 250'8L 28£0G1°0 86'86 00€ 09000 LS¥0'0 9..8v1°0
L22'21L 655'69 8Y6YEL'0 16'86 0.2 09000 LS¥0°0 9//8v1°0
ZLL'6L oLv'oL YE6YYL'0 Zv'86 ove 0900°0 LS¥0'0 9..8v1°0
8hy'LLL zee'el ZeLivi'o 18'L6 (14 09000 LS¥0'0 91810
0v0'sLL 229'0L 20EBEL'0 0b'S6 o8l 09000 LS¥0'0 9.18v1°0
sie'eet 96¥'S. 6626240 95'26 0SL 0900°0 LSY0'0 9./8%L'0
£68'6Z) 0s1'8L 9z.¥2L'0 09’18 0zl 0900°0 LS¥0'0 9.18¥1°0
099'c2Z} ¥82'64 £¥120L°0 £0'89 06 09000 1S5¥0°0 9..8%1°0
1G1'eel obL'v8 1€£€801°0 vL'6y 09 0900'0 LS¥0'0 9./8YL°0
8/8'vEl abe'eg 0166600 9.'92 0€ 0900'0 LS¥0'0 9./8¥1'0
(1owyB) (low;B)  (uopoesgejow) (% ™) (upw) (1ow) (now) sey MoN 06
un M ve 4 Uo|SIaAU0D o) (Wan) [v.o] [g Buil v "oel4 8o poo4

S}INS9y MaN

(uny 3s414) 9, GLL 18 SUNY |01 %0E GY/0L UOISIBAUOD [INd VININ-VE 8-d 8lgeL



151

¥4 WAN 02219 SL¥6EL0 66'86 662 09000 LG5v0'0 1 Z286L1°0
£v6'LZ) 112'29 6909€}'0 10’66 (124 09000 LG¥0'0 266.¥1°0
r AR tey'es 8626210 ¥1'66 e 03000 L3500 FANTA T
680'glLL v10'¥9 66262L'0 20'v6 €61 09000 LS¥0'0 2E6LP1°0
9€G'LElL oby'cl 005221'0 Gg'/8 L 09000 LS¥0°0 Ze6.P1°0
992'v01 16€'15 825601°0 08’1 06 0900'0 LS5¥0'0 Ze6LYL'0
8e€'604 268'€9 £p68L1°0 rAA1 4 g 09000 1S¥0°0 2E6L11°0
69€'26 S9%'05 yEECOL'0 11°2¢ Ge 0900°'0 LS+0°0 oe6.Lv1L0
(1owyB) (lowyB)  (uopoeigsjow) (% ‘m) (ujw) (Inow) (1now) soy maN 06
up M veg 4 UO[SI8AUOD awy] (WaN) [v19] [a ‘Buy] v oel4 9|o| poed

S}INS9y MaN

(uny puodag)
Do GL1 Je suny |01 %0€ G/0L UoIsIdAuo) jind YININ-VE 6-d @lgel



Appendix E

Depropagation Kinetics
Modeling Figures
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Figure E-3

BA-MMA Bulk Model Composition Profiles at 100 °C

152



153

12
10}
08§
< o6}
@
L. ;
i
04 MMA/BA Bulk (T = 120°C)
e Fi
Model (Mayo-Lewis) ;
o2fy e |eesses Model (D2)
0.0
0.0 0.1 0.2 03 04 05 06 07 08 09 1.0
faa
Figure E-4 BA-MMA Bulk Model Composition Profiles at 120 °C
!
08
o7 { ;
o6}
os }
< 041
[++]
w
03}
R4 MMA/BA Bulk (T = 140°C)
i /
: 02 ¢ ,’/ : ® F1
i Prad | Model (Mayo-Lewis) | ,
: o1 Jag { = = = -Model (D2) ! ;
I . X
i
0 |
0 0.1 02 03 04 05 06 07 0.8 0.9 1 !
faa !

Figure E-5

BA-MMA Bulk Model Composition Profiles at 140 °C
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