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ABSTRACT

An effective model for the bulk, solution and
suspension copolymerization of styrene/divinylbenzene
(DVB) has been developed. Its effectiveness is understood
as a compromise between sound theoretical basis and
simple mathematical structure, which makes possible the
solution of its governing equations using conventional
computational tools.

To build the model a comprehensive analysis of
the elementary reactions and restrictions caused by the
physical environment imposed by the growing polymer was
made. The main issues considered in the model are:
diffusion-controlled initiation, propagation and
bimolecular termination reactions; different reactivities
of double bonds; effect of solvent, chain transfer agent,
inhibitor, type of crosslinker (m-DVB, p-DVB or mixtures
of both), type of initiator; as well as crosslinking and
primary-secondary cyclization reactions.

In building the model, it was necessary to review
and improve the conventional theory of diffusion-
controlled free radical polymerization kinetics.
Important contributions in this area came out as a
result. Among those contributions, the most important
are: the demonstration that using a "parallel" approach
for modelling effective kinetic constants which are
"diffusion-controlled" (widely used in this field) is
incorrect, the proposal of an effective way to calculate
molecular weight averages, and the proposal of a model
for calculation of non-equilibrium free volume.

By performing a detailed compilation and analysis
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of experimental information available in the literature,
all our objectives could be satisfactorily accomplished
without having to perform additional experiments. Most of
the experimental data and model predictions are in
excellent agreement for pre and post-gelation periods.
However, it is recognised that the real behavior of the
polymerizing system is so complex (even the experimental
techniques for characterization of network polymers are
still in the development stage), that the model developed
herein must be considered as a first realistic
approximation to the real situation. Some guidelines for
the improvement of this model (mostly associated to
secondary cyclization) and preliminary qualitative
calculations associated to these modifications have been

given.
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NOMENCLATURE

For Chapter 2

A Overlap factor in the MH (also referred as Ay)
or the PM models to account for the fact that
the same free volume is available to several
molecules and also for separation once the
molecules are together, in translational
termination by combination.

A(T) Free volume parameter in the CCS model. Defined
by equation (15).

AIBN 2,2'-azobis(isobutyronitrile) (initiator).

AK Achilias-Kiparissides model.

a Parameter used in the AK model which accounts

seg

for the relative importance of translational
and rotational diffusion coefficients of
polymer molecules.

B Overlap factor in diffusion/separation of
monomer molecules in a polymeric solution (used
in the PM model).

B(T) Free volume parameter in the CCS model. Defined
by equation (16).

B, Overlap factor in the "approach" of a monomer
molecule to a polymer radical.

B, "Free parameter"” in the Fujita free volume
theory (it may depend on the motional modes of
the diffusing unit).

B, Overlap factor for free volume dependence in
calculation of relaxation time for non-
equilibrium free volume estimation.

B, Overlap factor in the "separation" of a monomer
molecule from a polymer radical.
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CCs

EVM

Chiu-Carratt-Soong model. CCSA is used in the
case where 0, is negligible and CCSB when
this parameter is considered in the model.

Proportionality factor to account for reaction-
diffusion termination kinetic constant in the
AK, MH (modified) and PM models, 1 mol-.

Overlap factor for diffusion/separation of
initaitor fragments. Used in the PM model.

Diffusion coefficient of initiator fragments in
the reacting medium (subscript "0" at x=0),
cm? si.

Diffusion coefficient of monomer in the
reacting medium (subscript "0" at x=0), cm? s,

Diffusion coefficient of polymer in the
reacting medium (subscript "0" at x=0), cm? s-1.

Diffusion coefficient for approach of a ?olymer
radical to another polymer radical, cm® s,

Effective diffusion coefficient of the polymer,
cm? s,

Diffusion coefficient for separation of
polymer radicals from each other, cm? s-l.

Energy associated to the monomer to overcome
the attractive forces from neighboring
molecules, cal/mol.

Same as E,, but related to the case when the
monomer molecule approaches a polymer radical
molecule, cal/mol.

Same as E,, but related to the case when the
monomer molecule separates from a polymer
radical segment next to it, cal/mol.

Energy associated to a polymer segment to
overcome the attractive forces from neighboring
molecules, cal/mol.

"Error in variables method". Used for non-
linear multivariate parameter estimation.

XXv



fo

Fleg

Il

I,

[1]
IPM

jal jco

Kll

Initiator efficiency (as a function of
conversion).

Initial initiator efficiency.

Parameter to account for the probability that
two radicals react when their active centers
come into close proximity.

Initiator (it may also be used as initiator
concentration).

Species formed from recombination of initiator
fragments (it may also refer to its
concentration).

Initial initiator concentration, mol/1l
Initiator concentration, mol/l.
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CHAPTER 1
GENERAL INTRODUCTION

BACKGROUND AND OVERVIEW

Polymers have been known and used for several
hundred years. The first sources of polymers known by men
were natural resins obtained from certain trees. As time
elapsed, these polymers had to be modified in order to
diversify their use. Semi-synthetic polymers had been
born. The first semi-synthetic material, vulcanized
rubber, was discovered by Charles Goodyear in 1838. In
1900, Dr. L.H. Baekelan discovered bakelite, the first
synthetic material, which was produced when phenol and
formaldehyde were combined. During the twentieth century
the polymer industry has grown tremendously. Traditional
materials such as glass, wood and many metals have been
displaced by polymers in many applications [1].

Despite the criticism from environmentalists, the
worldwide production of synthetic polymers continues to
grow. Polymer waste has become an urgent topic for
industry, providing new and challenging areas for
research and development on recycling, reuse and
degradation. The technical principles of polymer reaction
engineering will no doubt play a significant role in the
solution of some of these problems [2].

Every professional in the polymer industry, and
more generally in the chemical industry, has a high
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degree of complicity and moral responsibility for the
proper (or improper) and rational (or irrational) way in
which natural resources are transformed and the effects
these transformation processes have on nature (human and
non-human lives, as well as the environment). Therefore,
no matter what our activities are (synthesis, design,
operation, optimization, control, etc.) or where they are
being developed (industry, government or academia), there
is a great responsibilty that must be faced and
undertaken carefully.

Since 1980, modelling of polymerization reactors
has become more comprehensive. Interest has focused on
the prediction of polymer properties (chemical
composition and molecular mass distribution, long-chain
branching, cross-link density, polymer particle size
distribution and particle morphology). To develop a
predictive model, account must be taken of the chemistry
and physics of all of the relevant microscopic processes
which occur in the polymerization process. Detailed
physical property and thermodynamic data on the
partitioning of species among phases 1is required to
quantitatively calculate the concentrations of reactants
at the loci of polymerization [2].

The free radical copolymerization of vinyl and
divinyl monomers, and in general any kind of
(co)polymerization leading to a polymer network, is
important in technology, medicine, biotechnology, and
agriculture (as construction materials, polymer glasses
with high mechanical strength and high thermal stability,
rubbers, ion-exchange resins and sorbents, immobilizing
media for the stabilization of natural and synthetic
catalysts, insoluble polymer reagents which are used, for
instance, in peptide synthesis, therapeutic preparations
based on modified enzymes, hydrogels with a high degree
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of swelling, etc.). On the other hand, crosslinked
polymer systems serve to develop new promising trends in
the investigation of chemical, physical, physicochemical,
and mechanical properties of polymers [3].

The use of the terms vinyl and divinyl here is
not according to their strict definitions. Here, a vinyl
monomer is defined as a monomer with a single reactive
double bond (a double bond which will readily add to a
radical center) and a divinyl monomer is a monomer which
has two such double bonds [2].

The main features of the topological structure of
crosslinked polymers are related to the number of
crosslinking bridges (or crosslinkages) ' their
structure, arrangement (between the units of one polymer
chain or between different chains), the size of rings
which they close, and the distribution of fragments of
different types in the polymer system. Hence, it is of
particular interest to study the molecular mechanisms for
the formation of crosslinking bridges, to investigate the
factors affecting the formation of the topological
structure of crosslinked polymers when different methods
of preparation are used, and to develop new paths and
procedures for their synthesis that make it possible to
control the structure of the polymer system [3].

Two main groups of methods are used for the
preparation of polymer systems with covalent bridge
bonds: a) the synthesis of crosslinked polymers from low
molecular weight compounds (on the basis of
copolymerization or copolycondensation with the
participation of polyfunctional compounds), and b)
crosslinking of linear polymer chains [3]. In this thesis
only free radical copolymerization of mono- and divinyl
compounds will be considered.

The experimental investigation of the formation
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and structure of insoluble crosslinked polymers is a very
complex problem. Once the system has reached the
insoluble state, the application of many analytical
methods becomes impossible. The use of some experimental
methods applied to the study of polymers in the solid
state is complicated, and the interpretation of data
obtained with their aid is difficult. The analysis of
some parameters of the topological structure of insoluble
crosslinked polymers based on the relationships between
certain physical properties and structural
characteristics of these systems (e.g., on the basis of
the dependence of the degree of swelling on the density
of junctions of ideal systems proposed by Flory) is of an
approximate, tentative character. Certain information
about the structure of the crosslinked polymer may be
obtained if the polymer system is investigated in that
stage of formation when not all of the polymer has passed
into the insoluble state. In fact, the quantity of the
soluble polymer part (sol fraction) in a certain reaction
stage and its structure (which may be studied by various
analytical methods for polymer solution properties) are
related to the peculiarities of a given process of the
formation of a crosslinked polymer. However, the
quantitative isolation of the sol fraction with the
retention of a fixed degree of transformation of
functional groups is a relatively complex problem. Any
conclusion about the structure of the insoluble part of
the polymer system (gel fraction) on the basis of an
analysis of the sol fraction is usually not sufficiently
rigorous. The investigation of the reactions of bridge
bond formation on the level of completely soluble polymer
systems (usually used to study these complex systems)
also involves some experimental difficulties. One of the
main difficulties is that the formation of the insoluble
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fraction in a polymer system is probably already
proceeding when the content of interchain crosslinking
bridges is still very low and comparable to that of
linear components in the polymer being formed. Hence, in
order to obtain direct quantitative information about the
formation process of soluble polymer structures with
bridge bonds and the relationships to the formation of
crosslinking bonds, it is necessary to develop and apply
special samples and highly sensitive methods of
investigation [3].

The copolymerization of mono- and divinyl (or
polyvinyl) monomers is a traditional method for the
preparation of crosslinked polymers. The formation of
each crosslinking bridge results from two succesive
reactions, as show in Figure A [3]:

II INTRA
)

( ° ° IT INTER
I

m e :I: —

Figure A. Schematic representation of intra- and inter-
chain reactions.



6

First, the interaction of the growing macroradical with
one of the vinyl groups of the divinyl monomer gives a
growing chain with a "pendant" vinyl group (structure I
in Fiqure A). Then the reaction of I with the active end
of "its own" or "foreign" growing chain leads to the
formation of a bridge bond (intrachain bond of the type
II,... Or interchain bond of the type II,.., respectively).
The features of this process indicate that the character
of crosslinking bond distribution in the resulting
polymer system is determined to a considerable extent by
the first of the two successive reactions, i.e., it
depends on the distribution of structures of type I. The
degree of competition of the second reaction determines
the quantitative ratio of structures I to II in the
polymer, and its direction determines the fractions of
intra- and interchain crosslinks (cyclization and
crosslinking densities, respectively) in the total number
of crosslinking bridges (II,. + II.w.). Since under the
usual conditions of free radical polymerization it is
almost never possible to involve all double bonds (I)
linked to polymer chains into the reaction, the structure
of the polymer formed in the copolymerization may be
represented by the structure shown in Figure A.

Hence, the molecular-topological structure of the
crosslinked (co)polymer depends on the number of
crosslinking bridges (II) and "pendant” double bonds (I),
the ratio of intra-~ and interchain crosslinks (II,.. and
IX,.) and their distribution in the polymer, as well as
on the molecular weight characteristics of linear chains
bonded by bridges into a single polymer system. The
determination of the parameters that characterize the
molecular-topological structure of crosslinked polymers
is a very important problem because many properties of
crosslinked polymers depend on them. The peculiarities of



the molecular-topological structure of crosslinked
polymers are related to the chemical structure of initial
monomers, their ratio, and the copolymerization
conditions (monomer conversion, the concentration and
thermodynamic quality of the solvent, and initiator
concentration) [3].

The parameters of the molecular-topological
structure of the crosslinked polymer (number and
distribution of interchain crosslinking bridges and
molecular weight characteristics of linear components)
also determine other important properties of crosslinked
copolymers, such as solubility. According to this
property, the formation of the insoluble crosslinked
polymer may be divided into two stages. In the first
stage, a soluble polymer is formed. It contains pendant
vinyl groups and a certain number of crosslinking bridges
(of the I1I,,.. and II,.. types). Then, with an increasing
number of II,.. in the reaction system, an insoluble
polymer network is formed. The moment of the appearance
of the insoluble fraction (gel fraction) is usually
characterized by the corresponding conversion (gel
formation point) or the reaction time during which this
conversion is attained (gelation time).

Determination of all the parameters that
characterize the molecular-topological structure of an
insoluble crosslinked polymer is a very complex
experimental problem that has not yet been solved. By
using direct methods it was possible to determine only
some characteristics, such as the molecular weight of the
linear components of the crosslinked polymer and the
content of pendant double bonds. Hence, investigation of
-the formation process and the main features of the
topological structure of the crosslinked polymer in the
pre-gel stage, in which the polymer system is still
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completely soluble, is of particular interest. However,
in the copolymerization of mono- and divinyl monomers,
the insoluble fraction is already formed when the content
of crosslinking bridges is very small. In the most common
case, the gelation moment shifts toward higher
conversions (or is not observed at all) both when the
number of effective interchain crosslinks decreases and
when the molecular weight of the linear components
decreases. Hence, in order to study the formation of a
soluble polymer with bridge bonds, methodological
approaches (or their combinations) are used that make it
possible to decrease the content of interchain bridges
and/or to decrease the molecular weight of 1linear
components [3].

A direct result of the diffusion-controlled
reactions (termination, propagation and even initiation)
in crosslinking systems is the enhanced auto-acceleration
in polymerization rate. The "gel" effect (Trommsdorff
effect) due to physical entanglement of polymer chains is
coupled with the gelation effect due to chemical
crosslinking (and cyclization). With a high level of
divinyl monomer, auto-acceleration can start at the very
beginning of polymerization in almost pure monomer. When
a three dimensional network is formed, those reacting
species chemically bound to network structures such as
pendant double bonds and free radical centres have
extremely small diffusion coefficients. The so-called
"shielding" effect can significantly suppress their
reactivities to .such an extent that they may be
considered actually trapped. The trapping phenomenon
strongly affects polymerization kinetics, and the latter
is mainly responsible for the build-up of polymer chain
structures affecting, in turn, the polymer properties

[4].
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It has been widely accepted that the diffusional
limitations in most of the kinetic rate constants for
elementary reactions in free radical polymerizations with
crosslinking are not really constant (i.e., only
temperature dependent) and may change by several orders
of magnitude during the course of polymerization. These
rate constants are the basis for the prediction of
reaction behavior and polymer chain properties [4].

As a result of the comprehensive study on the
mechanisms and kinetics of free radical polymerization
with crosslinking launched by the "McMaster Institute for
Polymer Production Technology" (MIPPT), aimed at
providing a better understanding of the molecular
processes involved in polymer network formation for
better control of network structures, two detailed and
excellent treatments were developed [4,5]. With these
theoretical and experimental kinetic modelling studies,
adequate prediction of trends and main features taking
place in vinyl/divinyl copolymerization systems were
possible to obtain. However, although theoretically
meaningful, those models were not useful to perform
practical calculations with adequate predictive power. A
natural next step was missing. The present research was
designed to fulfil and complement that previous work.

OBJECTIVES OF THE RESEARCH

The main goal of this Master of Engineering
Thesis is to develop and test an effective model for free
radical copolymerization kinetics of vinyl/divinyl
monomers. "Effectiveness" is understood as a compromise
between simplicity and sound theoretical background. The
measure of this effectiveness will be the adequacy of the
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model to predict the behavior of actual systems under a
wide variation of conditions, inside and outside the
range of variation of conditions used in the parameter
estimation stage.

To accomplish our goal, several secondary
objectives were established:

1) Perform a comprehensive and critical review of
existent theoretical models.

2) Select, modify or propose séecific models for the
main phenomena associated to this kind of
copolymerization (diffusion-controlled initiation,
propagation and termination, as well as primary and
secondary cyclization reactions).

3) Develop a computer program for solution of the model
equations.
4) Estimate all parameters needed in the model, using

statistically acceptable techniques and proper
experimental information.

5) Test the performance and effectiveness of the model,
using experimental conditions inside and outside the
experimental range used in the parameter estimation
stage.

For each one of the previous objectives a series
of specific activities were established. An overall
Project Timing Chart was defined and the planned
activities and times for their execution were followed as
close to as possible (changes of activities, scope of the
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thesis and delays were detected early, so that adequate
measures were taken, when needed, without affecting the
overall goal of the thesis).

OUTLINE OF THE THESIS

This thesis is integrated by two general research
projects which were written to be published in a journal
("Polymer Reaction Engineering”). Therefore, each project
has its own structure, objectives and conclusions.
However, they are interlinked (one is the detailed
derivation of important models used in the second). This
is further clarified below.

] Chapter 1 offers the definition and physical-
theoretical context of the system being studied (free
radical copolymerization of styrene/divinylbenzene). It
therefore gives a physical picture of the system and
emphasizes the challenges and present situation of the
experimental and theoretical analysis of such system. The
main goal of the Thesis and particular objectives aimed
at accomplishing that goal are defined. The structure of
the thesis is also given in this chapter.

Chapter 2 is devoted to the derivation of
effective models for calculation of diffusion-controlled
elementary reactions (termination, propagation and
initiation). To build these models a comprehensive and
objective analysis of the two most popular models
available in the literature is undertaken. Important
theoretical results are obtained from this comparison and
a new model, more powerful and simpler than those
analysed, is proposed and extensively tested using bulk
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and solution styrene homopolymerization data. This
chapter is presented as it was submitted to "Polymer
Reaction Engineering". In the preparation of this paper
the specific contributions of each author are detailed
below (in partial fulfilment of the School of Graduate
Studies requirements for this kind of Thesis format,
namely compilation of technical papers written as result
of the M.Eng. research project):

2.a) Mr. E. Vivaldo-Lima selected the models to be
analysed, performed their theoretical and
performance comparison and proposed that the
"parallel” approach, widely used in modelling
effective kinetic constants in this context, is
inadequate. He also developed and tested the new
model. The computer programs for simulation and non-
linear regression were designed, coded and tested by
him.

2.b) Dr. A.E. Hamielec suggested doing the theoretical
comparison of the models, once the performance
behavior had shown that one of the selected models
was wrong. In building the new model, some of the
most important concepts that the model should
consider were suggested by him (such as considering
initiation as diffusion-controlled, using different
termination kinetic constant averages for
calculation of different molecular weight averages
and including in the model the concept of non-
equilibrium free volume). Important experimental
conditions which should be used to test the model
were also suggested by him.

2.c) Dr. P.E. Wood provided important information on
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further application of the model (concerning
calculation of the particle size distribution of
monomer/polymer droplets in suspension
polymerization), gave important comments and
suggestions about the numerical aspects of the
problem and provided the computer facilities which
were used to speed up the calculations.

In Chapter 3, the diffusion-controlled models for
termination, propagation and initiation are extended to
the copolymerization case by using the "pseudo-kinetic
rate constant method". Detailed general reaction scheme
and model equations for the copolymerization case are
given in this chapter. The important issues considered in
this general model (initiation, inhibition, propagation,
termination, chain transfer to monomer, chain transfer to
polymer, chain transfer to a small molecule (either
solvent or a chain transfer agent), crosslinking, primary
and secondary cyclization reactions), as well as its
features and limitations are explained. Extensive testing
of the model performance is undertaken using experimental
data from different sources available in the literature.
This chapter constitutes a second paper also submitted to
"Polymer Reaction Engineering”. The specific
contributions of each author are:

3.a) Mr. E. Vivaldo-Lima selected the models to be used,
either from previous research studies or models
derived in this work, compiled and selected the
experimental information to be used (to take
advantage of several sources of experimental
information, the model had to be enriched),
designed, coded and tested a program for‘simulation

and non-linear regression estimation purposes (in
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fact, this program is the same as the one used in
Chapter 2; the only difference is the data given as
input).

3.b) Dr. A.E. Hamielec gave very important
recommendations during the developing stage of the
model, such as calculating the temperature rise
during and after gelation (non-isothermal
behavior), eliminating the steady state hypothesis
(SSH) for calculation of the moment equations. The
appendices presented in this paper were written on
recommendation from him, in order to indicate the
way in which the present model can be improved.

3.c) Dr. P.E. Wood gave recommendations on the numerical
problems faced during the non-transient calculations
and provided the computer facilities to speed up the
calculations. In this case (non-transient
calculations), these facilities were of paramount
importance.

Figure B shows the sequence followed to
accomplish the main goal of this thesis.

Chapter 4 contains a summary of contributions and
concepts derived from or used in this thesis. Guidelines
on the way our kinetic models can be improved or further
tested are offered in this chapter.
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REVIEW OF INFORMATION

DEVELOPMENT OF A KINETIC MODEL

ELABORATION OF A COMPUTER PROGRAM
(SIMULATION AND NON-LINEAR
REGRESSION)

ESTIMATION OF KINETIC PARAMETERS

PREDICTIVE TEST OF THE MODEL
(EXPERIMENTATION IF NEEDED).

ANALYSIS AND CONCLUSIONS

Figure B. Sequence followed to accomplish the objectives
of this thesis.



CHAPTER 2

AUTO-ACCELERATION EFFECT IN FREE RADICAL
POLYMERIZATION. A COMPARISON OF THE CCS AND MH
MODELS."

ABSTRACT

A comparison of the structure and performance behavior of
two popular models for modelling diffusion-controlled
kinetics in free radical polymerization (the so called
Chiu-Carratt-Soong, CCS, and Marten-Hamielec, MH, models)
is presented. It is demonstrated that if some minor
modifications are made to each of them, they can be
considered equivalent. Taking the best of both models and
incorporating into them some of the most recent findings
in this area, a new model is developed. This new model
has at most the same degree of complexity as the
preceding models, but is capable of producing more
accurate and reliable predictions, even for weight
average molecular weight at high conversions. Bulk and
solution styrene polymerization data are used to make the
comparison analysis and test the predictive power of the
new model, which is remarkable.

*

This paper is dedicated to the late Mr. Fernando
Estrada-Gonzdlez, a brilliant student, professor and
professional of the chemical field. Not only an excellent
friend is missing, but a very promising and talented
Mexican scientist. "Descanse en Paz". -EVL.
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INTRODUCTION

Accurate and theoretically correct modelling of
diffusion-controlled free radical polymerization and
copolymerization kinetics has been the ultimate goal of
many research groups for several decades. A good and
complete review on this research effort was published by
Mita and Horie (1987). More recent publications have also
included short reviews, classification, analysis of
existent or proposal of new models (Sharma and Soane,
1988; Russell et. al., 1988; Achilias and Kiparissides,
1988, 1992a; Zhu and Hamielec, 1989; Zhu, 1991; Russell
et. al., 1992). Other approaches not mentioned in the
previous reviews include calculation of the (number)
average translational termination kinetic constant as a
semiempirical function depending on the system viscosity
(Veeravalli and Rosen, 1990; Budde and Wulkow, 1991;
Mahabadi, 1991), calculation of such an average kinetic
constant based on the concepts of lumped polymer chain
groups (Chaimberg and Cohen, 1990) and "group termination
coefficient" (Bamford, 1989, 1990). The importance of
this topic and the growing contradiction or uncertainty
on reported results of kinetic parameters, among other
factors, motivated a group of prominent researchers in
this field to meet together and establish firm and agreed
values and methods for fundamental rate parameters in
free radical polymerizations and critically examine
important mechanisms. Some guidelines and recommendations
came out as a result (Buback et. al., 1988; Buback et.
al., 1992; Gilbert, 1992).

Despite this great and continuous effort, which
has led to deeper and increased understanding of the

complex physical phenomena taking place in such
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polymerizations, no further practical improvement has
been obtained over the predictive power, reliability of
predictions and robustness of parameter estimates of the
pioneer empirical or semiempirical models.

The core task of modelling the kinetics of free-
radical polymerization with strong auto-acceleration is
to quantitatively describe the molecular processes in the
bimolecular termination of polymer radicals. Many
approaches have been attempted over the past four
decades. The efforts concentrated mainly on modelling the
segmental diffusion of radical centers, the onset of
chain entanglement, the chain length dependent
translational diffusion and the diffusion of radical
centers by propagation (Zhu, 1991). Most models have
focused on describing the translational diffusion, which
is considered to be responsible for the auto-
acceleration. Several of these models have also
considered the diffusion controlled propagation at very
high conversions. Recently, some researchers have also
modelled the diffusion controlled initiation reaction
(Batch and Macosko, 1992; Achilias and Kiparissides,
1992a).

Most kinetic models for diffusion controlled
polymerization can be considered to fall into either of
the following three categories, regardless of their
theoretical background: i) models based on the so called
"free-volume theory"”, ii) models based on scaling laws
("Reptation Theory") and iiji) fully empirical models.
Among the models based on free volume theory, two of them
have been quite popular due to their simplicity and
predictive performance when used to model typical
polymerization or copolymerization systems. These models
are the so called "Marten-Hamielec", MH, (Marten and
Hamielec, 1979, 1982) and the "Chiu-Carratt-Soong", CCS
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(Chiu et. al., 1983). A recent enhancement of the CCS
model has been performed by Achilias and Kiparissides
(1988, 1992a). The MH model has been quite successful
over the years due to its good performance in the
simulation of a diversity of polymerization systems, such
as MMA bulk and solution polymerizations (Marten and
Hamielec, 1979; Stickler et. al., 1984), MMA
polymerization in the presence of prepolymer (Panke,
1986); styrene bulk and solution homopolymerizations
(Marten and Hamielec, 1982), vinyl chloride
polymerization (Hamielec et. al., 1982; Xie et. al.,
1991), MMA/P-methyl styrene copolymerization (Jones et.
al., 1986; Bhattacharya and Hamielec, 1986),
styrene/acrylonitrile copolymerization (Garcia-Rubio et.
al., 1985), P-methyl styrene/acrylonitrile
copolymerization (Yaraskavitch et. al., 1987), styrene
homopolymerization using bifunctional initiators
(Villalobos et. al., 1991) and production of high Tg
copolymers of styrene using bifunctional initiators
(Villalobos et. al., 1993). On the other hand, the CCS
model has been used to model MMA bulk homopolymerization
(Chiu et. al., 1983), MMA solution homopolymerization
(Louie et. al., 1985), styrene/MMA bulk copolymerization
(Sharma and Soane, 1988), styrene bulk homopolymerization
(Vivaldo-Lima, 1989a; Vivaldo-Lima and Saldivar-Guerra,
1993), styrene bulk homopolymerization using a "cocktail"”
(mixture) of initiators (Vivaldo-Lima, 1989b). In its
improved version (which will be referred as the AK
model), the CCS model has been used to model MMA and
styrene bulk homopolymerizations (Achilias and
Kiparissides, 1988, 1992a). Nevertheless, both models
underpredict the weight average molecular weight at high
conversions. The CCS model does not provide very good
predictions of solution homopolymerization (see the
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predicted profiles of MMA solution homopolymerization in
Louie et. al., 1985) and its reliability for
interpolation and extrapolation calculations is not
satisfactory when a mixture of initiators and different
isothermal periods are used in a styrene
homopolymerization system (Vivaldo-Lima, 1989b).

The ultimate goal of this paper is to develop
accurate and simple models for diffusion-controlled
phenomena in free-radical polymerization, which can be
extended to model copolymerization with crosslinking. The
development of such models and their test for modelling
homopolymerizations is the scope of the present paper.
Their extension to model vinyl-monomer/divinyl-monomer
copolymerizations (styrene/divinylbenzene
copolymerization) is the scope of another publication
(Vivaldo-Lima et. al., 1993). The main features these
models were expected to posses included a simple
structure, reliable and robust parameters, as well as a
sound theoretical background. To achieve this goal a
evaluation of the structure and performance of two of the
most popular models available in the literature was
performed. This analysis led us to the conclusion that
the "parallel approach" for calculation of effective
diffusion-controlled kinetic constants, although
mathematically attractive, may not be physically correct.
This "parallel approach" was used by Chiu and coworkers
(1983) and has also been used by other authors (Sharma
and Soane, 1988; Achilias and Kiparissides, 1988, 1992a;
Buback, 1990; Zhu and Hamielec, 1989; Simon and Gillham,
1992; Hutchinson, 1993) and it is even accepted by the
International Union of Pure and Applied Chemistry (IUPAC)
(Gilbert, 1992). Based on the MH model, a new model was
developed. This new model avoids the use of "artificial”
onset points, thus having the same attractiveness the CCS
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model has been famous for; it considers diffusion
controlled phenomena in the termination, propagation and
initiation reactions; it makes a clear and quantitative
difference between number and weight average termination
constants (Zhu and Hamielec, 1989) and the concept of
non-equilibrium free volume is also incorporated into it,
although no attempt was made to estimate the parameters
associated with the non-equilibrium free volume model.

To test the performance and reliability of the
present model, experimental data for bulk and solution
styrene homopolymerization available in the literature
from different sources were used. Further testing of the
model with more experimental evidence on styrene/divinyl-
benzene copolymerization data was also undertaken
(Vivaldo~Lima et..al., 1993).

COMPARISON OF THE STRUCTURE OF THE CCS AND MH
MODELS

Reaction Scheme

In the paper on kinetic modelling of styrene
/divinylbenzene free-radical copolymerization (Vivaldo-
Lima et. al., 1993), a detailed reaction scheme and
associated mathematical equations are given. In that
treatment, initiation, inhibition, propagation,
crosslinking, transfer to a small molecule (either
solvent or transfer agent) and bimolecular termination
reactions are considered. The mathematical treatment

given there makes use of the "pseudo-kinetic" rate
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constant method, developed by Hamielec and MacGregor
(1983). Using the adequate initial conditions, those
equations and the computer program developed to solve
them can be used to model the homopolymerization case.
For the purposes of this paper, our attention will be
focused on initiation, propagation, transfer to solvent,
transfer to a monomer and termination reactions. These
chemical reactions are given below in the form of
equations (1) through (5). The mathematical equations for
reaction rate of the different species and the moment
equations for polymer radicals and dead polymer molecules
can be taken from Vivaldo-Lima et. al. (1993). Indeed,
the expressions that result for the homopolymerization
case have been described extensively in the literature
(for instance, see Marten and Hamielec, 1979, 1982; Chiu
et. al., 1983; vVivaldo-Lima and Saldivar, 1993). It
should be emphasized, however, that those equations make
use of the "Method of Moments" (Ray, 1971) for
calculation of the chain length averages. Most of our
calculations were obtained using this method.
Nevertheless, in modelling homopolymerizations it is
possible to obtain the full molecular weight (chain
length) distribution by using the "Instantaneous Property
Method" (Flory, 1953; Bamford et. al., 1958). In the
cases where the full chain 1length distribution is
presented, the instantaneous property method was used to
obtain them. This method can be represented by egquations
(6) through (12). A good review of the comparison and
analysis of the different methods to model molecular
weight and compositional changes in free-radical
copolymerization reactions was recently presented by
Achilias and Kiparissides (1992b).

Initiation (ky):
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Rin"’M"Rl

Propagation (k,):

Ra*+M-Rp.y (2)
Transfer to monomer (Kkg):

Ra+M~P,+R; (3)
Transfer to a small molecule (solvent) (k)

Rp+ TP, +Te (4)

Termination by combination and disproportionation (k...

Kea) ¢

Rait R~ P (5)
Rp+R, =P, +P,

Chain Length calculations with the "Instantaneous
Property Method" (IPM):

dixwl(r,x)] dx

- st 6

gt w(r, x) a9t (6)
d(xP,) - _F, dx 7
—at P g M
d(xP,) _p dx (8)

dct vdt
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Ppm——7r (9)

(10
T B (10)

p - X
73 (11)

Pﬂ

o]

B -Ax 12
P,-< [Pdx (12)

T, and B, are defined by equations (73) and (74),

respectively and the remaining symbols are defined in the

nomenclature.

The CCS Models

The original Chiu-Carratt-Soong model (Chiu et.
al., 1983) allowed the calculation of (number average)
propagation and termination kinetic constants for
diffusion controlled bulk free-radical
homopolymerization. Both propagation and termination were
considered to be diffusion controlled from the start of
the polymerization and were modelled as a "parallel
phenomenon", that is, the effective kinetic constant
(either propagation or termination) was proposed to be
calculated as the inverse of the sum of inverse-
diffusional and inverse-chemical kinetic constants.



25

Equations (13) and (14) show the expressions they
obtained to calculate k, and k., respectively.

1 1 Y,
- +0,(T) —2 — 13
k,(T) k2 (T P eLnﬁg%h:] (13)
1 1 YB
- +0 (T, I,) ——2%
kM k2n Y e )

where ¢, is the monomer volume fraction. The other

symbols are explained in the nomenclature.

To model solution polymerization, ¢, in
equations (13) and (14) must be replaced by (1-¢,) p
where ¢p is the polymer volume fraction (Louie et.
al., 1985).

Using the generalized free volume theory of
Vrentas and Duda (1977a, 1977b) and the theory of excess
chain end mobility, Achilias and Kiparissides (1988)
enhanced the original CCS model. In this way, parameters
A(T), B(T), 6, and 0, in the CCS model were given
theoretical meaning, which is described by equations (15)
through (18).

A(T) = EVaVy Ve

A

YVﬁ‘ﬁ2(°§u5°Vﬁ9

(15)
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Some years later these same authors (Achilias and
Kiparissides, 1992a) included the effect of diffusion
controlled initiation by considering that the efficiency
of the initiator falls as polymerization proceeds with a
free volume dependence. They also included the "residual
termination” or "reaction diffusion" termination in their
model. The final model equations they obtained are
summarised below.

Initiation

-.%+ bz (19)

(20)
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(23)
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Some key points about the CCS and the AK models
which should be kept in mind in order to understand the
comparison to be made in the following section, are the
following:

(a) In both models (CCS and AK) the effective kinetic
constants for either propagation, termination or
initiation reactions are calculated as the contribution
of a purely chemical kinetic constant and a purely
diffusional one. All their kinetic constants are modelled

as indicated by equation (43).

1.1 ., 1 (43)

keffi kchemi kd.it‘fi

where subscript "i" accounts for propagation, termination
or initiation.

(b) Both models (CCS and AK) are in fact calculating the
number average kinetic constant, in the case of

termination.
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(c) In the original CCS model, based on the Fujita-
Doolittle free volume theory, the free volume parameters
are estimated with the polymerization rate information.
The AK model is based on the Vrentas-Duda free volume
theory and it is claimed by its authors that their
parameters can all be estimated from physical and
transport properties of the monomer-polymer-initiator
mixture.

The Marten-Hamielec (MH) Model.

Based on the Bueche free volume theory (Bueche,

1962), Marten and Hamielec (1979, 1982) developed a model

for diffusion-controlled propagation and termination

kinetic constants in free radical polymerizations. The

(number average) termination kinetic constant was

calculated as indicated by equation (44).
i)

- P S S
Et -k{.’( Py, cr1 ) "e At Ve Ve oo
n

(44)

where subscript "crl" accounts for critical values for
chain entanglement. At the "onéet" of the auto-
acceleration ("gel") effect, equation (45) must be
satisfied.

At

' — (——=—)
K, (T) =P _, @ "t (45)

w,crl

When the polymerizing mixture approaches the glassy
state, the propagation rate constant is described by
equation (46).

kp_kge_(-vl—t- vf.lcxa‘) (46)
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where subscript "cr2" accounts for the critical value at
which propagation becomes diffusion-controlled ("onset"
of diffusion controlled propagation). Ay, Vi,crir Veerar M
and n are empirical parameters. m and n have been given
values of 0.5 and 1.75, respectevely, for either styrene
of MMA polymerizations (Marten and Hamielec, 1979, 1982).
However, Panke (1986) found out that setting m= n= 0.5
gives equally good results, thus reducing the number of
adjustable parameters.

As in the previous case, some key points about
the MH model are given below in order to make clearer the
subsequent comparison and analysis.

(1) The effective kinetic constants for either
propagation or termination are caculated as composed
functions, made up of the product of two functions. One
function accounts for a chemical phenomenon and the other
for a diffusional phenomenon. Equation (47) illustrates
this structure.

k .,~g(chem.behavior) *h(phys.environment) (47)

ii) It is the number average kinetic constant which is
being calculated when equation (44) is used.

iii) The model is based on the Bueche free volume theory
(Bueche, 1962). The model parameters have been usually
obtained by performing non-linear regression methods with
conversion/time data.

iv) Both k, and k., are calculated using non-continuous
functions. Therefore, "artificial onset" values are used
to model such constants.
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Structure of the models

In this section an objective comparison of the
theoretical background , which serves as basis for each
model, is presented. Although this paper was structured
in such a way that the theoretical background is given
prior to the performance analysis, the actual sequence
followed in the research was somewhat different. Some of
the ideas proposed in this paper came out as a result of
having analysed preliminary predictions obtained with the
CCS and the MH models. The AK model was tested at the end
of the project in order to give support to or reject some
of the conclusions that were obtained (actually, the last
version of the AK model was published when this research
was already under way).

The first thing one can observe when the CCS-AK and
the MH models are compared, is the way in which chemical
(reaction) and physical (diffusion) phenomena are coupled
together. As stated in key-point (a) of the "CCS-family
model" subsection, both the CCS and the AK models follow
a "parallel" circuit-like approach, which is given by
equation (43). On the other hand, the MH model has a
structure given by equation (47), that is to say, the
product of two independent functions. The use of equation
(43) in the context of diffusion controlled free radical
polymerization has been widely used and implicitly
accepted by several researchers over the years. However,
it may not be correct. To illustrate our point, think of
a parallel pipeline circuit, as shown in Figure 2.1. For
a liquid to flow from point A to point B, any path
(either a or b) could be chosen. By opening or closing
the valves, the flow could be divided or a single path
could be chosen. Now, using the same figure, think of "A"
as a reagent and "B" as a reaction product. Path "a"
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accounts for "diffusion" migration of the reagent and "b"
accounts for the reaction event itself. There is no way
a new radical (propagation reaction) or a "dead" polymer
molecule (termination reaction) can be produced by just

following path a" (namely by a pure physical
phenomenon). The only way a reaction can take place is if
a chemical phenomenon occurs (valve for path "b" can not
be "closed" in Figure 2.1). Of course, the physical
environment will affect the kinetics (how long it takes
for the reaction to occur). Thus, a "diffusion-
controlled"” reaction should be understood as a
"retardation" in the reaction rate. It must be clear that
by no means is it implied here that any effective kinetic
constant obtained as the inverse of the sum of several
reactions is not correct. If several reactions which
consume the same species are taking place simultaneously,
the parallel approach would be the natural and immediate
approach to follow.

a (Kkaire)

b ( kchem)

Figure 2.1. Schematic representation of a "parallel"”
situation.

As stated in Zhu and Hamielec (1989), the use of
a single k., in modelling free radical polymerizations
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would be valid if termination were chain Ilength
independent. Using such a single value in a real
polymerization situation (where termination may be quite
likely chain length dependent) will result in adequate
predictions of reaction rate and number average chain
length; however, weight average chain length and higher
order averages will be underestimated. In this regard
both models, the CCS-AK and the MH (as well as as all
models based on the use of a single k, function), are
effectively using the number average termination kinetic

constant, Xk, . Therefore, if one desires to use a single

k.-function type of model for vinyl/divinyl
copolymerizations, it will be anticipated that
simultaneous adequate predictions of reaction rate and
weight average chain length may not be possible to
obtain.

Roughly speaking, the diffusion term of the
models studied in this paper can be expressed as the
product of two functions, one depending on average chain
length and the other on free volume. This relationship is
illustrated in equation (48).

k,ie~a(chain-length) *b(free-volume) (48)

In the original CCS model the chain length dependence
function, a(chain-length), may not be obvious.
Propagation is implicitly assumed to be chain length
independent and termination is indirectly 1linked to
average chain length through the use of constant 0.,

which depends on [I],. Changing the initiator initial
concentration will somehow set the value of the number
average chain length (for constant temperature) to a
certain value. This dependence is clearer if equation
(18), obtained by Achilias and Kiparissides (1988), is
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carefully studied. Then, for the CCS model,

a(chain-length) <P (49)

In the AKX model, initiation and propagation are modelled
as chain length independent. Termination, on the other
hand, is considered to depend on the instantaneous weight
average chain length. From equations (31) to (34), this
relationship can be expressed as indicated in equation
(50).

(PS)S.GB

2.56
w

a(chain-length) = (50)

In the case of the MH model, propagation is modelled as
independent of average chain length and, according to
equation (44), termination is considered to depend on the
accumulated weight average chain length, as shown in
equation (51).

a(chain—length)«(E%EI)L75 (51)
The exponent "1.75" is the one originally proposed by
Marten and Hamielec (1979, 1982). However, using "0.5"
was found to be equally good (Panke, 1986).

As it was previously stated, the three models
studied in this paper so far, are based on the concept of
free volume. The three of them calculate "b(free-volume)"
as a decaying exponential function. However this function
is somehow different in each of them, depending on which
free volume theory is being used.

The original CCS model is based on the "Fujita-
Doolittle" free volume theory. Accordingly (Fujita,
1961), b(free-volume) is given by equation (52).
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b(free-volume) = mﬁ_" (52)
where
Vs (T) =V (Tpop) +@ ¢4 (T-Tpgf) (53)

and B, is a "free parameter" which may depend on the
motional modes of segment "i" (where "i" can be polymer,
monomer or solvent). However, Chiu and co-workers (1983)
did not include explicit calculation of the fractional
free volume in their model. Instead, they lumped all the
free volume parameters (free volume at T,., T itself,
volumetric expansion coefficient, etc.) into constants
A(T) and B(T). This is a serious limitation on the
predictive power of the CCS model because any method of
estimation of parameters, either statistical or
empirical, would quite 1likely produce non reliable
estimates of the parameters (highly correlated).

Achilias and Kiparissides (1988, 1992a) based
their model on the Vrentas-Duda free volume theory. In
their first version (1988), b(free-volume) was given by
equation (54).

By

(-~%) "J; (0470 +@ 5V,°k) (54)

b(free-volume)«=D,,e ¥ e

where

Vim0, (K (K +T-T) 140 (K, (K + T-T) (55)
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In the 1last version of their model, Achilias and
Kiparissides (1992a) used an expression similar to
equation (54), but the energy term was not included (i.e.
E,=0.0, i=initiator, monomer, polymer). In equation (54),
the term y is an overlap factor which is introduced
because the same free volume is available to more than
one molecule.

The MH model is based on Bueche'’s free volume
theory (Bueche, 1962). According to this theory, b(free-
volume) is obtained as indicated in equation (56).

pevE
-(—=) 56
b(free-volume)«=D,,e ‘* (56)

where
p*=ln(-%)-1 (57)

and V.” is the "critical amount of free volume" which
must be associated to a molecule or segment in order for
it to jump to a new position. Since this quantity is not
well known, Bueche states that for many purposes 8' may
be considered as unity (for "reasonable" values of the
ratio V. /V,).

Even though the theoretical background may be
different, it can be seen that the previous three free
volume theories lead to very similar results (if not
identical). Recently, there has been some controversy as
to which theory is more general. For instance, Vrentas
and Duda (1977a) have claimed that the Fujita theory is
a particular case of theirs, a conclusion that was
questioned by Fujita (1991) and defended by Vrentas et.
al. (1993) and Vrentas and Vrentas (1993). In this study
no attempt to find out which theory is more general will
be made. For practical purposes the same results are
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obtained in a polymerization context (except, perhaps, in
the CCS model where the Fujita theory was not fully
incorporated into the model). The main difference among
the theories in a polymerization context seems to be the
physical meaning that different authors have given to the
exponential parameter, which has been called an "overlap
factor", "free parameter" to account for "motional mode"
of segments or a parameter related to the "critical
amount of free volume", the way this parameter is
estimated (either arbitrary reasonable values, non-linear
regression estimation or indirect calculation from
initial or simplified conditions) and the way the other
free volume parameters for each species (monomer, polymer
and solvent) are estimated (usually through non-linear
regression using diffusivity data).

A very important issue that none of the previous
models takes into account, is the concept of excess in
free volume, which 1leads to different 1limiting
conversions depending on the initial amount of initiator
(Stickler, 1983). The first kinetic model to include this
effect, which becomes more important when crosslinking
reactions take place, was developed by Bowman and Peppas
(1991).

DEVELOPMENT OF A NEW MODEL

Based on the previous analysis, it may be
concluded that none of the previous models possess all
the desired characteristics mentioned in the introduction
(accuracy, robustness of predictions in reference to the
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model parameters, simplicity and a sound theoretical
background). The MH model provides robust predictions,
but predictions of weight average chain length at high
conversions are not accurate enough. Besides, it has been
criticized for the "artificial" way in which it treats
the autoacceleration effect. Neither the CCS nor the AK
models can provide good predictions of weight average
chain length at intermediate conversions. Moreover, the
CCS model has been found to be inadequate to interpolate
and extrapolate over the conditions used in the parameter
estimation stage (Vivaldo-Lima, 198%9a, 1989b) and the
predictions of polymerization of MMA carried out in
benzene solution are quite bad (Louie et. al., 1985). The
AK model, although theoretically more sound than the CCS
and the MH models, does not provide predictions accurate
enough for bulk homopolymerization of styrene and its
behavior to model solution homopolymerization has not
been reported (as far as we know). Therefore, it seems
necessary to either modify these models or propose a new
one in order to accomplish our objectives. This section
is devoted to obtaining such a new model (certainly
building on the previous ones).

Let us consider two molecules, A and B, that
diffuse through a polymeric solution until they are in
close contact. Once they are close enough, they may react
to form a new molecule, C, or they may diffuse apart. A
and B could be a monomer molecule, an initiator fragment
or a polymer radical. C could be a new radical of longer
size or a dead polymer molecule. This situation can be
represented by equation (58) (after Mita and Horie,
1987).
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k
A+BuAB-C (58)
kp

where k, is the diffusion kinetic constant for the
approach of the molecules, k

p is the diffusion kinetic
constant for separation of the molecules and the chemical
kinetic constant for reaction between A and B to produce
C is given by k.. The reaction rate for the production of
C will be given by equation (59).

dc
—~~ wk [AB 59
“:c[] (59)
Assuming equilibrium between attraction and separation of

molecules A and B, equation (60) can be used.

ky[A] [B] =k_,[AB] (60)

Combining equations (59) and (60) equation (61) is
obtained.

dC'_ kD
< kck—_D [A] [B] (61)

Therefore, an effective kinetic constant which accounts
for diffusion and chemical phenomena can be expressed as
it is indicated in equation (62).

k
ket‘f-kck_';) (62)

which is of the form of equation (47). This indicates
that simultaneous modelling of diffusion and reaction
kinetic constants should be done in "series" and not in
"parallel”.

To calculate k, the Smoluchowski equation can be
used (Mita and Horie, 1987).
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Due to the fact that separation of the molecules is a
diffusive phenomenon, it is reasonable to approximate k_
using the Smoluchowski equation, as well.

K_p=4TR,N,D_, (64)

Substitution of equations (63) and (64) into equation
(62) leads to equation (65).

D
Keremkepy (65)

Now, let us analyse one by one the important
diffusion-controlled reactions in free-radical
polymerization, namely propagation, termination and
initiation.

Propagation

According to the free-volume theory (Fujita,
1961; Bueche, 1962; Vrentas and Duda, 1977a, 1977b) the
diffusion coefficient of a small molecule in a polymeric
system depends on the free volume of the system, but not
on the average chain length of the polymer. To simplify
our derivation, let us make use of Bueche’'s free volume
theory (Bueche, 1962), with a slight modification from
the Vrentas-Duda (1977a, 1977b) theory to account for the
activation energy required to overcome the attractive
forces which hold the molecule to its neighbors (Vrentas
and Duda, 1977a, 1977b). Then, the diffusion coefficient
for approach of a monomer molecule to a polymer radical
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will be given by equation (66).

(D) ,=Dyp (6 7 (& ¥4) (66)

where the subscript "a" accounts for "approach" of the
monomer molecule to the polymer radical. Similarly, the
diffusion coefficient for separation of the monomer
molecule from the polymer radical, provided that reaction
has not occured, will be given by equation (67).

K, Bg

(D,) ,=D,,(8 ) (& %) (67)

where subscript "s" accounts for "separation" of the
monomer molecule. From equations (65), (66) and (67), the
effective propagation kinetic constant will be given by
equation (68).

(Ena-Ems) _ ¢ Ba _ Bs

k-kje = e Vea Ves (68)

If it is assumed that the activation energy to overcome
the attractive forces is the same for approach and
separation of the molecules, namely E_,= E,, then the
energy term will cancel out in equation (68). An
intuitively similar analysis would lead one to the
conclusion that the free volume for approach should be
the same as the free volume for separation. However, the
"overlap" factors may not be the same. Therefore,
equation (68) can be simplified to the following
equation:

-]
“ Ve 69
k-kpe ”* (639)
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where B= B, — B,, and accounts for the fact that the same
free volume is available to different molecules and also
for the fact that there are some molecules that will
separate even when they are close enough to react.

In the following subsections it will be
demonstrated that similar equations are obtained for
termination and initiation. When non-linear regression
methods are used to estimate the unknown parameters, some
degree of correlation should be expected, resulting from
the fact that they come from equations with similar
structure that account for physical phenomena taking
place simultaneously. Therefore, it was decided to modify
equation (69) somewhat in order to get better estimates
of the "overlap" factors for the other reactions. The
proposed modification consisted in assuming that "B" in
equation (69) can be set equal to one (Bueche, 1962) and
a compensation was introduced using a "critical free
volume for propagation". In other words, the original
model for k, proposed by Marten and Hamielec (1979,
1982), equation (46), was used in order to improve the
reliability of the parameter estimates.

Termination

In the case of bimolecular termination, the
diffusion coefficient of a polymer radical molecule has
been proposed to depend on the average chain length of
the polymer. Nevertheless, if an analysis similar to the
one performed for propagation is performed for this case,
it will be determined that the average chain length term
will cancel out when the ratio D, /D, is evaluated, where
subscript "pa" accounts for the approach of a polymer
radical to another polymer radical and subscript
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"ps" accounts for separation of such radicals. Therefore,
the effective number average termination kinetic constant
will be given by equation (70).

(l

-(-&)
ky,~kise (70)

where "i" accounts for either “"combination" or
"disproportionation" and "A" has a similar meaning as
parameter "B" in the propagation case. Up to this point
it may be surprising how this proposed equation could
equal (not to say improve) the predictive power of the MH
or the CCS-AK models if no chain length dependence is
explicitly obtained in equation (70). If this equation
were to be used to model reaction rate, number and weight
average chain lengths, underprediction of weight average
chain length would be surely expected. In the following,
this apparent contradiction will be overcome by using
k.(i,]j) averages, as proposed by Zhu and Hamielec (1989).

In their analysis of chain-length dependent
termination for free radical polymerization, Zhu and
Hamielec (1989) proposed the use of k.,(i,j) averages to
calculate the rate of polymerization and the molecular
weight averages, although they made clear that the full
molecular weight distribution could not be obtained in
all cases. They proposed to calculate a "y-average" chain
length in terms of a "y-average" termination kinetic
constant, where y= n, w, 2z, ... For example, for
instantaneous number and weight average chain lengths,
equations (71) and (72) should be used.

(71)
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2t +3B,

SITINTRE (72)
where

- kfm ka[T] Et [Yo] 73

T, kp+ X, 0] +...+—7éﬁﬂf— (73)

py.M (74)

k, [M]
Yy=n, W, Z, ...

In their paper Zhu and Hamielec (1989) proposed
a procedure to calculate the number (n), weight (w) and
z-average termination kinetic constants from conversion,
number and weight average molecular weight data. Although
effective, the procedure is quite empirical and rather
tedious. Moreover, the averages thus obtained are case-
system specific and no statistical information on the
reliability of the estimates is obtained. In this paper
a simpler and more effective way to do so is proposed. If
equation (71) is divided by equation (72) and for
simplicity it is assumed that the molecular weight
development is controlled by termination by combination

(i.e. t,~0), then equation (75) is obtained.

Keow_3 Pa (75)
ktcn 2 Pw
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This equation clearly indicates that the ratio of weight
average to number average termination constants is
inversely proportional to the polymer polydispersity.
However, it should be noted that equation (75) is
expressed in terms of "instantaneous" averages. If
accumulated values are desired, some sort of integration
should be performed. Integrating equations (71) and (72)
over the conversion range and taking their ratio, leads
to equation (76).

2.2
P, 3%
P x x (76)
v dx
[Brax[ 3
o] 0
If it is assumed that k, and Y, do not change during the
polymerization (at least at low or intermediate
conversions) and the "mean value theorem" of calculus is
used, equation (77) can be obtained.

2
k 5%

tow _

(77)
ki (1-1x)1n()

P,
P,

However, it is our objective to obtain an expression
which can be used over the whole conversion range.
Therefore, the assumption of Kk, and Y, remaining
constant can not be accepted and equation (77) will not
be useful. Nevertheless, it provides important insight.
This equation shows that the ratio of number average to
weight average termination kinetic <constants is
proportional to the polymer polydispersity and an
additional conversion dependent function. Obtaining a
valid expression derived from first principles may not be
an easy task (it should be kept in mind that our models
are intended to be simple, yet accurate). Therefore, a
phenomenological (semi-empirical) approach will be
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attempted.

The first idea which might come to mind would be
to use equation (75) directly, to estimate the
accumulated average kinetic constants. Actually, this
approach was tested with rather bad results (very high
overprediction of weight average chain 1lengths was
obtained at low and intermediate conversions). This
behavior indicated that the "conversion-dependent"
function was missing. Getting back to the original MH and
the AK models, it is observed that the two of them use a
ratio of a reference to a present value of weight average
chain lenghts, raised to a given power (equations 51 and
50, respectively). Therefore, it could be that the
function needed to complete our model for k., should have
a similar structure, namely that the ratio of a
"reference" average chain 1length (accumulated number
average chain length) to a "present" average chain length
(accumulated weight average chain length), raised to a
certain power (which may be a conversion-dependent
power). Based on this analogy and after several
sensitivity analysis calculations, equation (78) was

obtained.
Etr:w_ (%) x (78)
Ftcn v

where x is monomer conversion. This is the equation that
was required to complete our kinetic model for
termination.

In the derivation of the previous equations it
was assumed that the available free volume for "approach"
and "separation" of the polymer radical molecules was the
same. However, if it is considered that "separation" of
the molecules implies somehow an inefficiency of the
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termination reaction, then some amount of free volume
could be regenerated ("separation" means that the
creation of a 1longer chain was avoided, at least
momentarily). In the 1limit, if all "approaches" were
followed by "separation" (no reaction takes place), the
free volume associated with the separation phenomenon
would be the initial free volume. Of course this limiting
situation will not be the case in a polymerization case.
However, based on the previous idea it can be proposed
that the free volume associated with the separation of
the molecules is the initial free volume (the error
introduced if this is incorrect would be compensated by
the value given to the overlap factor), thus obtaining
equations (79) and (80), which would be obtained if a
derivation similar to the one proposed by Marten and
Hamielec (1979) had been undertaken.

k° 'A(%"VLM) (79)

t

k

-
ten

R okl (B2) *o™ 7T (80)

-
tow

It has been proposed that in the late stages of
the polymerization (high conversion regime), a polymer
radical loses its center-of-mass mobility and
propagation-diffusion becomes the dominant mode of
termination (Schulz, 1956; Soh and Sundberg, 1982; Rusell
et. al., 1988; Buback, 1990; 2Zhu, 1991). All models
assume that the propagation-diffusion termination kinetic
constant is proportional to the frequency of monomer
addition to the radical chain end (in Achilias and
Kiparissides, 1992a), as expressed in equation (81).



49

ktrd_crdkp [M] (81)

where the subscript "rd" accounts for "reaction-
diffusion". Parameter C,, has been given theoretical
meaning by Soh and Sundberg (1982) and Russell et. al.
(1988). In this paper it will be treated as an adjustment
parameter with order of magnitude similar to the values
obtained by Buback (1990).

The overall termination kinetic constants (number
and weight averages) will then be given by the sum of the
translational and reaction-diffusion components, as

indicated in equations (82) and (83).

E tn-E tcn+ktrd ( 82 )
k t:'w"E cewtKeza (83)
Initiation

To analyse the diffusion controlled initiation
reaction a similar analysis to the one wused for
propagation and termination will be used. However, the
treatment will not be identical.

To start with, let us consider the following
reaction scheme, which shows the way a primary radical
fragment "behaves" in a polymerization system.

I-2R;,~I’
+M
kplik, (84)
R'M
l
Ry
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where the chemical kinetic constant for the reaction from
I to get 2R* is k,, the one for the side reaction of
recombination of radical fragments (formation of I’) is
k.’ and the chemical kinetic constant for production of
a radical of chain length 1 (R,") is k.. From this
reaction scheme, the following rate equations can be
derived:

dR;n

<5 =2k T-kiT/=2 fk T~k [M] [Ry,] (85)

where £ is an efficiency factor introduced to account for
the side reaction to produce I°’.

dRr;
dt

kg [RE M =k 2 (M) [R},] (86)
-D

where k, and k_, account for diffusion from and into the
“cage", respectively. It has been assumed that an
equilibrium between these phenomena is established. If it
is assumed that at the start of the polymerization there
is no diffusion limitation and that the rate of formation
of radicals equals its rate of consumption (steady state
hypothesis), then at x=0, equation (87) can be writen.

2fk4[I] =k, (M, [R1,] (87)

At any conversion level, other than x=0, a similar
expression can be proposed.

2 £y 1] =k, [M] [R},] (88)
-D
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If equation (88) is divided by equation (87) and the
result is rearranged in terms of f, then equation (89) is

obtained.

Ky LD,IM e
=t T, (89)

Assuming that the ratio [I],[M]/([I][M],) remains
constant, and using the free volume theory for the
diffusion coefficients of the initiator fragments to get
out of and into the "cage" (neighboring molecules
surrounding the new generated radicals), equation (90) is
obtained.

D

f-f,e ' (990)

where D accounts, as in propagation and termination, for
the fact that the same volume is available for other
molecules and even the same molecule (or another) to
return to the "cage". In the first stages of this
research a semiempirical derivation of equation (90) was
done, by assuming that the initiator efficiency at
conversion X could be obtained using the free volume
theory and a reference value (initial conditions).
Therefore, an alternative equation to the previous one,
which in fact was used in most of the calculations
presented in this paper is the one shown below, namely
equation (91).

£-£,0 V7 (91)
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Calculation of free volume

To calculate the overall available free volume,
the sum of the individual contributions must be taken.
Therefore, following Bueche (1962), this quantity is
obtained from the following equation:

N
vf-z: [0.025+a , (T-Tyy) 32 (92)

where i= monomer, polymer, solvent, ..., N

By using equation (92) it is implicitly assumed that
equilibrium in free volume is reached at every moment
during the complete course of polymerization. However,
this may not be the case in polymerization reactions with
strong auto-acceleration effect at very high conversions,
such as crosslinking. Because this effect is more
important in crosslinking situations, the derivation of
an expression to calculate the non-equilibrium free
volume, as well as a small review about this topic, is
given in other paper (Vivaldo-Lima et. al., 1993).
However, the final expressions obtained in that paper
will be included here in order to have a complete kinetic
model. To calculate the non-equilibrium free volume,
equation (93) can be used.

dv,  (Ve=V)
dt T

+R,, (93)

where

“Bp(-t -2
T=1,0 v e (94)
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Re~8 [22BL 4 (x-p) &= (95)
T, p are relaxation time and crosslinking density,

respectively and V., can be estimated using equation
(92). For a homopolymerization situation, 8 in equation
(95) can be set equal to zero. To avoid having to
estimate additional parameters, equation (92) was used
for all the calculations presented in this paper.
However, in our other paper (Vivaldo-Lima et. al., 1993)
some simulations showing the importance of using the non-
equilibrium free volume in copolymerization of
vinyl/divinyl monomers and homopolymerization of vinyl

monomers are included.

COMPARISON OF THE PERFORMANCE OF THE MODELS

Important Remarks

This section will be devoted to show a
comparison of the performance of the models considered in
this paper. The predictive power of the MH model in bulk
and solution styrene homopolymerization has already been
presented (Marten and Hamielec, 1982). The procedure
followed by these authors to estimate the unknown
parameters was statistically satisfactory. The CCS model
has been tested with MMA bulk (Chiu et. al., 1983) and
solution (Louie et. al., 1985) homopolymerizations.
However, no information was given on the statistical
reliability of the estimated parameters, nor on the
estimation procedure. More recently, Vivaldo-Lima and
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Saldivar-Guerra (1993) obtained estimates of the CCsS
model parameters for bulk styrene homopolymerization.
Although they used a valid statistical method (Marquardt
technique), the confidence intervals for the parameters
were not reported and the profiles showed in their paper
were obtained using specific values for each condition
(in fact, their simulations were reported to be a "curve-
fitting" exercise). A more detailed documentation on the
way the previous research was undertaken (Vivaldo-Lima,
1989a), reveals that the confidence intervals were indeed
calculated, but they were quite large (for 6, and 6, )
and in some of the regression trials, zero was included

in the confidence interval (©, ). Moreover, as has been

already mentioned, both the MH and the CCS models are
inadequate for prediction of weight average molecular
weights (chain lengths) at high conversions.

In order to make the comparison as fair as
possible and considering the fact that in the early
stages of this research the idea of using different
average kinetic values for k, was already in our minds
(however, the structure of the model was not chosen by
then, i.e. either "parallel" or "series" approach), it
was decided to modify somehow both models. The
modifications consisted mainly in obtaining adequate
expressions for k., for each of them (in the MH model
diffusion-propagation termination was also considered).
Therefore, what will be identified as "MH" and "CCS"
models in the plots and discussion of this section, are
not the original models, but modified versions, which are
defined in equations (96) through (101). The AK model was
kept in its original version because the purpose of using
it was mainly to analyse the structure and theoretical
background of the CCS-family models, as well as confirm
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or reject the conclusions obtained with the analysis of
the CCS original and modified models.

Modified CCS model (CCS, CCSA or CCSB in the plots):

k= (k) cos (96)

Ftcn- (ktc) ccs (97)

Koo (Kp) ceqf (2) % (98)
tcw tc! CC P,,

where subscript "CCS" accounts for the original CCS model
equations defined in equations (13) and (14).

Modified MH model (MH in the plots):

ko= (Kp) (99)

Am(—vl;-m- i) (100)

% _kge- V£, or1 +CrdkpM

ten

Fm-Ftc:‘/ 3;_:) X4 C gk M (101)

All the calculations using the CCS (modified
version), MH (modified version) and our present model
(which will be identified as "PM" in the plots and
discussion), were performed using the "long chain
hypothesis" and the "steady state hypothesis"” (SSH).
Calculations using the AK model were performed using the
"long chain hypothesis", but the SSH assumption was
removed in order to be as close as possible to the
conditions and treatment of equations undertaken by
Achilias and Kiparissides (1992a). In our paper on the
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copolymerization of styrene/divinylbenzene (Vivaldo-Lima
et. al., 1993) it is demonstrated that the use of the SSH
is wvalid for homopolymerizations and even for
copolymerizations with crosslinking during the pre-
gelation period (in the post-gelation period the SSH was
found to be inadequate).

The term "present model" (PM) is understood as
the use of equations (46), (79), (80) and (91) for
modelling k,, kt and f. Although their theoretical
derivation showed that the use of a substraction term
accounting for inverse initial free volume in the
exponential kernels of the equations may not be correct,
these equations were first derived semi-empirically and
many calculations had already been done using them. The
only implication of this is that the estimated values of
"A" and "D" for termination and initiation will have some
amount of systematic error (the theoretically derived
expression for propagation was avoided intentionally for
the reasons given in the model development section).

Parameter estimation strategy

In this subsection a description of the parameter
estimation procedure and the obtained values will be
given.

Although estimates of the intrinsic chemical
kinetic constants for propagation and termination are
reported in literature (for instance, Brandrup, 1975), it
has been recognized that strong model assumptions
support many of them (parameters are model dependent),
thus giving a wide range of values which makes possible
for conflicting mechanistic assumptions to be supported
with "evidence" from literature (Gilbert, 1992). The
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values are even more uncertain for k.. Based on this
situation and the fact that our preliminary sensitivity
analysis simulations showed that significant difference
in estimated values for the remaining parameters was
obtained depending on the chosen values for k,° and k.°,
it was decided to include them as part of the "unknown"
parameters in the estimation procedure. Due to the
characteristics of each model, the estimation procedure
was somewhat different. Therefore, a brief description
will be given for each model (MH, PM and CCS). All data
used for the estimation stage and for the
interpolation/extrapolation tests are summarized in
Tables 2.1 and 2.2.

To estimate the parameters of the MH model (A,
Veerzr K3(T), Crar ki and k.°) a multivariable non-linear
regression procedure was attempted (using experimental
conversion and weight average molecular weight -when
available- as responses). The "error in variables method"
(EVM) (Sutton and MacGregor, 1977) was used for such
purpose (excellent examples on the use of the EVM in
free-radical polymerization situations can be found in
Garcia-Rubio’s PhD thesis (1981) and Lord’s M.Eng. thesis
(1984)). The first approach was to include all the
parameters in such a procedure. However, due to the
structure of the model, very high correlations were
obtained. After several analysis it was found that K3(T)
and C,, were the cause of such behavior. Therefore, C,,
was set equal to the best value obtained in the
preliminary trials (which had an order of magnitude well
inside the range of values estimated by Buback (1990) for
polymerizations of ethylene, MMA and butyl acrylate) and
a combined single search-EVM strategy was used for the
remaining values. This strategy consisted on using the
EVM to estimate A, V. .,, k' and k.’ at fixed different
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values of K3(T). The criteria was to get the lowest
error-sum of squares as well as the lowest correlation
coefficients estimated with the EVM. To perform this
estimation procedure data sets 1, 2, 3, 5, 7 and 8 were
used (see Table 2.1). The estimates of the parameters are
given in Table 2.3.

TABLE 2.1 Summary of Experimental Conditions. Bulk
Homopolymerization with AIBN.

0.01 (in Marten and
Hamielec, 1982)

0.024 (in Marten and
Hamielec, 1982)

0.0164 (Arai and
Saito, 1976)

0.0216 (Tobolski and
Rogers, 1960)

0.05 (Nishimura,
1966)

0.0036 (Nishimura,
1966)

0.0214 (Tobolski and
Rogers, 1960

0.0212 (Tobolski and
Rogers, 1960)

0.0210 (Tobolski and
Rogers, 1960)

0.05 (Nishimura,
1966)
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TABLE 2.2 Summary of Experimental Conditions. Solution
Homopolymerization with AIBN. (Data from Hui, 1967).

{Toluene]

To estimate the parameters of the PM model (A, D,
Ve,erar Crar k° and k.°), C,, k' and k,° were considered to
be the same as in the MH model, A and V., were obtained
using the EVM with data sets 1 and 2, and D was estimated
from sensitivity analysis studies around the value
obtained with the EVM in preliminary trials (the
confidence interval for D when using the EVM included
zero, which means that either initiation is not
diffusion-controlled or the experimental information was
not sufficient for that estimation). The simulation tests
showed that D should be included in the model to get
adequate 1limiting conversions. Table 2.4 shows the
parameters that were obtained.
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Table 2.3 Estimated Kinetic Parameters for the MH model.

VALUE OR FUNCTIONALITY

_r8478 (1 _ 1
55 (o w5 )

275.38e

R? = 0.998781

TR ;Lo R |
R T 333.15

)]
I

1.223x10%e

R? = 0.997066
0.4655 +/- 0.032 EVM

78506 ¢_2____1_ Single
K3(T)=593.11@ * "N 0 search-EVM

0.99972

0.034 +/- 8.5x10"3 EVM
135, 1/mol See text

Table 2.4 Estimated Kinetic Parameters for the PM model.

VALUE OR FUNCTIONALITY

See Table 3. EVM with
MH model

0.465 +/- 0.04 EVM
107° (1078, 20 EVM
0.036 +/- 0.01 EVM

135, 1/mol




61

The estimation of the CCS model parameters was
more complicated. Although Vivaldo-Lima and Saldivar-
Guerra (1993) had reported estimated parameters obtained
using adequate statistical methods and the detailed
information was available (from Vivaldo-Lima, 1989a), the
modification to the model introduced here (calculation
of k,.,) made it necessary to attempt a re-estimation of
such parameters. In their original estimation procedure,
Vivaldo-Lima (1989a) used only conversion/time data and
an ingenious technique to get initial estimates for input
to the Marquardt technique. The parameters considered in
his estimation procedure were A(T), B(T), 6, and 0, .
In our case we attempted to use the values of k,° and k.’
estimated with the MH model, but the predicted profiles
using those values were quite different compared to the
corresponding profiles using the values reported in the
paper of Sharma and Soane (1988). Attempting to include
these parameters in the EVM estimation procedure were
unsuccessful. Therefore, it was decided to fix such
parameters to the values reported by Sharma and Socane
(1988). The estimated values for parameters A(T),Op
and 0, presented in this paper were obtained using data
sets 1, 2, 3, 5, 7 and 8 (using sets 4, 6, 9 and 10 only
increased the uncertainty of the estimates). B(T) was
taken from the results of Vivaldo-Lima and Saldivar-
Guerra (1993). In all the attempts 0, was found to be
statistically equal to zero (its confidence interval
included zero). That is why in some of the plots there
are two profiles for the CCS model. "“"CCSA" profiles were
obtained using 0, =0.0 and "CCSB" were obtained using
the regression model reported by Vivaldo-Lima and
Saldivar-Guerra (1993) for this parameter.
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(2620

2.79x10%

Table 2.5 Estimated Kinetic Parameters for the CCS model.

Sharma and
Soane, 1988

- [ 3700
4.839x10%%e ¥,

molss

Sharma and
Soane, 1988

0.37388-2.395x10"¢(T-T,,)’
R?>= -0.9939 (CCSA)

0.4428-3.0x1074(T-Tg,)?
R?’= -0,99963 (CCSB)

Linear
regression
from EVM-
obtained
parameters

0.02

Vivaldo
and Sal-
divar, 1993

10-12 (ccsa)

192937 (—1-

0,(7)-105219e T 395

R?= 0.99959 (CCSB)

EVM

Vvivaldo
and Sal-
divar, 1993

1n(0,)=-177.87-1.20861n(1,)
+ 61017.83
(KX

R?= 0.96279 (CCSA)

In(0,)=-177.76-1.34931n(1,)
+.60747.71
T(K)

R*= 0.96117 (CCSB)

Linear
regression
from EVM
parameters

All other parameters were given values taken from
the 1literature or reasonable values were used when
information was not available. Table 2.6 contains values
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or functions used to estimate other chemical kinetic
constants and Table 2.7 shows all other physical
parameters, coming from the free volume theory.

TABLE 2.6 Other Chemical Kinetic Parameters.

VALUE OR FUNCTIONALITY

1 - (0880 Sharma and
1.053x10*e ¢S Soane, 1988

2.31x10%¢ “® ), _t Hui, 1967

mol=s

5 - (24803 ¢ Villalobos et.
2.19x10°e ! solesec al.' 1991

In the case of the AK model, most of the
parameters were taken from their author’s paper (Achilias
and Kiparissides, 1992a). Besides the assumption of "long
chain hypothesis”, the only difference between our
calculations using the AK model and those obtained by
them, is that even though they mentioned that the polymer
diffusion coefficient at "zero" conversion, D,’, can be
estimated using the Stokes-Einstein equation (equation 33
in this paper), they did not use it and we did. In the
case of solution polymerization, some modifications were
made in order to account for the presence of solvent.

Instead of using equations (23), (32) and (41), equations
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(102), (103) and (104), respectively, must be used.

TABLE 2.7 oOther Physical Parameters.

VALUE OR FUNCTIONALITY

0.7 Sharma and
Soane, 1988

0.001, (°c)™ Marten and
Hamielec, 1982

0.00048, (°C)? Marten and
Hamielec, 1982

0.007, (°c) For Toluene,
guess

-88.1, °C Marten and
Hamielec, 1982

93.5, °C Brandrup, 1975

-160-15, °C

Vim0,V Vet @ V) Vv V"V, (102)
« . w Vp N
Y [T:—s (@ P+ V%8s 3) —;;ﬁ——Lm;j'vt -—_Cnl"ta] (103)

!, Phya”
Dp-Dp ( ‘P—') 28

_ 19,.‘1:1, @ p,.9s
D,=D,.e : Ve ( n,:* ip ”Jc)] (104)
m “m

where subscript "s" accounts for "solvent", and

- PiVy
PuVutPpVptP Vs

W, ,i=m,p, s (105)
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v Vies - Ky (Kp3+T- T;s) (106)
fs N % D
Vs Vs

To test that our implementation of the AK model
was correct, two systems for methyl methacrylate homo-
polymerization were used, namely MMA bulk polymerization
at T= 70 °C and [AIBN],=0.0155 mol/l (Figure 2 in the
paper of Achilias and Kiparissides (1992a)) and MMA bulk
polymerization at T= 60 °C and [AIBME],= 0.01 mol/l
(Figures 9 and 11 in the same paper). To get the same
conversion/time profiles (indeed slightly  Dbetter
predictions were obtained), it was necessary to change
"a,," from 0.28 (reported by Achilias and Kiparissides,
1992a) to 0.35 in the case where AIBN was used and both,

a,," and Y had to be changed from 1.024 and 0.763 to

0.9 and 0.85, respectively, in the case where AIBME was
used. In this last case our predictions were slightly
worse than those presented by Achilias and Kiparissides.
These variations on the parameters mentioned might seem
to be "small" (from 12 to 25% on a,, and around 12% for
Y ), however, our simulation tests showed that very

small variations on these parameters (lower than 10%)
always produced significant changes in the "auto-
acceleration zone". The variation in the parameters might
be due to the different way to estimate D,’. With the
available information for polystyrene and AIBN, a,, was
"fitted" by "trial and error" using data set 1. Sets 2,
1T and 2T were used to test the "predictive" behavior of
the AK model. In Tables 2.8, 2.9 and 2.10 all parameters

used in the AK model are summarised.
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Table 2.8 Kinetic Parameters for the AK model (From
Achilias and Kiparissides, 1992a).

VALUE OR FUNCTIONALITY

7081

k3=1.09x107e * , 4

molss

k.=1.7033x10% * , !

molss

0.58
See Table 6

Table 2.9 Initiator and Solvent Parameters for the AK
model (From Achilias and Kiparissides, 1992a, unless
otherwise stated)

VALUE OR FUNCTIONALITY

68
0.913, cm?/g

372.38, s/cm?

1.0

92.1 (MW;)

0.917 Zielinski and
Duda, 1992

0.29542+1.5812x1073T(°C) | Zielinski and
Duda, 1992
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Table 2.10. Monomer-Polymer Parameters for the AK model
(From Achilias and Kiparissides, 1992a, unless

otherwise stated)

VALUE OR FUNCTIONALITY

0.112+6.2x10%T(°C)

0.0245+1.4x107*(T - 82)

T < 82°C

0.846, cm’/g

104.14, 163

0.999

7.4x%x10°%, 16.9x10"%, cm

385

1.35

Trial and
error

(Ru)o”

1.97x10°%, cm?/s

exp[—22.673+%5$+
1.671n(T(K))], Pa*s

1.31x107°M.%-%¢, cm

Predicted rofiles of conversion/time molecular

weiqght/time and molecular weight distribution_for bulk
and solution styrene homo-polymerization.

This subsection will be devoted to show the

predicted profiles obtained with the four models analysed
in this paper (MH, CCS, AK and PM). It should be pointed
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out that most of the profiles were obtained using the
average values or regression models for the respective
parameters and not with "optimal" parameters for each
condition (therefore, this is not a "curve fitting"
excercise).

Figure 2.2 shows predicted profiles of conversion
versus time and experimental data at conditions of data
set 1 (see Table 2.1). In (a) model predictions using the
MH, PM, CCSA and CCSB models are illustrated. It can be
seen that MH and PM produce virtually the same results,
except for the limiting conversion, which is predicted to
be higher with the MH model. CCSA accounts for
predictions using 0, 0.0 and CCSB uses 0, calculated

from the correlation showed in Table 2.5. The profiles
are almost equal up to the autoacceleration zone. CCSA
predicts total conversion right at the "gel point",
whereas CCSB shows a decrease in propagation rate at a
lower conversion. In both cases predictions using the CCS
model are quite poor (the profiles using the "optimal"
parameters obtained with the non-linear regression
procedure were much better and indeed almost identical to
those showed in the paper of Vivaldo-Lima and Saldivar-
Guerra (1993)). Predictions of conversion are much lower
during the low and intermediate conversion range and then
a strong auto-accelaration effect is predicted to occur
at around 1400 minutes. In (b) predictions using the PM
model again are shown, but this time the profile is
compared to that obtained using the AK model. Although
the AK model predictions are better than those using the
CCS model, it is observed that a very strong auto-
acceleration effect is predicted to occur. The MH and the
PM models produce better predictions in this case. Figure
2.3 shows predictions of number and weight average chain
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lengths versus time at the conditions of data set 1. This
behavior is similar as in the conversion/time profiles.
Predictions of weight average chain length using the MH
model are not very good at high conversions; this model
predicts higher values of weight average chain length in
this conversion regime than those observed
experimentally. The PM seems to produce much better
results; however, considering the high experimental error
associated with measurements of weight average molecular
weight at high conversions, the difference between the MH
and the PM predictions could be considered to be non
significant. Here again the exaggerated "gel effect"
predicted to occur with the AK model is clearly shown. In
Figure 2.3(b) the CCSA, CCSB and AK model predictions of
average chain 1length are shown. Both CCSA and CCSB
predictions are in clear deviation from the experimental
behavior.

Figures 2.4 and 2.5 show predicted versus
experimental profiles of conversion/time (Figure 2.4) and
number- and weighth- average chain length versus time
(Figure 2.5) for bulk styrene homopolymerization at the
conditions of data set 2 (Table 2.1). The behavior of the
models is similar as in the previous case (data set 1),
but now the predictions using the MH and PM differ from
each other (although the experimental profile lies in
between). In this case the MH model seems to produce
slightly better results for both, conversion/time and
chain length averages/time profiles. Also, the
predictions of weight average chain length using the AK
model seem to be better than in the previous case, but
there is still a stronger auto-acceleration effect than
the one observed experimentally.

Figure 2.6 shows predicted versus experimental
profiles of conversion/time (a) and average chain
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lengths/time (b) for bulk homo-polymerization of styrene
at conditions of data set 3. In this case predictions
with the AK model were not obtained (as indicated before,
it was not attempted to make an exhaustive study of the
performance behavior of the AK model, but use it as a
reference model for analysis of the "parallel"-structure
type of models and their theoretical background). Both
the MH and the PM model produced good predictions of
number and weight average chain lengths in this case, but
they overpredict somewhat conversions in the intermediate
regime. The PM predictions of limiting conversion are
lower than those obtained experimentally. Although the
predictions using the CCS model are better than those
obtained for the previous cases, the auto-acceleration
effect is clearly exaggerated.

Figure 2.7(a) shows predictions of
conversion/time profiles at constant temperature and two
initiator levels (the polymerization conditions
correspond to those of data sets 5 and 6). Due to the
scatter of the data, particularly at the “auto-
acceleration zone", the three models (MH, PM, CCSB) seem
to produce "adequate" profiles. However, at the high
level of initiator both the MH and the PM models
overpredict the conversion rate at the intermediate
conversion range and the PM model prediction of limiting
conversion is significantly lower than the experimental
one. Predictions using the MH and the PM models at the
lower initiator level are much better. The predictions
using the CCSB model show a "strong" auto-acceleration
effect, although the average deviation seems to be
adequate. Figure 2.7(b) shows predictions of
conversion/time profiles at constant initial initiator
concentration and two 1levels of temperature (the
conditions used to produce the profiles correspond to
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those of data sets 7 and 8). The MH model predictions are
very good at both levels of temperature; although the PM
prediction of limiting conversion at the lower level is
lower than the experimental, the overall performance for
these two cases is very good. In this case the CCS
predictions are poor; at the high temperature level no
auto-acceleration is predicted to occur and indeed a
monotonous reduction in conversion rate is observed. At
the low temperature level an extremely fast conversion
rate is predicted to occur at the very beginning of the
polymerization. This behavior in the CCS model indicates
that either the regression models are not good or the
structure of this model is incorrect.

Figure 2.8 shows conversion/time predicted and
experimental profiles for styrene polymerization in
toluene at conditions of data sets 1T and 2T. Figure
2.8(a) shows predictions using the MH, PM and AK models,
whereas Figure 2.8(b) shows predictions using CCSB and AK
(both plots correspond to the same system conditions;
they were split in order to facilitate visual
comparison). Figures 2.9 and 2.10 show the corresponding
number- and weight-average/time profiles for data sets 1T
and 2T. For these two solution polymerization conditions
the MH model predictions of conversion are excellent,
although weight average chain lengths are underpredicted
as polymerization proceeds. The PM model overpredicts to
some extent the conversion/time profiles, but the weight
average chain length predictions are the closest to the
experimental values. In these two cases the CCSB model
predictions are very good. Predictions using the AK model
are not good at all in these two cases. There is
overprediction of conversion and both chain length
averages from the beginning of the polymerization, but
what seems to be more serious is the very strong auto-



72

acceleration effect that is predicted to occur at some
point in the profiles. This behavior is a clear deviation
from the experimental evidence and is surprising if it is
considered that most of the parameters were estimated
from first principles.

Figures 2.11 to 2.22 show predicted versus
experimental conversion/time and number-,weight-average
chain length/time profiles at conditions of data sets 3T
through 12T. In summary, it is observed that the MH
predictions of conversion/time are excellent and weight
average chain length/time profiles are very good (some
degree of underestimation at high conversions). The PM
predictions of weight average chain length/time profiles
are excellent and conversion/time profile predictions are
from very good to excellent (some degree of
overprediction in some cases). The behavior of the CCS
model could be called "unstable"; in some cases the
predictions are very good (Figures 2.13, 2.14, 2.15,
2.16, 2.19 and 2.20), whereas in the others (Figures
2.11, 2.12, 2.17 and 2.18) the predictions are poor,
showing a very strong auto-acceleration effect when this
is not so (all cases where this behavior is obseved
coincide with the case of polymerizations carried out at
70°C) .

To further test the behavior of the PM model,
calculations using the "Instant Property Method", IPM, as
compared to those using the “"Method of Moments", MM, (for
calculation of different moments of the molecular weight
distribution) were performed. Figures 2.21 and 2.22 show
number and weight averages versus time calculations for
bulk and solution homo-polymerization of styrene,
respectively. It is seen that the predictions are
practically identical except, perhaps, for a slightly
higher prediction of the limiting weight average chain
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length in bulk polymerization when the MM is used than is
the case when the IPM is used. Conversion/time profiles
are not shown because they were identical.

By using the IPM it is possible to calculate the
full molecular weight (chain length) distribution. In
figures 2.23(a), (b) and (c) predictions of the full
chain length distribution at conditions of data sets 1,
2 and 3, respectively and times of polymerization
indicated in the plots, are shown. Although no
experimental evidence was available, it is seen that the
predicted trends are in perfect agreement with the
expected behavior (broadening of the chain 1length
distribution as polymerization proceeds). Figures 2.24(a)
and (b) show equivalent ©profiles for solution
polymerization at conditions of data sets 1T and 2T.

As mentioned previously, all calculations
presented in this paper were obtained assuming
equilibrium in free volume at all times during the
polymerization (equation (92) was used throughout). The
underprediction of limiting conversion in some of the
bulk polymerization cases analysed before indicate that
non-equilibrium free volume should be used because of the
significant difference between "relaxation time" and
reaction time at high reaction rates. Simulation profiles
showing this behavior are presented in our paper about
styrene/divinylbenzene copolymerization (Vivaldo-Lima et.
al., 1993).

CONCLUDING REMARKS

A detailed analysis and comparison of the
structure and performance of the Chiu-Carratt-Soong (CCS)
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and the Marten-Hamielec (MH) models was undertaken. The
analysis of the stuctures shows that modelling diffusion-
controlled kinetic constants following a "parallel"
approach is incorrect. Instead, a "serial" approach
should be used. Based on first principles of Chemical
Engineering Kinetics and including the important
reactions and physical phenomena known to take place in
free-radical homo- and co-polymerizations (diffusion
controlled propagation, termination and initiation; non-
equilibrium free volume), as well as the use of different
k.(i,j) averages for modelling different chain length
averages, proposed by Zhu and Hamielec (1989), a new
model was derived.

The performance of the new model was compared
with that of modified versions of the CCS and the MH
models (the same approach used in the new model for
calculation of k,, and k,, averages was introduced into
them). In most cases the proposed model produced better
results.

The validity of our conclusion concerning the
inadequacy of the "parallel" approach in modelling
diffusion-controlled kinetic constants was verified with
the performance analysis of the CCS-AK models. These
models predict that very strong auto-acceleration effect
holds when this is not so. This can be clearly observed
in the solution polymerization plots. One reason why this
behavior is observed may be that using the "parallel”
approach causes estimates of the diffusion coefficient of
reacting species be confounded with the the intrinsic
chemical kinetic rate constant. If the system under
consideration shows very strong auto-acceleration (as is
the case with MMA polymerization, which is the main
system the CCS-AK models have been tested against), this
behavior may not be evident. However, if this auto-
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acceleration is not that strong (as is the case of
styrene polymerization and even weaker when such
polymerization is carried out in a solvent -solution
polymerization- ), then the diffusion and chemical
kinetic constants may have similar order of magnitude
values and such "confounding" of parameters becomes more
evident, as was observed in the profiles of solution
styrene polymerization using the CCS (modified) and AK
models. This inadequate "parallel" approach also explains
some observations made by Zhu (1991), concerning
predictions obtained with the first version (Achilias and
Kiparissides, 1988) of the AK model (Zhu pointed out that
the fact that the calculations of Achilias and
Kiparissides (1988) predict that the effective diffusion
coefficient of polymer is two orders of magnitude higher
than that of the monomer at low monomer conversions
(Figure 2 in that paper), had to be considered as an
inconsistency).

If the AK model were derived following the
"serial" approach, instead of the "parallel" one, and
different averages for k, were considered, or if the PM
model were derived following the Vrentas and Duda free-
volume theory, the same model would be obtained. Although
the Vrentas and Duda free volume theory is more elegant
and is considered to be more general, it does not provide
a way to calculate the non-equilibrium free volume (in a
polymerization context) and, therefore, it gives no
better results than other free volume theories, unless
non-equilibrium free volume is considered. In our model
the non-equilibrium free-volume was included, but no
attempt was made to get reliable estimates of the
associated parameters.

Recently, Penlidis et. al. (1992) presented a
study on the scope and difficulties of mathematical
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modelling for polymerization systems aiming at process
control. They discussed, among other things, the
advantages and disadvantages of using "empirical" and
"mechanistic" modelling for control applications. Having
a model which combines two desireable characteristics,
namely simplicity and strong theoretical background,
makes the PM model a promising one for application in the
control area. However, before claiming such generality,
the model must be tested and improved, if necessary, in
non-isothermal polymerizations with significant
temperature changes, polymerizations in the presence of
prepolymer with a very different molecular weight than
that produced 1later during the polymerization and
polymerizations in a continuous stirred-tank reactor (Zhu
and Hamielec, 1989).

A detailed description of the estimation
procedure for model parameters was given, in order for
other researchers in this field to be conscious of the
limitations, precision and model assumptions directly or
indirectly used in such estimation procedures.
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Experimental versus AK, CCSA and CCSB model predictions.
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length/time profiles at conditions of data set 2. (a)
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Experimental versus AK, CCSA and CCSB model predictions.
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Figure 2.10 Styrene Solution Homopolymerization. Experimental versus
predicted n- and w-average chain length/ time profiles
at conditions of data set 2T (a) Predictions using the

MH, PM and AK models. (b) Predictions using the AK and
CCSB models.
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Figure 2.11 Styrene solution homopolymerization. Experimental versus
predicted conversion/time profiles at conditions of
data sets 3T and 4T. Model predictions with the MH, PM
and CCSB models.
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Figure 2.12 Styrene solution homopolymerization. Experimental versus
model predictions (MH, PM and CCSB) for n- and w-
average chain length/time profiles at conditions of data
sets (a) 3T and (b) 4T.
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and CCSB models.
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Figure 2.16 Styrene solution homopolymerization. Experimental versus
model predictions (MH, PM and CCSB) for n- and w-
average chain length/time profiles at conditions of data
sets (a) 7T and (b) 8T.
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data sets 9T and 10T. Model predictions with the MH, PM
and CCSB models.
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Figure 2.18 Styrene solution homopolymerization. Experimental versus
model predictions (MH, PM and CCSB) for n- and w-
average chain length/time profiles at conditions of data
sets (a) 9T and (b) 10T.
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Figure 2.19 Styrene solution homopolymerization. Experimental versus
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Figure 2.21 styrene bulk homopolymerization. Comparison of the MM
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length/time profiles at conditions of data sets (a) 1,
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CHAPTER 3

BATCH REACTOR MODELLING OF THE FREE RADICAL
COPOLYMERIZATION KINETICS OF
STYRENE/DIVINYLBENZENE UP TO HIGH CONVERSIONS.

ABSTRACT

An effective model for the bulk, solution and suspension
copolymerization of styrene/divinylbenzene has been
developed. Experimental data from different sources
and model predictions are in excellent agreement in
most cases for pre and post-gelation periods. The effect
of solvent, chain transfer agent, inhibitor, type and
concentration of crosslinker (m-DVB, p-DVB or a mixture
of both), type and concentration of initiator, and
temperature are accounted for by the present model.

INTRODUCTION

The ability to predict the synthesis kinetics and
properties of polymer networks requires a rather deep
understanding of the elementary reactions and their
behavior during dramatic physical changes before and
after gelation. This 1is not only important for
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development of new products, but also to achieve a more
effective operation of existing processes. However, the
formation and valid characterization of polymer networks
are not completely understood, nor adequate for practical
calculations are the current kinetic models.

There have been systematic efforts to develop
reliable, yet not too complicated models for prediction
of the polymerization rate, composition and structure of
a polymer gel formed via free-radical mechanisms. Reviews
about this topic can be found elsewhere (Dusek and
MacKnight, 1988; Tobita, 1990; Zhu, 1991). The present
situation is that there are available some theories which
can explain to some extent the formation process of a
polymer network. Among these theories are the percolation
theory (Broadbent and Hammersley, 1957; Hammersley, 1957;
Frisch and Hammersley, 1963; Kirkpatrick, 1973; Domb et.
al., 1980; stauffer, 1985) and several mean-field
theories, such as the Macosko-Miller statistical model
(Macosko and Miller, 1976) or the Tobita-Hamielec
kinetics model (Tobita and Hamielec, 1988, 1989a, 1989b,
1989¢, 1990a, 1990b, 1992). There have also been
published several experimental kinetics studies for the
styrene/divinylbenzene (Hild and Okasha, 1985; Hild et.
al., 1985; Okasha et. al., 1979; Storey, 1965; Malinski
and Klaban, 1971) and for methyl methacrylate/ethylene
glycol dimethacrylate (Gordon and Roe, 1956a, 1956b,
1956c, 1956d; Hayden and Melville, 1960; Horie et. al.,
1975; Landin and Macosko, 1988; Li et. al., 1989;
Loshaek, 1953; Loshaek, 1955; Moran and Martin, 1983;
Shultz, 1958; Tian et. al., 1992; Tobita, 1990; Zhu,
1991; Z2hu and Hamielec, 1988, 1989, 1991; Zhu et. al.,
1990a, 1990b) copolymerizations. Even some semi-empirical
attempts to model crosslinking kinetics for use in the
polymer composites manufacturing industry are available
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(Batch and Macosko, 1992; Tungare and Martin, 1992;
Medina-Calderén et. al., 1992).

In order for a model to be effective, it has to
account for most of the physical phenomena under
consideration, it has to be rather easy to solve with
standard computational tools and it should be able to
predict reasonably well the experimental behavior of the
system being studied both in the interpolation range
(range of variation of important variables as used in the
parameter estimation stage, if used) and the
extrapolation one (conditions out of the range of
variables used in the parameter estimation). So far,
existent theoretical models, such as the Tobita-Hamielec
one, give qualitatively good predictions, but
quantitative predictions are obtained using several
simplifications and assumptions which are not always of
practical use. On the other hand, the empirical models
give reasonable good quantitative predictions, but due to
their incomplete theoretical background they can not be
extended to conditions different from those used in the
parameter estimation stage and even their reliability for
interpolation purposes is not guaranteed. Moreover, most
of the available published, quantitative predictions are
limited to the pre-gelation period of the
copolymerization.

Using the Tobita-Hamielec model for crosslinking
kinetics in the pre-gelation period, an improved version
of the Marten-Hamielec model for diffusion controlled
kinetics in free radical polymerization (Vivaldo-Lima et.
al., 1993), which incorporates Zhu and Hamielec'’s remarks
on the use of different number and weight average
termination constants (Zhu and Hamielec, 1989) and a
simple phenomenological approach for the termination
kinetic constant during the post-gelation period,
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quantitative predictions of the styrene/divinylbenzene
copolymerization at several conditions and covering all
the conversion range could be obtained. Predictions are
in very good agreement with the experimental information,
which includes reaction rate, number and weight average
chain lengths, copolymer composition and sol/gel
fractions. The effect of solvent, active chain transfer
agent, type and amount of initiator (AIBN or BPO),
inhibitor concentration, crosslinker type (m-DVB, p-DVB
or mixtures of both) and concentration as well as
temperature are successfully accounted for in most cases
with the present model.

The model equations were solved with and without
use of the steady state hypothesis (SSH) assumption for
the radical moment equations. The predictions obtained
with both models can be considered equivalent for the
pre-gelation period. However, the SSH assumption seems to
be inadequate in the post-gelation period even when

solvent or inhibitor are present.

KINETIC MODEL

Reaction Scheme

The chemical system to be analysed is the
free-radical copolymerization of vinyl-divinyl
comonomers, namely styrene/divinyl benzene. The relevant
chemical reactions which are considered to take place in
such a system are the following (Tobita, 1990; Tobita and
Hamielec, 1989c):
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Initiation
I > 2Ry, (kq)
Riyn + M > R'1,01 (k;)
Ryn + M, > R'o,1,2 (k;)
Inhibition
R'ynat 2 > Py,n (kz1)
Ryt 2 > Pp,n (kz2)
R'p,n, 2t 2 > Py,n (kza)
Propagation
Ripnat M; > R'm1,n,1 (k1)
Riygnat M, > R'n,ne1,2 (ki2)
Rign, 2t My > R'nt1,n,1 (k21)
R'p,not M, > Ry, 41,2 (k2z)
Propagation through pendant double bonds
R'pna1*tPrs > R'nyre1,s4n,3 (kp'13)
R'm,n,2+P's,s > Rmyr,sen41,3 (kp'2s)
R'gn, P s 6 > R'pir,s4n,3 (kp's3)
Transfer to monomer
Ropnat M > Ppn + R'y0 (k£;;)
R'pnat M, > Pa,n + Rop,1,2 (k£;;)
Ripnat My > Pan + R'y01 (k£ )
Ripn,t M, > Pan + Rig,1,2 (kfz;)

Transfer to a small molecule (either solvent or transfer

agent)
R.m,n,1+ T g Pn.n T (kf'l‘l)
Rign,.+ T > Py,q T (kfy,)

Termination
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R.m,n,1+R.r,s,1 » Pm,n + Pr,s (ktd.ll)
> Pm.+x:, n+s ( kccn )

R.m,n,1+R.r,s,2 > Pm,n + Pr,u (kunz)
> Pm+r,n+s (ktclz)

R.n,n,2+R.r,s,2 j > Pm,n + Pr,s (ktdzz)
_ Pm+z', n+s (ktczz )

R.m,n,1+R.r,a,3 T > Pm,n + Pr,s (ktdlii)
> Pm+r, n+s (ktc13 )

R‘m,n,2+R-r,s,3 > Pm,n + Pr,s (kndza)
EEE— Pm+r,n+s (ktcz3 )

R.m,n,3+R.r,s,3 [ > Pm,n + Pr,s (kt:d33)
> Pm+r, n+s (ktc33 )

where R*, ,,; is a polymer radical with m-units of monomer
1 (M;) and n-units of monomer 2 (M,) bound in the polymer
chain and with the active center located on monomer unit
i. P,,, is a polymer molecule with m-units of monomer 1
and n-units of monomer 2. Subscript 3 accounts for
pendant double bonds. It is assumed that a polymer
radical can have no more than one radical center.

Using the "pseudo-kinetic rate constant method",
the previous kinetic scheme can be treated as if it were
a homopolymerization (Hamielec and MacGregor, 1983;
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Tobita, 1990; Zhu, 1991). To do this the "pseudo-kinetic"
rate constants must be defined as follows:
Propagation

2 2

Propagation through pendant double bonds

3

E p191(F-PaP ) @
Inhibition
3
kz-E kzid).i (3)
1

Transfer to monomer

3

kfm-EE fmij¢ifj (4)

Transfer to a small molecule

3
ka"; ker $7 (3)

Termination by disproportionation

3 3
kw';;ktdij 1y (6)
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Termination by combination

3 3
ktc-; zj: kccij¢.i¢.j (7)

where
[Ri] _ [R;]
3 R’ (8)
Y [Rj] (&l
J

¢s-

Mathematical Equations

Pre-Gelation Period

Based on the previous reaction scheme the
following differential equations can be derived:

Initiator consumption

d(viIi])

vaE =-k4[I] (9)

Inhibitor consumption

d(viz])
vde

=-~k,[Z] [R'] (10)
Overall conversion

L - ek (1-3) [R'] (11)
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where x is defined as

V,[M,+M,] -V[M +M,]
g o172l 17472 (12)
V, [M,+M,] o

Normalized moment equations (Tobita, 1990; Tobita and
Hamielec, 1989c) for dead polymer (Steady State
Hypothesis assumed):

B
da, _ dx (14)
dt dt

dg, 2(1+Cp,+Cp%,) (1+4CP%,) dx o (1+CP,*+CP%)% dx (35
dt r+|3+Cp1 dt (‘c+ﬂ+cp1)2 dt

Moment equations (Tobita, 1990; Tobita and Hamielec,
1989c) for polymer radicals (Steady State Hypothesis
assumed) :

VEZZ1%+8Ek k(1] -k, [Z]

Y= [R'] = ok (16)
t

Vo=l (17)

.1+ 0P+ Cp7y (18)

! t+B+Cp1
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_1+Cp,+Cp*, , 2(1+Cp,+Cp*,)

G FYe)

3 2
kfp-; ; kfpij¢. 1_@

(t+P+Cp,) 2

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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Rog*Rep*ReptRegt R,

T- 7, (27)
R

B-tc (28)
R,

Polymer Moment Equations (Transient Model)

To remove the steady state hypothesis (SSH), a
transient model must be used. Individual calculation of
the radical and dead polymer moment equations would
result in a closure problem (Tobita, 1990; Zhu, 1991).
However, it is the sum of radical and dead polymer
concentrations which is needed. If the individual radical
and dead polymer equations are summed, it appears as
though there is no closure problem. However, it actually
remains in equation (33). This equation allows (Y,+Q,) to
be calculated in terms of Q,, which is not known
explicitly. If Q, is expressed as (Q,+Y,) - ¥,, it is now
Y, which is not known. Adding an equation for Y, would
bring another unknown of higher order (Q;) and so on.
There are three ways to solve this situation:

i) Assume that Q, >> Y, and therefore, Q, can be
substituted by (Q,+Y,) in equations (31) and (33).

ii) Approximate Y, with its SSH value.

iii) Propose a relationship between Y, and a lower
radical moment (say Y,).

Three approximations were attempted in this work
[equations (34) to (36)] in addition to alternative (i),
which are discussed later on in this work.

A mass balance analysis for total polymer radical and
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dead polymer concentrations would lead to the following
total polymer moment equations:

d(vy,)

sgr— ~2fkalT) -k, [2] Yo~ (K pont X ca) ¥o? (29)

d(VIYy+Q,])
V;‘; 0 " w2 Fky[I]+ (kg (Ml +k,p[T]) ¥,

~kp Y, ([¥,+0,]1-Y;) '%R tea¥o’

(30)

D) 2 £y [T + (g M) +hegr [T1) Yy vK g0, \
1
SR Vo0 Ky [M] Yo (K g [M) +k g (7] + (B por B o) ¥, b
+kfp( [Y1+Ql] _Yl) } Yl

d(v(y,+Q,])

VdE =2fkg[T] + (kg [M) +k [ T]) Yotk [M] ¥, (32)
d(viy,+0,1)
T m2fkgl I+ (key (M) +kpr [T]) Yo+ Ky (M) Y, (33)

+2k, [M Y +2kp Y, ([Y,+0,] -Y,) +K ., Y, ®

P
L3 (34)
Y,-Y, .;f (35)

x (36)

5
[ |

N

’d/I-:’d
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Divinyl monomer consumption

df, f,-F,

—2 37
dt 1-x N

where f, is the divinyl monomer (DVM) mol fraction and F,
is the instantaneous DVM mol fraction incorporated into
polymer and are calculated as follows:

Ml
- 38
MM (38)
M,
- =1-Ff. (39)
2 M +M, 1
F,- _ (kyp0°s +Kp0 %5 +K326%) £, (40)
(K103 + Ky %5+ K3, 0°%5) £1+ (k9% +K5,0%,+k3,0%) £,
Accumulated copolymer composition
F- f0-f,(1-X) (41)

X

To calculate the radical fractions, the following set of
simultaneous algebraic equations [equations (42) to (44)]
should be solved (Tobita, 1990; Tobita and Hamielec,
1989c):

ki, £,4% - (kyy £ +k* 5 £) ¢.2+k32f/2¢.3'0 (42)



113

(k1zf/2+k‘13fl3) ¢.1-k21f/1¢.2_k31f,1¢.3-0 (43)

¢.1+¢.2 +¢.3-1 (44)
where

£ £, (1-%) (45)

1-x+(F,-p~P ) X

£, (1-x)
f/ - 2 46
? 1-x+(F-p,Ppo)x (463
£l - (Fz'pa'P c)X (47)

P 1-x+(F-p P X

Cross-linking density

From Tobita’s work (Tobita, 1990; Tobita and Hamielec,
1989c) the following eXxpressions can be obtained,
considering average values for additional and cyclization
densities:

P(x)=p L (x)+p ;(x) =2p . (x) =2p, (x) (48)
P o (X) =k F; (x) (49)

pcs,a(x) -kcs-p_a(x) (50)
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Therefore, the rate of average additional cross-linking
density will be given by:

dixp, (0] _ kO (F () (1-kg) P, (x) (1+k) )X dx (51
de K, (1-%) dc

Small molecule (such as solvent or added chain transfer
agent)

d(viTy])

gt =~kers [T,) [R'] , i=solvent, (52)

transfer-agent, ...

To account for volume contraction, the following
expression is used:

V=V, [1+(£222) x] (53)

In equations (15), (19) and (33), B is calculated using

k . In all the remaining cases k,, must be used.

tocw

Doing so assures that weight average chain lengths are
not underpredicted (Zhu and Hamielec, 1989).

Auto-acceleration (Norrish-Trommsdorff) Effect

To account for the autoacceleration effect, an improved
version of the Marten-Hamielec (MH) model for calculation
of the propagation and termination kinetic constants was
used. The initiator efficiency fall off at the end of
polymerization was modelled by means of a free-volume
approach. The details about the way the MH model was
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modified are the scope of another publication (Vivaldo-
Lima et. al., 1993). Here only the main modifications and

final expressions are presented.

The initiator efficiency was considered to decrease as
polymerization proceeds due to free-volume reduction.
Therefore, the following equation was used:

fmf,e Ve (54)

The "artificial onset" of the "Norrish-Trommsdorff"
effect in the original MH model [use of the parameter
K3(T)] (Marten and Hamielec, 1982) was eliminated by
taking into account the free-volume restrictions from the
beginning of the polymerization and the use of a
conversion-dependent termination kinetic constant, as
well as the use of different number and weight average
values for such parameters. In Vivaldo~Lima et. al.
(1993) the following equations were obtained:

0 -la(t-=2))
Ftcnij-ktcnije T 4 Ko (55)
1 1
0 [ p/2_~A5 7]
Ftcwu-ktcwijl-i—,J e £ +Kyopg (56)

where k,..4 is the reaction-diffusion termination constant
and was calculated as indicated in equation (57).

0
Kicra=CrgKp oo (1-%) (57)
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The "artificial onset" of the glassy effect (propagation
kinetic constant dependence on free-volume) was kept in
order to get statistically significant estimates of the
unknown parameters when using the "error in variables
method" (EVM) for non-linear parameter estimation
(Vivaldo-Lima et. al., 1993; Sutton and MacGregor, 1977;
Garcia-Rubio, 1981). However, this limitation can be
removed by considering the free-volume dependence from
the beginning of the polymerization, as previously shown
for the termination constant.

0 Vs (58)
kPij kpue

where

N
VQ-Z;[0.025+ai(T—Iﬂ)%%];i-monomer—l,monomer—z,polymez

solvent, transfer-agent
(59)

By using equation (59) it is implicitly assumed that
equilibrium in free volume is reached at every moment
during the complete course of polymerization. However,
this may not be the case in polymerization reactions with
strong autoacceleration effect at very high conversions,
such as crosslinking. Very recently Anseth et. al. (1993)
concluded that the formation of densely crosslinked
polymer networks leads to volume relaxation during
photopolymerization which may occur over a longer time
scale than the reaction kinetics. Therefore, an excess in
free volume is present during polymerization and equation
(59) would not be correct. One important effect of such
excess in free volume would be obtaining higher limiting
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conversions as the reaction rate is increased (by
increasing initiator concentration, for instance), even
if the temperature is kept constant. This effect was
first reported by Stickler (1983), in the context of MMA
polymerization at very high conversions, and it was first
modelled by Bowman and Peppas (1991).

The concept of excess in free volume has been
known and modelled in the context of physical behavior of
polymers. Such is the case in studies of plasticization
and antiplasticization of glassy polymers with small
molecules (Vrentas et. al., 1988; Vrentas, J.S. and
Vrentas, C.M., 1991a, 1991b), diffusion of 1large
molecules in amorphous polymers (Coughlin et. al., 1991),
PEEK crystallization (Nakanishi and Jean, 1991), gas
adsorption on glassy polymers (Ganesh et. al., 1992),
cooling and heating of polymers across the glass
transition (Losi and Knauss, 1992), among others. A paper
by Tant and Wilkes (1981) contains a review on this
subject. The existence and importance of the free volume
distribution has been considered (Takeuchi et. al., 1990;
Rigby et. al., 1990; Losi and Knauss, 1992). Analysis on
the indirect measurement of free volume and its
relationships, depending on the definition of free
volume, have been made by Gupta and Brahatheeswaran
(1991).

From basic thermodynamics, an excess property is
defined as the difference between an actual property and
the property that would be calculated for the same
conditions (temperature, pressure and composition),
assuming ideal or equilibrium behavior (Smith and Van
Ness, 1975).

The average non-equilibrium free volume in the
previous situations has been calculated in two ways. In
the first, the excess in free volume is accounted for by
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adding a non-equilibrium term in the polymer free volume,
which is a fraction of its equilibrium value (Vrentas et.
al., 1988; Vrentas, J.S. and Vrentas, C.M., 1991a, 1991b;
Coughlin et. al., 1991; Ganesh et. al., 1992). In the
second case, the rate of free volume change is calculated
as the sum of two terms, namely a relaxation term and a
production or generation of free volume term (Tant and
Wilkes, 1981; Nakanishi and Jean, 1991; Losi and Knauss,
1992). The model proposed by Bowman and Peppas (1991) has
this second structure, except for the fact that the
generation term is not considered. Based on these ideas
two models are proposed to account for non equilibrium
free volume in a copolymerization situation.

Our first model considers that the instantaneous
free volume is the contribution of two terms: an
equilibrium term and an excess one. Therefore, the free
volume is calculated as:

VemVe +810.025+a ,(T-Tg,) | 22 (60)

where V., is given by equation (59).

8 in equation (60) should be proportional to the ratio
of relaxation time to a characteristic reaction time. The
relaxation time should be proportional to the rate of
change of molecular weight and crosslinking density and
the characteristic reaction time should be proportional
to the conversion rate. It is therefore proposed to

calculate 8§ as indicated in equation (61).

d(4p) _Ty dx
@+ (X-P) 5

gx
dt

3-8, (61)
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In the second model the instantaneous free volume is

calculated from equation (62).

AV (Ve Vi)
dt T

+Re, (62)

where t 1is the relaxation time, which is calculated

following Tant and Wilkes (1981), as indicated in
equation (63), and R,, is the rate of production or
generation of free volume. In a crosslinking reaction the
formation of polymer network molecules reduces
significantly the free volume but, on the other hand, the
spaces created between crosslinking units and chain
fragments generate some free volume. Therefore, the rate
of generation of free volume should be proportional to
the rate of change in crosslinking density. This
relationship is proposed to be as indicated in equation
(64).

S (63)
&/ [ dUXP) _7y dx
Rp,=b/[SU2L+ (x-p) 5] (64)

The model described by equation (60) will be
referred to later as the "single parameter" model and the
one described by equation (62) will be referred as the
"three parameter" model.

Most of the calculations presented in this paper
were obtained using equation (59) (Figures 3.2 to 3.24).
In Appendix A, calculations obtained using the non
equilibrium models (equation 60 or 62) are presented. The
reason for using the equilibrium free volume in most of
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the calculations was that there were not enough
experimental data to get reliable estimates of the
required parameters.

Post-Gelation Period

Modelling the post-gelation period in a cross-
linking polymerization is a complex problem. Recently,
Tobita and Hamielec (1988, 1989a, 1989b, 1989c, 1990a,
1990b, 1992) made a generalization of the Flory-
Stockmayer theory. However, they obtained rather
complicated expressions which give practically the same
results as the original model, when applied to real
copolymerization systems. Therefore, it was decided to
start from the original Flory-Stockmayer model (Flory,
1947, 1953; Stockmayer, 1943, 1944, 1945) and try to
extend the models for diffusion-controlled kinetics,
which is crucial to properly explain the kinetic behavior
in the post-gelation period. Even though the concept of
crosslinking density distribution proposed by Tobita and
Hamielec was not used, Flory’'s Simplifying Assumptions
(equal reactivity of all double bonds, independent
reactivity of double bonds and absence of intramolecular
reactions) were removed by considering cyclization
reactions and different reactivities for each species
(monomer, divinyl monomer or pendant double bond) over
the complete polymerization range, namely during the pre-
gelation and the post-gelation periods.

For the post-gelation period, equations (1) to
(11) and either equation (16) or (29) (these two last
equations depending on the model being used, namely the
SSH based model or the transient one) were used.

To calculate the sol fraction, the Flory-
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Stockmayer equation (eq. 65) was used.

ug(x)-(t+ﬂ)f(1—pu@)’[rt+%&r+ﬂ)r2]e‘“*mtdr (65)
1

which has the following analytical solution:

o _(z+B) (1-pwp) o 7P f _ - —_ -
ws(X) lln(l-Pwy)‘(ﬂl’)]"-B (‘L’+B) (in(2 pr) (T+ﬁ 1i+[n(1 pr)

~(+B) 1 v- [1n(1-pw,) - (1+B) 12 [v+L (1+§) 1]
(66)

where p=p(x) is the crosslinking density and
wo=w,(x)=1-w,(x). As can be seen, this equation is
implicit in w, and therefore, it is numerically solved at
each integration step of the overall set of differential

equations.

To calculate the number and weight average chain
lengths for the sol fraction, the following expressions
were used (Tobita and Hamielec, 1989c):

sSol
2P (%)

7591 () - (67)
n —s0l | .y 5SO1
29 (x) P15 (%)
B50L ()
P01 (x) - P (68)
1-p %! (x) T’Swop (x)
where
?SOl wg(x)
- (69)

P He, [t+LHG,]
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By =< (LG, +HVG,G;) (70)
H=L+V (71)
L= T
T+P+p (X) Wy (X) (2)
B
V= — — 73
T+P+p (X)W (x) (13)
U- G (74)

T+B+p (x) Wy (x)

Gy=i-p (X)W, (x);1i=1,2,3 (75)

Kinetic Behavior During the Post-Gelation Period

The kinetic behavior of free-radical (co)-
polymerization systems has been the subject of many
investigations. It is beyond the scope of this paper to
review them. What seems to be clear is that as the
polymer grows in size, diffusional 1limitations gain
importance. This situation is particularly true for
systems which undergo crosslinking reactions, where the
effects of falling termination and propagation, as well
as initiator efficiency, occur simultaneously and become
important.

From equations (55) and (56) it is clear that the
"translational" contribution to the kinetic termination
constant falls to a negligible value at the gel point
("infinite" weight average chain length). However, the
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“"reaction diffusion" component is still important. It
should be noted that the term C°, is not a real constant;
it actually depends, among other things, on the polymer
"mean diameter" (Buback, 1990). As the average chain
length remains moderately constant at 1low and
intermediate conversion levels (at least for polystyrene
at low crosslinker concentrations) and considering the
fact that the intrinsic termination kinetic constant is
much higher than the reaction-diffusion one, most of the
behavior during the pre-gelation period is ruled by the
evolution of the translational termination constant. As
polymerization proceeds, C°, actually increases up to a

maximum value, which will be referred as cgg , reached

at the gel point (formation of the gel phase). From there
on, it should be constant for the gel phase and it should
decrease for the sol phase. This decrease for the sol
phase is due to the fact that during the post-gelation
period the large molecules from the sol phase become part
of the gel until only monomer or oligomers remain in the
sol phase.

Once gelation has taken place, two separate
phases are present in the system, namely sol and gel. A
rigorous treatment for the post-gelation period would
require considerion of each phase independently. If it is
assumed that a single expression with hybrid
characteristics can be used, at least for initiation and
propagation and taking into account the ideas mentioned
in the previous paragraph, then equations (76) to (80)
are obtained.

_ -D(2-L)
= (stol) Cleoe Ve Vro (76)
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=7 2%, 0 VeV czz)
kp , = (XW go1) ‘—"‘kpﬁe £ ve (77)
Ftcnij-]étcwij"o (78)
k ec™Kec rd-{cgg (xw sol) %4 czpd (xw 901) ij}kppse (1-x) (79)
where
13 |
P ¥ pse¥e (80)
rd kppselx”(l-xgp)

From the available experimental data for the
post-gelation period (Storey, 1965; Batch and Macosko,
1992) it was found that C,= C, = 0 and C,= 1. Equations
(58) and (72) were also used for propagation of
macromonomers (macromolecules with pendant double bonds).

As mentioned above, initiation and propagation
are considered to occur in a single phase with hybrid
behavior. Termination, on the other hand, is being
modelled separately for each phase. The results mentioned
in the previous paragraph suggest that initiation and
propagation should be also modelled independently for
each phase. Moreover, the translational component of the
termination kinetic constant should increase gradually in
the sol phase, due to the reduction of weight average
chain length.
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RESULTS AND DISCUSSION

Solution of the kinetic model differential equations and
parameter estimation strateqy

To solve the set of algebraic-differential
equations (9) to (11), and (13) to (28) or (29) to (36),
two different numerical methods were tested, namely
"Adams-Moulton"” and "Gear". The first one is a
"predictor-corrector" type of method and the second, used
for stiff systems of differential equations, requires the
evaluation of a Jacobian matrix (matrix of partial
derivatives of each response with respect to each
independent variable), which is quite time-consuming to
evaluate if performed numerically (Conte and De Boor,
1983). This system becomes stiff in the vicinity of the
gel point (gel phase formation). If P, was allowed to
increase without any limitation (second and higher order
polymer moments tending to infinity), numerical problems
would result, regardless of the solution method being
used. Therefore, an "infinite value" for Pw was defined
(for numerical purposes), which was 10%.

When the Adams-Moulton method is used, consistent
results for the pre-gelation period are obtained,
regardless of the step size and required accuracy;
however, during the post-gelation period the step size is
important. When the Gear method was tested, the tolerance
(convergence criteria) was very important; the lower the
value used the better the results obtained, but the
computing time would increase tremendously. The stepsize
was important as well, when using Gear’s technique. After
several tests, it was found that if a rigorous
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convergence criteria was used (less than 107%),
equivalent results would be obtained with either of the
two methods, but computation time was much shorter when
using Adams-Moulton. Therefore, the Adams-Moulton
technique was used for most of the calculations. The
convergence criteria values used were no greater than
10"* and stepsize values around 10 seconds (for the SSH
based model) or as low as 0.001 seconds (transient model
calculations of a system in presence of an inhibitor).
Most of the calculations were obtained with conventional
computational tools (IBM compatible PC with 486
microprocessor), except for the transient calculations of
comercial DVB with inhibitor, where an 1IBM RISC
System/6000 work station was used to speed up the
calculations.

Due to the fact that simulation calculations
using the transient model required much more computing
time than those using the SSH based model, all the
parameter estimation calculations (non-linear regression
using the EVM) were performed with the SSH based model.
Therefore, unless otherwise stated, all remarks about the
parameter estimation stage consider the use of the SSH
assumption.

The set of algebraic equations formed with
equations (42) to (44) was solved by using a Hybrid-
Powell method (Powell, 1970), at each integration step of
the differential equation solver. As previously
mentioned, equation (66) is implicit in w,; therefore, a
conventional Newton-Raphson technique (Conte and De Boor,
1983) was used to solve it, at each integration step of
the solver.

It has been recognized that compilations of
literature values of rate parameters often reveal a very
wide range of reported values for any particular rate
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parameter. With such a wide range of values, it is often
possible that conflicting mechanistic suppositions can be
supported with "evidence" from the literature (Gilbert,
1992). In order to try to comply with some of the
Macromolecular Division of the International Union of
Pure and Applied Chemistry (IUPAC) recommendations on
rate coefficients reporting, a brief description of the
parameter estimation procedure that was followed is
included in this section. A summary of the procedure is
given in Tables 3.1(a) to 3.1(g).

To better accomplish this, our model parameters
will be divided into several categories, as indicated

below.

Intrinsic chemical kinetic constants for pure monomers.
For styrene, the Arrhenius expressions for

calculation of propagation and termination kinetic
constants were obtained from a previous study (Vivaldo-
Lima et. al., 1993). In this study a multivariate non-
linear regression technique using the "error in variables
method" (Sutton and MacGregor, 1977) was used, with
conversion and weight average chain length as dependent
variables (responses).

For divinylbenzene, a combination of a single
variable search technique and the EVM was used. If kp,,
was included as a parameter in the EVM, very high
correlations among parameters was obtained. That is why
the single variable search was performed. The criterion
was to get the best behaved correlation matrix (lowest
absolute values) among parameters. It should be pointed
out that this estimation procedure was performed only for
two different polymerization conditions (one for meta-DVB
and other for a mixture of m-DVB/p-DVB). These conditions
were the ones where more experimental information was
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available (a multivariable non-linear regression with
conversion, polymer composition and weight average chain
length as responses was performed). Once each parameter
had been obtained, it was assumed that the ratio kp,,/kp,,
remained constant, independent of temperature, for all
the remaining cases. At this stage the best estimates for
r, and r, available in literature (Frick et. al., 1981)
were used.

TABLE 3.1(a) Summary of Kinetic Parameters. Intrinsic
Chemical Constants for Pure Monomers.

VALUE OR FUNCTIONALITY

S (11 EVM

Toles estimation.
(Vivaldo-Lima
et. al., In
elaboration)

T 3315

275.38e

Single search
ey _ (a2 o combined with
(hg)m 0'95'(ku)’ 1.9 EVM (see
text)

EVM (Vivaldo-
Lima et al,
1.223x10% "F T In :
elaboration).
Individual
and cross-

terms equal

Copolymer reactivity ratios.

There is ample experimental evidence which shows
that the reactivities of DVB isomers are quite different.
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It has been observed that the m-DVB monomer propagates
much slower than the p-DVB. Even for the p-DVB case, the
existent experimental studies reveal that the theoretical
values (based on monomer units) r,= 0.5, r,=2.0 do not
apply, particularly r;, (Hild and Okasha, 1985; Hild et.
al., 1985; Okasha et. al., 1979; Storey, 1965; Malinski
and Klaban, 1971; Frick et. al., 1981). It was attempted
in this study to estimate the reactivity ratios together
with the propagation constants for pendant double bonds
and the cyclization parameters using the EVM, but very
high correlations and non-statistically significant
values were obtained. Therefore, a statistical analysis
compilation reported in the literature (Frick et. al.,
1981) was analyzed and even though those values were
obtained using the Meyer-Lowry equation, which does not
apply for crosslinking copolymerizations at high
crosslinker concentrations the errors are small at low
conversions for the styrene/DVB system. With values
within the r,-r, joint confidence region, a combined
"grid-search" and EVM parameter estimation technique was
performed, which gave adequate values. It was found that
there 1is disagreement between reported values for
copolymer composition for the styrene/p-divinylbenzene
system by Hild-Okasha (1985) and Malinski-Klaban (1971).
The composition data reported by Malinski and Klaban
seemed to be less model dependent. Therefore, the value
of (ry)pow Was estimated using Malinski and Klaban’s
data.

To estimate (k%;)movesr (K'22)pover (T1)movsr (T3)movar
(r;)p-ove @and k., only data sets 1 and 3 (refer to Table
3.2(a)) were used. For (r,), s Sets 5 and 7 (Table
3.2(b)) were also used. In this last case a "trial and
error" approach was followed with the remaining
parameters being fixed.
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For the addition of monomer 1 (styrene) to a
pendant double bond (kinetic constant k;) the EVM was
used. The ratio k;,/k,, was assumed to remain constant and
equal to r,. The kinetic constant k';; was found to be
negligibly small.

TABLE 3.1(b) Summary of Kinetic Parameters. Copolymer
Reactivity Ratios.

PARAMETER { VALUE OR FUNCTIONALITY REMARKS

Best EVM (set 1)
(ki1/Kky2)m estim. for other
(kaa/Ka1)n param. See text.

(ki1/ki2)p Best estimates
(kz22/K31)p from literature
to fit sets 5-7.

- 0y pvalZg) p* e pva(rs) m

0 [
Dp_pve*lia-pva

(£4) mix i=1, 2
Assumed

EVM using sets 1
and 3

‘Intrinsic" chemical kinetic constants and reactivity

ratios for macromonomers (radicals reacting with pendant
double bonds).

These parameters were estimated as indicated in
the previous situation (refer to Table 3.1(b)), namely
with a combined "grid search"-EVM strategy for two
different experimental conditions and then used for the
remaining conditions. It was found that the intrinsic
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propagation constants were function of the initial
crosslinker concentration. As will be explained later,
this dependency can be attributed to the effect of
secondary cyclization which was neglected by setting k.=
0.0.

The parameter which seemed to be more important
for the prediction of gel points at high crosslinker
concentrations was k*,. From sensitivity analysis tests
and EVM trials, it was found that k%, = k%, (which we
call k*°,,) and k™,; = 0. It was also found that (k;;)uove
= 2(k";3)p.pvs- This means that the "macro-monomer" with a
pendant vinyl dgroup originated from p-DVB is less
reactive than that generated from m-DVB, which seems
contradictory. However, if the environment in the
vicinity of the vinyl group (very entangled or even
highly cross-linked structure) is considered, it might be
possible that degrees of inclination less than 90° could
promote the reaction, due to steric relief. For a
pictorial representation of this situation, see Figure
3.1. Values in brackets for k™,;/k;; in Table 3.1(c)
indicate the ratio at very high crosslinker initial
concentration (pure commercial DVB polymerization), which
were obtained using the transient model for the moment

equations.

"Free-volume" related parameters (for the modified MH
model) .

It was assumed that the free-volume parameters
for styrene, DVB and cross reactions were equal, due to
their similar chemical structures. Therefore, single
values for parameters A, D and V,,, from equations (54)
to (58) were used. These values were the ones for styrene
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homopolymerization, which was studied ©previously
(Vivaldo-Lima et. al., 1993). The estimation procedure
was also the multiresponse-EVM (conversion and weight
average chain length as responses).

As indicated previously, the parameters for the
non equilibrium free volume models were not estimated to
fit experimental data. The values reported include the
range of variation used in the sensitivity analysis
studies. However, these values were used to reproduce
conversion rates at conditions with high crosslinker
initial concentration, namely commercial DVB
polymerization in presence of inhibitor (data set 13 in
Table 3.2(c)) and p-DVB bulk copolymerization (data set
5 from Table 3.2(b)).

TABLE 3.1(c) Summary of Kinetic Parameters. Intrinsic
Chemical Kinetic Constants for Macromonomers.

PARAMETER VALUE OR FUNCTIONALITY REMARKS

(k';3/ky; )= 0.305 to 0.4 | For AIBN. EVM
(0.031) estimation.

(kK';3/ky )= 0.15 to 0.18
(0.016)

k*;3/k,; =0.06255 + For BPO (€ 70
1.245x1073/£,, °C) Empirical
r* = 0.9896 correlation
from this work.

Sensitivity
Anal.
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TABLE 3.1(d) Summary of Kinetic Parameters. Free-volume
parameters.

VALUE OR FUNCTIONALITY

0.465 +/- 0.04 EVM (see text)

0.036 +/- 0.01 EVM (see text)

1.0x10° EVM for AIBN,
fixed for BPO

135, 1/mol EVM trials

0 Sensitivity
analysis

Sensitivity
analysis

0.1 to 1000 Range of values
used in

0.1 sensitivity
analysis for
non-equilibrium
1l to 200, s free volume
calculations

0.001 to 1

Cyclization related parameters.

From the EVM results and some sensitivity
analysis, it was found that the consumption of pendant
double bonds through secondary cyclization was negligible
for styrene/divinylbenzene (however, these analyses were
made for «cases with relatively 1low crosslinker
concentrations, where secondary cyclization is usually
not important and the reference experimental information
used for comparison was for the pre-gelation period).
Primary cyclization, on the other hand, seemed to be
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important, particularly at higher solvent levels in the
reacting mixture. From the EVM results and also from
experimental observation (Tobita, 1990; Tobita and
Hamielec, 1989c), k., was found to be constant for bulk
copolymerization and to increase as the solvent
concentration is increased, in solution copolymerization.

For sets 1, 3 and 4 (refer to Table 3.2(a)) Kk,
was estimated using the EVM. For set 2 the same value as
in 1 and 4 was used. For set 5 a sensitivity analysis
using k., from sets 1 and 4 as upper limit was made. The
best value was used for the remaining cases (sets 6 to
18, Tables 3.2(b) and 3.2(c)).

All the predicted profiles shown in this paper
were obtained using k.= 0.0 and decreasing k,;" as f,, was
increased. However, this decrease can be explained as due
to increasing secondary cyclization. The correlations for
k.. shown in Table 3.1(e) were obtained from the
transient calculations for p-DVB bulk copolymerization
with BPO and comercial DVB polymerization with AIBN and
inhibitor. 1In making the calculations using these
correlations it was assumed that k';; decreases when f,, is
increased because of the increasing importance of
secondary cyclization. It was also assumed is that k';;=
k*,, and that the fraction of radicals whose active center
is located on pendant double bonds is negligible at the
start of polymerization. Based on these assumptions, k.
can be calculated using equation (2) with initial
conditions and k%;; for a system with a very low initial
crosslinker concentration (in our case sets 1 and 2 were
used). From these correlations an empirical model for k.

can be written as:

ko~kds+e Fote, [I] +e,T (81)
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The regression coefficients reported in Table 3.1(e)
clearly indicate that secondary cyclization is strongly
affected by divinyl monomer concentration, type and
concentration of initiator and temperature. Nevertheless,
it is not recommended that such empirical correlations be
used for predictive purposes, as the statistical
significance was not determined and the assumptions of
the Least Squares Technique may not be reasonable.

TABLE 3.1(e) Summary of Kinetic Parameters. Cyclization
parameters.

VALUE OR FUNCTIONALITY

Bulk copolym.
Independent of
f20

Solution
copolym. at £,
= 0.0196

Solution
copolym. at f,,
= 0.05

EVM and
sensitivity
analysis (pre-
gel. period)

k.= 10251 + 9692(f,,) - | Linear

C8

202490[BPO] regression with
R?’= 0.9721 (€ 70°C) results from
transient
k.= 939100 -~ model. See
86900[AIBN]-10266T(°C) | text.
R?>= 0.9106 (@ f,,= 0.55)
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Intrinsic chemical kinetic constants for species other

than monomers (initiator, inhibitor and chain transfer

agent).

These values were taken from the literature (see
Table 3.1(f)) or guessed in two cases (k, for BPO and kg,
for solution copolymerization with CCl,).

Other physical parameters.

The remaining parameters (glass-transition
temperatures, initial initiator efficiency, etc. were
taken from the literature, as reported in Table 3.1(g)).

Predicted cConversion/Time and Molecular-Weight/Time
Profiles

Once a complete set of kinetic parameters had
been compiled, all the available experimental conditions
were reproduced (data sets 1 to 18), which are shown in
Figures 3.2 to 3.24. It should be mentioned that in some
cases better profiles would have been obtained if some
variation on the parameters was done, but that was
avoided in order to develop a model with hopefully real
predictive power and not just a curve-fitting exercise.

Figures 3.2 and 3.3 show predicted versus
experimental results for the copolymerization of styrene
and m-DVB in benzene solution at conditions shown in
Table 3.2(a) and the fiqures themselves. As it was
previously mentioned, this system was chosen to estimate
most of the parameters for m-DVB because there were
sufficient experimental information to do so (reaction
rate, copolymer composition, number and weight average
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Summary of Kinetic Parameters. Intrinsic
chemical constants for other species.

VALUE OR FUNCTIONALITY

-1 !0550]

1.053x10%e * ,s72

1.2x10°, s* ( @ 70 °C)

0, for AIBN

30, 1 mol™ st (@ 70 °C)

__(1?:1'.11] P

2.31x10% ,

molss

0

- (205

2.19x10%@¢ * °,

1x10°, 1 mol™* s

0.05, 1 mol™!* s

0.05, 1 mol™ s

490 to 585, 1 mol™ s

For AIBN
(Sharma and
Soane, 1988)

For BPO, guess

Mean value from
Barson'’s (1989)
data. (BPO)

Hui, 1967

Villalobos et.
al., 1991

Insensitive to
temperature.

Barson, 1989

Assumed equal
to k¢

Trial and error
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TABLE 3.1(g) Summary of Kinetic Parameters. Other

parameters.

VALUE OR FUNCTIONALITY

0.0008

0.00048

Sharma and
Soane, 1988

Villalobos et.
al., 1991

Styrene (Marten
and Hamielec,
1982)

DVB, guess
Polymer (Marten
and Hamielec,
1982)

Benzene, guess

CCl,, guess

Styrene (Marten
and Hamielec,
1982)

DVB, guess

Polymer
(Brandrup,
1975)

Benzene, guess

CCl,, guess
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average molecular weights). Some authors have tried to
test their models for crosslinking kinetics using this
same experimental information (Tobita, 1990; Tobita and
Hamielec, 1989c; Okay, 1992; Xie and Hamielec, 1993).
However, their simulations can not simultaneously predict
the actual behavior of molecular weight, conversion and
composition. When the transient simulations were carried
out using the parameters obtained with the SSH-based
model, there would be some delay in gelation. Therefore,
a refinement of the value of kp‘,, was performed in order
to obtain the correct gelation time. That is why a range
of variation of the ratio kp;;/k,; is given in Table
3.1(c) (the 95% confidence intervals obtained with the
EVM were narrower, but are not reported here due to the
fact that refinements on the values of kp‘,; were made and
also the usage of the SSH-based model during the
parameter estimation stage).

Figure 3.4 shows predicted total polymeric
radical concentrations obtained with the transient model
as compared with those obtained using the SSH assumption.
It can be observed that the SSH assumption leads to a
lower radical consumption rate at the gel point, thus
predicting a very high disappearence rate of the sol
phase. On the other hand, the calculations show that the
SSH assumption is clearly valid for the pre-gelation
period.

Figure 3.5 shows predicted and experimental
results for copolymerization of styrene and p-DVB in
benzene. It can be seen that reaction rate is predicted
quite well, but copolymer composition seems to be
underpredicted. As mentioned in the previous section, the
copolymer composition data reported by Hild and Okasha
(1985) were calculated under model assumption
considerations. Even if their same results for m-DVB and
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p-DVB are compared, it is seen that they obtain higher
initial DVB content in copolymerization using m-DVB than
when using p-DVB, which seems to indicate that their
reported values for p-DVB content in the copolymer are
suspicious. As in the previous case, the transient and
the SSH predictions are compared in Figure 3.6. The same
remarks given for styrene/m-DVB apply for styrene/p-DVB
on this matter.

TABLE 3.2(a) Summary of Experimental Conditionms.
Solution Copolymerization with AIBN.

Remarks

0.08 0.0196 [CcHg1=5.562;
(AIBN) (meta) (Hild and
Okasha,
1985)
Figures 2, 3
and 4

0.08 0.0196 [CcHs]1=5.562;
(AIBN) (para) (Hild and
Okasha,
1985).
Figures 5
and 6.

0.08 [CcHs1=5.35;
(AIBN) (Okasha et.
al., 1979).
[CCl,1=0.2.
See figures
10 to 12

0.08 [CeHg]1=5.22;
(AIBN) (Hild et.
al., 1985).
Figures 7, 8
and 9
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TABLE 3.2(b) Summary of Experimental Conditions. Bulk
Copolymerization with BPO.

0.0356 Storey, 1965
(BPO) Figures 13
to 15

0.0356 Storey, 1965
(BPO) Figure 15

0.0356 Storey, 1965
(BPO) Figures 13
to 15

0.011 Malinski and
(BPO) Klaban, 1971
Figs. 15 and
16 (a)

0.011 Malinski and
(BPO) Klaban, 1971
Figures 15
and 17(a)

0.011 Malinski and
(BPO) Klaban, 1971
Figures 15
and 17 (b)

Malinski and
Klaban, 1971
Figures 15
and 17(c)

Malinski and
Klaban, 1971
Figures 15
and 16 (b)
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TABLE 3.2(c) Summary of Experimental Conditions. Bulk
Copolymerization with AIBN and inhibitor. Data from Batch
and Macosko (1992).

0.055 [DPPH]=0.007
(AIBN) In sets 13
to 18,
values of
[DPPH}
slightly
different to
those
estimated by
Batch and
Macosko
(1992) were
used.
Figures 18,
19 and 20

0.113 [DPPH]=0.007
(AIBN) Figures 19,
20 and 23

0.172 [DPPH]=0.007
(AIBN) Figures 19,
20 and 23

0.14 [DPPH]=0.01
(AIBN) Figures 21,
22 and 24

0.14 [DPPH]=0.01
(AIBN) Figures 21,
22 and 24

0.14 [DPPH]=0.01
(AIBN) Figures 20,
22 and 24
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Figures 3.7 and 3.8 show predicted versus
experimental results for styrene/m-DVB copolymerization
in benzene, but at higher initial concentrations of
crosslinker than those of Figures 3.2 and 3.3. Here the
predictive power of our model for the post-gelation
period can be appreciated, where excellent agreement
between experimental and predicted behavior is obtained.
In this case the only parameter which was adjusted to
predict time of gelation was k.. As has been observed
experimentally, this parameter seems to be non constant
for systems with high content of solvent and high initial
crosslinker concentrations and even the values obtained
by parameter estimation for k., are in close agreement
with those reported in the 1literature (Tobita and
Hamielec, 1989c; Tobita, 1990). Figure 3.9 shows the
corresponding profiles for total radical concentration.

Figure 3.10 shows the chain length development in
solution copolymerization of styrene and a mixture of
meta and para divinylbenzene in presence of a strong
chain transfer agent (CCl,). Our model predictions for
this case seem to underpredict weight average chain
lengths at intermediate conversion levels. However, if
one observes the experimental points it is clear that the
GPC values seem to be greater than those obtained with
light scattering. Light scattering should provide an
upper 1limit for weight-average chain 1lengths and
therefore the GPC values reported by Okasha et. al.
(1979) are suspect. In their investigation, they did not
reach the gel point. It is reported that gelation
occurred after 10 hours and a figure in their paper
appears to indicate that the gel point is reached at
about 14 hours. That is why predicted profiles to get
gelation at 10 and 14 hours are presented in Figure
3.10(a). If only the experimental results obtained by
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light scattering (Pw-DDL in the plot) are considered and
it is assumed that gelation occurs at a time close to 10
hours, the agreement between experimental results and our
predictions is very good (light scattering is an absolute
method for branched polymers and gives valid M, values,
whereas values of M, obtained using GPC are questionable
for branched polymers). Figure 3.10(b) shows predicted
profiles using both models (transient and non-transient)
to get gelation at 10 hrs. The agreement is quite good,
however the values of kp‘,; used to reproduce the profiles
are not the same, as previously explained. Figure 3.11
shows conversion and copolymer composition evolution with
time. Conversion is adequately predicted, but composition
seems to be underpredicted. The same remarks that were
made about Figure 3.5 are applicable for this case (same
investigators and same procedure to evaluate copolymer
composition as in that case). Figure 3.12 shows profiles
of total radical concentration versus time for this case.
The SSH is clearly not valid in the post gelation region.

Figure 3.13 shows predictions of conversion
versus time for bulk copolymerization of styrene and p-
DVB. The experimental results at the higher p-DVB level
are substantially higher than those predicted. However,
according to the experimental procedure used in obtaining
these data (Storey, 1965), temperature rise at the gel
point and thereafter must have been considerable. (They
used a dilatometer device with a spherical bulb). Zhu and
Hamielec (1991) found that temperature rise in ampoule
reactors for copolymerization with crosslinking systems
is quite high, even when small diameter ampoules are
used. Fiqure 3.14 shows predicted profiles for total
radical concentration. It can be observed that for bulk
copolymerization without inhibitor, the agreement between
the transient and the SSH-based models is almost total,
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even in the post gelation period. It is our belief that
the reason why some discrepancy in the prediction of
gelation time between the transient and the non-transient
models is observed when there is solvent in the system,
whereas total agreement is obtained when there is neither
solvent nor inhibitor present, is that in a diluted (or
retarded) system, the changes in magnitude of the radical
and dead polymer moments during polymerization are more
pronounced and their initial individual values lower than
those of a system without solvent. This means that dilute
and retarded systems are more sensitive to errors in the
calculation of moments. It should also be remembered that
the moment equations used with the SSH model in this
study were those derived by Tobita (1990) and in their
derivation, assumptions and simplifications on the
relative magnitudes of different moments and relative
importance of termination and chain transfer rates, as
compared to propagation rate, were made.

Figure 3.15(a) shows the effect of the initial
concentration of crosslinker on gelation point at two
different levels of BPO. It can be seen that model
predictions of conversion at the gel point are in very
good agreement with the experimental results. In Figure
3.15(b) the effect on kp™;,; is shown. The fact that the
intrinsic propagation constant for macromonomers depends
on the initial concentration of crosslinker can be
attributed to secondary cyclization, which was found to
be zero when the EVM parameter estimation procedure was
used. However, with this parameter estimation procedure,
only experimental data for the pre-gelation period were
used (secondary cyclization may not be important during
the pre-gelation period, but in the post-gelation period
its importance increases). It seems that even though this

kinetic constant depends on crosslinker concentration,
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its dependence on initiator concentration is weak and the
two profiles could be considered as one and the same. As
explained in the previous section, from this relationship
[Figure 3.15(b)] and using equation (2), an estimate of
k., can be obtained (see regression models in Table
3.1(e)).

Figures 3.16 and 3.17 show predicted and
experimental copolymer composition (F,-accumulated) for
bulk copolymerization of styrene and p-DVB [also m~DVB in
Figure 3.16(b)] at different initial DVB concentrations
and using BPO as initiator. It can be observed that the
agreement between model predictions and experiments is
remarkably good (although some error in the estimates of
the reactivity ratios could be present if temperature was
not constant in the center of the bulbe used to obtain
the experimental data).

In Figures 3.18(a), 3.19 and 3.21 experimental
(Batch and Macosko, 1992) and model predictions of the
bulk polymerization of commercial DVB (mixture of m-DVB,
p-DVB and ethyl-vinyl-benzene, mainly) with AIBN as
initiator and hydrated, 1,l-diphenyl-2-picrylhydrazyl
(DPPH) as inhibitor, are shown. These model predictions
were obtained assuming that the polymerization proceeds
isothermally. The agreement is good during the pre-
gelation period, up to the gel point. Thereafter the
predicted profiles show a smaller decrease of the sol
fraction. Considering the extremely high initial
concentration of crosslinker (55% mol) in the system and
the associated high rates of polymerization and heat
generation rate, it is (quite 1likely that the
polymerization temperature might increase significantly
with time. To estimate the temperature rise and the real
behavior of the system, a heat balance was performed,
which led to the following differential equation for
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temperature of the polymerizing mass (T):

[dr] __(-AH) R, n,.Cp,ldT] __UA
'ae! "~ nco, 2- o, el Ty (T (82)

where subscript m stands for monomers/polymer mixture and
subscript w for water (assuming that the reacting mixture
is being cooled with water). Equation (82) was solved
with the other model equations using the same conditions
as those indicated in Figure 3.18 for different values of
U (overall heat transfer coefficient). It was found that
using U=0 (adiabatic 1limit) produced profiles with
identical gelation and sol consumption times as the
experimental ones. Finite values for U would produce
intermediate profiles between those of Figures 3.19 and
3.20. The predicted profiles considering the temperature
rise during the post-gelation period with U=0 are shown
in Figures 3.18 and 3.20. In Figures 3.23 and 3.24
temperature evolution profiles are shown for all cases
reported by Batch and Macosko (1992). Even though the
model predictions of maximum reaction rate are higher
than the experimental ones (and therefore the maximum
polymerization temperatures should be overpredicted) it
seems clear that temperature rose significantly in the
post-gelation period in Batch and Macosko’s experiments.

It is important to mention that this system (bulk
polymerization of commercial quality DVB in the presence
of an 1inhibitor) was the one where the greatest
differences between transient and SSH models were
observed. When the SSH model was used, the experimental
results could be reproduced by correcting for non-
isothermal copolymerization, thus secondary cyclization
seemed to be negligible. When the transient calculations
were attempted using the same parameters as in the non-
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transient model, gelation would be predicted to occur
much earlier and the predicted weight average chain
length was much greater. By doing a sensitivity analysis
on the effect of changing kp™,,, it was found that the
same profiles as in the non-transient model would be
obtained by reducing the value of this constant by 25%.
However, the profiles predicted with values slightly
greater or smaller were very different and oscillations
in the predicted dx/dt vs. t curve were observed. This
behavior was observed over a large range of kp™;, values
(from about 15% up to 80% of the original value used in
the SSH calculations). When lower values were used,
stability would again be obtained and the agreement in
the peak maxima of the experimental and predicted
reaction rate versus time profiles would be much better
than those obtained with the SSH model. This behavior can
be clearly observed in Figures 3.20 and 3.22. With the
SSH model, gelation would be predicted to occur at the
start of the plateu regions in the reaction rate versus
time profiles and the maximum peaks would correspond to
disappearance of the sol phase. On the other hand, the
transient model predictions would predict gelation to
occur at the maximum peaks of the reaction rate versus
time profiles, except for set 13, where the previous
behavior would also be observed. According to Batch and
Macosko (1992), gelation would occur at the peak maximum
of such profiles. Therefore, it seems to be clear that
secondary cyclization is important during the post-
gelation period and that the SSH assumption can lead to
incorrect conclusions when applied to inhibited and
highly crosslinked systems.

From the previous results (Figures 3.18 to 3.24)
it can be observed that the present model is capable of
reproducing qualitatively and even quantitatively to a
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reasonable degree the behavior of the copolymerization
during the pre-gelation and post-gelation periods.
However it predicts unusually high reaction rates at the
very end of polymerization, which also means that the
predicted maximum values of w,; (gel fraction) could be
higher than the actual ones. In other words, our model
predicts complete disappearence of the sol phase when it
actually could exist in small amounts.

In reference to the use of equations (34), (35)
and (36) for polymer moment concentrations, it was found
that there were no significant difference between them.
So, the assumption of neglecting the radical second
moment term for the sum of polymer and radical second
moments was good enough for numerical purposes (that is,
assuming that Q, >> Y,, which is the simplest case).

A sensitivity analysis study on the effect of non
equilibrium free volume is presented in Appendix A of
this paper.

In Appendix B of this paper, a model for
calculation of the effect of crosslinking density on the
polymer glass transition temperature, Tg,, is presented.
Also included in this Appendix is a procedure for
decoupling secondary cyclization from crosslinking
density in the post-gelation period. Calculations of the
degree of "unsaturation"” (concentration of pendant double
bonds not consumed by crosslinking or cyclization) during
the post-gelation period are given, as well.

CONCLUSIONS

An effective model for crosslinking
copolymerization kinetics has been developed. Using this
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model quantitatively reliable predictions of the system
behavior can be obtained. This model is based on previous
work of Tobita and Hamielec (1988, 1989%a, 1989b, 1989c,
1990a, 1990b, 1992) and incorporates several important
recommendations made by Zhu and Hamielec (1989, 1991).
Based on these recommendations, an improved version of
the Marten-Hamielec gel effect model (Vivaldo-Lima et.
al., 1993) was extended to copolymerization with
crosslinking. It was confirmed that accounting for
diffusion-controlled reactions (termination, propagation
and initiation) is essential if realistic modelling of
free-radical polymerization with crosslinking is to be
done.

It was demonstrated that the use of the steady
state hypothesis (SSH) for the polymer radical moment
equations is usually valid for the pre-gelation period.
It could be used to model the post-gelation period, but
the kinetic parameters would be model-dependent and
therefore, they would not correspond to the actual ones.
In some cases, usage of the SSH could lead to wrong
mechanistic conclusions of the behavior during the post-
gelation period.

Most of the observed phenomena in the
copolymerization of styrene and divinylbenzene were
adequately predicted. Eventhough the behavior during the
post-gelation period was considered, it is recognized
that the present model is at best a good first
approximation and especially needs improvement in the
post-gelation period. Some guidelines in the way this
could be done were given.

The important concept of non equilibrium free
volume in the context of copolymerization kinetics was
considered and modelled. Although no attempt was made to
obtain precise parameters for this particular case, it
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was demonstrated that the predictions are in perfect
agreement with the observed trends and reasonable
numerical ranges for the non equilibrium free volume
parameters were established.

It was demonstrated that secondary cyclization is
very important during the post-gelation period. In fact,
most of the pendant double bonds are consumed by
secondary cyclization during this stage of the
copolymerization. Although not quite reliable, our
predictions of pendant double bond conversion (and degree
of unsaturation) are quite close to the experimental
data, even at very high crosslinker concentrations and
high conversions.

Some hints and remarks about the parameter
estimation procedure and numerical solution of the
mathematical equations were given in order to aid in
future modelling studies of this kind.
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Figure 3.2 Styrene/m-DVB solution copolymerization. [AIBN]=0.08,
£,,=0.0196, [C:H;]=5.562, T=60°C. Transient (solid lines)
and non-transient (dashed lines) predicted versus
experimental chain length profiles.
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Figure 3.3

Styrene/m-DVB solution copolymerization. [AIBN]=0.08,
£,0=0.0196, [C(Hs}=5.562, T=60°C. Transient (solid lines)
and non-transient (dashed lines) versus experimental
conversion and copolymer composition profiles.
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Figure 3.4 Styrene/m-DVB solution copolymerization. [AIBN]=0.08,
£,,0.0196, [CHs]=5.562, T=60°C. Predicted total radical

concentration using the SSH assumption (dashed line) as
compared to the transient model (solid line).
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Styrene/p-DVB solution copolymerization. [AIBN]=0.08,
£,,~0.0196, [C(H;]=5.562, T=60°C. Predicted (solid lines)
versus experimental conversion and copolymer composition
profiles.
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Styrene/p-DVB solution copolymerization. [AIBN]=0.08,
£,,=0.0196, [CcH;]=5.562, T=60°C. Predicted total radical

concentration using the SSH assumption (dashed line) as
compared to the transient model (solid line).
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Figure 3.7 sStyrene/m-DVB solution copolymerization. [AIBN]=0.08,
£,,=0.05, [CHs]1=5.22, T=60°C. Predicted (solid lines)
versus experimental chain length profiles.
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Figure 3.10 Styrene/DVB (mix.) solution copolymerization with added

transfer agent. ([AIBN]=0.08, f£,,=0.018,

[CeH¢1=5.35,

{ccl,1=0.2, T=60°C. (a) Non-transient model predictions
(SSH) to get gelation at 10 (solid line) and 14 hrs
(dashed line) versus experimental chain lengths.
Transient (solid line) and non-transient (dashed line)
predictions to get gelation at 10 hrs.

experimental chain lengths.
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Styrene/DVB (mix.) solution copolymerization with added
transfer agent. [AIBN]=0.08, £,,=0.018, [C/H,]=5.35,
[cci,1=0.2, T=60°C. Transient (solid 1line), and non-
transient (dashed 1line) conversion and copolymer
composition predictions to get gelation at 10 hrs.
versus experimental results.
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Figure 3.12 Styrene/DVB (mix.) solution copolymerization with added
transfer agent. [AIBN]=0.08, f£,,=0.018, [C.H¢]=5.35,
[ccl,1=0.2, T=60°C. Predicted total radical
concentration using the SSH assumption (dashed line) as
compared to the transient model (solid line).
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Figure 3.13 Styrene/p-DVB bulk copolymerization. {BPO}= 0.0356,
T=70.1 °C. Transient (solid lines) and non-transient
(dashed 1lines) conversion predictions for different
crosslinker initial concentrations, as compared to
experimental results.
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Figure 3.14 Styrene/p-DVB bulk copolymerization. [BPO]= 0.0356, T=
70.1 °C. Predicted total radical concentration using the

SSH assumption (dashed 1lines) as compared to the
transient model (solid lines).
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Figure 3.18 Commercial DVB bulk polymerization (ethyl vinyl

benzene/p- and m-DVB copolymerization). [AIBN]= 0.055,
(DPPH]= 0.007, f£,,0.55, T= 72 °C. (a) Non-transient
isothermal (dashed 1lines) and non-transient non-
isothermal (solid lines) predictions of conversion and
reaction rate versus experimental DSC results. (b)
Transient non-isothermal predictions (solid 1lines)
versus experimental results.
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Figure 3.19 Commercial DVB bulk polymerization (ethyl vinyl

benzene/p- and m-DVB copolymerization). [DPPH]= 0.007,
£,,~0.55, T= 72 °C. Predicted non-transient isothermal
versus experimental reaction rate.
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Figure 3.20 Commercial DVB bulk polymerization (ethyl wvinyl

benzene/p- and m-DVB copolymerization). [DPPH]= 0.007,
£,,=0.55, T= 72 °Cc. (a) Predicted non-transient non-
isothermal versus experimental reaction rate. (b)
Predicted transient non-isothermal versus experimental
reaction rate.
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Figure 3.21 Commercial

(DPPH]=

£,,=0.55.

DVB bulk polymerization
benzene/p- and m-DVB copolymerization).

Predicted

isothermal versus experimental reaction rate.
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Figure 3.22 Commercial DVB bulk polymerization (ethyl vinyl
benzene/p- and m-DVB copolymerization). [AIBN]= 0.14,
[DPPH]= 0.007, £,,=0.55. (a) Predicted non-tramsient
non-isothermal versus experimental reaction rate. (b)
Predicted transient non-isothermal versus experimental
reaction rate.
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Figure 3.23 Temperature variation in “"isothermal™” DVB bulk
copolymerization. (a) Non-transient model predictions at
different initiator initial concentrations. (b)
Transient predictions at same conditions as (a).
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CHAPTER 4
OVERALL CONCLUSIONS AND RECOMMENDATIONS

An effective model for crosslinking kinetics has
been developed and widely tested using experimental data
from different sources for styrene/divinylbenzene
copolymerizations. Different conditions were considered
and successfully predicted: bulk and solution (in
toluene) styrene homopolymerization, copolymerization of
styrene/m-DVB and styrene/DVB (mixture of m- and p-DVB)
using AIBN as initiator carried out in benzene solution
with and without added carbon tetrachloride as chain
transfer agent, bulk copolymerization of styrene/p-DVB
using BPO as initiator and bulk commercial DVB
polymerization (copolymerization of ethyl vinyl
benzene/m- and p-DVB) using AIBN as initiator and DPPH as
inhibitor.

To build the model account was taken of the
elementary reactions taking place in the reacting system.
The model developed in this thesis centers its attention
in diffusion <controlled reactions. The excellent
agreement between our model predictions and the
experimental data show that taking into account
diffusion-controlled phenomena in modelling of
vinyl/divinyl copolymerizations is esential if realistic
predictions are desired.

The model and the computer program to solve the
equations are general. By giving the adequate initial
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conditions, both the model equations and the program can

be used for the homopolymérization case.

The specific contributions of this thesis to the

field of Polymer Reaction Engineering can be summarized

as follows:

4.1)

4.2)

A comprehensive and objective comparison of two of
the most popular models for diffusion controlled
kinetics 1in free radical polymerization and
copolymerization was undertaken. Their main
features and limitations were clearly pointed out.
This comparison is important because most of the
practical studies in this area use either of the

two models.

A new model for diffusion controlled free radical
homopolymerization kinetics was developed. This new
model has all the advantages of the CCS-AK and MH
models, but their limitations were overcome. Even
though this new model has strong theoretical
background, its structure is simple and its
performance behavior is remarkable. The model was
successfuly extended to the copolymerization of
vinyl/divinyl monomers by using the "pseudo-kinetic
rate constant method".

It was demonstrated that a "parallel" approach for
modelling "diffusion controlled" kinetic constants
in free radical polymerization is incorrect. A
correct way to model such constants was proposed
(following a "serial" approach). This result has
very important implications due to the fact that
many researchers in this field use the parallel
approach. This approach is so widely used that it
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has even been accepted by the IUPAC.

An effective way to calculate different k., averages
(k. and k,,) was proposed and successfuly tested.
This idea is very important if accurate predictions
of weight average molecular weight are desired.

A model for calculation of non-equilibrium free
volume (very important concept in highly diffusion
controlled free radical copolymerization
situations) was proposed. Although this is not the
first approach to model this phenomenon (the first
model was proposed by Bowman and Peppas, 1991), our
model seems to include the previous one as a
particular case (if there is no free volume
"generation" due to crosslinking).

A general kinetic scheme and associated model
equations were used. Although this general kinetic
scheme has been used before, some additions are
worthy of mention: account was taken of the
presence and effect of an inhibitor; the model is
not restricted to the use of equal reactivities of
double bonds and all the phenomena usually
considered in this kind of modelling are present
(presence and effect of solvent and active chain
transfer agent, as well of chain transfer and
cyclization reactions).

Through the use of a simple approach to model

bimolecular termination in the post-gelation
period, it was possible to obtain good predictions
of the polymer properties during that stage of the
polymerization. However, it is recognized that the
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"effectiveness" of the model for the post-gelation
period is not as good as it is for the pre-gelation
period.

The steady state hypothesis (SSH) for the polymeric
radical moment equations was removed. Most of the
previous kinetic studies had used it, even though
there 1is experimental evidence that such an
assumption is invalid for the post-gelation period.
Our calculations showed that the SSH is usually
valid for the pre-gelation period, but in the post-
gelation period its use can produce inadequate
results (from unreliable estimates of the kinetic
parameters to fundamentally incorrect predictions
of the behavior of the system in the post-gelation
period).

Whenever it was possible, statistical information
regarding the reliability of the parameter
estimates was provided. When that information was
not obtained, detailed documentation on the
estimation procedures was offered and the
limitations on the use of the parameters were
pointed out. Although this should not be considered
as a "contribution", a trend in this kind of
kinetic study seems to be the omission of this
information (with the natural consequences that
information about kinetic parameters "reported in
the literature" are used to "validate" new models
without taking into account the reliability of such

parameters).

In the following lines some limitations of our

kinetic model and/or recommedations on the way it should
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be further tested or improved are given.

Modelling bimolecular termination in the post-
gelation period as a contribution from each phase seems
to be adequate. However, translational termination should
be incorporated (our model neglects translational
termination in the post-gelation period for both, sol and
gel) in the sol phase, due to the fact that the reduction
in weight average chain length reduces the diffusional
limitations in this phase. Initiation, propagation and
termination should not be modelled as the same for both
phases. A more realistic model for such reactions should
be phase specific.

Our models for "diffusion controlled" phenomena
in free radical polymerization (initiation, propagation
and termination) should be further tested in non-
isothermal polymerizations with significant temperature
changes, polymerizations in the presence of prepolymer
with a very different molecular weight than that produced
later during the polymerization and polymerizations in
continuous stirred-tank reactors.

Our kinetic model for the copolymerization case
should be tested against experimental data for MMA/EGDMA
copolymerization, which is a system widely studied and
where much experimental information is available. Further
improvement of the model should take into account
copolymerizations carried out in semi-batch and
continuous reactors. Our model could be used as starting
point or at least as reference in modelling emulsion
copolymerization of vinyl/divinyl monomers, particularly
in the final stage of the polymerization (Stage "III" in
emulsion polymerization).

Much effort should be concentrated in obtaining
better (more realistic) models for secondary cyclization,
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which was demonstrated to be very important in the post-
gelation period (most of the pendant double bonds in the
post-gelation period are <consumed by secondary
cyclization). This should be considered a priority if a
real effective model for the post-gelation period is
desired.

Once the previous recommendations are taken, a
further enhancement of the model could be achieved by
including (in a practical quantitative fashion) the
concept of crosslinking density distribution, which was

not used in this research.



REFERENCES

Numbered References

[1] Instituto Mexicano del Plastico Industrial (IMPI).
(1990). Notes for the course "La Era del Plastico"
(in Spanish). Mexico City, Mexico.

[2] Hamielec, A.E. and Tobita, H. (1992). Polymerization

Processes. In Vol. A21 of Ullmann’s Encyclopedia of
Industrial Chemistry. VCH Publishers, Inc. 305-428.

[3] Krakovyak, M.G.; Ananieva, T.D. and Anufrieva, E.V.
(1993). "Bridge Formation in Polymer Systems".
J.M.S.-Rev. Macromol. Chem. Phys., C33(2), 181-236.

[4] Zhu, S. (1991). Ph.D. Thesis. McMaster University,
Hamilton, Ontario, Canada.

[5] Tobita, H. (1990). Ph.D. Thesis. McMaster
University, Hamilton, Ontario, Canada.

Author’s References

For Chapter 2

Achilias, D. and Kiparissides, C. (1988). "Modelling of
Diffusion-Controlled Free-Radical Polymerization
Reactions". J. of Applied Polym. Sci., 35, 1303-1323.

Achilias, D.S. and Kiparissides, C. (1992a). "Development
of a General Mathematical Framework for Modeling
Diffusion-Controlled Free-Radical Polymerization
Reactions". Macromolecules, 25, 3739-3750.

182



183

Achilias, D.S. and Kiparissides, C. (1992b). "Towards the
Development of a General Framework for Modeling Molecular
Weight and Compositional Changes in Free-Radical
Copolymerization Reactions". J.M.S.-Rev. Macromol. Chem.
Phys., C32(2), 183-234.

Arai, K. and Saito, S. (1976). "Simulation Model for the
Rate of Bulk Polymerization Over the Complete Course of
Reaction". J. of Chem. Eng. of Japan, 9(4), 302-313.

Bamford, C.H. (1989). "The ‘Group-Termination
Coefficient’ in the BAnalysis of Kinetic Schemes of
Polymerizations with Size-Dependent Termination
Coefficients". Eur. Polym. J., 25(7/8), 683-689.

Bamford, C.H. (1990). "Non-classical free-radical
polymerization: 7. Kinetic analysis of some

polymerizations by the group-termination coefficient
procedure". Polymer, 31, 1720-1725.

Bamford, C.H.; Barb, W.G.; Jenkins, A.D. and Onyon, D.F.
(1958). "Kinetics of Vinyl Polymerization by Radical
Mechanisms". Butterworths, London.

Batch, G. L. and Macosko, C.W. (1992). "Kinetic Model for
Crosslinking Free Radical Polymerization Including
Diffusion Limitations". J. of Applied Polym. Sci., 44,
1711-1729.

Bhattacharya, D. and Hamielec, A.E. (1986). "Bulk Thermal
Copolymerization of Styrene P-Methyl Styrene. Modelling
Diffusion-Controlled Termination and Propagation Using
Free-Volume Theory". Polymer, 27(4), 611-618.

Bowman, C.N. and Peppas, N.A. (1991). "Coupling of
Kinetics and Volume Relaxation during Polymerizations of
Multiacrylates and Multimethacrylates". Macromolecules,
24, 1914-1920.

Brandrup, J. and Immergut, E.H. (1975). Polymer
Handbook. Second Edition, John Wiley and Sons, U.S.A.

Buback, M. (1990). "Free-radical polymerization up to
high conversion. A general kinetic treatment". Makromol.
Chem., 191, 1575-1587.



184

Buback, M.; Garcia-Rubio, L.H.; Gilbert, R.G.; Napper,
D.H.; Guillot, J.; Hamielec, A.E.; Hill, D.; O’Driscoll,
K.F.; Olaj, O.F.; Shen, J.; Solomon, D.; Moad, G.;
Stickler, M.; Tirell, M. and Winnik, J. (1988). J. Polym.
Sci. Polym. Lett. Ed., 26, 293.

Buback, M.; Gilbert, R.G.; Russell, G.T.; Hill, D.J.T.;
Moad, K.F.; O’Driscoll, K.F.; Shen, J. and Winnik, A.
(1992). "Consistent Values of Rate Parameters in Free
Radical Polymerization Systems. II. Outstanding Dilemmas
and Recommendations”. J. Polym. Sci. Polym. Chem., 30,
851-863.

Budde, U. and Wulkow, M. (1991). "Computation of
Molecular Weight Distributions for Free Radical
Polymerization Systems". Chem. Eng. Sci., 46(2), 497-508.

Bueche, F. (1962). Physical Properties of Polymers.
Interscience Publishers, New York.

Chaimberg, M. and Cohen, Y. (1990). "Kinetic Modelling of
Free-Radical Polymerization: A Conservational
Polymerization and Molecular Weight Distribution Model".
Ind. Eng. Chem. Res., 29, 1152-1160.

Chiu, W.Y.; Carratt, G.M. and Soong, D.S. (1983). "A
Computer Model for the Gel Effect in Free-Radical
Polymerization". Macromolecules, 16, 348-357.

Flory, P.J. (1953). "Principles of Polymer Chemistry".
Cornell University Press, Ithaca, New York.

Fujita, H. (1961). Adv. Polym. Sci., 3, 1.
Fujita, H. (1991). Polym. J., 23, 1499.

Garcia-Rubio, L.H. (1981). Ph.D. Thesis, McMaster
University, Hamilton, Ontario, Canada.

Garcia-Rubio, L.H.; Hamielec, A.E.; Lord, M.G. and
MacGregor, J.F. (1985). "Bulk Copolymerization of Styrene
and Acrylonitrile. Experimental Kinetics and Mathematical
Modelling". Polymer, 26(13), 2001-2013.

Gilbert, R.G. (1992). "Consistent Values of Rate
Parameters in Free Radical Polymerization Systems".
Technical Report to the International Union of Pure and
Applied Chemistry. Pure & Appl. Chem., 64(10), 1563-1567.



185

Hamielec, A.E.; Gbémez-Vaillard, R. and Marten, F.L.
(1982). "Diffusion-Controlled Free-Radical Polymerization
Effect on Polymerization Rate and Molecular Properties of
Polyvinyl-Chloride". J. Macromol. Sci.-Chem., Al7(6),
1005-1020.

Hamielec, A.E. and MacGregor, J.F. (1983). "Modelling
Copolymerization -Control of Chain Microstructure, Long
Chain Branching, Crosslinking and Molecular Weight
Distributions". In Polymer Reaction Engineering.
Reichert, K.H. and Geiseler, W. (Eds.), Hanser
Publishers, New York, p. 21.

Hui, A.W.T. (1967). "Free Radical Polymerization of
Styrene in a Batch Reactor up to High Conversion". M.
Eng. Thesis, McMaster University, Hamilton, Ontario
Canada.

Hutchinson, R.A. (1993). "Modeling of Free-Radical
Polymerization Kinetics with Crosslinking for Methyl
Methacrylate/Ethylene Glycol Dimethacrylate". Submitted
to Polymer Reaction Engineering.

Jones, K.M.; Bhattacharya, D.; Brash, J.L. and Hamielec,
A.E. (1986). "aAn Investigation of the Kinetics of
Copolymerization of Methyl-Methacrylate P-Methyl Styrene
to High Conversion. Modeling Diffusion-Controlled
Termination and Propagation by Free-Volume Theory".
Polymer, 27(4), 602-610.

Lord, M.G. (1984). "Computer Modelling of Styrene-
Acrylonitrile Bulk Copolymerization at High Conversion®.
M. Eng. Thesis, McMaster University, Hamilton,Ontario,
Canada.

Louie, B.M.; Carratt, G.M. and Soong, D.S. (1985).
"Modeling the Free Radical Solution and Bulk
Polymerization of Methyl Methacrylate". J. of Applied
Polym. Sci., 30, 3985-4012.

Mahabadi, H.-K. (1991). "Effect of Chain-Length
Dependence of Termination Rate Constant on the Kinetics
of Free-Radical Polymerization. 2. Evaluation of an
Analytical Expression for the Rate of Polymerization".
Macromolecules, 24, 606-609.

Marten, F.L. and Hamielec, A.E. (1979). "High Conversion
Diffusion Controlled Polymerization". ACS Symp. Ser. No.
104, 43-70.



186

Marten, F.L. and Hamielec, A.E. (1982). "High Conversion
Diffusion Controlled Polymerization of Styrene I.", J.
Applied Polym. Sci., 27, 489.

Mita, I. and Horie, K. (1987). "Diffusion-Controlled
Reactions in Polymer Systems". JMS-Rev. Macromol. Chem.

Nishimura, N.J. (1966). Macromol. Chem., 2, 259.

Panke, D. (1986). "Polymerization of Methyl Methacrylate
up to High Degrees of Conversion: Model Calculations
Considering the Presence of Prepolymer"”. Makromol. Chem.,
Rapid Commun., 7, 171.

Penlidis, A.; Ponnuswamy, S.R.; Kiparissides, C. and
O’'Driscoll, K.F. (1992). "Polymer reaction engineering:
modelling considerations for control studies". The
Chemical Engineering Journal, 50, 95-107.

Ray, W.H. (1971). Macromolecules, 4, 162.

Russell, G.T., Gilbert, R. and Napper, D.H. (1992).
"Chain-Length Dependent Termination Rate Processes in
Free-Radical Polymerizations. 1. Theory". Macromolecules,
25, 2459-2469.

Russell, G.T., Napper, D.H. and Gilbert, R. (1988).
"Termination in Free-Radical Polymerization Systems at
High Conversion". Macromolecules, 21, 2133-2140.

Sharma, D.K. and Soane, D.S. (Soong). (1988). "High-
Conversion Diffusion-Controlled Copolymerization
Kinetics". Macromolecules, 21(3), 700-710.

Schulz, G.V. (1956). 2. Phys. Chem., N.F., 8, 284.

Simon, S.L. and Gillham, J.K. (1992). "Reaction Kinetics
and TTT Cure Diagrams for Off-Stoichiometric Ratios of a
High-Tg Epoxi/Amine Systems". J. of Appl. Polym. Sci.,
46, 1245-1270.

Soh, S.K. and Sundberg, D.C. (1982). "Diffusion-
Controlled Vinyl Polymerization, II. Limitations on the
Gel Effect". J. Polym. Sci., Polym. Chem. Ed., 20, 1315-
1329.

Stickler, M. (1983). "Free-Radical Polymerization
Kinetics of Methyl Methacrylate at very High
Conversions". Makromol. Chem., 184, 2563-2579.



187

Stickler, M.; Hamielec, A.E. and Panke, D. (1984).
"Polymerization of Methyl-Methacrylate Up to High Degrees
of Conversion. Experimental Investigation of the
Diffusion-Controlled Polymerization". J. Polym. Sci.
Polym. Chem., 22(9), 2243-2253.

Sutton, T.L. and MacGregor, J.F. (1977). "The Analysis
and Design of Binary Vapor-Liquid Equilibrium
Experiments. Part I: Parameter Estimation and Consistency
Tests". Can. J. of Chem. Eng., 55, 602-608.

Tobolski, A.V.; Rogers, C.E. and Brickman, R.D. (1960).
Journal of the American Chemical Society, 82, 1277.

Veeravalli, M.S. and Rosen, S.L. (1990). "Free-radical
Addition Polymerization: Effects of Chain Length,
Viscosity and Solvent Power on Diffusion-controlled
Termination at Low Conversion". J. of Polym. Sci. Part B:
Polym. Phys., 28, 775-782.

Villalobos, M.A., Hamielec, A.E. and Wood, P.E. (1991).
"Kinetic Model for Short-Cycle Bulk Styrene
Polymerization through Bifunctional Initiators". J. of
Applied Polym. Sci., 42, 629-641.

Villalobos, M.A., Hamielec, A.E. and Wood, P.E. (1993).
Submitted to Polymer.

Vivaldo-Lima, E. (1989a). "Simulacién del Proceso de
Polimerizacién de Estireno via Suspensién". B.Sc. Thesis.
(In Spanish). Universidad Nacional Auténoma de México
(U.N.A.M.), Mexico City, Mexico.

Vivaldo-Lima, E. (1989b). "Ajuste de Parametros del
Modelo de CCS a Datos Experimentales de Conversién contra
Tiempo para la Polimerizacién de Estireno con Dos
Iniciadores". Technical Report to "Productos de Estireno,
S.A." and "Investigacién y Desarrollo Corporativo" Group
of "Industrias Resistol"” (Mexico) as part of the
"Asimilacién de EPS" Project. (In Spanish). Lecheria,
Edo. de México, Mexico.

Vivaldo-Lima, E., Hamielec, A.E. and Wood, P.E. (1993).
“Batch Reactor Modelling of the Free Radical
Copolymerization Kinetics of Styrene/Divinylbenzene Up to
High Conversions"”. Submitted to "Polymer Reaction
Engineering”.



188

Vivaldo-Lima, E. and Saldivar-Guerra, E. (1993). "Digital
Simulation of Bulk and Suspension Polymerization of
Styrene, Using Non-linear Regression for Curve-Fitting
the Kinetic Parameters". J. of Reinforced Plastics and
Composites, 12, 800-812.

Vrentas, J.S. and Duda, J.L. (1977a). J. Polym. Sci.,
Polym. Phys. Ed., 15, 403.

Vrentas, J.S. and Duda, J.L. (1977b). J. Polym. Sci.,
Polym. Phys. Ed., 15, 417.

Vrentas, J.S. and Vrentas, C.M. (1993). "Evaluation of
Free-Volume Theories for Solvent Self-Diffusion in
Polymer-Solvent Systems". J. Polym. Sci., Polym. Phys.,
31, 69-76.

Vrentas, J.S.; Vrentas, C.M. and Duda, J.L. (1993).
"Comparison of Free-Volume Theories". Polymer Journal,
25(1), 99-101.

Xie, T.; Hamielec, A.E.; Wood, P.E. and Woods, D.R.
(1991). "Experimental investigation of vinyl chloride
polymerization at high conversion: mechanism, kinetics
and modelling". Polymer, 32(3), 537-557.

Yaraskavitch, I.M.; Brash, J.L. and Hamielec, A.E.
(1987). "An Investigation of the Kinetics of
Copolymerization of Para-Methylstyrene-Acrylonitrile to
High Conversion. Modelling Diffusion Controlled
Termination and Propagation Theory". Polymer, 28(3), 489-
496.

Zhu, S. (1991). Ph.D. Thesis. McMaster University,
Hamilton, Ontario, Canada.

Zhu, S. and Hamielec, A.E. (1989). "Chain-Length-
Dependent Termination for Free Radical Polymerization".
Macromolecules, 22(7), 3093-3098.

Zielinski, J.M. and Duda, J.L. (1992). "Influence of
Concentration on the Activation Energy for Diffusion in
Polymer-Solvent Systems". J. Polym. Sci. Polym. Phys.,
30, 1081-1088.



189

For Chapter 3 .

Anseth, K.S.; Bowman, C.N. and Peppas, N.A. (1993).
"Polymerization Kinetics and Volume Relaxation Behavior
of Photopolymerized Multifunctional Monomers Producing
Highly Crosslinked Networks". Submitted to the Journal of
Polymer Science, Part A: Polymer Chemistry.

Barson, C.A. (1989). "Chapter 13. Chain Transfer". In
Volume 3 (Chain Polymerization I) of Comprehensive
Polymer Science. The Synthesis, Characterization &
Applications of Polymers, Geoffrey Allen, FRS (Ed.
Chair). Pergamon Press, Great Britain.

Batch, G. L. and Macosko, C.W. (1992). Journal of
Applied Polymer Science, 44, 1711-1729.

Brandrup, J. and Immergut, E.H. (1975). Polymer
Handbook. Second Edition, John Wiley and Sons, U.S.A.

Broadbent, S.R. and Hammersley, J.M. (1957). Proc. Camb.
Phil. Soc., 53, 629.

Buback, M. (1990). "Free-radical polymerization up to
high conversion. A general kinetic treatment". Makromol.
Chem., 191, 1575-1587.

Conte, S.D. and De Boor, C. (1983). Elementary Numerical

Analysis. An Algorithmic Approach. 3rd. Edition, McGraw-
Hill International Book Company, Singapore.

Coughlin, C.S.; Mauritz, K.A. and Storey, R.F. (1991). "A
General Free Volume Based Theory for the Diffusion of
Large Molecules in Amorphous Polymers above Tg. 4.
Polymer-Penetrant Interactions"”. Macromolecules, 24,
1526-1534.

DiBenedetto, A.T. and Nielsen, L.E. (1969). J. Macromol.
Sci. Rev. Macromol. Chem., C3(1l), 69.

Domb, C., Stoll, E. and Schneider, T. (1980). Contemp.
Phys., 21, 577.

Dusek, Karel and MacKnight, William (1988). "“Cross-
Linking and Structure of Polymer Networks". 1In
Crosslinked Polymers. Chemistry, Properties and
Applications, Dickie, R.A.; Labana, S.S.; Baoer, R.
(Eds.), ACS Symp. Series 367. Washington, D.C.




190
Flory, P.J. (1947). J. Am. Chem. Soc., 69, p. 30.

Flory, P.J. (1953). Principles of Polymer Chemistry.
Cornell University Press, Ithaca, NY, Chapter 9.

Fox, T.G. and Loshaek, S. (1955). "Influence of Molecular
Weight and Degree of Crosslinking on the Specific Volume
and Glass Temperature of Polymers". J. Polym. Sci., 15,
371-390.

Frick, ¢C.D., Rudin, A. and Wiley, R.H. (1981).
"Reactivity Ratios for Divinylbenzene and Ethylene Glycol
Dimethacrylate Copolymerizations with Styrene and Methyl
Methacrylate". J. Macromol. Sci.-Chem., Al6 (7), 1275-
1282.

Frish, H.L. and Hammersley, J.M. (1963). J. Soc. Indust.
Appl. Math., 11, 894. -

Ganesh, K.; Nagarajan, R. and Duda, J.L. (1992). "Rate of
Gas Transport in Glassy Polymers: A Free Volume Based
Predictive Model". Ind. Eng. Chem. Res., 31, 746-755.

Garcia-Rubio, L.H. (1981). Ph. D. Thesis, McMaster
University, Hamilton, Ontario, Canada.

Gilbert, R.G. (1992). "Consistent Values of Rate
Parameters in Free Radical Polymerization Systems".
Technical Report to the International Union of Pure and
Applied Chemistry. Pure & Appl. Chem., 64(10), 1563-1567.

Gordon, M. and Roe, R.-J. (1956a). "Diffusion and
Gelation in Polyadditions I. Vindication of the Classical
Network Theory of Gelation". J. Polym. Sci., 21, 27-38.

Gordon, M. and Roe, R.-J. (1956b). "Diffusion and
Gelation in Polyadditions IXI. Theory of the Viscosity -
Conversion Curve". J. Polym. Sci., 21, 39-56.

Gordon, M. and Roe, R.-J. (1956c). "Diffusion and
Gelation in Polyadditions III. Statistical Kinetic Theory
of the Trommsdorf Rate Acceleration". J. Polym. Sci., 21,
57"'73 .

Gordon, M. and Roe, R.-J. (1956d). "Diffusion and
Gelation in Polyadditions IV. Statistical Theory of Ring
Formation and the Absolute Gel Point". J. Polym. Sci.,
21, 74-90.



191

Gupta, V.B. and Brahatheeswaran, C. (1991). "Molecular
packing and free volume in crosslinked epoxy networks".
Polymer, 32(10), 1875-1884.

Hale, A. and Macosko, C.W. (1976). Macromolecules, 9(2),
206.

Hamielec, A.E. and MacGregor, J.F. (1983). "Modelling
Copolymerization -Control of Chain Microstructure, Long
Chain Branching, Crosslinking and Molecular Weight
Distributions". In Polymer Reaction Engineering.
Reichert, K.H. and Geiseler, W. (Eds.), Hanser
Publishers, New York, p. 21.

Hammersley, J.M. (1957). Proc. Camb. Phil. Soc., 53, 642.

Hayden, P. and Melvine, H. (1960). "The Kinetics of the
Polymerization of Methyl Methacrylate, II. Crosslinked
and Heterogeneous Reaction". J. Polym. Sci., 43, 215.

Hild, G. and Okasha, R. (1985). Makromol. Chem. 186,
93-110.

Hild, G., Okasha, R. and Rempp, P. (1985). Makromol.
Chem., 186, 407-422.

Horie, K.; Otagawa, A.; Muraoka, M.; Mita, I. (1975).
"Calorimetric Investigation of Polymerization Reactions,
V. Crosslinked Copolymerization of Methyl Methacrylate
with Ethylene Glycol Dimethacrylate". J. Polym. Sci.,
Polym. Chem. Ed., 13, 445.

Hui, A.W.T. (1967). "Free Radical Polymerization of
Styrene in a Batch Reactor up to High Conversion". M.
Eng. Thesis, McMaster University, Hamilton, Ontario,
Canada.

Kirkpatrick, S. (1973). Rev. Mod. Phys., 45, 574.

Landin, D.T. and Macosko, C.W. (1988). "Cyclization and
Reduced Reactivity of Pendant Vinyls During the
Copolymerization of Methyl Methacrylate and Ethylene
Glycol Dimethacrylate". Macromolecules, 21, 846.

Li, W.-H.; Hamielec, A.E.; Crowe, C.M. (1989). "Kinetics
of the Free Radical Copolymerization of Methyl
Methacrylate/Ethylene Glycol Dimethacrylate, 1.
Experimental Investigation". Polymer, 30, 1513.



192

Loshaek, S. (1953). "Crosslinked Polymers, I. Factors
Influencing the Efficiency of Crosslinking in Copolymers
of Methyl Methacrylate and Glycol Dimethacrylates". J.
Am. Chem. Sci., 75, 3544.

Loshaek, S. (1955). "Crosslinked Polymers, II. Glass
Temperature of Copolymers of Methyl Methacrylate and
Glycol Dimethacrylates". J. Polym. Sci., 15, 391-404.

Losi, G.U. and Knauss, W.G. (1992). "Free Volume Theory
and Nonlinear Thermoviscoelasticity". Polym. Eng. Sci.,
32(8), 542-557.

Macosko, C.W. and Miller, D.R. (1976). Macromolecules, 9,
199.

Malinski, J. and Klaban, J. J. (1971). Macromol.

Marten, F.L. and Hamielec, A.E. (1982). "High Conversion
Diffusion Controlled Polymerization of Styrene I.", J.
Applied Polym. Sci., 27, 489.

Medina-Calderén, J.A., Gonzdlez-Romero, V.M. and Avalos-
Munguia, T.G. (1992). ANTEC 1992 Conference Proceedings,
Volume II, 1948-1953, Detroit, Michigan.

Mikos, A.G.; Takoundis, C.G. and Peppas, N.A. (1986).
"Kinetic Modeling of Copolymerization/Cross-Linking
Reactions". Macromolecules, 19, 2174-2182.

Moran, M.B. and Martin, G.C. (1983). "The Laser Raman
Spectrum of Poly(ethylene Glycol Dimethacrylate)". Polym.
Preprint, 24, 611.

Nakanishi, H. and Jean, Y.C. (1991). "Dynamics of Excess
Free Volume in Semicrystalline PEEK Studied by Positron
Annihilation". Macromolecules, 24, 6618-6621.

Okasha, R.; Hild, G. and Rempp, P. (1979). European
Polymer Journal, 15, 975-982.

Okay, O. (1992). "Kinetic Modeling of Network Formation
and Properties in Free Radical Copolymerization". In
revision for publication.

Pascault, J.P. and Williams, R.J.J. (1990). "Glass
Transition Temperature Versus Conversion Relationships
For Thermosetting Polymers". J. of Polym. Sci., Polym.
Phys., 28, 85-95.



193

Powell, M.J.D. (1970). "A Hybrid Method for Non-linear
Equations"”. In Numerical Methods for Non-linear
Equations. Rabinowitz, P. (Ed.), Gordon and Breach,
London.

Rigby, D. and Roe, R.J. (1990). "Molecular Dynamics
Simulation of Polymer Liquid and Glass 4. Free-Volume
Distribution". Macromolecules, 23, 5312-5319.

Sharma, D.K. and Soane, D.S. (Soong). (1988). "High-
Conversion Diffusion-Controlled Copolymerization
Kinetics". Macromolecules, 21(3), 700-710.

Shultz, A.R. (1958). "Crosslinking Efficiencies in the
Methyl Methacrylate-Ethylene Dimethacrylate and Ethyl
Methacrylate-Ethylene Dimethacrylate Systems. Degradative
Analysis by Electron Irradiation". J. Am. Chem. Soc., 80,
1854.

Simon, S.L. and Gillham, J.K. (1992). "Reaction Kinetics
and TTT Cure Diagrams for Off-Stoichiometric Ratios of a
High-Tg Epoxy/Amine System". J. of Appl. Polym. Sci., 46,
1245-1270.

Simon, S.L. and Gillham, J.K. (1993). "Cure Kinetics of
a Thermosetting Liquid Dicyanate Ester Monomer/High-Tg
Polycyanurate Material". J. of Appl. Polym. Sci., 47,
461-485.

Smith, J.M. and Van Ness, H.C. Introduction to Chemical
Engineering Thermodynamics. Third edition. McGraw Hill
Book Company, 1975.

Stauffer, D. (1985). Introduction to Percolation Theory.
Taylor and Francis, London.

Stickler, M. (1983). "Free-Radical Polymerization
Kinetics of Methyl Methacrylate at very High
Conversions". Makromol. Chem., 184, 2563-2579.
Stockmayer, W.H. (1943). J. Chem. Phys., 11, p 45.
Stockmayer, W.H. (1944). J. Chem. Phys., 12, p. 125.
Stockmayer, W.H. (1945). J. Chem. Phys., 13, p. 199.

Storey, B.T. (1965). Journal of Polymer Science: Part A,
3, 265-282.



194

Sutton, T.L. and MacGregor, J.F. (1977). "The Analysis
and Design of Binary Vapor-Liquid Equilibrium
Experiments. Part I: Parameter Estimation and Consistency
Tests". Can. J. of Chem. Eng., 55, 602-608.

Takeuchi, H.; Roe, R.-J. and Mark, J.E. (1990).
"Molecular dynamics simulation of diffusion of small
molecules in polymers. II. Effect of free volume
distribution". J. Chem. Phys., 93(12), 9042-9048.

Tant, M.R. and Wilkes, G.L. (1981). "An Overview of the
Nonequilibrium Behavior of Polymer Glasses"”. Polymer
Engineering and Science, 21(14), 874-895.

Tian, Y.; Z2hu, S.; Hamielec, A.E.; Fulton, D.B.; Eaton,
D.R. (1992). "Conformation, environment and reactivity of
radicals in copolymerization of methyl methacrylate/
ethylene glycol dimethacrylate". Polymer, 33(2), 384-90.

Tobita, H. (1990). Ph.D. Thesis. McMaster University,
Hamilton, Ontario, Canada.

Tobita, H. and Hamielec, A.E. (1988). Makromol. Chem.,
Macromol. Symp., 20/21, 501.

Tobita, H. and Hamielec, A.E. (1989a). Macromolecules,
22, 3098.

Tobita, H. and Hamielec, A.E. (1989b). In Computer

Applications in Applied Polymer Science II, Provder, T.
(Ed.), American Chemical Society, Washington, D.C., 242.

Tobita, H. and Hamielec, A.E. (1989c). In Polymer
Reaction Engineering. Reichert, K.-H. and Geiseler, W.
(Eds.), VCH Publishers, New York, p. 43.

Tobita, H. and Hamielec, A.E. (1990a). In Integration of
Fundamental Polymer Science and Technology - 4. Lemstra,
J. and Kleintjens, L.A. (Eds.), Elsevier Applied Science,
London, p. 33.

Tobita, H. and Hamielec, A.E. (1990b). Makromol. Chem.,
Macromol. Symp., 35/36, 193.

Tobita, H. and Hamielec, A.E. (1992). Polymer, 33(17),
3647-3657.

Tungare, A.V. and Martin, G.C. (1992). Journal of Applied
Polymer Science, 46, 1125-1135.



195

Villalobos, M.A., Hamielec, A.E. and Wood, P.E. (1991).
"Kinetic Model for Short-Cycle Bulk Styrene
Polymerization through Bifunctional Initiators". Journal
of Applied Polymer Science, 42, 629-641.

Vivaldo-Lima, E., Hamielec, A.E. and Wood, P.E. (1993).
"Auto-acceleration Effect in Free-Radical Polymerization.
A Comparison of the CCS and MH Models". Submitted to
"Polymer Reaction Engineering".

Vrentas, J.S.; Duda, J.L. and Ling, H.-C. (1988).
"Antiplasticization and Volumetric Behavior in Glassy
Polymers". Macromolecules, 21, 1470-1475.

Vrentas, J.S. and Vrentas, C.M. (199la). "Sorption in
Glassy Polymers". Macromolecules, 24(9), 2404-2412.

Vrentas, J.S. and Vrentas, C.M. (1991b). "Solvent Self-
Diffusion in Crosslinked Polymers". J. of Applied Polymer
Science, 42, 1931-1937.

Walling, C. (1945). "Gel Formation in Addition
Polymerization". J. Am. Chem. Soc., 67, 441.

Wang, X. and Gillham, J.K. (1993). "Physical Aging in the
Glassy State of a Thermosetting System versus Extent of
Cure"- J- Of Applo POlym. SCi., 47’ 447-460.

Whitney, R.S. and Burchard, W. (1980). "Molecular Size
and Gel Formation in Branched Poly(methyl methacrylate)
Copolymers". Makromol. Chem., 181, 869.

Wisanrakkit, G. and Gillham, J.K. (1990). "The Glass
Transition Temperature (Tg) as an Index of Chemical
Conversion for a High-Tg Amine/Epoxy System: Chemical and
Diffusion Controlled Reaction Kinetics". J. of Appl.
Polym. Sci., 41, 2885-2929.

Xie, T.Y. and Hamielec, A.E. (1993). "Modelling Free-
Radical Copolymerization Kinetics. Part III: Molecular
Weight Calculations for Copolymers with Crosslinking".
Submitted to Makromol. Chem. Theory and Simulations.

Zhu, s. (1991). Ph.D. Thesis. McMaster University,
Hamilton, Ontario, Canada.

Zhu, S. and Hamielec, A.E. (1988). "Investigation of the
adiabatic free radical copolymerization of methyl
methacrylate/ethylene glycol dimethacrylate”. Polym.
Mater. Sci. Eng., 58, 806-10.



196

Zhu, S. and Hamielec, A.E. (1989). "Chain-Length-
Dependent Termination for Free Radical Polymerization".
Macromolecules, 22(7), 3093-3098.

Zhu, S. and Hamielec, A.E. (1991). "Heat effects for
free-radical polymerization in glass ampoule reactors".
Polymer, 32(16), 3021-3025.

Zhu, S., Tian, Y. and Hamielec, A.E. (1990a). "Radical
concentrations in free radical copolymerization of
MMA/EGDMA". Polymer, 31, 154-159.

Zhu, S., Tian, Y. and Hamielec, A.E. (1990b).
"Termination of Trapped Radicals at Elevated Temperatures
during Copolymerization of MMA/EGDMA". Polymer, 31(9),
1726-34.



APPENDICES

A. SIMULATION CALCULATIONS USING NON-EQUILIBRIUM FREE
VOLUME

The purpose of this appendix is to present a
sensitivity analysis study on the effect of using non
equilibrium free volume in the copolymerization kinetics
calculations. The non-equilibrium free volume is
calculated using either equation (60) (single parameter
model) or (62) (three parameter model). These
calculations are not included in the body of the paper
due to the fact that they are more qualitative than
quantitative (no precise parameter estimation for non-
equilibrium free volume model parameters was attempted).

Figure A.1 shows predicted profiles of conversion
versus time for p-DVB with [BPO]= 0.032 and T = 70.1 °C,
using the single parameter model. It can be seen that the
excess of free volume produces a slight increase in
conversion during the post-gelation period and higher
limiting conversions, which would be expected. The same
behavior is observed in Figure A.2(a) (same system but
using the three parameter model), although the effect is
stronger. In this figure the effect of increasing the
exponent of the relaxation time function is observed.
Figure A.2(b) shows the same system and same model (three
parameter model), but this time it is the reference
relaxation time which is being changed. Figures A.3(a)
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and A.3(b) show predicted profiles of fractional free
volume as compared to the equilibrium value, for the same
system and using the parameters indicated in the figures’
captions. It is interesting to observe that when non-
equilibrium free volume values are used, the predicted
profiles are in better agreement with the experimental
information. However, as it was indicated before, the
temperature rise in the reactor might have been
considerable. It would be difficult to conclude with this
information which is the true reason for such deviation.

Equations (60) and (62) were also used to predict
the behavior of the comercial DVB polymerization with
AIBN and inhibitor. The qualitative results were similar
as with p-DVB with BPO, that is a slight increase in
conversion was obtained by increasing the rate of
production of free volume with either model. However, the
changes were minimal even if huge values of the non
equilibrium free volume parameters were used. The reason
for this is that in this case (data set 13, Table 2.3)
the simulations would predict total consumption of
initiator, so that no matter how much excess free volume
was available, there would not be any more radicals to
propagate.

Figure A.4 shows model predictions of styrene/p-
DVB bulk copolymerization at 70.1 °C, £,,=0.032 and three
levels of initiator initial concentration. In (a)
calculations were done assuming that the glass transition
temperature of the polymer, Tg,, is not affected by the
crosslinking density, whereas calculations shown in (b)
take into account the effect of crosslinking density on
Tg, (see Appendix B). Although minimal, there seems to be
a difference in the predicted profiles (slightly higher
limiting conversion values are obtained when Tg, is
assumed to be constant). However, the effect of reaching
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different limiting conversions as a result of changing
the initiator initial concentration (at constant
temperature), first reported by Stickler (1983), is
clearly observed. In Figure A.5 the same phenomenon is
observed, except that in this case there is no
crosslinker in the system (styrene bulk homo-
polymerization). These two figures (A.4 and A.5) clearly
show that our model for non-equilibrium free volume is

adequate.
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B. MODELLING T;, DURING THE POST-GELATION PERIOD.
CROSSLINKING DENSITY AND UNSATURATION.

This appendix is intended to model the effect
that crosslinking density has on the glass transition
temperature of the polymer. It is also intended to model
and present some calculations on the degree of
unsaturation (pendant double bonds not consumed by
cyclization or crosslinking reactions) during
polymerization and estimate the importance that secondary
cyclization has in the post-gelation period.

Effect of crosslinking density on the glass transition

temperature of the polymer

It has been recognized for a long period time
that the glass transition temperature of a polymer
produced via free radical copolymerization of
vinyl/divinyl monomers increases with the degree of
crosslinking (Fox and Loshaek, 1955) and the "copolymer
effect" (crosslinking and molecular weight) (DiBenedetto
and Nielsen, 1969). Several models have been proposed to
take into account those effects, either by proposing
equations to calculate the glass transition temperature
of the monomers/solvent/ polymer mixture or explicit
models for <calculation of the glass transition
temperature of the polymer.

DiBenedetto and Nielsen (1969) proposed the
following equation to calculate the glass transition
temperature of the mixture:
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By Fy
Tg(x) -T9, _ ‘mE)X

(B.1)
TG, 1—(1——;;5)x

where E,/E, is the ratio of 1lattice energies for
crosslinked and hypothetical uncrosslinked polymer, F,/F,
is the corresponding ratio of segmental mobilities and x
is total monomer conversion. This equation has also been
used by Pascual and Williams (1990) and Wang and Gillham
(1993).

Hale and Macosko (1976) proposed to calculate the
glass transition temperature of the mixture as indicated
in equation (B.2).

Tg,(x)

1-_K
1-¥p?

Tg(x) - (B.2)

where Tg,(x) is the glass transition temperature of the
uncrosslinked system at conversion x (hypothetical after
gelation), K is a parameter incorporating the effect of
crosslinks on Tg, ¢ is a parameter incorporating the
effect of non-Gaussian nature of crosslinks at high

crosslink density on Tg, and p is the crosslink density.

This equation has been used by Simon and Gillham (1992,
1993) to model the cure kinetics of thermosetting
materials.

Mikos et. al. (1986) proposed the following
equation for calculation of the glass transition
temperature of styrene/DVB copolymers (slight changes in
their nomenclature were introduced in order to be
consistent with ours):

Tg,=Tgp(1+1.2p) (B.3)
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where Tg,’ is the glass transition temperature of the
uncrosslinked copolymer.

Wisanrakkit and Gillham (1990) proposed to
calculate glass transition temperatures for the polymer
in each phase (sol and gel). An effective Tg, would be
calculated as indicated in equation (B.4).

Tgp=® 401 Tgp '+ @ go TGF™ (B.4)
where
1301' 1.+—K (B.5)
Tgp Tgp Mn, sol
Tg S - Tgy+K,p (B.6)
K= (Tgp, o~ T9p) (B.7)
"o " as superscript in Tg, accounts for the glass

transition temperature of the linear (uncrosslinked)
polymer. As subscript, it accounts for the glass
transition temperature of the fully cured material. A, is
the maximum value of the crosslinking density (at x= 1).

In the predictions of pendant double bond
conversion, degree of unsaturation and gel fraction,
which are to be shown later on in this appendix, equation
(B.3) has been used. The reason for doing so is that this
equation is specific for styrene/DVB and has the same

structure as equation (B.6).

Calculation of pendant double bond conversion and degree

of unsaturation

The pendant double bond conversion in a vinyl/
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divinyl copolymerization can be calculated using the
following equation (after Tobita and Hamielec, 1992):

pd- pQ"’F‘p cs+p -kcp+ pc—:_Fs"'p (B.s)
2 2

where Xx,, is the pendant double bond conversion.

From a mass balance on the concentration of
pendant double bonds bound to the polymer, it can be
demonstrated that the degree of unsaturation
(concentration of unreacted pendant double bonds),
expressed as percentage of the total concentration of
pendant double bonds, is given by the following equation:

$-of-Unsaturation=100 (1—kcp-%—-;h) =100 (1-X,4) (B.9)
2

As mentioned in the parameter estimation section
of this paper, all calculations were performed setting
kK, =0.0; that is to say, secondary cyclization and
crosslinking density are confounded. That means that what
was obtained as crosslinking density in our calculations,
is in fact the sum of both (crosslinking density and
secondary cyclization). One way to separate them without
modifying the computer program or the values of the
parameters, is to use equation (81) and the predicted
values of crosslinking density (crosslinking + secondary
cyclization densities). From equations (48), (50) and
(81) the following expressions are obtained:

_  k_p
-—ct B.10
Pes™ 3k ( )
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-p-xl-_P_ (B.11)

where subscript "x1" in equation (B.1ll) accounts for
actual crosslinking density and k., is calculated using

equation (81).

Model predictions of pendant double bond conversion,

degree of unsaturation and effect of crosslinking density

on Tgp .

The following figures were obtained using the
modifications to our kinetic model mentioned in the
previous sections of this appendix. They are intended to
further illustrate the capabilities of our kinetic model
and some of its weak points, which should be improved in
order to make it more useful in actual applications.

Figure B.l(a) shows predicted and experimental
profiles of pendant double bond conversion versus total
monomer conversion at conditions of data set 8. It can be
seen that although not perfect, the agreement between
predictions and experimental data is quite good. Figure
B.1(b) shows the predicted profile of degree of
unsaturation versus conversion and B.1(c) shows predicted
gel fraction versus conversion. It is interesting to note
that gelation occurs at a conversion level lower that
0.05 and that at a conversion level of 0.3 the amount of
sol is very small. These profiles were obtained using
Tg,=constant. The corresponding profiles using equation
(B.3) are shown in Figure B.2. The difference in the
predicted profiles is almost negligible. This situation
seems to indicate that equation (B.3) may not be
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adequate. A value greater than "1.2" in such equation
should be used to get better profiles. The remaining
figures were obtained using equation (B.3).

Figure B.3 shows the contributions of primary
cyclization, secondary cyclization and crosslinking to
the overall pendant double bond conversion. As expected,
the conversion level of pendant double bonds due to
primary cyclization remains constant thoughout the
polymerization, whereas the contributions of secondary
cyclization and crosslinking increase as polymerization
proceeds. In (a), secondary cyclization and crosslinking
are shown as a single profile, but in (b) they are shown
independently. It can be clearly seen that secondary
cyclization consumes most of the pendant double bonds
during the post-gelation period. Although the
contribution of crosslinking to pendant double bond
conversion may be underpredicted (caution was advised in
using the regression models for k.,), it is clear that
the number of double bonds required to get a gel is
extremely low, so that most of them are consumed by
secondary cyclization.

Finally, in Figure B.4 the increase in Tg, during
polymerization and its effect on the degree of
unsaturation are shown. Although qualitatively correct,
the predictions are clearly inadequate as to be
considered quantitatively reliable. As mentioned before,
equation (B.3) may not be adequate or it may be also
possible that our predictions of crosslinking density
were too low (it should be also taken into account that
the concentration of crosslinker in this case was quite
low).
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