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ABSTRACT

In this thesis, the copolymerization theory has been extended to
account for the unigue phenomenon of multiple initiation/propagation/
termination cycles, experienced by copolymer chains in free radical
copolymerization with bifuncticnal initiators. A comprehensive model for
the most general free radical copolymerization scheme, involving
simultaneous and competitive statistical and donor-acceptor propagation
mechanisms, has been developed. The effects of multiple chain
recombination during bifunctionally initiated batch £free radical
copolymerization, on copolymer microstructure and compositional drift,
have been evaluated. BAs a result, the concepts of effective instantaneocus
copolymer composition, and number of segments per copolymer chain have
been introduced as an addition to the copolymerization theory.

The ability to control the segment composition of the multi-segment
copolymers formed during bifunctionally initiated free radical
copolymerization, has been the basis for the design and synthesis of four

different high T, engineering copolymers. Styrene/a-methylstyrene
{T,~115°C), styrene/N-phenylmaleimide (T,~215°C), and o-methylstyrene/N-
phenylmaleimide copolymers (T,~260°C), as well as styrene/o-

methylstyrene/n-phenylmaleimide terpolymers (T,~220°C}, have been
synthesized in bulk and suspension, and fully characterized. The
performance of these four copolymer systems in suspension polymerization
with bifunctional initiators has been evaluated at pilot plant scale, to
assess the technical feasibility for their commercial production.

In addition, a novel route for the synthesis of suspension
expandable polystyrene with bifunctional initiators, in a highly
productive simultaneous polymerization/impregnation stage, has been
developed and fully tested in pilot plant scale.

From the comprehensive kinetic and micro-structure models proposed
in this thesis, two computer simulation programs (BIPEN and BICOP), have
been developed. Both programs, predicting the most important phenomena of
the polymerization processes studied herein, have been used as a product
design tool, throughout this thesis, with very good results.
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CHAPTER 1

INTRODUCTION

Tn this chapter the general problem motivating this study is
introduced. With an understanding of this problem, a potential strategy
for its solution emerges, allowing a statement of the general objectives
of this thesis. The sequential research approach followed to achieve
these objectives, and ultimately to arrive at a solution to the problem,

is explained in detail.

1.1 Suspension Polymerization

The term "suspension polymerization® defines a process in which
a monomer, or a mixture of monomers, relatively insoluble in water, is
dispersed in water by means of agitation into liquid droplets and, upen
polymerization, the resultant polymer is obtained as a dispersed solid
phase suspended in an aqueous continuous phase. 0il soluble initiators
are used and the polymerization proceeds with the same reaction mechanisms
as with bulk or solution polymerization [Hamielec et.al. (1967)].

Suspension polymerization has certain advantages, over bulk or
solution processes in that polymer synthesis occurs with relatively high
heat transfer rates and the slurry formed can be effectively agitated and
pumped with conventional equipment [Church (1266)].

The suspension polymerization process has some negatives compared
to bulk processes in that the polymer must be separated from the water
phase and dried. 1In addition, the water phase which is contaminated with
recipe ingredients must be disposed of, and the agents used to disperse
and prevent coalescence of polymer particles are adsorbed to some degrec

on the polymer surface contaminating the final preduct.

1
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Most of the complications encountered with suspension
polymerization are primarily due to the difficulty in controlling
coalescence of the polymer particles, sometimes causing the formation of
large, unworkable polymeric masses with consequent inability of the system
to transfer adequately the heat of polymerization to a cooling source
{Grulke (1985)].

The proper selection and formulation of the stabiliser (suspending
agent) is instrumental in the control of particle size. Stabilisers can
be either a water-soluble pelymer or a finely divided inorganic powder.
Water-soluble non-ionic polymers provide steric stabilization to the
particles, whereas inorganic powders confer a combination of
electrostatic-mechanical stabilization [Roger et.al.(1984}, Tanaka
(1985)]. The range of particle size of suspension resins varies from 0.1
to 2.5 mm.

Although several inverse suspension polymerization resins of some
commercial impertance have been developed to date, in this thesis the term
suspension polymerization will refer exclusively to processes using water

as continuous phase.

1.2 Current State of Suspension Polymerization Processes

In the last decade most manufacturers of suspension polymers and
copolymers have had to compete with an increasing number of continuous
prozesses, developed as the most cost effective processes for the
production of commodity polymer products previcusly produced by batch
suspension polymerization. For exanple, the production of crystal
polystyrene {PS), high impact polystyrene (HIPS), and styrene-
acrylonitrile copolymer (SAN), has changed from nearly 20% suspension at
the beginning of the 1980's to approximately 25% at the beginning of 1990.'

The productivity limitations jnvolved in any batch process, such
as suspension polymerization, along with the fact that in this type of

polymerization more than 50% of the reactor capacity is occupied by the



dispersion-cooling medium (water}, compared to the high product ion vates
achieved in continuous processes, have been the major reasons tor these
changes. In addition, the ever increasing prices of monomers and the
relatively lew increases in the resins selling prices, have narrowed
considerably the utility margins in the production of suspension polymer
commodities. During the first half of the 1980's, for instance, the
manufacturing costs of the aforementioned polymers accounted only for 4V
to 50% of the price of the final product. Since the beginning of the oil
crisis of 1986, the cost of monomer alone accounts for nearly 85% of the
total price of the product.? As a result, the utility margins for these
suspension polymers have shrunk from c.a. 50% to merely 6 to 8% in less
than five years. In other words, batch suspension polymerization
processes are ne longer competitive for the productien ot commodity
resins.

Tt is obvious that with such low utility margins the profitability
depends mostly on the volume of sales. This is a clear disadvantage for
suspension polymer manufacturers.

The only alternatives for suspension polymer manufacturers are,
therefore, change or diversification. Change deals with development or
adoption of new process technology, and involves a long term-high cost
modification or replacement of both existing polymerization plants and
product technolegy, to move on to more productive processes (in
continuous, emulsion, or otherwise).

Diversification, on the other hand, deals only with the
development or adoption of new product technology using the same process
technology. Clearly, the new suspension polymer products must be of the
low volume-high value added type, and able to be scaled-up for cormercial
production in existing facilities.

The relative ease of implementation and control linked to
suspension polymerization processes make this option more attractive than

the former for some manufacturers.
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Since one of the main parameters establishing the added value of
a given polymer is its performance in high temperature applications,
suspension polymer manufacturers willing to diversify have turned their
attention in recent years to the development of high deformation
temperature engineering thermoplastics.

To fully understand the implications of following such an

alternative, let us First define the different types of polymers in terms

of their application temperature

1.3 Engineering and High Performance Polymers

In general, according to their limiting application temperature,
polymers may be classified as: Commodities, Engineering Polymers, and High
Performance Polymers.

Polymer commodities have a glass transition temperature (T.) below
100°C. Therefore, their use is limited to applications below this
temperature. Some thermoplastic elastomers and general commodity resins,
such as most styrenic resins, acrylics, polyeclefins, polyurethanes,
poly(vinyl chloride), and related chlorinated polyolefins, loose their
mechanical properties below 100°C. Certain acrylonitrile-butadiene-
styrene polymers (ABS) maintain mechanical properties in the vicinity of
100°C, and are considered engineering polymers for specific applications.

Engineering Polymers are thermoplastics that maintain dimensional
stability and most mechanical properties above 100°C and below 0°C. This
definition encompasses plastics which can be formed into functional parts
that can bear loads in temperature environments commonly experienced by
the traditional engineering materials: wood, metals, glass, and ceramics.
Generic resins falling within this scope include polycarbonates (BC},
polyamides (nylons) (PA), polyethylene-therephthalate (PET), and some

others.’



High Performance polymers are detined as materials that retain
mechanical properties for thousands of hours at 230 °C, hundreds ot haour:s:
at 350 °C, minutes at 540 °C, or seconds up to 760 °C. These temperatures
may be encountered during the manufacture or use of the product.?
Polyimides (PI), polyetherimides (PEI), polyetherketones {PEK), liquid
crystal polymers (LCP}, and polysulfones (PSU}, are examples ot this type
of materials.

Figure 1.1, below, shows schematically the increase in performance
of many commercial resins as their glass transition temperature (T,)
increases. In this figure, the higher the resin is in the pyramid, the

higher the market price and the lower its production volume.

Figure 1.1
POLYMER GROUPS
l
Performance
A
High Performance
Polymers

Engineering
Polymers

Figure. 1.1. Classification of polymers according to their thermal
behaviour (from ref. 3).
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The applications of heatt resistant polymers self-explain their

very high prices and their rapidly growing markets. Such applications
include:*

a) Electronic and microelectronic components {circuit boards,

mouldings, flexible cables, insulators, coatings).

b) Gaskets, sealants and tubing.
c) Binding system in brake shoes, abrasive wheels, and cutting disks.
d) Structural resins (adhesives, composites, foams, and mouldings)

for advanced aircraft and space vehicles.

e) Engine compeonents (fan blades, flaps, ducting, rods).

£) Nuclear reactor components (coolants, insulation, structural
parts).

g) Conveyor belts for treating and drying materials.

h} Filters and pipes for chemical processing and energy generators.

i) Fire-resistant materials {protective clothing, parachutes}).

i) Automotive components (wrist pins, pistons).

k) Industrial machinery and cookware coatings.

Figure 1.2 (a), below, shows the distribution of high temperature
polymers by type and application. 1In figure 1.2 (b} the advantageous
perspectives of market growth, for these materials in this decade, is
shown.?

A recent worldwide survey carried out by Kline & Company,
forecasts that the world market for high-temperature polymers will grow at
over B% per year, reaching nearly US $5 billion by 1998 up from $2.3
billion in 1988. The survey demonstrates that opportunities for high-
temperature thermoplastics are still emerging from aerospace and
electrical/electronics applications. The survey also showed a very strong
shift in research and development towards modifying existing polymer
systems, rather than developing new ones. This has happened because the
number of licensing agreements and joint ventures regarding globalisation,
as well as technology acquisitions has slowed down, after a very active

period in the late 1980's.”



Figure 1.2
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Figure. 1.2. (a) Current market participation of high-temperature
polymers by product and application. (b) Growing market
trends for high-temperature polymers in this decade {(from
ref. 2).

1.4 Constraints in the Design of Suspension Polymers

It seems obvious, with a glance at figures 1.1 and 1.2, that the
development of this type of Engineering or High Performance sunpension
polymers would solve the so-called competitiveness problem stated above.
However, multiple practical constraints arize in the design and

development of suspension polymers. Such congtraints may be listed as

follows:
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) An a gencral rule step-growth polymerization resins cannot be
synthesised by this technique. First the menomers employed bear polar
reactive groups which make them partially to tetally water soluble.
Secondly, in this type of polymerization high molecular weights are
achieved only at very high conversions. Due to this fact, the system is
extremely difficult to stabilize as polymer particles contain low
molecular weight polymer and low viscosity fluid for most of the
polymerization time. In addition, for many systems, the condensation
product is water, and the presence of large amounts of water in the
continuous medium displaces the equilibrium towards depolymerization,
slowing down the overall reaction, or triggering hydrolysis reactions.
Moreover, water has a negative effect on most of the catalysts employed in
this type of polymerization.
b} Anionic, or cationic polymerization cannot be done using this
technique. Living anions or cations are killed through reactions with
water (H+ or OH-} ions.
c) Semicontinuous suspension copolymerization processes are difficult
to stabilize and control. Although there are several commercial
semicontinuous processes for production of diverse grades of SAaN,
disruptions in the particle-water interface, caused by the addition of low
viscosity meonomer during the course of the reaction, causes serious
suspension stability problems. The stability problems are partially
overcome by using an excess of suspending agent.
d) Stabilisers have a restricted temperature range of applicatioen.
Most of the steric and inorganic stabilisers used in suspension
polymerization are only effective at temperatures below 150 °C. The lack
of effectiveness of stabilisers at high temperatures is due to a
combination of changes in the conformation at the interface, solubility of
the stabiliser, viscosity of the disperse medium, and heat transfer rates

through the interface.



e) polymerizations proceeding at too high o rate ate extresely
unstable. The breakup-coalescence dynamics controlling the stability ot
the suspension involves a certain minimum time for intertacial events to
take place. When the reaction rate is too high the events leading to
coalescence accelerate whereas those leading to breakup remain at the same
rate, the net effect being high suspension instability.

As a result of all of the above constraints, the development ot
new high Tg suspension products is limited to batch (or semicontinuous)
processes using free radical copolymerization at moderate temperatures.

Due to this fact a compromise must be established in the product
design since higher T,'s of the product may require highev temperatures Lovr
their syntheses. In crder to achieve high conversions, and owing to the
glassy effect, the polymerization temperature must be above the T, ot the
product, otherwise a limiting conversion will be reached at the point
where the T, of the polymer-monomer mix reaches the reaction temperature
[Horie et.al. (1968}].

Since the limiting polymerization temperature is around 150°C the
product must be designed to have a T, below this temperature or a limiting
conversion must be acceptable when the T, of the product iz above 150°C.

Since the limiting conversion can be accommodated by product
devolatilization, or by the use of solvents in the formulations, as T,
depressors of the polymerization mix, with the subsequent elimination of
the solvent by devolatilization, the compromise in this regard depends on
whether or not devolatilization is acceptable in the proces:s

In a previous study, the author has demonstrated that the optimal
route for the synthesis of commercial suspension polystyrene (crystal and
expandable} is achieved with & combination of high temperature (100 -
130°C) and bifuncticnal initiation [Villalobos (198%)]. This synthesis is
optimal inasmuch as the best balance between productivity, suspension

stability, and product properties is achieved.
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The amount of knowledge in the suspension homopolymer design,
generated through such study now permits the approach of the new high T,
suspension polymer design as a modification of suspension polystyrene
resins via the new optimal route. That is, the High T; copolymers to be
synthesized through this research project will be styrene based copolymers
made using high temperature suspension pelymerization with bifunctional
initiators.
Having provided an adequate background in the above, the general

problem to be approached in this thesis can be now stated.

1.5 Statement of the Problem

This thesis deals with the development of a synthesis technology
for High Deformation Temperature Engineering Suspension Copolymers, as the
bust competitive alternative for current suspension polymer manufacturers,
from two perspectives: 1) The evaluation of the effectiveness of
bifunctional initiators in bulk and suspension syntheses; and 2) The
development of a comprehensive general kinetic model for free radical
copolymerization with bifunctional initiators, teo simulate the main
copolymerization characteristics of the selected systems, as a function of
the synthesis conditions, and to be used as the main tool in their
optimization and scale-up to commercial production.

Although it seems a little odd to justify a Ph.D. research project
on merely economic bases, there is a general worldwide trend towards
greater financial support for universities by industry. This has reduced
the gap between fundamental and applied research and has made possible the
investigation of interesting industrial problems, like the one considered
in this thesis.

In this research, in addition, a strong theoretical core is
developed as a means to understand and facilitate the commercial
implementation of a new synthesis technology £for high-temperature

polymers.



The comeonomer systems chosen for this study are:

a) Styrene/a-Methylstyrene.

b) Styrene/N-Phenylmaleimide.

c} a-Methylstyrene/N-Phenylmaleimide.

d) Styrene/a-Methylstyrene/N-Phenylmaleimide.

With the following bifunctional initiators:

A) 1,4-bis(tert-butyl peroxycarbe)cyclohexane.

B) 1,1-di(tert-butyl peroxy)cyclohexane.

The bases for the selection of these comonomers and bifunctional
initiators are explained in detail in Chapter 2 of this thesis, along with
a justification for their employment as the best means to appreach the

synthesis of novel high T, copolymers.

1.6 Objectives of the Project

Two main hypotheses comprise the essence of this research project:
1. High deformation temperature copolymers of styrene/0-
methylstyrene, styrene/N-phenylmaleimide, a-methylstyrene/N-
phenylmaleimide, and styrene/o-methylstyrene/N-phenylmaleinide can
be synthesized, to obtain high meolecular weight engineering
polymers at competitive rates, by using bifunctional initiators.
2. Adequate polymerization conditions can be found to synthesize
these copolymers up to high yields through a suspension
polymerization process which can be scaled-up to commercial
production levels.
The general objectives of this project, necessary to prove these
hypotheses, can be summarized as follows:
a) Consclidate the knowledge developed during the author's Master of
Engineering research on Suspension Polymerization Through
Bifunctional Initiators, to optimize the synthesis technology of

novel suspension copolymers.
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b} Fvaluate bifunctional initiaters for the bulk and suspension
synthesis of the proposed binary copolymers and terpolymer.

c) Develop a kinetic model to simulate conversion history,
copolymerization rate, heat generation rate, molecular weight
distribution development, copolymer composition development, and
copolymer microstructure, in free radical copolymerization through
bifunctional initiators, which comprises the unique features of
the systems studied.

d) Evaluate the feasibility to scale-up the optimized copolymer
systems by comparing their behaviour in suspension polymerization

to that of suspension polystyrene.

1.7 structure of the Project

The general structure of this research project, designed to
achieve the above objectives, can be described as follows:

The project comprises two main independent stages:

Stage 1: Consolidation of Master's results.
Stage 2: Synthesis and modelling of high T, copolymers through suspension
polymerization with bifunctional initiators.

Stage 1, was designed to complement the results obtained during
the development of the Master's project (objective a) [see Villalobos
{1989}). This stage is not related to the synthesis of high T, copolymers,
but to the optimization of suspension expandable polystyrene with
bifunctional initiators. As such, this stage may appear out of place in
this thesis, however, it gives the parameters required to compare the
suspension behavieur of the new copolymer systems to coptimized suspension
polystyrene.

This stage, comprises three different studies: i) the effect of
n-pentane concentration ([Csl). and conversion of n-pentane addition {X,)
on polymerization rate (R,), and molecular weight distribution (MWD) in

monofunctionally and bifunctionally initiated bulk polystyrene; ii) The
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effect of X¥,,(C.} on suspension stability and particle size distribution
(PSD} in bifunctionally initiated suspension polystyrenc; and 1ii) Uthe
evaluatien of different suspending agents for the suspension
polymerization of styrene with bifunctional initiators, in the prescnce ot
n-pentane.

The detailed structure of this stage can be seen in tigure 1.3,
below. 1In this figure, the main parts of the stage are on top, and the
order of execution of the studies is from top to bottom. Studies at the

same level in the figure are carried out simultaneously.

POLYMERIZATION OF STYRENE IN THE
PRESENCE OF N-PENTANE

-

BULK POLYMERIZATION SUSPENSION POLYMERIZATION
W/BIFUNCTIONAL INITIATORS

Effect of [Cs] and X,4(Cs) on
and MWD.
Monofunctional Initiation.

Effect of [Cs] and X4{Cs) on Effect of X, Evaluation of
and MWD. {C;) on MPS and guspending
Bufunctional Initiation. PSD hgents

Figure 1.3. Detailed structure of Stage 1 of this research project.

Stage 2, comprises the bulk of this research project and wau
designed to achieve the chjectives b, ¢, and d, stated above.

This stage is subdivided in three major simultaneous and
jnterrelated parts: I) experimental investigation of the effect of the
synthesis conditions on the kinetics of the copolymer systems selected;
1I) characterization of the products; and 111} development of the kinetic

model and simulation program.
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The studies to he performed in the experimental part c<an be
classified as follows: i) effect of the polymerization temperature (To) .
bifunctional initiator concentration ([I}), and comonomer composition (f)
on monomer conversion (X), copolymerization rate (Ry), molecular weight
distribution (MWD), copolymer composition (F}, and glass transition
temperature (T,), for the bulk copolymer synthesis of the selected systemns;
and ii) effect of £, and R, on suspension stability, mean particle size
(MPS) and particle size distribution (PSD}, in the bifunctionally
initiated suspension copolymerization of the selected systems.

Within each study of this part, two different experimental phases
are contemplated: A broad exploratory phase, to gain understanding on the
main trends of the system and to generate results that permit the adequate
evaluation and adjustment of the model parameters. An optimization phase,
designed in a narrow range of manipulated wvariables with the aid of the
adjusted simulation program, to minimize the number of experiments.

The obtaining of valuable experimental results reguires the
appropriate characterization of both the bulk copolymers synthesized and
the suspension particles obtained (part II of this stage}. The following
analytical techniques have been used for the complete characterization of
the samples; Gravimetry (Gv}, ¢to quantify monomer conversion, Gel
Permeation Chromatography (GPC} to evaluate MWD, Nuclear Magnetic
Resonance (NMR) to characterize both copolymer compoesition and
microstructure, Differential Scanning Calorimetry (DSC) to evaluate R,
during copolymerization and T; of the products, and Sieving (Sv), to
evaluate MPS and PSD of the suspension particles.

The development of the kinetic model and simulation program (part
III) must follow the next steps: proposal of the elementary reaction
scheme and mechanism of copolymerization; derivation of the kinetic
equations; establishment of a valid numerical solution strategy:
evaluation and adjustment of parameters from experimental data; and

evaluation of the predicting capabilities.
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Figure 1.4, below, shows the detailed structure ob the stage oot

this project. In this figure, the main parts of this =ztage are at the
top, and the order of execution of the different studies proposed are trom
top to bottom. Activities at the same level are to be carried out

simultaneously.

SYNTHESIS AND MODELLING OF HIGH T,
COPOLYMERS THBROUGH BIFUNCTIONAL
INITIATORS

S/RMS, S/NPMI, AMS/NPMI,
S/RMS /NPMI

EXPERIMENTAL CHARACTERIZATION KINETIC MODEL
Bulk Copolym. w/ Reaction Scheme
Bifunctional In. and Kinetic Eqgsa.

Effect of T, Gv, DSsC, GPC, Num. Solution

[I} & £ on X, NMR, and IR. Strategy &

R,, MWD, F & T, Parameter Estim.
Susp. Copolym w/ : Simulation
Bifunctional In. Program BICOP
Effect of R, & f ‘__’ Sv, GPC, DSsC Optimization

on MPS and PSD Design

Final Suspension Copolymers

Figure 1.4. Detailed structure of Stage 2, of this rescarch project.
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1.8 Thegis Structure

The remainder of this thesis has been structured as follows:

Chapter 2, gives a complete literature review of all the topics
of interest for this research. The theoretical support and published data
for modelling considerations, experimental design, and model parameter
evaluation, are contained within this chapter.

In Chapter 3, the consolidation of the Master's results is pursued
through the comparative study of monofunctionally and bifuncticnally
initiated suspension polymerization of styrene in the presence of n-
pentane. As mentioned before, this study complements previous work on
optimization of EPS »rocesses, and is only related to the scope of this
thesis in that it gives the comparison parameters for the evaluation of
the suspension behaviour of the copolymer systems to be synthesized.

The complete derivation of a general kinetic model for
copolymerization through bifunctional initiators, considering the unigque
features of statistical and donor-acceptor copolymerization, is given in
Chapter 4, along with the bases for its numerical solution on which the
simulation program is developed. This chapter, as mentioned above,
comprises the theoretical core of this thesis.

Chapter 5 through 7 show the experimental studies and results on
the synthesis and characterization of styrene/a-methylstyrene, styrene/N-
phenylmaleimide, and o-methylstyrene/N-phenylmaleimide copolymers with
bifunctional initiators, respectively. The application of the simulation
program to reproduce the experimental results and assist in the
experimental design is emphasized throughout these chapters.

Chapter 8 gives the experimental results for the synthesis and
characterization of styrene/t-methylstyrene/N-phenylmaleimide terpolymers.
In this chapter, the kinetic model and simulation program are extended to

deal with a ternary system, and its application to the system at hand is

evaluated.
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In Chapter 9, the most interesting results for oach system are
summarized, along with the general conclusions ot this thesis.  In this
chapter the main contributions to the field, emerging trom these studies,
are given as well.
The rest of the thesis comprises a complete list of the reterences
consulted and gquoted throughout the text, aleng with two Appendices
dealing with the detailed derivation of key equations appearing in the

text.



CHAPTER 2

THEQRETICAL BACKGROUND

In this chapter, a literature survey is included to place into
context the most relevant theoretical background ceoncerning this study.
Direct implications of some of the concepts explained herein on the
research in this thesis are highlighted throughout the chapter. Bases for
the selection of the monomers and bifunctional initiators used in this

study are explained in detail.

2.1 Heat Resistant Polymers

2.1.1 Glass and Melting Transitions in Polymers

Any liquid which may be cooled without the incidence of
crystallization experiences a second-order transition and solidifies to a
glass over a fairly narrow temperature range which is characteristic of
the substance [Fox and Flory (1950}1. The temperature at which this
transformation takes place is usually referred to as the glass transition
temperature (T,). For polymers, This point is often designated as the
*brittle temperature® inasmuch as the polymer changes from a highly
viscous liquid, or rubbery solid, to a brittle solid which will tolerate
little deformation without fracture at all lower temperatures {T<T,) .

Polymers exhibit mechanical properties commonly associated with
solids when in either of two different states: crystalline and glassy
state. The high degree of microstructural regularity necessary for
crystallization is hard to achieve with large molecules, as a result, very
few polymers are able to crystallize. Even for polymers which do
crystallize, the degree of erystallinity is always less than 100% {Flory

(1956} ].

18



1a

Consequently, in any polymer system, there is a Lraction ot
polymer which is amorphous even at temperatures well below the treczing
point. This amorphous polymer will be in the glassy state whenever the
temperature is sufficiently low.

Hiemenz (1984), describes the thermal behaviour of polymers in
terms of the observed changes in the specific volume of the system as
follows: Let us fix our attention on figure 2.1, below. In this tigure,
line ABDG shows the behaviour upon freezing of a typical low molecular
weight compound. For these compounds a sharp first-order transition
occurs at a single temperature, the melting point T,. The slopes ot AB and
DG measure the coefficients of thermal expansion of liquid and solid,

respectively, which shows a discontinuity at the melting point.

Figure 2.1

sp
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T, Ty T

Temperature

Figure 2.1. Schematic representation of possible changes in the specific
volume of a polymer with temperature. See text for
description of lettered curves. (From Hiemenz (1984)).

For polymers, a different behaviour without discontinuity at T.,

given by the pattern ABHI, is observed. Line AE, characterizing tle
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liquid state of the system, changes slope at T, to become HI. In fact, the
change of slope occurs over a range of temperatures, as shown in the
figure. Extrapolation of the two lines permits T, to be defined by this
method. Line HI represents the region of the glassy state of the system
and the threshold for its appearance is the glass transition temperature
{(T,}). In the region BH, the polymer system exhibits the behaviour of a
supercooled liquid.

The line ABJK is a displaced variation of ABHI in which the glass
state JK is offset from HI due to a higher cooling rate. Note how T, has
also been displaced appearing at a higher temperature {T;'). Evidently,
then, the T, of the system is dependent amongst other things on the thermal
history of the sample, and its punctual value must be considered as the
extrapclation of the observed behaviour at zero coeling (or heating) rate.

Phe line ABCEFG in figure 2.1, characterizes the behaviour of a
partly crystalline, partly amorphous polymer. At T, crystallization begins
and a discontinuity in specific volume is observed. Such discontinuity,
however, is not as sharp as for low molecular weight compounds due to the
amorphous fraction of the polymer. Region EF reflects the supercocling of
this fraction.

As in the absence of crystallization the change in slcpe between
EF and FG occcurs at T,. The onset point in this case, however, becomes

harder to detect as the fraction of crystalline polymer increases.

2.1.2 Models for Glass Transition in Polymers

The glass transition temperature can be used as an indicator for
predicting the lower-bound flexible temperatures of a rubber or to
estimate the heat distortion temperature of a glassy peolymer. It can also
be employed to predict upper bound temperatures at which the creep of a
polymeric product will become significant under loading {Lee (1989)].
Owing to this, success in the estimation of T, for novel polymers is a

useful tool in new product development.
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It is not uncommon to Eind newly synthesized palymers which cannot
be processed by extrusion or injeetion moulding due to theiv high T,, ov
to find commercial polymers which have T, too low to fully capitalize on
their thermal stability. Both of these problems can be partially overcome
if the T, of the expected product can be predicted in advance. As a first
step, thorough understanding of the phenonena invelved during the glass
transition is necessary to develop predictive models.

As the temperature of a supercocled polymeric liquid approaches
T,, the relaxation time for structural reorganization increases rapidly
until at T, it becomes much longer than the time scale of the oxperiment
[0'Reilly (1962), Allegra (1978)1]. Such an increase in the relaxation
time can be observed from the variation of thermodynamic properties other
than the specific volume (V}, such as enthalpy (H), entropy (S), free
energy (F}, diffusion coefficient (D), and dynamic¢ shear modulus {¥}.

For all these first-oucder properties, no discontinuity is observed
at the transition point, however, their first temperature derivatives,
such as the thermal expansion coefficient (a), and the heat capacity (C},
exhibit abrupt changes (discontinuities) at the onset of the transition.
Due to this fact the glass transition temperature is referred to as a
"second order transition* [Fox and Flory (1550}, Gibbs and DiMarzio
{1958)].

The fundamental mechanistic problem of the phenomena related to
the glass transition temperature, therefore, consists in establishing the
dependence of the structural relaxation time on these properties.

Early attempts at describing the glass tranzivion phenomenon were
based on the development of the free volume theory. The assumption of a
very large strustural relaxation time at T, suggests that in the glassy
state the free volume remains nearly constant, therefore, the relationship
between T,, and T aand P, could be given in termz of the free volums:

dependence on these properties.
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The cvolution of the early ideas on free volume [Doolittle (1951},
Bondi {1954)] by Cchen and Turnbull (1959), and later by Flory et.al.

(1964) led to the development of the well known free volume eguation:

Ve = GV (T - T,)

where o and V, are the thermal expansion coefficient and molecular volume
mean values over the relevant temperature range, and T, may be chosen as
the temperature where V.=0. gimilarly, if P is the isothermal

compressibility:

Ve = aV, (T - To) - BVAP

where V, is a similar mean molecular volume for the pressure increment AP.

Ryong-Joon and Tonelli (1978} approach glass transition modelling
by demonstrating that, due to the dependence of the properties of glassy
materials on the past history imposed on the samples, the glass state
cannot be described by means of the free volume concept alone, since free
volume does not automatically give information on the degree of relaxation
of other properties. They state that if only a single-order parameter is
frozen in at T,, as is assumed in the simple free volume theory, the

dependence of T, on pressure, given by

dT,/dP = ‘I‘gVAu/ACP
and

ar,/dp = AB/Aa

where A denotes the difference between the properties of the liquid and
the glass, and C, is the :sobaric specific heat, only shows marginal
agreement with experimental data. Thus, the inadecuacy of assuming a
single structural feature (single order parameter) to be frozen at T, is

clear.



The need for a second corder parameter ot a second structural
element becoming immobilized in polymeric glasses to model the phenomenon
becomes obvicus.

In the same study, Ryong-Joon and Tonelli, following the ideas on
rotational isomeric states (RIS) introduced by Flory I[Flory (1969)1,
caleulate the conformational specific heat of various polymers and compare
them with experimental values of Ac,, thereby assessing the importance of
the polymer conformation as an order parameter describing the glassy
state.

By following this procedure, they found that roughly 10 to 20% of
the total change in C, observed at T, is due to changes in the conlormation
of the polymer chains, with the remaining 80 to 90% due to changes in free
volume.

Recently, Allegra et.al.(1990) extended the lattice models
introduced first by Gibbs and DiMarzio [Gibbs and DiMarzio (1958)] Lo
explain the glass transition phenomenon in terms of the freezing of
rotational oscillations in the polymer chains.

Their Space-Filling Model is based on evidence that backhone
oscillations around the rotational minima suffer a discontinuous decrease
upon cosling of the amorphous polymer at the lower limit of the glass
transition temperature.

Based on the agreement of their model with experimental data, they
strongly state that across T; any chain of the system merely changes from
a multitude of elementary configurations to a single one, in contrast to
previous findings that two different discontinuities, one in the number of
RIS states and another in the amplitude of the oscillations, exist at T,.

The discontinuity in the structural mobility of the polymer chainsg
at T, is shown below in figure 2.2. Note in this figure the changes in
specific volume across T, brought about by the inability of the polymer
chains in the glassy state to change their configuration through free

torsion movements.
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Figqure 2.2
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Figure 2.2. Schematic representation of the discontinuity in the polymer

chain mobility at the glass transition. {(From Ueberreitex
and Kanig {1952}).

2.1.3 Effect of Polymer Molecular Weight on T,

The lack of more reliable analytical techniques in the 1950's to
characterize the molecular mobility of monomeric and polymeric substances
forced polymer chemists to employ the masroscopic viscosity as an inverse
me sure of this property. Fox and Flory (1948) observed that the second
order transition of monomeric compounds generally occurs at a viscosity of
about 10! poise.

For polymers, however, the viscosity depends not only on the
segmental mobility but alsoc on intersegment interactions. Since
interactions increase rapidly with molecular weight, viscosities well

above 107 poises at T, should be expected if the molecular weight is large.
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on the basis of this, the second order transition might be
expected to be independent of the molecular weight except in the range
where it affects the configuration of the polymer in the liquid state.

Fox and Flory (1950) determined the T, of narrow molecular weight
distribution polystyrene (PS) samples, previously fractionated, by
measuring the specific volume of the samples at different temperatures.
The molecular weight of the PS fractions was determined previously by
viscosity measurements. They found that the T, of the samples reached an
asymptotic value of 100°C at about M, = 30,00v. Below this point, they

found that T, decreases linearly with 1/M, according to

T = 100 - 1.7x10%/M,

The specific volume at T, (Vy) was found to follow

Vv, = 0.943 + 2.4x10°*T,

with the specific volume below T, varying according to

V =V, - 2.5%X107'T (T < T,

This equation demonstrates the important observation that the
specific volume below T, is nearly independent of the molecular weight.
Figure 2.3 below shows Fox and Flory's experimental results based on this
igso-free volume concept at T,.

These findings were later corroborated by Gibbs and DiMarzio
(1958) who applied an extension of the Meyer-Flory-Huggins lattice mods:1
[Flory {1953)) to demonstrate from thermodynamic principles that the
theoretical second order transition (T;) corresponds to the onset of the

T, when approached from above.



Figure 2.3

.00
X
€
o
E
3
°
>
2
=
ar
(=%
D g5

50 150
T *C.

Figure 2.3 specific volume-temperature relations for various
polystyrene fractions (e = MW > 30000}, (—-) Equilibrium
curves; (*++) non attainable portions of equilibrium curves;
{---) v-T curve for PS in the glassy state. (From FoXx and
Flory (1950).

Ueberreiter and Kanig (1952) approached the problem considering
the chain end groups acting as plasticizer. They considered that the end
groups have a greater expansion coefficient according to an improved
mobility due to their positien and, based on the concentration of end
groups obtained an empirical correlation for the dependence of T; on the

degree of polymerization (P,) for PS as

T, = 0.002768 + 0.004954/P,

They also pointed out that the difference between the specific

volumes at T, and 0°K, V, - Vg is a constant equal to 0.0646, and
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explain that this velume difference is the space which, in the amorphous
solid, is available for oscillations at the traunsition temperature.  The
oscillations in the solid bedy cause a certain enlargement ot the
structure necessary for the torsion oscillations at the transition point.
Such enlargement is independent of the degree of polymerization. ‘This
means that the end groups as well as middle groups in starting the torsion
oscillation motion which causes a rearrangement of the groups, need the
same minimum volume for this displacement.

Following similar arguments Fox and Loshaek (1955) arrived at the

general expression:

/T, = L/Thg + KT My

Here the constant K = {m + m,) (AT, + AV,)/ (0. - B}; where m is the weight
of the monomer unit and m, is the combined weight of the two chain ends,
the subindex (e} represents the value of the property for very large
polymer molecules, and B is a constant dependent on the polymer system.
Fox and Flory (1954) point out the difficulty to visualize the
physical significance of the “free torsion oscillation velume® as defined
by Ueberreiter and Kanig, since their definition requires that 1its
extrapolated value be negative for the equilibrium {liquid) polymer below
T,- They also confirmed their previous prediction that the viscosity-
temperature coefficient (E;) for a glass forming polymer should go through
a maximum at T, and fall to a low value at lower temperatures. They also

give a revised form of their empirical relationships for P5 as
T, = Ty = 1.1220°/M, {iso-free volume)
and

T, = 373 - 1.0x10°/M, (constant E. at T,)

which show better agreement with their earlier experimental data.
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Kanig {1962} explains the iso-free volume concept from
thermodynamic principles and arrives at a very complex equation describing
the T, dependence on molecular weight.

Using the same iso-free volume concept, Richardson and Savill
(1977) fit specific volume data for anionic polystyrene of narrow
molecular weight distribution to a general equation of the form
VzA+BT+CT%+ (a+bT+cT?} /M, . Employing multiple regression analysis they
found the constants to be: 1) for V,: A=0.9438, B=1.962x10%, C=1.683x1077,
a=3.157, b=0, €=3.229x10"%; and 2) for V, A=0.91959, B=5.098x10"%, C=2.354x10"
7, a=32.46, h=0.1017, c=0.

In their experiments they found a low value for the Ty, = 93.4°C
which is explained in terms of the careful annealing of their samples in
the vicinity of T,. Since the linear equations described earlier fit well
the data for dv/dT and give physical meaning to the parameters, this
empirical “"sophistication® seems completely useless.

Using thermodynamics concepts on the effect of the polymer
composition on the glass transition temperature, Couchman (1979) arrives
at expressions identical to the Fox-Flory and Ueberreiter-Kanig equations.
He conceives the polymer system as mixtures of chain ends and high polymer
chains, with different energies of conformation.

Consequently if both states associated with the transition have

identical entropy the following relation can be derived:

(n-2)AC T° + 2ACT.*

(n-2)Ac,® + 2AC)®

Here superscript ¢ and e refer to high polymer and chain ends
respectively, and n is the degree of polymerization or (number average
chain length). If AC/'/AC® = 1 the above equation reduces to the Fox-Flory

equation.



2.1.4 Effect of Copolymer Composition on T,

Copolymerization has been widely used to combine or cnhance the
desired properties of separate hemopelymer systems. In light of the tact
that glass transition temperature iz an important preperty in determining
the final application of a given peolymer, it is no wonder that «a
substantial amount of research has been devoted teo find suitable
expressions to explain or predict the thermal behaviour of copolymers and
polymer blends.

Fox (1956), derived from simple assumptions the first relationship
for the dependence of the glass temperature on composition for a copolymer

or a plasticized polymer as:

For a plasticized polymer T and T, represent the glass
temperatures of the pure polymer and pure diluent, and w, and w, are their
respective weight fractions in the mixture. For a copolymer, w; and w,;
refer to the weight fraction of the comonomers chemically bound in the
copolymer, whereas T, and Tgp refer to the glass temperatures of the two
corresponding homopolymers.

It is remarkable that the T, of several statistical (random)
copolymers is well represented by this model. Unfortunately, experience
often shows that many copolymers do not follow this simple additive rule,

Williams et.al.(1955) in an attempt te generalize the free volum:
concept for different polymer systems came up with the following
expression:

v, = 0.025 + 4.8x10°%(T - T,)

In this relation 0.025 is the free volume at T,, and the additicnal
term expresses the increase in free volume due to the expansion of the

polymer as the temperature iz raised from T, to T.
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Starting from this relation, Kelly and Bueche {1861) derived an
oguation for the T, of a polymer diluent system as

T,

gwuix

= [4.8x107¢T,+0,{1-C) Ty’ 1/[4.8x10%c+a, (1-¢) )

Where, ¢ is the volume fraction of the polymer in the mix, T; is
the glass temperature of the pure polymer, ¢, and T,' are the thermal
expansion coefficient and glass transition temperature of the diluent,
respectively.

Couchman and Karasz (1978), obtained a generalized form of Kelly
and Buecher's model from classical thermodynamic principles by treating
the glass transition as a second order transition and using the
characteristic continuity and discontinuity conditions, as described in
the previous section, of such phenomena. By doing this, they arrived at

the expression:

$,°A0,T;, + $,°A0,T,;
° 0, °A0, + $'A0;

Here, the volume fractions ¢ are defined in terms of the molar
volumes V evaluated at their respective T;, and the transition isobaric

volume expansivity increments A are derived from the definition:
(l,,El/V; (6V1/8T) P
The above equation is also of the same form as the general model
for the T,-copolymer composition relationship given previously by Gordon
and Taylor (1952), with the difference that the latter expressed the

copolymer composition by weight rather than volume fractions as

T, = K(Tgu - Tg)cti/cl\ + TG'\
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Here the subindex A and B reter to the pure homeopo lyme s, atd the
constant Kz=Ao,/Ar,.

Illers (1963}, fit this model successiully to experimental data
of T, wvs composition for several copolymer  pairs such  as
ethylacrylate/styrene (EA/S;, butylacrylate/styrene (BA/S), styrenc/
acrylamide (S/AAm), styrene/methylmethacrylate (S/MMA}, methylacrylate/
methylmethacrylate (MA/MMA), styrene/methylacrylate (S/MA), styrene/
acrylic acid (S/AA), and methylmethacry1ate!acrylonitrilo {MMA/AN) among
others.

Figures 2.4 a and b, below, show Illers’' experimental results tor
T, vs copolymer composition for the systems styrene/mathylacrylate {S/MAc)
and styrene/methylmethacrylate (S/MMA}, respectively.

Note, in these figures, that for the system S/MAc the ratio
Ao /Aa, remains nearly constant throughout the copolymer composition range
and, consequently, a linear increase in Ty between Tga and Ty, is observed.
For the system S/MMA the A0y, decreases at certain eopolymer compositions.
As a result, a minimum in the copolymer T, well below the Ty, is observed.

Evidently, the complex molecular interactions between dissimilar
chemical structures comprising the copolymer chains, play a substantial
role in the packing of such chains near the glass transition, and
therefore in their free volume and mobility, which are in turn responsible
for the thermal behaviour of the copolymer.

Such complex behaviour has been more recently attributed to the
copolymer microstructure and sequence distribution since both are related
to the mobility of the copolymer chains.

As a general rule the T, of the copolymer is believed to be closely
associated with the distribution of diads (AA, AB, and BB linkages in Lhe
A-B copolymer) with the difference between authors being the weighing

factors used.
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Figure 2.4
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Barton {(1970), Johnston (1973), and couclunaty (1952) based on the

diad composition approach derived the follewing models, respectively:

Barton's Model
T, = £0°Tay where n' = 00/ Xna
Johnston's Model
1/T, = Z(M/ZniMy) *nyy(1/Tgyy)
Couchman’s Model

].Og (T“) = zn”ACP”" log (Tuij) / (EHHACE\“)

Where M;, n, are the molecular weight and the molar traction ot
monomer i, Ty hy; are the glass transition temperature of the ideal
copolymer built only with the structural diad ij and the mclar fraction of
the diad ij in the actual copolymer, respectively, 0y is the number of
rotable bonds in the diad ij, to which a heat capacity increment AC,y is
associated at the glass transition temperature.

It is noteworthy that these equations, although derived for binary
copolymers , hold for multicomponent systems.

Bruckner (1981), shows that in general, block copolymers exhibit
two different T,'s corresponding approximately to those of the parent
homopolymers comprising the blocks. When the T, values of the block
copolymer differ significantly from those of the homopolymers, this
indicates a change in morpholegy due to an evelution in the miscibility of
the two phases.

This is the case of the thermoplastic elastomers (T'PE)}, in which
block copolymers bearing hard (glassy) and soft (rubbery} segments have &
thermal behaviour hardly related to the parent homopolymers. ‘This is due
to micro-phase separation with glassy domain formation {(crystallinity
regions) which confer the product with a glassy thermal behaviour, which
makes them processable through extrusion or injection moulding, combined

with the mechanical properties of elastomers,
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Recently, Guillot (1990) assessed the applicability of the above
models in T, simulation of different copolymer systems characterized by
differential scanning calorimetry (DSC). He claims that it is possible to
predict with accuracy, from a kinetic investigation of the polymerization
process, the glass transition of a complex mixture of random copolymers,
at least when compatibility is poor.

In such cases., DSC analysis seems to show that any copolymer chain
behaves as an isclated molecule, so that a theoretical D5C thermogram can
be derived from the computed heat capacity of the instantanecus copolymers
generated by the polymerization process, in <close agreement to
experimental data. In particular, it explains the shape of the
thermograms and the spreading of the glass transition temperature range,
which depends on the complexity of the copolymer chains mixed. A complete
description of the differential scanning calorimetry technique can be

found in Vankrevelen (1976).

2.1.5 Polymer Structure-T, Relationship

In the above sections the physical factors affecting the T, of a
polymer, such as molecular weight and molecular weight distribution, close
packing (crystallinity), molecular interactions and composition, have bean
discussed. Along with these, a number of chemical factors determining the
steric structure of the polymer play an instrumental role in the thermal
behaviour of the polymer. The chemical factors which influence heat
resistance include primary bond strength, secondary or Van der Waals
bonding forces, hydrogen bonding, resonance stabilization, mechanism of
bond cleavage, molecular symmetry, rigid intrachain structure, and degrees
of branching and crosslinking.

The primary bond strength is the single most important factor
contributing to heat resistance [Hergenrother (1991)]. The bond
dissociation energy of a carbon-carbon single bond is ~350 kJ/mocl, and

carbon-carbon double bond is -610 kJ/mol.



Resonance stabilization in aromatic snystoms addds 164-287 KJd/mold
to the latter [Cottrell (1958)). As a result, aromatic and uacterocyclic
rings are widely used in thermally stable polymers. The nitregen-nitroygen
bond dissociation energy is relatively low, ~160kJ/mol, and would not be
expected to form part of thermally stable polymers. However, owing to
resonance stabilization, the N-N bond in heterocyclic rings exhibits
higher thermal stability.

Secondary or Van der Waals forces provide additional strength and
thermal stability. Dipoie-dipole interaction and hydrogen bonding
contribute 25-41 kJ/mol toward molecular stability and affect the cohesion
energy density, which influences stiffness, T,, melting point, and
solubility.

Allegra (1968), and Allegra and Immirzi (1969) give a complete
statistical-mechanical treatment of the neighbour interactions in polymer
chains, accounting for all rotational states, as a means to calculate the
conformational averages of a free polymer chain. From their model, the
interaction energy contributing to the stiffness of the polymer chains,
and therefore to their thermal stability, can be estimated.

Polar chemical groups participating in strong intermolecular
association, such as -CO-, and -50,-, are often contained in heat resistant
polymers. In addirtion, polymers containing electron withdrawing moieties
{acceptors), like -CO-, as connecting groups are generally more stable
than those containing electron-donating groups {donors}, like -0-.

Fryd (1984), explains the role of the formation of charge-transfer
complexes (CTC) on the observed T, of the resulting polymer. He suggests
that CTC formation between strong donor/acceptor pairs {diamine and
dianhydride, respectively) increases greatly the interchain interaction
forces, and proposes CTC formation as a main cause for the high T,'s
observed in polyimides. He observed that the presence of a bridging group
within dianhydride repeating units affects the T, more profoundly than its

presence within diamine repeating units,
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heecording to Fryd's study, the presence of bridging groups such

s -0- and -CO- within dianhydride units largely reduces their electron

affinity, and therefore reduces the interchain interaction forces of the
CTC present.

Assuming that Fryd's observations are correct, then, the Ty of
polymers forming charge-transfer complexes (donor/acceptor pairs) will
primarily be a function of the electron affinity of the acceptor.

The mechanism of bond cleavage also influences thermal stability
[Thomas and Kendrick {(1965)1]. The thermal decomposition of a heat
resistant polymer is very complex. Most aromatic heterocyclic peolymers
and polymers formed by step-growth polymerization undergo degradation via
random scissien along the chain , eliminating fragments that eventually
break down further.

Zhu (1991), and Gloor et.al.(1992), have recently modelled the
effects of chemically induced random scission on the molecular weight and
molecular weight distribution of polyolefins. They found that due to the
higher probability of larger polymer chains to undergoing scission, the
molecular weight distribution, of broad MWD polymers, narrows considerably
under controlled extent of scission. Moreover, even a small degree of
chain cleavage serves to destroy the structural integrity and,
consequently, affects the thermal behaviour of the polymer.

Molecular symmetry or stereo-regularity of the chemical structure
arises when moieties are joined in the same position in each repeat unit.
Williams and Flory (1969} show that the conformations accessible to a
vinyl polymer chain H-(CH;CHR),-CH,, in which R is a large group such as
C H. (i.e. polystyrene, poly (@-methylstyrene), etc), are severely limited
by steric interactions. The effect of these non-bonded interactions on
the conformations of the polymer chain depend on the stereochemical
configurations of the succession of asymmetric centres CHR. The over-all
stereochemical configuration of a vinyl polymer chain may be described by

the sequence of mese (m) and racemic (r) dyads -CHR-CH,-CHR-.



The chemical bonding in each polymer molocule compt ized by a
single, or mix of isomers is identical, apart trom the geometrical
differences. Then, from a thermodynamic point of view, rhe isomers Jdittey
from one another only through differences in the non-bonded interactions
associated with the various conformations of each isomer. As a gencral

Ha)

rule, the presence of isomers in the same polymer chain lowers the T

, due

to an increase in the number of rotational states.

Experimental evidence shows that isotactic, and syndiotactic
conformations, with respect to the asymmetric groups, and c¢is
conformations, with respect to the symmetric groups in the polymer chain,
confer higher thermal stability than atactic and trans contormat ions,

respectively, owing to the aforementiocned sterso-chemical vestrictions.

Yoon et.al.(1975). describe in detail the conformaticonal
characteristics of polystyrene. Figure 2.5, below, shows the

stereochemical structure of the jisotactic polystyrene chain in the all

trans conformation.

Figure 2.5
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Figure 2.5. Portion of the isotactic polystyrene chain in the all-trans
configuration. {(From Joon et.al.(19759})).
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In this fiqure, it can be seen that the phenyl substituent is
confined to orientations such that its plane |is approximately
perpendicular to the plane defined by the skeletal bonds flanking the
carbon ¢ to which it is attached. Similar steric interactions affect the
rotation ¥ of the phenyl group in each of the preferred conformations.
Repulsions between one of the ortho CH groups of phenyl and one of the H
atoms of the neighbouring CH, group, and between the ortho CH and an atom
H or group pendent to the adjoining C* are responsible for the limited
rotation. The rotation, then, is confined to a vange % * 20°, given by
the bond angles. As a result, increased stiffness is conferred to the
isotactic polystyrene chain and a higher T, is expected in comparison to
an atactic structure in which no such strong rotational restrictions
exist.

The rigid intrachain structure refers to the position of the
substituents in the aromatic or heterocyclic rings. Although para-
oriented polymers have the highest thermal stability and T;, they have the
lowest solubility and processability. Allegra (1978), approaches the
problem of polymer viscoelasticity by assessing the elasticity of the
individual polymer chains upon different modes of motion. He shows that
the configurational statistics of macromolecular chains define not only
the elasticity of individual polymer chains but also the macroscopic
elasticity observed.

The degree of crosslinking also affects the thermal behaviour of
the bolymer. Higher degree of crosslinking improves heat resistance
primarily because, upon energy increase, more bonds must be cleaved in the
same vicinity for the polymer to exhibit a change in its stereo-chemical
conformation characteristics (Hergenrother (1991)]. Crystalline regions
in a polymer serve as functional crosslinks imparting stiffness to the
polymer chain by restricting the number of rotational states in a highly
ordered system. Large amount of experimental evidence, mostly from the
behaviour of polyolefins, seems to demonstrate that branching negatively

atfects thermal stability.
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2.1.6 Polymers with High Heat Resistance
According to the polymer performance pyramid shown above in tigurse
1.1, and restricting the search to amorphous polymers, given the scops ot
this thesis, the hinghest heat resistant polymers are those comprised
within the generic polyimides (P1}, polyetherimides (PEY), and
polyethersulfones (PES). On the basis of all that has been explained
above on the factors governing the thermal behaviour of polymers, the
structural characteristics of these compounds corroborate the requirements
for heat resistance, and give the bases for the selection of monomers used
in this thesis project, which will be explained below.
Polyimides are condensation polymers derived from bifunctional
carboxylic acid anhydrides and primary diamines. They contain the imide
structure -CO-NR-CO- as a linear or heterocyclic unit along the main chain

of the polymer backbone:
o o o o
I}
rorogotel
0 o

Aromatic, heterocyclic polyimides exhibit outstanding mechanical
properties and an excellent thermal and oxidative stability, and currently
are of major commercial and industrial importance. At present, these
materials are widely used in place of metals and glass in high performance
applications throughout the electrical, electronics, automotive,
aerospace, and packaging industries.

Polyimides are considered specialty plastics because of their
outstanding high performance engineering properties. As such, they are
priced well above commodity polymers such as polyethylene and polystyrene
[Verbicky Jr. (1991)]}.

As suggested by Fryd (1984), the strong interchain interactions

caused by the formation of a donor/acceptor complex between dianhydride
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and diamine groups is primarily rosponsible for the large T; exhibited by
these compounds. Depending on the particular substituents on both the
dianhydride and the diamine units the T, of these polymers varies within
the range cf 300 - 410°C, [Lee (1989}].

In the condensation of bisphenols with dinitrobisimides, through
nuclecphilic aromatic substitution, the polymer chains are generated by
the formaticn of successive aromatic ether bonds. This mechanism is quite
different from that of the condensation of polyimides, and the polymers

derived from this synthesis route are known as polyetherimides.

oo

It has been stated above, that flexible units along the main
polymer chain, such as ether -0- groups, increase the freedom of chain
motion and, as a result, tend to lower the T,. A lower Ty reduces the
final use temperature as well as the temperature required for processing
the polymer in the melt. in this regard, polyetherimides are unigque,
because they still show very high thermal stability, Ty in the range of 250
to 400 ©°C, with higher processability in conventional eguipment than
common polyimides [Lee {1989), Verbicky Jr. (1991)].

Polyethersulfones are high polymers containing sulfone groups and
aromatic nuclei in the main polymer chain, connected by ether oxygens.
Among these compounds those derived from dihydric phenols and 4,4°'-

dichlorediphenylsulfone have achieved commercial application.

@»o-@so,—@-o@
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Polvethersulfones are clear, rigid tough thermoplastics with glaus
transition temperatures of 180-250°C. Chain rigidity i=s derived trom the
relatively inflexible and immobile phenyl and SO; groups, and toughness
from the connecting ether oxygens. These groups also impart the thermal

stability and chemical inertness that characterize these resins. In

rl

addition, the good thermal oxidative stability allows the usual range ot
thermoplastic processing operations in spite of the high melt temperaturcs
encountered. These properties make possible continuous use in the 150-

200°C range [Hergenrother (1991)1].

2.1.7 &election of Monomers for this Research

In the previous sections it has been implicitly shown that one of
the most effective ways to increase the heat distortion temperature ol
styrenic polymers is by the addition of suitable comonomers which increase
the backbone stiffness. For the past few years, the most common monomers
employed to accomplish this have been maleic anhydride, a-methylstyrene,
and maleimides [Priddy et.al.(1990}].

Based on this and all that has been previously detailed in this
section (2.1), and considering the main objectives of this research along
with the general constraints in suspension polymers design, explained in
chapter 1, the monomers selected for suspension polystyrene modification
to obtain high T, copolymers are o-methylstyrene (AMS), and N-
phenylmaleimide {(NPMI}.

a-Methylstyrene due to the methyl substituent in the a-carbon of
the styrene molecule, upon polymerization, limits considerably the
rotation of this carbon throughout the polymer chain, and consequently
limits as well the rotation of the f-carbon, conferring stiffness teo the
polymer chain.

G
H,C=C
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The T,

a9

of pure, high molecular weight (M, > 20,000), poly (a-
methylstyrene) varies in the range of 170-1808°C depending on the
synthesis route and conditions [Malhotra er.al.{1978)]. The variation of

T. of polyl(a-methylstyrene) with M, seems to obey the following

a

relationship:

Tyme= 453 - 3.1x10°/M, (°K)

As a result, T,’s in the range 100-180°C must be expected for the
copolymer styrene-omethylstyrene, depending on the copolymer composition
and chain microstructure {[Priddy et.al.(1990)]. This characteristic,
makes the copolymer suitable, in principle, for suspension synthesis.

In spite of the difference in structure of N-phenylmaleimide with
other imides used in condensation polymerization, described above, the
possibility of using this compound in free radical polymerization, owing
to its carbon-carbon double bond, makes it extremely attractive for

polystyrene modification.

Two main features are worth noting from the NPMI structure: the
first is the very restricted mobility of the aromatic group due to the
proximity of the carbonyl, CO, groups, and the second is the completely
hindered rotation of the carbons bearing the double bond, due to their
attachment to the heterocyclic ring, upon polymerization. These
structural features are responsible for the extremely high T, exhibited by
pure poly (N-phenylmaleimide) of 335-350°C depending on the synthesis route

{Fles et.al. (1988}].



113

In addition, NPMI is a very strong electron acceptor which
combined with the moderate donor effect of styrene allows the formation of
charge-transfer (donor-acceptor) complexes (CTC) whose interchain
interactions contribute wositively to increase the T, of the copolymer.
Moreover, the strong tendency towards alternation, which will be described
later, promoted by polymerization of donor-acceptor complexes along with
the fact that NPM1 does homopolymerize by free radical mechanisms allows
one to obtain copolymers with T,'s in the range of 100-340°C depending on
the copolymer composition and microstructure.

The above upper temperature limit, as explained in Chapter 1, is
well beyond the capabilities of suspension syntheses, However, this
suggests that only small amounts of NPMI used as comonomer with styrene
are necessary to confer the copolymer with high thermal stability in the
desired functional range for suspension synthesis. This possibility along
with the fact that NPMI does not hydrolyses in water (as CTC forming
maleic anhydride -MA- does) makes the system S-NPMI suitable for
suspension synthesis.

Even though the T,'s expected for the free radical copolymers of
AMS-NPMI are wvery high (180-340°C) for traditional suspension
copolymerization, the synthesis of these heat resistant copolymers, along
with the synthesis of the high T, terpolymer of S-AMS-NPMI are also
attempted in this research project to show the complete span of products

that can be obtained from the monomers selected.

2.1.8 Selection of Bifunctional Initiators

Two complex problems, which bases will be explained in detail in
the remainder of this chapter, arise in the free radical copolymerization
of the proposed systems. The first one is related to the low ceiling
temperature of «-methylstyrene, and the second one is related to the
possible small concentration of N-phenylmaleimide in the comonomer mix,

and consequently in the copolymer.
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The solution of both of these problems, are attempted in this
research through the use of bifunctional initiators which justifies thelir
employment and selection.

The ceiling temperature of a-methylstyrene is only 8&1°C, above
this temperature AMS does not homopolymerize {McCormick (1957)). If free
radical copolymerization of AMS with styrene is attempted above this
temperature reversible propagation steps in the reactions inveolving this
monomer will be present. As a result, lower copolymerization rates along
with lower molecular weights will be obtained as the concentration of AMS
increases in the copolymerization mix {0'Driscoll and Dickson (1968)1.

In order to overcome this limitation, recently, low temperature
emulsion or anionic solution polymerization processes have been preferably
employed to obtain high T, copolymers of AMS of high meolecular weight.
However, Malhotra et.al.({1978.b}, have demonstrated that even S/AMS
copolymers obtained through these routes are very susceptible to thermal
degradation.

This thermal degradation process has been found to consist of two
steps; First random thermal scission of the chains form shorter chain
segments which then depolymerize into volatile products. It has also been
found that long sequences of AMS units in the copolymer chains are more
prone to undergo random scission than styrene sequences. This low thermal
stability has made this copolymer, so far, not very attractive for
commercial production.

It has been demonstrated that the use of bifunctional initiators
allows one to simultaneously obtain high reaction rates and high molecular
weights, which is not possible to achieve with traditional monofunctional
initiation [Choi et.al. (1988}, Villalobos {1989}]). Therefore, the use of
bifunctional initiators in this copolymerization system must permit, in
theory, one to obtain high copolymer of S-AMS at competitive rates.

In monofunctionally initiated batch free radical copolymerization
in which the comonomer pair forms a donor-acceptor complex (¢TC), such as

in the S-NPMI case, if one of the comonomers is in low concentration, the
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following succession of events will take place: 1) The CTC torms readily
in the comonomer mix; 2) Since the CTC is generally more reactive than any
of the monomers comprising it, the propagation reactions will consumw
rapidly the lower concentration monomer complexed in the CTC; 3) Once the
jow concentration monemer is depleted, or nearly depleted from the mix,
the moncmer in higher concentration will nearly homopolymerize until it is
consumed. As a result a blend of alternating copolymer and homopolymer or
copolymer of very low concentration of one comonomer is obtained, instead
of the desired copolymer, with the consequent phase separation probleoems
{Villalobos et.al.(1992)].

Traditionally, this problem is dealt with by carrying out a
semicontinuous copolymerization, which allows one to obtain copolymer with
the desired composition throughout the reaction coordinate, by the
implementation of a suitable conversion dependent monomer fLeed policy
[Hamielec et.al. (1987}].

Since, as stated above, batch operation is preferred in suspension
processes owing to stability problems, the use of bifunctional initiators
gives a novel alternative to overcome this problem.

Due to the sequential decomposition of the two peroxide groups in
the bifunétional jnitiator a fraction of the polymer molecules formed in
the early stages of the reaction will undergo a random humber of re-
initiation/propagation/termination cycles, throughout the conversion
range, which allows the chemical binding of the alternating and low
concentration copolymer or homopolymer, in multi-block structures
(Villalobos et.al.{1992)]. This not only overcomes the phase separation
problem, but also opens the possibility of combining the properties of the
different blocks to confer the copolymer with high thermal and mechanical
properties.

The comprehensive description and modelling of the mechanisms and
phencmena involved in statistical and donor-acceptor free radical
copolymerization with bifunctional initiators, constitutes the core and

main theoretical contribution of this thesis, and is given in chapter 4.



46
In previeus work Villalobos (198%) optimized the suspension
polystyrends synthesis through bifunctional initiators. From the three
different symmetric bifunctional initiators evaluated, two of them: 1,4-
bis(terbutyl peroxycarbo) cyclchexane, and 1,1-di{terbutyl peroxy)
cyclohecane, showed the best relationship between reaction rate and
melecular weight in the upper temperature limit of the range of suspensicn
operability.
gince this thesis deals with the modification of this optimized
system, and since the use of bifunctional initiators has been justified,
the same two bifunctional initiator types will be employed in this work.
Their chemical structures are given below. The physical properties of

these initiators can be found in Villalobos (1989}).

TH, o Jo Cit,
A} [
ai, —?-oo-c C-00-C =~ Cil
|
Cil, CH,

1.4-bis(terbutyl peroxycarbo)cyclohexane

<I:H, CH,4
CH, - T - 00 00 - C =~ CH,
CH, CH,

1,1-di(t-butyl peroxy)cyclohexane

2.2 Free Radical Copolymerization Kinetics
2.2.1 Models for Copolymerization Kinetics

Since the amount of work done to date in this field is enormous,
the discussion presented in this section has been limited to the most
outstanding work related to the development of the kinetic
copolymerization theory for linear systems, including the two particular
cases of copelymerization with depropagation, and donor-acceptor

copolymerization, since only these kind of systems are considered withiz
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the scope of this thesis. Recent and complete compreboensive stuwdies on
free radical copolymerization for non-linear systems can be tound in
Tobita (1990) and Zhu {(13891).

The pioneering work of Alfrey and Goldfinger (1944), and Mayo and
Lewis (1944), in developing a comprehensive kinetic theory tov linecar
binary copolymerization led to what nowadays is known as the terminal
model. The elementary set of reactions considered in this scheme may be

written as:

I - 2Rl.'ll (Kd.)
Rin + M, —3 Ri (K,)
Ry, + M. - R}z (K2)
Propagation
.1 + M, - rel.l {(Ki)
. + M, - Fel.2 (K2}
R} + M, -3 Tel.1 (Kq)
Ri.: + M. = Rz {Ka2)
Termination
R}, + R:., - Priw or P, + b, (5,0
R;.l + R;,J - Pruﬁ or Pr + pl. (Kl l2}
R}, + 12 — P or P, + P, {K 2}

A simple ratio between the kinetic equations for the consumption
of monomer 1 (M), and monomer 2 (M}, neglecting consumption throuch
initiation reactions yields the first form of the instantaneous copolymer

composition equation, as:

da(M,] Ky [R7, 1 (M) + Ka [R]2] (M]
d[M;] - Ki2[Ry, ) [M,]  + KuplRp L1 0M4)

(2.1)

aAlfrey and Goldfinger (1944} defined the copolymerization
reactivity ratios as r;=K;;/K;; an? r;=Kz/Ky. These parametelrs depend on
the specific monomer pair used and their preduct gives information on the

statistical microstructure in random copolymerc.
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The smaller the r,r, product (i.e. r/90, r~0) the higher the
tendency toward alternation of the M,, M, units in the copolymer chain.
When r,rol a more random distribution of the monomer units aleong the chain
is ebtained, and r,r.>>1 shows tendency towards the formation of large
sequences or blocks of the same unit. In addition, it can be shown that
in large random copolymer chains the number of M, units followed by M,
units is statistically equal to the number of M, units followed by M,
units. This suggests that Kz [Ry 31 [My1=Ky (R, 2] (M) .

By introducing this equality into eg. (2.1) along with the
reactivity ratios the so-called jnstantaneous copolymer composition

equation is obtained as:

Py dM;] 1 o+ r,[M]1/[M]

TS Ay T T+ ngl/M) (2.2)

Mayo and Lewis (1944), were amongst the earliest workers to
clarify the relationship between copolymer and comonomer compositions.
They defined F; as the mole fraction of the ith component bound in the
polymer and f; as the mole fraction of the ith component in the comonomer
mixture, thus, deriving the equation that relates the composition of the
copolymer formed to the instantaneocus composition of the feedstock and to

the parameters r, and r,, which characterize the specific system, as:

o+ Ef;

Fy = £ + 2f,f, + 15t (2.3)

Equation 2.3 is commonly referred to as the Lewis-Mayo equation.
Figure 2.6, below, shnrws the instantaneous copolymer composition as a
function of the comonomer composition, for various values of r, and r;.
In this figure it can be noted that batch operation at any point of the
given curves departing from the F,=f, curve will cause the preferential

consumnption of the more reactive monomer over the less reactive, changing
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the instantaneous composition of the feedstock, and congedquent ly
displacing the copolymer composition with conversion in the direction ot
the arrows.

This phenomenon is referred to as compositional drite, and is
responsible for the complex mix of birth conversion dependent conpositions
of the copolymer chains comprising the final product. In turn, the extoent
of the compositional drift along with the monomer characteristics (i.c.
structure, peolarity, etc.) may be responsible for phase separation

problems and poor mechanical properties of the product.

Figure 2.6

Figure 2.5. Instantaneous mol fraction of monomer units 1 in copelymer
(F,} and feedstock (f,) for different valuez of the
reactivity ratios r, and r,. {(From Hiemenz (1984} ).



50

The points at which the instantaneous copolymer composition curve
intercepts the Fi=f, curve are known as azeotropes, or azeotropic
compositions. Operation at this points does not produce compositional
drift because the feedstock composition does not change since the monomer
are consumed at a rate proportional to rheir mol fraction in the mix. As
shown in figure 2.6 not all comoncmer pairs show an azeotropic
composition. Also, the larger the differences in reactivity ratios the
more pronounced the compositional drift observed.

Given the fact that the behaviour of several copolymer systems
wore not well explained by the terminal model, and being clear that the
terminal model neglects the effect of the copolymer composition near the
active chain end, a great deal of work was done in the 1960's to improve
the existing theory.

Ham {1960), generalized Alfrey's penultimate effect extension to
the copolymerization theory [Alfrey and Goldfinger (1944.b)], to account

for penultimate and further chain end composition effects. He established

that for the condition in copolymerization where r, = Kipa /K2 differed
substantially from r," = Kyn/Kype the copolymer composition equation is
aiven by:

(ry"x(r,'x + 1}/{r"x + 1}]1{rx + 1)
n -1 = (2.4)
(ry"x(r;'x + 1 }/{r*x + 1)1 + 1

where (n-1) is the ratio F\/F, x=£,/f;, and ;" =Ky /Kap2-

Through proper manipulation of eq. {2.4} ultimate, penultimate,
and third last unit effects may be accounted for in the model.

Even though, as in Ham's model, many compositional effects can be
conside-ed, and the respective models elaborated by the inclusion of the
proper set of elementary reactions, a problem arises for the evaluation of
the rate constants employed in these models. This is due to the
impossibility in practice to distinguish between the different reactions

involved for a sinale radical type (i.e. Ry vs Rong etc).
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The solution of such models, thevetore, boecomes numet ical or

statistical problem, which the large number of parametoers amplities. The

physical meaning of the values obtained for such parameters, however, iu
often unclear.

As a very good contribution to copoalymerization theory, Meyer and

Lowry (1965) derived the equation relating comonomer compounition to

monomer conversion, by integrating the Lewis-Mayo equation tor isothelinal

synthesis, as:

X o= 1 - (£,/6,00% [{1-£,)/7(1-£,0) 1% [(L,-8)/(£,-8)]" (2.%)

where: o = ro/(1l-r.); P = r/{l-x); ¥ = [(1-ryr.)/ ({1-x,)) (1-r3}) ) and
8 = [(1-12)/(2-1y-r2)].

The simultaneocus solution of egs. (2.3) and (2.%) permits the
calculation of the compositional drift path of a given copolymer system
when the initial feedstock composition (f,,) and the reactivity ratios are
known.

Different refin~ments of the copolymerization theory were
introduced earlier on to solve the troublesome aspect of the reactivity
ratios on the fact that they needed to be determined and reported as a
pair. The ideal case of specifying one or two gensral narameters for each
monomer which would correctly represent its centribution to all reactivity
ratios was approached by Price and Alfrey (1947). Based or. polarity and
resonance considerations the Price-Alfrey apwroach begins by defining
three parameters -P, Q, and e- for each of the comenomers in a reaction
system. Since, as shown below, the parameter P is eliminated from the
theory, the Price-Alfrey system is known as the ©Q-v scheme for
copolymerization.

For the reaction of radical i with monomer j, Price and alfrey

assume that the cross-propagation rate constant can be exprececed as:

Ki, = P;0,enpl-o2,) (2.4)
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In thin eqguation P and © are parameters that describe the
reactivity of the radical and monomer of the designated species, and the
values of e measure the polarity of the two components without
distinguishing between monomex and radical. With this, the definition of

the reactivity ratios can be written as:

r, = (Q/Q:)expl-e (e;-ex)]; and 1, = (Q,/Q))expl-e;(e;-e))

And combining the above expressions:

r,r, = expl-(e -e;)°] (2.7)

The mai~ advantage of this scheme is that each monomer is
characterized by its own values for Q and e, which are assumed to be
independent of the nature of the comonomer. Thus, if Q¢ and e values were
available for all monomers, this could be combined to generate the
parameters r, and 1, for any comonomer pair, which define copolymer
composition and microstructure. Values of @ and e for a large number of
monomers may be found in Price (1962), and Ham (1964). It should be
pointed out here that the Q-e scheme is only semi-guantitative in its
success. However it is very useful in providing some orientation to a new
system before carrying out an experimental investigatien.

odian (1981) summarizes further developments of the linear
copolymerization theory, including the development of the
terpolymerization equations, and the sequence length probability equations
to estimate the microstructural features of copolymer systems [Mayo and
Lowis {1944), Ring (1967)].

The most substantial advances in recent yvears on the binary and
multi-component linear copolymerization kinetics were brought about by the
developmnent of the pseudo-kinetic rate constant method, which reduces the
treatment of the copolymerization equations to that for homopolymerization

[Hamioleo and MacGregor (1983}, Hamielec et.al. (1987)].
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Eaned on the poeudo-kinetic rate constant method and the above

reaction seheme, the propagation rate fov polymerization, given by:

R, = K,[M][R?] {2.8)

will be applicable to binary copolymerization if the propagation rate

constant K, is defined as:
KT‘ = (Kllfl + Klzf.’.)d,l + (K21fl + Kzzf:)d’z (2-9&)
or extending the concept to multicomponent polymerization, by:

K, = IK; 1y {i,9=1 to N) {2.9b)
where £,=[M,1/(M], [MI=EZIM{], @=(R{]/(R°]. (R}=ZIR, ] (¥21), (R°]=L[R].
and Nz=number of components.

The same concept applies to termination and transfer rate

equations if the pseudo-kinetic rate constants are defined as:

Combination:

Kl:c = I'Kv.cljd)id]j (2 . 10)
Disproportionation:

K = K009, (2.11)
Transfer to monomer:

Kim = K 0L, (2.12)

Transtfer to small molecule:

Kir = IRy, (2.13)



By defining these pseudo-kinetic rate constants, the st ot
equations obtained through the mass balances tor each copolymoer spoevien,
may be solved to compute conversion history, average molecular welghts and
copolymer composition, with the same degree of difificulty as the solution
for the homopolymerization equations [Tobita (1990)]. Recently, Tobita
and Hamielec (1991) have defined valid pseudo kinetic rate constants torv

the penultimate model.

2.2.2 Copolymerization with Depropagation

Dainton and Ivin (1948), found that certain polymerization
reactions, such as the homepolymerization of -methylstyrene {AMS), do not
occur above a temperature known as the ceiling temperature (T.}. The
ceiling temperature phenomenon is due to a reversal of the propagation
reaction (i.e. depropagation). Thus, for any polymerization in which the

propagation step is:

RI + M & Rp, (K., Ky)

there is a T. above which the rate of depropagation is greater than the
rate of propagation and therefore above which reaction will not proceed.
From both kinetic and equilibrium thermodynamic principles T. was

defined as:

T. = AH/(AS® + R In[m)} (2.14)

where AH and AS° are the heat and standard entropy of polymerization,
respactively, and [m] is the monomer equilibrium concentration.

For most monomers, however, this temperature 1z higher than their
decompositicn temperature. As a result no depropagaticn is observed upon
polymerization of such monomers, even at temperatures approaching

decomposition.
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MeCormick (1957} through anionic solution polymerization cf o-
mee-thylstyrene  in tetrahydrofuran, measured the monomer eguilibrium
concentration as a function of the initial monomer concentraticn and
astablished that the ceiling temperature is dependent only upon the
monomer concentration while the rate of depropagation is not. He also
found that for a-methylstyrene the ceiling temperature is 61°C. By
fitting his data to Dainton and Ivin‘’s relationship he found that for AMS
morower AH,=-6.96 Kcal/mol, and As,°=-24.8 cal/mol-K.

Following basically the same procedure, Worsfold and Bywater
{1957) arrived at the values AH,=-8.02 Kcal/mol, and AS ©°=-28.75 cal/mol-K
for the same AMS monomer.

Ham (1960,b), expanded the copolymerization theory for systems
involving o-methylstyrene. He gave mathematical evidence that copelymers
containing in excess of about 75 mole-% g-methylstyrene cannot be obtained
due to inability of AMS to add to a sequence of three AMS units. As a
result in eg. (2.4) above ;=0 (i.e. Ky=0) and the instantaneous

copolymer composition equation becomes:

r,*x(2r,'x + 1)
n -1 = (2.15)
(r,"x + 1) {r'x + 1)

The system a-methylstyrene/acrylonitrile follows this egquation
when v,' = Ky /Kyo = 0.04, and 1,* = Ky /Ky2 = 0.13. Recall n-1=F,/Fz, and
x=£,/L;.

Ivin and Spensley (1967) established that monomer showing the
greatest tendency toward reversible propagation are those with the lowest
heats of polymerization {0-10 Keal/mel} . They showed that for a-
methylstyrene the low heat of polymerization is the result of the steric
atrain in the polymer chains. They found that for the catienic bulk
pelymerization of AMS-$ at -20°C, the reactivity ratios are r; = 0.14:0.06
and 1, = 10.1#1.5, which demonstrates the low probability of formation of

dyads and triads of AMS units, even at very low temperatures.



W)
O'Driscoll and Gasparro (1967) showed that Lowry " wcane 11
copolymerization treatment, which considers the penultimate ettect tor the
propagation reaction, describes better the free radical copolymerisat ion
kinetics of styrene/oc-methylstyrene, below and above the T, of AMS, than
Ham‘s model. Lowry's case I, assumes that bothh the sequences ~MMM:2 and
~M.M,M.° may depropagate, whereas Lowry's case II assumes that only -M.dMM.Y
sequences are subject to reversible propagation steps [Lowry {1960)].
In Lowry‘s case II , the thermcdynamic reversible nature ot the
propagation reaction is considered, and an implicit allowance Lor the

influence of temperature variation on copolymer composition may be derived

as:
e By - 1+ [1/(1 - P))°
m, = TmMmI/1) + 1) (By + (B4l - By (2.16)
Here:
p = (1+K (M ] +K (M1 /T2) - {1+R[M]+ (K/3p) [M))3-4K M, 1772 (2.17)
and
v = (KIM;] + (K/x3) (1 - B}/ (K{M:]) (2.18)

Thus, the solution of these equations require exclusively the
knowledge of the two usual reactivity ratios r, and r;, and the equilibrium

constant (K) for the reaction:

“'Mz-Mz. + M2 2 _Mz'Mz—Mz. (K)

which can be calenlated from equilibrium monomer concentration experiments:s
or from heat and entropy of polymerization data, according to eq.{2.14),
above.

From these equations, O‘Driscoll and Gasparro’s experimental data
for the variation of the copolymer composition with monomer feed of the
S/AMS system was accurately fit, for a range of polymerization
temperatures varying between 0-100°C. They obtained values of ¥, = 1.2,

r, = 0.3, and K = 1.22, 0.095, and 0.015 at 0, 60, and 100°C, respectively.
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Fiqure 2.7, below, shows their results for instantansous copolymer
composition at ditferent temperatures. Note how the copolymer compesition
for a given comonemer mix seems to be independent of the polymerization
temperature for most of the composition range, inasmuch as the reactivity

ratios do not change sensibly over these temperatures.

Figure 2.7
1O ™
O/
),8
"t
o_X
3
Q
m,
'f
0 .
0 0.2 0.4 0.6 0.8 1.0
M)

Figure 2.7. vVariation of copolymer composition with monomer feed for the
system S/AMS (M;/M;). Experimental points at 0, 60 and 100°C
{9,a,0). Solution of egs. (2.16} - (2.18) at 0 (++-); 60

{~——); and 100°C (---). {From O'Driscell and Gasparro
(1967)) .

The strong retarding effect in the copolymerization of S/AMS,
brought about by the reversible propagation steps of the reactions
involving dyads of AMS, was studied by O'Driscoll and Mickson (1868).
They derived a quantitative expression to account for the difference in
reaction rate of pure styrene polymerization relative to the

copolymerization rate with AMS, as:



L

Kulbh]{(rlf[MJ)[bhl(T*llf]"ﬁ))*:Yf(l3‘?“)/(l*ﬁ)ﬂ]
Roey = - e e e e oo

Ko (M Jan A A T+ IR /R YA B+ (Kyaa /B Y B2

Here: P=[{my),., 1/ 0(m) ), y=U{(m),}/{m):], or in general [ (m,),] ave
the concentration of growing chains ending with n units of comonomer i,
and A':(Kn[M,]/Ku[M2])(1+1/(1-ﬂ))+{B:/(1—ﬁ)}, B'={1+fi+y) account tor the
relative contribution of growing radicals of different length to the
termination rate. Knowing the two homopolymerization rate constants and
the reactivity ratios {given above) eq. (2.19) was fit to experimental
data, using P and y as parameters, and assuming K, = 107, Ko = 10%, K
as a weighed function of the previous two, and the ratio K, /K,y = 3 based
on orbital theory considerations. The best fit solution compared with

experimental data is shown below in figure 2.8,

Figure 2.8
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Figure 2.8. Rate of copolymerization (R,) of S/AMS (M,/M,) relative to

the styrene homopolymerization rate (B ,). (From O'Driseoll
and Dickson (1968}).
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Phe main conclusions ot the results obtained through the solution
ot eq. (2.19) are that for pure AMS initiated polymerization near the
ceiling temperature produces mostly low molecular weight free radicals
{mainly dimers and trimers), which rapidly diffuse together and terminate,
forming oligomers. When styrene is added, some radical chains may grow to
higher molecular weight and produce polymer, however, in addition to the
retarding effect created by the AMS reversihle propagation reactions, low
molecular weight cepolymer should be expected.

Baldwin and Reed {1968) demonstrated that all the compounds from
a series of substituted a-methylstyrenes of the general form CH,=C(C¢H;) -
CH,-Y (with  Y=H, OH, 0-CH,, and 0-CO-CH,) were inactive in
homopolymerization at 60°C, but copolymerized with styrene with a
retarding effect. They attribute the retarding effect of these compounds
to the low energy of the radicals ending in AMS units. They claim that
resonance effects associated with the phenyl group and steric hindrance
caused by the two bulky substituents of the a-carbon bearing the = ee
radical, are chiefly responsible for the low rate of addition of another
monomer unit to the propagating chain. They concluded that since these
monomers do not undergo homopolymerization under free radical initiatien,
radicals of substituted AMS do not add to a monomer molecule of the same
type (i.e. Ky;=0)

Johnston and Rudin (1971) compiled a set of previously reported
reactivity ratios for S/AMS, obtained from experimental data using several
ostimation methods all of them based on terminal model equations. From
chese values they computed the joint 95% confidence limits of r,, r; at
different temperatures, using non-linear least squares. At 60°C values of
r=1.124 and r,=0.627, and at 90°C wvalues of r;=.788 and r,;=0.297 were
sbtained.

More importantly, based on model fits for the system styrene/o-
methylstyrene they concluded that the conventional copolymer equation
predicts copolymer composition more accurately than medels which assume

reversible polymerization of AMS.



The best fit to the Lowry’'s case I1 produced r=0.50 and . bo0s
but the mean deviations between experimental and proedicted copolyme:
compositions are much larger than for the terminal wmodel. MNoreover, even
with the refinements introduced by Lowry‘s case I, no reductions in the
mean deviations were achieved. Therefore, the system S5/AMS may be well
represented by the terminal model which reduces the number of constants to
be evaluated and avoids the calculation of the equilibrium constant tor
the reversible propagation steps.

Kang et.al.(1972) derived a method for calculating instantancous
copolymer composition for a multi-component system with reversibility ot
the propagation steps. Based on a probability approach using the terminal
model and allowing for reversibility of all MM; diads (referred to as diad
model) they successfully predicted the copolymer composition for the
system acrylonitrile/methyl methacrylate/o-methylstyrene employing « large
number of parameters and assumptions.

Fischer (1972) was amongst the first researchers in attempting
free radical copolymerization of styrene/a-methylstyrene above the ceiling
temperature of ZMS. In bulk copolymerization initiated with AIBN in the
range of 60 to 150°C he correcborated that the amount of AMS bound in the
copolymer is a weak function of the pelymerization temperature. However,
in disagreement with O'Driscoll and Gasparro's results, he found that Lthe
reactivity ratios, specially that for AMS, wvary conzgiderably with
temperature. In addition, he found substantially different values for the
equilibrium constant of the reversible propagation step based on the
terminal model with depropagation of the diads of AMS from which he
modified the Mayo-Lewis equation of instantaneous copolymer composition.

Some useful data for the present project is given in his list of
rate constants for this system, at different temperatures between 90 and
150°C. Figure 2.9, below, summarizes the most remarkable results of
Fischer's model for S/AMS copolymer composition. Note in thic figure that

K,, is equivalent to 1/K in O'Driscoll’s model.
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Figure 2.9. Instantaneous copolymer composition in AMS/S  (M;/M;)
copolymerization above T.. (From Fischer {1972)).

Free radical copolymerization of styrene/c-methylstyrene in
toluene and dimethyl phthalate solutions at 60°C was studied in detail by
Rudin and Chiang (1974). Based on the observation that the polymerization
rate is proportional to the square root of the solution viscosity, n'?, for
fixed [M] and [I], they derived an expression for the copolymerization

rate relative to the homopolymerization rate of pure styrene, as:

Ry [TDM3Ky, (M) C{xy [M ) /Ky ) + (12 (Mo ] /7Kaa) 3y (Reo) 2 (M) 12
_ = {2.20)

R, (I3 (R 3 (e M 1342 [ ) [Mp ] 412 [M213) 5 () 12
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Where the subscript 0 refers to the homepolymerizing systoem in
which the monomer concentration is [M,], and the subscript 1 refers to the
copolymerizing system in which the monomer concentrations are [M] and
(M,}. Note that [M,], may be different from [M;];. The values ot the rate
constants and parameters found were x;=1.12, 1;=0.63, K;=176 wol/L-sec,
Kp;=26 mol/L-sec, for polystyrene K,/K.'/*=0.034 from which K;=2.7 x 107
mol/L-sec.

The molecular weight distribution of poly(a-methylstyrenc)
polymerized through anionic polymerization below T., using potassium as
initiator, has been studied at length when different solvents are used in
the polymerization. These solvents include tetrahydrofuran (THIF)
[Leonard and Malhotra (1976) and (1977}], p-dioxane [Malhotra and Leonard
{1977)], and cyclohexane [Malhotra et.al.(1977)].

In tetrahydrofuran, the gel permeation chromatography (GPC}
distributions of these polymers were found to be multimodal, yielding Lour
components with a number average degree of polymerization, DP, of about 4,
16, 250, and 1000. The authors speculate around the idea that these
multimodal distributions are a result of dead and temporarily dead (refer
to as dormant) polymers formed by combination with polymers due to the
formation of different, more stable, ion pairs. This idea iz in
opposition to the general belief that bimedal distributions are observed
in this type of polymerization due to the existence of monofunctional and
bifunctional living ends,

When p-dioxan was used as a solvent, bimodal and trimodal
distributions were observed with peaks within the same range of thoae
mentioned above. Polymerization of AMS in cyclohexane showed much slower
rates than the former. Nevertheless, the GPC analyses of these polymers
showed as well multimodal distributionsz which peaks could be split into
similar components to those found when THF and p-dioxan were uzsed as
solvents, in spite of their different dielectric constants. These:
observations, indirectly corroborate their idea of a solvent-separated

ien-pair termination mechanism.
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below, shows the GPC chromategrams obtained for some

ot thee aforemeationed polymers. In this figure, the similar
charact eristics of the molecular weight distributions obtained at same
conditiens, regardless the solvent employed, can be seen.
F—
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Figure 2.10.

GPC molecular weight distributions of poly(a-methylstyrene)

initiated with potassium at 25°C from a 4.5 M solution in

{a) THF;
(197737},

and (b) p-dioxane.

{(From Leonard and Malhotra

Malhotra (1978), characterized many of the poly(a-methylstyrene)

products obtained unde

spectroscopy {IR) and proton nuczlear magnetic resonance (H-NMR) .

r the conditions described above,

via infrared

Some of

his IR and H~-NMR spectra can be seer below in figure 2.11, along with the

H-IMR spectrum of the copelvmer S/AMS reported by 0‘Driscell and Gasparroe



{1957). References to these spectra will be made in Chapters b to 8 ot
this thesis feor the interpretation of the spectra obtained in the

corresponding studies.
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66

Recently, Priddy et .al. (1990) have reported an experimantal
investigation on the synthesis of heat resistant S/AMS copolymers through
anionic continucus polymerization at 100°C, using n-butyl lithium as
initiator. They found that by keeping a high concentration of AMS
relative to suyrene in the continuous feed, higher amounts of AMS were
bound in the copolymer than those obtained through batch copolymerization.

The T. of the copolymers obtained at different S/AMS ratios were

4
established by DSC and the copolymer compositions were determined through
qas chromatography (GC) of the residual comonomer mix.

The 5/AMS copolymers thus synthesized showed T,’s that may be well

approximated by Fox‘s model (see 2.1.4, above). Figure 2.12, below, shows

the T, vs copolymer composition plot, for this system.

Figure 2.12
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Figure 2.12. Glas transition temperature of S/AMS copolymers, made
threugh anionic polymerization, vs wt ¥ of AMS in copolymer.
{From Priddy et.al.(1990)}.

It is important teo point out here that even with this technique,
the maximum amount of AMS bound in the copolymer, could not exceed 66.7

molt (69,041 wrd) .



More important even is the tfinding that the main mechanism ol
thermal degradation of S/AMS copolymers is depelymerisation rather than
chain scission which is the dominant mechanism in PS$ degradation. This is
evidenced through the fact that the relative rate of styrenc wmonomer
generation for free radical polystyrene (FRPS), anionic polystyrene (APS),
and anionic styrene/a-methylstyrene (SAMS -50 wt® AMS-) followed the order
SAMS > FRPS » APS, whereas the relative rate of loss of molecular weight

for the three polymers was FRPS > APS > SAMS.

2.2.3 Donor-Acceptor Polymerization.

Since the late 1940's, several comonomer pairs, such as satyrenc
(S) maleic anhydride(MA), were revarded as typical systems yielding
alternating copolymers upen free radical copolymerization. Ever since,
several propagation mechanisms incorporating the alternate tendency have
been proposed.

Generally speaking these mechanisms may be classified into three
types:
1) Complex mechanisms that imply the homopolymerization of molecular
complexes (or charge transfer complexes, CTC) between electron donor and
electron acceptor monomers [Bartlett and Nozaki (1946)1}.
2) Mechanisms in which electrostatic interactions between different
polarized monor.ers and radicals decrease the activation energy for the
alternating chain propagation [Price and Alfrey {19486) ).
1) Mechanisms in which the resonance stabilization of the CTC hetween the
radicals and monomers formed in the transition state promote the
alternating copolymerization [Walling et.al. (1248)].

In spite of a great deal of experimental work in this field during
the 14650's and 60%s, it was not until the 1970's that the existence and
propagation mechanism of the donor-acceptor complex (CTC), in alternating

copolymerization were established.
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Touchida and Tomono (1971}, studied the copolymerization of
styrene (donor) and maleic anhydride {acceptor} in different solvents.
They detected the existence of a CTC and cquantified its equilibrium
constant by studying the ultra-violet and visible light {(UV}, and nuclear
magnetic resonance (NMR) spectra, of the polymerizing system. Although
they referred to them as initiation reactions with no distinction of the

radical R®, they proposed the following four propagation reactions:

o < n A <ol l?gu-crH—CN,—Eu Re o CHy=CH M RCHEH
%»ﬂ' . L
BTG | oo (0] (a) gj (e)
- . " .
e s [ H ;%' 0] | ROHpCHe—CH-CH Re s HE=CH e ReH-(M
1_4-'\ 2 (b o i (4)
Hat c-cg ° (t]o¢i05*o ) P 070" %0

Considering the resonance stabilization of the radicals formed
through reactions (b) and (d) they concluded that reactions (a) and (¢}
were more likely to occur than the former. Note that the four possible
reactions represent a competitive mechanism between donor-acceptor and
statistical copolymeriz§tion.

In a subsequent paper Tsuchida et.al.{1972) established the effect
of the solvent in the donor-acceptor formation and copolymerization rate.
They found that when a strong electron donor or acceptor was used as
solvent two different types of complexes were formed; a monomer/monomer
and a monomer/solvent compleX. Generally speaking, the solvent
interaction with one of the monomers caused a decrease 1in the
copolymerization rate and a displacement of the equilibrium constant for
the monomer/monomer complex formation.

It is important to point out here that with opposite behaviour to
maleic anhydride which does not homopolymerize, NPMI, which is also a
strona electron acceptor, is capable of both homo and copolymerization

threugh free radical initiation.



Tanaka and Otsu ({1977) proved this by carrying out donov-acceptos
copolymerization of methyl-isopropenyl ketone cyledimer (MIFKD) with bolh
MA and maleimide (MI), initiated with AIBN. They proved the existence ot
CTC complexes in both systems through UV and NMR characterization and
found that a the MIPKD/MI copelymer was richer in MI, in contrast to the
nearly 1:1 copolymer obtained in the MIPKD/MA at lower copolymerization
rates. The difference was attributed teo the formation ot long M1
sequences by homopropagation reactions.

The free radical homo and copolymerization of N-substituted
maleimides is, then, a relatively new field of study. Barrales-Rienda
et.al. (1977) studied the solid-state free radical Co-yrays induced
homopolymerization of N-phenylmaleimide (NPMI) at different temperatures
above and below the melting point of NPMI (T,=84-86°C). The polymers thus
synthesized bear decomposition temperatures varying within the range ot
380 to 450°C depending on the polymerization temperature and degree of
conversion.

these authors explained their results of high thermal stability
of the products by assuming that the polymer has more ordered sequences ol
monomer units. Although it was proven that non-crystalline structures
were obtained they found that long stereo-regular sequences of threo-di-
syndiotactic conformation are formed.

This implies that short range order for packing in the solid state
exists associated with the conformation described. Through IR
spectroscopy they also demonstratad that poly-NPMI 7Y-ray and radical
initiated have the same microstructure.

The radical copolymerization of MA with wvarious nonconjugated
cyclic dienes, CD, (electron doneors} was studied by Gaylord and Deshpande
{1977). They found that a transannular complex between the two monomers,
which is able to propagate, was formed. The MA/CD copelymer composition
varied between 1:1 to 1:1.5 for a very wide range of feed ratics. Thiu

was, again, attributed to the ability of CD to homopolymerize.
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ottt and Heusinger (1978), disclesed the intermediate species
formed during y-ray and photolysis induced free radical polymerization of
N-substituted maleimides, through the use of high resolution electron spin
resonance {ESR) techniques. They pointed cut that for N-alkyl maleimides
the starting species of polymerization are formed by the abstraction of a
hydrogen atcom from the alkyl group in radiolysis as well as in photolysis.
The structure of the propagating radical showed that polymerization
proceeds via the vinylic double bond as in chemically initiated free
radical polymerization. Moreover, they reported that radiolysis of
maleimide and NPMI yields the same type of radicals and propagating
species.

The initiation and propagation steps for Y-rays initiated
homopolymerization of N-substituted maleimides, are schematically shown
below:

u?f-———én

o
0aCe_ C=0
N

The ESR result.. showed, as previously suggested by O'Donnell and
Sothman (1969), that polymerization occurs by addition cof monomer to
radicals I and II leading to radical III, which is the propagating
species. However, the relative amounts of radicals I and II could not be
astablished thirough ESR.

Georgiev and Zubov (1978) derived a kinetic method for the
determination of the ratio for the addition of donor-acceptor and free
monomer (statistical addition)) to the propagating centre. They emphasize
that two general hypothesis are available for the mechanism of radical

alternating copolymerization:
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1. The *free monomer® mechanism supposes that the monoter moleculen
add only to unlike macroradicals. This hypothesis has its
confirmation in the considerable stabilization ot the tranuition
state in donor-acceptor and electrostatic interaction botwoeen
reacting molecules. This results in enhancement ol crous
propagation rate constants (Kyy) -

2. The “complex® wechanism supposes that radical alternating
copolymerization resembles homopolymerization of donor-acceptor
complexes formed from the monomers. This hypothesis is consistent
with the most tynical features of alternating copolymerization,
ji.e. spontaneous initiation, polymerization rate dependent on the
feed composition, and inhibition of chain transfer reactions.
This consistency has resulted in some acceptance ot this
hypothesis.

In their model, they consider that monomers add to the propagating
centre in both the free state and as donor-acceptor complexes.

Accordingly, the following mechanism, for alternating copolymerization

(M;=acceptor, M,=donor, C=complex) is proposed:

~M,* + M, -} ~M,* (K2)
~M,* + M, - ~M,® (Ka)
~M* o+ C - ~M,* (Ky:)
M + C - ~M,* (Ku)

In this mechanism it is seen that at every propagation step, the
donor-acceptor complex, C, and the free monomer M, or M, compete for adding
to the radical centre.

The contribution of the donor-acceptor complex in propagation
depends first on the ratios [,=Kc/Ky;, and ,=Kye/Kzy. These ratios can be
calculated from the experimentally established relationship between
copolymerization rate (R,} and the monomer feed ratio ([M]1/(1M,}} at

constant total monomer concentration f) =M, )+ {1, ] .
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Locording to this kinetic scheme, the rate of copolymerization may
b caleulated asn:

{2.21}

(ROM* (M1 (IM]-[M)+2B,[)) + ((M) - (1) ([M;0+2B:(C))

. = K
& T (Ke)'? a([M]-(M,]) + (M,

where R, is the initiation rate, K, is the total rate constant for
termination, and @=K;,/K;;.

Equation {2.21) is the basis for calculating the ratios fi, and B,.
This equation also describes the changes in R, (i.e. changes in R, and {cl)
causad by variations of the monomer feed.

Two things are noteworthy from Georgiev and Zubov's scheme, the
first is that implicitly, the addition of the complex to the radical
centre is assumed to occur exclusively in cross fashion (i.e. radical M;
form the same radical M, upon complex addition). The second is that
homopropagation reactions have been completely neglected.

Although there is later experimental evidence for the validity of
the first assumption, as shown below, the second assumption is only valid
for sume alternating systems, since in general, at least one of the free
monomers is able to homopropagate.

Based on Georgiev and Zubov’s mechanism, Kim et.al.(1978) studied
the alternating copolymerization of indene (IN) and maleic anhydride. As
shown in figure 2.13, below, they found that the copolymer composition was
-1:1 regardless of the feed composition. They also found that, in
opposition to the expected equimolar feed composition, the maximum
copolymerization rate was displaced toward an excess of IN in the feed
when a strong doner (dioxane} was used as solvent. When acceptor solvents
were used no effect in either the initial copolymerization rate or the

position of the maximum rate were observed.
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Figure 2.13. Dependence of copolymer composition and copolymerization
rate on monomer feed composition, in free radical
copolymer:zation of indene (IN) with maleic anhydride {MA),
{M]=2 mol/L in dioxane, at 60°C and [BPO}=0.02 mol/L. (From
Kim et.al. (1978)).

Caze and Loucheux {1978) proved the formation of donor-acceptor
complexes for the system methylmethacrylate (MMA) and maleic anhydride.
They found that the kinetic behaviour of the system was accurately
explained by the terminal model with ry=0 (no homopolymerization of MA},
plus only one propagation reaction ot the complex with radicals ending in
MMA units (i.e. ~M,* + C = ~M;* (K,o)). Thus proving that the resonance
stabilization of radicals ending in MA units averts the propagation of
such specie. Gutmann (1979) gives support to this observation with his
detailed description of structural changes in molecules due to donor-
acceptor interactions.

At this point it is important to analyze whether the above
considerations for exclusive cross addition of the complex to the radical

centre is a fact or just a simplifying assumption:
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Thorough characterization of S/MA copolymers (M,/4,) through H-NMR
and C-NMR have showed the existence of the following triads MM:M,, MMM,
MMM, and MMM, [Buchak and Ramey {1976} 1.

This would imply that at least styrene radicals can add tec the
complex in straight forward fashion (i.e. ~M,* + C — -M;MM;*}. However,
triads with two or three M, units together may also be the product of free
monomer addition to the radical centre and of termination by combination
between radicals ending in M, units.

In addition, molecular weight distribution measurements of these
polymers suggest that termination oceurs exclusively by combinatien, with
which the absence of MM, diads indicates both that termination between
radicals ending in M, do not occur and that there is no straight addition
of the complex to radicals ending in M;. Which is in accordance with Caze
and Loucheux‘'s findings.

Barron et.al.(1984) give a great deal of insight for the solution
of this problem. They characterized through C-NMR, (amongst others} a
copolymer of S$/MA synthesized from feed compositions bearing a great
excess of MA. Since the equilibrium for the formation of complex is
displaced toward complex in this way, no substantial amounts of free
styrene monomer would be present in the mix, and since MA cannot
homopolymerize at an appreciable rate, an almost perfect alternating
copelymer should be obtained under these conditions. 1In this copolymer
(styrene fraction = 0.52), they found that the triads MMM, were not
present, and that the triads MMM, and MMM, were in a concentration close
to 1 per copolymer chain, on average.

Since the bulk of the copolymer was comprised of MMM, triads,
this demonstrates that the assumption of exclusive cross addition of the
complex to the radical centre is adequate, and allows the formation of
diads of the same unit solely as the result of free monomer addition and

termination by combination between units able to homopropagate.



Figur: 2.14, below, shows  the ovelution ot the telative
concentration of the aforementioned triads with copolywmer cumpasit ton.
Note how the fraction of styrene diads increases dramatically at slightly
higher concentrations of styrene in the copolymer. This observations woerse

recently corroborated by Zeng and Shirota (1858%) through tluorescence

spectroscopy tests.

Figure 2.14
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Figure 2.14. DEPT methylene C-NMR subspectra of S/MA copolymers showing
the variation in triad sequence digtribution with copolymer
composition (Y,=mele fraction of styrene in copolymer).
(From Barron et.al.(1984)]).

Regel and Canessa (1980) report equilibrium rate constants for the
donor acceptor complex formation reaction (M, + My & C  (K.))) of &/MA and
AMS/MA. At 120°C they found K, = 0.33 and 0.23 for these systoms,

respectively.
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Hill ot .al. (1985) offered a complete analysis of the
copolymerization mechanicm of S/MA. They compare the predictions of
copolymer composition from four Jdifferent kinetic schemes, namely:
terminal model, penultimate model, complex participation model plus
terminal model, and complex dissociation model plus terminal model.

In their complex participation model they considered that c<ross
and straight addition of the complex to the radical centre is possible,
thus obtaining four propagation reactions in addition to the four of the
terminal model, and defining six reactivity raties.

The fourth model, introduced as complex-dissociation model, is
similar to the third but considers that upon addition of the complex to
the propagating centre the complex breaks down releasing one unit as free
monomer. When styrene, maleic anhydride, and complex are represented as

s, M, and SM or MS respectively, this mechanism may be written as:

-G + MS - ~M* 4 S (Kons }
-G + SM - ~S + M (Kgon)
~M* + MS — ~M* + s (Kims)
~M* + SM - ~S* + M (Kugn)

From what has been explained before in this section, there is no
support for the proposed breakage of the donor-acceptor complex upon
addition to the radical centre, or the occurrence of the second and third
reactions of this scheme.

The comparisen of the best fit predictions from the copolymer
composition equations derived with these schemes showed that the
penultimate model yields slightly better agreement with experimental data.
However, npthing is said with respect to prodictions of copolymerization
rate or other kinetic parameters.

Brown et.al.{1989), alsec compared the applicability of the

terminal, penultimate, and complex plus terminal models, in the prediction

of copolymer composition of S/MA  and MA/vinyl acetate (VA) copolymers.
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In this study, the penultimate model wan tound to best descrabse
both svstems, although in the case of HMA/VA it ofterced only o maryginal
improvement over the terminal model. Although it was proven that
significant monomer complexation occurs in both systems, they tound that
the complex model did not provide statistically significant improvement in
the fit of the data compared te the terminal model.

Recently, Fles et.al.(1989) published the first stuldy ot the frov
radical solution copolymerization of AMS with NPMI, initiated by AIBN, at
temperatures above the ceiling temperature of AMS. Their work, which iu
of most value for this project, can be summarized as tollows.

Tn the copolymerization of AMS (donor) and NPMI (acceptor) the
resulting copolymers, characterized by H-NMR, were found to have a high
alternating structure regardless ot the ratio of monomers in the feed, as

can be seen in figure 2.15, below.

Figure 2.15
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Figure 2.1%. Instantaneous copolymer composition curve for HPML /AL
(14,/M4,) copolymerization, initiated with 0.3 wt % AIRH, at
76°C, in toluene ([M]=3 M/1). (Fram Fles ot al  (10h)) .



From these data, the monomer roactivity ratios weore evalilated as
r,=0.21 (NPMI) and r.=0.03 (AMS} using the Kolen-Tudos method [Kelen and
Tudos (1975)]. Note that the use of this method implies the validity ot
the terminal model, which the authors considered simultaneously with the
complex model, thus introducing an error in the above determination ot the
reactivity ratios.

The initial rate of copolymerization was proportional to the
square vroot of AIBN concentration, thus indicating bimoleculay
termination. The equilibrium constant for monomer complexation was
determined by a modified Benesi-Hildebrand method [Benesi and Hildebrand
{1949)]. in deuterated chicroform at 350¢, from which the value of K=0.02
L/mol, was found. The time-conversion curves for the copolymerization ot
NPMI/AMS (1.0 mol/L in toluene, with 0.3 wt¥% AIBN}, at different

temperatures, are shown below in figure 2.16.

Figure 2.16
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Figure 2.16. Time-conversion curves for free radical copolymerization ot
NPMI/EMS at different temperatures. (M1=2 mol/L in toluene,
[AIEN]=0.3 wt %, £,,=0.5. (From Fles ct.al. (1989)).
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The total rate constants at 60, 70, 75, and B0°C were determined
from the initial slopes of these curves as: K.o=0.0040, K;=0.00716,
Ky=0.0218, and Kg=0.02093 min!. Note from the units of K that, since the
authors did not consider the radical concentration in the calculation,
these K's are in fact K,(R/K)'.
A strong dependency of the initial copolymerization rate on the
initial comonomer concentration was found. For a comonomer solution of 3
mol/L the total rate was found to be nearly twice the rate at 2 mol/L and
4 times the rate at 1 mol/L. This suggests that the more dilute systems
favour the propagation through free monomer addition whereas higl-=r
concentrations favour the complex propagation reactions.
By assuming that the total copolymerization rate can be broken
down in free monomer and complex contributions to propagation {i.e. R, =
Ryy + Ruen}. Shirota et.al. (1974} showed that a plot of R,/ [M,] against

[M,] according to the equation:

Rp/[Mll = A(x)'K'[(Km/K:z)‘*(ch/Kza)X} M1 + A(X) {2.22)

gives a straight line for each ratio of monomer concentration X = [M;]1/[M;]
(M,=NPMI, M,=AMS). Here K is the equilibrium constant for the comonomexr
complexation, and the intercept A(X) correlates the rate constants with X

under the steady-state approximation:

A(X) = (2KyKp (R VXY (KoK + 2KepoKai KX + KepoKi 22X 12

where R, is the initiation rate, Ky are the corresponding propagation rate
constants (referred to erronecusly as reactivity ratios by the authors),
and K,;; are the termination rate constants.

Shirota et.al.(1974) showed that the corresponding products
A(X) M} give the values of R,y as a function of comonomer composition.

The difference, therefore, of R, from figure 2.16, and these values yield

Rpl.\."r) .
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Following this procedure, the relative participation ot bwoth
mechanism competing for the prepagation reactions werce obtained.

Figure 2.17, below, shows this relative participation as o

function of AMS concentration in the feed, at different comonomer initial

concentrations.
Figure 2.17
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Figure 2.17. Relative participation of free moncmer (f) and donor-
acceptor complex (CT) in the copolymerization of NPMI/AMS
at different monomer concentrations in toluene. T,=70°,
[AIBN]=0.3 wt %. (From Fles et.al.(1989)}).

It is noteworthy how the complex participation in the propagation
reactions of this NPMI/AMS system increases substantially with the
increase in the comonomer concentration, becoming similar to the freoe
monomer addition at 3 mol/L in toluene. Since for this system at
equimelar monomer feed, the bulk comonomer concentration at 100°C is about
7.1 mol/L (see chapter & for physical data), it is expected that hulk or
suspension polymerization under these conditions must proceed primarily by

complex reactions at very high copolymerization rates.
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In the same paper, Fles et.al.(198%) report the following

numerical values of interest for this project:

K ch/K-: = 0-08: K- K:c/K:l = 0.4; and K!CK2|\/(K2CK12) = 0.2

All these data at 80°C and [M]=1 M/L in toluene, independent of
the comonomer feed ratio.

In addition, DSC and DTA characterization of the products showed
that the T, of the capolymer NPMI/AMS obtained at equimclar comonomer
composition was T,=266°C, and the copolymer was found to be stable up to
340°C where it abruptly decomposes with a loss of 100% of its mass at
440°cC.

Finally, quite recently, Schmidt-Naake et.al. (1990,a,b) developed
the model for terpolymerization in which one comonomer pair form a donor-
acceptor complex.

Based exclusively on the terminal model for terpolymerization
which takes into account 8 propagation reactions [Alfrey and Geoldfinger
(1946)], they showed that the terpolymer composition under these
conditions can be calculated from their monomer feed when the values of
the reactivity ratios for the three binary subsystems are known and the
equation considers exclusively the propagation reactions that actually
take place (i.e. some K;y=0}.

For the binary donor-acceptor systems of interesc in the present
research, Schmidt-Naake et.al.(1990,a.b) report the following wvalues of
reactivity ratios; S/NPMI: r,=0.05 + 0.02, r,=0.11 + 0.03; AMS /NPMI:
r=0.06 + 0.03, r;=0.

In addition, they demonstrated that the solution of the
terpolymerization equation with these two sets of wvalues for the
reactivity ratios, along with the reactivity ratios for the third non
complexing binary pair (S/AMS), does not reveal the existence of an

ateotrope.
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2.3 Copolymerization with Bifunctional Initiators

In spite of the great amount of work done en the synthesis,
characterization and properties of bifunctional initiators (Simionescu
et.al.{1986) in their complete review have more than 150 refercnces on
these topics}, and their use in free radical homopolymerication (more than
80 references in the same review), very little comprehensive kinetic
modelling work, considering the unique features of this type of frec
radical pelymerization has been done to date [Chei and Lei {1987), Choi
et.al. (1988}, Villalobos (1989), Kim et.al.{1989}, villalobos
et.al.(1991)].

With regard to free radical copolymerization with bifunctional
jnitiators most of the work done to date has been developed with the
intention of synthesizing block copolymers, by taking advantage of the
sequential decomposition characteristics of these initiators.

By using asymmelrical bifunctional initiators with very different
decomposition characteristics of the two peroxides, polymerization of
monomer A can be carried out at a temperature favourable for the
decomposition of the less stable peroxide group.

Upon consumption of monomer A, monomer B is introduced to the
reaction mix and the temperature is raised to a point where the second
peroxide decomposes, thus obtaining, in principle, block copolymers of the
type AB {Waltz and Heitz (1978), Piirma and Chou (1979), Ivanechev (1979},
Gunesin and Piirma (1981), Simiocnescu et.al.(1984), Yagci and Onen
{19%1)1].

Following this procedure S/Bu, s/MMA, and S/AN block copolymers,
among others, have been synthesized. However, none of the above works ha=z
succeeded in deriving quantitative kinetic expressions for
copolymerization with bifunctional initiators or even in describing the

reaction scheme for such two stags copolymerization.
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vilialobos (1989) showed that different block structures are
abtained throungh this type of polymerization. He established the reaction
aschemns of the proposed two stage copolymerization through bifunctional

initiators as:

E-0-0-R-0-0-R - R* + R {Ka)
F* + A — A® 1st. stage (K;)
R'® + A — At initiation (K;)
A + A - AL (K1)
A + A - A propagation (K,)
P + A* — Anim termination (Ki)
An‘. 4 A-. i A'nom‘ by (Ktcl)
A + A,'* - A" combination {(K.y)
A, + A - A, + A, termination (K.g!}
* + A - A + A, by (Kear)
A’ + A" — A + A disproport. (K.a)
A - R® + 2, (Ka)

A* - R® + A (2Ky)

A'B. = R® + B2, (Ka2)

AV BA, — R* + A,'BA* 2nd stage (2Ku)

R* + B - B* initiation (K;)
A + B — A B® (K4}
A + B - A, 'B* (Kg)
B,* + B - B,.! {K.2)
ABS®* 4+ B - A B, propagation (K,)
ABY 4+ B - A, Bay (Ke2)
Bn. + Bm. - Bnon (K:cz)
Bn. + Aan. — Aan-m “{uﬂ)
B,* + A,'B? - A,'B.a termination (K .}
Aan. + Aon. — AthupAo by (Ktcl)
A B.* + A,By — A Bppds’ combination (Kl
A,'BR o+ ABY = A Baphs! (Keez)
Bn. + Ba\. - Bn + Bn ( Kr.d2 )
Bn. + A’an. - Bn + AnBlll (th:)
B,* + A/'BY = B, + a 'B, termination (K.u)
AB,* + AB.* — A.B, + AB, by (Kean)
p‘an. + A‘: ! B;’ - Aan + Ao' Bp disproport - (th'.‘)
"\n ' B: + Ao' B;.v - ‘b"n ! Bm + Ao ! Bp (Ktc2)
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In the above reactions the dots (+) indicate radical species, the
superscripts * and * indicate one or two undecomposed terminal peroxide
groups, respectively, and the subindexes the length of the growing chains
and polymers. HNote that species bearing undecomposed peroxide groups can
further react through second stage initiation to form multi-block
structures.

From the scheme proposed, it can be seen that regardless of the
termination mechanism governing the copolymer production, formation ot
substantial amounts of homopolymer A and homopolymer B cannot be avoided.
In addition tec these homopolymers the following species will be formed
depending on the termination mechanism governing each stage:

1. When termination by disproportionation dominates in both stages,
only block copolymers AB are obtained.

2. When disproporticnation dominates the first stage and combination
the second stage a mixture of block copolymers AB, and ABA is
obtained.

3. When combination dominates the first stage and disproportionation
the second stage a mixture of block copolymers AB and BAB is
obtained.

4. When combination dominates both stages, a mixture of block
copolymers AB, ABA, BAB, and multi-block copolymers (ABA), (n>1)
is obtained.

5. When both mechanisms occur in the two stages, the same mixture as
in (4) is obtained, however, the maximum number of multi-blocks
(ABA) will be smaller, in average, than in the latter case.

It is evident that such complex mix of block copolymers and
homopolymers, obtained through this kind of copolymerization with
bifunctional initiators, compares very unfavourably with the nearly
perfect and monodisperse tailored block formation obtained with anionic
polymerization. Due to this fact, work in this direction has recently

come to an almost complete halt.
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In addition te this luck of work in two stage copolymerization
with bifunctional initiators, @ general kinetic model or reaction schems
has not heen published for either statistical or donor-acceptor
copolymerization with bifunctional initiators, as yet.

The problem of developing a general kinetic model for free radical
statistical/donor-acceptor copolymerization with bifunctional initiators,
as is contemplated in this thesis, seems to be most interesting and
complex.

In statistical copolymerization with bifunctional initiators
random copolymer chains with variable composition are formed at any time
during the reaction. Since re-initiation of temporarily dead copolymer
molecules is a unique feature of this type of copolymerization, a mixture
of random copolymer blocks with different compositions is likely to be
formed within most of the copolymer chains. The number of these random
blocks within a given copolymer chain is also dependerct upon conversion,
initiator concentration, and reaction rate. In order to account for this
phenomenon, the kinetic model must contemplate the actual birth conversion
of the different copolymer species as well as the multiple re-initiation
conversions of the same molecule, to accurately predict the instantaneous
copolymer composition, as well as conversion, comonomer composition and
molecular weight distribution development.

In addition, donor-acceptor copolymerization reactions increase
the complexity of the model, since the alternating structures formed
through these reactions must be adequately described, in order to predict
the microstructure of the copolymer. An additional complexity is
introduced by the fact that high T, copolymers are expected to be
syhthesized at moderated temperatures, generally below such Ty's. This
means that an early glassy effect must be expected for the systems
contemplated in this research, and both diffusion controlled propagation

and termination reactions must be considered.
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Chapter 4, part of which has been published as o paper [Villalobes
et_.al. (199231, contains, to the boest knowledage ot the author,  the
derivation of the first Kinetic model tor free radical copolymerization
with bifunctional initiators.

This model as will be shown in chapters 5 to 8, han been
successful in describing the main features of pure statistical (chapter
5), pure donor-acceptor (chapter 7), and simultancous statistical/donor-
acceptor copolymerization {chapter 6), for bulk and suspension batch

copolymerization through bifunctional initiators.



CHAPTER 3
SUSPENSION POLYMERIZATION OF STYRENE

IN THE PRESENCE OF N-PENTANE

In this chapter, the kinetics of styrene bulk and suspension
polymerization is studied for cases when variable amounts of n-peiitane are
added to the reaction mix at different monomer conversions. The effects
of n-pentane, on polymerizatien rate and molecular weight distribution
development, are modeled using the free volume theory for both
monofunctional and bifunctional initiation. Comprehensive comparison of
the performance of each type of initiation mechanism for suspension

polystyrene in the presence of n-pentane is made.

3.1 Introduction

Traditional manufacture of expandable polystyrene (EPS) in bead
form involves two different processes:

First, free radical agueous suspension polymerization of styrene
is carried out at temperatures between 80 and 90°C with the aid of
monofunctional initiators, such as azo-bis-isobutyronitrile (AIBN) or
benzoyl peroxide {BPO) [Bishop {1571)1}).

The batch polymerization is carried out in a stirred reactor
bearing a dispersed phase hold-up {¢=volume of disperse phase/total
volume) in the range of 0.4 to 0.6, until the conversion where the beads
become glassy owing to the fact that the T of the monomer/polymer mix
increases reaching the polymerization temperature, Ty, [Horie

et.al.(1968)].

87



During this process, the dispersed Jdroplets reach o vritical
viscosity {jl.,~100 cp) at about 30% convorsion, Jdepending on the meleaulan
weight and T, from which droplet coalescence rate overcome: the droplet
breakup rate caused by the agitation systew. Az a result the mean
particle size (MPS) starts to increase rapidly [Church (1%6o0)]. The
particle growth is controlled to the desired final size with the aid ot
suspending agents which may be insoluble inorganic powders, such as zinc
oxide and tricalcium phosphate (TCP}, or water-soluble polywers, such as
polyvinyl alcohol (PVA), hydroxyethyl <ellulese (HEC) or polyvinyl
pyrrolidone (PVP).

Particle growth stops at a second critical viscosity (H,2~10" cp),
which is reached at about 70% conversion, due to the elastic nature of the
particle collisions at this viscosity level which averts coalescence.
This point is commonly referred to as the identity point and the growth
stage as the “sticky stage®. From the identity point on, the suspension
is stable and the polymerization proceeds until the beads become glassay
[Arai et.al.(1977)].

The second process, called the impregnation stage, consists of a
high temperature-high pressure cycle {T, > T,) in which the blowing agent,
commonly n-pentane, is loaded in the reactor and diftuses into the
scftened beads. In addition, exhaustion of the residual monomer is
achieved simultaneously, with the aid of a finishing monofunctional
initiator of higher half life than the one used during the polymerization
process.

Depending on the impregnation temperature {T,) and pressure (P}
a minimum time must be allowed for the diffusion of the blowing agent to
reach the core of the beads and for complcte monomer exhaustion [Bishop
(1971)). At the end of the impregnation stage the suspension is cooled
down to room temperature and the polymer is separated from the water in a
centrifuge and then dried at low temperatures.

The main productivity limitation of these two processes conzists

of the leng batch times neceszary Lo carry them to completion.
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Polymerization with monofunctional initiators at higher
temperatures, as a eans to incroase productivity has not succeeded due to
both lower molecular weights of the product (out of the processing range),
and the enhanced particle coalescence ohserved at higher temperatures
[Konne et.al.{1988)]. Moreover, addition of blowing agent before the
glassy point, as another means to increase productivity in the commercial
manufacture of EPS, has not been reported, in our knowledge, as yet.

Recently, suspension polymerization of styrene with bifunctional
initiators, at temperatures above and below the glass transition
tomperature of polystyrene, has been studied at length [Villalobos
{1989} ]. In this study, it has been demonstrated that, due to the
sequential decomposition characteristics of bifunctional initiators, the
pelymer molecules experience multiple re-initiation/propagation/
termination cycles. As a result, it is possible to achieve simultaneously
high polymerization rates and high molecular weights.

In the same study, it was demonstrated that suspension polystyrene
with the molecular weight characteristics of expandable polystyrene is
obtained with bifunctional initiator 1,4-bis(tertbutyl peroxycarbo}
cyclohexane (TBPCC), at 105°c, in a batch cycle 75% shorter than that
obtained through the traditional monofunctional initiation system.
Moreover, the enhanced particle coalescence observed at such
polymerization temperature was completely overcome by the great real time
reduction of the particle growth stage {villalobos (1989)].

In the present study, the early presence of n-pentane in the
polymerization mix, in both monofunctionally and bifunctionally initiated
systems, is studied from two points of view: 1} Its effect on
polymerization rate and molecular weight distribution development in
bulk/solution polymerization of styrene; and 2) Its effect on suspension
stability, mean particle size and particle size distribution in suspension
polymerization of styrene.

The kinetic phenomena observed in this study are modeled, and

simulated to compare with the experimental data obtained.
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3.2 Reaction Schemes

It has been shown that both bulk and suspenzion tree padical
polymerization proceed through the same kinctic mechanism throughout t he
entire conversion range (Bamford et.al. {1958)]1. The well known met ot
elementary reactions involved in monofunctionally initiated bulk orv
suspension polymerization of styrene, considered in this study, can be

written as follows [Hamielec et.al.{1967), Friis and Hamielec (1975%)].

Monofuncticnal Svstem

Thermal initiation:

Kt h
3M - 2R,* (3.1}
Chemical initiation:
Ky
I - 2R,,* (3.2}
K,
Rin* + M - R,* {(3.3)
Propagation:
K,
R,* + M — R,.* (r 2 1} (3.4}

Termination by combination:

KLC
R,* + R,* — P... {r,s 2 1) (3.5)
Transfer to monomer:
Kytm
R.* + M - P, + R,* (r 2 1) (3.6}

In the above scheme I is a monofunctional initiator, Ry,* are the
primary radicals, R;* are growing radicals of chain length i, M is styrene

monomer, and P, represents dead polymer molecules of chain length i,
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A symmetrical bifunctional initiator molecule can be represented

R,-0-0-R,-0-0-R,

The peroxide groups in such a diperoxide compound can undergo
homolytie rupture of the 0-O bonds by increasing the energy of the systen.

The primary homolysis of a diperoxide can be written as:

R,~0-0-R,-0-0-R, - R,-0* + R,-0-0-R;-0*

From this reaction two different radicals are formed, one similar
to the radicals of monofunctional initiation, and one bearing an
undecomposed peroxide. Upon polymerizaticn, these two primary radicals
will lead to the formation of two different populations of propagating
radicals, with and without terminal undecomposed peroxide, respectively-

When termination by combination is the dominant bimolecular
termination mechanism, such as for polystyrene, these two radical
populations will yield three different polymer populations: 1) dead
polymer; ii) temporarily dead polymer with one terminal peroxide group;
and iii) temporarily dead polymer with two undecomposed peroxide groups
(one at each end). Since the terminal peroxide groups in these
temporarily dead polymer populations can further undergo homolysis of the
0-0 bond, they will act as macro-initiators in subsequent stages ©f the
polymerization, experiencing, as a result, a new initiation/propagation/
termination cycle which may lead to the formation of either dead or
temporarily dead polymer molecules, again [Villalobos et.al. (1991)1.

This multiple re-initiation/propagation/termination phenomenon is
responsible for the possibility of achieving high reaction rates and high
molecular weights simultaneously in free radical polymerization with

bifunctional initiaters.



The set of elementary rveactions involved in bitundt ionally
initiated free radical bulk or suspension polymerization ot stybene,
considered in this study, can be written as follows [Villalobon
et.al.(1991)].

Bifuncticnal Svstem

Thermal initiation:

Kth
3M —  2R* (3.7)
Chemical initiation:
2Ky -
1, - R,.* + R,.* {3.8)
.l
Rin® + M - R,* (3.9)
~ K2 ~
R;.* + M - R,* (3.10)
—~ Kd:
B, = Ry,* + R,* {r 2 2) (3.11)
~  2Ka ~
B, -  R,°* + R* (r 2 2} (3.12}
Propagation:
K,
R,* + M - R,,* (r 2 1) {(3.13)
~ K, ~
R, * + M - R..,.* (r 2 1} (3.14)
Termination by combination:
Kie
R,* + R,* - P (r,s 2 1) (3.15)
~ K\¢ P
R,* + R.* — P,.. (r,s 2z 1) {3.16)
~ o~ Ku: p=~
R,* + R,* - B,.. (r,s 2 1) (3.17}
Transfer to monomer:
K’l‘!m
R,* + M - P, + R,* (r 2 1) (2.18)
~ I("J'I!:\ ~

R,* + M - P, + R,® (r 2 1) (2.19)
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Here I, iz the bifunctional initiator.'aﬁ' are primary radicals
with one undecompoued peroxide, ?ﬂ' are growing radicals of chain length
i with one terminal peroxide group, and Eﬁ and ?i are temporarily dead
polymer molecules with one and two terminal peroxide groups, respectively.
The rest of the species are the same as in the monofunctional schzme.

From the above polymerization schemes note that n-pentane should
not act as a chain transfer agent at the polymerization temperatures being
used, since hydrogen abstraction from saturated hydrocarbons at this
temperature level is very unlikely. Its role in the polymerization
kinetics, therefore, may be limited to its plasticizing effect, as an

inert solvent in the system. However, its influence over the extent of

the transfer to monomer reactions will be addressed herein.

3.3 Kinetic Modelling

Considering the main underlying dissimilarities  between
monofunctionally and bifunctionally initiated polymerization, as éhown by
the distinct polymerization schemes, it is clear that different kinetic
models must be developed for each type of initiation, in order to capture
these basic differences. Detailed derivation of the corresponding kinetic
models for polystyrene, taking into account the sets of elementary
reactions considered above, have been reported alsewhere [Hui and Hamielec
{1972), Villalobos et.al.(1991}].

The development of the kinetic models mentioned, are based on the
application of the method of moments to the mass balances for each of the
existing species in the polymerization mix.

Following this procedure, applying the steady state hypothesis for
radical concentration, the long chain approximation for monomer
consumption and simplifying by considering that ¥, > ¥, > ¥,, the following
set of algebraic and ovdinary differential equations are cbtained for each

mode of initiation.



Monofunctional Initiation Kitunctional Initiation

Monomer Consumption:

1 4d{mv) 1 d{(Mlv)
v at = -K,[M]Y, v e = K MY
Initiator Consumption:
1 4d{(x1v) 1 d(lI0V)
_‘.‘.]... I = 'Kd[I] '-\-’ '—'-'—"‘""—'dt = -21’(‘;,111
Initiation Rate:
R, = 2fK (I} * 2K (M)’ Ry=f (2K [ Tu] +Ka (Qo+200) 1 42K, M)

R, = 2fRy (1,

Moments of the Live Polymer Concentration Distributions:

Zeroth
(Rl)l’z RI + fK\leO + K‘l'ln[MlYI'}
Yo = TR o = Ky oYg
~ 'ﬁ-’l + 2!1{,'26-;1
Y., =
° K‘rh-[M] + KthTu
Pirst
R, + K,[M]Y, R, + [KuO + K, (MY,
Yl = K"”I!I[M] + chyo Y‘ = K'rlu[M] + Kl.r:Y'ru
- T, + 2fKu0; + K, (MY,
Yy = Ko (1] + Foo¥r
Second
R, + 2K, [M]Y, Ry, + fKuQy + 2K, (MY,
Ya = RTM] + Koo Y = Ko (1] + Ky Yoo
~ R+ 2 K0, + 2K, (M1,
Y, =

K‘t‘l'nllql + P:tr:Y‘I'J
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Monofunctional Initiation Bifunctional Initiation

Moments of the Dead Polymer Concentration Distributicons:

Zeroth
1 d(Q.V) L W) ,
vV oae = MK Y. + Ko MY, S - G+ KDY
1 d(QV) - N N
T gt = Ke¥o¥o + Kea[M]¥o — KaQo
1 d(gV) - ~
3 ac = MY - 2KaQo
First
1 d(Q,\V) 1 d(oV)
TI dt = K‘CYIYO + K’l‘!n[MIYI Tf dt = Ku:Y‘LYn + KT!IA[M]YI
1 d{gV) -~ - _
v at = K dY\YotY Yo} + K [M1Y) = KaQy
1 d(QV) — ~
Tf dt = K.Y ¥y - 2K0Q)
Second
1 d(Q.V) . 1 d(e.V) ‘
VT at = Kee (Y74 ¥2Y0) + K [MIY2 5 gt = KelV4¥¥o)+ KnaIMIY:
1 d(QV) N o N N
v at  © Koo (VoY t2Y,Y,+Y.Yc) + K [M]Y, - KaQ:

vV at = K Y, ™Y5Y) - 2KeQe
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In the above sets of equations V is the total volume ot the
veaction mix, f is the initiator and macreinitiator etficiencies, d/dt
represents rate of change with time, and {] indicates concentration. ‘lhe
i-th moment (i=0,1,2) of the 1live (both with and without torminal
peroxide), dead, and temporarily dead polymer concentration distributions,

appearing in the above equations, are defined as:

Y, = ;lr*[R,] for live polymer
?‘ = tler‘ ['ﬁ‘,] for live polymer with one terminal

undecomposed peroxide group.

o} = &, ' (] for dead polymer
Q. = glr‘[Pr] for temporarily dead polymer with

one terminal undecomposed peroxide.

9, = ) r' (P} for temporarily dead polymer with
<! two terminal undecomposed peroxides.
Yoo = Yo + '\I’: total radical concentration (Y, for

monofunctional initiation)

The simultaneous numerical solution of the above equations through
the use of a standard library subroutine (LSODE) has been the base for the
development of the simulation programs MONOFUN and BIFUN, for bulk and
suspension polymerization of styrene through monofunctional and
bifunctional initiators, respectively (Villalobos (1983)].

From the integrated values of the variables involved in the
kinetic models described, monomer conversion and molecular weight
averages as a function of the polymerization time are calculated in both

programs as:



M, - M,

mi

Moo

M, (01 + Z¥1n)
EQD(L) + EYOI:I

Mo (3.21)

M, Mw,, (2000 + ¥} (3.22)
t = .
! 000 + ¥

Here X is the monomer conversion, N, are the moles of monomer, MW,
is the molecular weight of monomer, M, and M, are the number-average and
weight-average accumulated molecular weights of polymer, subindex 0 means
initial value, subindex t means integrated value at time t, and the
summations are over the different species present for the bifunctional
system and over the only specie present for the monofunctional cne. The
details of the simulation program BIFUN may be found elsewhere [Villalobos
et.al (1991})].

Since both simulation programs based their treatment of the
diffusion controlled termination and propagation reactions at high monomer
conversions, on the free volume theory, gimilar modifications have been
introduced to both programs in order to account for the presence of n-
pentane, fed into the reaction mix in batch fashion at some peint in the
reaction coordinate. The treatment may be described as follows.

At the beginning of the polymerization the wvalue of the

rermination rate constant, K., is given by:

KtcO = Alc exp('—Etc/RT) (3.23)

The monomer conversion at which the n-pentane is introduced to the

reaction mix is denoted as X,4{Cs). Upen polymerization, the total volume

of the system, temperature and conversion dependent, is calculated as:



as
VIX) = V.(X) + V(X) (tor NN )(3.24)
or

VIX) = V(X)) + VX)) + Ve (Lor XzX,,)(3.25)

where the subindexes m, p and €5, denote monomer, peolymer and n-pentane,
respectively, and (X) denotes the value at conversion X. RNote that since
the mass of n-pentane does not change with conversion its volum= is only
temperature dependent.

the free volume of the species i in the reaction mix ({(monomer,
polymer and n-pentane) is calculated as a function of conversion as

[Williams et.al.(1955)):

VF (X) = (0.025 + (T - Ty)} (Vi{X)/V(X)) (3.26)

where ¢; is the thermal expansion coefficient of the specie i, T is the
polymerization temperature, and Ty is the glass transition temperature of
the specie i. The free volume of the system at any monomer conversion is,

then, given by:

VF(X) = VF.(X) + VF.{X) {for X<X,.)(3.27)

or

VF(X) = VF,(X} + VF}(X) + VFq (X) {(for X2X.,.){(3.28)
A critical wvalue K, for the system, denoting the onset of the
translational diffusion contreolled termination reactions, is defined as a

function of temperature only [Marten and Hamielec {1982}]. For every

increment in conversion the parameter K is caleulated as:

K(X) = M (X)" exp(A/VF{X)) {3.29)

where M and A are adjustable parameters.
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When E <€ K., the termination rate constant is considered to
increase linearly with conversion, due to an increase in the segmental
diffusion rate of the growing polymer chains as the concentration of
polymer in the system increases and the coil sizes decrease [Mahabadi and
O‘Driscoll (1977)].
Accordingly:

Ko (X) = Keeoll + 6P (X)) (3.30)

Here K,. it the segmental diffusion controlled termination rate
constant, and 8 is a parameter related to the rate of diffusion of the
growing polymer chains and the quality of the solvent (monomer plus
solvent if present). For homopolymerization of styrene this effect can be
completely neglected in which case Keee = Keeo (1.e. 5=0) [Bhattacharya and
Hamielec (1986)]}.

At the conversion at which K becomes greater than K., VF and M,
take their critical values (VF. and M) and from then on the termination

rate constant is considered to decay exponentially according to:

Kee (X) = Keep (Muer /M (X)) exp(-A(1/VF{X) - 1/VF.) ) (3.31)

where N is an adjustable parameter.

Whenever a free radical polymerization is carried out at
temperatures below the glass transition temperature of the polymer being
formed (T<T,), the glass transition temperature of the reaction mix { Tomis) +
which depends on monomer conversion and polymer molecular weight, will
equal the polymerization temperature at a critical conversion X, from
which the reaction mix becomes glassy. In the vicinity of X.. the
propagation reaction becomes diffusion controlled since the diffusion of
monomer to the reactive centre, through the glassy polymer matrix, is

extremely slow.
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This phenomenon, referred to as the alassy ottect, ig wendeled
after Marten and Hamielec (1984], by decreasing the propadat ion rate

constant for X > X, as:

K,(X) = Kpexp(-B{1/VF(X) = 1/VF.2)) (2.32)

Here VF_., is the free volume of the system at X, and B is an
adjustable parameter.

on the bases of this treatment the expected effect of n-pentane
on the reaction rate can now be explained. Upon addition of n-pentane,
the free volume of the system increases and so does the molecular mobility
of the polymer chains. Since the small molecules of n-pentane diffuse
across the polymer coils, the plasticizing effect thus induced facilitates
the translational diffusion of the growing radicals, necessary to approach
each other and terminate. As a result, the onset of the translational
diffusion controlled termination reactions is delayed and a decrease in
the polymerization rate must be expected according to the decrease of both
[M] and R;.

The decrease in the polymerization rate will proceed up to the
conversion at which the free volume of the system is such that the
termination reaction become rranslational diffusion controlled in spite of
the plasticizing effect of n-pentane. However, if the concentration of n-
pentane is high enough this point may never be reached, in which case a
progressive decay of the polymerization rate must be observed.

With regard to the propagation reaction, the increase in free
volume caused by the presence of n-pentane may be such that the critical
free volume for the diffusion of monomer to the propagating centre may not
be reached. That is, the Tg may never reach the polymerization
temperature (i.e. the polymerization mix does not become glassy) due to
the strong plasticizing effect caused by the high molecular mobility (low

T,) of n-pentane. In such cases K, will not fall.



101

qince the onset of the diffusion controlled termination reaction
oeeurns at a larger free volume than the onset of the diffusion control
propagation reaction the following scenarios are possible depending on the
amount of n-pentane in the reaction mix:

a) Delay of the onset of both diffusion contreolled termination and
propagation reactions. In this case, the gel effect and the
glassy effect occur at higher conversion than in the absence of
n-pentane with the consequent decrease in the polymerization rate
during the delay until the system auto-accelerates.

) Delay of the onset of diffusion controlled termination and absence
of glassy effect. In this case, the gel effect will occur at
higher conversions than in the absence of n-pentane with the
consequent decrease in polymerization rate during the delay.
However, once the gel effect occurs the auto-acceleration must
lead to terminal conversions approaching 100 %.

c} Absence of both gel and glassy effects. In such case the
polymerization rate will decrease progressively according to the
decrease in {M] and [I]'2.

In all three cases lower molecular weights at terminal conversions
should be expected inasmuch as the larger build-up of molecular weight
occurs during the gel effect owing to the longer radical mean life times
before termination caused by the lower translational diffusion of the
growing radicals. In the limiting case, when the radicals remain alive
due to immobility in the glassy medium, this phenomenon is referred to as

radical trapping [Zhu et.al. (1990)1].

3.4 Experimental
3.4.1 Materials

Styrene {Aldricin Chemical) was washed and distilled following
standard procedures {Villalobos et.al.(1989)1. Monofunctional initiator

benzoyl peroxide {Lucideol-BPO, Pennwalt-Lucidol Co.), and bifunctional
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initiater 1,4-bis{tertbutyl peoroxycarbo)cyelohexane (tInitiator D lel,
Akzo-Chemie) were used without any further purificatien. cChleretorm, atid
methanol, both reactive grade, were used as polystyrene solvent and non-
solvent, respectively. HN-Pentane analytical grade (Aldrich Chemical) wau

employed in all studies.

3.4.2 Design of Experiments

First, in order to evaluate the effect of n-pentane concentration
and monomer conversion at which is added, on polymerization rate and
molecular weight distribution development, for monofunctional initiation,

the following set of experiments were designed:

Experimental Design PS/CS~01

Monofunctional Bulk Polymerization of Styrene with N-Pentane

RUN (CSlo Xao [BPO)oO ™H tp
(#) wed) I (%) /L) (o0 (hrs)

.—_—T —_—-'——-—-——-
1 0.0 0 or 100 0.01 90 a.0

2 7.5 0 0.01 90 8.0
3 15.0 0 0.01 90 8.0
4 7.5 50 0.01 S0 8.0

To evaluate the effect of the observed polymerization rate on MPS
and PSD in monofunctionally initiated suspension polymerization of styrene

with n-pentane, the following set of experiments were carried out.

Experimental Design Ps/C5-02

Moncfunctional Suspension Polymerization of Styrene with H-Pantane

RUN [C5]) (wt%) o (%) (BPO] (M/L) T (°C) tp (hrs)
1 7.5 0 0.01 30 2.0

2 7.5 50 0.01 90 8.0

3 7.5 100 0.01 90 8.0

4 7.5 90 0.01 g0 2.0
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Similarly, to evaluate the effect of n-pentane concentration and

monomer conversion when it is added, on polymerization rate and molecular
weight distribution development, for bifunctionally initiated polystyrene,

the following set of experiments were designed:

Experimental Design PS/C5-03

Bifunctional Bulk Polymerization of Styrene with N-Pentane

RUN [C5)o Xap [TBPCClo Tp tp
(#) (wtd) (%) | awwy | (e0) {hrs)

1 0.0 0 or 100 0.01 105 8.0 {
2 7.5 0 0.01 105 8.0
3 15.0 0 g.01 105 8.0
4 7.5 50 0.01 105 8.0

Finally, to evaluate the effect of the observed polymerization
rate on MPS and PSD in bifunctionally initiated suspension polymerizaticn
of styrene with n-pentane, the following set of experiments were carried
out.

Experimental Design P5/C5-04

bifunctional Suspension Polymerization of Styrene with N-Pentane

RUN # [C5] (wt;;jI X (%) 1 [TBPCC] (M} Tp {(°C) tp {(hrs)
1 7.5 0 0.01 105 6.0
2 7.5 50 0.01 105 6.0
3 7.5 90 0.01 105 6.0
4 7.5 100 0.01 105 6.0

3.4.3 Techniques

All isothermal bulk polymerizations of styrene with and without
n-pentane were carried out in 5 mm (OD) glass ampoules to minimize local
heat effects [Zhu (1991)]. The ampoule contents were degassed through the

standard freeze-thaw cycles and sealed under a maximum pressure of 10 Torr.
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The ampoules containing the reaction mix and n-pentane tor L
experiments at X, = 0, and the experiments without n-pontance (S,-1) were
sealed in the standard way described, wheteas the ampoules containing the
reaction mix for the experiments at Xu=0.5 were sealed with a microsyringe
at the top, containing the required amount of n-pentane.

Polymerizations were carried out by immersing the ampoules in an
oil bath at the required temperature. The ampoules were rewmoved from the
bath at the required times, and jimmediately gquenched in liguid nitrogoet.
Based on the conversion data for the experiments without n-pentane the n-
pentane was added to the ampoule mix, through the microsyringe, at a time
when X=0.5. After addition, the new reaction mix was homogenized through
agitation, to avoid possible phase separation.

Conversions in the ampoules were determined gravimetrically by
dissolving the ampoule contents in chloroform, and precipitating the
polymer with a ten fold excess of methanol. the slurry was vacuum
filtered and washed thoroughly with methanol. The polymer was recovered
and dried under vacuum at 100°C for 24 hours to eliminate all traces of
solvent, non-solvent and n-pentane.

The molecular weight distributions of seleacted samples were
determined by size exclusion chromatography (SEC) using tetrahydrofuran as
carrier solvent in a Waters gcientific Model-150 GPC/ALC.

Model predictions for all the experiments carried out were
performed with the modified versions of the MONOFUN and BIFUN simulation
programs, described above, using the kinetic rate constants and model
parameters values given in Table 3.1, below. The modified versions ol
these programs were hamed MONOPEN and BIPEN simulation programs.

Suspension polymerizations were carried out in a 1 gal. stainless
steel pilot plant reactor vessel, scaled-down from plant data of two
differeht commercial manufacturers of expandable polystyrene {Industriau

Resistol, S.A., and PlastiFab LTD) .
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Table 3.1

Yalues of the Paramaters Used in the Simulaticns

parameter and Value Used 4;“L_ Units

——

Monofunctional Sysgggﬁi?PQL

K, = 2.2896 x 10M%exp(-27233/RT) min

f = 0.6

Bifunctional System (TBPCC)

K, = 2.117 x 10'‘exp{-28064/RT} min~!
Ky = 3.850 x 10%°exp(-40022/RT) min!

f = 0.7

Both Systems
K, = 6.128 x 10%exp (-7068/RT) L/mol-min

Keeo = 7.550 x 10%exp(-1677/RT} L/mol-min
Kpw = 6.128 X 10%exp (-13450/RT) L/mol-min
Ky = 1.314 X 10%exp(-27440/RT) min™!

N-Pentane

T, = 123 °K; @ = 0.00079 (1/°K}; d = 0.645 - 0.00115(T°C) Kg/L

Styrene
T, = 185 °K; o = 0.001 (1/°K}; 4 = 0.924 - 0.000918(T°C) Kg/L

Polystyrene

T, = 370 °K; O = ¢.00048 (1/°K); 4 = 1.084 - 0.000605{T°C} Kg/L

cel and Glassy Effect Parameters

K = 9.44exp(1929/T); A = 0.348; M = 0.5, N=1.75; B = 1.0

§ =0 (X < Xul: 8 =1 (X2 Xp); VFgz = 0.0465; D = 1.75

The reactor internal arrangement and operating conditions can be
seen in Table 3.2. Details of the scale-down procedure for EPS pilot
plant reactors have been published elsewhere [Villalobos (198%)].

The MPS and PSD of the resulting beads were determined by sieving
the samples through an adequate set of different mesh sizes. The terminal
conversion of the PS beads was determined gravimetrically following the

same procedure described above.
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Reactor Internal Arrangement and Oparating Conditions

Recipe:

Tnitial volume @ 25° C (deionized water + styrene)

V, = 3200 cc

Dispersed phase volume fraction (@ 25°C)

¢ = 0.4

Initiator ceoncentration (BPO or TBPCC)

[Ilo = 0.01 mol/L-sty

Suspending agent (TCP) concentration

(TcPlo = 7.5 g/L-aty

N-Pentane concentration

{Colyas = 0, 7.5, 15 wt
% (wrt styrene)

l Operating Conditions:

Polymerization temperature

T, = 90, 105°C

Polymerization pressure (X < Xoal

p, = 275 KPa

Polymerization pressure (X 2 X.a)

= 825 KPa

Polymerization time (monofunctional,bifunctional)

P
t, =8 hrs, t, =6 hrs.
N

Agitation speed = 275 rpm
Geometrical Parameters ﬂ__ ]

Liquid height (Z) to tank diameter (T) ratio Z/T = 1.2

Impeller diameter (D) to tank diameter (T) ratio D/T = 0.6

Impeller type (turbine)

4-blade, 45%pitch

Number of impellers

Ne = 2

Position of bottom impeller (from reactor bottom)

H, = T/4

Position of top impeller (from reactor bottom)}

H, = {2/3)%2

Blade width w, =0.2D

Number and position of baffles (offset T/44) Bf = 4, every 90°

Baffle width W, = T/12
Impregnation efficiency was determined gravimetrically,

guantifying the volatile contents of the beads (corrected for residual

monomer), after expanding and melting the beads in vacuum at 180°C for 12

hours.
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3.5 Results and Discussion

3.5.1 Monofunctionally Initiated Systems

According to the experimental design PS/C5-01, the effect of the
concentration of n-pentane added from the beginning of the polymerization
(¥,;, = 0) on the styrene bulk polymerization rate and molecular weight
distribution development, was studied first.

Figure 3.1, shows the experimental and model results of conversion
history for bulk PS initiated with BPO (0.01 mol/L) at 9gQ°C. In the
absence of n-pentane ([C.1=0) the curve shows the onset of the gel effect
at about 50% conversion. When 7.5 wtd n-pentane is present, two main
differences in the conversion history are observed. First an initial
slight decrease in the polymerization rate and secondly no occurrence of
gel effect.

The initial decrease in polymerization rate, in addition to the
lower monomer and initiator concentrations due to the presence of n-
pentane in the system, is due to an increase in the segmental diffusion
controlled termination rate, caused by the decrease in growing polymer
coil sizes in the pentane-plasticized system. This decrease in the coil
sizes is brought about by the fact that the monomer/pentane mix is a
poorer solvent for polystyrene than the pure monomer is {solubility
parameters 8;=9.3, 8c=7.08, 8,,=8.72-9.11 (cal/cc)!?) [Sears and Darby
(1982)]. 1In a poorer solvent, the coil sizes decrease and the segmental
diffusion increases.

This behaviour was modelled by giving § (in eq. 3.30} a value of
§ = 1 to account for the increase in the segmental diffusion of the
smaller coils. The reduction in magnitude of the gel effect is clear from
the data {(conversicen/time) and was well simulated by the increase in the
free volume of the system caused by the n-pentane.

The onset of translational diffusion controlled termination is not
reached due to the plasticizing effect of the small pentane molecules

which increases the translational diffusion of the growing polymer chains.
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The limiting conversion observed is due to the Jdecrease in the
overall rate of reaction due te the low meonomer concentration in the
system and very low initiator concentration in the late stages of the
reaction (t,,»=1.5 hrs @ 90° for BPO}.

The glassy effect does not occur in this system since the T, ot
polystyrene with 7.5 wt% of n-pentane is well below 909C (T,4=97°C, Tyu=-
150°C).

The curve for 15 wt% n-pentane in the initial polymerization mix
shows a similar initial decrease in polymerization rate and absence of gel
effect, with lower terminal conversion, as the former curve. The initial
decrease in peolymerization rate was explained and satisfactorily modelled
as for the system with 7.5% pentane inasmuch as the coils sizes must
decrease more in the poorer solvent at higher concentrations of n-pentane.

The absence of gel effect was also satisfactorily explained and
simulated by the larger increase in the free volume of the system which
averts the onset of the diffusion controlled termination. The lower
terminal conversion is, then, due to the decrease in the polymerization
rate as [M] and [I] decrease.

The evolution of the molecular weight averages with conversion for
the three cases is shown in figure 3.2. 1In this figure it is remarkable
how the molecular weight averages are similar throughout the entire
conversion range, but especially at high conversions, in spite of the
absence of gel effect for the systems with n-pentane.

Even though this behaviour can be partially explained by the low
polymerization rates experiencesd by the systems with n-pentane at high
conversions (X»>50%) along with the low radical concentration in the aystem
caused by the initiator depletion, which reduces the termination rate in
chemically controlled termination, lower molecular weights than tor the
system without n-pentane, should be expected. Therefore, another
phenomenon must also be responsible for the molecular weight build up in

the systems with n-pentane.
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The effect of solvents on the extent of chain transfer reactions
have been reported elsewhere. For donor-acceptor systems it has been
shown that the presence of non-polymerizing strong electron donor solvents
inhibits chain transfer reactions by either solvation of free monomer or
by secondary complex formation with the acceptor manomer [Carter
ot.al.(1965), Tsuchida et.al.(1972)].

For the case at hand since n-pentane is a stronger electron donor
than styrene and even though styrene cannot be considered as an electron
acceptor, penhtane solvation of free monomer <can obstruct the hydrogen
abstraction necessary for chain transfer to monomer to occur. In such a
case, the extent of chain transfer to monomer reactions will depend on the
n-pentane concentration, and the extraordinary molecular weight build-up
in the systems with n-pentane can be explained.

In order to account for this effect, the transfer to monomer rate
constant was considered to decrease with n-pentane concentration in the

system according to:

Krm = Krrao €XP(-D*VFes) (3.33)

Where Kp,, 1S the transfer to monomer rate constant for the system
without n-pentane, and D is an adjustable parameter.

This model was included in the simulation programs MONOPEN and
BIPEN where the value of D was fit to 1.75 (see Table 3.1}, with which the
simulated molecular weight averages described the actual trend. All
simulations veported herein were performed with the above treatment.

The effect of the conversion level for addition of n-pentane on
styrene polymerization rate and molecular weight distribution development
was studied. Figure 3.3, shows the experimental and model results for
conversion history for the systems with 7.5 wt% n-pentane added at 0, 50
and 100% conversion. The curves for X,=0 and 100% conversion have been

discussed above (curves for 7.5% and 0% pentane in figure 3.1).
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When pentane is added at 50% converslen an immodiate decrease 1n
the polymerization rate is observed and the onset ot the gel wottect 1
delayed to conversions above 70% where a marginal increate  in
polymerization rate occurs. For this system the limiting terminal
conversion {c.a. 90%) is higher than for the system where X,,=0 but lower
than for the system without n-pentane. This higher terminal conversion is
obtained owing to the higher initial polymerization rate and the weak gel
effect experienced.

Figure 3.4 shows the evolution of the molecular weight averages
for the three cases considered. The M, and M, curves for X, = 0 and 100%
have been discussed above (curves for 7.5% and 0% pentane in tigure 3.2).
As seen in this figure the initial £all in molecular weights tollowing the
addition of n-pentane at 50% conversion, and subsequent molecular weight
build-up were preperly described by the model. This behaviour is well
explained by the delayed weak gel effect observed, along with limited
transfer to monomer reactions from the point of addition on n-pentane.

Once the effect of n-pentane on polymerization rate (R,) and
molecular weight distribution development was established, suspension
polymerizations with 7.5 wt3 of n-pentane added at 0, 50 and 100% were
carried out, under the same polymerization conditions (T'=90vC, [BPO]}=0.01
mol/L-styrene) according to the experimental design PS/C5-02, in order to
evaluate the effect of pentane, R and MWD development on suspension
stability, mean particle size (MPS), and particle size distribution (PSD).

The polymerization recipe and reactor operating conditions
employed (see Table 3.2), correspond te the scaled-down system selected to
obtain a MPS of 0.60 mm when monofunctional initiation with BPO (0.01
mol/L) at 90°C is used and no pentane is added during polymerization {see
villalobos (1989)).

Figure 3.5, shows the PSD obtained for the system with La=100%
(reference system with no pentane added). The MP5 obtained was 0.598 mm
with a PSD coefficient of variation CV=0.511. The coefficient of

variation (CV} characterizes the gpread of the distribution and is defined
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an g/MPS, where ¢ is the standard deviation of the distribution. The
reforence system, then, reproduced the MPS expected from to the scale-down
procedure (target size 0.6 mm) [Villalobos {1989)1].

The large spread of the distribution, and its bimodal character,
are characteristics of suspension polymerizations carried out in small
pilot reactors {Kenno et.al.(1982)].

In large commercial reactors unimodal distributions with
coefficients of variation ranging from 0.25 to 0.35 are obtained, when
this MPS is produced [Villalobos (1989)1.

The systems with X,,=0, and 50%, both experienced suspension set-
ups {(massive particle agglomeration), after & and 6.5 hrs. of
polymerization, respectively.

This behaviour can be explained in terms of the conversion curves
shown in figure 3.3, For the system without n-pentane {X,=100%), the
particle growth stage, oceurring between 30 and 70% conversion, lasts for
a total of three hours. When pentane is added from the beginning of the
polymerization (X,,=0) the critical viscosity for particle growth is
reached after about 2 hrs. of polymerization. From then on particle
coalescence is enhanced, even in the presence of suspending agent. Since
the viscosity of the beads is lower in this system than for the system
without n-pentane, owing to the plasticization of the matrix, the decrease
in the polymerization rate prevents the system from reaching the identity
point. As a result, coalescence continues indefinitely until suspensicn
set-up (massive coagulation) occurs.

When n-pentane is added at 50% conversion (X,,=50%), the beads are
half way through the growth stage. In this case the plasticization of the
beads, and the decrease in polymerization rate delay the attainment of the
identity peint. As a result the particle growth stage is extended for at
least two more hours which is enough for total coalescence of the beads to

QCCUr .,
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In addition, the diffusien of n-pentane throuah the suspending
agent-protected surface of the beads seeoms to increase the coalescencoe
rate. This may be due to the diffusien mechanism of n-pentane in the
menomer /polymer particles. It has been shown, that when n-pentane is
added to the suspension at high conversions, it ditffuses veory rapidly into
the periphery of the beads (diffusion coefficient D about 1.0 X 10" em'/s)
where it concentrates. After almost complete n-pentane uptake in a tow
minutes, the pentane starts to diffuse more slowly towards the core ot the
beads (D from 2.0 x 107 to 1.0 x 107 cm/s, depending on the degree of
conversion) [Villalobos (1992)].

As a consequence of this diffusion mechanism, after addition ot
n-pentane at 50% conversion, most of the n-pentane added will concentrate
on the periphery of the beads plasticizing them to such a extent, that the
surface viscosity of the particles decreases to levels at which particle
coalescence is very effective. The net results being =suspension
instability and total coalescence.

In an attempt to stabilize these systems, the experiments were
repeated after increasing the suspending agent concentration two fold.
Although the initial suspensions seemed more stable, total coalescence
occurred after 7 hrs. of polymerization. Moreover, an experiment with
X,,=90% was also attempted, under the same conditions, in which the
resulting beads were extremely large (MPS > 2.5 mm) and completely
deformed. This corroborated the effect of the diffusion mechanism of n-
pentane on the coalescence rate.

It is obvious that the marginal increase in productivity achieved
at X,,=90% with respect to the current manufacturing processes in which n-
pentane is added at the glassy point (about 96% conversion)} does not
compensate for the instability problems observed.

In light of these results, and since the systems with early
addition of n-pentane cannot be taken to higher terminal conversions by
increasing the initiator concentration without lowering the molecular

weights of the product and in turn its processing chavacteristics and
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mechanical properties, it is no wonder that early addition of n-pentane to
the monofunctionally initilated suspension polymerization of PS has not

found use in industry.

3.5.2 Bifunctionally Initiated Systems

As in the case of monofunctionally initiated systems and according
to the experimental design PS/CS-03, the effect of the concentration of n-
pentane, added from the beginning (X,=0) on styrene polymerization rate
{R.} and molecular weight distribution development (MWD} was studied first.
Ampoule bulk polymerizations were carried at T=105°C, using TBPCC {0.01
mol/L} as bifunctional initiator.

Figure 3.6, shows the experimental and model results for
conversion history for systems with 0, 7.5 and 15 wt% n-pentane. The
first remarkable feature observed in these curves is that, in spite of the
n-pentane concentration, all the systems reach terminal conversions close
to 100%. For the system without n-pentane the onset of the gel effect
occurs at about 50% conversion and since the polymerization temperature T
is above the T, of polystyrene no glassy effect occurs. HNote that for this
system 97% conversion is reached after only 2.5 hrs of polymerization.

The system with 7.5 wt% n-pentane shows a delay in the onset of
the gel effect to conversions above 70%. The weak gel effect experienced
by this system caused by the enhanced free volume and the plasticization
of the polymer matrix, well represented by the kinetic model, was capable
cf carrying the polymerization to completion in about 6 hours.

For the system with 15 wt% n-pentane, an even more delayed and
weaker gel effect occurs. The occurrence of this weak gel effect is only
noticeable in that the reaction rate does not fall according te the
decrease in (M] and (I)Y?. For this system the moderated auto-acceleration
experienced was capable of carrying the polymerization te completion in
about 8 hours. Tn addition, for the two systems with n-pentane, the

contribution of the thermal initiatioen of styrene to the total initiation
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rate, at this temperature level, prevented lower terminal conversion:
caused by dead end pelymerization after virtual initiator depletion at
four hours (t,;,»=0.5 hrs.@ 105°C}.

The experimental and model results for the etfect ob n-pentane
concentration on MWD development for the above systens is shown in Ligure
3.7. Note that in spite of the high reaction rates reached {(almost tour
times higher than for monofunctional initiation}, the weight average
molecular weight of the final products are only 15 to 20% lower than tor
the monofunctional case. The M, obtained for all three cases are still
within the range for adequate processing of EPS (M, from 180,000 to
250,000} {villalobos {1989)]. Moreover, the final M, obtained is similar
for both monofunctionally and bifunctionally initiated systems.

These results demonstrate the ability of bifunctional initiators
to produce high molecular weight polymer at very high reaction rates.
Note also in figure 3.7, that the model results closely follow the actual
trend, which indicates that the model for enhanced free volume and limited
chain transfer to monomer for polymerization in the presence of n-pentane
applies as well for bifunctional initiation.

The effect of the conversion at which n-pentane is added, on R, and
MWD development, in bulk pelymerization of styrene initiated with
bifunctional initiator TBPECC (0.01 mol/L) at 105°C was also studied,
according to experimental design PS/C5-03. Figure 3.8 shows the
conversion history for X, = 0, 50, and 100%. The curves for 0, and 100%,
have been discussed above (curves for 7.5 and 0% n-pentane in figure 3.6}).

For the system in which n-pentane is introduced at 50% converaion,
the curve, as expected, shows an intermediate behaviour between the
systems with X,,=0% and ¥,,=100% and the conversion approaches 100% at about
5 hours. In this curve, an immediate decrease in the polymerization rate
is observed upon addition of n-pentane, followed by a delayed and weak gel
effect which yields a reaction rate profile similar of that for the curve
of X,=0%, but only at slightly higher conversions equal to the difference

in conversions at the addition point.
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In figure 3.9, the experimental  and model results for the
wvolution of the molecular weight averages for this system, and the other
two discussed before (see figure 3.7 for 0 and 7.5 wt% pentane), are
shown. Note the similarity of the M, curves for all three systems. The
model M, curve for the system with X,=50% crosses the curve for X,u.=0% av
about 70% conversion due to the higher polymerization rate of the former
at similar gel effect strength. 1In actuality, the experimental results
show that this behaviour occurs at higher conversions.

The model predictions shown in figures 3.8 and 3.9 for the
bifunctionally initiated system, closely follow the actual behaviour of
the system, which indicates that the model for enhanced free volume and
limited transfer tc monomer applies alsc for additions of n-pentane at
intermediate conversions.

After establishing the effect of the concentration and conversion
at which n-pentane is added, on R, and MWD development, according to the
experimental design ps/c5-04, suspension polymerizations, at 105°C using
bifunctional initiator TBPCC, under the same scaled-down conditions as for
the monofuncticnal system, weXe carried out to evaluate the effect of
these variables on suspension stability, MPS, and PSD.

Figure 3.10, shows the particle size distributions of the beads
obtained for X,=0, 50, 90 and 100% conversion under the described
conditions.

The similarity of the four distributions obtained is remarkable.
The mean particle sizes calculated from the above distributions all were
less than the 0.6 mm mean size of the monofunctiocnal reference system (see
figure 3.5}). In addition, the spread of the PSD's obtained (CV) varied
from 0.319 to 0.359 which means that both smaller MPS and narrower PSD are
obtained at high polymerization rates, even at temperature above the T, of
polystyrene. Moreover, the final conversions reached were above 33% for
all four products, and the impregnation efficiency (defined as the mass of
n-pentane in the dry beads divided by the initial mass of n-pentane loaded

to the reactor) was above 95% for all three products bearing n-pentane.
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The explanation of the cbhsorved behaviour is as tollows.  In the
bifunctionatly initiated suspensieon polymerizations carvied out, t L M
decreased very slightly from 0.551 mm to 0.542 mm when X,, increased. This
is expected inasmuch as the later the addition of n-pentane the shorter
the duration of the particle growth stage.

Based on the results given in figure 8, it can be seen that the
duration of the particle growth stage (30 to 70% conversion) is 1.2 hrs.
for X,,=100 and 90%, 1.4 hrs. for X,,=50%, and 1.6 hrs tor Xy=0%. tMoveover,
it has been shown that the spread of the distribution increases with time
during the particle growth stage ([Konno et.al.{1982})]. Consequently,
shorter growing periocds must result in narrower PSD as obgserved herein.

From these results, it can be concluded that the enhanced particle
coalescence caused by both the early presence of n-pentane in the
suspension system and the higher polymerization temperatures is completely
overcome if substantial reductions in the particle growth time are
achieved.

Therefore, the main parameter controlling both MPS and P5D in
suspension polymerization of styrene is the duration of the particle
growth stage.

In the moncfuncticnally initiated system studied, the duration of
the particle growth stage increases dramatically with the addition of n-
pentane, due to a decrease in polymerization rate and limiting conversions
which do not allow the system to reach the identity peint. In addition,
the plasticized polymer particle is more prone Lo coalescence than the
particle without n-pentane. The sum of these effects yields suspension
set-ups even at high suspending agent concentrations.,

Tn the bifunctionally initiated systems, the decrease in the
polymerization rate caused by the early presence of n-pentane does not
limit the terminal conversion and as a result the systems reach the
identity point after a particle growing period that is much shorter than
that of the monofunctional system without n-pentane. Connequently, stable

suspensions are observed, and smaller MPS and narrower PSD are achieved at
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Fhee ened of the polymerization even with the enhanced particle coalescence
catned by the particle plasticization.
summarizes all the experimental results for

Tabie 3.3, below,

these systems.

Table 3.3

Suspension Polymerizatlon Exparimental Results

Initiator [TCPlo b MPS 4] cv CONV Imp.ef
Type {g/Lst) (%) (mm} (mm) {G/MPS) (_%) (%)
BPO 7.5 100 0.598 0.206 0.511 96.8 **
TBPCC 7.5 0 0.551 0.176 0.319 >99 5.4
TBPCC 7.% 50 0.550 ¢.178 0.324 >99 95.9

TBECC 7.5 90 0.543 0.195 0.359 >99 96.1
TBPCC 7.5 100 0.542 0.196 0.361 >99 **

TBPCC 5.0 50 0.685 0.191 0.275 >99 95.0
TBPCC 3.5 50 0.954 0.266 0.278 »99 97.3

**  No n-pentane

From the

added.

PSD results, it may be suggested that the minimum effect

on MPS and PSD observed in the bifunctionally initiated suspension

polymerizations of styrene in the presence of n-pentane can be caused by

over-stabilization of the system.

monofunctional
two additional

concentration,

experiments

X,q=50% with lower

changes in stabilizer concentration.

Figure 3.11,

below,

shows

the

suspension

particle

In spite of the results for the
system showing that the suspension is not over-stabilized,
suspending agent

were carried out to show the respense of the system to

size

distributions obtained at different stabilizer concentrations, for the
bifuncticnally initiated systems (TBPCC=0.01 mol/), T=105°C}, with 7.5 wt%
n-pentane added at X,=50%. The results for MPS, PSD, terminal conversion

and impregnation efficiency of these systems are also shown in Table 3.3.
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From the results shown in figure 3,11, it i obvious that the
system is very sensitive to changes in stabilirer concentrat bon o and,
therefore, is not over-stabilized.

As expected, the MPS inereases as  the suspending  agent
concentration decreases but not so the terminal conversion wnor the
impregnation efficiency (see Table 3.3).

Note how the distributions become unimodal at larger MPS. The
shape of the PSD depending on the MPS in pilet plant reactors has been
explained elsewhere [Villalobos (1989}1).

Additionally, it has also been proven Lhat all the ditterent
commercial EPS bead sizes {0.45 to 2.0 mm) can be obtained in a single
stage process, through bifunctionally initiated suspension polymerization

of styrene with early addition of n-pentane.

3.6 Conclu<sions

In this study is reported the modification of previously published
kinetic models to account for the unique features of styrene free radical
polymerization in the presence of n-pentans, for both monofunctional and
bifunctional initiation. The modifications proposed, based on enhanced
free volume and limited transfer to monomer react ions caused by the carly
presence of n-pentane in the polymerizing system, fully desecribe and
closely follow the behaviour of the systems studied.

As a result of the modifications introduced, two simulation
programs that forecast monomer conversion  and  molecular wizight
distribution development for each type of initiation, have Loen developeed.

The feasibility of carrying out suspension polymerizations ot
styrene in the presence of n-pentane undey ditferent addivion condition:,
to obtain EPS type beads in a single stage process, has leen fully

demonstrated for bifunctionally initiated systems.
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The  high  suspension  stability erxhibited by these systoms,
correborates previous tindings in that the duration of the particle growth
stage is the main parameter determining the stability of the suspension.
For monofunctionally initiated systems, enhanced particle
coalescence leading to suspension set-up, caused by the early presence of
n-pentane with the consequent inability of the system to reach the

identity point, could not be overcome in any of the systems studied.
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CHAPTER 4

FREE RADICAL COPOLYMERIZATION KINETICS

WITH BIFUNCTIONAL INITIATORS

In this chapter, the development of the kinetic model for
simultaneous statistical/donor-acceptor copolymerization with bifunctieonal
initiators, is explained in detail. A general copolymerization scheme, on
which elementary reactions the kinetic model is based, is praoposed.
Theoretical support for the different stages of the modelling, is given
throughout. In addition, a statistical model describing the development
of the copolymer micro-structure in bifunctionally initiated free radical
copolymerization, is introduced, along with the concepts of effective
instantaneous copolymer composition, and distribution o©f number of

segments per copolymer chain.

4.1 Introduction

As mentioned in Chapter 2, bifunctional initiators are diperoxide
or di-azo compounds which may be symmetrical or asymmetrical. Their main
characteristic is their sequential decomposition kinetics which upon
polymerization leads to the formation of temporarily dead polymer chains
with terminal undecomposed peroxide groups (Prisyazhnyuk and Ivanechev
{1970} 1.

Around this unique feature, in the late 70’'s, the idea of
synthesizing block copolymers via free radical copolymerization with
bitfunctional initiateors, was developed.

The polymerization of one menomer (A) to form polymer with
undecomposed peroxide groups at one or both ends followed by the addition

of a comonomer (B), at a more sultable decomposition temperature for the

131
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decomposition of such peroxide group, should lead, in principle, to the
formation of free radical bhlock copolymeors (ABR) [Walt:z and Hedto (1978),
Piirma and Chou (1979), Ivanechev (1979), Gunesin and Plirma (1981} ],

Unfortunately, the formation of considerable amounts ol
homopolymer (A and B} in their respective polymerization stages, with the
consequent phase separation problems, was inevitable. Thiz discouraged
further research in this field for quite some time.

In the late B80's, the disclosure of the set ot vlementary
reactions involved in this two stage copolymerization with bitunctional
initiators showed that not only were both homopolymers formed, but also o
complex mix of block copolymers, withh variable number of Al blocks
{villalobos (1989)}. In addition, the length of such blocks, and the very
number of them, was of random nature.

These undesirable features, made the free radical block
copolymerization with bifunctional initiators much less attractive than
using anionic block copolymerization which, due to its live polymer
nature, leads to almost perfect block formation and nearly monodisperse
block length distribution.

Recently, the use of bifunctiecnal initiators as a means to
increase the productivity of free radical polymerization processes has
been investigated. The possibility of simultaneously obtaining high
polyuerization rates and high molecular weights with these initiators has
been  proven, and at least twe similar kinetic models for
homopolymerization with bifunctional initiators have been pubklished [Choi
and Lei (1987), Villalobos et.al.(1991}]. However, no kinetic model
describing the complex features of free radical copolymerization with
bifunctional initiators exists as yet.

Thig chapter, presents the elementary reaction scheme for binary
copolymerization with bifunctional initiators and a detailed description
of the kinetic model developed from it. Both the reaction scheme and
kinetic treatment are general inasmuch ag they consider all reactions

involved in statistical and donor-acceptor alternating copulymerivation au
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will an the possibility of thelr simultaneous and competitive ogccurrence.
Thes kinetic model developed with the use of the pseudna-kinetic

rate constant method is solved using the method of moments to obtain the
system of equations describing monomer and initiator conversion, molecular

weight distribution development, and copolymer composition.

4.2 Reaction Scheme

Bi functional initiators in general may be represented as
R,-0-0-R,~0-0-R,

Here, R,., represent, most commonly, hydrocarbon ligands, and 0-0
peroxide (or azo) groups. If R, and R, are identical the diperoxide is
symmetric otherwise is asymmetric.

The peroxide groups in the above molecule can undergo a primary
homolytic rupture of the most labile 0-0 bond by increasing the energy of

the system via temperature, radiation or otherwise

Ky
R,-0-0-R,~0-0-R, - R,-0* + R,;-0-0-R,-0*

or in initiation notation
Ll
I -3 R'n;. + Rin.

Regardless of the symmetry, it has been proven that the reactivity
of the second peroxide group decreases once the first one has reacted.
This prevents the formation of a significant nunber of di-radical species
and makes the kinetic treatment egual for both kinds of bifunctional
initiators [Villalobos et.al {1861)1].

The proposed copolymerization scheme is given by the following set

of elementary reactions:



Doner-jcceptor Complex Formation:

M, N M, .. R, < (4. 1)
i_\'--‘

v

v

Initiation:

I Ko R, ¢+ R (1.2)

R}, + M LS > R, (4.3)
R}, M R R (4.4)
Rin + C — K, RI, (4.5)
R}, + C — K, R (4.6)
R:, v -—EL—¢ R, (4.7)
R, .M —_—t Rr, (4.8)
R, . C _—-—i-"j-——-» R, (4.9)
R;, s+ C S . NN Ry (4.10)
P, —Be R, + R} (4.11)

3, e, R + R (4.12)

Propagation (rzl):

£ + M, Ky -+ R, (4.113)
Ria + M, — Ko, Ten {4.14)
R + c —te Ri.z. {4.15)
Rz + M, — B, Ri.a (4.16)
Ri.. + M; —_— AP (4.17)
r.2 + c -—7}}—-—-* Rz (4.18)
R, + M — Ry (4.19)
F;.: + M. — R E;,l,_. (4.20)
’15:;.1 + c — K N,‘.;,,, (4.21)
R, + M R R (4.22)
3:;.2 + 4, ___E.___, M;.l,2 (4.273)
R, + c -—-—E"———r F {4.24)
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Termination v Combination {r,s521):

Bia g Ria — R, P.. (4.25)
R, 4 R, w2 P,.. (4.26)
R + R;.> — B, Pr.s (4.27)
R, o+ Ry TN 5. (4.28)
R, + Rl Kep o B (4.29)
R, + R, B . (4.30)
R;.» + ‘ﬁ‘u:’ —_‘TFIE":‘-":__’ 3;-.. (4.31)
R, + R:, E"“ > :15':.‘ (4.32)
R, « R, Kez B (4.33)
'ﬁ-r'.z + ﬁ:.: Keepa > %:-.. {4.34)
Termination by Disproportionation (r,s2l):
R, 4 Ry, B, + B (4.35)
R/, + R. .2 Raz P, + P, (4.36)
Ri.: + Reza P, + P, (4.37)
oo+ Ry Reany o B, + B (4.38)
Ri.t + R Rz P, + B, (4.39)
R .2 + R, Reaz) P, + P, (4.40)
T + R Ef‘“? > P, + T (4.41)
R, o+ R, E“‘” > B, + P (4.42)
C + R, E“”” > A + B (4.43)
®. + R Ko B, + T (4.44)
Transfer to Small Molecule (rzl):

R:, + T LTSRN B, + T (4.45)
R - + T Kpep > P, + T (4.46)
R, 4 T Ra 7, + ™ (4.47)
R 1 T R 7, + T (4.48)




Transfer to Monomer (rzl):

Al
e
¥

A

Ll
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P
H .
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by}
o
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¢

o
L&)

3

+ 0N — R, b, ) TR

+ M —_— e P, ' Ry .

+ N, R, P, R,

M SR 37 S P, P
K,

+ M, —_— P, + Ry
".}E’ "

+ M —— Rz, B, « R:

+ M —_—l 7, + R
¥ . ~ .

-+ M-_‘ —_— Pl 4 Rl "2

1in

(o)
(1.50)
(1.51)
(4.52

(4.51)
(4.5%4)
(4.55)

{4.506)

Based on this scheme, the following species may be present at any

time during a bifunctionally jnitiated binary copolymerization:

T
R
Rin

R .. (r21)

Riie (r21)

P, (r21)

B, (rz1)

o

{rz2)

Monomer {1 or 2},
Bifunctional Initiator,
Donor-aAcceptor Complex,
Chain Transfer Agent,
Initiator Radical,

Initiator Radical with one undecomposed peroxide,

Macroradical of chain length r, with active centre in

monomey unit 1 or 2,

Macroradical of chain length r, with active centre in

monomer unit 1 or 2 and one undecomposaed peroxide,

{R----R} Dead Copolymer molecule,

(E-———R) Temporarily Dead Copolymer {or macro-initiator)

molecule of chain length r, with one undecomponed porozide,

(EL—~J§) Temporarily Dead Copolymer (or macro-initiator)

molecule of chain length r, with two undecomposed peroxides.

{ ~ undecomposed peroxide groups, ---- poelymer chain).
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It in easy te see that the above mechanism is based on the
torminal model for binary copolymerization [Alfrey and Glodfinger (1844},
Mayo and Lewis (1944)].

The extension of this model to take into account simultaneous
donor-acceptor copolymerization reactions might have followed two
different approaches:

In the first one the addition of the donor (~-M]) or acceptor (—M3)
radical to the complex {(MM.) can only occur in cross fashion {(i.e -~M; +
MM, = ~MMM; and ~M; + MM, = ~-MMM;), which leads to the formation of
alternating triads [Georgiev and Zubov (1978}1.

In the second approach, the straight reactions are also allowed
{i.e ~M; + MM, = -MMM: and ~Mj + MM, = ~MM:M; ), which leads to the
formation of alternating and homo-diads distributed randomly [Hill
at.al.(1985), Brown et.al.(1989}].

Characterization of the microstructure of purely donor-acceptor
copolymers showed the presence of all the triads shown above with a
predominance of the alternating ones [Buchak and Ramey (1976), Barron
et.al.{1984), Zeng and Shirota (1989)]. This indicates that the second
approach, or a combination of the first one with statistical
copolymerization will lead to the actual sequence distribution in donor-
acceptor systems.

In this thesis, the combination of the first approach with
statistical copolymerization was preferred for being more general in the
sense that it reduces to statistical copolymerization in the absence of
donor-acceptor complex formation.

The extraordinary number of elementary reactions already involved
in the proposed mechanism along with the fact that most copolymer systems
can be satisfactorily described by either rhe terminal model or the donor-
acceptor model, or by a combination of both, make the consideration of

penultimate or longer range effects impractical.
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Let us now examine the cepolymerization scheme . Thee tivst
remarkable feature is the formation of two ditterent radical population:s:
(R, . and EL.) from the decomposition of the bifunctional initiator. These
different radicals upon propagation lead to the two macroradical
populations that will define the type of copolymeric species that will
form upon termination and/or transfer reactions.

When termination by disproportionation and/or transter reactions
control the chain growth, two different copolymer populaticns are formed
(P,and‘sh. Reactions (4.11) and (4.35 to 4.56) show that the temporarily
dead copolymer population (Eﬂ) will only be subjected to a single rue-
initiation/propagation/termination cycle before decaying to the dead
copolymex population (F.). As a result, the bifunctional initiation
characteristic of simultaneously achieving high polymerization rates and
high molecular weights is thwarted, and only marg.nal increases in Mw
would be observed at a given poelymerization rate as compared to
monofunctional initiation.

When termination by combination controls the chain growth three
different copolymer populations axe formed (P,, 3:, and ?i). Reactions
(4.11-4.12) and (4.25 to 4.34) show that a temporarily dead caopolymer

o~
population (;J will undergo a statistical distribution of re-initiation/
propagation/termination cycles before decaying to the also temporarily
dead copolymer population (iﬁ). In turn, this population will undergo a
different statistical distribution of re-initiation/propagation/
termination cycles before decaying to the dead copolymer population (P,}.

It is this multiple ipnitiation/propagation termination phenomenon
which allows for the simultaneous achievement of high polymerization rates
and high molecular weights, which «cannot be accomplished  with
monofuncticnal initiation.

When both bimolecular termination mechanisms, and transfer
reactions are important, the relative magnitude of them will define thee
average number of initiation/propagation/termination cycles t.hat. ﬁf st

—~—

underge hefore decaying to P, and the average number of cycles that Pyt
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nndorage before decaying to P The effect of the bifunctional initiator
on the molecular weight and distribution will depend on these average
mimber of cycles at different polymerization rates (Villalobos et.al.
(1991)].

The most remarkable feature of these successive initiation/
propagation/termination cycles in bifunctiocnally initiated
copolymerization is given by the fact that a temporarily dead copolymer
molecule formed at a given conversion and with a given composition, may
remain dead for quite some time during the reaction before undergo re-
initiation. When this phenomenon takes place the new copolymer segment
added to the chain (random block) may have a very different copolymer
composition than the original chain if compositional drift is important.
As a result, otherwise incompatible copolymers may be linked together in
the same copolymer molecule combining the properties of the different
segments added. In additien, the copolymer chains thus formed, may act as
compatibilizer of single-segment copolymer <chains with different
compositions.

When this process takes place, on average, several times per
copolymer molecule, the actual compositional drift is reduced and higher
copolymer compatibility is achieved, as demonstrated below. However, as
was stated above, the formation of considerable amounts of single-segment
dead copolymer molecules, with compositions varying according to the drift
during the course of the reaction, is unavoidable.

Figure 4.1, below, shows schematically the multiple re-initiation
phenomenon and its implications in binary copolymerization with

cowpositional drift.

4.3 Kinetic Model Development

First, let us analyze the Kkinetic constants invelved in the

propesed copolymerization scheme.
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It is evident that a model containing such a great number ot rate
constants would be impractical. Moreover, an attempt to cvaluat e the rate
constants for the reactions involving radicals with one undoevomposed
peroxide group (i.e. all ;ijeuuiiij) would be, in the best case, extrewely
complicated for it would invelve the isclation of Rp, radicals trom R},
after the bifunctional initiator decomposition.

From the proposed scheme, it is much easier to realize that the
effect that different chain ends may have on propagation, termination, and
transfer reaction rates is only important for the first few monomer units
added to the radical centre {(c.a. r<€10). For high polymers, the chemical
nature of the chain end will be of no importance in the overall value ot
the rate constants because the contribution of polymer radicals with chain
length smaller than ten will be negligible [Ham {1960}, Guyot and Guillot
(1967)1].

Accordingly, the set of kinetic rate constants needed to evaluate
the binary copolymerization reaction rates with bifunctional initiators
reduces to that of the terminal model plus those present in the donon-

acceptor reactions considered. Therefore:

Ry = Ky (i,921,2.€)
Ry = Kty = Kiais (i,9=1.2)
ﬁiaij = f}‘zmii = Kug ti,j=1,2) (4.57)
Ky = Ky (i,5=1,2)
E;ﬁ = K (§=1,2)

Let us now examine the consistency of what was stated above with
the applicability of the pseudo-kinetic rate constant method that will e

employed to develop the kinetic model.
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In Appendix A it is shown that the necessary condition for the

applicability of the pseudo-kinetic rate constants is that the meole

fraction of any radical type does not change with chain length {i.e.

D=y =y =...=0 ). It has been proved elsewhere that this condition is

fully satisfied when the number-average chain length is greater than a few
hundred {Hamielec et.al. {1987}, Tobita (1990)1.

Consistent with the above is also the fact that for long chains,

the fraction of polymer radicals of type i without undecomposed peroxide,

&, is equal to the fraction of polymer radicals of the same type with one

undecomposed peroxide, &, or:

—~ Ko £y
Q, = O, = (4.58}
Ky £, + Kpof:
and
dy = dy = (1 - Q) (4.58")

A demonstration is also offered in Appendix A.

Let us now introduce the following definitions:

£,={M,)/(M] fraction of monomer 1.

f.={M,]/ (M) fraction of monomer 2.

f.=(C1/M] fraction of donor-acceptor complex.
[M1=[M]+[M;]+(C) total monomer concentration.
t!h:[R]]/[R’]ﬁ.:[ﬁ}]/{E‘l fraction of radicals with active centre on

monomer unit i {i=1,2).
@, =[R; /7[R =0, =R ;17K .

fraction of radicals of chain length r with
active centre on monomer unit i (i=1,2).

[Ri]= E,[R;.:] concentration of radicals with active centre
b on monomer unilt

iR)]= 2l[‘§,f,,] concentration of radicals with one peroxide
e and active centre on monomer unit 1,

[R:]= E‘IR;,;] concentration of radicals with active centre
re on monomer unit 2.

[Ri)= [ﬁ,‘_:] concentration of radicals with one peroxide

and active centre on monomer unit 2
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[R]1={R{)+[R:] =Y, total concentration of radicals without wundecomposied
peroxide (zeroth moment of the radical, I
distribution) .

P o~ — L

[R]=(R;l+iR:)=Y, total concentration of radicals with one undeconposed
peroxide (zeroth moment of the radical, R,
distribution).

YTO=Y0+?°= (R]+ [ﬁ‘] Total radical concentration.

In the above definitions note, from the reaction scheme, that even
though d’p&i, in general [R;];t[‘!‘r;].

When (4.57) and (4.58) are valid, a unique set of pseudo-kinetic
rate constants may be defined for statistical/donor-acceptor

copolymerization through bifunctional initiators as:

Propagation: (4.59)
K, = (K, £, + K fo + chfc)d’l + (K + Kypfa + K:cfc)qlg

Termination by Combination: (4.60)

Kee = Keenf@ + 2K Wy + Kooy

Termination by Disproportionation: {4.61)

Kea = K@y + 2K 200, + Koy

Transfer to Small Molecule: (4.62)

Kie = Kty + Kooy

Transfer to Monomer: (4.63)

Kin = (K fy + KipEdd + (K€ + Kyz£2) 0,

Details on the derivation of the above pseudo-kinetic rate
constants are given in appendix A.

Note that each of the pseudo-kinetic rate constants are Monowe
and/or radical mole fraction dependent {Hamielec et.al.(1987)]. This

means that they will vary, during the course of the reaction, within the
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limits given by the largest and smaller of the rate constants involved.
The econcept, though, facilitates the kinetic treatment greatly as these
copstants can be computed coupled with the main system of kinetic
cquations as shown below.

it is important to point out here that the pseudo-kinetic rate
canstants for both types of bimolecular termination (K. and K.) as defined
here are chain length independent and therefore they represent number-
average termination rate constants. These number-average termination
pseudo-rate constants will allow the correct calculation of conversion and
number average molecular weight (Mn}) . However, the weight-average
molecular weight (Mw) will be slightly underestimated (Zhu and Hamielec
(1989)]. In actual simulations this problem is partially overcome by
adequate modelling of the diffusion controlled termination phenomenon, as
will be shown below.

Modelling of chain length dependent termination rate constants has
been reported elsewhere [Zhu and Hamielec {1989)].

The ith moment of the concentration distribution of copolymer
species (dead and temporarily dead), and radicals {live copolymer) are

defined as:

Q, = £ r'[P,] dead copolymer

temporarily dead copolymer

§ = I r(r
el
Y, = L vi[R;.]
tal
live copolymer
L ad
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The radical mass balances for a batch reactor are developed Lrom

the reaction mechanism and the above detfinitions.

For primary radicals:

Rint

1 d( [R1V) P, =

T dt = 2f,KylI) + S2Raa@o + 2f K@ {4.064)
- (K, (M) + KoM« (K, + K EC) 4+ K Yad (RG]

R

L
1 d([R,1V) .
v = 2/iKall] (4.65)

[ o d P~ Fa '
« [Ky[M,) + K[Ma] + (K; + Ky (C] + K Yqo) (RG]

Here f, is the bifunctional initiator efficiency and f, is the
macroinitiator efficiency (distinct from the comohomer compogition
fractions f, and £,} which may be considered different. Order of magnitude
estimates show that the bimclecular termination terms in eqs. (4.64} and
{4.65) are negligible.

applying the steady state hypothesis  (S5S5H) for radical

concentrations on egs. (4.64) and (4.65}) we get:

2f Ko [I] + f:KwOn + 2f:Ku00

[Rin] = (1.66)
K, M1 + Ko(M,1 + (K;*'Kq)tcl
and
~ 2f Ky (11
(Ri) = (4.67)

’I:EI[MI] + ?:'2“4:] + !R‘ﬂ-'f\’:d[cl
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From these cquations the initiation rates for radicals with and

without peroxide groups are chtained as:

R = K (4] + KoMl + (KoK (€] = 2 Ka (1] + FoKa(Qp +2Q,)  (4.68)

and
T o= KM o+ KelMy] + (X, + KO(C] = 2f Ko 1] (4.69)
For qrowing radicals without undecomposed peroxide:
Rj. : (4.70)
1 d([R].1V) ~
-V_ de = R} + SfaKe(Py] + (K {T] =+ Kin(M] ) ¥qo
- (K, (M] 4 (Ko + KeadYro + Ki[T] + K (M) (R
- (KJ + Kd) {C] [R;n]
R;. {4.71}

1 d([R;.1V} ~
T o = K+ KO ICHIR] + fKalPa) K,(M] [R}..)

- (K (M) + (K + Kea) Yoo + K [T) + K. (M) IR3,

.
—

= Ky ¢ Kodhy) £ MR

R. (¥r23): (4.72)

1 d({R.1V)

T T s SRelB) ¢ KIMIRLLD (K 4 Kada) S MTIRG)

- (K, IM] + (K, + Kig} Yoo + K [T] + K [M1Y[R; )

Adding up egs. (4.70) to (4.72) we get

R .. (r2l}): (4.73)

1 AR, V) ~
v a T R+ faKulP] + K IMICIRD WY = [RLD) + (AT} + Ko [M]} ¥

e (K + Kad Yo + K fTD + KoM ) (R; .]
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For growing radicals with undecomposaed peroxide

1 ARV o~ o~ o~ ~
v-v— ar = R} - (R, + K.} (CIR,]

COORGIMD ¢ R + K Yoo 4 Ky OTD 9 Koo 1M1 (1]

™
3

B
—
o
~
=

1 ARV e o~ - ~ -
(K; + KG)[CI[R-inl + szK\l:[P:I + K,,[M]lR',,.]

ac

- (KIM) ¢ (Kee + Ka) Yo + K IT) # Ko (M) (RS 1

- (K 4 Kadl) E.[M] (R L)
B, (r23): {4.76)
1 A((R..1V) ~ ~ ~
v O a c 2F K (P,) + K IMI[R{, ] + (K + Kaely) £ (M) [R] ]

- (K IM) + (K + Kead¥oo + KieT) + Ky (M)} (K.

Adding up eqs. (4.74) to {(4.76) we get

R, (r21): (4.77)
1 ARV ~ ~ ~
v ar = R, + 2f.KplP] + K, IM)IUIR;, ] - (R;..1)

- [ (K + K)Y¥ro + K [T) + K, [M1) [R:.]

The polymer mass balances, developed from the reaction scheme, may

be expressed for a batch reactor as:

For dead copolymer:

P, (r21): (4.78)

d([P. ]V}

1 ) =
-\'f_. dc = 1/2 K. ?‘l (R IR )+ (Kl + K IT) + Kewl11]) (R
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For temporarily cdeeadd copalymar:
To(rxl): (4.79)
iy s e i ~
L _____d({f]rtl‘” e Ko £ IRIIRI W]+ (Ku¥ro + KeIT] # Kea[M1) {R{.] - Kal(P]
Po(r22): (4.80)

- 172 Kee b (RLD(Ria.] - 2RalP)

The batch reactor mass balances for the remainder of the species

involved in the copolymerization scheme are given bhelow.

Monomer consumption:

The long chain approximation (LCA) is assumed to be valid for
monomer consumption. This implies that moncmer consumption through
initiation and transfer reactions is negligible as compared to the monomer

consumed through propagation.

1 d([M]V)

v dat = - K'p[M]YTO (4'81)
or for each monomer species
1 Al V) (4.82)
v C‘t—— - [M] {l{\‘.‘(f(‘/!{m - f|f2[l"1] ) - (Kllq,l + Kzld}z) EIYT\)}
1 d((M;]V} {4.83)}
7 dt = [MVIK(Ee/Kye - flf:[M] ) - (Kl:'.(bl + K:-_,d)z) £a¥00)
1 d([CIV) (4.84)

v = IMLKAEE M) - £e/Ke) - (Kyedy + Kocdn) £o¥00)
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In the above equations Ky, represeonts the oquilibrium constant tey
the formation of donor-acceptor complex (K, = KJ/K.7Y. Hote that  the s

of egs. (4.82) to {4.84) equals eq. (4.81), a=s expoectod,

Initiator consumption:

1 d([1I1V}
v dt = - 2K, (1) (4.8%)

Chain transfer agent consumption:

1 d([{T)V}

v " ac = KelTHw (4.86)

4.4 Kinetic Model Solution

Egs. (4.73) and {4.77), and (4.78} to (4.80), above, are in Lact
an infinite number of equations representing the variation of the entire
radical and copolymer concentration distributions with polymerization
time.

Such sets of equations should, in principle, be solved
simultaneously with egs. (4.58) to (4.63), (4.68), (4.09), and (4.81) to
(4.86) for finite increments in time, to obtain monomer conversion
history, comonomer composition development and  molecular  welght
distribution development. However, the computational effort invalved to
abtain such a solution, even within practical limius of chain lengths to
get a finite number of equations, would bhe formidalyle.

Instead, the application of the method of moments integrates cach
of such infinite sets of equatians into a set of a umall number of moment
equations, which may be solved simultanecusly with the remaining equat ions

mentioned, with small computational effort for each time intervel.
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The penalty introduced Ly doing this is that only specific points
{moments) of the radical and copolymer concentration distributicns are
obtained instead of the whole distribution. Ratios of such moments define
the molecular weight averages. The calculation of the monomer conversion
history and comonomer composition development is not affected by the use

of the moment equations.

4.4.1 Moment Equations for Live Copolymer

Starting from eqs. (4.73) and (4.77) the equations describing the
variation with time of the zeroth, first, and second moments of the
concentration distribution of radicals, with and without peroxide groups,
are derived below through the use of the i-th moment definitions given
above., These moments are commonly used for they lead to the further
caleulation of M, and M, as it will be shown. Higher order moments may be

calculated io establish higher order molecular weight averages.

Zeroth moment :

1 d{Y.V) - - (e.87)
v de = Ry + foKeQo + (Keel D+ Ken[M]) Yy = (Kee + Kea) Yro¥Yo
L Y ~  (4.88)
v dt = R} + 2fKaQe - ((Ke + Keg) Yoo + K [T + Ko [M])¥e
First moment:

1 d(Y,\V} -
v T = R+ SaKe® v Ke(MIYe

- AR+ K YooYy - (K IT) + KeaM]) (Y, - Yoo) (4.89)
i d(?:V) —_ ~ -
v dat = Ry + 2f:Kp0 + K (MIY

K ¢ i) Yee + KelT) + KoMDY, (4.90)
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Qoceond moment :

1 (Y.} -
v ac = Ry 4 faKeQ ¢ Ku[M)(2Y + Yo
- (K 4 K Yeo¥s = (R [TH Ko (M) (Y, - Yo (4.91)
1 a(¥-v) ~ R
v = R+ 2fKeQ: ¢ K (MDY, )

{ (Ko + Ka)¥po + KolT) + Ko [M1)Y; (4.92

The above ordinary differential equations are siplitied to a et
of algebraic equations by applying the steady state hypethesis tor radical
concentration. Note that a further simplification io intioduced since
Y,3Y,>Y, for both types of radicals by considering that (2¥, + Yo) = 2Y¥y,

(2%, + Vo) = 2%, (¥, - Yp) = ¥y, and (¥Yp = ¥no) = Y.

. Ry + faaQs + (K (7] 4 KuliDYe 4 o3
) ) (Kie + Kia)¥ro .

R} + zfdezEfo
Y, = (4.94)
(Ko + Koyl Yoo # K [T] + K. 1HM]

Ry + K@ + K, {H]Y,
.. _ (4.95)
(Kee + Keg) Yoo 4 ®, [T] + K"'[M]

R} + 2f;vK-126-’1 + K;,[M]?l"(.
Y, = (4.96)
(K + Ke)¥py + K {T) ¢ ¥, (1)

R} + f:K.ua':- + 21(1-“4].'.1

v, - : - (4.97)
(Ko, + Kogd¥yo 4+ Ko IT] ¢ Ko (M)
-~ Tr o4 2f Kyl 0 2,041,

7 = (4.95)
(K(,— + Ku.J)YTu + Kg-['rl + H:r.[M]
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4.4.2 Moment Equations for pead Copolymer

The set of ordinary differential equations describing the
variation with time of the moments of the dead and temporarily dead
copolymer distributions are derived below by applying the ith moment
dnfinitions on the polymer balances {egs. {4.78) to (4.80)], tc integrate

over the whole range of chain lengths.

Zeroth moment:

1 d(QgV)

v e = {172 K Y, + KuYro + Ko (T) + K (M1)Y, (4.99)
1 d{QuV} ~ ~

v ac = (K. Yo + KuYr + K [T] + Ki[M))Ye - Koo (4.100)
1 d{0,V) ~ =~

T e = 172 K. Yo* - 2KgQe (4.101)

First momenkt:

1 a{Qv)

v —ac . ° (K oYy + Kig¥ro + Kie[T] + Kin(M))Y, (4.102)

1 d{Q,\v) ~ ~ ~ ~

7 ot = KelYo¥y + YY) + (Kea¥po + K (T] + Ka[MD)Y, - KoQ {4.103)

1 A(Q;V) ~—~ ~

v —ar = KuYo¥y - 2KaQ (4.104)
Second moment :

1 d (V)

v —a = K (Y7 + Yo¥a) + (KgY¥po + K [T] + Ko [M]IY2 (4.105)

1 d(Q:v) ~ o~ o~ -~ {4.106)

2 ac = Ko (Y Yo 2Y, Y +Yo¥2) + (Ka¥q + K (T] + Kin(M11Y; - Kol

1 a@w) ~ ~

T o 7 KetYF e vy - 2Kel (4.107)
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Note that the above moment eguations for both live amd dead
copelymer are the same as those developed by Villalobuow et Lal (lual) tor
homopolymerization threugh bifunctional initiators. Morcover, in this
case the previous mode. has been expanded to a more general one which
takes into account termination by disproporticnation and transter to amall
molecule reactions.

This has two main implications, the first one is that it has beoen
proven that an appropriate definition of the pseudo-kinetic rate constants
does vreduce the kinetic treatment of copolymerization to that ol
homopolymerization, even for a complex copolymerization scheme as the one
presented herein.

The second one is that the solution of the model tor
homopolymerization through bifunctional initiators has been already
obtained and proved efficient to forecast conversion history and molecular
weight distribution development [Villalobos et.al. {1991)}. Therefore,
its generalization may be solved numerically in the same way regardless
whether it represents a homo or copolymerization system.

Accordingly, the simultaneous solution of the system of algebraic
equations [egs. {4.58)-(4.63), {4.68)-(4.69}, and {4.93)-{(4.98}], and
differential equations [eqs. (4.81)-(4.86}, and {4.99)=(4.107) ], necessary
to simulate the monomer and initiator conversion history, comonomer
composition, and molezular weight distribution development can be obtained
numerically by using a standard library integration subroutine.

The solution will allow the evaluation of the moments of the
radical and copolymer concentration distributions along with the monomoers,
transfer agent and initiator concentrations for each finite increment in
polymerization time.

From these wvalues the accumulated conversion, COmonomer

composition, and molecular weight averages are calculated asu:

M), - [M)(t)
A(e) = (4.108)
(M},
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(M1 - [M)(%)
% (e) = (4.109)
[Milg

] ()
— {4.110)
M1 (t)

f£i(r) =

—~

M.(Q,(E) + Q(E) + O {t) + Yy(t) + Yi(€))

M (E) = — - (4.111)
Q,{t) + Qo) + Uit} + Yolt) + Yoltl
M(0.(t) + Oa(t) + Qalt) + Yalt) + Yp(t))
M_(t) = {4.112}

0,(t) + T(E) + Qu(t) + Yi(E) + Y(t)

Where M, is the monomer molecular weight, {t) means the integrated
value of the variable at time €, and the subindex (0) for the monomer
concentration means initial value. Note that £i0 = [Mylo/ M)y

In copolymerization, a problem arises from the definition of M, in
the above equations, due to the different molecular weights of the
comonomers. For the general case at hand, followirg the approach of Tacx

et.al.(1988), the following definition may be used:

Mucopy = (MaFy + MeFa + McFel A (4.113)

where M, is the molecular weight of monomer i, M. is the molecular weight
of the donor-acceptor complex (i.e. M.=M,+M.), F; is the instantaneous
fraction of monomer i (or complex C) bound in the copolymer (as defined
below), and A is a correction factor.

The ecorrection factor A is introduced to account for the
difference between the instantaneocus average molecular weight of the
comonomer units bound in the individual copolymer chains, aund the
aceumulated average molecular weight of the comonomer units in all chains.
This has to be considered since the average copolymer molecular weights

caleulated through egs. (4.111) and (4.112) are accumulated averages.
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According to Tacx (19838) the correct ion tactor, adapted tor the

general case at hand, may be defined as:

A = (MLF, + MoFy + MCFo) /(M Fraee + MaFaee + M Foae) (4.114)

where the subindex {acc) indicates accumulated value.

4.4.3 Diffusion Controlled Reactions

In this discussion, the free volume theory approach tao model
diffusion controlled termination and propagation reactions, given by
Hamielec et.al.(1987}, has been closely followed and integrated into the
kinetic model proposed herein. This approach may be summarized as
follows.

Tn the early stages of a batch copolymerization the termination
reactions are chemically controlled and the compositional drift is usually
small. Then, a single termination pseudo-kinetic rate constant K, = K. +Ey
(eqs. 4.60 and 4.61) may be used to model copolymerization rate and
molecular weight development up to conversions where these reactions
become diffusion controlled. Nevertheless, 1if high molecular weight
copolymer is being produced at low conversions, the termination rate may
be controlled by segmental diffusion. Mahabadi and 0*'Driscoll (1977) have
proposed the following model for segmental diffusion controlled

termiration:

Kiwy/ Ko = 1 + B{P] (4.115)

where K., 15 the segmental diffusion-controlled termination rate conutant,
{(P] is the total polymer concentration, and 8 is a parameter which depends
on the polymer molecular weight and quality of the solvent (monomers plus

solvent if present).
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Since monomers are  commonly good solvents ftor the copolymer

formed, the coil sizc of the polymer chains decreases increasing g the

qradient concentration of radicals across the coil and thus the diffusion

rate of the radicals. As a result the termination rate constant increases

with monomer conversion until the translational diffusion of the macro-

radicals controls the termination rate and then K, starts to fall rapidly.

In most cases, the contribution of the term O6[P] is small and can be
neglected in the calculations [Battacharya and Hamielec {1986)]}.

From the beginning of the copolymerization, the free volume of the

system may be calculated, as a function of conversion, as:
Vp(R) = £(0.025 + (T - Tgs})Vi{X}/Vr (4.116)

where V.(X} is the free volume of the system at conversion X, Vi is the
volume of the species i in the reaction mix, V, is the total volume of the
polymerizing system, T is the polymerization temperature, T, is the glass
transition temperature of the species i, and o is the thermal expansion
coefficient of the species i. The 5ummation is over all the species
present in the reaction mix {monomers, polymer, and solvent if present).

The parameter K is defined as a function of conversion as:
K(X) = M,(X)"exp{A/V) {4.117)

where M and A are adjustable parameters.

The adjusrable parameter K,, which follows an Arrhenius dependence
on temperature, marking the onset point for the change from segmental to
translational diffusion-controlled termination has been defined by Marten
and Hamielec (1982}, as:

Ky = (Meen ) "eXP (R "ren) (4.118)

where M., and V., are the accumulated weight average molecular weight and

free volume at the conversion where K = K;.
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While K € K, the termination rate constant tor the system iz given
by eg. (4.115) in which K, is the pseuco kinetic rate constant detined by
egs. (4.60) and {(4.61).

At the conversion at which K becomes greater than Ky, V, o and By
become Ve and My, respectively, and from then on the value ot the pseuwdo
kinetic rate constant K, takes a single value K. Without turther
calculation of pseudo kinetic rate constat the termination rate counstant

decays exponentially according to:

K, = Keo(Mucrn/Ma{X))Y expl-A(1/V (X} - 1/Vee) ) {(4.119)

where N is an adjustable parameter.

When a polymerization is carried out at temperatures below the
glass transition temperature of the polymer being synthesized, the T, of
the monomer/polymer mix (Tguy). wiich is function of conversion, X, will
reach the polymerization temperature, T, at a critical conversion X,. For
X > Xere Tgux > T and the reaction mix becomes glassy. wWithin this glassy
polymer matrix the diffusion rate of monomer toward the active chain end
decreases, limiting the final conversion.

In copolymerization, this phenomenon can lwe modeled by decreasing

the individual propagation rate constants, for X » X,, according to:

Kjy(X) = {Ky;)oexp (-By (1/Vy(X) =~ 1/, ) (4.120)

and then calculate the pseudo kinetic rate constant K, according to eq.
(4.59). 1In the above equation: Viery 15 the free volume of monomer j at
¥=¥q. (Kijlo is the chemically controlled propagation rate constant for the
reaction between radical i and monomer j, and By's iz an adjustable
parameter for monomer J.

Since the initiator and macro-initiator efficiencies also Lall
dramatically at %, due to an enhancement of the cage zftect, caused by

the impossibility of the primary radicals formed to diffuse away L{rom Che
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initiator and macro-inititator molecules, eq. (4.120) may in fact correlate

K fY ws V, to account for this phenomenon.
1 ¥

4.5 Copolymer Composition

The instantaneous copolymer composition is defined as:

dM]
F, = : (4.121)
d[Ml

Whenever monomer consumption by doncr-acceptor complex formation
and propagation through this complex is not negligible (i.e. K., and K. are
comparable to K.}, the knowledge of the reactivity raties r; and r;, which
are defined with respect to monomer units, is insufficient to calculate
the change in copolymer composition during copolymerization. In this

case, the application of the Mayo-Lewis equation:

P rlflz + flfp (4 122)
! = .
r,f,2 + 26f; + nf’

or its integrated form, the Meyer-Lowry equation:

1 = X = (£,/F,0}* (£2/E20)% [(£0- 8}/ (£, - 5)37 {4.123)

wheve: a=r,/ (1-13); P=ry/(1-r); y=(1-112) /U{1-y) (1-r3} ) 8={1x) /{2-xy-1p);
and £, = £; @ €£=0.
is, of eceu.se, not exact.

Note that very often the copolymerization reactivity ratios r, and
r, are obtained by adjusting experimental conversion and composition data

to the Meyer-Lowry equation. If donor-acceptor reactions are important

the reactivity ratios estimated in this form will be incorrect.
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For the general case at hand, the tollowing teactivity ratios can

be defined:

r, = Kpn/Kix ¢ T2 = Kaa/Kyy Bi = Kie/Kiz g B o= Ru/Ky

Now the copolymer composition equations ¢an be obtained by

applying the definition given by eq. (4.121}). This is achieved by

dividing each one of egs. (4.82) to {4.84) by eq. (4.81).

dM,] Ko(EolKeo = ErE2[MI) = (Kpdy + Ko) €Yy
F, = = {4.124)
d[M) - K, Yro
Rearranging eq. (4.124), and expanding K, we obtain:
(4.125)
Ke (£, €2 [M] = £c/Kgo) (K, + K@) £y
F, = +
Kp¥rg (K £y + Kppfa + Kefoddy + (K £y + Kyl + KoeLe)dh
Considering that K £Q, = Ky fdy we finally get:
(4.126)
Ko (£,£2[M]) = fo/Keod TR P S
F, = .
. (£, + 26,0, + 1,00 4 (Bif BiLad L,

Equation (4.126) is a general equation for copolymelr composition
applicable when donar-acceptor and statistical copolymerization occur
simultaneously and competitively in both  moncfunctionally and
bifunctionally initiated free radical copolymerization. This quation is
a general form of the Mayo-Lewis equation inazmuch as it reduces to
equation (4.122) when there is no formation of dunor-acceptor complex

(i.e. Ke, Ec = 0).
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Similarly:

KoL £ (M) = £o/Ky) raf¥ +  ffs
F, = +
‘ K]aYT(J (r,f,z + 2f1f2 + r:f:z) -+ (Blfl + B:f:)fc
and
. 2K (£l Ky - £1£2(M]) (Bf, + Baf2) £
- +
K Y7o (r,£,% + 2£,f; + rfs®) + (B.£, + PBzf2)fe

Here F, and F, both have their traditional meaning of being the
fraction of moncomer units 1 and 2 bound te the copolymer through free
monomer addition reactions. F., however, is the fraction of diads MM,
bound to the copelymer by the donor-acceptor complex propagation reactions
{note that the condition F, + Fy + F. = 1 is met). Therefore, caution has
to be exercised when talking about global composition of monomers 1 and 2
in the copolymer, in which case F,'= F, + Fe/2, and Fp' = 1 - F'.

Accordingly, the accumulated copolymer composition is established

by a mere mass balance as:

3
I

[£,, - (E,+E) (1 - X}]/X

and

7]
2
il

[Eap = (£4£c) (1 - X}1/X

Here X is the fractional conversion on a mol basis. Note that the
above definition of the accumulated copolymer composition (F‘)}, contains
the contribution of the alternating donor-acceptor seguences.

This definition was preferred to a different one separating the
accumulation of diads in the copolymer (i.e. Fi=lf - £ (1-X)1/X), since
H-NMR characterization of copolymer composition cannot quantify the
accumulated composition of diads MM, in copolymers, and the model defines

the initial concentration of donor-acceptor complex [C], as zero (i.e. £,=07.
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Note that all these parametovrs needed tor the evaluation ot the
instantaneous and accumulated copolymer compeosition are also obtalned with

the proposed solution of the kinetic model.

4.6 Effective Instantaneous Copolymer Composition

Let us analyze here the development of the copolymer chain
microstructure, with regard to the random formation of blocks that occurs
whenever combination is the dominant bimolecular termination mechanism.

In free radical copelymerization with bifunctional initiators, the
instantaneous copolymer composition, as derived above, accounts only for
the composition of the growing chains at a given time in the reaction
coordinate. However, as it is depicted in figure 4.1, some of those
chains are actually “segments”® growing from chains, previously formed,
which bear a different composition.

Sinece successive re-growth occurs at different stages in the
reaction, dead and temporarily dead copolymer molecules bearing from one
up to several segments of different composition, may be found in the
reaction mix.

Oowing to this, the actual instantaneous copolymer composition of
chains with twe or more segments will be different to that defined by
equation (4.126).

Therefore, the concept of instantaneous composition, in this case,
applies only to the composition of both the last growing segment attached
to the three copolymer species, and the single-segment P, molecules formed
instantaneously.

In order to properly quantify the actual instantaneous copolymer
composition of the individual species, and the copolymer as a whole, the
concept of Effective Instantaneous Copolymer Composition ({(E1CC) i

introduced here.
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Te understand this concept, let us go back te figure 4.1. At

menomer conversion W o= ¥y, the instantaneous fraction of monomer i bound
to the P, molecule formed is Fy. Assume that this chain remains "dead”
until conversion ¥, is reached. At Y, one of the terminal peroxide groups
decomposes, from which a new segment of the chain, with composition Fy; is
formed upon termination. From the point of view of the newly formed Pr
molecule, its instantaneous copolymer composition would be given by Fy
{i=1,2}). However, as a whole the new P, molecule bears a different
instantaneous compesition, which depends on both the birth and re-growth

conversions. Such composition may be expressed as:

F,(qﬂ)*r}(qﬂ) + F‘(QE)*TQ(QE)
F. (F))

I-‘n (qll..l)

wheve: F,(¥,) 1is the effective instantaneous composition of the P
molecule given, with its last segment born at conversion W F,(¥,). Fi(¥:)
are the instantaneous compositions of the segments born at Y, and ‘P,
respectively; I, (4,), T,({;) are the instantaneous number-average chain
lengths of the segments born at conversions Y, and ¥,, respectively; and
M, is number-average chain 1length, of the Pr molecule given,
accumulated between conversions Y, and Y.

Generalizing for S segments and weighing the contribution of all
molecules with different numbey of segments, in each copolymer specie,
with theiyr individual frequency of occurrence (V.,) which are defined
below, we get the expression defining the effective instantaneous

copolymer composition (EICC), at the birth conversion of the last segment

added, as:

Falt) = T v/TH) S BT, () +jil”\‘f,xﬁ(%.j>*i Py (¥, T, (%)
3 6s + =i

¢ I T R EIT, (Y (4.127)
H L

1
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It may not be obvious at tirst the extreme complexity ot the
solution of eqgq. (4.127). on the one hand all the number ot segnents
frequency distribution, the segment chain lengths, and the instantaneous
compositions of the segments, are conversion dependant. oOn the other
hand, and most importantly, the reference birth conversion WV, moves along
with the reaction coordinate and must be kept track of.

This means that eg. (4.127) is in reality a set of an intinite
number of equations which must be solved for differential changes in birth
conversion. Therefore, its solution requires, for any differential change
in conversion, one to quantify the amount of copolymer molecules being
born at such interval, and keep track on the distribution of the number ot
segments that molecules, born in different intervals but re-growing at the
given interval, have.

Presumably, the problem represented by the effective instantaneous
ccpolymer composition equation, is mathematically similar to that of the
it antaneous molecular weight distribution calculation, during the pre-
gelation stage, of vinyl-divinyl free radical copolymerization with
monofunctional iunitiators. Resent approaches describing the madel
solution for such problem may be found in Tobita (1990).

The task of adapting sucl. a model solution to the problem at hand
is of enormous proportions and well beyond the objectives of this thesiu.
Therefore, it will not be attempted here.

Instead the concept of Average Number of Segments (ANS) which
defines the parameters in the affective instantaneous copolymer
composition equation (EICC eq. 4.127), and gives a practical approach for
its solution, is introduced in the neXt section.

It is worth noting that in the limiting case where the number ot
segments of the P, speciwus, goes ro infinity, and the Lreguency tor sueh
specie (v.) approaches unity, the EICC equation becomes Lhe mass balanco

which defines the accumulated copolymer composition.
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This !imitina case may be pictured as a single molecule with
infinite mumber of segoents bearing all the different compositions trom Fi,
to F,(¥). For such case the effective copolymer composition will be aqual
to the accumulated copolymer composition at any conversion.

Thus, the average number of segments that the copolymer
accumulates at any conversion will be directly related to the extent of
the compositional drift. The larger the average number of segments, the
lesser the effective compositional drift.

It is important, then, tec define a fregquency distribution for the
number of segments in the copolymer molecules, as a function of

canversion, to determine such average number of segments.

4.7 Average Number of Segments per Copolymer Chain

In this discussion the work Dby Wittmer (1989} regarding the
statistics of polvrecombinations in polymerization with symmetrical
bifunctional initiators, will be closely followed. His concepts and
nomenclature, have been adapted to be consistent with the present model.
The arnalysis is valid for both homo and copolymerization with symmetrical
bifunctional initiators and can be extended to consider asymmetrical
bifunctional initiators, easily.

Let us write the bifunctional initiater molecule as:

R-0-0-0-0-0-R

Upon peolymerization, and in ac-ordance with the reaction scheme
described earlier, individual <egments of coupled Shultz-Flory
ﬁ_;tributions will form between the individual R and @, or Q ani Q groups,
wihich leads to the formation of the three copolymer species, defined here

s



a) P, : R-(Q), -R i=o, 108 )
Number of seagments : s o= 1 0+ 1

b} P, : R-0-0-1{0),-R (=1, 3, e )
Number of segments : S =1
=5

c) B, : R-0-0-{Q);-0-0-R (i=2,3,4, .00 )
Number of segments : s =z1i-1

Let the number of polymer melecules wi h a number i ot Q units be
~ = . . .
N;, N, and N, for the three copolymeric specic , respectively.
At any time in the reaction, the numbx  .x undecomposed peroxide

groups N, is given by:

N, = ZS-.FN‘: + LN

inl il

Note that ANI:I'I is the number of bifunctional initiator molecules
present at any time in the reaction, and N, - ﬁ is the number of
macroinitiator molecules present at the same instant.

1t has been shown by Wittmer (1989), that when combination is the
only termination mechanism, probability caleulations similar to those

emnloyed for the molecular weight distribution in polyrecomhination:: lead

to:

1 Ai-l
N, = —_— (4.128)
4 (4"
~ Al
H, = (21, - k) * (4.120})
{41!
o~ [,‘.i-l
N, = (211, - »* —— (4.120)

(an) !
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In the above cquatiens: A is the number of decomposed peroxide
qroups at a given time, and N, is the number of initiator molecules at the
beginning of the reaction that will produce polymer chains {strictly Jfig.
where N,; is the total initial number of initiator molecules and f is the
initiator efficiency). The complete derivation of equations {4.128) to
(4.130) is given in Appendix B.

The total number of molecules always remains egual to N, since
each molecule contains a terminal R group on each side. Therefore, a
summation over all values of i in eqs. (4.128) - {4.130) gives N,
independently of the conversion.

The conversion of the peroxide groups (¢q), in the bifunctional

initiator and macroinitiaters, is defined as:
g = A/2N, {(4.131)

Substituting eq. (4.131) into egs. (4.128) - (4.130), dividing
each equation by N;, and nofmalizing with respect to polymer mclecules with
at least one segment, to avoid taking inte account the molecules of the
bifunctional initiator {iﬁ), we get the number fraction (v;) of each
individual species bearing different number of segments (s), in the

copolymer mix, as a function of the conversion of peroxide groups, as:

{a/2)* ]
v, = S — (4.132)
1 - {1 - q)?]

~ 2(1 - aXtg/2)®
v, = §>(s=1,2,3,..) (4.133)
(1 - (1 - a)?)

(1 - @)*{q/2)*®
= (4.134)
(1L - (1 - gq)¥)

=0




The summation over all values of 8 In s, AR LD B D IR R Y
yields the distribution of copolymeric species as o« tutel ion ot the

peroxide conversion, as:

Y(q) = I,V (4.13%)
Yiq) = TV (4.136)
Yigq) = I, Ve (4.137)

where: Y is the number fraction of each of the three existent copolywmer
species in the copolymer mix. The individual number of segments {requency

distribution, for each copolymer species, will be given by

Frolaq) = Vi/Y (4.138)
Fr (@) = Vo/¥ (5=1,2,3...)  (4.139)
= o~

Frolq) = Vu/¥ (4.140)

.

where: Fr, is the frequency {number fraction) of the molecules with 8
segments within its own polymer specie (P, F:, and Tﬁ, respectively) .
Figure 4.2, shows the number of segments frequency distribution
for the dead copolymer molecules P,, at different peroxids conversions.
in this plot, Only the molecules with number fraction higher than
0.1% have been taken into consideration. Since at =1 all the apecien
have become dead copolymer molecules, P, no more polymerization will take
place at this point. The curve at g=1 shows, then, the tinal muober of

segments distribution for a given polymer.
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It is noticeable that one half of all the molecules formed will
connist of a single segment. This means that, on average, half of the
copolymer formed is similar to that formed in monofunctionally initiated
copolymerization. Obviously the copolymer thus formed will follow the
normal eompositional drift.
it is also important to point out, from the plot, the fact that
the frequency of the copolymer molecules bearing higher number of segments
increases with peroxide conversion. This is in accordance with what is
expected, since at the beginning of the polymerization the first molecules
formed will have, evidently, only one segment.
Knowing the number of segments frecuency distribution for each

copolymer specie, we can now define the following averages:

s.(q) = ¥ sv, o+ I sv. + L, SV (4.141)
L Stv, + I S, + ;_tszvi
s.lqi = (4.142)

where: S, is the number-average number of segments; and S, is the weight-
average number of segments, at peroxide conversion .

Figure 4.3, shows both number and weight-average number of
segments as a function of the peroxide conversion g. In this plot it is
important to note how the number, and weight averages approach their
limiting value of 2, and 3 , respectively, at g=l. This describes very
graphically, the accumulation of segments that some copolymer chains
undergo during the course of the reaction, since the dispersity of this

distribution {S./8,) goes from 1 at q=0 to 1.5 at g=1.

4.8 Sample Simulation

In order to test the kinetic model proposed, and the stability of

the numerical solution, a simulation was carried out. For this purpose,
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a hypothetical copolvmerization pair, undergoing exclusively statiotical
isothermal batch copolymerization, without compositional dritt taseotrope
composition}, was tested. Termination by combination was the only
mechanism considered. This case was chosen for being the simplest. The
application of the model to more complicated cases, given by the copolywmer
systems studied in this thesis, will be seen in chapters 5 to 8.

The simulation program BIFUN for homopolymerization with
bifunctional initiators, was extended to simultaneocus and competitive
statistical/donor-acceptor copolymerization aceording to the models
presented herein, with which the program BICOP was obtained. The
treatment of the diffusion controlled rate constants followed the semi-
empirical approach based on the free volume theory for polymer solutious,
using for this sample simulation, the parameters for polystyrene. Very
wide descriptions of the numerical solution strategy, and the information
flow chart of the simulation program BIFUN, can be found elsewhere
[Villalobos (1989)].

The kinetic parameters used for this simulation are reported in
Table 4.1, below. Simulation results for copelymerization rate, molecular
weight distribution development, copolymer species distribution, dead
polymer segment distribution, and average number of segments, as a
function of monomer conversion, were obtained, and can be explained as
follows,

Figure 4.4, shows the comparison of the simulation results for
conversion history of monofunctionally and bifunctionally initiated
copolymerizations. The same concentration of peroxide groups (double
initiator concentration} with the same decomposition constant, way
employed for the monofunctional system (see Table 4.1). The peroxide
conversion {a) is plotted as well to establish its correspondence with the
meonomer conversion.

The acceleration observed in the bifunctionally initiuted
copolymerization is expected, mainly due to the earlicr onset of the ol

effect, tricgered by the higher molecular weight of the multi zegment
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copolymer chaing present in the reaction mix. The higher the molecular
weedghit, the faster the decay in the termination rate and the stronger the
(el eebteect.

Figure 4.5, shows a comparison of the simulation results for
molecular weight averages of monofunctional and bifunctionally initiated
copolymerization as a function of monomexr conversion. The expected higher
molecular weight build up, for the bifuncticnal system is clear, and
explains, again, the higher copolymerization rate observed in fig. 4.4.
In these two figures becomes clear the main feature of bifunctionally
initiated polymerization, which is the simultaneous obtention of higher
moloecular weights at higher reaction rates than with moneofunctional
initiation.

Figure 4.6, shows the comparison of the copolymex species
distribution as a function of monomer conversion. The solid lines are the
solution of egs.{4.135) - (4.137}, and the dashed lines are obtained from
the solution of the kinetic model at each integration step as Y=0,/Q: (Q.
= Q, + Q0 + Qo) , for each copolymer specie. It is remarkable how close both
solutions are, considering that the first is based exclusively on a
statistical scheme and the other on a Kinetic model. The results in this
regard prove that both the statistical and kinetic approaches used to
compute the distribution of polymer species as a function of monomer
conversion in free radical polymerization with bifunctienal initiators,
are essentially equivalent. The slight disagreement observed in the
curves is likely due to the variation in initiator efficiency considered
by the model, within the decay of the termination rate constant
{Villalobos ot.al.{1991)]. such variations lead to a different number of
total peroxide groups in each scheme.

Figure 4.7, shows the frequency distribution of number of segments
in the dead copolymer molecules P, as calculated through eq. (4.138). The
solution of this equation was linked to the simulation program to obtain

the distribution as a function of monomer conversion.
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In this plot it is clearly seen how the concentiat ion of mults
segment copolymer chains increases with monomeyr conversion.  CThee chiateae ot
slope cbserved at the end of each curve, is due to the Conb IO 1T v
in peroxide conversion even at the point where the propagation has nearly
stopped due to the decay in K. This may be interpreted as copolymer vhain
recombination of the species P, and P, still present in the sy:tem,
accompanied by negligible conversion, which happens through tormination by
propagation at very high monomer conversions, when the glasay citect iuo
present [Hamielec et.al.(1987)}).

Same as with eq. (4.138), eqs. {4.141) and (4.142}) were intoegrated
to the kinetic simulation program to link the perexide conversion to tlwe
monomer conversion, caleulated at every integration ztep. For the
simulation at hand, figure 4.8, shows the number and weight average numiber
of segments of the copolymer chains as a functicon of monomer converuion.
The expected values according to the relation between monomer to pesoxide
conversion given in fig. 4.2, were obtained. The continucus increasae in
the average humber of segments proves, once more, the multiple
ipitiation/propagation/termination cycles, sxperienced by some copolymer
molecules in this type of copolywmerization.

Both the kinetic model, and the stability of the numerical
solution employed have proved adequate. The simulation results given,
show all the correct behaviour, expected in free radical copolymerization
with bifunctiecnal initiators, for all the variables tested, which given

confidence for its employment with the copolymers studied in this thrsis.
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Figure 4.1

R—o_—o——_\/\. oO—O—1R
Y , P, .
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v = Y, <

O—-O—12

F=F, F,=F,,

Figure 4.1. Schematic representation of a single re-initiation/

propagation/termination cycle in free radical
copolymerization with bifunctional initiators (¥=birth
conversion, F=fraction of monomer i, bound in copolymer).
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CHAPTER 5

STYRENE/-METHYLSTYRENE COPOLYMERS

In this chapter, the synthesis and characterization of high T,
Styrene/a~Methylstyrene (SAMS) engineering copolymers, through bulk
copolymerization with bifunctioenal initiator, is described. From the
experimental results obtained, the rate constants and other parameters
necessary for the simulation of the copolymerization kinetics for cthis
system are estimated. Literature data for these parameters are also
employed whenever available. The experimental results for conversion
history, and the development of molecular weight averages, comonomer and
copolymer composition, copeolymer glass transition temperature, and
copolymer micro-structure, are compared with the simulation results
obtained with the- simulation program BICOP, described in Chapter 4. Underx
optimized conditions, §uspension copolymerizations are carried out to
obtain copelymers with _r.he dozired characteristics of residual monomer

levels, molecular weight distribution, and glass transition temperature.

5.1 Introduction

‘As described in detail in Chapter 2, the main problems regarding
the synthesis of SAMS copolymers :are brought about by the low ceiling
temperature of a-methylstyrene {T. = 61°C) ([Dainton and Ivin (1948)]. In\'
copolymerization above this temperature the reversible nature of -the
propagation reactions involving the formation of a-methylstyrene diads
accounts for the low .polymerizat‘;ion rates and low molecular weights

observed [0‘Driscoll and Gasparro (1967), O’Driscoll and Dickson ({1968}].
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The;pbssibility of increasing the copolymerization rate while
p:oducingr oG - molecular weight copolymers, through the use of
bifunetional initiaters, is contemplated in this study as the best means
to synthesize high T, SAMS copolymers at a commercially competitive rate
[Villalobos et.al. (1991)].

Several alternatives for kinetic modelling arise when dealing with
reversible propagation steps. The use of antepenultimate effect [Ham
(1960.b)], penultimate effect with reversibility [{0*Driscoll and Dickson
{1968)]}, and terminal model with reversibility [Fischer (1972)1 have
shown, if any, only marginal improvements over the results cobtained when
the terminal model is employed without taking into account reversible
propagation steps [Johnston and Rudin (1971)]. In addition, the
complexities inveolved in the estimation of the rate constants considered
when reversibility and/or penultimate effects are taking into account,
make the solution of such schemes more a numerical problem than a close
representation of the system.

Consequently, in this study, the terminal model without
revérsibility of the a-methylstyrene propagaticn reactions, proposed in
Chapter 4, has been considered as the basis for the simulation of this
copolymerization system.

In this system both styrene and g-methylstyrene are electron
donors, thus, no possibility of donor-acceptor complex formation exists.
Owing to this fact, the treatment for this system is that of a purely
statistical copolymerization. Since the simalation program BICOP allows
for the simultaneous and competitive statistical/donor-acceptor
copolymerization the model proposed reduces toe a consideration of
exclusively statistical copolymerization when the rate constant for the
donor-acceptor complex formation (K.) is set to zero (see reaction scheme
in Chapter 4). Note that a dummy value for the equilibrium constant for
donor-acceptor complex formation (K,) must be introduced ﬁo the simulation
in order to prevent run time errors due to division by zeroc in the

individual monomer consumption equations.
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In addition, in the simulation program, the total monomer
conversion was defined on a mass basis to directly compare with the
experimental results for conversion which are established on the sSame mass

basis, as explained below.

5.2 Design of Experiments

According to the detailed structure of this project stage (see
Chapter 1), the experimental program was divided in three phases. The
first one comprises exploratory research to evaluate the effect of
comonomer feed composition (f), on copolymerization rate (R,), molecular
weight distribution (MWD}, copolymer composition (F), and copolymer glass
transition temperature (T,), at terminal conversion, through isothermal
bulk copelymerization in DSC cells and ampoules. The copolymerizations
were carried out under optimal polymerization conditions for suspensicn
polystyrene synthesis (i.e. T, = 105°¢c, [TBPCC] = 0.01 M/L)} [villalobos
et.al.(1991)]1. The experimental design SAMS-01 for this exploratory phase
is shown in Table 5.1, below. e

~Table 5.1

Experimental Deslgn SAMS-01 for the Exploratoery Regearch

[TBECCloO

(Mol/L}

1 1.00 105 : 5.01 8.0
2 0.90 " 105 0.01 8.0
3 0.80 105 0.01 8.0
a 0.75 105 0.01 8.0
: s 0.70 108 ¢.01 8.0
6 0.60 105 0.01 8.0
7 0.50 105 0.01 2.0
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From the results obtained in the exploratory phase, discussed
below in section S.4, an optimization experimental phase was designed in
order to evaluate the effect of polymerization temperature (T,)., and
bifunctional initiator concentration ([TBPCCl), on R, MWD, F. and T,
development with conversion. In this phase isothermal bulk
copolymerizations with bifunctional initiator TBPCC, were carried ocut in
ampoules, under the optimal monomer feed composition selected from phase
one. The experimental design selected for this optimization phase, was 2
complete factorial 2% plus the experimental centre. This design (SAMS-02)
is given below in Table S.2.

Table 5.2

Experimental Design SaMs-02 for the Optimization Regearxrch

1 0.85 120 0.0100 24
2 0.85 120 0.0050 20|
| 3 0.85 90 0.0100 24 4“
I 1 0.85: 90 0.0050 24
“ 5 0.85 105 0.0075 24 “

The sum of the experimental results of phases one and two, allowed
for the complete parametex estimation of the simulation program BICOP.
Simulation of all the experimental runs of both stages were performed to
evaluate the goodness of the fit and the ability of the simulation program
to forecast all the variables mentioned plus some micro-structural
features of the copelymer, according to the model proposed in Chapter 4.

In the third experimental stage, suspension'copolymerizat;'.ons were
f::a.rried out, at the simulation assisted optimal conditions selected, to
evaluate the effect of R, on suspension stability, mean particle size (MPS)

and particle size distribution (PSD), under reactor scaled-down conditions

for pure polystyrene suspension polymerization [Vvillalocbos (1989)].
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The suspension copelymers obtained were also characterized teo
compare measured values against meodel predictions, aud processed through
extrusion in order to evaluate cheir feasibility for commercial production
and processability. The experimental design of this phase is given in
table 5.3, below.
fable 5.3

Experimental Design SAMS-03, Suspension Copolymerizatilon
Scaled Reactor ATrangement., Raecipes and Operating Conditions

—
RUN fio {TBPCClo T, TIME @ T,
{Mol/L)
SaMs-03 {mol) {oxrg._ phase) (°C) (hrs)
F REFERENCE 1.00 0.0100 105 4
1 0.85 0.0075 105 13
120 3
2 0.85 0.0090 10S 16
2.5 wt% TCLUENE
Recipe
Initial volume @ 25°C (water + organic phase) V, = 3200 cc
Dispersed phase volume fraction (@ 25°C) o = 0.4
Suspending agent (TCP) concentration ] {TCPlo = 7.5 g/Lay
( Reactor Operating Conditions :
Copolymerizaticn temperature {(T,) As in design
| Copolymerization time (t) As in design
Copolymerization pressure Py = 275 KPa
Agitation speed N = 275 rpm
[ _ Reactor Geometrical ParameteXs
Liquid height (Z) to tank diameter (T) ratio Z/T = 1.2
Impeller diameter (D) to tank diametexr ratio 7 D/T = 0.6
Impeller type (turbine) 4-blade, 45°pitch
Number of impellers {pumping downward) No = 2
Bottom imp. position (from reactor bottom) H, = T/4
Top :’.—mpeller i:osition (from reactor bottom) Hy = (2/2)2 )
Blade width W, =0.2D
Number and pesition of baffles B, = 4, spaced 90°
Baffle width (offset from the wall T/44) W, = T/12
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41! the synthesis and characterization technigques employed in

these experimental stages are described below.

5.3 Experimental
5.3.1 Materials

styrene, and a-methylstyrene (213rich Chemical) were washed with
NaOH solution (10%) to remove inhibitor (12 ppm p-tertbutylcatechol} and
then distilled urder vacuum Aat reom temperature, following standard
procedures [(Villalobos {1989)1].

The bifunctional initiator selected for this study: 1.4-
bis (ter:butyl peroxycarbo)cyclohexane {(TBPCC), supplied by Akzo-Chem’e as
injitiator D-162, was used without any further purification. Chloroform,
and methanol, both reactive grade, werxe used as copolymer solvent and non-
solvent, respectively. Toluene, gr_:a.lytical grade, was used as seolvent in

a suspension copolYmerization run according to the experimental plan

described.

5.3.2 Techniques

For the exploratory research phase, isothermal bulk
copolymerizations of styrene/a-methylstyrene with bifuncticnal initiator
TBPCC, were carried out in DSC cells, in a Du-Pont 910 Differential
Scanning Calorimeter, from master batch reaction mixtures previously
prepared. The reactions were allowed to proceed for 8 hours at the
temperature selected (see Table 5.1 for experimental design).

Simultaneously, bulk polymerization in ampoules were carried out,
at the same conditions and from the same master batch reaction mixtures.
For each experiment two (ampoule) samples were taken at 0.25 and 8 hrs to
characterize initial copolymerization rate, and terminal conversion,
respectively. Ampoule polymerization has been described in detail
elsewhere [Villaleobos (1589)].
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The time-integrated heat of copolymerization obtained rrom the DSC
results, translates directly into monomer conversion when normalized with
respect to the observed terminal conversion, if both compositional dritc
is negligible (or heats of polymerization are similar for both monomers),
and no other thermal events occur during the polymerization. Since, as it
will be shown below, very slight compositional drift occurs at the
selected conditions, and no other thermal events were observed during the
allotted polymerization time, monomer conversion curves for all these
experiments were obtained through the method described.

The contents of the ampoules were dissolved in chloroform at room
temperature (chloroform and methanol-soluble p-tertbutylcatechol was added
as inhibitor) and the copolymer was precipitated with a ten fold excess of
methanol. The slurry was vacuum filtered and washed thoroughly with
methanol. The copolymer was recovered and dried under vacuum at 70°C for
12 hours to eliminate all traces of solvent and non-solvent. Total
monomer conversion both initial and terminal, on a mass basis, was
established gravimetrically.

The copolymer composition of the purified copolymers thus
obtained, were characterized through Proton Nuclear Magnetic Resonance (H-
NMR), from solutions in Qeuterated chloroform in a Bruker-1.6 MHz NMR
Spectrometexr. The interpretation of the spectIa was pe;formed following
: the procedure reported by O‘Driscoll and Gasparre (1967} .

ﬁolecula: weight distribution of the terminal conversion
copolymers were obtained through Size Exclusion Chrematography (SEC} in a
Waters 150-C GPC/ALC, using polystyrene standards and THF as carcier
solvent, with a suitable column:arrangement.

Glass transition temperature of the copolymers obtained at
terminal conversion were determined by DSC in a Du-Pont 910 Differential
Scanning Calorimeter, using & constant temperature faise at 10°C/min, from

room temperature to 200°C.

~
-~
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For the optimization experimental stage, isothermal bulk
copolymerizations in ampoules at the designed conditions were carried out
(see Table 5.2). hAmpoules of 0.5 mm (OD) were selected in order to
minimize heat effects according to the recommendations reported by Zhu and
Hamielec {(1990). The total polymerization time allotted was 24 hours.
Samples were removed from the constant temperature ©il bath and quenched
in liquid nitrogen, at previously selected sampling times. The contents
of all the samples thus obtained, were dissolved in chloroform,
precipitated with methanol, washed, and dried, following the procedure
described above.

Monomer conversion of each sample (mass basis) were established
gravimetrically. Characterization of the moleculax weight distribution by
SEC, copolymer composition by H-NMR, and copolymer glass transition
temperature by DSC, were performed through the same procedures described
above.

For the third experimental phase, suspension copolymerizations at
the designed conditions, were carried out in a 1 gallon stainless steel
stirred pilot plant reactor vessel.

The reactor internal arrangement and operating conditions
correspond, as mentioned before, to the scaled-éown system for optimized
suspension polystyrene (T,=105°C, (TBPCC]=0.01 M/L, [TCP] =7.5 g/L-monomer),
and are given in Table 5.3 along with the experimental design. The
_ reference system was used to compare suspensios stability, MPS and PSD, of
" the suspension copelymers obtained (see Chapter 3, Table 3.3 for reference
values of these parameters).

The characterization of the MPS and PSD of the suspension
copolymer beads obtained was periﬁrmed following the procedure described
in the experimental section of Chapter 3.. Terminal conversion, molecular
waight distribution, copolymer composition, and copolymer glass transition
. temperature, of the suspension copeolymers obtained were also established

by the same procedures described above.
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To asses the feasibility of product processing, the copolymer

beads were extruded in a single screw (0.257, L/D=24) RandlecCastle

Minitruder, at 225°C and S0 RPM. The T, of the extrudate, and percent ot

mass loss and MWD after $ and 10 hrs at 225°C of extrudate samples, were

determined by DSC and SEC, respectively, fellowing the procedures

described, to evaluate annealing effects on Ty and copolymer degradation,
respectively.

In what follows, all the experimental and model results are

explained and discussed in detail.

5.4 Results and Discussion
5.4.1 Exploratory Research

According to the experimental design SAMS-01 and objectives of
this experimental phase (see Table 5.1), the effect of the comonomer feed
composition on R, was studied first. Figure 5.1, shows the DSC
(translated) experimental results for monomer conversion history as a
function of the styrene/a-methylstyrene feed composition (mol %). The
curve for 100/0 feed composition corresponds to the homopolymerization of
styrene at the conditions given (T,=10S°C, [TBPCC]=0.01 M/L). This curve
perfectly superimposes on the experimental conversion curve for this
reference system, shown in figure 3.6 (Chapter 3). This implies high
reliability of the DSC experiments.

The most remarkayle:feature observed in figure 5.1, is the strong
effect of the amount of a-methylstyrene (AMS) in the comoncmer feed on the
copolymerization ratea. A mere 10 mol% of AMS prevents the system from
reaching total monomer conversion in the allotted time. While pure PS
approaches 100% conversion in about 3 hours, less than 90 t conversion is
reached in 8 hours for this system. The progressive decay in the
copolymerization rate is evident as the amount of AMS in the comonomer
feed increases. As shown, the system with 50 molt of AMS in the feed

reaches only 27 % convercion after 8 hourzs.

LY
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Another remarkable feature in the cenversion curves Ior the
systems with AMS, only noticeable in the curves with 10, 20 and 30 % AMS,
iz the change in concavity, from downward to upward, characteristic of the
onset of the gel effect, occurring at about 30% conversion. This value is
slightly lower than that of pure PS at the conditions and MWD given which
is estimated to occur at about 35 % conversion as shown in the
corresponding curve [Marten and Hamielec (1982)].

In addition, the curve for 10 % AMS seems to indicate that the
strength of the gel effect is lower for the copolymer than for
polystyrene. This is in part due to the lower copolymer molecular weights
achieved (see below) which allow higher molecular mobility at similax
conversions, however this fact by jtself does not explain the moderate
auto-acceleration observed since polystyrene at this molecular weight
level experiences & stronger gel effect (see villalobos et.al. 1981).

An explanation for the weaker gel effect observed may be given in
terms of the strong plasticizing effect caused by the low molecular weiqpt
chains (oligomers) formed when AMS is polymerized above its T, tO'Driscéil
and Dickson (1968)1].

The model predictions for conversion history at the given
conditions, almost perfectly superimpose on the curves shown in figure
5.1, and as a result, are not show in the plot.

For clarity., an explanatory note is needed here. Once the
experimencal phases one and two were completed, model parameter estimation
was performed (see parameter estimatiqn section below), and then all the
simulations of the experiments performed in these two phases were carried
out. Therefore, all the model results presented in this and the following
section refer to the completely adjusted model, whose parameters and
estimation procedure are reported below. ’

In figure 5.2, the experimental and model terminal conversions
reached after 8 hours of polymerization are shown as a function of the mol
fraction of AMS in the monomer feed. Since all the experimental curves

were perfectly copied by the simulation, throughout the entire conversion
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range, it is no wonder than the terminal conversicons pruedicted also agree
with the experimental results.

More significant is the effect of AMS concentration on the
copolymerization rate. Figqure 5.3, shows the experimental and model
results for the initial copolymerization rate, relative to the styrene
homopolymerization rate at the conditions given. A clear exponential
decay in copolymerization rate is observed as the content of AMS in the
monomer feed increases. These results follow the same trend observed in
earlier works with this system, when monofunctional initiator (BPO) was
used at 60°C [0’Driscell and Dickson (1968), KRudin and Chiang {(1974)}).

This trend shows that the initial copolymerization rate observed
in S-AMS copclymerization at given T, and [I], is highly dependent upon
comonomer composition and independent of the functionality of the
initiator. Nevertheless, the largexr molecular weight build-up in
bifunctionally initiated than in monofunctionally initiated
copolymerization may account for earlier onset of the gel effect and
higher copolymerization rates during the auto-acceleration period, as
shown before in figures 4.4 and 4.5 (Chapter 4) .

The effect of the feed concentration of AMS on number and weight
average molecular weights of the copolymers obtained at terminal
conversion is shown in figure S5.4. Again, the exponential decay in the
copolymerization rate, brought about by the low propagation rate and high
termination rates characteristic of AMS polymerization {(see below) ,- along
with the low terminal conversions and weakness of the gel effect, when
present, cause the nearly exponential decay observed in both the number
and weight average molecular weights, as the concentration of AMS in the
feed increases.

Note in the model results for molecular weigh averages that the
terminal M, obse-rved for all feed compositions has been properly predicted,
whereas M, is consistently over-estimated (by about 6000 Dalton, in

average) .
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Az mentioned in Chapter 4, the pseudo-kinetic rermination rate
constants employed in the model are number average rate constants [Zhu and
Hamielec (1989)}}. As a result, fitting cf M, for the system causes under-
estimation of M, and fitting of M, causes over-estimation of M,. Since M,
is more closely related to the mechanical properties of the product than
M,, in this work it was preferred to use the latter approach for model
fitting.

Tt is important to point out here the semi-quantitative nature of
the molecular weight distribution results, obtained through SEC, for these
and other copolymers. With Size Exclusion chromatography, the
fractionation of the polymer is carried out in packed columns according to
the hydrodynamic radii of the chains in a suitable solvent. The time
dependent concentration of pelymer in the solution leaving the column is
determined by a suitable detector, UV or otherwise. The elution volumes
as a function of time are then compared against those for monodisperse
standards which molecular weight has been previously characterized by an
absolute method, such as light scattering. When standard and sample have
the same chemical structure {i.e. same polymer}, the molecular weight
distribution resuits obtained are quantitave, inasmuch as sample and
standard of same molecular weight will show equal elution times.

when sample and standard have different chgmical composition, as
it is the case here where polystyrene standards have been employed, the
molecular weight distribution obtained is only semi-quantitative, since
the hydrodynamic radii of the copolym;r chains in the carrier solvent are
strongly affected by the chain composition. As a result, similar
hydrodynamic radii between sample and standard (i.e. éimilar elution
times) will only represent equal molecular weights when the effect of the
solvent on the conformation of the coils in solution is either equal or
negligibie, otherwise an errer in the determination is iﬁiroduced.
Corrections may be introduced in the computed MWD if the sample-solvent

interactions are quantified.
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Owing to this, when characterizing MWD of copelymers tor which ne
standards are available, the SEC results are commonly reported ecither as
MWD relative to the standards employed, or as elution volume curves as a
function of time. In this study, all copolymer molecular weight averages
reported are relative to pelystyrene.

The effect of the feed moncmer composition on the initial
copolymer composition (instantaneous), and copolymer composition at
terminal conversion (accumulated)} are shown in figure 5.5. The lower
curve in this figure represents the instantaneous copolymer composition as
a function of AMS in the monomer feed. Results reported by fischer
(1972}, for monofunctionally initiated S~AMS copolymerizatién at similar
conditions, are alse shown in this figure for comparison. Note that the
jnstantanecus copolymer composition, and therefore the reactivity ratios,
are independent of the functionality of the initiator.

The upper curve in E£figure 5.5, is the accumulated copolymer
composition observed at terminal conversion. The gap between the two
curves characterizes the compositional drift between the zero and terminal
conversions. The compositional drift, as shown, is almost negligible in
the experimental range, since at low AMS feed compositions the
instantaneous copolymer composition deviates little from the feed
compesition, and at high AMS feed compositions, where higher deviations
are observed, the terminal conversions are low; thus preventing the system
from larger compositional drift.

Note that the compositional drifts referred to here are those
defined through the Meyer-Lowry equation. The actual compositional drift
_of the system, given by the EICC equation (4.127), must be even smallerx,
according to the multi-combination of chains with different composition
characteristic of bifunctional initiation. As a result, the translation
of the DSC results to conversion curves as performed above (see figure

S.1) is valid.
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The model predictions for both, instantanecus and accumulated
copolymer compositioﬁs were accurate in the experimental range. In the
model. values of the reactivity ratios reported by Fischer (1972), were
employed (see below) .

Figure 5.6, shows the H-NMR spectra for different SAMS terminal
copolymer compositions. Note in this figure, the increase in the
characteristic peak of the CH, protons of AMS at 0.5 ppm as its
concentration in the feed increases.

The effect of copolymer composition on the glass transition
temperature of the copolymer, observed at terminal conversion, is shown in

figure 5.7. The experimental results reasonably follow the fox model:
IITQ = ws/ng + WMITM

when Tge = 370 = 1.7x10°/M,, (°K), Tous = 453 - 3.1x10%/M,, (°K), [Malhotra
et.al.(1978)], and W; is the accumulated weight fraction of monowmer iin
the copelymer.

This model for T, was introduced in the simulation program BICOP.
The model predictions, shown in figure 5.7, however, over-estimated T
throughout the entire feed composition range tested, by an average of two

degrees. This was entirely due to the over-estimation of M, in the

simulation, explained before.

To take into account the over-estimation in M, by the kinetic model
in subsequent simulations, the equation reported by Cowie and Toporowski
(1968) for glass transition temperature of AMS polymers was introduced to
the above model as: T,y = 446 - 3.6 X 105/M,, with which the model
predictions fit the experimental results, as shown below.

All the different copolymers synthesized were shown to melt over
a wide range between 207 and 231°C._ The onset of this transitiocn,
identified h;re as the melting point (T,) was shown to vary little arcund

210°C.
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The summary of experimental and model results tor this exploratory

research phase is given in Table 5.4, below.

Table 5.4

Summary of Experimental and Modael Results
for the Exploratory Research Phage SAMS-01

RUN fa0 EXP MODZL EXP EXP MODEL
SAMS- Xc Xt Rpo/Rp Mn Mn
@ X=0 a Xt ¢ Xt

01 {mol) @8 hrs || €8 hrs

1 0.00 0.9995 | 0.9%98 1.0000 | 1.0000 83870 84998

2 0.10 0.8980 | 0.8005 0.6123 | 0.6154 57152 67318
3 0.20 0.5515 | 0.5485 “ 0.4214 | 0.4204 34121 39672 |
4

S

6

0.25 0.4890 0.4756“0.3611 0.3599 25678 32898 “
0.

.30 0.4102 | 0.4088 3141 | 0.3131 19871 27901 ﬂ

0.40 || 0.3208 | 0.3267

0.2471 | 0.2469 f| 15268 21367 ||
| o.s0 l 0.2707 | 0.2666 || 0.2012 | 0.2003 9096 | 14820 l

L7 __1
RUN £20 EXP MODEL
SAMS- Mw - Mw
01 {maol) @ Xt @ Xt
1 | 0.00 203011 212415
“ 0.10 155668 149932

83224 81102

MODEL EXP MODEL
F2 Tg(°C) || Tg(°C)
@ Xt @ Xt @ Xt

0.0000
0.0954
0.1765
0.2159
0.2548
0.3315
0.3999

97.06
105.39 | 107.01
108.94 | 110.95
110.25 | 112.23

111.33 | 213.45 {
113.47 | 115.95 “
115.66 | 117.35

f

2
3
a
5
6

7

5.4.2 Optimization Regearch

Since the main objective of this research project is to synthesize
high molecular weight copolymers, with high T, at commercially competitive
rates (compared to suspension polystyrene}, the results of the exploratory
phase clearly indicate that for this copolymer system thiz can onlf be

achieved if the concentration of ZMS in the feed iz kept below 20 molt,
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and the molecular weight of the product is inereased to levels of M, above
50,000 Dalton. In this way, if high conversions are reached in a
«reasonable® batch time, high SAMS copolymers bearing T,'s about 115 °C,
which may be attractive for commercial production, can be synthesized.

Undoubtedly, higher T, copelymers can be obtained at higher AMS
concentrations, if very low copolymerization rates are achieved, in order
te produce high molecular weight copelymers. This option, howevex, is not
feasible for suspension copolymers, since long batch times lead to
suspension instability, as explained before.

simulations performed with 30 melt AMS in the feed, and lower
bifunctional initiator concentrations, at this temperature level, showed
that more than 35 hours of polymerization are needed in order te obtain
SAMS copolymers with a reasonably good balance of conversien-molecular
weight-T, (X > 0.8, M, > 50,000, T, > 115 °C). This, of course, is
absolutely not attractive for commercial suspension preoduction.

Accordingly. for this optimization research phase, the AMS feed
composition was set to 0.15 mol%, and the experiments were designed in
order to evaluate the effect of the copolymerization temperature (T,) . and
bifunctional initiator concentration (I{TBECC]), ©on copelymerization rate,
and the development of molecuiar weight distribution, copolymer
composition,'copolymer glass transition temperature, and copolymer micro-
structure (see design SAMS-02 in Table 5.2).

Figure 5.8, shows the effect of T, and [TBPCC] on monomer
conversion history (mass basis}. In this plot, three different kinds of
curves are obsefved._ For the copeclymerizations at 90°C the initiater
decomposition is slow (ty2~4.5 hrs) and, as a result, low initial
copolymerization rates are observed. At about BO%ESonversion, the onset
of a weak gel effect is noticeable in beth ;urﬁes, after which the
reactions proceed at a nearly;constant rate for some 10 hours. From then

on, the auto-acceleration is more evident.
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Afrter 24 hours of polymerization, the system with [TBPCC)=0.01
Mol/L reaches what seems to be a nearly limiting conversion c¢lose to S0,
whereas the system with (TBPCC)=0.005 Mol/L approaches 75% conversion.
With such low polymerization rates {i.e. long batch cycles) both systems
are very unlikely to be stable in suspension polymerization.

The copolymerizations at 120°C with the two levels of bifunctiocnal
initiator, show the typical behaviour of nearly dead end polymerization ot
systems with thermal initiation. At this temperature level the initiator
decomposition is very fast (£;2~0.1 hrs). As a result, high initial
copolymerization <rates are observed for the first 2 hours of
polymerization, after which virtual initiator depletion is observed. From
then on, both reactions proceed solely through thermal initiation, heiped
by the weak gel effect described. _

After 24 hours, the system with higher initial TBPCC concentratiocn
reaches a conversion about 84%, whereas the system with lower TBPCC
approaches only 80% conversion. Again, the very long cimes necessary to
reach high conversions make these systems not adequate for suspension
polymerization.

The copolymerization carried out at 105°C and [TBPCC)=0.0075
Mol/L, appeared to be the most effective to obtain an adequate balance of
copolymerization rate and terminal conversion. As shown in figure 5.8,
the system at these conditions reaches a limiting conversion of about 93%
after 13 hours of polymerization. The limiting conversion is a result of
the glassy effect experienced by the system at this conversion level due
to the fact that the T, of the copolymer is higher than T, {see below).

As for pure polystyxene, this temperature level was the most
effective for an efficient initiator decomposition (t;.~1 hx), causing high
initial copolymerization rates followed by nearly constant polymexization
vate after the onset of the weak gel effect, described earlier.

In comparing this conversion curve with the one for pure
polystyrene at the same conditions (see Villalcboc 198%) it iz remarkable

that 15 molt of AMS in the feed reduces the overall polymerization rate by
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a factor of three. This, evidently is the sum of the low propagation
rates, high termination rates and reversibility of reactions invelving AMS
units.

as shown in figure 5.8, the model predictions for conversion
history are in very good agreement with the experimental data throughout
the entire conversion range, in all the experimental areas studied.

It seems clear that a minimum of 13 hours per batch for this
system is not at all competitive with the 3 hours needed for pure
suspension polystyrene, however, the high T characteristics of this
copolymer, as shown below, may still make it attractive even at this low
productivicty. Let us examine the copolymer charact.eristics.

In figure 5.9, the experimental and model results for the effect
of T, and [TBPCC] on the development of M, are shown. As expected, the two :
systems at 90°C show highex initial M, than the systems at 120°C due to the
lower copolymerization rates observed. At T,=90°C, the slow initial
increase in M, followed by larger build-up after the onset of the gel
effect is typical of systems experiencing the conversion history
described. Also expected is the result that lower initiator
concentrations lead to largeri% at similar conversion levels, especially 7
in bifunctionally initiated systems [Villalobos et.al. (1991)].

At T,=120°C, the shape of the curves is totally different. Very
low initial M, are obsexved in both curves due to the high initial
copolymerization rates. After initiator depletion at about 40% conversion,
M, builds-up more slowly due to the weaker gel effect experienced owing to
the formation of oligomers at low conversions. In addition the overall
rate of reaction decreases since the thermal initiation rate decreases as
the monomer is consumed while high termination rates remain.

Note in figure 5.9, that all the mode} predictiops slightly over-
estimate the M,, especially at conversions above 30%, owing te the use of
number-average termination rate constant employed te calculate M,, as

explained above.
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In figure 5.10, the experimental and model results tor the effect
of T, and [TBPCC] on the development of M,, are shown. The behaviour, and
therefore the explanation, for che four experiments is the same as tor the
M, curves. The only difference being she larger build-up observed in M,,
as expected, after the onset of the gel effect, due to the longer chains
formed during the decay of the termination rate. This, of course, is
responsible for the broadening of the MWD with conversion. Note in this
figure how the model predictions for the evolution of M, closely follow the
actual behaviour of the system.

Figure 5.11, shows the development of M, and M, with conversicn,
for the most efficient system, rate and conversion-wise, found
{T,=105°C, [TBPCC}=0.0075 Mol/L). Even though the jnitial molecular weights
are lower for this system than for the polystyrene reference system (see
figure 3.6 and 3.7 in Chapter 3 for comparison), the avexage molecular
weights reached at terminal conversiocn are virtually the same {M,=80,000;
M,=205,000). This, again, makes this system the only one attractive for
suspensien polymerization, of the five tested. Note in this figure, the
accurate model prediction for the evelutien of M, throughout the entire
conversion range, as well as the slight over-estimation of the M,
predicted.

The evolution with conversion oﬁ\the full MWD obtained through SEC
for this system (T,=105°C, [TBECC) _0.0075 Mol/L}), is shown below in figure
§.12. It is worth noting in this figure the substantial amount, at low
conversions, of copolymer chains with molecular weights between 1000 and
10,000. This corresponds to chain lengths from 9 to S0 units, which
corroborates the exi#tence of oligomers and low molecular weight copolymer
chains in the system, responsible for plasticization of the polymer
matrix, and consequently, for the weak gel effect observed. Moreover, the
number average chain length for this-system ar extrapolated at zerd
conversion, is about 200, which is barely within the limit of

applicability of the pseudo-kinetic rate constant method.
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2c a result, come deviations between model predictions and actual
behaviour could be observed at very low conversions. In this study, such
deviations were not observed, inasmuch as the search was aimed at the
whole conversion range and not to very low conversions, exclusively. The
overall behaviour, nevertheless, seems to be predicted quite
satisfactorily by the model, even within the lower limits of molecular
weights observed.

The concentration of these low molecular weight copolymer chains
becomes negligible at high conversions, however, their plasticizing effect
may still be important.

The experimental and model results for the evolution of the
accumulated copolymer composition with monomex conversion, are shoﬁn in
figure 5.13. Note that the initial copolymer composition is very similar
for £,,=0.85, and the total compositional drift is almost negligible at the
three different temperatures, in spite of the difference in reactivity
ratios. Owing to this, the model cuxves for the three different
polymerization temperatures tested follew very close paths. As expected,
the model curves for the runs carried out at the same temperature are
identical in their respective conversion ranges.

The experimental results, although somewhat scattered, 'follow the
same trend predicted by the model. Noté from the scale of the plot that
the largest deviations between experimental and model results throughout
the entiré conversion range are less than 2%. This is well within t:h:e
experimental error of the H-NMR determinations. -

Figure S5.14. shows the experimental and model results for the
effect of T, and "{TBPCC] on the development of the copolymer glass
transition temperature. The experiments shown in this plot correspond to
those with the largest differences in MWD development. For the only
system of interest for suspension polymerizatioen (T,=105°C, (IBPCC] =

0.0075 Mol/L), a T, = 115.43°C was obtained.
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At this monomer feed composition, the maximum T, expected for this
copolymer, at high conversion and molecular weights, is about 116°C.
Therefore, the value obtained for the best system of the five tested, may
be considered as very close this jimit. Note also that this copolymer has
a T, within the range of engineering polymers, which is what is being aimed
for.

The most relevant microstructural feature of the statistical SAMS
copolymers synthesized is, undoubtedly, the average number of segments per
copolymer chain (S,}, due to jts relation with the effective compositional
drift and copolymer homogeneity. Figure 5.15 shows the medel predictions
for the development of the number average number of segmenl:s; per copolymer
chain. In this figure, it is noticeable that the copolymers synthesized
at 120°C approach the limiting value of 2 segments per copolymer chain at
the conversion of initiator depletion (see Chapter 4}.

Before this point the number of copolymer chains initiated
thermally _is negligible when compared with the number of chemically
initiated chains. After the initiator has been consumed, the average
number of segments per chain decreases linearly inasmuch as all the hew
copolymer chains formed thermally will be monosegmental. This is
undesir;nble since the degree of coupling between copolymer chains formed
with different compositions decreases, increas‘ing the effective
composiﬁional drift. ; )

As shown in this figure suitable mod'ifica.tions were introduced to
the microstructure -model in order to take into account the copolymer
chains formed after bifunctional initiator depletion.

~ For the copolymers s;,rnthesized at 90°C the slower initiator and
macro-initiator decomposition prevents _the system £rom reaching a higher
average number of segments per chain. Since the ‘composir.ional drift is
reduced in direct proportion to this average, this situation is not

optimal. .
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For the most efficient copolymer synthesized at 105°C and
intermediate initiator concentration, the optimal initiator decomposition
rate observed also leads to the highest number average number of segments
per copolymer chain. Consequently, this copolymer is also the most
homogenecus one, showing the minimum effective compositional drift. Note,
in the curve for this system, the rapid increase in S, during the glassy
effect. During this period, the propagation rate falls dramatically,
nevertheless, recombination of previcusly formed temporarily dead
copolymer molecules is possible. As a result §, increases rapidliy while
the conversion remains nearly constant.

Experimental verification of these microstructures predicted by
the model is. at best, extremely complex and was not attempted in this
study. However, as shown in the test simulation of Chapter 4, the fact
that both the kinetic and microstructure models predict the same evolution
of the copolymer populations with conversion, gives certain confidence
that the predictions of the model may reflect the actual copolymer

microstructure as well.

5.4.3 Model Parameterx Estimation

The procedure apd criteria followed for the estimation of all the
parameteys appearing in the kinetic model may be summarized as follows
(S=moncomer 1, AMS=monomer 2):

For homo-polystyrene reactions all the literature parameters for
K,,,,, Kectze Kemrr and Koo employed and reported in Chapter 3, weTe used in
‘t‘.he model. The decomposition ra.t:e constants used for TBBECC (Ka). and
macro-initiator (Kgu), were those previously found by villalobos (1989),
and reperted in Chapter 3. The initiator efficiency (f;}) and macro-
initiator efficiency (f.) were set to 0.7 and 0.8, respectively, after
theoretical considerations given in Chapters 2 and 4.

F:or homo-gt-methylstvrene and cross reactions the following

parameters were fixed according to the literature data available.
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Stvrene and AMS being both electron donors do not torm & donox-
acceptor complex, therefore K. was set to zero in the model.

O*Driscoll and Dicksen (1968), Fischer (1972}, and Rudin and
Chiang (1974}, using different kinetic models, as explained before, all
found that for SAMS copolymers MWD information suggests that bimelecular
termination occurs exclusively by combination. Since the MWD results ot
this work are in agreement with these cbservations, all Kgy (i.3=1,2) were
set to zero in the model.

O'Driscoll and Dickson (1968) found in their study at low
temperatures (&0°C) that K,o» must be 3 orders of magnitude larger than
Keeny- However, Fischer in his work at higher temperatures considers this
constant to be only 2 orders of magnitude larger than Keais and faxes the
value of the cross termination constant Kz tO ten times the value for
polystyrene. Almost in agreement with this latter observation, Ruding and
Chiang (1974) found K. to be nea.r;y 50 times larger than K., at 60°C.

Since the only complete study performed at temperature levels
similar to those of this work is that by Fischer, Kes was set to 10°"K.
and K.z t© 10*Ki; in the model, for the present simulations.

For to the same reasons the reactivity ratios (r; and ri) at the
temperatures tested were obtained from Fischer’'s relationships for these
parameters, applicable between 60 and 150°C.

As mentioned in Chapter 2, it has been shown that AMS polymerizes
thermally, yet no kinetic expression for the rate of thermal initiation
was found in the literature reviewed. Therefore., the thermal initiation
rate for AMS was assumed equal to that of polystyrene. -

The temperature dependent onset of the gel effect (K}, extracted
from the explorateory and optiz_niza.tion conversion vs time curves, was found
to follow the Arhenius form: K = 6.5 exp(1929/T). The exponents M and N
for the effect of M, on the parameter K and the rate of decay of the
termination rate were, set’ to 0.5 and 1.75 after Marten ‘and Hamielec
(1982) and Hamielec et.al. (1987). The rate of increase of K, for segmental

diffusion was neglected for this systenm (i.e. 8=0}) [Hamielec et.al. (1987)].
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The rate of decay of the individual K, during the glassy effect
(B,) were both set to 1.0 [Hamielec et.al. (1987)]. The critical free
volume for the onset of the glassy effect was estimated in Chapter 3 for
polystyrene as: VF: = 0.0465. Considering that diffusivity of AMS in the
reaction mix must be smaller than that of styrene a value of VFcm: =
0.0475 was used in the model.

With all these parameters fixed in the model, the remaining
kinetic parameters (Kxn, K. Kz and Ke) were estimated with the aid
of the nonlinear parameter estimation routine UWHAUS, as follows. First,
it was assumed that the rate of transfer to monomer reactions is only
dependent on the type of monomer and not on the type of radical (i.e. Kuy
= Kgqi} - This, presumably, is a satisfactory assumption inasmuch as the
controlling step for this reaction is the hydrogen abstraction from the
monomer. With this, the value of Ky was set equal to Ky, which is
known. Then, the overall rate of polymerization equation, along with the
pseudo kinetic rate constants and fraction of radicals definitions, and
the computed initiation rates, were £it through UWHAUS to the experimental
results for initial copolymerization rates and extrapolated initial
molecular weights, for all the different temperatures tested. The only
parameters in thesernonlinear regressions thus being Kp and Keos. The
values reported by Fischer (1972) for Ky, at the corresponding
temperatures, along with the value K=K ware used as initial guesses.

The temperature dependent Arhenius expression found for Ky is
given by: Ky = 1.588 x 10'%exp(-9992/RT), which yields wvalues within 10%
d;fference, of those reported by Fischer in the same temperature range.
The estimated value for Kyo. was, consistently, one order of magnltude
larger than K., (+5%), in the temperature range of interest. Then K;.; was -
used in the model as ID*KQ“.

With all the above parameters in the model; the remaining
parameter, A, related to both the onset and strength of the gel effect,
was estimated from the experimental results for overall rate of reaction

after the onset of the gel effect, as A=0.25. This value, reflects the
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weak nature of the gel effect experienced by this copolymer system.
Table 5.5 summarizes all these paramceters used in the BICOP
simulation program for SAMS copolymerization with bifunctional initiator
TBPCC.
Table 5.5

values of the Paramaeters Used in the Simulations

D —
| Initiation Chemical (TBPCC) and Thermal
.

Ky = 2.117 x 10" exp(-28064/RT): f, = 0.8 Min™!

| Ke = 1.850 x 10%° exp(-40022/RT); f. = 0.7 Min™t
Kos = Ko = 1-314 X 107 exp(-27440/RT) Min'_‘_________.

Propagation

Ky = 6.128 x 10° exp(-7068/RT) L/mol-min
Ki; = 1.588 x 10'° exp(~9992/RT) L/mol-min
r, = K /K, = 2.146 exp(-246/T) 60 to 150°C
ry = Kpo/Ky = 228.2 exp(-2410.6/T) 60 to 150°C

Ke = Kye = Koe = 0 {no donor-acceptor complex)
Termination
Keayy = 0 (i,3=1,2)

e

Keeyy = 7-55 x 10*° exp(-1677/RT) L/mel-min

Keera = 7-55 x 10! exp(-1677/RT} L/mol-min

K.y = 7.55 x 10'2 exp(-1677/RT) L/mol-min
F| ' Transfer to Monomer

Ky = Keay = 6.128 x 10° exp(-13450/RT) L/mol-min

Free Volume Variables (T, in °K, a in 1/°K, d in Kg/L)

—___—___——__—_'—_—__T

T, = 184.95; @ = 0.001: d = 0.924 - 0.000913*T(°C) sctyrene

T, = 192.15; a = 0.001; 4 = 0.925 - 0.0008*T(°C) AMS

T, = 113.30; a = 0.001; d = 0.879 -0.0005*T(°C) - - Toluene

Te (see text); o = 0.00048;: d = 1.084 - 0.000605"T(°C) Copolymer

Gel and Glassy Effect Parameters

|

K = 6.5 exp(1629/T); & = 0; A = 0.25; M = 0.5; N = 1.75 (gel effect)

VPoe = 0.0465; VE uez = 0.0475; By = 1.0 (1 = 1,2) {(glazsy effect)
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S.4.4 S-AMS Suspension Copolymerization

Using the best synthesis conditions found during the optimization
research phase as centre point (i.e. T, = 105°C, [TBPCC] = 0.0075 Mol/L,
f,, = 0.85), simulations scanning the initiator concentration range from
0.00S to 0.001 Mol/L, at 0.000S5 jntervals, were performed in order to find
the optimal system for suspension copolymerization. The optimality
criteria is given, as explained above, by the best balance between
copolymerization rate, and molecular weight distribution, which in turn
yields a high copolymer glass transition temperature and maximum average
number of segments per copolymer chain.

Not surprisingly. the system used as centre point was found to be
optimal. Higher initiater concentrations led to weight averages molecular
weights below the target value of 200,000, with marginal increases in
polymerization rate. Lower ijnitiator concentrations led to
unsatisfactorily large copolymerization times to reach limiting
conversion. As a result, this system was chosen as the best for SaMs
suspension copolymerization with bifunctional initiator TBPCC.

A limitation for this system, however, is imposed by the limiting
conversiﬁn attained at about 94%, as a consegquence of the glass transition
experienced by the reaction mix. Algernatives to obtain monomer-free
suspension products are: 1) Devolatiliiation of the product cobtained at
limitiné conversion to eliminate residual monomer. 2) Addition of a high
temperature monomer exhaustion stage, after limiting conversion has been
reached. Such stage must be carried ocut at temperature above the T, of l:he-
copolymer (i.e. T > 116°C). 3) Addition of low T, solvent in such amount
as to lower the T, of the reaction mix, at 100% monomer conversion, below
T.. This must be followed by devolatilization of the product to eliminate
thefsolvent added.

From the commercial point of view, alternatives 2 and 3 are more
plausible than the first inasmuch as this one requires further separation

of the monomer mix extracted.
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In this study, both of these alternatives (2 and 3) were employed
to synthesize the final suspension SAMS copolymers.

2As shown in the experimental design given in Table 5.3, run SAMS-
03-1 (T,=105°C, (I1=0.0075 Mol/L, £,,=0.85) was completed by adding 3 hours
at 120°C for moncmer exhaustion, after 13 hours of reaction. Simulation
for this system with the temperature program described, predicts terminal
conversions above 99%, as shown in figure 5.16.

In run SAMS-03-2, toluene was used as solvent for matrix
plasticization. The required amount, 2.5 wt¥, was calculated from the Fox
model to get a final T, of the polymer/solvent miX, at 100% monomer
conversion, of 100°C. With this amount of solvent, neglecting transfer to
solvent reactions, simulations were carried out to find the initiator
concentration needed to get the same conversion Vs time curve as SAMS-03-
1, by polymerizing jsothermally at 105°C, provided the weight average
molecular weight were also within target value. An initiator
concentration of 0.009 Mol/L,, was found to be the bes: for this effect.
However, a small decrease in M, was expected, due to the weaker gel effect
experienced in the plasticized copolymer matrix.

Figures 5.16 and S5.17, show the simulated monomer conversion
history and molec.;ular weight distribution development, respectively, for
the suspension runs carried out in this study, according to the design and
reactor operating conditions given in Table 5.3.

Both suspension ruhs of the design were successfully conpleted

inasmuch as spherical/non-aggregated beads were obtained as final product

in both cases.

Figure 5.18 shows the results for the effect of the imposed
copolymerization rate on the -pa.rticle size distribution (PSD). The
distribution obtained for the reference polystyrene system is also shown
for comparison (see Chapter 3 for conditions). It is evident, from this
figure, that larger mean particle cizes (MPS) and broader PSD were

obtained for both SAMS copolymers than those of the reference polystyrene.

\
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The MPS computed from these distributions, yielded values of 0.753
and 0.827 mm, for runs 1 and 2, respectively, compared with 0.542 mm of
the reference system. The spread of the PSD, characterized by the
coefficient of variation {¢CV=standard deviation/MPS) were 0.451 and 0.467,
for runs 1 and 2, against 0.361 of the reference systenm.

Considering that the particle growth stage, occurring between 30
and 65% conversion (see Chapter 3). is ten times longer for the copolymer
systems than for the reference system (S hrs vs 0.5 hrs as shown in figure
5.16), large MPS and broad PSD were expected, accerding to the particle
growth mechanism and DPSD development in suspension polymerization
described by Villalobos (1989).

The fact that neither ill shaped beads nor particle aggregates
were observed at these extremely long growing pericds, characterizes these
suspension copolymerizations as very stable.

The appearance of the beads was transparent for run 1, similar to
crystal polystyrene beads, and opaque for run 2. The former implying high
monomer conversion and copolymer homogeneity, and the latter due to the
difference in refractive index between the copolymer and toluene.

The differences in MPS and PSD for the SAMS copolymers observed
in runs 1 and 2, were brought about by the extended particle growth periocd
experienced by the toluene-plasticized system {run-2).

Samples of the beads obtained in both experiments were dissolved
iq chloroform and precipitated in methanol, according to the procedures
described above. The purified copolymex terminal conversion, MWD, and T,
were characterized following the techniques described before. Terminal
monomer conversion close to 100%, M, about 200,000, andjT;‘s about 115.5°C"
were obtained in both cases, following closely the model predictions.

Table 5.6, below, summarizes the experimental and medel results
for MPS, PSD, terminal conversion, MWD, and T of the suspension copolymers

synthesized.



Table 5.6

Swummary of Suspension Copolymarization Results

RUN - EXP MODEL ‘| EXP MODEL EXP MODEL
REF. REF SAMS- SAMS- SAMS- SAMS-
VARIABLE || PS(*) PS(*) 03-01 | 03-01 £3-02 03-02
MPS (mm) [| 0.542 e || 0.753 . {l:o.sav -
o (mm) Fo.lss w || 0.340 - 0.391 e
CV=G/MPS 0.361 »e 4\ 0.451 = Fo.qm "
CONV 0.9999 | 0.9998 {{ 0.9856 | 0.9976 0.9872 | 0.9913
Mn 83870 84998 j 76208 86202 72111 81053
Mw 203011 | 212415 || 206770 | 203416 188754 | 185894
T, (°C) 98.60 97.06 115.73 | 115.55 115.34 | 114.95

* See Chapter 3 for reference system results.
»* Model does not predict PSD.

Samples of the beads obtained in both runs were extruded,
following the procedures described in the experimental section. Opaque
continucus extrudates were obtained in both cases rmai.nly due to residual
monomer and solvent bubbling during extrusion.

The mean residence time of the copolymer ‘within thé extruder was
caleulated as 1.33 minutes at-the extrusion conditions given.

The T, of the extrudaces showed variations within 5% with respect
to the purified copolymers, which shows not sensitive annealing effects or
degradation during extrusion.

samples of the extrudates were exposed in open DSC cells, N,
atmosphere, teo thermolysis at temperatures of 225°C for 5 and 10 hours.
Gravimetric _det:ermina.f.ions showed that both copolymers lost about 0.7 and
1.7 & of their initial mass, at the give times, respectively. Thece
values are twice as large as those reported by Priddy et.al.(1990), for
anionic SaMS copolymers of similar melecular weight (equimolar copolymer

composition), at the same conditions.
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The observed difference is likely due to a larger number of
depolymerizable diads of AMS units present in the statistical copolymers
synthesized in this study, in comparison with the anionic continuous
copolymerization SAMS synthesized by Priddy et.al. with a feed policy
aimed to prevent formation of AMS sequences.

MWD determinations of the exposed samples showed virtually no
change in M,, under the prescribed conditions. This corroborates the
findings by Priddy et.al. (1990), in the sense that SAMS degradation occurs
mostly by depolymerization, rather than chain scission, with which
relatively large mass losses are accompanied by small M, decrements. This
alse demonstrates l:hai:. the SAMS copolymers synthesized are thermally
stable under the processing conditions tested.

Table 5.7 summarizes the copolymer bead extrusion results for T,

and degradation.

Table 5.7

Copolymer Extrusion and Degradation Results

BEADS | EXTRUD
Tﬂ Tﬂ
(°C) {°C)

115.73 | 115.44 206770 | 199308 | 201506
115.34 | 11541 188754 185444 | 182011

* Results of sample characterization after exposure to the prescribed
conditions. .

5.5 Conclusions

Styrene/a-methylstyrene engineering copolymers bearing glass
transitions temperatures about 115°C, can be synthesized up tof:__ high
conversions and high molecular weights through bifunctionally init:‘:i.:ated

suspension copelymerization.
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Two optimal synthesis routes yielding the best balance of
copolymer properties, terminal conversion, and copolymerization rate, when
using 1,4,-bis(tertbutyl peroxycarbo)cyclohexane as bifunctional
initiator, and an initial comonomer composition of 85/15 (S/AMS mol) where
found. The first one involves a temperature program of 13 hours at T, =
105°C, followed by 3 hours at 120°C and initiator concentration of 0.0075
Mol /L. The second one involves the initial addition of 2.5 wtt% of
toluene, as reacting mix glass transition depressor, and 16 hour of
polymerization at 105°C with (TBPCC] = 0.009 M~l/L,,-

The suspensions in both synthesis were stable, even through the
extremely large particle growth period stage, however larger particles and
broader distributions were obtained compared to suspension polystyrene at
similar conditions. This translates into larger amounts of stabiliser
needed for commercial production compared to suspension polystyrene. Due
to the suspension stability exhibited by these systems process scale-up is
certainly technically feasible.

The copelymers showed to be processable through extrusion, and
thermally stable at the processing conditions tested.

| The batch times necessary for these syntheses are four times
laxger than those for styrene homopolymer (16 vs 4 hours), which is hardly
competitive on a preoductivity basis. Nevertheless, the fact that
engineering copolymers with this level of T, are currently consumed in much
smaller volumes than polymer commodities (see Chapter 1), may still make
this copolymer attractive for commercial production.

Larger concentrations than 15 molt of AMS in the monomer feed seem
to be clearly uneconomical for the synthesis of high molecular weight
copolymers, even using bifunctional initiators. Although there are some
possibilities to produce high SAMS copolymers with larger concentraticns
of AMS by promoting slight crosslinking of the chains, the coﬁolymer
thermal stability is known to decrease in direct prcportion to the
concentration of AMS diads in the copolymer as well as the

copolymerization rate.
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As a result, a practical limit for the batch free radical
synthesis of this type of copolymers seems to be given at fy, < 0.2.

In addition to the suspension copolymers synthesized, the
experimental studies presented herein give also the bases for free radical
bulk and solution synthesis of high T, SAMS copolymers through bifunctional
jnitiators, in wide ranges of temperature and initiater concentration.

Finally, the kinetic and microstructural models proposed in
Chapter 4, integrated into the simulation program BICOP, were able to
predict with adequate degree of accuracy all the most important features
of commercial interest for this type of copolymerization, using almost
exclusively literature values for the parameters needed. This,
undoubt«ily, makes it a very valuable tool for optimization and scale up

of this and other copolymer systems.
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Fig. 5.1~ Effect of comoncmer feed composition on monomer conversion

history for SAMS bulk copolymerization with bifunctional
initiator [TBPCC)=0.01 M/L, at 105°C. Parameter nmonomer
feed composition molt S/AMS.
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Effect of comonomer feed composition on terminal conversion
reached after 8 hours of SAMS bulk copolymerization with
bifunctional initiator [TBPCC)=0.01 M/L, at 105 °C.
Experimental results (®). Model predictions (=—].
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Fig. 5.3. Effect of comonomer feed composition on <o

rate (relative to styrene polymerization rate) for SAMS bulk
copolymerization with bifunctional initiator [TBRPCC]=0.01
M/L, at 105°C. Experimental results (®}). Model predictions
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Effect of comonomer feed composition on MWD of $SAMS
copolymer at terminal conversion. Bulk copolymerization
with bifunctional initiator [TBPCC1=0.001 M/L, at 10S°C.
Experimental M, (=), and M, {+). Model predictions {—) -
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Effect of comonomer  feed composition on observed
Compositional drift of SAMS copolymers. Bulk
copolymerization with bifunctional initiator [TBPCC]=0.01
M/L, at 105°C. Experimental jnstantaneous (%=0) copelymer
composition (%) {this workl, (0,Q) [data from Fischer (1972)
for SAMS jnitiated with LIEN at 90 and 110°C, respectively] .
and accumulated (¥=¥t} copolymer composition (). Model
predictions (=)



216

= Y i —
3 2 1 0
PPm
Fig. S.6. Evolution of the H-NMR spectrum (portion between 0 and 3

ppm) with monomer fed composition for SAMS copolymers at
jerminal conversion. Bulk <copolymerization with
Bifunctional initiator [TBPCC]=0.01 M/L, at 105°C.
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gEffect of T, and {TBPCC] on moncmexr conversion history in
saMsS bulk copolymerization (£3,=0.85) - Experimental results
for: T,=920°C, [1)=0.005 M/L (@); T,=90°C, {11=0.01 M/L (B);
T,=105°C, {11=0.0075 M/L (W); T.=120°¢C, [I]=0.00S M/L @);
T=120°C, [11=0.01 M/L (). Model predictions (—=)-
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CONVERSION

Effect of T, and {TBPCC] on the development of M, with
conversion in SAMS bulk copolymerization (£,,=0.85).

Experimental results for: T,=90°C, [I]=0.005 M/L (@) :
T,=50°C, (I1=0.01 M/L (=); T,=120°C, [I1=0.005 M/L (®);
T,=120°C, [I}=0.01 M/L (B). Model predictions (—)-
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Fig. 5.10. Effect of T, and [{TBPCC] on the development of M, with
conversion in SAMS Dbulk copolymerization (£,,=0.85).
Experimental results for: T,=90°C, (I]1=0.005 M/L (&);
T,=90°C, [I)=0.01 M/L (s); T,=120°C, [I)=0.005 M/L (®W);
T,=120°C, {I)=0.01 M/L (B}. Model predictions {=—).
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CONVERSION

Molecular weight distribution development with conversion -
in S$aMS bulk copolymerization (£,,=0.85) with bifunctional
initiator [TBPCC]=0.0075 M/L, at 105°C. Experimental M, ()
and M, (a). Model predictions. .
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Evolution of the MWD with conversion’ in SAMS bulk
copolymerization (£,,=0.85) with bifunctional initiator
[TBPCC]=0.0075 M/L, at 105°C. Curves show the experimental

SEC results.

Fig. 5.12.
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Fig. 5.13. "Effect of T, and (TBPCC] on copolymer composition
_ development with conversion in SAMS bulk copolymerization
(£,0=0.85) . Experimental (H-NMR) results for: T,=90°C,
{I1=0.005 M/L (@); T,=90°C, {I1=0.01 M/L (B); T,=105°C,
{I1=0.0075 M/L (®); T,=120°C, {T1=0.005 M/L (B); T,=120°C,

{I1=20.01 M/L (0). Model predictions {—). :
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5.14. Effect of T, and [TBPCC] on cépolymer T, development with

conversion in SAMS bulk copolymerization

(fm=0 -85) -

Experimental (DSC) results for: T,=90°C, [I1=0.005 M/L (a);
T,=105°C, [I]1=0.0075 M/L (W); T,=120°C, [I1=0.01 M/L (O).

Model predictions (——).
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Fig. 5.15. Effect of T, and [TBPCC] on the development of number of
segments per copolymer chain, in SAMS bulk copolymerization
(£,0=0.85) . Model results for: T,=90°C, {11=0.005 M/L (1):
T,=90°C, [I1=0.01 M/L (2); T,=105°C, [1]1=0.0075 M/L (3):
‘I‘p=120°C. {11=0.005 M/L (4): Tp=120°C. {11=0.01 M/L (S}.
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Simulation of conversion history for optimal SAMS suspension
copolymerization (£4,=0.85) with bifunctional initiator
TBPCC. Experiment SAMS-03-01 (W) ; experiment SAMS-03-02 (O)
{see table 5.3 for operating conditiens).
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CONVERSION

- Simulation of the molecular weight distribution development

with conversion, for optimal SAMS suspension
copolymerization (£,,=0.85) with bifunctional initiator
TBPCC. M, and M, for experiments SAMS-03-01 (§), and
experiment SAMS-03-02 (0) (see table 5.3 for eperating

conditions} .
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particle size distribution for optimal SaMS suspension
copolymerization (£,6=0.85) with bifunctional initiatex
TBPCC. Discrete measurements of bead particle size Vs
weight fraction for: reference polystyrene system (4), and
experiments SAMS-03-01 (8) and SAMS-03-02 (Q) (see table S.3
for operating conditions).



CHAPTER 6

STYRENE /N-PHENYLMALETMIDE COPOLYMERS

In this chapter, the synthesis and characterization of styrene-n-
phenylmaleimide {S=-NPMI) engineering copolymers, through free radical bulk
and suspension copolymerization with bifunctional initiators, is described
in detail. Experimental and model results are explained and compared
throughout, to assess the adequacy of the kinetic and microstructure
models proposed. The bases for the design of high T,-high molecular weight
S-NPMI copolymers are established, and the feasibility for scaling-up this

copolymerization process to commercial production is evaluated.

6.1 Introduction

From the point of view of. its copelymerization kinetics, S-NPMI
copolymerization te high conversions may be considered as a very complex
process, especially when non-equimolar concentrations are employed.

First, the electron donor-acceptor characteristics of this
comonomer pair causes the rapid formation of laxge amounts of charge-
transfer complex (CTC) in the reaction mix, thus reducing the amount of
free monomer in the system [Shmidth-Naake et.al. (1990 a,bll.

B Secondly, the extraord;nar;ly high propagat;on rate exhibited by
these complexes readily consumes the complexed monomer, thus displacing
the equilibrium between complex and free monomers towards complex
pro@pction, nearly depleting the free monomer, or the comonomer present in
lesser concentratien, from the polymerizing system [Shirota et.al.(1974),
Georgiev and Zobov (1978), Barron et.al.(1984)]. '

As 2 consequence, Very high initial copolymerization rates are

- :
reached, up to the point wexe the concentration of CTC in the system is
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low enough to raduce the copolymerization rate to levels similar to the
statistical copolymerization rate of the free monomer, occurring
simultaneously when both free monomers are able to both home and
copolymerize, as it is the case for the S-NPMI pair [Barrales-Rienda
et.al.{1977), Zott and Heusinger (1978)1.

Owing to the simultaneous and competitive nature of both
mechanisms, and since the propagation of donor-acceptor complexes leads to
the formation of perfectly alternating sequences, whereas the propagation
of free monomer leods to statistical sequences within the same copolymer
chain, both microstructure and copolymer composition change drastically
during the copolymerization [Kim et.al.(1978), Barron et.al{1984), Zeng
and Shirota (1989)}1].

At low conversions, high concentration of CTC in the system leads
to the formation of nearly alternating copolymer. The alternating
sequences being disrxupted only by £free monomer addition through
statistical copolymerization. At intermediate conversions, low CIC
concentratioh causes the formation of a random combination of both
alternating and statistical sequences within each copolymer chain. At
high conversions, if non-equimolar initial concentration of monomers are
employed, the nearly complete depletion of the monomer present in lesser
concentration prevents the formation of significant amounts of CTC and, as
a result, statistical copolymerization with one of the monomers_in great
excess (nearly homopolymerization) takes place.

The copolymer chains thus formed at high conversions, are
© completely d:fferent in mzcrostructure. composition, and vexy likely in
molecu}ar wexght. to those formed at low conversicéis. As 2 consequence
copolymer heterogeneity and dzssxmlla* thermal and mechan1ca1 pxopertles
of the copolymer may be cbserved, when monofunctional 1n1t1ators are used.

'The use of b;funct;onal initiateors may allevzate this problem to
a great extent inasmuch as success:ve chemical. comblnatzon of copolymer
chains formed at different stages in the reaction, occurring in a random

fashion, produces multi-block structures, reducing the effective
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compositional drifrt. As a result, copolymer chains bearing blocks
(seqments) with compositions ranging from alternating copolymer to nearly
homopolymer will conform the final product. The tormation of a
substantial amount of mono-segmental copolymer chains bearing ditftferent
composition according to the specific drift, however, cannot be avoided
[Villalobos et.al. (1992.,a), see also Chapter 4].

Since NPMI is introduced as a comonomer for styrene in order to
provide the necessary chain stiffness to promote the formation of high T,
copolymers (see Chapter 2), segments bearing high concentrations of NPMI
will exhibit very high T, (hard segments), whereas segments bearing high
concentration of styrene units will show lower T, (soft segments), within
the same copolymer chain.

The overall performance of the preoduct may be enhanced by this
combination of hard and soft segments in the copolymer chains inasmuch as
a better balance of mechanical, thermal and precessing properties may be
conferred to the copolymer. Thermoplastic elastomers are good examples of
hard-soft block copolymers with excellent balghce of the above properties
[Estes et.al.(1570)1].

Several problems arise in the kinetic modelling %E S-NPMI
copolymerizatior, as well as for the interpretation of the scarce
experimental data avzilable in the literature fof this system. At least
four different schemes have been tradition&lly followed to describe donor-
acceptor copolymerization, namely, terminal model, . penultimate model,
vréerm;nal‘model plus complex dissociation, and terminal model plus compléx
p.rticiﬁation [Shirota et.al.(1974), Georgiev and Zubov (1578), Hill
et. al (1985), Shmidt-Naake et.al.(1990,a, bl].

Schmidt-Naake et.al.(1990,b) employed the termlnal model for.the
simulapion of S-NPMT copolymerization. values for the reactivity ratios
of thiq system, calculated £from the Mayo-Lewis equatioﬁ neglecting
complex participation were r,;=0.05, and r,=0.11. These values reflect the
high tendency toward alternation exhibited by this system, and adequately

predict overall reaction rate, copolymer composi*ion and microstructure.

AN
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in spite of this, the validity of the model as a comprehensive description
of the events involved, can be questioned inasmuch as complex formation
and participation in propagation reactions has been fully demonstrated
[Tsuchida and Tomeono (13871}, Tsuchida et.al.(1%72), Caze and Loucheux
(1978)].

When using the penultima_.te model for the description of this
system, additional questions arise in relation to the physical
significance of the four reactivity ratios involved, when the complex
participation is ignored. Moreover, the effect of the donor or acceptor
character of the solvent on the reaction rate cannot be explained by
either the terminal or the penultimate models, without changing the
reactivity ratios. When complex formation is considered, this phencmenon
is explained, and fully captured, by assessing the effect of the solvent
in the equilibrium of donor-acceptoXx formation [Kim et.al.(19578)].

The above considerations are surely sufficient for one to prefer
models which take into account complex participation over terminal and
penultimate models.

The third type of model, employed when dealing with donor-acceptor
copolymerization, proposed by Hill et.al. (1985), dees considé:r complex
formation and propagation, however, it considers dissociation of complex
after propagating (see Chapter 2). Since there is neither theoretical nor

experimental evidence for the occurrence of such dissociation, this type

of model is likely not wvalid.

As mentio;:ed in Chapter 4, the use of the terminal plus complex
participation model gives clear physical meaning to the reactivity ratios
involved (i.e. I, Yz, ;. and B)onand fully describes the behaviour of the
system throughcut: the entire conversion range [Georgiev and Zobov (1978)1].
This model, then, must be considered as the most comp:fehensive one when
dealing with donor-acceptor copolymerization.

Whenever complex participation is taken into account the values
of r, and r. calculated from the -terminal model, as those reported above

for this system, may not be valid. Instead, these ratios must be computed
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from a consistent meodel when considering such complex participation.

It is worth noting that since the alternating sequences formed in
the copolymer are well described by the donor-acceptor propagation
reactions, it 3is unlikely that the statistical copelymerization, taking
place simultanecusly, be highly alternating as well. The evolution of the
microstructure of styrene/maleic aahydride copolymers, when one of the
complexing comonomers is used in excess, seems to corroborate this
hypothesis [Barron et.al.(1984)].

Accordingly, the kinetic and microstructure models proposed in
this thesis, are based on terminal plus complex participation mechanisms
to represent simultaneous and competitive statistical/donor-accepter
copolymerization, along with the unique features of nultiple re-
initiation/propagation/termination of bifunctionally initiated free
radical polymerization (see Chapter 4). This model, as it will be shown,
fully describes all the aforementioned phencmena observed in this type of

copolymerization.

6.2 Design of Experiments

Similarly to the study of S-AMS shown in Chapter S, and according
to the main objectives of this thesis and general experimental plan
described in Chaptexr 1, the experimental work of this study was divided in
three different phases- 1) exploratory: 2} optzm;zatlon, and 3) optlmal
suspension copelymerization.

Previcus to the exploratory phase, however, characterization of
the properties of molten NPMI, and a study on the homopolymerization of
NPMI, in the temperature range of iﬁterest, were carried out to generate
all the information regquired in the model tor reactions invelving two NPMI
units. This was necessary due to the almost complete lack of physical
properties, and kinetic ingormétion for this éystem: in the open

literature.
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For the NPMI bulk homopelymerization with bifunctional initiatox
study, two runs with [TBPCCl= 2.0 wtt, at 105 and 130°C, respectively.,
were designed.

With the homopeolymerization information compiled, the exploratory
phase, designed with wide ranges in process variables, was done to
establish the effect of initial comonomer feed composition (£), and
polymerization temperature (T,) on copolymerization rate (R}, terminal
conversion (X}, copolymer molecular weight distribution (MWD), copolymer
composition (F), and copolymer glass transition temperature (T,). in bulk
batch free radical copolymerization with bifunctional initiator 1,4~
bis(tertbutyl peroxycarbo) cyclohexane {TBECC) .

pifferent from the exploratory phase for S-ANMS copolymers given
in Chapter 5, two different temperatures {105 and 130°C) were employed in
this phase in order to generate enough data for the subsequent model
paraneter estimation. This was really necessary because of the almost
complete lack of literature data available for S-NPMI £ree radical
copolymerization. The experimental design S/NPMI-01, for this exploratory

phase is given below in Table 6.1.

Table 6.1

Experimental Design S/NFPNI-01 for ‘the Exploratory Research

™.
RUN (TBECClo
S/NPMI-01 (Mol/L) (hxs)
1, 7 1.00 105, 130 0.01 4.0
2, 8 0.90 105, 130 0.01 4.0 |
3, 9 0.80 ° 105, 130 0.01 4.0 |
2. 10 0.70 105, 130 0.01 4.0 |
5, 11 0.60 105, 130 0.01 4.0 |
6, 12 0.50 105, 130 | 0.01 4.0 l

/)
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From the results of the exploratory phase, the conditions yielding

the best balance of copolymerization rate and copolymer characteristics

were selected. The criteria followed in this selection, were both

comparison with the referxence PS system (see Chapters 3 and 5), and the
constraints in the design of suspension polymers (see Chaptex 1}.

Accordingly, the experiments S-NPMI-02 were designed to evaluate,

in a narrower experimental range, the effects of £. T, and [TBPCC], on R,

and the development of MWD, £, F, and T, with conversion, in bulk batch

free radical copeolymerization with bifunctional initiator TBPCC. The

experimental design S/NPMI-02 of this experimental optimization phase is

shown below in Table 6.2.

Table 6.2

Experimental Design S/NPMI-02 for the Optimization Reseazrch

Run f10 T, [TBECC]o
S/NPMI-02 {mol) (°C) (Mol/L)
1 0.90 130
2 0.90 105 0.010 2.0
3 0.80 130 0.010 2.0
4 0.80 105
5 0.70 130
6 0.70 130

__Aft:er the optimization phase was performed, the model parameter
estimation was completed, and gICOP simulations for the runs of the three
experimental phases were performed.

From the results of the optimization phase, the simulation
assisted suspension copolymerization runs S-NPMI-03 were established as
the optimal routes for high T, S-NPMI bifunctionally initiated suspension

copolymer syntheses.
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The optimality criteria followed was the same as for the
optimization phase plus some considerations of heat generation rate. The
experimental design S-NPMI-03 is given below in Table 6.3.

Table 6.3
Experimental Design S/NPMI-03, Suspension Copolymerization
Scaled Reactor Arrangement, Recipes, and Opaerating Conditions
RUN £ {TBPCClo T, TIME @ 'ri
(Mol/L)
S/NPMI-03 {mol) (org. phase) ({°C) {min}
REFERENCE 1.00 0.010 105 240
1 0.80 0.010 105 60
140 30
2 0.80 06.012 105 $0
5.0 wt% TOLUENE
———  — ———————————— _____—_.———-—_‘_
Recipe
(]
Initial volume @ 25°C (water + organic phase) v, = 3200 cc
b =

Dispersed phase volume fraction (@ 25°C)

0.4

[TCPlo = 7.5 g/L,

Suspending agent (TCP) concentration

Cdpolymerizat ion temperature (T,)

Reactor Operating Conditions

As in desigL

Liquid height (2Z) to tank -diameter (T) ratio

Copolymerization time (t) As in design
Copolymerization pressure P, = 275 KPa
Agitation speed N = 275 rpo

| agitation speed | .
. Reactor Geomatrical Parameters l

Z/T = 1.2 I

|

Impeller diametexr (D) to tank diameter ratio D/T = 0.6
Impeller type (turbine) 4-blade, 45°pitch
Number of impellers (pumping downwaxd) No = 2
Bottom imp. position (from reactor bottom) H, = T/4

Top impeller position (from reactor bottom) H, = (2/3)2
Blade width W, = 0.2 D
Number and pesition of baffles B, = 4, spaced 80°
Baffle width (offset from the wall T/44) W = T/12




237

In what follows, the experimental trechniques employed in each
experimental phase are described. Since most of these techniques are the
same as those described in Chapters 3 and 5, constant reference to these
Chapters is made in order to avoid repetition. However, differences in
conditions from the experiments of this study and the previous two are

specified.

6.3 Experimental
6.3.1 Materials

styrene (Aldrich Chemical), TBPCC (Akzo-Chemie), chloroform
(copolymer solvent), methanol {copelymer non-solvent), and toluene (T,
depressor), were treated and used as in Chapter 5. N-~Phenylmaleimide
{Aldrich) 99.6 % pure, Wwas re-crystallized from methanol at reom
temperature in wvacuo, dried in vacuo for 24 hours at s0°C, pulverized
manually in a mortar, sieved through 100 mesh USS (MPS < 150 pm), and

stored at room temperature.

6.3.2 Techniques

Previous to the exploratory research phase, and since no
information regarding properties of NPMI in the molten state, needed for
free volume determinations in the model, were found in the open
literature, the following techniques were employed to generate such
information.

Characterization of the density of NPMI in the molten state was
carried out by dilatometry in sealed micro-pipets of 1 cc and minimum
scale of 0.01 ¢cc. Five micro-pipets containing 1.0%.05 g of purified NPMI
were immersed in a constant temperature oil bath set initially at 100°C.
The volume of the micro-pipet contents wexe read from 100°C to 130°C at
So¢ intervals, after allowing the system to reach equilibrium temperature

for 30 min.

S
™~
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Clazs transition temperature of NEMI (Te) . melting point (M}, and
ability of NPMI to initiate thermal polymerization were determined in
triplicate, through DsSC, in & DuPont 910 Calorimeter at 10°C/min heating
rate ramp, from =50 to 200°C, followed by 2 hours at 200°C.

To complement the scarce published data on poly-NPMI, heat of
homopolymerization, and heat generation rate were measured, in DSC cleosed
cells, N, atmosphere, at 105°C and 130°C, for 1 hour, using TBPCC {2 wt¥}
as initiator. The NPMI/TBPCC reaction mixtures were prepared in a master
batch solution of 98/2 (NPMI/TBPCC g) in 150 ml of methanol. Methanol was
evaporated from the system at room temperature in vacuo for 12 hrs. The
powder mix thus obtained was homogenized and stored at 0°C, until used.

In order to translate total heat evolved and heat generation rate
data from the above DSC experiments, into conversion history and molar
heat of NEMI polymerization, ampoule polymerization of the same master
batch mixtures, at the same conditions, were carried out simultaneocusly.
The ampoule contents after 5 and 60 minutes of polymerization were
dissolved, precipitated, washed, and dried, following the techniques
described in Chapter 5.

Gravimetric determinations of conversion (mass basis) and SEC
determinatiqns of MWD (relative to PS standards) were performed fox the
four NPMI hemopolymers obtained, following the techniques described in
Chapter S.

Detenﬁinations of the glass transition temperature of poly=-NPMI
(Tgpa) . and onset of melting (T,). were made for the two purified samples
obtained at 60 minutes of polymerization, through DSC at 10°C/min, from 25
to 400°C.

For the exﬁloratory résearch phase, buik copolymerizations in DSC
cells were carried cut at the conditions given in the experimental design
S—NPﬁI-Ol (Table 6.1), accor—ding to the procedures describedéin Chapter 5.
The preparation of the master batch copolymerization mixtures, however,
was extremely complicated due to the limited solubility of NPMI in styrene

{Sol < 0.04 g/ml or 4.5 wtd 8 25°C -estimated-).
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First, the insoluble S/NPMI mixtures, without initiator, were
placed in a 25 cc test tube. Then, 10 ppm of p-tertburylcatechel were
added to the mix as inhibitor of thermal polymerization. The mixtures
were irmmersed in a 70°C oil path and agitated until a homogeneous solution
was observed (less than 1 minute). Simultaneously, a 10 cc glass syringe
containing the required amcunt of TBPCC were kept at 70°C in the oil bath.
Once a homogenecus S-NPMI solution was observed, 10 cc of this solution
were sucked into the syringe, quickly agitated, and added to the DsSC
cells.

The correspending ampoule S-NPMI bulk copolymerizations were
carried out at the same conditions given by the design S/NPMI-U1l. For
each run samples were taken after 1 and 240 minutes of polymerization.
Each ampoule was prepared by loading them with 1.0£0.1 g of NPMI purified
powder first, and then adding the required amount of the styrene/TBPCC
mixture, previously prepa.reci as a master batch solution, according to the

conditions given by the experimental design. Ampoule preparation and

polymerization has been described in detail in Chapter 3.

From the ampoule contents, after the alletted copolymerization
times, initial and terminal conversion (X; and X.), MWD at X, initial
(instantaneous)} copolymer composition (at X,), and terminal (accumulated)
copolymer composition {at X.}. were determined through the procedures
descr_ibeé:in chaptexr S.

Conversion history for the DSC copolymerization runs, Wwas
established by normalizing each of the integrated heats of reaction with
resl;ect to the corresponding terminal conversions: obtained from the
ampoyle runs. According to the procedure described in Chapter 5, direct
translation Erom accumulated heat of reacti:on to conversion was possible
since similar heats of polymerization -fox: NPMI and styrene were
determined, and no other thexrmal events occurred during the polymerization
time allotted (see results beloﬁ] .

Glass transi:;ion temperature (T;) and onset of melting (Ty) of:the

purified copolymers, obtained at terminal conversion in the ampoule

/7
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experiments, were determined by DSC., at 10°C/min heating rate, from 25 to
400°C. In samples displaying two different glass transition temperatures
{Tohara > Tosere) . the fraction (mol} of soft chains in the copolymer (Fsoft),
was established by dividing the heat consumed during the transition at
lower temperature (Tg..) by the sum of the heat consumed in both the low
and high temperature transitions. Calculation, in this way assumes that
the molar enthalpy change during each glass transition is independent of
the copolymer composition.

For the optimization research phase, ampoule bulk copolymerization
of S-NPMI, using TBPCC as bifunctional initiator, were carried out at the
conditions established in the experimental design S-NPMI-02 (Table &€.2),
following the procedures described above as well as in Chapter S.

From the ampoule contents after the previously selected
polymerization times, total monomer conversion (gravimetry). and the
development of MWD (SEC), copelymer composition (H-NMR), copolymer Tgurc
and Ty..e (DSC), and fraction of soft copolymer (DSC), were established by
following the procedures described above as well as in Chapters 3 and S.

For the optimal S-NEMI suspension copolymerization runs, initiated
with bifunctional initiator TBPCC, at the conditions giwven by the
simulation assisted design S-NPMI-03 (Table 6.3}, the reactor geometry and
operating conditions, internal arrangement, and recipes used were the same

-as those previously employed for styrene/n-pentane and S-AMS suspension
copolymerization (see Table 5.3, Chapter 5).

Determination of MPS and PSD from the copolymer beads cbtained,
as well as conversion, MWD, and T,, of the purified copolymer recovered
from the beads were performed following the procedures described in
Chapter 5.

Extrusion of t;e beads was carried out at 27$°C in a Randelcastle
Minitcruder (50 rpm! following tﬁe procedures described in Chapter s.
Annealing effects cn the T, of the extrudate, as well as mass losses and
Chain degradation afcer 5 and 10 hours at 300°C, were determined through

the same procedures described in Chapter 5.
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6.4 Results and Discussion
6§.4.1 N-Phenylmaleimide Homopolymerization

Dilatometry experiments on molten NPMI samples showed that the
density of this monomer follows a linear temperature dependency, valid in

the 100-130°C range, given by:
Az = (1.31 - 0.0011*T{°C}) * 0.036 {g/ml, Ka/L) (6.1}

DSC results for pure NPMI monomer showed: i} NPMI does not
homopolymerize thermally at a measurable rate at temperatures up to 200°C;
ii) reproducible values for melting point of M, = 86.04 = 0.11°C were found
in agreement with the manufacturer information:; and iii) No second order
transition was observed in the experimental range in any of the three runs
performed. This suggests that the glass transition temperature of NPMI
monomer, if existent, is below -50.0°C.

Figure 6.1 shows the conversion history, translated from heat
generation DSC results, for NPMI bulk copolymerization initiated with
TBPCC (2.0 wt%) at 105 and 130°C. In this figure, note that limiting
conversions X, = 0.68 and X; = 0.79, are reached before 1 hour of
polymerization at 105 and 130°C.' respectively. The slow decay in the
polymerizaftiion rate observed after the gel effect in the curve at 105°C,
suggests that the decay of the propagation rate, due to monomer diffusion
controlled in the vicinity of the glass transition, is not as large as for.
other vinyl monomers. This observation seems to be corroborated that the
fact that NPMI in the solid sta.te is able to polymerize at a noticeable
rate threugh Yy-rays :Lnduced radical polymer:.zat;on {Barrales-Rienda
et.al.(1977), Zott and Heusinger (1978)1. )

From the total heat evolved during the reaction, and the terminal

conversions observed, the heat of NPMI polymerization was computed as:

-(-AH,) - 15.77 * 0.35 Kcal/mol. Note that this value is very close to that

of polystyrene (-AH,;= 15.9 - 16.2 Keal/mol).
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From the slope of these curves at ¥=0, initial polymerization
rates of 0.059 and 0.202 Mol/L-min were calculated at 105 and 130°C,
respectively. <Computing the initiation rate R, at both temperatures trom
Kd and initial bifunctional initiator concentration data (see Table 5.5
Chapter 5), the ratios K,/K/® were calculated as 0.227 and 0.256, at 105
and 130°C, respectively.

The value at 105°C is in good agreement with that calculated from
data reported by Barrales-Rienda et.al.(1977), for bulk NPMI
polymerization, initiated with 0.2 wt¥ AIBN, at this temperature (K /K. 7
= 0.2182). For the latter calculation, the value of K, for AIBN at 105°C
used was 0.1112 min™', estimated from half life data.

The weight average molecular weight (M), obtained through SEC with
PS standards, evolved from an initial value about 20,000 (X=0.056) to
nearly 60,000 at X, for the polymerization at 105°C, and from about 11,000
(X=0.14) to 55,000 at X, during the polymerization at 130°C.

Calculation, from the experimental data at 105°C, of the initial
weight average molecular weight as:

~

M, = MW, (2T+38) /7 (t+f)*

Where MW, is the monomer molecular weight (173.17 for NPMI);
T=(R,"Kea) A/K.(M]; and B=(R;*K.)"2/K,[M), yields the value of M, = 21,858
when =0, and M, = 14,572 :.when B=0. Nc_)t:e,rthat the first value compares
better with the experimental result, which demonstrates that combination
is the da\%inant bimolecular termination mechanism in NPMI
hommlﬁerization. The differences in the observed and theoretical
values may be due to limited chainktransfer to x;tonomer. =

The glass transition temperature, at terminal conversion, of the
two poly-NPMI synthesized was T, = 348.12 + 0.65°C. This value shows that
the selection of this mc;nomer (NPMI) to enhance the chain stiffness of

polystyrene, is-zdequate. The observed T, is within the range of T,'s for

the family of step-polymerization pelyimides, reported by Lee (1989).



6.4.2 Exploratory Research

According to che experimental design S=-NPMI-01, the effect of the
comonomer feed composition (f), and copolymerization temperature (T,). on
reaction rate (R;), terminal conversion (X)), molecular weight distribution
(MWD), copolymer composition (F), and copolymer glass transition (T,). was
studied for bulk S-NPMI copolymerization at 105 and 130°C, wusing
[(TBPCC]=0.01 Mol/L, as bifunctional initiator.

Figures 6.2 and 6.3 show the translated DSC results for conversion
history as a function of c<omonomer feed composition., for bulk S-N7MI
copolymerization at 105 and 130°C, respectively. Direct translation from
the integrated heat of copolymerization, normalized to the texrminal
conversions, was possible without corrections for copolymer composition
due to the similarities of heat of polymerization of the two monomers {see
above). The enlarged areas in the above two figures, show the first 20
minutes of copolymerization in which most of the changes occur. The
curves for 100/0 composition, correspond to the reference polystyrene
systems at the same conditions.

In the conversion curves at both temperatures, it is quite evident
the existence of twor competing propagation mechanisms. As ‘the
concentration of NPMI in the feed increases, the initial copelymerization
rate increases dramatically, up to certain conversion, at which it rapidly
decreases to values similar of polystyrene (see curves at 90/10 and 80/20
: composiﬁion). This demonstrates that the very rapid complex propagation
dominates at the beginning of the polymerization up te the point where the
concentration of NPMI is low enough as to prevent extensive formation of
donor-acceptor complex. From then on, the copolymerization proceeds
primarily through the stﬁyistical addition of free monomer {(mostly
styrene}) to the radical centres. As a result, highly alterngting
copolymer chains are form&d in the first stages of the reaction (hard
segments), whereas statistical styrene reach copolymer chains are forﬁed

at high conversions.
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s the Eeed concentration of NEMI approaches the equimolar
compocition, limiting conversions are nearly reached in less than S
minutes, at 105°C, and less than 3 minutes, at 130°C. The extraordinarily
high copolymerization rates ohserved for the systems with more than 30
molt NPMI in the feed, make these recipes technically infeasible for large
scale production, through batch suspension polymerization, due to the
equally high heat generation rate. Nevertheless, bulk (casting]),.
solution, or even reaction injection molding (RIM), may be viable and very
attractive alternatives for these systems.

The curves for 20 and 30 mol% NPMI in the feed (at 105°C}, show
ac high conversions typical auto-acceleration behaviour, due to gel
effect, after a short pericd of low polymerization rate following the
depletion of donor-acceptor complex. Although, the initial
copolymerization rate ijs wvery high for these systems, suspension
copolymerization within this initial monomer composition range, may be
possible (see below).

The experimental and model results for terminal (limiting)
conversions observed for all these systems, after 4 hours of
polymerization, are plotted in figure 6.4 against the monomer feed
composition. In the same figure the expected limiting conversions,
calculated from the Fox model [Fox (1956)] considering the non-converted
fraction as styrene monomer and using the experimental copolymer T, values
reported below, are alsc shown for comparison.

It is very noticeable in this figure that the observed limiting
conversions, all above 90%, are much higher than those expected for such
high T, copelymers (T,>210°C see below) synthesized at relatively low
temperatures (i.e. earlier onset of the glassy effect expected). Possible
explanations for this behavxour anlude either or a combination of
a) Local temperature 1ncrea;e. within the unstirred ampoule, due to

nearly adiabaticipolymerization brough; about by the extremely

high initial polymer;zation rates [Zhu and Eamielec (1990}].
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b A combination of both high residual monomer-induced copolymer
plasticization, due to low comonomer T,. and slow decay in the
propagation rate during the glass transition.
c} Continued propagation occurring in the soft (low T,) fraction ot
the copolymer matrix.

While the first possibility is plausible for the systems with 40
and 50 molt NPMI in the feed (see figures 6.2 and 6.3), ampoule heat
effeccs do not seem important at lower NFMI fractions in the feed #ince
these systems underge at high conversions, as explained above, reaction
rates similar to polystyrene, for which level it has been demonstrated
that no appreciable heating occurs within ampoule of the selected diametex
(Zhu and Hamielec (1990)]. ‘

The other two possible explanations ¢f the observed behaviour are
addressed at the end of this section.

Figure 6.5 shows the experimental and model results for the
initial polymerization rate as a function of the monomer feed composition,

.at both temperatures tested. The model shows good agreement with:the
\experimental results in all the range studied, except at f10=0.1 and
T,=105°C where a large overestimation of the initial rate is obtained.

In this figure it can be observed how the initial polymerization
rate increases dramatically between 0 and 20 mol% of NPMI, apggggghing a
limiting value as the concentration of NPMI in the feed increases further.
This represent more evidence that the very high donor-acceptor complex
propagation dominates the early stages of the reaction since the observed
polymerization rate increases up to nearly:;ne order of magnitude at 130°C
and 25 times at 105°C, with respect to the styrene initial polymerization
rate. These extremely high propagation rates are rarely exhibited in
purely statistical_copolymerization {Georgiev and Zobov (1578)].

Opposite to the behaviour at 130°C which shows that the system is
close to its maximum rate, at 105°C the curve indicates that further
jncreases in NPMI feed -concentration would yield’ higher initial

copolymerization rates.

i
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This iz in complete agreement with earlier observations that the
aquilibrium constant for donor-acceptor complex formation decreases (i.e.
is displaced towards free monomer) as the temperature increases [Tsuchida
et.al.f1972)]. If the equilibrium constant reaches a point where the
complex dissociates to free monomer at similar rates as it is consumed
through propagation reactions the system will reach its maximum
copolymerization rate at this point. Lower equilibrium constants, brought
about by higher temperatures, will further displace the equilibrium
towards free monomer, thus increasing the participatioen of statistical
addition, and decreasing the overall copolymerization rate.

The -whole evolution of the copolymerization mechanism may, then,
be pictured as follows. At a given temperature, at low conversions the
net rate of complex formation must be larger than the very high observed
complex propagation rate. As a result, complex accumulation in the system
occurs <nd little participation of free moncmer addition takes place. As
conversion increases (i.e. monomer concentration decreases) the rate of
complex formation decreases to levels below the complex propagation rate,
thus consuming the: acecumilated complex and increasing statistical monomer
addition. As conversion increases further, the accumulated complex has
" been consumed and the rate of complex production will create a starving
feed of complex to the reaction mix, with the consequent increase in the
amount of free monomer participating: in statisticsi copolymerization.

Finally, at very high conversions the rate of complex formation falls

below the rate of statistical copolymerization, thus creating exclusively

—

statistical copolymer chains. = -

In figure 6.6 the experimental and model results for M, aﬁ:d M, of
the copolymers obtained at terminal conversion are shown as a function of
the monomer feed composition. At both temperatures tested the trend#
elearly show a very moderated increase in M, as the concentration of NPMI
in the feed increases, especially at £ > 0.20 where it remains nearly
constant about 250,000 for copolymerization at 105°C ard about 175000 at

130°C.

e
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Differently, the M, shows a rapid decrease tor £, between 0 and
0.3, followed by nearly constant values about 40,000, at both
temperatures, at higher initial concentrations of NPMI.

Note that the model predictions for M, although following the
adequate trend, overestimate the final value by about 10% throughout the
entire range of feed compositions studied. Moreover, model predictions ot
M, only follow the observed trend at fae < 0.2, where overestimation of the
final values ranges between 5 and 20% at both temperatu:es. At higher
initial concentrations the model disagreement is larxger and no clear
rrends are observed. Explanation of the sources of model-experimental
results disagreement are given next.

while the M, behaviour could be explained in terms of the rapid
increase in R, between 0 and 20 molt of NPMI in the feed, followed by the
slow increase at higher fi,, as explained above, the M, trend cannot . be
explained in this manner inasmuch as a similar increasing trend would be
observed if the initial increase in R, were the main variable shaping the
molecular weight distribution.

The complete MWD cbtained using SEC for the terminal conversion
copolymers, shown in figure 6.7, give an answer to the observed molecular
weight behaviour. Inﬁthis figure, the MWD of the copolymer obtained at 20
molt of NPMI in the feed shows an unimodal character, however, a tail of
low molecular weight copolymer is observed. For the copolymexr synthesized
from £, = 40 molt the MWD broadens cénsiderably, and a second peak at low
molecular weights develops. The copolymer synthesized at equimolar
monomer feed composition, shows a bimedal MWD with a narrow peak at low
molecular weights, aﬂd a broad peak at high molecular weights.

Considering the high initial copolymerization rates observed, and
the relative amounts of low and high molecular weight copolymer in the two
peaks, it follows that high molecular weight chains are formed in the
“early stages of:ghe reaction, mainly due to¥£ast complex propagation, and
low molecular weight chains arégformed at high conversions owing to the

slower statistical monomer additien to the radical chains.
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2: a result the molecular weights decrease with moncmer conversion
up to a peoint were the M, does not change sensibly yet the M, decreases
further, owing to the broadening of the distribution towards low molecular
weights.

From the model results, as shown below, the correct decreasing
molecular weight trend with conversion is £followed. However, the
calculation of only three moments of the MWD distribution is not enough to
capture the substantial broadening of the distribution and the development
of a bimodal MWD, especially at high concentrations of NPMI in the feed.
In order to capture this very complex molecular weight behaviour, the
complete molecular weight distribution, or at least six moments of the
distribution, should be calculated at each integration step.

The extreme complexity and computational effort required to solve
such a model are well beyond the scope of this study, and will not be
attempted here. As a result, the model predictions for M, must be taken
only as an approximation of the actual system behaviour, whereas the model
predictions for M, only as a trend with substantial overestimation at high
conversions, especially at high NPMI _,concentraticns in the feed.

Figure 6.8 shows the experimental and medel results for the
instantaneous (X=0) copolymer compesition as a function of the monomer
feed composition, at both temperatures tested. As expected, the initial
composition approaches rapidly the perfect alternation as the
concentration of NPMI in the feed increases. Note that even for the
system with only 10 mol% NPMI in the feed, the copolymer composition
approaches :40 molt of NPMI units. For this system at 105°C, the slight

model overestimation predicted Tf:y the model. is entirely due to the

overestimation in initial rate, mentioned above.

In the same figure the model predictions for initial donor-
acceptor complex concentrat'ion in the copolymerization mix, shows that
larger accumulation of complex in the mix occurs at higher NPMI
concentrations, as expected from the increased ner: complex production

rate.
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Consequently, most of the initial copolymerization takes place
through complex propagation (i.e. low concentrations ol free monomer),
thus preducing the nearly equimolar concentrations observed, and highly
alternating copolymers. This is in agreement with the mechanism explained
above. Note that the initial value of f. refers to the concentration an
instant after the copolymerization starts, since fe is defined in the
model as zero.

The observed compositional drift between =zero and terminal
coaversion is shown in figure 6.9 for these copolymerization systems as &
function of the mohomer feed composition, at both temperatures tested.
The compositional drift follows the direction of the arrow.  The
composition at terminal conversion approaches the feed composition owing
to the high terminal conversions obtained. This figure corroborates the
dramatic changes expected in copolymer composition, from nearly
alternating to nearly homo-polystyrene, as the copolymerization
progresses, especially at low NPMI concentrations in the feed. As the
system approaches the equimolar feed composition, the compositional drift
becomes negligible.

The consequence of such a large compositional drift in
monofunctionally initiated batch S-NPMI copolymerization would be the
production of a heterogeneous copolymer mix of multiple copolymex
compositions, with heterogenecus properties th#k may lead to phase
separation. TIf, in addition, the early formed alternating copolymer
ch&ins bear high molecﬁiar weigﬁﬁs and the laéer fbrmed statistical ones
bear low molecular weights, as explained abové. the heterogeneity will be
more pronounced.

The ability of bifunctional jnitiators to chemically bind together
copolymer chains formed at different stages in the reaction, thus reducing
the compositional drift according to the effective compositional drift
theory developed ‘in Chapter 4, fis fully corroborated through the
outstanding thermal behaviour exhibiteéd by these copolymers, which is

~ ghewn below in figures 6.10 and 6.11.
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For the bulk S-NPMI copolymers synthesized with £;=0.1, at 105 and
130°C, figures 6.10 and 6.11, respectively, show a single T, about 110°C
when the copolymer composition bears about 10 molt of NPMI units. Feor
this system, it is proposed that the fraction of copolymer chains formed
in the early stages of the reaction, which should show a higher glass
transition temperature (Tg..). get onded to the chains formed later on in
the reaction which bear the glass transition temperature observed (Tgesc) -
As a result of the larger molecular mobility of the latter, the whole
copolymer mix behaves as a soft copolymer with the T, observed.

For the copolymers synthesized with fi=0.2, these figures show
that the cbpolymers (bearing compositions close to 20 molt NPMI) exhibit
rg0 different glass transition temperatures. The soft copolymer fractions
comprising about 27 and 16 mol% of the total copolymer mix, for syntheses
at 105 and 130°C respectifvely. show a T, about 112°C, while the
remainder of the copolymer shows a very high T about 212°C.

Considering that these copolymers synthesized at the same
conditions with mono%unctional jnitiators should bear soft fractions
around 60 molt (i.e. about 40 molt of hard copolymer would be produced)
the much lower soft fractions observed offer irrefutable prove that
multiple chain recombination occurs in free radical copolymerization with
bifunctional initiators. -

For the copolymers synthesized with f3=0.3 at 105°C, “two glass
transition temperatures were also observed, Ty about i13°C, and Tonw
about 215°C. In this case, the fraction of soft copolymer chains was less
than S mol%. Coh;-.equently, the overall thermal characteristics of the
copolymer mix follow the behaviour of the T,.¢ Ccopolymer. For the
copolymer synthesized at :130°C, only a single T..a about 216°C, was
observed.

Similarly, for the copolymers synthesized at f3 > 0.3, at both

temperatures, a single T, ranging from 216 to 221°C, was observed.

—
-
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All che copolymer samples taken at the beginning of each of the
eignt polymericzations carried out, show a single Ty trom 212 to 221°C.
This, once again, demonstrates that complex propagation leading to the
formation of alternating copolymer chains dominates the early stages of
the copoelymerization. The Ty value extrapolated at zero conversion
yvields the glass transition temperature for the periectly alternating
copolymer T,,;. = 222.07°C.

Due to the complex thermal behaviour observed in these copolymers,
and since no published model representing the evolution of a double T, with
the accumulated copolymer compesition was found in the literature
surveyed, empirical models for Tgae and Ty, Obtained through nen-linear
multiple variable regression from the exparimental data of T, F,, and M,,

were introduced in the simulation program BICOP as:

fl

Tpura = 525.54 exp(-0.1101*Fie) = (1.7 x 10°/M,) (6.2}

Tysore = 450.53 exp(~0.1848"F o) - (1.7 x 10°/M,) (6.3).
where T,’s are in degrees Kelvin, Fj. iS the accumulated mol fraction of
styrene in the copolymer, and M, is the number average molecular weight of

the accumulated molecular weight distribution.

?.
\\ For free volume calculation purposes, the following weighed

AN . . . s
average was used in the simulation program BICOP as a representative

copolyrﬁ._ar glass'. transition temperature (Tg):

T = faote™ Tonote + Enara™ Tohara ' &4 @4}

Here £, is the observed mol fraction of soft co?olmer, and
EMN=(1-£”,=) is the mol fraction of hard copolymer, in the c;polymer mix.
To copy the S shape of this functions, with respect to styrene
composition in the copolymer, the experimental curves for f£,.. at 105 and

1309C were introduced in the simulation program az fourth order
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polynomials of Fi.. 2t each temperature. &s a result of this empirical
modelling, the simulation predictions for Tgnrar Taser and f,... shown in
figures 6.10 and 6.11, are in close agreement with the experimental
results throughout the entire experimental range.

From the thermal behaviour of the different copolymers, the
observed high terminal conversions for these systems, can now be explained
as follows (see discussion of figure 6.4,above) .

The existence of a mixture of monosegmental soft and hard
copolymer chains, as well as soft and hard segments within most of the
multi-segmental copolymer chains in the copolymer matrix, may provide the
conditions for soft and hard micro-domain separation, as it has been
observed through scanning electron microscopy (SEM) in several others
soft-hard block copolymers [Estes et.al. (1970)1].

When such micro-domain formation oceurs, propagation reacgj.ons
within l:hes multiple soft micro-domains may proceed at a considerable ;at:e,
even when the copolymer matrix, as a whole, becomes glassy. If, in
addition, one of the comonomers is able to propagate in the glassy state
at a measurable rate, as it is the case of NPMI, the combined effect must
result in higher terminal conversions -;man those limited by the glass

transition of the polymer/monomer mix at a given polymerization

temperature.

6.4.3 optimization Research :

From the results obtained in the exgloratozy research phase, and
according to the objectives of this study, selection of the conditions of
the optimization research were made by fecllowing these criteria:

Concentrati;%s of NPMI in the feed exceeding 30 mol%, produce such
a high copolymeriza.tion rate that they are considered impractical for

suspension polymerization. Therefore, concentrations between 10 and 30%

were selected.

—

R
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In additioen, the range ot temperatures and  initiator
concentrations tested in the exploratory phase, led to the formation ot
copolymers with M, close to the target value of 200,000 of the reference
polystyrene system (i.e. M, about 175,000 and 250,000 at 130 and 105°C,
respectively) . Then, it was decided to perform the detailed
experimentation in the same temperature range and with the same initiator
concentrations. As a result, the experimental design S/NPMI-02, shown
above in Table 6.2, was established.

Note that five of the six runs of this design, correspond to
S/NPMI-01 experiments. The sixth run was designed to evaluate the effect
of initiator concentration on the copolymer and copolymerization
characteristics. The results obtained in this optimization research phase
are summarized in what follows.

The effect of copolymerization temperature on monomer conversion
history, at two different initial fqgg compositions (£,,=0.9 and 0.8), in
bulk S-NPMI copolymerization with bif;.:nctional initiator [TBPCC]=0.01 M/L,
is shown in figure 6.12. In this figure note that both the experimental
and model results follow closely the curves cbtained through DSC in the
exploratory phase, at the same conditions. the enlarged area in this
figure shows the first hour of polymerization to observe in detail the
rapid early changes in conversien, and the goodness of the model fits.

:In this figure the curves at 130°C, show a nearly dead end.
behaviour at high conversions due to rapid initiator congumption (t,,=0.5
hours}: followed mostly by styrene thermal initiation. At 105°C the
curves\ at both initial comonomer compositions show high initial
copolymerization rates followed by a rapid decay at intermediate
conversions due to donor-acceptor complex depletion, and then followed by
auto-acceleration caused by the gel effect. For tﬁese systems, limiting
conversions above 90% are reached after S0 and 60 minutes, at £,,=0.9 and
0.8, respectively. The observed copolymerization rates make these systgm

feasible for suspension polymerization.
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In figqure 6€.13, the effect of comonomer composition on
copolymerization rate, in bulk S-NPMI at 130°C, is shown. The enlarged
area in this figure, shows the first hour of polymerization, to permit
observation of the conversion changes in detail and the close agreement of
model and experimental results throughout the conversion range.

In this figure, it is evident that the initial copolymerization
rate increases dramatically as the concentration of NPMI in the feed
increases. At this temperature, the system with £,,=0.7 reaches its
limiting conversion after 20 minutes of polymerization, whereas the system
with f£,,=0.8 does it after 60 minutes. The extremely high initial
copolymerization rate of these systems may make them unsuitable for
suspension polymerization. For the syscu;_:_x with £,,=0.9, dead end
copolymerization is observed after 90 minutes, with the consequent lower
terminal conversion reached.

The effect of bifunctional initiator concentration, in bulk S-NPMI
copolymerization at 130°C, is shown in figureis.ld. The curve for
[TBPCC]=0.01 M/L has been described above. The curve for [TBPCC]}=0.005
M/L, shows the expected lower initial copolymerizstion rates, with the
system needing 30 minutes to reach its limiting conversion at about 93%.
Model predictions axe in good agreement with the experimental resuits
throughout the conversion range, with the exception of a more pronounced
shoulder exhibited by the low initiator concentration system at
intermediate conversions.

The effect of polymerization temperature on the molecular weight

averages development, in bulk S-NPMI copolymerization with TBPCC, at

.£,0=0.8, is shown in figure 6.15. Note in this figure how the decreasing

trend with conversion observed for both averages, is followed by the
. ,-.-"J

model, witnthe M, curve giving good ball park estimates of the actual
behaviour throughout the entire conversion range. and the M, curve showing

only trends with over-estimation, especially at high conversions.
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The observed behaviour can be explained as follows: At low
conversions high molecular weight alternating copolymer is tormed with
progressive decrease of complex accumulated in the system. Theretore,
slow decay in molecular weight is experienced, in direct proportion to the
increase of statistical free monomer addition into the alternating
sequences.

AL intermediate conversion the change in the dominant propagation
mechanism, from alternating to statistical, produces much shorter chains
as a consequence of the rapid decrease in the observed propagation rate.
As a result, the MWD broadens towards low molecular weights, decreasing
the average values.

Finally, at high conversions the molecular weights of the chains

formed start to increase again due to both the gel effect experienced by

- the system, and recombination of previously formed copolymer chains, due

to the re-initiation/propagation/termination reactions of the macro-
radicals (see Chapter 4). Consequently, the distribution now broadens
slowly towards high molecular weights, and the averages remain nearly
constant or increase slowly, depending on the conversions at which the gel
effect starts and ends.

Corroboration of this picture, is given by the evolution of the
enéire molecular weight distribution (obtained by SEC), that is given for
the system with f£,,=0.8, at 105°C, in figure 6.16.

Figure €.17, shows the efféct of f,, on the development of M,, for
bulk S-NPMI copolymer:i:’;ation with bifunctional initiator [TBPCC]=0.01 M/L,
at 130°C. 1In this figure the curves for £,,=0.8 and 0.7, showed the
described behaviour and ﬁhe expected initial higher M, for higher NPMI
concentration in the feed, follewed by progressiva decrease in M,. owing
to the fact that the expected'increase in molecular weights during the 93}
effect is conmpletely overco;e by the larger molecular weights pfodué:a
through donor-acceptor complex propagation, which dominates up to very

high congersions.

/4
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The curve for the system with f:.=0.8 shows muchk lower initial
molecular weights than the former, due to the lesser initial participation
of complex propagation at this level of NPMI in the feod (see figure 6.8).
The great increase in M, at high conversions, after a slow decrease at low
conversions, is brought about by the long nearly dead end thermal
polymerization period experienced by this system (see figure 6.12), which
under diffusion controlled termination conditions, produces high molecular
weight copolymer which broadens the distribution towards high moleculax
weights.

The effect of bifunctional initiator concentration on the
development of M, with conversion, in bulk S-~NEMI copolymerization at
130°C, is shown in figure 6.18. The observed behaviour at high initiator
concentration has been explained above. Lower jnitiator concentrations
produce higher initial molecular weights followed by a steeper decrease at
intermediate conversions (with respect to the system with high [TBPCC])
caused by the faster decay in copolymerization rate (i.c. more free
monomer participation). At high c:onversions. howevey, this system
experiences auto-acceleration, thus broadening the distribution towards
high molecular weights with the consequent slight increase in M, observed.

The experimental and model results for the development of the

copolymer composition with conversion (compositional drift path) +~in bulk

S-NPMI copolymerization with [TBPCC}=0.01 M/L, at 130°C, is shown in

figure 6.19, for the three different initial comonomer compositions
studied. The model predictions shown are in geeod agreemeﬁt: with the
experimental resuits throughout the entire conversion range. The observed
behaviour is explained as feollows.

At low conversions neai-ly alternating copolymexr is Jorxmed through
the dominating complex propagation during a conversion period roughly
propo__rt:i.onal to the double of the NPMI composition in the feed. as
complex participation decreases, at intermediate conversions, the slope of
the compositional drift path increases according to the extent and

characteristiecs of the increasing statistical copolymerization
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participation. At high conversiens the compositional dritt path
approaches rapidly the initial feed composition according to the tormation
of styrene reach copolymer chains.

It is important to point out here that the observed compositional
drift paths give further evidence of the adequacy of the proposed
copolymerization scheme.

Figure 6.20 shows the evolution of the H-NMR spectrum with
conversion, during S-NPMI bulk-copolymerization (£,,=0.8) with bifunctional
jnitiator [TBPCC]=0.01 M/L, at 105°C. From the chemical structures of
styrene and NPMI monomers, shown in Chapter 2, note that NPMI copolymer
units bear two aliphatic protons (CH) and five aromatic protons (CH),
whereas styrene units bear one aliphatic proton (CH), one aliphatic proton
(CH,) and five aromatic protons (CH). Accordingly in this figure it can
be seen:

a) The similarity of the spectra at low and intermediate conversions

shows that 1little compositional changes occur within this

conversion range.

b) The increase in the area of the aliphatic CH; protons (peak about
1.85 ppm), along with the decrease in the area of aliphatic
protons CH (peak about 2.25 ppm), at high conversions, shows that

“most of the compositional changes take place within this
: conversion range owing to an increase in the styrene concentration
in the copolymer.

Since no reported spectra interpretation for this copolymer was
found in the:literature surveyed, according to the guidelines given by Dr.
Harold Stovef (Chémistry Department ﬁcMaster University); the
'interp:etation of the H-NMR spectra in this study, was performed by
éuantifying the ratic of all arcomatic (peak about 7.0 pmm) to aliphatic
protons observed {ratio = 1.67 for styrene units and 2.5 for NPMI units).
thus establishing the copolymer composition by a mol balance from this

ratio.
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These walues were then double-checked by caleulating the
composition from the ratio of CH to CHy proton areas of the spectra,
corrected for molar participation of each unit. Although both metheds
yielded very similar results {(largest difference of Fy calculated < 2%},
the compositions computed from the £irst method were considered more
reliable owing to the large overlapping of the aliphatic CH and CH; protens
areas. Therefore, all the experimental copolymer compositions reported in
this study were calculated using this procedure.

The experimental and model results for the development of T, with
conversion in bulk S-NPMI copolymerization with [TBPCC}=0.01 M/L, at
130°C, for the three different jnitial feed compositions studied, arxe
"shown in figure 6.21.

For the system with £,,=0.9, note how the model predicts the
formation of high T, copolymer up to 75% conversion, and formation of low
T, copolymer from 45% to terminal conversion. While the development of the
low T, Efiction of the copolymer was well represented by the model, the
small fraction of high T, copolymer expected to e formed at high
conversions, was not observed at conversions above 50%. This may be
interpreted as the hard fraction pf the chains becoming more mobile due to
their progressive chemical bindingN’Lo highly mobﬁ?e low T, segments, formed
jater on in the reaction, with the consequent over-all thermal behaviour
of the low ﬁ; larger fraction of copolymer.

For the system with £,,=0.8, the model overestimates the obsexrved
high T, of the hard iractioﬁ of copolymer by 4 to 5 degrees in most of the
conversion range.

This, however, may be considered as reasonable agreement given the
" high T,‘s observed (largest difference < 2.5 %). For this system the model
predicts the formation of a small fraction (< 7 mol¥) of soff‘copdlyme; at
conversions above 84%, however, such small fraction was not observed in ;

the experimental determinations.
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The svstem with £,,20.7, sheowed wvery good agreement between model
and experimental results throughout the entire conversion range. 1ln this
system the single high T, expected was observed to decrease trom the
estimated value for perfectly alternating copolymer (Tgu. = 222. 07°C) at
low conversions, to a value of Tonara=215.67°C at terminal conversionh.

The onset of the melt transition for all these copolymers was
found to vary little about 265°C (T,=266.7x4.76°C). This allowaed the
temperature for the extrusion experiments in the third experimental phase,
to be set to 275°C, which is well within the limits of this processing
operation. Note that the onset of the melting is quite close to the glass
transition temperature of the hard copolymers (less than s0°C difference).

These results show that S-NPMI copolymers of very high glass
transition temperature (T, > 212°C) can be synthesized in bulk from initial
feed compositions between 20 and 30 molt of NPMI. Note that the addition
of only 20 molt of NPMI to the styrene system raises the T, of the product
by more than 110°C.

-_ To conclude the optimization research phase discussion, the model

results for the evolution of the multi-segment copolymer structure with

conversion, characftized by the number average number of segments per

copolymer chain, at all six experimental conditiens, are shown in figure

6.22.
Note in this figure the jnecrease in number of segments per

copolymer chain as the polymerization temperature increases. This is due

]

to the larger macro-initiator decomposition and, therefore recombination,
promoted at higher temperatures, at similar conversion levels. Note also
that the system at £,,=0.8 and T,=105°C, which may be the most attractive
for suspen..:.on copolymerization reaches at value of S5,=1.62 at terminal
conversion. 2

In what follows the _mofa:e"lfparametej;estimation procedure followed,

is desc;ibed. /' L

\\‘ -
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6.4.4 Model Parameter Estimation

With the exploratory phase completed, the model parameter
estimation was carried out as follows.

First, all bifunctional initiator (TBPCC) parameters &s well as
those involving two styrene units (monomer and radicals) were taken as in
Chapter 5 (see Table 5.5}.

Then, from the NPMI homopolymerization results the values of
K,/K,”? measured, were separated into Ky and K by setting Keem=Keen. and
running an exponential regression with the two values of K., obtained at
105 and 130°C, respectively, vielding the following temperature dependence
of Kg:

K. = 4.301 x 10° exp(-2250/RT) (L/Mol-min}

The self transfer to monomer rate constant Kix;., was established
from the experimental data by non-linear regression of the cbserved M; and
M, at X=0, with the T, B theoretical values of these averages, neglecting
termination by disproportionation and any other transfer reaction. The
computed value showed to be consistently about 20 t-:\::‘.iues larger than that
for polystyrene at the same temperatures, with which the following
expression was obtained:

Koo = 1.225 x 10' exp(-13450/RT) ““\L/Mol-min)

From the limiting conversions exhibited by the NPMI
homopolymerization at both temperatures, and the polymer glass transition

temperature observed (603.15°K), an operative T, £6r this monomer was

‘zalculated through a Fox relationship a.s:f\\Tg-_. = 201.159K.

N
All these values, along with the temperature dependent density

—

e
func zions for NPFMI monomer and polymer established experimentally, were

set inlo the ho:ﬁopely:nerization through bifunctional initiators simulation

program BIFUN [Villalobos et.al.(1991)], which was run interactively with
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the non-linear parameter estimation subrout ine UWHAUS, to tind the tree
volume paramecers that best fit both the experimental conversion histories
and limiting average molecular weighr:..

To minimize the number of :r-Jation runs, <he wvalues ot the
parameters O, M and N (see ecquations 4.1." co 4.119 in Chapter d) were sot
as in the previous studies to 0.5 and 1.75, 4 the values ot polystyrene
for X,, A, B and V,., were taken as initial guesses [Hamielec et.al.(1987),
Marten and Hamielec (1982)]. Through this procedure, the optimal values

for these parameters found were:
K,=6.55 exp(l929/T); A=0.265; VF_pm=0.0453; and B;=0.6.

Note that the gel effect parameters are very similar to those of
SAMS copolymerization.T and that the glassy effect parameter B reflects the
slow decay in propagation rate in the vicinity of the glass transition of
the polymer/monomer mix, exhibited by poly-NPMI.

Next., the four reactivity ratios (r;, ri. B,. and B;) and the ratio
Ke/Kqo were estimated first at 105°C, from the experimental data of the
evolution of the accumulated copelymer composition and evolution of the
observed K,[R] with conversion, by solving the differential form of the
general copolymer composition equation, developed in Chapter 4‘,/ for
simultaneous statistical/donor-acceptor copolymerization (eq. 4.126),
within the non-linear parameter estimation subroutine UWHAUS.

This proved to be an extremely compl:ex process, inasmuch as a one
diﬁénsiona.l grié solution for initial values of the K./K, had to be run for
each determination, after setting the init:‘;l preduction rate of donor-
acceptor complex Re to be 2 times the largest R, observed at zero
conversion, in order to estimate the fraction of donor-acceptor complex in
the mix for each K./K, value tested. The values estimated for R, are of

the same order of magnitude as those calculated from the experimental data

for the system styrens-maleic anhydride [Tsuchida and Tomono {1971)].
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The minimum variance results yielded values of K.=0.1 L/Mol-min

K_,=0.32; r,=K, /K;3=0.225, r;=Kz/Ky=0.200, B,=K,o/K:2=17.0, and Bi=Kye/K:=20.0.

Owing to the high correlation between parameters found, especially

between the four reactivity raties, the estimation of these medel

parameters at 130°C was performed following the same procedure after

fixing the values of B, and B. to 17.0 and 20.0, respectively. At this

temperature, the best fit parameters found were: K.=0.5 L/Mol-min, K,=0.25,
r,;=0.155, and r;=0.097.

From these values the expressions for temperature dependence for

each parameter, introduced in the simulation program BICOP, were found by

exponential regression, as:

K. = 1.869 x 10' exp(-19501/RT) {L/Mol-min)
Keq = 3.75 x 107 exp(1693/T)
r, = 5.523 x 10" exp(2273/T)
r, = 1.711 % 10" exp(4413/T)
B,=17.0 ;  B.=20.0

e

All these relations are valid only in the 105 to 130"(‘:-' range.

Finally, all the above parameters, along with the physical
properties of monomers and polymer, and the empirical copolymer glass
transition model, required by the kinetic and microstructure models, were
introduced into the simulation program BICOP. The program Wwas Irun
interactively with the non-linear parameter estimation subroutine to find
the copolymerization gel effect porameters and cross termination by
combination rate conéta.nt: (K.;2) that best fit the experimental monomer
conversion histories and molecular weight distribution devalopment.

Through this procedure, the following values for these parameters

were found:

Kez = 1-00 x 10 exp(-1677/RT) ) (L/Mol-min)

K; = 7.5 exp(1929/T) ; A = 0.275
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The summary of all the model parameter values, is shown in Table

6.4, below. With all the model parameters adjusted, all the simulation
(model) results shown in the three experimental phases ot this study woere

performed.
Table 6.4

values of the Parameters Used in the Simulations

- —
Initiation Chemical (TBPCC} and Thermal

K, = 2-117 x 10M exp(-28064/RT): f, = 0.8 Min™! ‘
Ke = 3.850 x 10%° exp{-40022/RT); f> = 0.7 Min™!

| Kes = 1.314 x 107 exp(-27440/RT) Min!
o Propagation
K, = 6-128 x 10° exp(~7068/RT) L/mol-min
Koz = 4.301 x 10* exp(-2290/RT) L/mol-min
r, = Ky, /K, = 5.523 x 107 exp(2273/T) 105 -130°C
r, = Kpn/Ky = 1.711 x 10~ exp(4413/T) 105 - 130°C
B, = 17.0; B, = 20.0; Kg = 1.869 x 107 exp(16%3/T) 105 - 130°C
Ko = 1.869 x 10" exp(-19501/RT} L/mol-min

Termination l

Keeyy = 7.55 x 10%° exp(-1677/RT) L/mol-min
Keeyz = 1-00 x 104 exp(-1677/RT) L/mol-min
Keegy = 7-55 % 10 exp(-1677/RT) L/mol-min

| Keemn = 7.9 X 29 €XP -
Transfer to Monomer

. Kyapy = Kiwat = §.128 x 10° exp(-13450/RT) L/mol-min
L/mol-min l

Kooz = Kympz = 1.225 X 101° exp(-13450/RT)

Free Volume Variables (T, in °K, o in 1/°K, d in Kg/L)

e —————r
T, = 184.95; & = 0.001; 4 = 0.924 - 0.000918*T(°C) Styrene
T, = 201.15; a = 0.001; & = 1.310 - 0.0011*T(°C) NPMI
T, = 112.30; & = 0.001; 4 = 0.878 -0.0005*T(°C) Toluene
@ = 0.00048; & = 1.145 - 0.000905"T(°C) Copolymer

_T, {see text};

B Gel and Glassy Effect Parameters

% = 7.5exp(1929/T); & = 0; A = 0.275; M = 0.5; N = 1.75 (gel effect)

VF.,: = 0.0465; VF = 0.0452; B, = 1.0, B, = 0.6 (glazsy effect)

I ——
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sensibly the molecular weight distribucieon. - -

o
el
4

§.4.5 S-NPMI Suspension Copolymerization

From the optimization study, it is clear that the best balance of
reaction rate-copolymer properties, within the constraints of suspension
polymer syntheses explained in Chapter 1, is achieved at f,,=0.8, T,=105°C,
and bifunctional initiator [TBPCC] =0.01 M/L.

While higher initial concentrations of NPMI in the feed lead to
only marginal increases in glass transition temperature, and produce
polymerization rates which may be very difficult to controel in large
reactors, lower concentrations of NEMI lead to the formation of large
amounts of lower T, (112°C) copelymer, which is undesirable once proven
that copelymers with 100°C higher glass transition may be synthesized at
£,,=0.8. Moreover, the marginal increases in copolymer T, and high
polymerization rates observed at T,=130°C, do not justify the use of higher
temperatures.

To increase the limiting conversion of this selected system from
93%, to levels above 99%, the same two approaches as for the optimal S-AMS
suspension copolymers were followed. These are, increasing the
temperature after thg/%pitial limiting conversion has been reached, and
using small amounts _of solvent, as depressor of the glass transition
temperature of the copolymerization mix.

Wwith the aid of the simulation program BICOP, different
temperature profiles were rested after one hour of polymerization at
105°C. Simulation results showed that 30 minutes at 140°C were sufficient
to increase the terminal conversions above 89%. Therefore, this
temperatnge profile and conditions wexe established as optimal suspension
run §-NPMI-03-01.

Simulations of the selected system with variable amounts of
toluene, introduced as solvent, were performed in order to reproduce the

-

conversion history established for the first run, without changing
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conditions of 5 wt® toluene in the mix, and [TEPCCI=0.012 M/L were

found to carry the copolymerization to conversions above 99%, and produce

copelymer with M, arcund the 200,000 target, atter 390 minutes ot

polymerization at 105°C, with £,,=0.8. These conditions were set as
optimal suspension run S-NPMI-03-01.

The reactor internal arrangement, operating conditions, and
recipes used, were the same scaled-down conditions used in the studies ot
S/N-pentane and S-AMS copolymers. The same optimal suspension polystyrene
system ([TBPCC]=0.01 M/L, T,=105°C, [TCP]=7.5 g/L) was used like a
reference, as before (see design and conditions in Table 6.3).

Figure 6.23 and 6.24, show the simulated monomer conversion
history and molecular weight distribution development, respectively, for
the optimal suspension runs of this study. Neote from the conversion
histories that the particle growth period (*sticky stage"), assumed tor
this copolymer system to occur at conversions roughly between 30 and 70%,
lasts less than 15 minutes, which is half the time as that for the
reference polystyrene system.

Based on the mechanism of particle formation and growth in
suspension polymerizatic}h. it is known that shorter particle growth
pericds lead to the formation of smaller particles with narrower
distributions. However, +very high reaction rates, at a given
polymerization temperature, enhance particle coalescence leading to rapid
particle growth. The relative importance and balance of these two
opposite effects, limits the mean ﬁarticle size (MPS), and particle size
distribution (PSD) of the beads formed [Villalobos (1989)f. For the
suspension copolymer systems of this study both effects may be egqually
inportant in defining the final PSD of ﬁl;e product.

Following the conditions of the experimental design,  both
suspension copolymerizaﬁion runs were successfully carried ocut. Spherical
non aggregated beads, with a slight beige coloration, w.ere- obtained in

both cases. =

-
it

—
.



266

Figure 6.25 shows the experimental results for the effect of the
imposed copolymerization rate on the particle size distribution (PSD) for
these S-NPMI optimal suspension copolymerization runs. In this figure the
distribution of the reference polystyrene system is also shown for
comparison.

For the S/NPMI-03-01 suspension copelymerization system a mean
particle size MPS=0.528 mm, with a coefficient of variation cv=0.327 were
calculated from the observed final bead size distribution. Note that this
values show smaller MPS and narrower PSD than the polystyrene reference
system (MPS=.542 mm, Cv=.361).

This means that the suspension stabilizing effect brought about
by the reduction of the particle growth period, completely overcomes the
adverse effects of enhanced particle coalescence caused by the extremely
high initial copolymerization rates.

- For the S/NPMI-03-02 suspension copolymerization system, bead
sizes Qistributed with a MP$=.616 mm, and Ccv=0.353, were produced. This
values indicats that the toluene-induced plasticization of the copolymer
matrix both enhances slightly particle coalescence, and extends the
particle growth period. These adverse effects, however, are minimal (the
MPS increased less than 15% with respect to system 01) and easily
controllable through the an increase in the suspension stabilisexr (TCP)
concentration.

Characterizatien -of the beads, through the procedures described

“in the experimental section, showed terminal conversions above 98% for

both products (slight model design over-estimation}, M; akout 260,000 and
225,000 for products 1 and 2, respectively, and a single T, abSﬁt 212°C,
fex both suspension copolymers.

Table 6.5, summarizes the model designed and experimental rééults
for MPS., PSD, terminal conversion, MWD, and T, of the S-NPMI suspension

copelymers synthesized.

¢l
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Table 6.5

Summary of Suspension Copolymorization Rasults

RUN — EXP MODEL EXP MODEL |  Exp MODEL
REF. REF SNPMI- SNPMI- SNPMI- SNPMI-
VARIABLE || PS(") PS(*) 03-01 03-01 “ 03-02 03-02
MPS (mm) 0.542 - 0.528 . 0.616 s
G (mm) 0.196 = 0.173 e 0.217 .
cv=g/MPS || 0.361 0.327 - \Fo.353 .o
CONV 0.9999 | o. 9994“7 .9828 | 0.9903 0.9815 | o0.9%16
Mn 83870 84998 67915 08777 | 56484 73569
Mo 203011 | 212415 || 25814¢ | 233676 226663 | 199319
T, (°C) 98.60 97.06 “ 211.75 | 207.36 211.18 | 206.77

*» See Chapter 3 for reference system results.
*» Model does not predlct PSD.

Extrusion of -the beads was carried out following the procedures
described above. Opaque continucus extrudates with appreciable swé;ling
ratio (dig diameter/extrudate diameter) about 2.11, at the described
conditionsiwith a mean residence time in the extruder of 1.47 minutes,
were obtained for both products. Toluene bubbling in the extrudate was
observed at the die outlet, for the second product. This, however, does
not represent a problem for large production of Fhis copolymer cince
toluene should be eliminated before extrusion by deﬁolatilization of the
product. ' :

The single T, determined for both extrudates showed an increase of
0.81 and 1.49°C, for products 1 and 2, respectively, in comparison tolthe
purified copolymer before extrusion (see Table 6.5). This may be due to
further monomer exhaustion and chain recombination during extruwzon.
although the slight relative J.ncreasee observed of less than 1% may well

be within the experimental error in DSC determinations.
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Samples of the extrudates exposed to N, at 300°C for 5 and 10
hours, according te the procedures described above, were completely
thermally stable at this temperature, since no mass losses were observed
after the prescribed high temperature exposure times.

The T, of the extrudates, after the high temperature exposure
showed no sensible variation. This proves that no measurabl2> chain
degradation occurred during the high temperature exposure period. As 2
result the MWD gJistribution of the exposed extrudates was not re-
determined.

Table 6.6 summarizes the copolymer bead extrusion and degradation

results.
Table 6.6
Copolymer Extrusion and Daegradation Results
_ﬂ—____—————
e
SAMPLE BEADS EXTRUD MASS MASS BEADS
S/NPMI- Ty T, LOSS(%)* LOSS(%)* - Mw
03- 5 hrs 10 krs
(°C) {°C) @300°C i @300°C

1 2i1.75 | 212.56 0.000 0.0.9 258414
2 211.18 | 212.67 0.000 0.000 226663

b e e ——

*

Results of sample characterization after exposure to the
prescribed conditions (variations observed where only within the
limit of precision of the analytical balance used).

6.5 Conclusions

Styrene/N-phenylmaleimide engineering copolymers having glass
transition temperatures above 210°C, can be synthesized up to high
conversions and high molecular weights through bifunctionally initiated

suspension copolymerization.
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Two coptimal synthesis routes vicelding the best balance ot
copolymer properties, copolymerization rate, and torminal conver:ions,
<hen using 1,4-bis(tertbutyl peroxycarbo)cyclohexane as bifunctional
initiator, and & monomer feed composition of 80/20 (S/NPMI moly) were
found.

The first synthesis route comprises a temperature program ot 60
minutes at 105°C followed by 30 minutes at 140°C, and a bifunctional
initiator concentration [TBPCC]=0.01 M/L.

The second synthesis route involves the initial addition of 5.0 -
wtt toluene, as depressor of the glass transition temperature of the
copolymerization mix, and 90 minutes of polymerization at 105°C with
{TBPCC)=0.012 M/L.

- Both suspension copolymerization systems were completely stable,
even at the extremely high initial copolymerization rates. The cgpolymer
beads obtained through the first synthesis route showed smaller mean
particle size and narrower distribution than the reference polystyrene
system. The copolymer beads obtained through the second synthesis route
showed slightly higher mean particle size yet narrower distribution, than
the reference.

Taking into account that the reference suspension polystyrene
system hag‘been successfully s;nthesized in large reactors, it follows
that these similarly (or more) stable suspension copolymer systems <an
also be produced at such volumes ({see Chapter 3}. gbgrefore the scale-up

to commercial production is entirely feauible.

- -

In addition, possibie limitations in the maximum dispersed phase
hold-up manageable for Cthese syntheses in large reactors, due to heat
ramoval rate constraints, are ~affordable* provided the extraordinarily

short batch times necessary for these syntheses (i.e. 90 minutes versus
more than -3 hours for the referen;e polystyrene system). Moreover, .the
outstangéng thermal characEéri;tics of these S-NPMI copelymers, may
justif?ﬁiow (and highly controllable) disperse phaseigpld-ups, for low

volume commercial production.



3

270

The suspension copolymers synthesized, bearing T, about 212°C, and
T, about 265°C, were processable through extrusion at moderate temperatures
(275°C), and thermally stable at 200°C. Therefore, it is realistic to
state that these copolymers may be employed in extrusion {and very likely
injection molding) engineering applications to temperatures up to 200°C.

The fact than only 20 mol% NPMI in the feed is necessary Lo So©
outstandingly enhance the polystyrene thermal characteristics, going from
a polymer commodiﬁy to an engineering copolymexr approaching the thermal
behaviour of high performance polymers, makes this copolymer extremely
attractive for commercial production.

The kinetic and microstructural models integrated into the
simulation program BICOP, could reascnably accurately explain the
behaviour observéd for monomer cenversion history, copolymer composition
angkblass transition temperature Jdevelopment, throughout the entire very

wide experimental range studied.

N With respect to the extremely complex evolution of the nolecular
weight distribution with conversion in this type of copolymerization, the
simulation program follows the experimental trends and gives ball park
estimates (within 20% difference) exclusively for M.

Finally, in addition to the:suspension copolymeré synthesized,
this sﬁudy gives the theoretical and experimental bases for the synthesis
of high T, S-NPMI engineering copolymexs, through bulk and solution free
radica% copolymerization with bifunctional initiators, in a wide

composition and temperature ranges.

A\
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Fig. 6.1. .Experimental (DSC) results for monomer conversion history
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Fig. 6.3.
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Effect of comonomer feed composition on monomer conversion
history for S$/NPMI bulk copolymerization with bifunctional
initiator [TBPCC)=0.01 M/L, at 130°C. Parameter monomer
feed composition (mol?® S/NPMI).



274

1.00

0.95-
@
=
i
~ 0.901
C)
pd
o
s
wi 0.857
> =
s
O }
o

0.80-

B s
0.75 ] ] ] i
0.0 0.1 02 . 0.3 0.4 0.5
NPMI IN MONOMER FEED (mol fraction)
Fig. 6.4 + pffect of comonomer feed compo\siti'on on terminal conversion

reached after 4 hours of S/NPMI bulk copolymerization with
bifunctional initiator [TBPCC]1=0.01 M/L. Experimental
results at 130 °C {v), and 105°C (a). BICOP model
predictions (—). Expected terminal conversions {Fox

model) at 130°C (W) and 105°c (X)



8]
~J
B

4.5

3.0

2.57

2.01

Rpo (Mol/L-MIN)

A

0.0+
0.0

Fig. 6.5.

0.1 0.2 0.3 0.4 0.5
NPMI IN MONOMER FEED (mol fraction)

Effect of comonomer feed composition on initial

copolymerization rate for S/NPMI bulk copolymerization with
bifunctional initiator ([TBPCCI=0.01 M/L. Experimental
results at 130°C(®) and 105°C (a). Model predictions {(—}.



i
276

300 |
2751

Mn, Mw
(Thousands)
&

(=)

0.0 0.1 0.2 0.3 0.4 0.5
NPMI IN MONOMER FEED (mo! fraction)
Fig. 6.6. Effect of comonomer feed compousition on MWD of S/NPMI
nal conversion. Bulk copolymerization

copolymers at termi
with bifunctiocnal initiator (TBPCC)=0.001 M/L. Experimental

. M, and M, at 130°C (*), and 105°C(s}. Model predictions at
130°C{-~-=), and 1059C (—).



f,=0.2

T 1 LiLRED T 1 1 T uvlilst 1 T 1 11alil T 1 1 LRIl

: Tl
1.0E+02 1.0E+03  1.0E+04 1.0E+05  1.0E+0 1.0E+07
- MOLECULAR WEIGHT

Fig. 6.7. Shape of the MWD distribution of S/NPMI copolymers at
terminal conversion for different feed compositions. Bulk

Eopolymerization with [TBPCC]1=0.01 M/L, at 105°C. parametex
10~



0.50 §=———40.50
0.457 -0.45
= 0.401 10.40
0 —
g g
£ 0.35 -0.35 5
© =
£ 030 030 Z
Z 0.25 -0.25 ©
o O
N =
% 0.201 020 3
> 5
< 0.157 -0.15 <
= T
o
Z 0.101 -0.10
0.051 -0.05
0.00 T T T T 0.00
0.0 0.1 0.2 0.3 0.4 05
NPMI IN MONOMER FEED (mol fraction)
Fig. 6.8. Effect of the monomer feed composition on the instantaneous

copolymer composition in S/NPMI bulk copolymerization with

[TBPCC]=0.01 M/L.
105°C (a).

Model resu

Experimental results at 130°C (»} and

1ts at 120°C (---) and 105°C (——).



3
~3
\n

0.55
0.501
0.45
0.40-
0.351
0.30-
0.25-
0.20-

0.157

NPMI IN COPOLYMER (mol fraction)

0.107

0.05

0.00
0.0

Fig. 6.S.

0.1 0.2 0.3 0.4 0.5
NPMI IN MONOMER FEED (mol fraction)

Effect of comonomer feed composition on observed
compositional drift of S/NPMI copolymers. Bulk
copolymerization with bifunctional initiater [TBPCCI=0.01
M/L. Experimental initial (X=0) and accumulated {X=Xt)
copolymer composition at 130°C (®) and 105°C (s). - Model
predictions at 130°C(---}, and 10%°C {(—).

s



2sQ

2305

2151
200 3
£
~ 185- 07 &
S &
& 170- o6 O
= W
s -
O 1551 -0.5 .
a '®)
S w
O 1401 0.4 S
o 3
= 125- -0.3 &=
2

110- -0.2 oo

95 0.1

80 — . — L 40.0

0.0 0.1 02 0.3 04 0.5
-~ NPMI IN COPOLYMER (mol fraction) -

Fig. 6.10. Effect of S/NPMI copolymex composition at XZt, onh glass

transition temperature and fraction of soft copolymer. Bulk
copolymerization with bifunctional initiator (TBPCC]=0.01
M/L, at 105°C. Experimental results £or Toues ("), Tysore
(+)., and £, (B8). Model predictions (—1}.

-~



281

Tg of COPOLYMER ( C)

)
o
FRACTION OF SOFT SEGMENT (mol)

-0.4

0.3

-0.2

-0.1

~ 80 T , ~ = 0.0
Ny 00 0.1 0.2 0.3 0.4 0.5

NPMi IN COPOLYMER (mot fraction)
Effect of -SINPMI cépolymer composition at Xt, on glass

Fig. 6.11.

transition temperature and fraction of soft copolymer. Bulk

. copolymerization with bifunctional initiator [TBPCC]=0.01

M/L, at 130°C. Experimental results for Tonara (%) Toaorc
(s}, and £, (&). Model predictions (—)-



CONVERSION

0 10 20 30 40 50 60
TIME (minutes)
:Fig. 6.12. ‘Effect of polmneriiation temperature Oon moOnomer conversion

history in S/NPMI hulk copolymerization with [TBPCC]=0.01
Mol/L. Experimental results for: T,=105°C, 1=0.9 (@)
T,=1309C, £3,=0.9 (O); T,=105°C, £,,=0.8 (W): T,=130°C, £,,=0.8
. (a). Model predictions (—).

Y



- CONVERSION

0001 . L L L L
0 10 20 30 40 s¢ 60
O-G 1 1 1 ] L) 1 i H 1 1 1
0 10 20 30 40 50 60 70 80 S0 100 110 120
TIME (minutes)
Fig. 6.13. Effedt of monomer feed compesition on monomer. conversion
™~ history in S/NPMI bulk copolymerization with [TBPCC] =0.01

Mol/L. at 130°C. Experimental results for: £,,20.9 (O);
£,020.8 (+); and £,0=0.7 (®). Model predictions (—).



CONVERSION

Fig. 6.14.

5 10 15 20 25 30
TIME (minutes)

Effect of bifunctional jnitiator congentration on monomer
conversion history in S/NPMI bulk copolymerization with
£,,=0.7, at 130°C. Experimental results for: {TBPCC)=0.01 M/L
{Q); and [TBPCC)=0.005 M/L («). Model predictions (—=).
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Simulation of conversion histery for optimal S/NPMI
suspension copolymexization (£,,=0.8) with bifunctional
initiator TBPCC. Experiment S/NPMI-03-01 (H): experiment
S/NEMI-03-02 (0) (see table 6.3 for operating conditions) .
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Fig. 6.24. Simulation of the molecular weight distribution development
with conversion, for optimal S/NBEMI suspension
copelymerization (£,,=0.8} with bifunctional initiatoxr TBPCC.

M, and M, for experiments S/NPMI-03-01 (W), and experiment

S/NPMY-03-02 (0) (see table 6.3 for operating conditions).
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particle size distribution for optimal S/NPMI suspension
copolymerization (£,,=0.8) with bifunctional initiator TBPCC.
Discrete measurements of bead particle size Vs weight
fraction for: reference polystyrene system (s), and
experiments S/NPMI-03-01 (@) and S/NPMI-03-02 (O) (see table
6.3 for operating conditions).



CHAPTER 7

a—METHYLSTYRENE/N—PHENYLMALEIMIDE COPOLYMERS

Throughout this chapter, the synthesis and characterization of
high Ty a—Methylstyrer\e/N-Phenylmaleimide {AMS-NPMI) engineering
copolymers, through bulk copolymerization with bifunctional initiators, is
described. From the experimental results, information compiled in the
previcus work with SAMS and S-NPMI copolymers, and literature data, the
rate constants and copolymerization parameters, necessary for the
simulation of this copolymerization system, are estimated. The
experimental results for monomer conversion history, and the development
of molecular weight averages, copolymer composition, copolymer glass
transition temperature, and copolymer micro-structure, are compared with
the model results obtained with the simulation program BICOP, developed in
Chapter 4. Under simulation assisted optimized condit:iops. the
feasibility to synthesize suspension copolymers, with the 'desired
characteristics of terminal conversion, molecular weight distxribution, and
glass transition temperature, Wwas established for o-methylstyrene/N-

phenylmaleinide copolymers.

7.1 Introduction

For the last fifteen years, it has been known that the free
radical copolymerization of N-substituted maleimides with various electron
donors leads to the formation of alternating copolymers. Th:e
participation of donor-acceptor complexes, the so called charge-transfer
complexes (CTC), in these copolymerization systems has been proposed and
fully demonstrated (Barrales-Rienda et.al.(1977), Olszon and Butler (1983).

Mchamed et.al.(1986}]).
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Howewver, until wvery recently, no attempts had been made to
copolymerize N-phenylmaleimide {NPMI) with a-methylstyrene (AMS) .

Fles et.al. (1989) were the first to study the free radical
solution copolymerization of this donor-acceptor pair, above the ceiling
temperature of AMS (T.=61°C (Danton and Ivin (1948)1), using moncfunctional
initiator (AIBN}.

In this study. Fles and coworkers found that the slight deviations
from the formation of perfectly alternating copolymer were due to the
competitive statistical copolymerization taking place simultaneously with
the donor-acceptor propagation mechanism. Based on their experimental
data, they derived kinetic expressions teo quantify the relative
participation of both mechanisms in the observed copolymerization rate,
and to evaluate the four reactivity ratios involved in their terminal plus
complex participation model, proposed. According te their results at
70°C, statistical addition of free monomer dominates at low moncmer
concentrations, with complex participation increasing rapidly as the
amount of solvent decreases (i.e. higher initial monomer concentrations).
In addition, they found that the T, of the AMS-NPMI copolymer synthesized
at equimolar feed composition was about 266°C (see Chapter 2 for details
of this work).

Since, in the present study, the interest is set on bulk rather
than solution copolymerization, owing to the final goal of synthesizing
suspension copolymers, the results of Fles and coworkers suggest that
complex propagation will be the dominant copolymeriéa.l:ion mechanism in
bulk AMS-NPMI free radical copolymerization. Their results also offer
clear prove that very high glass transition temperature copolymers can be
obtained with this copolymer system.

Unfortunately, the methodology for the evaluation of the relative
participation of both mechari:"l.sms and the reactivity ratios involved,
developed by these authors, cannot be directly extrapolated to higher
initial monomer concentrations orx adapted to the model proposed in this

work, owing teo the different defi:itions used in both models of the
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pseudo-kinetic propagation rate constant, and the unigue teatures ot
bifunctionally initiated copelymerizatien, described in Chapter 4. The
experimental data reported, however, has proven to be very valuable tor
the understanding and interpretation of the results of this work, as well
for the parameter estimation (see below).

If complex participation dominates the propagation reactions, asz
expected, very high initial polymerization rates yielding highly
alternating copolymers should be observed in the early stages of the
polymerization, due to the hich propagation rates exhibited by donor-
acceptor compleXxes. As the contribution from complex participation
decreases, a sharp reduction in polymerization rate should be observed,
owing to the very low homo-propagation rates exhibited by both monomers
(see Chapters S and 6). As a result it is expected that this system
behaves almost exclusively as a donor-acceptor copolymerization, with the
rate and terminal conversion mainly determined by the equilibrium of
donor-acceptor complex formation. Moreover. the low homopropagation rates
of both monomers in this system, may lower both the rates and the
molecular weights of the final products.

The kinetic and micro-structure models for simultaneous and
competitive statistical/donor-acceptor copolymerization, proposed in
Chapter 4, will be, then, tested fcf? this primarily donor-acceptor system,
as they have been successfully tested for pure statistical SAMS
copolymerization (Chapter 5) and simultaneous statistical/donor-acceptor

S-NPMI copolymerization (Chapter 6).

7.2 Design of Experiments

Similarly to the previous SAMS and S-NPMI copolymerization
studies, and according to the main objectives of this research project,
the experimental program was divided in three phases. The first one is an
exploratory research to evaluate the effect of monomer feed composition

(f) on copolymerization rate (R;), molecular weight distribution (MWD),

—
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capolymer composcition (F}, and copolymer glass transitien temperature (Tg).
at terminal conversion, through isothermal bulk copolymerization at the
optimal suspension polystyrene conditions (i.e. T,=105°C, [TBPCC]=0.01 M/L,
villalobos et.al.(1991)]1). The experimental design AMS/NBMI-01 for this

exploratory phase, is shown below in Table 7.1.

Table 7.1

Experimental Daesign AMS/NPMI-01 for the Exploratory Research

e S
RUN £10 T, [TBPCClo POLYM. TIME
AMS/NPMI-01 {mol) _ (ec) (Mol/L) (hrs)
1 0.90 105 0.0} 2.0
2 0.80 105 0.01 2.0
3 0.70 105 0.01 2.0
4 0.60 105 0.01 2.0
5 0.50 105 0.01 2.0

From the results of the exploratory phase,

an optimizatiocn

research phase was planned and carried out for a narrow range of

experimental variables, in order to evaluate the ef

compositien,

concentration,

polymerization

temperature,

and bifuncticnal

fects of comonocmer feed

initiator

on monomer conversion history, and the developmant with

conversion of molecular weight averages, copolymer composition, copolymer

glass transition temperature and micro-structure.

Since temperatures in the range of 130 to 16

experimental phase, owing to reasons expl&ined below,

initiator selected was 1,1-di(tertbutyl peroxy)cyclchexane (TPC).

0°C, were used in this

the bifunctional

This

initiator has proven to be effective in temperature applications within
this range, owing to its higher mean 1ife time than that of TBPCC. The
experimental design AMS/NPMI-02 for this experimental phase is shown below

in Table 7.2.



Table 7.2

Experimental Design AMS/NPMI-02 for the Optimization Regearch

Run £10 T, (TPClo POLYM. TIME
AMS/NPMI-02 {mol) {°C) (Mol/L) (min)

1 0.5 160 0.010 60

2 0.5 130 0.010 60

3 0.6 160 0.010 60

4 0.6 130 0.010 60

5 0.5 130 _0.005 60

The sum of the experimental results of phases one and two, allowed
for the complete model parameter estimation of the simulation program
BICOP. Simulation of all the experimental runs of the first two
experimental stages were performed to evaluate the goodness of the fit and
the ability of the simulation program to predict the copolymer properties
aforementioned.

In the third experimental stage, suspension copolymerizations were
carried out, at the simulation assisted optimal conditions selected, to
evaluate the effect of the imposed R, on suspension stability, mean
particle size (MPS), and particle size distribution (PSD), undexr the
previously described reactor scaled~-down conditions for optimal suspension
polystyrene {see chapterxs 2, S and 6).

The ;nitial design for this -experimental phase, comprised two
suspension polymerization runs. However.‘every time that suspension set-
up waé the result of the runs of the design, two more runs were designed
and carried cut until the fuil eight runs of the experimental design were
completed. - ==

The design:AMS/NPMI-03, is shown below in table 7.3.
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Table 7.3

Exparimental Design AMS /NPMI-03, Suspension Copolymaerization®

—————— = ——————— 7
RUN fio T, [TPC]® [TCP}® ¢ NPMI ll
s/ added
NEMI-03 {mol) (°c}) (M/Ligrg) (g/Lg) as
1 .
1 0.5 130 0.0030 7.5 0.4 solid
2 0.5 130 0.003S 7.5 0.4 solid
3 0.5 130 0.0030 15.0 0.2 solid
4 0.5 130 0.0035 15.0 0.2 solid
5 0.5 130 0.0030 15.0 0.2 liquid
6 0.5 130 0.0035 15.0 0.2 liquid
7 0.5 130 0.0030 10.0* 0.1 liquid
8 0.5 130 - | 0.0035 10.0° 0.1 liquid
e r—ed

a) Reactor arrangement and operating conditions as in Tables 5.3 and 6.3.
b) TPC=bifunctional initiator 1,1-di(terthutyl peroxy)cyclohexane.

¢} TCP=tricalcium phosphate, suspending agent.

d) ¢=disperse phase hold-up (Vr/Vie)

e) Hydroxyethyl cellulose (HEC) used as steric stabiliser.

7.3 Experimental
7.3.1 Materials

The purification and treatment procedures for the two monomersrof
this study, AMS and NPMI, as well as selvent, chloroform, non-solvent,
methanol, T, depressor, toluene, and bifunctional initiator TBPCC, have
been described in Chapters S5, and 6.

The only alternative material employed in this study was 7t:he
i:ifunctional jnitiator 1,1-di(tertbutyl peroxy)cyclohexane, (TPC),
supplied by Pennwalt-Lucidol (now Atochem) as Lupersol-331, which was used

without any further purification.



7.3.2 Techniques

For the exploratory research phase, isothermal bulk
copolymerization in DSC cells, and ampoules, was carried out following the
procedures described in Chapter S.

Due to the low solubility of NPMI in AMS observed (-5 wtd @ 25°C),
master batch copolymerizatior mixtures for the DSC experiments, as well as
for the ampoule samples, were prepared through the same procedures
described for S/NPMYI copolvmers (see Chapter 6).

Wwith the antecedent of the high copolymerization rates observed
for $/NPMI copolymers, DSC cell copolymerizations were carried out for 2
hours, and ampoule runs were sampled at 0.5 and 120 minutes, at the
conditions prescribed by the experimental design AMS/NPMI-01 (Table 7.1).

Characterization of the ampoule copolymer samples, for conversion
(mass basis), terminal conversion (Xt), MWD at\terminal conversion,
initial (instantaneous) and final (accumulated) copéiymer composition, and
glass tr&nsition temperature at final conversion, were performed through
the same procedures described in Chapters 3 and S.

For the optimization experimental phﬁse, isothermal bulk
copolymerizations in ampoules, were carried out at the conditions
prescribed by the experimental design AMS/NPMI-02 (Table 7.2).

Ampoule preparation, polymerization, purification, and treatment
of the ampoule contents, for each sample taken at previously determined
copolymerization times, were performe@ following the procedures outlined
in Chapter 6. )

Characterization of each sample (ampoule), to determine monomer
conversion history, and the develcpment with conversion of molecular
weight averages, copolyﬁer.composition, and copolymer glass transitien
temperature were performed through the same procedures dezcribed in

Chapter 5.
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Due to the impessibility of obtaining stable suspensiocns at all
the conditions prescribed by the experimental design AMS/NPMI-03 (see
below), ne copolymer beads were obtained for this copolymerization system.
As a result characterization of the suspension copolymers parcicle size
distributions and extrusion and copolymer degradation experiments were not
carried out.

In what follows, all the experimental and model results are shown

and discussed in detail.

7.4 Results and Discussion

7.4.1 Exploratory Reseaxch

According to the experimental design AMS/NPMI-01, the effect of
the monomer feed composition on copolymerization rate (R;), was studied
first. Figure 7.1 shows the pSC (translated) experimental results for
monomer conversion history as a function of monomer feed cemposition
(AMS/NPMI mol%).

Direct translation of the integrated heat of reaction for each
run, normalized with the terminal conversion obtained through ampoule
copolymerization at the same conditions, was possible owing to both the
negligible compositional drift experienced by this systems (see below),
and the lack of other thermal event occurring during the allotted
copolymerization time. In this figure, the enlarged area shows the first
five minutes of copolymerization, were most of the changes occur.

?Qr the conversion curves shown, it is quite cbvious that the
jnitial copolymerication rate increases as the concentration ofFNPMI in
the feed increases. This is due to the increasing amounts of donor-
acceptor complex being formed in the system, thus demonstrating that the
early stages of the reaction are dominated by complex propagation.

As complex participation becomes less important, the very slow
statistical addition of free monomer takes place over the remainder of the

copolymerization, and the yeaction rate decays by two to three orders of
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magnitude depending on the initial rate. As a result, the conversion
increases extremely slowly except at high NPMI concontrations where the
conversion seems to overpass the onset of the gel effect, and auto-
acceleration is observed.

The terminal conversion of about 60 %, reached at the equimolar
feed composition, seems to be the limiting conversion for this high T,
copolymer system at this relatively low polymerization temperature.

It is worth noting that for all of these systems, most of the
observed monomer conversion takes place within the first two minutes of
reaction. This results in very high heat generation rates. In large
scale production, if a system were designed to control this polymerization
jsothermally, the capacity of the heat removal system required would
exceed the heat generated, after the first two minutes, by more than two
orders of magnitude. This, obviocusly, is an impractical manufacturing
process.

Alternative manufacturing processes mnight be: i) polymerize
adiabatically, starting at lower temperatures; ii) employ dilute solution
copolymerization to reduce the copolyherization rate; iii)} reduce the
disperse phase fraction in suspension copolymerization to transfer the
heat to a larger amount of water thus minimizing the overheating across
the particles; and iv) adopt a starving semicontinuous NPMI feed policy to
control the propagation rate. In this study, as shown below, the third
alternative has bheen investigated.

In figure 7.2, the experimental and model results for terminal
conversion, in bulk AMS/IPMI copolymerization with bifunctional initiator
[TBPCC)=0.01 M/L, at 105°C, after 2 hours of polymerization, are shown.
Note, again, that the terminal conversion seems to reach its limiting
value as the concentration of NPMI in the feed exceeds 40 mol%. Lower
NPMI feed concentrations, cause lower terminal conversions due to the
excess of slow-propagating AMS monomexr in the mix, with its consequent

higher participation in free monomer addition.
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The model predicticns closely follow the observed behaviocur for
the entire teed composition range studied.

Figure 7.3 shows the experimental and model results for initial
copolymerization rate as & function of the monomer feed composition, at
the conditions given. In this figure it is quite noticeable the
extraordinary increase in Ry, as the concentration of NPMI in the feed
increases. At equimolar composition, the system does not seem to have
reached its maximum value, which means that higher concentrations of NPMI
in the feed will lead to lesser amounts of free AMS moncmer, with the
consequent higher initial copolymerization rates. Then, it follows that
the reversible nature of the AMS homopropagation reactions at this
temperature level is mainly responsible for the sharp decrease in
polymerization rate as the statistical monomer addition increases and more
so when the reaction becomes free monomer controlled.

it is interesting to compare the results for Ry, shown in this
figure with those of the S/NPMI system at the same conditions (see figure
6.5). The observed R, for AMS/NPMI is only slightly lower than for the
former system, throughout the entire -feed composition range studied.
Considering the higher electron-donox character of AMS than that of
styrene, it should be expected that complex formation occurs more readily
in the AMS/NPMI system. If this actually occurs, the rea.c;tivity of both
complexes must be similax, with the differences in the oﬁserved initial
copolymeyization rates mainly due to the slower addition of free AMS
monomer in this system.

The experimental and model results for the AMS/NEMI copclymer
molecular weight averages, obtained at terminal conversion at the
conditions given, as a function of the moncmex feed composition, is s:hown
in figure 7.4.

Two things are worth noting in this figure. The first one is the
nearly exponential increase in M, as the concentration of NPMI in the mix
increases from 0 to 60 mol:, followed by a vexy small increase at higher

NPMI feed concentrations, thus corroborating the idea that complex
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propagation is mainly responsible for the molecular weight build-up in the
system.

The second one is that even though the complex propagation rates
may be similar for this system and for the S/NPMI one at the same
conditions, the cbserved M, for the AMS/NPMI system is 150,000 to 200,000
units smaller than that of the former.

From the behaviour of the molecular weight development of S/NPMI
copolymers it could be thought that an extremely sharp decrease in
molecular weight with conversion occurs for this system. However, as it
will be shown below, the development of the molecular weight for this
copolymer does not show such a sharp decrease. Therefore, the very low
molecular weights exhibited by this copolymer, especially at low NPMI feed
concentrations are mainly due to the low propagation rates after free
monomer additien. In addition, more chain transfer to AMS (methyl
hydrogens) than to styrene, is likely to occur, which also contributes to
the observed decreases in AMS/NPMI copelymer molecular weight.

To understand this more clearly, let us picture the behaviour of
a growing chain. Let us assume that the formation of a sequence of
alternating copolymer by complex propagation is suddenly interrupted by
the addition of a unit of free monomer, mainly AMS since it is in higher
concentration. After this addition, the propagation rate of such growing
chain will instantaneously decrease at least one order of magnitude, thus
virtually preventing the chain from further growth given the high
rermination rate exhibited by these monomers (see Chapters S and 6). If,
in addition, diads of AMS units form. either through texmination by
combination or through free monomer propagation, such chain will be prone
to be broken down intc smallex chains through further depropagation of
such diads [0'Driscoll and Dickson (1968)].

Consequently, a large amount of short copolymer chains will be
produced, thus decreasing substantially the average molecular weights

observed.
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Conzidering that the pseudo-kinetic rate cohstant mechod provides
the meodel only with a means to approach the overall behaviour of the
system when comprised by long copolymer chains, rather than with a
desuription of the individual molecular behaviocur, it is no wonder that
the system cannot apture this microscopical effect even when some
features of the macroscopic behaviour are well represented.

owing to this limitation, it was decided to fit the model to
approach the behaviour of the weight average molecular weight, with the
consequent large over-estimation in M, observed. Therefore, in what
follows, comparison is made only between experimental and model results
for M,.

Figure 7.5, shows the experimental and model results for the
effect of the monomer feed composition on the observed compositiconal drift
between the experimental initial (extrapolated from Xc..saa) and terminal
conversions (Xt), for AMS/NPMI bulk copolymerization with bifunctional
initiator [TBPCC]}=0.01 M/L, at 105°C. The upper curve in this figure,
then, approximates the instantanecus copolymer composition at each monoxer
feed given, whereas the bottom curve represents the copolymex composition
accumulated at terminal conversion. The gap between both curves,
therefore, represents the compositional drift experienced by each
copolymer system.

As expected, the initial copolymex composition approaches rapidly
the perfect alternation, as the concentration of NBEMI in the feed
increases, crossing the equimolar copolymer composition (dotted curve) at
feed compositions above 40 molt of NPMI. These results are in agreement
with the results reported by Fles et.al.(1989), showing that at 70°C, the
equimolar copolymer composition is observed at about 30 mol% NPMI in the
feed. Considering that the homopropagation rate of AMS units is lower
than that of AMS at 70°C, and higher above 90°C, this also demeonstrates
that the reactivity ratios for free monomer addition vary little with
temperature (see experimentally determined values of K. in Chapters 5 and

6).



Note also in figure 7.5, that the compositional drift is very
small for all the systems studied. This is mainly due to the tact that
early complex dominated propagation leads to the formation of nearly
alternating homogeneous copolymer, whereas the free monomer addition
dominated late stages of the copolymerization, which could induced larger
compositional drift, causes negligible progress in conversion, thus
limiting the compositional drifc.

In figure 7.6, the aliphatic portion (0 to 4 ppm), of the H-NMR
spectra of the AMS/NPMI copolymers obtained at terminal conversions, are
shown. In this figure note the small changes in the relative areas of the
aliphatic NPMI protons (peak of CH~2.25 ppm) with respect to the combined
areas of the aliphatic AMS protons (peaks of CH,~1.6 ppm, and CH,~1.25%
ppm), thus demonstrating the little variation in copolymer composition
cbserved.

Accordingly, the molar concentration of AMS units in the copolymer
was obtained from the H-NMR spectra, by dividing the combined area of the
aliphatic CH, and CH, of AaMS by the total area of aliphatic protons
(CH+CH.+CH;) . In this work, all the AMS/NPMI copelymer compositions
reported were established threugh this procedure.

Since, as shown above, the AMS/NPMI copolymer synthesized at
equimolar feed composition yields a nearly equimolar copolymer composition
(F,=0.486), it was decided to further investigate the mic¢ro-structure of
this copolymer to assess its degree of alternation. To accomplish this,
?C-NMR characterization was performed. Figure 7.7 shows two different
portions of the »C-NMR spectrum of this copolymer: the aliphatic carbons
portion, between 30 and 60 ppm, and a dpwn-field portion, between 135 and
190 ppm, containing the carbonyl peak and some information about triads.
The interpretation of this spectrum, based completely on the works of
Buchak and Ramey (1976}, and B#rron et.al.(1984) for styrene/maleic

anhydride copolymers, is as follows:
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In the aliphatic region, the peaks at ~44 and a small component
ar -52 ppm belong to the methine carbons (CH! of NPMI units. The signal
at —35 ppm is identified with the methylene carbons (CH;) of AMS units,
with & small component extending to —41 ppm. The signal for the CH,
carbons of AMS units appearing at -52 ppm is , then, completely overlapped
with the small component of the NPMI methine carbons.

From the methylene carbons signal for this copolymer, is estimated
that about 95% of the signal at 52 ppm corresponds to the CH, carbons of
AMS units, with the remainder being due to the signal for methine (CH)
carbons of NPMI. Therefore, the combined area for AMS carbons must be
close to 6.93 units. This area, when compared with the carbonyl (C=0)
area, which peak is clearly identified in the down-field portiocn of the
spectrum at ~172 ppm, yields a mol fraction of NPMI in the copolymer
Fy=0.489, which is in excellent agreement with the value of 0.486 cbtained
for this copolymer using H-NMR.

With respect to the alternating sequences identifiable from the
VC-NMR spectrum, after Barron et.al.(1984}, it is established here for
this AMS/NPMI system, that the area (somewhat overlapped) between the
methine (NPMI} and methylene (AMS)‘ areas in the aliphatic region, with its
peak at ~40 ppm, corresponds to a combination of MM.M,, MMM, and MMM,
triads. In addition, Buchak and Ramey (1976), identified the down-field
peak at =137.5 ppm with the MMM tyiad, and the very small (non
integrat_:ed) peak at ~-143 ppm with the MMM, triad.

Therefore, by assigning an area for the MMM, triad equal te the
area of the MMM, triad, it can be established that the copolymer micro-
structure is comprised at least by ~55 molt of these triads, and 45 mol%
of MMM, and M;MM, triads. Further calculations based on the fact that
both of the non alternating triads bear an alternating diad, MM; or MM,
show that the overall copolymer microstructure is comprised by nearly 90
molt of alternating sequences, and 10 molt of statistical MM, and MM

sequences {(mostly MM,), randomly distributed along the copolymer chains.
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These results offer irrefutable evidence for the simultaneous and

competitive statistical/donor-acceptor propagation mechanisms oceurring in

this copolymerization system, inasmuch as the pertectly alternating

sequences formed through donor-acceptor propagation reactions are

disrupted by statistical additien of non-complexed frec monomer, even when
the overall copolymer composition approaches the equimolar value.

Figure 7.8, shows the experimental and model results tor the

effect of copolymer composition on glass transition temperature, at

terminal conversion, for bulk AMS/NPMI copolymers. The Fox model [Fox

(1956)], was introduced to the simalation program BICOP, as:

Tq = 1/ (wlqul + w-_-/Tg'_-) (7-1)

Where: T, is the glass transition temperature of the copolymer in °K; W,
is the weight fraction of monomer i units bound in the copolymer, and T,
is the glass transition temperature of the homopolymer i, in °K. The
previously determined correlations of T, with M, (see Chapters % and 6},

were intreoduced as:

T, = 446.15 - 3.6%10%/M, {7.2)
and
T = 621.15 - 1.7%10%/M, (7.3)

With these expressions and the model values for copolymer
composition, and the over-estimated M,, the model predictions for copolymer
T,, showed excellent agreement with the experimental glass transition
temperatures determined, shown in figure 7.8. 2

Note also in this figure that for copolymexr compositions exceeding
42.5 molt of NPMI units (F; > 0.425), AMS/NPMI copolymer with very high

glass transition temperatures, between 245 and 260°C, are obtained.



The copolym
iz in agreement with the value of 266°C,

for AMS/NPMI copolymer synthesized at similar fe

at 70°C.
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or T,=258.6°C, obtained at equimolar feed composition,
reported by Fles et.al.(1989),

ed composition, with AIBN,

The slight difference being due to the higher NPMI copolymer

content obtained at the latter temperature.

The observed AMS/NPMI copolymer T, range , places this copolymer

within the classification of High Performance Polymers (see Chapter 1).

This makes it extremely attractive for commercial production, provided the

molecular weights can be increased.

The summary of all experimental and model results for cthis

exploratory research phase, is given below in Table 7.4.

Table

7.4

Summary of Exparimental and Modael Results
for the Exploratory Research Phase AMS/NPMI-01

RUN a0 EXP MODEL MODEL EXP MODEL
AMS/NP Xt po Rpo Mn Mn
MI-01 (mol) @2 hrs || @2 hrs L/M-m | L/M-m ¢ Xt @ Xt

1 0.10 0.2554 | 0.2091 ‘ 0.8391 | 0.7496
2 0.20 0.3522 | 0.3532 |} 1.3342 | 1.3544
3 0.30 0.5130 | 0.4909 || 1.7495 | 1.7848
4 0.40 0.5851 | 0.5922 || 2.1191 | 2.2133
5 0.50 0.5760 | 0.6001 || 2.4449 | 2.4548

RUN £a0 EXP MODEL P MODEL EXP
AMS/NP Mw Mw F2 F2 Tg(°C)

MI-01 (mol) @ Xt @ Xt @ Xt @ Xt e Xt ,

|

1 0.10 30026 24028 216.93 | 217.90
2 0.20 43195 45505 0.442 244.78 | 241.91
3 0.30 || 72597 | 71034 0.468 || 249.88 | 251.09
4 0.40 || 98346 97776 0.487 J| 256.14 | 255.53
5 0.50 “ 105358 | 113669 0.496 || 258.57 | 257.73
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7.4.2 Optimization Research
According to the results of the exploratory rtesvarvh, the

following criteria were taken inte account to design the optimization

research phase:

i. Concentrations of NPMI in the feed below 40 mol%, were not
attractive for this system given the low terminal conversions and
low weight average molecular weight of the copolymers rormed.

2. The ability of the systems with 40 and 50 molt of NPMI to drive
alternating AMS/NPMI units inte the copolymer, by complex
propagation reactions, thus reducing the amount of statistical AMS
diads which are prone to depropagate, were the bases tor the
selection of these feed compositions.

3. Results for S/NPMI suggest that higher polymerization temperatures
at similar initiation rates, will promote the formation of higher
molesular weight copolymers due to an increased complex
propagation participation, which is mainly responsible for the
fo:r.n&"tio;-x of high molecular weight copolymer chains. In addition,
higher 1limiting conversions can be Treached at higher
polymerization temperatures.

4. Since bifunctional initiator TBPCC is not effective at
temperatures above 120°C, bifunctional initiator 1,1-di{tertbutyl
peroxy)cyclohexane {TPC)., was chosen owing to its higher mean life
times, at high temperatures ([Villalobos et.al.(1991})]).

From this analysis, the experiments AMS/NPMI-(02 were designed to
evaluate in a narrow variable range, the effects of teed composition,
polymerizatien temperature, and initiator concentration, on monomer
conversion history, and the development of M,, copolymer composition, and
copolymer glass transition temperature with conversion (see Table 7.2).

Figure 7.9, shows the experimehtal and model results for the
effect of monomer feed composition on monomer conversion history, in bulk

AMS/NPMI copolymerization with [TPC}=0.01 M/L, at 130°C. The enlarged
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area in this figure shows the first ten minutes of copolymerization, where
most of the changes take place.

In thiz figure it is clear that the equimolar AMS/NPMI feed
composition yields higher initial copolymerization rates and higher
torminal conversions than the 60/40 molt feed composition. Comparison of
these curves, with those obtained in the exploratory research at similar
feed compositions, shows slightly lower initial copolymerization rates for
the systems at 130°C with TPC, but sustained over a longer periocd of time
than for the systems at 105°C with TBPCC. This leads to higher terminal
conversions approaching a limiting value of about BS5%. The observed
behaviour, is mainly due to the decrease in the equilibrium constant for
donor-acceptor complex formation at higher temperatures, which results in
lower concentrations of complex in the system accumuilating- {and therefore
being consumed) more slowly.

Noﬁé, in the curve at f£,,=0.6 that after 30 minutes of
polymer@zation, the observed monomer conversion decreases slowly. This
may be due to actual depropagation of AMS diads in the cepolymer chains,
with the formation of AMS monomer [Malhotra et.al. (1978,b}].

Since depropagation was not observed in the system with equimolar
feed composition, the fact that very small concentration of AMS diads are
formed at these conditions ({see above), seems to corroborate that
depropagation of 2AMS diads Dbecomes important for systems which
stoichiometric excess of AMS leads to larger participation of this monomer
through statistical addition.

. In figure 7.10, the experimental and model results for the effect
of f,, on monomer conversion, in bulk AMS/NPMI with [TPC]=0.01 M/L, at
160°C, is shown. As with the experiments at’ 130°C, the increase in
polymerization rate as the concentration of NPMI in the feed increases, is
noticeable. However, at these conditions the difference in initial
polymerization rate is not nearly as large as in the formex. This means
that at 160°C the system approaches its maximum polvmerization rate at the

equimolar composition.
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Opposite to what was expected, these =systems reached  lower
cerminal conversions than those at 130°C. This was likely due to a very
low value for the equilibrium constant for donor-acceptor complex
formation at this temperature, which must promote complex dissociation at
a higher rate than it propagates, as the concentration of the monomers
decrease substantially. As a result, the extremely slow statistical
addition of free monomers takes over the polymerization with the
consequent sharp decrease in the copolymerization rates observed.

In addition, the virtual initiator depletion after 30 minutes of
polymerization (t,,»=6 min at 160°C for TEC) causés dead end polymerization,
even though thermal initiation of AMS occurs, owing to the low propagation
rates observed under the free monomer addition regime.

Note also in this figure that after 15 minutes of polymerization,
a decrease in convers%gg due to the aforementioned depropagation of the
AMS diads, is observed'in both systems. This depropagation, however, is
more noticeable for the system with £,,=0.6, than for the system with
equimclar feed composition. .

Although model predictions are in good agreement with the
experimental results throughout the conversion range, the model does not
predict the chain depropagation observed, inasmuch as no reversibility of
the AMS homopropagation reaction was considered. This may alsoc be the
main cause for the large disagreement between M, predictions and
experimental decterminations. The extension of the model to consider
reversible propagation steps, however, will not ée attempted here.

Figure 7.11, shows the experimental and model results for the
effect of bifunctional initiator concentration on monomer conversion
history, in bulk AMS/NPMI with equimolar feed composition, at 130°C.

In the enlarged portion of this figure the similarity of the
jnitial copolymerization rates at different jnitiater concentration
levels, is evident. This means that the observed propagation rate iz so

large that a considerable decrease in the initial radical concentration do

not sensibly affect the initial donor-acceptor complex propagation rate.
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i large effect of lower initiator concentration on copolymer molecular
weights is evident, however {see below). Thisz phencmenon has been
reported by Georgiev and Z2obov (1978) for the copolymerization of
styrene/maleic anhydride, and referred to as "spontanecus initiatieon® of
donor/acceptor copolymerization.

The aforementioned sharp change from a donor-acceptor dominated
copolymerization regime to a free moncmer statistical addition regime,
followed by dead end polymerization, is more noticeable in the system with
low initiator concentration. Note also in this system that after 15
minutes of polymerization, the conversion seems to decrease slowly for a
period of time, and then little increases in conversion are observed.
This is not considered to be an actual trend, but Szieat effect in the
individual ampoules, brought about by slightly different degree of
overheating within each ampoule during the early stages of the
polymerization, with the consequent small variations in the terminal
conversion observed for each sample.

Figure 7.12 shows the experimental and model results for the
effect of monomer feed composition on the development of the weight
average molecular weight in bulk AMS/NPMI at 130°C. The experimental
results at both feed compositions tested, show a nearly constant M, about
82,000 for the system with £;,=0.5 and about 77,000 for f,,=0.6, throughout
the conversion range, with the exception of a decrease in M, at high
conversions, for the_f;gtem with £,,=0.6.

This reduction)iﬁ;rb ecorroborates the above observations of chain
degradation during the statistical copolymerization regime: The model
predictions for this property are in poor agreement with experiment, under
the conditions studied, inasmuch as an ascending M, trend is predicted, in
spite of the weak function for the decay of K, with which the ﬁodel was-
fit (see below). Therefore, the model predictions for M, must be only

considered as gross estimates of the actual values.
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For the systems at 160°C {(not shown in the plot)., also nearly
constant values of M, about 50,000 {£,,=0.5), and 45,000 (1,,=0.6}, were
observed. Thus, invalidating the hypothesis that higher temperatures
could produce larger molecular weights, through faster complex
propagation. Instead, typical free radical behaviour of higher initiation
rates leading to the formation of lower molecular weight chains at high
copolymerization rates, was observed.

In figure 7.13, the experimental (SEC) curves for the development
of the MWD with conversion, ’n AMS/NPMI copolymerization with £,,=0.6, at
160°C, are shown. Not: in this figure that between 45 and 63% conversion
the MWD changes are negligible. In this figure, the curve tor 60%
conversion with the top arrow, represents the MWD after monomer conversion
decreased from 63 to &0%. The observed MWD after the decrease in
conversion given, demonstrates the formation of a considerable amount of
short chains through depropagation of the AMS diads formed.

The observed behaviour clearly indicates, that chain depropagation
of AMS/NPMI copolymers can only be prevented by increasing the contents of
alternating copolymer in the chains (i.e. by decreasing f,,) . As a result,
equimolar feed compositions are preferred for the synthesis of thermally
stable AMS/NBMI copolymers.

The experimental and model results for the effect of bifunctional
initiator concentration on the developmené of M, in bulk AMS/NPMI with
equimolar feed composition, at 130°C, are shown in figure 7.14. Again,
little variation with conversion of M, was observed for the system with low
initiation concentration ([TPC]=0.005 M/L).

For this system, M, of about 125,000 was obtained throughout the
conversion range, in accordance to the reduction in bifunction§l initiator
econcentration. This means that even lower bifunctional initiator
concentrations are needed in order to increase the M, to the target value
of 200,000. The model M, prediction for this system, gave only gross

approximation to the actual behaviour.
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Fiqure 7.15 shows the experimental and model results for the
sffect of polymerization temperature on the development of the accumulated
copolymer composition with conversion (compositional drifr path). The
systems chosen for this plot were those with £,,=0.6, owing to its relative
larger compositional drift with respect to the almost negligible one
experienced by the systems at equimolar feed composition.

Note from the scale of this figure, that the small variations with
conversion of the copolymer composition observed (largest absolute
difference less than 5%) are close to the experimental error of H=-NMR
determinations. Therefore, the observed compositional drift for these
systems may also be considered as negligible. Model predictions yielded
values within 2t difference of the experimental determinations, for the
different trends observed, which may be considered satisfactory.

In figure 7.16, the experimental and model results for the
development of the copolymer glass transition temperature with conversien,
are shown. The systems selected for this plot were those showing the
largest differences in copolymexr composition and molecular weights (i.e.
systems AMS/NPMI-02-03 and 05, see table 7.2).

owing to the small variation with conversion of both copolymer
composition and molecular weights in _bot:h systems, the experimental and
model results showed, as well, negligi:ble variations in copolymer T, with
conversion. However, a difference of about 2¢C in average, is cbserved
between these copolymers.

The final value of ‘1‘9;265.9°C, for the copolymer synthesized from
equimolar feed composition, is in excellent agreement with the value of
T,=266°C, reported by Fles et.al.(1989), at similar feed compositionf

For the copolymer synthesized with £,,=0.6, the slightly lower
content of NPMI units in the copolymer, along with its lower molecular
weighE. led to the formation of a copolymer with T,=262.5°C. The
difference in T, between both products beiny less than 1.5%, which shows
a strong dependence of AMS/NPMI copolymer T, on ¢opolymer composition, and

a weak dependence on molecular we_ight. as suggested by the T, model
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introdusad in the simulation program (see above).

As mentioned above, the extremely high T, obnerved tor AMS/NEMI
copolymers, is within the range of High Performance Polymers, which makes
these systems, very attractive for commercial production, especially at
equimolar feed compositions and low initiator concentrations.

Figure 7.17, shows the model results for the eftect ot the
synthesis conditions on the development with conversion ot the copolymer
multi-block structure, characterized by the number average number of
segments per copolymer chain. The systems selected to be shown in this
plot, were the same as in figure 7.16.

In this figure, note for the system with £,,=0.6, at 160°C, the
sharp increase in S, before approaching its maximum value of 2, during the
free monomer addition controlled copolymerization regime. This means,
that even though conversion does not increase substantially during the
statistical copolymerization regime, recombination of chains previously
formed, through macro-initiator reactions, is important. This should
result in an M, increase as predicted by the model. ‘However, the effect
of AMS diads depropagation with consequent chain degradation, seems to
counteract the expected molecular weight build-up, thus resulting in the

nearly constant molecular weights exhibited by these systems, throughout

the conversion range.

For the system with equimolar feed composition at 130°C, and low
jnitiator concentration, a lower degree of coupling between macroradicals:
is predicted, owing to the lower initiator and macre-initiator
decomposition rates at this temperature.

Since for all the systems studied in this experimental phase the
observed compositional drift is negligible, the number average number of
segments per copolymer chain (S,})., as an indicator of the reduction in the

effective compositional drift of the system, becomes irrelevant.



7.4.3 Model Parameter Estimation

From the model parameter estimation performed during rhe studies
for S/RMS and S/NPMI copolymers, all the wvalues for the parameters
involving homopropagation, homotermination by combination, and transfer to
monomer reactions, as well as physical properties and glassy effect
parameters for both monomers were already established.

This greatly simplified the model parameter estimation for the
copolymerization of AMS/NPMI with bifunctional initiators TBPCC and TPC,
which was performed as follows.

The decomposition rate constants for both peroxide groups of the
bifunctional initiators (TBPCC and TPC) used in this study, were taken
from Villalobos et.al.(19981).

Initiator and macro-initiator efficiencies were set to 0.8 and
0.7, respectively, as before (see Chapters S5 and 6).

All the phrameters and physical properties known for AMS and NPMI,
from the two previous studies of this thesis, were used in the simulation
program BICOP. -

The cross termination rate constant was set to the value found for

the system S/NPMI which follows the temperature dependency:
Keepx = 1.00 x 10 exp(-1667/RT} {L/M-min)

Since a negligible effect of temperature on the reactivity ratiocs
during the statistical free monomer addition regime, was experimentally
established in the optimization research phase, the values of r;=0.03
(AMS), and r,=0.21 (NPMI), repoxted by Fles et.al.(1988), were employed in
all the simulatiens.

With all these parameters known, BICOP simulations were xun
interactively with the non-linear parameter estimation subroutine UWHAUS,
in order to find the complex formation and propagation rate constants (K.

K. B: and B;) and the gel effect parameters (K. and A), that best £it the



experimental data for monomer conversion history and molecular weights
development.

The wvalues reported by Fles and coworkers tor the complex
formation and propagation parameters, and the gel effect parameters for
S/NPMI determined in Chapter 6, were used as initial guesses.

The minimum variance results for these parameters, in their

exponential temperature dependence form, were:
Ko = 8.29 x 10’ exp(-6795/RT} (L/M-min)
Ky = 5.90 x 107 exp{1195/T)
B, = 2.73 x 107 exp(1006/T)
Bs = 3.04 x 10" exp{4138/T)
A= 0.218; K = 8.86 exp{1929/T)

The summary of all these parameteX values used in every BICOP

simulation reported in this study, is shown below in table 7.5.

7.4.4 AMS/NPMI Suspension Copolymerization

According to the results of the optimization phase discussed
‘above, it was decided to «carry out the suspension AMS/NPMI
copolymerizations under equimclar feed composition conditions, at 1307°C,
using bifunctional initiator 1,1-di (tertbutyl peroxy)cyclohexane (TPC), in
order to obtain thermally stable-high T, suspension copolymers.

The same scaled-down reacﬁor cettings and recipes used in the
previous studies of this project, were initially used, to assess the
results for suspension stability and particle size distribution, with

respect to the reference polystyrene system (see Chaptersz 3, S and 7).
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Takle 7.5

values of the Parameters Uged in the Simulations

Initiation Chemical (TPC) and Thermal®
K, = 1.269 x 10" exp(-35662/RT); fy = 0.8 Min™!
Ko = 1.090_:1:__10"" exp(-42445/RT); f, = 0.7 __ Min"}
- Propagation
K, = 1.588 x 10'® exp(-9992/RT) L/mol-min
Ky = 4-301 x 10° exp(-2290/RT) L/mol-min
r, = K /Kia = 0.03 ; Ty = Kao/Ky = 0.21 70 - 180°C
B, = Kye/Kyp = 2.73 % 107 exp(1006/T) 105 - 160°C
B, = Koe/Kyp = 3.04 X 107 exp(4138/T) 105 - 160°C
K. = 8,294 x 10° exp(-6795/RT) L/mol-min
Ky = 5.90 x 10" exp(1195/T) 105 - 160°C
Termination
Keenn = 7.55 x 10' exp(-1677/RT) L/mol-min
Keeiz = 1.00 x 10'? exp(-1677/RT) L/mol-min
s = 7.55 x 10 exp(-1677/RT) L/mol-min

L Keep = 7.95 X 10 expi--o/// 2 % =

i
Ky = Ky = 6.128 x 10° exp(-13450/RT) L/mol-min
= 1.225 x 10" exp(-1345Q¢/RT)

Kinzz = Karz L/mol-min

Free Volume Variables (T, in °K, a in 1/°K, d in Kg/L)

AMS
NEMI

T, = 192.15; a = 0.001; a = 0.925 - 0.0009*T(°C)
T, = 201.15; @ = 0.001; 4 = 1.310 -~ 0.0011*T{(°C}

T, (see text):; o = 0.00048; & = 1.145 - 0.000905*T(°C) Copolymer

Gel and Glassy Effect Parameters

K = 8.86exp(1929/T); & = 0; A = 0.218; M= 0.5; N = 1.75 (gel effect)
VFopz = 0-0475; VFumg = 0.0453; B, = 1.0: B, = 0.6 (glassy effect)

a} Values for TBPCC and thermal initiation as in Tables S.3, and 6.3.

The required initial concentration of bifunctional initiator, to

produce copolymers with M, around the target value of 200,000, was

astablished by running BICCP simulations within the range of [TPC] from
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0.0025 to 0.0045 M/L, at .0005 M/L intervals, and considering the model M
results as gross estimates for the final product.

The use of toluene as a T, depressor for the reaction mix, was
discouraged by the experimental findings that the low terminal conversions
reached were due to low propagation rates in the statistical freo monomer
addition regime, and not to limiting conversions due to glass transition
of the reacting mix.

Accordingly, the f£irst two suspension AMS/NPMI copolymerization
runs of the experimental design AMS/NPMI-03, shown in Table 7.3, were
carried out.

The results of both experiments were suspension set-up (massive
particle coagulaticn) and suspension loss, with much of the bulk pelymex
sticking to the reactor walls. The exact time of suspension set-up, could
not be established since no changes in agitation speed were detected.

Even though, similarly high initial copolymerization rates led to
stable suspensions in S/NPMI copolymerization (see Chapter 6}, the causes
for the observed suspension set up were attributed to a combination of
high polymerization rates and enhanced particle coalescence due to
monomer-induced plasticization of the polymer/monomer particles.

Accordingly, the next two runs of the experiment AMS/NPMI-03, were
designed to enhance suspension stability by decreasing the disperse phase
volume fraction (¢) from 0.4 teo 0.2, and increase the stabiliser
concentration (TCP), from 7.5 g/lL-water to 15.0 g/L-water. These
conditions represent a highly over-stabilized operation point, for the
reference polystyrene system {see Chapter 3).

With these modifications, the experiments AMS/NPMI-03-03 and 04,
were carried out. To monitor the stability of the system, samples were
taken from the reactor, at 3 minutes intervals from t=0. The results for
both runs were again, total suspension set-up between 3 and & minutes of

polymerization.
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Characterization of the copolymer of run 03, recovered trom the
sample taken after 3 minutes, showed a conversion of 35t, low molecular
wiights, M, < 20,000, and low contents of NFMI in the copolymer, F.=0.22.
Thus suggesting that most of the NPMI was either forming a separate phase
in the suspension or sticking to rhe walls upon addition.

The second hypothesis was proven to be the cause of the copolymer
characteristics observed, atter repeating the loading sequence and heating
cycle in a 1 L, glass reactor. After loading the water, TCP, initiator,
and monomers at room temperature, the NEMI precipitated to the bottom of
the reactor. Upon agitation and heating, all the NEMI readily formed a
very solid aggregate stuck to the bottom of the reactor at about 50°cC.
When the temperature of the reactor approached the melting point of NPMI
(87°C), slow and gradual melting of the NPMI aggregate was observed, with
the molten fraction readily incorporating intc the AMS rich dispersed
phase. As a result, the above suspension copolymerizatiens took place

under a large excess of AMS in the particles, thus producing low molecular

- weight copolymers which seem to be so sticky that coalesced almost

immediately, even before theijMI aggregate had completely melted.

It is important to ﬁﬁint out here that this behaviour was not
observed during S/NPMI copolymerization owing to the high content of
styrene in the optimal systems (f,,=0.8, =70 wtd), which seems to
effectively dissolve the NPMI at temperatures below its melting point. In
the copolymerization at hand, the system contains nearly 60 wt® of NEMI
and the AMS present cannot dissolve it during the heating cycle.

As an attempted solution te this problem, runs 05 and 06 were
carried out at the same conditions as 03 and 04 (see design), but
jntroducing in batch fashion molten NPMI at 90°C, when the temperature of
the reactor, containing water, TCP, and AMS, was also kept at this
temperature. After allowing 15 minutes for bead formation and
ctabilization, the initiator, dissolved in a small amount of AMS, was
introduced to the reactor, the dome was closed, and the polymerization was

heated to 130°C.
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Afrer 9 minutes of stable polymerization at 130°C. auddenly, total
suspension set-up occurred before 12 minutes. Charactervization ot the
copelymer {05) recovered from the last sample taken, showed 641
conversion, M,=145000 with a long low molecular weight tail, and a
copolymer composition Fa=0.496. with the addition of the NPMI controlled,
the failure to achieve a stable suspension with this system waz attributed
to the residual AMS and oligomer-induced enhanced particle coalescence,
due to copolymer plaéticization.

From the above results, then, it is clear that the main problem
preventing the attainment of stable suspensions for these systems, is
caused by the extremely sticky character of the plasticized beads,
therefore, more efficient stabilisers than TCP must be employed, as an
attempt to control the particle coalescence.

Results reported for suspension polystyrene at high temperatures
and reaction rates by Villalobos (138%), showed that steric stabilization
of the‘suspension with hydroxyethyl cellulose (HEC) led to negligible
particle coalescence when [HEC) exceeded 5 g/L-watexr, at ¢=0.4.

Accordingly, runs 07 and 08, were designed by setting ¢=0.1, and
[HEC}=10 g/L-water, maintaining the loading sequence of the previous two
experiments. It is obvious that under these conditions, the particle
coalescence rate exhibited by suspension polystyrene would be virtually
zero. 1In spite of this, and after only 6 and 9 minutes of polymerization
for runs 07 and 08, respectively, total suspension set-up, with the
copolymer completely stuck to the reactor walls, was observed.

In light of these results, it is concluded here that the
extracrdinarily high coalescence rates exhibited by the monomer/polymer
particles, during AMS/NPMI copolymerization, even for very dilute systems
and high stabiliser concentracions, makes the production or this copolymer
by suspension copolymerization infeasible, at the conditions (and with the

stabilisers) tested. _

g
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The oxtromely cticky character of the beads, due to large particle
plasticization by the residual monomer at the low terminal conversions
reached, has been identified as the main cause of the observed high
particle coalescence. Since, terminal conversions could not be increased,
through polymerizations at higher temperatures, it follows that
bifunctionally initiated AMS/NPMI high T, copolymers, at the conditions
tested, can only be synthesized to high conversions and high molecular

weights, through bulk and solution processes.

7.5 Conclusions

Throughout this study it has been demonstrated that AMS/NPMI
engineering copolymers having glass transition temperatures above 250°C,
can be synthesized to relatively high conversions and high molecular
weights through bifuncticnally initiated bulk free radical
copolymerization.

Thf copolymers synthesizcd at equimelar feed compositiocns, offered
the best balance of conversion-molecular weight-Ty, fromall the conditions
tested. In addition, the copolymers synthesized under these conditions,
showed a highly alternating structure bearing nearly 90% of perfectly
alternating sequences and only 10% of statistical sequences.

Copolymers synthesized from higher concentrations of AMS in the
feed, showed lower terminal conversions and lower molecular weights, as
well as poor thermal stability, due to depreopagation of the more abundant
AMS diads. These diads are formed through free monomex statistical
addition to the growing copolymer chains.

The extraordinarily high particle coalescence exhibited by the
monomers/copolymer particles in suspension polymerization, due to monomer-—
r-i.nduced particle plasticization, could not be overceme even in very dilute
suspengio;xs with high stabiliser concentrations. Therefore, it is
concluded that AMS/NPMI copolymers <annot be produced by suspension

pelymerization, in the range of conditions tested.
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The simultanecous and competitive participat ion of donor-acoeptor
and statistical propagation mechanisms, in this copolymevizimg system, hasn
been proven. It has also been shown that the ecarly stages ot thee
copolymerization are dominatad by donor-acceptor complex propagation
reactions, whereas the late stages are dominated by statistical free
monomer addition.

The kinetic and microstructure models proposed, showed good
agreement for the predictions of monomer conversion history. and the
development with conversion of copolymer composition and copolymer glass
transition temperature. However, very poor predictions of M,, and only
gross estimates of M,, were achieved with the model.

Since the main source for deviations between model predictions of
molecular weight averages and the actual molecular weights observed were
brought abbut by AMS depropagation reactions, further model refinements
can be introduced by considoring reversibility of the AMS homopropagation

reactions.

s
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Fig. 7.1. Effect of comonomer 'feed:composition on monomer éonversion

history for AMS/NPMI bulk cepolymerization with bifunctiocnal
initiator ([TBPCC]=0.01 M/L, at 105°C. Parameter monomer
feod composition mold S/AMS. -
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0.1 0.2 0.3 0.4 05
NPMI IN MONOMER FEED (moi fraction)

Effect of comonomex feed composition on terminal conversion
reached after 2 hours of AMS/NPMI bulk copolymerization with
bifunctional initiator (TBPCC] =0.01 M/L, at 105 °C.
Experimental raesults (s}. Model predictions (—).
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Effect of comonomer feed composition on initial
copolymerization rate for AMS/NPMI bulk copelymerization
with bifunctional initiater [TBPCC]=0.01 M/L, at 105°C.
Experimental results (®). Model predictions (—).
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Effect of comonomer feed composition on molecular weight

averages of AMS/NPMI copolymer at terminal conversion. Bulk
copolymerization with bifunctional initiator {TBPCC)=0.001

M/L, at 105°C. Experimental M, (8}, and M, (s). Model
predictions (—)-
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Effect of comonomer feed composition on the observed
compositional drift of AMS/NPMI copolymers. Bulk
copolymerization with bifunctional initiator [TBPCC]=0.01
M/L, at 105°C. Experimental instantaneous (X=0) (=), and
accumulated (X=Xt) copolymer composition (a). Model
predictions (=—).
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PPM

Evolution of the H-NMR spectrum (portion between 0 and 3
ppm) with monomer fed composition for AMS/NPMI copolymers
at terminal conversion. Bulk copolymerization with
bifunctional initiator [TBPCC1=0.01 M/L, at 105°C.
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PPM

Fig. 7.7. Aliphatic (30 to 60 ppm}, and down-field (140 to 180 ppm)
portions of the VC-NMR spectrum of AMS/NPMI copolymer at
terminal conversion. Bulk copolymer synthesized at

equimolar feed composition with [TBPCC]=0.01 M/L, at 105°C.
A refers to AMS units, and N to NPMI units. N
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CHAPTER 8
TERPOLYMERS OF

STYRENE /O-METHYLSTYRENE /N-PHENYLMALEIMIDE

As a complementary part of this research project, in this chapter,
an experimental investigation of ‘the synthesis and characterization of
styrene/a-methylstyrene/N-phenylmaleimide terpolymers, through
bifunctionally initiated free radical polymerization, is performed. Based
on the results obtained for the individual binary systems (SAMS, S/NPMI,
and AMS/NPMI), conditions were established to synthesize high glass
transition temperature terpolymers up to high conversions and high
molecular weights. Suspension polymerizations were carried? out to
evaluate the feasibility to synthesize these terpelymers through

bifunctionally initiated free radical suspension polymerization.

8.1 Introduction

Although, free radical SAMS copolymers have been widely studied

for more than three decades, and.AMS/NPMI copolymers have been recently
studied (see Chapter 2), no information has been published as yet on
terpolymerization of SIAMS/ﬁPMI (here referred to as SAMS-N).

In the previous three chapters of this thesis, the synthesis,
characterization and modelling of binary copolymerization of styrene/a-
methylstyrene {SAMS} ., styrene/N-phenylmaleimide (S/uPMI}., and a-‘r
methylscyrenglw-pheny1ma1eimide (AMS/NPMI}, with bifunctional initiators,
has been deécribed in detail. In these studies, it gggzpeen found, that
under certain conditions of feed composition, polymerization temperature,

and bifunctional initiator concentration, high T, copolymers ‘can be

synthesized up to high conversions and high molecular weights.

344
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Binary SAMS copolymers bearing T,~115°C, showed that only low

concentrations of AMS (~15 mol%} can be bound in the copolymer, in order
to achieve high conversions and molecular weights in a reasonable batch
time. Binary AMS/NPMI copolymers, bearing T,-260°C, on the other hand,
chowed that high AMS concentratious {~50 mol%) can be driven at hign rates
into the copolymer, through donor-acceptor complex propagation, up to
intermediate conversions and molecular weights. The AMS units bound to
the copolymer in this way, were unable of depropagate when the statistical
formation of AMS diads in the copolymer chains was minimized.
i iIn addition, extremely high copolymerization rates, leading to the
formation of very high T, copolymers {T,—212°C} up te high conversions and
molecular weights, were found when NPMI was introduced in low
concentrations (-20 mol%) as comonomer for styrene.

Consequently, it follows that bifunctionally initiated free
radical SAMS-N terpolymers, bearing glass transition temperatures between
212 and 260°C, can be synthesized up to high conversions and molecular
weights if the following conditions for the comenomer feed composition are
followed
a) The concentration of NPMI in the feed must be kept about 20 molt,

in order to provide the necessary stiffness to the copolymer

_chains, for high T, products.

b) AMS must be introduced in the feed in lower concentrations than

: NEMI in order to promote very high complexation of this monomex,

thus reducing its participation through free monomex additien,

which is responsible for~ low p.olymeri.za.tion rates and low
molecular weights.

When these conditions are met, the mechanism of bifunctionally

jpnitiated free radical terpolymerization of S/AMS/NPMI can be explained as
follows: N

At zero conversion, competition of both electron-donor monomers
(styrene and AMS) tc form the respective donor-acceptor complexes with

NPMI will determine the relative amount of both complexes and the three
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free monomers in the copolymerization mix. Given that AMS is5 a strongey
electron-donor than styrene, owing to the inductive eftfect ot its CH,
group, it is thought that the AMS-NPMI complex should fomm more readily
than the S-NPMI one. As a result, the jnitial mix should comprise, in

decreasing molar concentration:
{s] > [AMS-NPMI] > [S=NPMI] > [NPMI] > [AMS]

Since it has been established before chat the propagation rate ot
both complexes 1is similar {(see Chapter &), upon polymerization, rapid
propagation of both complexes must dominate the early stages of the
reaction. However, given the relatively large amounts of free styrene in
the system, long c¢omplex sequences must be frequently interrupted by
styrene-rich statistical sequences.

As concentrations of complexes and free monomer decrease, the
participation of free monomer addition must become important, thus sharply
reducing the observed copolymerization rate. Further decreases in monomer
concentration (i.e. higher conversions), will promote negligible complex
formation and, therefore, a low rate styrene-rich statistical addition

regime of the three free monomers.

8.2 Texpolymer_,:j.zation‘- Mechanism

Little, if gnything, is known about terpolymerization when two
different donor-acceptor complexes compete in propag;tion with statistical
terpolymerization.

The terminal terpolymerization model has been gsuccessfully
employed when only one binary pair forms a donor-acceptor complex, by
using binary reactivity ratios, calculated through the terminal
copolymerization model, to simulate the high alternation experimentally

found for the complexing pair [Schmidt-Naake et.al.(1990,a,b)}.

{1
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Neverthelegcs, it is stated here that such a model cannot be

successfully employed for the case at hand owing to the lack of knowledge

on complex formation and propagation behaviour when two different donor-
acceptor complexes co-exist in the same reaction mix.

Extension of the binary copolymerization model developed in

Chapter 4, for simultaneous binary statistical/donor-acceptor

copolymerization, shows that the following complex formation and

propagation Teactions  must be considered when dealing with

terpolymerization with the formation of two distinct complexes (M, =

styrene, M; = AMS, M, = NPMI}:

Formation of Donor-Acceptor Complexes

M, + M, A G (K Keqi)
M, . M © G (Keao Keg2)
Propagation
R;.: * M, - Rra _ (K,)
Rz + M, - Riaza (Kz)
R.» + M, - Rrai (Ky)
R.: + M; - Rea2 - (Ky2)
R:.z + M, - Rra.z2 . ) {Kaa}
R + M. - Ria.z2 7 (Ky2)
i + M, - Ria. {Kp»)
Rz + M, - Rraas (Ky)
R + M, - Rra.s {Kyy)
Ri.. + < - Ria - {Kiet)
R;.z * G - Ry (Kaey)
Ri» + < - R.xs ‘ (Kyer)
R + G — R (Kica)
R;.: * C; TR Riaz (Kaea)
Ri, + C: - Rz (Kyez)

i
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The extreme complexity of a model involving 15 propagation
reactions for monofunctional initiation and 30 tor bifunctional initiation
(the above propagation reactions take place also with the radicals with
one undecomposed peroxide group), makes the development of a comprehenzive
kinetic model equally complex.

Since the development of such a model is beyond the scope ot this
thesis (and would very likely represent a complete thesis work by itselt),
the terpolymerization model will not be developed here. Consegquently,
this chapter gives account only of the experimental results for the

bifunctionally initiated free radical terpolymerization of S/AMS/NPMI.

8.3 Design of Experiments

Following the conditions set above according to the objectives of
this project, the exploratory experiments SAMS-N-01, shown in Table 8.1
below, were designed in order to evaluate the effect of the comonomer feed
composition, and type of bifunctional initiater, on monomer conversion
history, and the development of molecular weights, terpolymer composition,
and glass transition temperature, in free radical bulk terpolymerization
of S/AMS/NPMI.

~

Table 8.1

. //"

Expoéimontal Dasign SAMS-N-01 for the Exploratory Research

RUN £10/£20/E30 T, [Ilo “ POLYM._ TIME
SAMS-N-01 (mol %) {°C) (Mol /L) “thrs)
1 70/10/20 105 0.010° - 2.0
2 75/10/15 | 105 0.010° 2.0
3 70/10/20 130 0.00S" 2.0
4 75/10/15 130 0.005° 2.0 |

a) Runs with bifunctional initiator TEPCC.
b} Runs with bifunctional initiator TPEC.
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The pelymerization temperatures and initiator concentrations were
set according to the best results obtained during the previous studies for
binary copolymerization of S/NPMI and AMS/NPMI, respectively, as; T,=105°C
when [TBPCC)=0.01 M/L was employed, and T,=130°C when [TPC1=0.005 M/L was
employed.

fn this study, no optimization research phase was carried out
given the narrow set of conditions studied in the exploratory research,
established as viable for the synthesis of these terpolymers {see above).

From the results of the exploratory phase, then, two suspension
terpolymerization runs, under the conditions given in the experimental

design SAMS-N-02 shown in Table 8.2, were carried out to evaluate the

effect of the imposed terpolymerization rate on suspension stability mean

partiéle size (MPS), and particle size distribution (PSD).

Table 8.2

Experimental Dasign SAMS-N-02, Suspension Terpolymerization®

T, TIME @ T,

(mol %) (org. phase) {°C) (min}
Y

REFERENCE 100/0/0 0.010® 105 240

1 70/10/20 0.010° 105 129

I 2 70/10/20 0.005¢ ‘ 130 120

£10/£20/E50 illo

(Mol/L)

a) Scaled reacter arrangement, recipes, and operating conditions as for

S/AMS, and S/MPMI suspension copolymerization (see Tables 5.3 and 6.3).
b) Run with biflnctional initiator TBPCC
c) Run with bifunctional initiator TPC.

The beads obtained were characterized, extruded, and exposed to

high temperatures, to evaluate the fga.sibility of these products to

commercial use.
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8.4 Experimental
g8.4.1 Materials

The treatment of styrene, o-methylstyrene, N-phenylmaleimide,
bifunctional initiators TBPCC and TPC, as well as solvent (chloroform} and

non-solvent (methanol), has been described in detail in Chapters 5 to 7.

8.4.2 Techniques

For the exploratory Tesearch, isothermal ampoule  bulk
polymerizations of SAMS-N, were carried out under the conditions
prescribed by the experimental design SAMS-N-01. Ampoule preparation,
polymerization, sampling, and characterization of the terpolymers
recovered from the samples to d:termine conversion .history. and the
development with conversion of molecular weight distribution, terpolymer
composition, and terpolymer glass transition temperature, was performed
according to the procedures described in Chapters 6 and 7.

For the suspension polymerization runs, the scaled-down reactor
internal arrangement, operating conditions and recipes, were used in order
to evaluate the results by comparison with the reference polystyrene
system. Details of the operation procedures as well as copditions of‘the
reference polystyrene system have been given in Chapters 3 and S. )

Characterization of the beads, to determine MPS, PSD, terminal
conversion, molecular weight distribution, terpolymer composition and
terpolymer glass transition temperature, were performed according to the
procedures described in Chapter 5.

owing to the high residual monomer‘fbntent in the terpolymer

suspension beads, samples of the beads were devolatilized by exposing them

~
~

to 200°C for 12 hrs, in vacuo, before extrusien.

Extrusion of the devolatilized beads, and high temperathre
exposure of the extrudates, to evaluate the processability of "the
suspension terpolymers, ware performed at the same conditions establizhed

for S/NPMI copolymers in Chapter 6.
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8.5 Results and Discussion
8.5.1 Exploratory Research

According to the experimental design SAMS-N-01, the effects of the
feed composition, and bifunctional jnitjator type (at their respective
optimal temperature and concentration conditions), on moncmer conversion
history, and the development of the molecular weight distribution,
terpolymer composition, and glass transition temperature were studied.

Figure 8.1 shows the experimental results for monomer conversion
history for the four runs of the experfwmental design SAaMS-N-01. The
enlarged area of this figure shows the firnﬁ ten minutes of polymerization
where the largest changes in conversion occur.

In this figure it is noticeable that the systems with 20 mol% of
NPMI in the feed reached higher terminal conversions (above 70%) than
those with 15 mol%. Also note that the systems with TPC at 130°C show a
much higher initial polymerization rate than those with TBBCC at 10S5°C.
In addition, the sharper decrease in polymeri. .ation rate exhibited at
lower conversions by the systems with 15 mol% of NBEMI, demonstrates that
the transition from a complex propagation dominated regime to a
statistical free monomer additioen regime occurs rapidly after the NEMI
decreases to levels where complex formation is not extensive.

The limiting conversions exhibited by the systems with 20 mol% of
NPMI in the feed, indicate that the continuing propagation in the soft
pelymer domains after glass transition of the polymerization mix, observed
in S/NPMI copolymerization, does not occur in this system. This may be
due to-rhs_inclusion of AMS units in the statistical styrene rich chains
formed at high conversions, which reduces the mobility of these chains,
thus preventing them from forming soft domains.

From the enlarged section of this figure, it is evident
that the initial polymerization rate of all four systems, is lower than
the initial polymerization rates of S/NPMI, and AMS/NPMI copolymers, at

similar conditions.

J
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This indicates higher participation of troe monomelr addition 1in
the early stages of the reaction, during the terpolymerization, than that
observed during the copolymerizations mentioned.

In figure 8.2, the effect of monomer feed composition on melecular
weight averages development, in bulk S/AMS/NPMI terpolymerization with
[TBPCC]=0.01 M/L, at 105°C, is shown.

Similarly as for S/NPMI copolymerization, a decrease in the
average molecular weights with conversion is observed for this terpolymer
system. This is due to the high propagation rates during the complex
propagation dominated early stages of the reaction, followed by the low
propagation rates during the statistical free monomer addition regime, at
high conversions. As expected, the system with 15 molt NPMI in the feed,
produces lower molecular weight copolymer than the system with 20 mol%.
This, again, is due to the lesser formation, and in turn participation, ot
donor-acceptor complexes at lower NPMI concentrations.

Note that the M, of the final product synthesized from 20 mol% NPMI
in the feed about 155,000, can be considered as close to the target value

of 200,000 (see Chapter S5), whereas a lower value of M,~125,000 was

" obtained for the system with 15 mol% of NPMI.

The effect of monomer feed composition on molecular weight
distribution dev:a_lopment in bulk S/AMS/NPMI terpolymerization with
{TPC)1=0.005 M/L, :t 130°C, is shown in figure 8.3.

In this figure it is clear that similar decreasing trends in
molecular weights, as for the above conditions, were observed. However,
the combined effect of higher té:ﬁperature and lower initiator
concentration for \:hese\_ systems, resulted in higher molecular weaight
averages.

. The system with 20 molt NPMI in the feed showed & Crerminal
M~159, 000, very close to the target value (see above), whereas the system
with 15 mol% NPMI vielded M,~115,000. These results show that the extent
of complex participation in the propagation reactionz iz mainly

responsible for the molecular weight development of thecse terpolymers.

—

=
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Fiqurs. 8.4 shows the evolution of the complete MWD with
conversion, obtained through SEC, for the system with 15 molt NPMI in the
feed at 105°C. Note how the distributions broadens slightly with
converzion towards low molecular weights, to yieléd the observed poly-
dispersities, PD=M./M,, about 3.1.

Figure 8.5 shows the terpolymer composition development in bulk
S/AMS/NPMI terpolymerization with {(TBBCC}=0.01 M/L, at 105°C. 1In this
figure, note that the extrapolated initial terpolymer composition
approaches 53/12/35, and S7/17/26 (S/AMS/NPMI mol%) for the initial feed
compositions 70/10/20, and 75/10/15, respectively. This clearly indicates
that at thesg conditions, the AMS/NPMI complex forms in higher
concenctrations than the S/NPMI complex. As a result AMS units are readily
driven into the copolymer by its complex propagation, thus preventing the
system from forming leong statistical secuences of AMS which may be prone
to depropagate [0‘Driscoll and Dickson (1%68)1].

In addition, the relatively low initial concentrations of NPMI in
the terpolymer indicates that its preferable complexation with AMS
prevents the formation of larger amounts of S/NFMI cq@plex. thus
increasing the participation of free styrene addition, whicﬁwreduces the
iniéial terpolymerization rates, as discussed in figure 8.1, above.

At terminal conversion, the final terpolymer conpositions about
64/9/27 and 71/7/22 (S/AMS/NPMI mols) for the initial feed compositions
70/10/20, and 75/10/15, respectively, show that AMS units are driven into
the copolymer almost exclusively during the early stages of the
polymerization. At high conversions, therefore, s;§:ene-rich chains
formed through statistical addition, dominate the polymerization owing to
the fact that free NPMI must be in extremely low concentration, given that
it has been driven into the copolymer through complex propagation with
both other monomers. As a result, the styrene contents in the terpelymer

increases rapidly during this stage.

o
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For the systems polymericzed with (TPC)=0.00% M/L, at 130¥C, tigure
8.6 shows a substantially dirfferent terpolymer compousition development .

In this figure, the extrapolated initial terpolymer compositions
about 51/6/43, and S2/8/40 (S/AMS/NPMI meld), obtained trom teod
compositions 70/10/20, and 7%/10/15, respectively, indicate that at these
conditions NPMI forms complex preferably with styrene than with AMS. As
a result nearly ecquimolar S/NEMI copolymer is tormed, with some
participation of AMS/NPMI complex in lesser concentration.

Since lower amounts of free styrene monomer are present at these
conditions than at 105°C, higher initial polymerization rates, and higher
molecular weights, are achieved. The somewhat larger amounts of free AMS
in these systems with the consequent larger participation of this monomex
through free add’tion in the styrene-rich chains formed at high
conversions, are, then, responsible for the sharp decrease in
polymerization <rates and molecular weights observed after the
concentration of the complexes in the system becomes negligible.

The terpolymer compositions observed at terminal conversions about
64/7/29, and 68/10/22 {S/AMS/NPMI mol%), from feed compositions 70710720
gnd:7S/10/15. corrcborate the larger participation of free AMS in the
terpolymerization at 130°C than at 105°C.he

Pigure 8.7 shows the evolution with conversion of the aliphatic
portion of the H-NMR spectrum (0 to 4 ppm) for S/AMS/NPMI terpolymers,
synthesized at 105°c, with [TBPCC]=0.01 M/L, from a 70/10/20 feed
compos;:ioﬂ. Note in this figure the increase with conversion of the area
of CH protons of styrene and NPMI units (peak -2.25 ppm) mostly due to
styrene increases in concentration, as well as the increase in the areas
of CH, protons of styrene and AMS units (peak —-1.75 ppm) also due to the
increase in styrene concentration. On the other hand, the relative area
of CH, protons of AMS units (peak ~0.5 ppm) decreases slightly with
conversion, as expected from the increase in styrene units bound to the

copolymer .
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Since the synthesis and characterization of this terpolymer has
never  beon publizhed  before  (as far as the author knows}, the
interpretation of these zpectra was carried out by quantifying the molar
contributions of the styrene and NPMI units to the area of CH protons. In
turn, the concentration of styrene units was established by quantifying
its molar contribution to the CH: areas of the spectra (S + AMS),
subtracted frem the area of CH, protons (AMS) . By following this
procedure, all terpolymexr compositions reported 1in this study were
astablished.

In figure 2.8, the development of T, with conversion for the four
terpolymer systems given in the experimental design S$AMS-N-01, are shown.

From the curves in this figures it is easy to see that terpolymers
with high initial glass transition temperatures (extrapolated from the
initial experimental values shown), in the range of 220 to 224°C, are
formed:ﬁn the early stages of the reaction. This is undoubtedly due to
the highly alternating chain structures formed through the propagaticn of
both complexes, with limited free monomer addirion. )

As conversion increaséﬁ. the T, of bx‘h systems synthesized with
[TPC)=0.005 M/L, at 130°C, sharply decreases to their values at terminal
conversion about 212°C (£,0/£2/£y = 70/10/20}, and 202¢C (75/10/15), with
the latter system exhibiting a second lower glass transition, Tge:=123°C,
with a soft fraction of about 12 molt. This is undoubtedly due to the
larger free styrene participation throughout the reaction coorxdinate which
leads to the production of lower T, chains as its concentration in the
terpolymer increases (see discussion.of figure 8.1).

On the other hand, Eoth terpoiyme:s synthesized;with [TBPCC)=0.01
M/L, at 10S°C, experience only a slight decrease in T, throughout thg\
reaction coordinate. .This moderate decrease is brought about by th;*
iaféer participation of Amsjauking the late stages of the polymerization.
The values of51;=217°c (system with 70/10/20 moiar feed compositioni, and
T,=218°C, observeg for these terpolvmers, are similar to those obtained for

S/NPMI copelymers (T, 212 te 217°C see Chapter 6).
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The large extent of chain recombination causoed by the multiple
macro-initiation/propagation/termination cyeles in bitunctionally
initiated free radical polymerization, is evident in these systems trom
the fact that only a single high T;, was observed tor systems comprised by
70 to 75 molt stvrene, and only 15 to 20% NPMI.
The high glass ctransition temperatures exhibited by these
S/AMS/NPMI terpolymers, makes them very attractive as engineering

copolymers for high temperature applications (see Chapter 1).

8.5.2 S/AMS/NPMI Suspension Terpolymerization

From the results of the exploratory phase, it is clear that the
best balance of terminal conversion-molecular weight-glass transition
temperature, of the terpolymers studied, was obtained when the monomer
feed compositions of 70/10/20 (S/AMS/NPMI molt), were employed.

) Accordingly., the terpolymers systems SAMS-N-01, and SAMS-N-03,
w&i;'chosen to carry out suspension S/AMS/NPMI terpolymerizations. The
conditions of these runs correspond to the initial feed composition eof
70/10/20 (mol%) ;:;h {TBPCC]=0.01 M/L at 105°C (01}, and [TPC1=0.0Nn5 M/1,
at 130°C (03).-

The suspension copolymerizations were c#rried out under the
scaled-lown reactor conditions ana recipes, prescribed by the experimental
design SAMS-N-02 (see Table 8.2).

Both suspension terpolymerization runs were successfully
completed. In both cases stable suspensions leaading to the formation of
non-aggregated sphérical beads, .cpaque, with a slight beige coloration,
were obtained. ~

Figure 8.9, shows Ti=-particle size distribution (PSD) of the two

"

suspension terpolymers, #long with the PSD for the reference polystyrene

-
-

< =
system {[TBPCC]=0.01 M/L, T,=105°C) .

: f‘l.
'y
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For the terpelymer heads synthesized at 105°C, using TBPCC as
bitunctional initiateor, a mean particle size, MPS=0.76 mm was calculated
from the discrete PSD measurements, with a coefficient of variation,
CV=G/MPS=0.435.

Comparison with the reference suspension peolystyrene system
(MPS=0.542 mm, CV=0.361), shows that this terpelymer system presents
higher particle coalescence leading to larger particle growth during the
sticky stage. This may be due to a combination of the high polymerization
rates and a more sticky character of the beads containing large amounts of
residual monomer. Nevertheless, the suspension can be qualified as stable
inasmuch as suspension set-up is a possibility only when the beads grow
rapidly to sizes larger than 3 mm (Villalobos (1989)].

A terminal conversion X.=80.3%, determined for the terpolymer
recovered from the beads, was about 8% larger than that observed during
the exploratory research for the same system in bulk ampoule
polymerization. The high stirring rate in the s'spension polymerization
reactor, along with the multiple fragmentation of the particles during
breakage and the subsequent coalescence, must have led to a much better
mixing of the reacting species with the consequent: higher conversions

observed. P

The molecular weight averages M,=53000, and M,=163000, as well as
the terpolymer glass transition temperature, T,=219.25°C, and terpolymer
composition, 66/09/25 (S/AMS/NPMI mol%), for the S/AMS/NPMI terpolymer
recovered from the beads, were very similar to these observed during the
exploratory phase for this ;ysr.em (sei_above).

For the beads sym;hesized\\ at 130°C, with TPC as bifunctional
:‘:itiator, the same MPS=0.76 mm was observed. The PSD, however, was
sh%ghtly narrower for this terpolymer system, CV=0.427 (vs 0.435 for run
01), with the peak of this distribution at a PS=0.66 mm being more defined

than for the former system.
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Characterization of the terpolymer recovered trom the beads, also
showed higher terminal conversions than for the bulk system at the same
conditions, X,=86.3% (X.=76% for bulk). The reasons being the same as
explained before. The molecular weighy averages, M,=58000. and M,=182000,
as well as the terpolymer glass transition, T =215.22°C, and composition,
€8/9/23 (molt), were all in good agreement with the values found for this
sys.em during the exploratory research (see above).

The summary of the bifunctionally initiated S/AMS/NPMI suopension

ter -lymerization results, is given below in Table 8.3,

- Table 8.3

Summary of Suspension Terpolymerization Results

RUN —» i REFERENCE SAMS-N-02 SAMS-N-02
VARTABLE POLYSTYRENE ( *) 01 02 i
MPS ({mm) 0.542 0.760 0.760 |

S _(mm) 0.196 0.330 0.325
CV=6/MPS <|| 0.361 0.435 0.427
CONVERSION 0.999 0.803 0.863

Mn <I| 83870 53432 58973
Mw 203011 163248 182437

F, (mol) 1.000 0.663 0.679
F, (mol) 0.000 : 0.083 0.089
F, (mol)- 0.000 0.254 0.232
T, (°C) 98.60 . 219.25 215.22

See Chapter 3 for reference system results.

samples of the beads obtained in both runz were devolatilized
through the procedures described in section 8.4, and extruded in a
RandleCastle Minitruder, at 275°C, and S0 rpm, following the procedures
described in chapter S. The residence time of the terpolymer in the
extruder was 1.16 min, and 1.25 min, for samples SAMS-N-02-01, and 02,

respectivaly.

e ——
e e e ee—

1%
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Opaque, coatinuous extrudates, with appreciable swelling at the
die exit, D/d-2.35, were obtained in both cases. A single glass
transition temperature, T,=218.54°C, and T;=216.36°C, for extrudates 01 and
02, respectively, were determined. The slight variations observed with
respect to the T, of the devolatilized beads, before extrusion, is within
the error limits of DSC determinations, and showed that annealing or
degradation of the products during extrusion, did not occur.

Exposure of samples of the extrudates to 300°C during 5 and 10
hours, showed no appreciable mass losses for any of the‘products. This
means that the products are thermally stable at the conditions tested, in
spite of the content of AMS in the polymer chains. This verifies the
hypothesis that AMS units are only able to depropagate when they form
sequences equal or larger than two units. The summary of the terpolymer

degradation tests is given below in Table 8.4.

Table 8.4 B

Terpolymer Extrusion and Degradation Raesults”

SAMPLE BEADS EXTRUD MASS MASS BEADS
SAMS-N T T, LOSS (%)~ LOSS (%) * Mw
=02~ S hrs 10 hrs
(eC) (°C}) @300¢°C a300°C
1 219.25 218.54 0.000 0.000 163248
2 215.22 216.36 0.000 0.000 182437
- ~

* Results of sample characterization after exposure to the pfescribed
conditions (variations observed were only within the limit of precision of
the analytical balance used).

These products, in almost every regard, werxe similar to the S/NPMI
copolymers studied in Chapter 6. An . advantage of the terpolymer over the
copolymer, however, resides in its more moderated polymerization rate
which may be more controllable in large scale reactors, even though the
terpolymer particles showed larger coalescence rates than those observed

during S/NPMI suspension copolymerization.

I
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8.6 Conclusions

Styrene/a—methylstyr’ne/N-phenylmaleimide engincering terpolymer:s,
bearing glass transition temperatures between 215 and 22C¢°C, can Db
synthesized up to high conversions and high molecular weights through
bifunctionally initiated free radical suspension polymerization.

Two synthesis routes yielding a good balance of terpolymer
properties, polymerization rates, and terminal conversions, have been
jdentified as feasible for scaling-up.

The first route involves a feed composition of 70/10/20
(S/AMS/NPMI mols}, polymerized in batch for 2 hours at 10%°C, using 1,4-
bis(tertbutyl peroxycarbe)cyclohexane as bifunctional initiator, in a
concentration of 0.01 M/L.

The second route involves the same feed composition (70/10/20},
polymerized in batch for 2 hours at 130°C, using 1,1-di(tertbutyl
peroxy)cyclohexane as bifunctional initiator, in a concentration of 0.005
M/L.

Both suspension terpolymerization systems were equally stable,
even under the high copolymerization rates exhibited by these systems, and
led to the formation of spherical beads, without the formation of
aggregates.

Since both systems were found to be stable under the scaled-down
reactor conditions for suspension polystyrene, it follows that these
suspension terpolymer systems could be produced in larger reactors,
provided that the larger particle coalescence rates exhibited by these
terpolymers with respect to those observed for polystyrene, be more
strictly controlled through higher stabiliser concentrations. )

= The high T, suspension terpolymers synthesized, were procecsable

" through extrusion at moderate temperatures (275°C), and thermally stable

for at least 10 hours at 300°C. Therefore, thece terpolymers may find use

in engineering applications to temperatures up to 200°cC.
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The incorporation of up to 10 molt of AMS units in the terpolvmer,
ceems to be beneficial to the synthecis of these products inasmuch as more
controllable polymerization rates and unimedal molecular weight
distributions are achieved, differently from S/NEMI copolymers in which
very high initial polymerization rates and broad molecular weight
distributions are obtained. In this sense, the inclusion of small amounts
of AMS into the S/NPMI copolymerization formulations, seems to improve the
quality of the product.

Although, the development of a kinetic model for the simultanecus
and competitive statistical/donor-acceptor terpolymerization, with two
complexing donor-acceptor pairs, was not pursued here, a set of elementary
propagation reactions on which such model can be based, has been proposed
in this work.

Finally, in addition to the suspension terpolymers synthesized,
this study gives good experimental bases for the synthesis of S/AMS/NFMI

terpolymers, through bulk free radical polymerization with bifunctional

initiators.

e
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Fig. 8.1.

TIME (rmun)

T

Effect of monomer feed Jcomposition and polymerization
conditions on monomer conversion history in bifuncticaally
jmitiated bulk S/AMS/NPMI ‘terpolymerization. Recultis for
feed compozition 20/10/20 molt at: T,=105°C, {repccya0.o0l
M/L (s), and T, =120°C, (TPC}=0.005 M/L (s}); and feed
composition 76710715 molt at; 'I‘p=105°C. {TBPG:‘]:I).OI /L
(8). and T,=120°C, {TPC}=0.005 /L (@).

=
/-\.'
—f'



363

240

Mn, Mw
(Thousands)
X
e

50 04 02 03 04 05 06 07 038
CONVERSION

.

Fig. 8.2. Effect of monomer feed composition on molecular weight
averages development in bul} S/AMS/NEMI terpolymerization
with [TBPCC]=0.01 M/L, at 1059C. M, and M, results for
70/10/20 molt (=), and 75/10/15 {(4}.
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Effect of monomer feed composition on molecular welight
averages development in bulk $/EMS/NPMI terpolymerization
with [TPC}=0.005 M/L, at 130°C. M, and M, results for
70/10/20 molt (w), and 75/10/35 (+).
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Fig. 3.4. Evolution of the molecular weight distribution with

conversion during bulk S/AMS/NPMI terpolymerization at 105°C
with [TBPCC]=0.01 M/L. Feed composition 75/10/15 mol%.
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PPM

Evolution of the aliphatic portion (0 to 4 ppm) of the H-NMR
spectrum of S/AMS/NPMI terpolymers, _ during bullk
copolymerization at 105°C with [TBPCC}=0.01 M/L.  Feed
composition 70/10/20 mol%.
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conditions on terpolymer glass transition temperature
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CHAPTER S

CONCLUDING REMARKS AND RECOMMENDATIONS

tn what follows a .ummary of the most important results of this
research project, along with its main contributions to the tfield, and
recommendations for future work in this area, are given.

A comprehensive kinetic model describing the most important
features of bifunctionally initiated iree radical homo  and
copolymerization processes has been developed, along with a statistical
model describing the molecular events which define the micro-structural
characteristics of polymers formed when bifunctional initiators are
emploved.

The kinetic and micro-styucture models developed considering
simultaneous and competitive statistical/donor-acceptor Eopolymerization
with bifunctional initiators, have been integrated into the simulation
program BICOP. :

This program has proven to successfully simulate monomer
conversion history, and the development of molecular weight distribution,
copolymer composition, copolymer glass transition temperature, and
copolymer multi-block formation, for binary statistical copolymerization,
binary donor-acéeptor copolymerizatien, and simultaneous
statistical/donor-acceptor copelymerization. This program has also been
successfully used to simulate homopolymerization. -

Tt is recommended here, however, rhat further refinements be
introduced inteo the models, Ly considering reversible propagation
reactions for one of the monomers, inasmuch as model disagreement with
experimental molecular weight distribution development, hac been important

in copolymer systems exhibiting considerable depropagation.

371
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Throughotit this thesis £ive experimental stuaies on free radical
homopolymerization, and copolymerization with bifunctional initiators have
been carried out.

The first study carried out in this work, has demonstrated that
suspension expandable »elystyrene (EPS)} can be synthesized in a single
stage process comprising the up to how separated polymerization and
impregnation stages. In this process, suspension polymerization of
styrene is carried out with addition of the blowing agent in the early
stages of the polymerization, employing bifunctional initiation at
polymerization temperatures above the glass transition temperature of
polystyrene.

The novel resulting combined polymerization/impregnation process
is completed in a batch time of less than 6 hours, which represents an
increase in productivity of nearly 100%, since current EPS manufacturing
processes require between 11 ané 12 hours to complete the separated
polymerization/impregnation stages. In addition, the scale-up of this
novel process to commercial production is considered as highiy feasible,
inasmuch as more stable suspensiops leading to smaller particle sizes and
narrower distributions, than those cbtained with the
current monofunctionally initiated process, wefe obtained.

Comparison between monofunctional and bifunctional initiation in
these processes of early impregnaticn of suspension polystyrene, has shown
that the single stage process cannot be carried out in monofunctionally
initiated systems due to extended particle growth stages which lead to
eventual suspension set-up.

The understanding and modelling of the multiple
initiation/propagation/termination .cycles experienced by the polymer
chains which leads to the formation of nmlti—ﬁlock structures during
bifunctionally initiated free radical polymerization, has been
ipstrumental in the design of high glass transition temperature

enaineering copolymers in this work.
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These multiple chain rocombination  phenomena, have been
comprehensively descr ibed through the eftfective instantancous copolymer
composition theory, proposed in Chapter 4, and modelled through the
definition of the distribution of the number of segments (blocks) per
copolymer chain, developed in this thesis.

By taking advantage of this multiple chain recombination to modity
volystyrene through the introduction of small amounts of g-methylstyrene
and N-phenylmaleimide, as comonomers, two different engineering copolymers
have been designed and synthesized through bulk and suspension
copolymerization with bifunctional initiators.

Styrene/a-methylstyrene (SAMS) bulk and suspension statistical
copolymers, b;aring glass transition temperatures about 115°C, have been
optimally synthesized from feed compositions of 85/15 mol%, up to high
conversions and high molecular weights, with bifunctional initiator TBPCC,
at 105°C.

The resulting SAMS‘suspension copolymeré have been evaluated as
feasible for scaling-up *"© commercial production, for extrusion
applications at temperatures below 115°C. 7

Styrene/N-phenylmlein.ide (S/NPMI} bulk and suspension copoelymers,
bearing glass transition temperatures about 212°C, have been optimally
synthesized from feed compositions of 80/20 mol%, up to high conversions
and high molecular weights, with bifunctional initiator TBPCC, at 105°C.

Characterization of the micro-structure of these copolymers has
shown that the re-combination of highly alternaticng chains with styrene-
rich statistical chains in multi-segment structures is mainly responsible
for the outstanding thermal properties of this c&polymers.

The resulting suspension copelymers have also been evaluated as
feasible for scaling-up to larxge scale production. The high glass
transition temperature, high thermal stability and processability of these
copolymers mak; them extremely attractive for engineering applications at

temperatures up to 200°C.
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In additiot. considering the extremely high polymerization rates
exhibited by this S/NPMI donor-acceptor system, especially at eguimolar
fend compositions and high temperatures where the reaction is completed in
about 2 minutes, it is suggested here that under such conditions this
copolymer could be produced through Reaction Injection Molding (RIM)
processes.

The apility of N-phenylmaleimide to form a donor-acceptor complex
with a-methylstyrene (AMS/NPMI), has been exploited to preduce thermally
stable copolymers with large contents of AMS.

Copolymers of AMS/NPMI, bearing glass transition temperatures
about 260°C, have been optimally synthesized from equimolax feed
composition, ur.'- to 80% conversion and weight average molecular weights
about 120,000, through bulk copolymerization with bifunctional initiator
TPC, at 130°C.

Characterization of the microstructure of these copelymers, has
shown a very high degree of alternation, nearly independent of the feed
composition. this demonstrates that AMS/NPMI copolymerization proceeds
almost exclusively through donor-acceptor propagation reactions.

The high residual monomer contents of these copolymers, which
plasticizes the suspension particles, along with their highly *"sticky"
character, promotes extensive particle coalescence in suspension
polymerization, which cannot be controlled even with high stabiliser
concentrations and low disperse phase volume fractions.

Consequently, AMS /NEPMI cannot be synthesized through
bifunctionally jnitiated suspension polymerization processes, in the range
of conditions tested.

Accordingly, bifunctionally initiated free radical solution
) copolymeri_::.a_tion of AMS/NPMI, is recommended here as an alternative
process fo:.; the production of these extremely attractive copolymers,

bearing T, within the limits of High Performance Polymers.
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mhe sclection of a suitable solvent tfor this system must be made

on the bases of displacing the equilibrium ot donor-acceptor complex

formation toward more complex production, with which higher terminal
conversions should be reached.

Combining the best characteristics of the three individual
copolymers studied, styrene/a-methylstyrene/N—phenylmaleimide bulk and
suspension terpolymers, bearing glass transition temperatures above 215°c,
have been synthesized.

Feed compositions of 70/10/20, and the use of bifunctional
initiators TBPCC and TPC, at 105 and 130°C, respectively, yielded a good
balance of terminal conversion and molecular weights for these S/AMS/NPML
terpolymers. !

Stable suspensions and high thermal stability during and atfter
extrusion of the resulting spspension terpolymers, make these terpolymers
feasible for production in large reactors and attractive for engineering
applications up to 200°C. =

Finally, it is recommended here to extend the kinetic model
developed for binary copolymerization, teo terpolymerization when two pairs
of donor-acceptor complexes are formed, from the progiaation reaction
scheme proposed.

Accordingly, the main contributions of this research project to
the polymer field, can be listed as follows: o7 -
1. Tpe copolymerizaﬁion theory has been extended tq;consider the

&hique features of bifunctional initiation, iﬂ;_simultaneous

statistical/donor-acceptor copolymerizatien. T
2. The concepts of effective instantaneous copolymer ceompesition and

average number of segments per copolymer chain, have been

jintroduced to the copolymerizaticn theory. )

3. The instantaneous copolymer composition equation has been
generalized for simultaneous statistical/donor-acceptor
copolymerization, from the terminal pluz complex pariicipation

model developed in this thesis.
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Comprehensive kinetic and micro-structure models, comprising the
above additions te  the copolymerization theory. have been
integrated in a program that simulates the mo=st important features
of bifunctionally initiated statistical/donor-acceptor
copolymerization.
& novel, highly productive process for the manufacture of
expandable polystyrene beads, through a single simultaneocus
polymerizat:ion/impregnation stage, with bifunctional initiators,
has been developed and proven out on pilot plant scale.
The synthesis of bulk and suspension S/AMS copolymers has been
optimized at pilot plant scale, to produce SAMS engineering
copolymers with T°—1‘15°c. through bifunctional initiation.
The synthesis of bifunctionally initiated bulk and suspension
S/NPMI copolymers has been optimized at pilot plant scale, to
producei engineering copolymers with T,~212°C.
The synthesis of bulk AMS/NPMI copolymers has been optimized at
laboratory scale, to Qroduce engineering copolymers with T,~260°C,
r.hr%ugh bifuncticnal inicia_.tion.
The synthesis of bulk and suspension S/BMS/NPMI terpolymers, has
been successful at pilot plant scale to produce engineering

terpolymers with T,~215-220°C, through bifunctional initiation.

]
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APPENDIX A

A.1 Derivation of pseundo-Kinetic Rate Constants:

As an example let us consider the mass balance equation for radicals
of chain length r (r23) without undecompesed peroxide groups, given by eq.

(4.72) in the text. From the reaction scheme:

R;. (x23): (A-1]
1 4A((R;,.1V]) -~
v a = fKalPL] + (KyiM) + K] + K€} {Riara)

4

(Ky M1 + KaaiMp] + Kae[C] ) [Rinp,2]

+

(Kie[Ria] + KacRiz1) (€]

- (KM v KalMa] + Kiel€1) [RD,]

- (Kn[M] + Kp(M) + KalCl) (Ria)

- (K (R3] + KealBIVIRED + (Kean[Ri] + Ke[R3]) [Ria])
(R [B] + R [Ri) + K (R + K [R1) [R21)
¢ (K [R5 + KeaalB]) [Rea] + K (R] + K [RD) (R
(Rt (]« Faal®D (R + (R (R + R (F1) (K1)
- KelRia] + KR (T

- (K [M) + Kpa[MaD)[RD,) + (KM + Kea [Ma]) (R 212

Applying the definitions for £, ®,, and ¢, ,; given in the text (see

Chapter 4), qu9tion (A-1) becomes:



R;.. (x23):

d(IR;.1V)

Wt
o
-]

(A-2)

L AUR IV | rx (B + ((Kpf + Kifs + Kefod®a,) IMTIRLL]
v

dc

+ {(Kyf, + Roafa + Kacf)Drazd M] [Rioy..)

+ (KD, K@, o) £o) M} [R;

- ((Kufy + Kppfs + Kiefed @, ) MIIRL)

- ((Kyuf, + Knfa + Kacf)Oo o) IMIIR:.]

- (K@ + Keer®) Py + (Keet®,
- “Eccn‘sl + Ec::a':)‘br.x + (;Etc:la;l
o {Kean® + Kea®) Oy + (Keai®
- (Keai®, + Kdm&:)q’r.l + (ﬁ;,ﬁ.
- (Ki®en + Ka®e2) [THIR: o

- {{Kenfy + Kpf2)®0 + (K +

+ th22¢2)®r.2)YD[R-r.']
+ R0, VIR )
+ Keaps® ), 2) Yo (R -]

+ Ea:a)Q’r.:)?; [R-r-‘]

Ke22£2) 9,2} (MY [R; .

If the mole fraction of each radical type is independent of its

chain length, namely

O =P, =D, =D,y = eeeee =D, (A-3)
$ =, =B, =By = e = O (A-4)
=0, =W == e = (A-5)

D= = 3’:.:

P
0,.2 = e

—— (3 (A-G)

e

and the equalities given in the text by egs. (4.57) and (4.58) are valid

(i.e. for number-average chain length greater than a few “hundred),

equation (A-2) reduces to:

iy
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B, . {(r23): (A=7)

1 dA([R;.1V)
v dc

FKa[P] + K IMIIRL,..]

+

(K, D, + Koey) £c(M][R].]

(K (M1 + (Ko + Keo)¥po + Kpe[T] + Ku[M]) (R -]

If the definitions for K,, K., Kiar Keeo and K, are given by egs. (4.59) to
(4.63), in the text. Note that egs. (A-7) and (4.72) are exactly the
same.

applying the same procedure, the rest of the equations involving

pseudo-kinetic rate constants wexe derived.

A.2 EBquality of @i and di
Commonly the fraction of polymer radicals of type i, 9, is obtained

by using the stationary state hypothesis for each type of radical, in the

form:
TRy = XRy (a-8)

In Eq. (A-8), above, R;; is the rate of -propagat:i.on in which M¥;
follows M;. It is evident that for long chains eqg. (A-8) is étatistical],y
correct and leads to the expression given by eq. (4.58). For long <hains
equalities given by egs. (4.57) also apply and therefore the equality of
¢, and :!:‘ is correct. o ‘

More rigorously, if egs. (4.57) are valid, the” application of the
:s:ationary state hypothesis te the mass balance o-f radicals of chain

length r with active centre in monomer unit 1, with and without

undecomposed peroxide, ([R,,])., leads to the following expressions:



w
w
0

N S e
£ {M] {Ka @ + Ky (@ + ©Y/Y,) + Ko Yo/ Yol

@: = ~— T~

{Ky2£a (M) + (Ko +Kean ) (O Yo+ DY) + (Keero+Kearz) (QuY o+ @Y o) «Kopafa (M1 4K, [T))
and (A-9)
~ £, 1M] (KB
3, =

(Ky2£3 M1+ (Ko +Keanr) (Q!YO*'EI?‘O) + (Keeya+Keara) (Q‘:Yo"z’:ﬁ) + (Key £3+Kqy2£2) (M)

+ K [TI)

order of magnitude estimates show that the transfer terms in the
above equations are at least five orders of magnitude smaller than the
propagation terms all throughout the conversion range and therefore,

completely negligible. Thus, equations (A-9) reduce to:

o ) Kap [M] £,0:
T = e P A
Kiaf2IM] + (Keai+Kean) (O Y4 DY) +  (Keaz+Kearz) (DY +Y,)
and (A~10}
-~
—~— Kll [MI fl%
3 =

Kia£2 (M) + (Keen+Keanr) (°IY0;61'Y:) + (Kiera*Keaz) (‘:’:Yn"'azﬁ)

Tt is easy to see in the above equations that the right hand sides
are equal and therefore the fractions of radicals of each tyﬂgrwith and
without peroxide groups are equal {i.e. @ = d). .

7 Let us ﬁEW analyze the participation of the termination texms. If
the termination terms in egs. (A-10) are negligible then thié equations
reduce to eqg. (4.58). In typical lineaf copolymerization at low mcnomer

conversion the termination terms are three to four orders of magnitude

smaller than the propagation terms.
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i monomer concentration decreases one order of magnitude (i.e. high
conversion), the termination rate becomes diffusion controlled and the
rate constant decreases several orders of magnitude, while the radical
concentration increases less than one order of magnitude [Zhu and Hamielec
{1989), Zhu et.al.(1990)].

s a result, the termination terms quickly become more than four
orders of magnitude smaller than the propagation terms. Only at very high
conversions, and with the system approaching its glassy state, where the
propagation rates 4rop to nearly zero, the termination terms will be of
similar magnitude to the propagation ones.

Tn the worst case, the error introduced by neglecting the
participation of the termination terms in determining the value of @, is
likely to be less than 0.1 %. This error is smaller than those commonly
involved in the evaluation of the rate constants themselves.

In conclusion eg. (4.58) is valid for linear copolymers of aumber
average chain-length greater than a few hundred, which is in perfect

. agreement with the rest of the mathematical derivation of the model.

=y

LS

c
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APPEINDIX B

B.1 Distribution of Copolymer Species

The following derivation of the equations defining the distribution
of copolymer species in bifunctionally initiated free radical
copolymerization, is totally based on the work by Wittmer (1989). Some of
the concepts and nemenclature, however, have been adapted to the case at
hand (see text in Chapter 4).

In the instantaneous state of the polymerizing system, P peroxide

groups decompose to form 2p radicals. Therefore, it is assumed that
1<$psSN {B-1)

Since the peroxide groups decompose with the same probability, the
corresponding radicals are formed proportionately to the mol fractions of

the peroxide groups, each copolymex species form as:
Ni, = b = PYis + PW, {B-2)

where, ¥ is the mol fraction of the peroxide groups of the individual

species, and the subindexes b and a, denote the state of the system before

>~
~=

and after, the free radical decomposition and subsequent combination,
respectively, apd W, is the individual probability of formation of the
corresponding copolymer specie. :

From the text note that decomposition of any peroxide group during

the course of the polymerization gives always a radical R;,* along with a

radical R-0-0-(Q};*, or R-(Q);* (i=1,2,..).

)
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The number Z of all poscible combinations of 2p radicals is given
by :

Z =p(2p - 1) {B-~3)

In what follows:

Ny

number of radicals R-0-0-(Q},*
n, = number of radicals R-{Q};*

n, = number of radicals R;,* = p

It can be shown that the probabilities of formation for each

copolymer species are given by:

~

3 (B-4)

W, = (1/p(2P-1)) [Zhes® Nogieny] (from j=1 to (i-1)/2)
W, = (1/p(2p-1)} [Ng"P + Znoy* Nagieyy ) (from j=1 to i-1)
W, = 11/p(2p-1)) [ng* P + Zngy” Rau-n] (from j=1 to {i-1)/2)

Radicals R° are formed by decomposition of P, molecules, a.lﬁa.ys with

the formation of a R,,° radical.

. ng = 2P(Np/N.) (B-5)

Radicals R.°® are formed by decomposition of P, molecules, also with

the formation of a R,,° radical.

ng = piN/N;) (B-6)

Simplifying equations B-4 by introducing the definitions given in B-

S and B-6, we get:



3Nl

(B-7)

ke -~

W= (2N (SN Noogn)

‘{;l = (:ﬁm/N( + 1/N‘=][§:b'§t-jnb]

W, = (Np/2NF + 1/72N7) (g Nypegrnl
where the summations are within the same limits shown above.

Introducing equation B-2 (for each specie) and the definitions for
the mol fractions as 7v,=2N;/N, and v,=N;/N., equations B-7 become:
(B-8)
:I:Ii. = {’ﬂl\ib(1~2p/Nt) + 2p/NF} [ﬁb‘ﬁu-jlb]’
T = (Mo (l-p/N0) + /NG + BN/ (B Novopel

Nj, = (N, + p/2N7 + pN;,/N} [mjh-ﬁ:l-jlbl

The number of undecomposed peroxide groups present at any moment

during the polymerization is given by:
N, = 2Ny, = & (B-9)

where N, is the initial number of bifunctional initiator molecules, 2A is
:the total number of radicals formed, and A is the total number of all
previous combinations.

Since p is a small difference of successive A (i.E. dA) and assuming

that N,, = N;. equations B-8, become:



394

—
o e

0N, = (~2M/ (2Ng-A) + 2/ (2Ng=A)*- [EN,"N,.y ] A
-~ A - ~

dN, = ((Ni‘Nﬂ/(zNo'A) + 1/{2Ng-a)"- [ZNj'Nu.nI JdA
-~ - b

aN, = (N}/2{2N,-A) + 1/2(2Ng=A)%- {IN,"N,.51)dA

Finally, when the system of equations B-10, is integrated stepwise

with the marginal conditions:

H
A
&

. =0 (i#1)

lim Nj

n
(=2

{other 2 species)

Equations 4.128 to 4.130 (in the text) are obtained, respectively.





