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Abstract

In this work a kinetic model for the molecular weight calculation of polymers pro-
duced in emulsion is developed. The model is original in that it accounts for active chain
compartmentalization and at the same time for all branching mechanisms. Active chain
compartmentalization is accounted for by using the concept of ‘doubly distinguished parti-
cle’ distribution. This distribution represents the length distribution of the pairs of chains
belonging to the same particles. The branching mechanisms are described using the con-
cept of ‘pre-life’, which represents the length of an active chain given by the monomer
units which were added by propagation during previous growth periods. The pre-life con-
cept had already been previously used for chain transfer to polymer, but it is extended
to describe the very different step-growth mechanism related to crosslinking and terminal
double bond propagation. The dimensionality of the problem is therefore not enhanced.

The population balance equations which result from the description of the molecular
weight distribution are solved by means of the numerical fractionation (NF) technique.
An analysis of the performances of NI is carried out by comparing to the results of a
detailed model. It is shown that in some cases NF predicts the appearance of fictitious
shoulders in the high molecular weight tail of the molecular weight distribution. In these
cases, partitioning the polymer according to the number of branches gives very accurate
solutions with limited numerical effort. A fast procedure is proposed to determine the
number of branches to be used.

The nature or radical compartmentalization and its effects on the MWD are investi-
gated. Compartmentalization is found to result in pairwise correlation of the lengths of
the active chains belonging to the same particle for average number of radicals per particle
typical of emulsion polymerization. This correlation needs to be accounted for in molec-
ular weight modeling when combination is present. Approximate models neglecting this
peculiar feature of compartmentalization may lead to large errors in the prediction of the
polymer polydispersity, especially when branching and combination provide a mechanism
which can lead to the formation of large branched chains (and eventually to gel). It is
shown that the effect of compartmentalization is to delay this polydispersity increase and
gel formation. This is due to the segregation of branched radicals in the particles, which
prevents them from combining to form very large (gel) molecules.

The model is applied to describe literature molecular weight data from vinyl chloride
and vinyl acetate emulsion polymerizations. In both cases it provides a deeper under-

standing of the mechanisms underlying these polymerization reactions.



Finally, butyl acrylate emulsion polymerizations experiments are analysed. This mono-
mer system typically gives gel formation at very low conversions in bulk polymerization.
Instead, gel is found to be formed in emulsion only at high conversions, above 70-80%

conversion. This provides strong support for the validity of the model predictions.



Sommario

In questo lavoro viene sviluppato un modello per il calcolo del peso molecolare di
polimeri prodotti in emulsione. L’originalitd del modello risiede nel fatto che esso tiene
conto della compartimentalizzazione delle catene attive e di qualsiasi meccanismo di ra-
mificazione nel contempo. Della compartimentalizzazione delle catene attive si tiene
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conto facendo uso del concetto di distribuzione delle ‘particelle doppiamente distinte’.
Quest’ultima rappresenta la distribuzione delle lunghezze delle coppie di catene contenute
nella stessa particella. T meccanismi di ramificazione sono descritti usando il concetto di
‘vita pregressa’, che rappresenta la lunghezza di una catena attiva data da quelle unitd
monomeriche aggiunte per propagazione in periodi di crescita precedenti. Il concetto di
vita pregressa é stato usato in precedenza per la reazione di trasferimento a polimero,
ma viene qui esteso a descrivere il diverso meccanismo di crescita discontinua dato dalle
reazioni di ‘crosslinking’ e di propagazione a doppio legame terminale. La dimensione del
problema non viene cosi anmentata.

Le equazioni di bilancio di popolazione che derivano dalla descrizione della distribuzione
di peso molecolare sono state risolte utilizzando la tecnica di ‘frazionamento numerico’.
Un’analisi delle prestazioni di questa tecnica é stata condotta paragonando i risultati a
quelli di un modello dettagliato. Simostra che in alcuni casi il frazionamento numerico da
origine alla comparsa di spalle fittizie nella coda ad alti pesi molecolari della distribuzione
di peso molecolare. In questi casi, frazionare il polimero secondo il numero di rami permet-
te di ottenere soluzioni molto accurate con uno sforzo numerico ridotto. Un procedimento
rapido viene proposto per determinare il numero di rami appropriato.

La natura della compartimentalizzazione dei radicali attivi ¢ 1 suoi effetti sulla di-
stribuzione di peso molecolare sono stati investigati. Si é trovato che la compartimenta-
lizzazione ha come risultato la correlazione a coppie delle lunghezze delle catene attive
appartenenti ad una stessa particella per valori del numero medio di radicali per par-
ticella tipici di una polimerizzazione in emulsione. Di questa correlazione é necessario
tenere conto nella modellazione dei pesi molecolari qualora sia presente la terminazione
per combinazione. Modelli approssimati che ignorano questa caratteristica specifica della
compartimentalizzazione possono darve grandi errori nella predizione della polidispersits
del polimero, specialmente quando la ramificazione e la combinazione costituiscono un
meccanismo che pué portare alla formazione di grosse catene ramificate (e infine di gel).
Si mostra che la compartimentalizzazione ha Peffetto di ritardare questo incremento di

polidispersitd e la formazione del gel. Cié é dovuto alla segregazione dei radicali ramificati



nelle particelle, di modo tale che la loro combinazione a formare molecole molto grandi
(eventualmente di gel) viene impedita.

Il modello é stato utilizzato per interpretare dati di letteratura di polimerizzazioni in
emulsione di cloruro di vinile e di acetato di vinile. In entrambi i casi esso fornisce una
comprensione pid approfondita dei meccanismi che stanno alla bage di queste reazioni di
polimerizzazione.

Infine, si sono analizzate reazioni di polimerizzazione in emulsione di acrilato di hutile.
Questo monomero, polimerizzato in massa, da tipicamente formazione di gel a conversioni
molto basse. Al contrario, si é trovato che il gel si forma in emulsione solo ad alte conver-
sioni, sopra il 70-80%. Ci6 fornisce un valido supporto alla correttezza delle predizioni del

modello,



Chapter 1

Introduction

1.1  Emulsion Polymers and Modeling of their Molecular
Properties

Emulsion polymerization is a process of significant economical importance. Of the over
108 tonnes of polymers produced per year in the Western countries alone, about 15% are
produced via emulsion polymerization [1]. Polymers made by this process include both
commodity materials (e.g. synthetic rubber, latex paints and adhesives) and high added
value products (e.g. diagnostic kits for biomedical application).

Nonlinear polymers are mostly encountered among commercial emulsion polymers.
Typical examples are vinyl-divinyl systems such as butadiene homo or copolymers, poly-
chloroprene and branched polymers such as polyvinylacetate and certain polyalkylacrylate
and ethylene copolymers. In this case the emulsion technique, besides offering the usual
advantages of low viscosity and no solvent use, constitutes sometimes a direct method for
the buildup of crosslinked microspheres interesting for various applications [2].

The use of an emulsion polymerization for polymer synthesis strongly affects the prop-
erties of the final product. This is true not only due to the impurities, mainly emulsifier
and buffer agent, which may be included in the polymer and which may constitute a
drawback of the process, but also and especially because of the impact of the process on
the molecular structure. As a matter of fact. it is well known that the mechanical, ther-
mal and rheological properties of a polymer depend upon its microstrucure, where this
term includes molecular weight in all cases, composition and sequence distribution in the
case of a copolymer, number and arrangement of branches or crosslinkages in the case of
nonlinear chains. If the polymer is not consituted by chains identical in structure, as it
normally happens, what counts is in principle the distribution of these properties, though
often relation to average properties is sought for the sake of simplicity., In the case of

gel containing polymers (with the gel defined as a polymer network formed as a result of
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extensive branching or crosslinking, which is usually swollen by solvents but does dissolve
in non-destructive solvents) it has been reported that the amount of gel also influences a
large number of properties of the polymer [3].

Considering the significant effect of the microstructure of the chains and of the eventual
presence of gel on the properties of practical interest of the polymer, it is apparent that
models including the calculation of the characteristics of the polymer on the microscale
represent valuable tools for process development and optimization. In the frame of emul-
sion polymerization, a general model including branching mechanisms and gel formation
and correctly accounting for the peculiar aspects of the emulsion reaction system is still
missing.

The calculation of the molecular weight distribution (MWD) of linear polymers pro-
duced in emulsion has received considerable attention in the literature. After the works
by Gardon [4] and Katz et al. [5] and the more general model developed by Min and
Ray [6], a convenient and effective approach to the problem appeared in 1980 in a paper

»

by Lichti et al. [7], where the concepts of ‘singly’ and ‘doubly distinguished particles’
were introduced in order to calculate the length distribution of the polymer chains, prop-
erly accounting for radical compartmentalization. With the term ‘compartmentalization’,
the fact is indicated that in emulsion polymerization the radicals grow segregated in the
polymer particles (see Section 1.3). This implies that the radicals growing in one particle
cannot interact with those growing in another particle, which has a significant effect on
the kinetic behavior and the molecular weights obtained. A solution to the problem of the
MWD calculation which is substantially equivalent to that of Lichti et al., but based on
the mathematics of Markov chains, was presented by Storti et al. [8]. More recently Clay
and Gilbert [9] considered the case of rate coeflicients depending on chain length.

With reference to branched and crosslinked polymers in homogeneous systems (bulk
and solution polymerizations), a great number of models has been developed for the pre-
diction of their microstructural properties, such as crosslinking densities and MWDs, and
the possibility of gel formation. Following the works by Flory [10, 11, 12] and Stockmayer
[13, 14], several statistical models appeared in the literature. More recently, greater effort
has been devoted to the development of kinetic models. Such models can account for the
fact that polymerizations are usually kinetically controlled, so that chains experiencing
during the reaction different histories in terms of reaction conditions exhibit in general
different structures. A rather exhaustive treatment by Hamielec and coworkers, involving
the use of population balance equations (PBEs), permits both the calculation of molecular

weights [15, 16, 17] and the prediction of gelation [18] in the presence of various branching
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mechanisms.

The case of nonlinear polymers produced in emulsion ts more complicated because the
difficulties related to the description of the formation of nonlinear chains add on to the com-
plexities related to the description of the heterogeneous emulsion polymerization system.
No satisfactory kinetic model has been developed so far. In some cases [19, 20, 21] active
chain compartmentalization is completely ignored. Arzamendi et al. [22, 23] developed a
model which accounts for different rates of reaction in particles containing a different nuin-
ber of radicals, but fails in describing correctly the length of the chains produced through

bimolecular termination by combination [24]. Accordingly, the effect of compartmental-

ization is only partially accounted for. A model for branched chains correctly describing
radical compartmentalization through the distinguished particle approach developed by
Lichti et al. [7], has been proposed by Ghielmi et al. [24]. This model, however, considers
a single long-chain branching mechanism, namely chain transfer to polymer, and allows
transport from the polymer particles to the water phase (‘desorption’ or ‘exit’) of active
polymer chains of any length with the same rate, which is physically unreasonable.

An alternative approach proposed by Tobita et al. [25] for the MWD evaluation of
polymers produced in emulsion is based on the Monte Carlo method. As it is typical for
all models based on this method, this approach allows to manage very complex processes
(such as the emulsion polymerization of nonlinear chains, accounting also for chain length
dependent coeflicients and non steady-state conditions) at the expenses of a rather signif-
icant computational effort. Moreover, such techniques make it often difficult to achieve
an understanding of the physical meaning of the obtained results even in simple limiting

cases where kinetic models admit analytical solutions.

1.2 This Work - Motivation and Outline

This work originates from the lack in the literature of a comprehensive kinetic model

for the molecular weight calculation of polymers produced in emulsion, accounting at

the same time for active chain compartmentalization and for the formation of nonlinear

chains through the various possible branching mechanisms. As a matter of fact, a proper
-

kinetic model existed only for linear chains [7]. Moreover, it is thought that the mechanism

through which compartmentalization acts on the final MWD of the polymer requires better
understanding, especially in the case of branched polymers.

The work is organized as follows. After recalling basic fundamentals on emulsion poly-

merization in the present introductory Chapter, a kinetic model is presented (Chap. 2),



which accounts for radical compartmentalization in the calculation of the molecular weight
and branching distribution of a nonlinear polymer produced in emulsion. The approach
adopted for the model development is analogous to that used by Ghielmi et al. [24]. How-
ever, the present model has a wider generality. All the known intermolecular mechanisms
responsible for nonlinear chain formation ave considered. In particular, inclusion of the
crosslinking and propagation to terminal double bond (T'DB) reactions is accomplished
through a specific procedure, developed in this work, which takes advantage of the same
description parameters already introduced for chain transfer to polymer [24]. Therefore,
the complexity of the modeling is not enhanced.

Furthermore, a more acceptable description of radical desorption is adopted, which
agrees with the common treatment of this mechanism in the literature [26, 27, 28, 29].
The model can therefore be safely applied to polymerization systems with significant rates
of radical exit.

Some results of the model are shown in order to demonstrate its capabilities and
features and to illustrate the effects of radical compartmentalization by eomparison to a
non-compartmentalized system (represented by a ‘pseudo-bulk’ model).

Besides developing more general and complete model equations, the approximate nu-
merical techniques used for their solution are discussed and their rveliability assessed
(Chap. 3). This assessment is carried out referring to a bulk system, where accurate
reference solutions are easier to obtain. However, the conclusions reached can be confi-
dently extended to the emulsion system, due to the similar peculiar aspects exhibited by
the approximate solution methods in homogeneous [30] and segregated [24] systems.

In Chap. 4 the developed model is used to better understand, also by comparing with
a simplified model, the nature of radical compartmentalization. This is shown to con-
sist in the presence in the polymerization locus of two radical populations with different
characteristics, so that the active chains are pairwise correlated in length. This kind of
knowledge on the features of compartmentalization is important because it permits to
identify proper conditions for desired molecular weights. Moreover, it allows the develop-
ment of simpler models which, besides accounting properly for the compartmentalization
effects, allow more easily the inclusion of other effects, such as chain-length dependent
rate coefficients, non-steady-state conditions, etc. The bases for the development of such
a model are given.

In the final Chaps 5 and 6, the model is applied to the description of some emulsion
polymerization systems of practical interest, namely vinyl acetate (VAc), vinyl chloride

(VC) and butyl acrylate (BA). A comparison is made with experimental conversion, aver-
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age molecular weight, MWD and gel fraction data. Molecular weight data for poly(vinyl
chloride) (PVC) and poly(vinyl acetate) (PVAc) were taken from the literature, while
gel fractions of poly(butyl acrylate) (PBA) were determined with the aim of providing

meaningful data for the validation of the model presented in this work.

1.3 Emulsion Polymerization

In an emulsion polymerization process, water and emulsifier are added to the monomer
species that must be polymerized. The surfactant molecules dispose themselves at the
interface between the organic and the water phase and stabilize the monomer droplets
which are formed by stirring. Thus, a heterogeneous system is formed where the continuous
phase is the aqueous phase. To induce the beginning of the polymerization a water-soluble
initiator is usually added (though addition of a lipophilic initiator is also possible [31}).
Accordingly, polymerization is induced by radicals forming in the water phase and diffusing
to the organic phase, where the polymerization occurs.

The course of a batch emulsion polymerization is usually represented through a three-

interval scheme first proposed by Harkins [32]:

Interval 1

At the beginning of the reaction, before the initiator is charged to the reactor, the system is
constituted by monomer droplets suspended in the continuous water phase and stabilized
by the surfactant. However, if enough surfactant has been added, and this is the usual
case, other entities are also present in the system. These are very small aggregates,
named micelles, constituted by surfactant molecules which dispose themselves with the
hydrophilic part towards the water and the hydrophobic tail inwards. As the micelles
are very small and numerous, thus presenting a very high surface per unit volume of
emulsion, when a water-soluble initiator is introduced, the radical species formed in the
water phase enter preferentially the micelles rather than the monomer droplets. Since some
molecules of monomer swell the organic inside part of the micelle, as soon as a radical
enters, polymerization starts inside the micelle. Accordingly, many of the micelles are
transformed into very small polymer particles. These are swollen by the monomer diffusing
from the monomer droplets through the aqueous phase (the monomer actually has a very
small but finite solubility in water). The radicals keep on entering and polymerizing in
the so-formed polymer particles and in the micelles rather than in the monomer droplets.

As a consequence, more and more micelles are transformed into polymer particles and the
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monomer
droplet
M latex
M o
particle

Figure 1.1: Diffusion of monomer from droplets to polymer particles through the aqueous
phase.

polymer particles (‘latex particles’) keep growing while polymerization of the monomer
diffusing from the droplets goes on (see Fig. 1.1, taken from ref. [1]).

After some time the micelles disappear completely, both because some are transformed
into polymer particles and because an increasing amount of the emulsifier molecules which
they are constituted of goes to stabilize the growing polymer particles. At this point
interval I (also named ‘nucleation stage’) is over: the formation of new polymer particles
stops and the polymerization carries on inside a constant number of polymer particles.

Besides micellar nucleation, which has been described here above, new particles may
be formed through other mechanisms. For instance, if water dissolved monomer units
are added by an initiating radical in the water phase to an extent where the formed
oligomer becomes insoluble, this will collapse to give a polymer nucleus, which will be
then stabilized by emulsifier molecules and swollen by the monomer. Therefore, a new
particle is formed. The same kind of process may involve more oligomer chains. This kind
of nucleation process, which we call ‘homogeneous’ since it occurs in the bulk of the water
phase without the need for a micellar phase, can go on throughout the whole course of
the polymerization until monomer is present in the water phase. Therefore, the statement
that a constant number of particles is reached at the end of interval 1 is true only when
this kind of nucleation is negligible. Usually, homogeneous nucleation is important for
low emulsifier concentration polymerizations or for high solubilities of the monomer in the

aqueous phase.
Interval I1

In this second interval polymerization proceeds inside a constant number of polymer par-
ticles (in the absence of significant homogeneous nucleation) which are swollen by the
monomer diffusing from the droplets through the water phase. As long as the monomer

droplets exist, the system is in saturation conditions, and this implies a constant concen-



Interval  Micelles  Monomer concentration — Particle number Particle size
1 present constant increasing increasing
II absent constant constant increasing
IIT absent decreasing constant slightly decreasing

Table 1.1: Classification describing the time evolution of an emulsion polymerization

tration of monomer inside all phases, included the polymer particles (actually, this is the
case also in interval I). Deviations from a constant value of the monomer concentration in
the particle phase are due to particle size [4] and crosslinking density [33] effects. As the
polymerization proceeds, the monomer droplets decrease in size and eventually disappear.

At this point also interval II 1s over.

Interval ITI

This is the final stage. Virtually all the monomer is confined to the polymer particles, and
its concentration decreases. The polymerization ends when the monomer is completely
depleted. Unlike intervals T and II, where polymer particles grow in size because of the
continuous migration of monomer from the droplets, in interval I1I they slightly decrease in
size. This is due to the fact that the polymer density is higher than that of the monomer.
Ordinary diameters of the polymer particles at the end of the process range from several
tens to several hundreds of nanometers.

Table 1.1 summarizes the main characteristics of the three intervals of the emulsion
polymerization process described above, and a representation of the three situations is
given in Fig. 1.2 (taken from ref. [1]).

From the description above it appears that in an emulsion polymerization the reaction
takes place in the polymer particles rather than in the much larger monomer droplets.
This has a marked effect on the characteristics of the process and of the polymer chains
produced compared to other polymerization processes, such as solution or suspension.
Actually, it often happens that the polymer particles are so small that for most of the
time no more than one radical grows in each particle. This prevents the active chaing
from coming together and terminating bimolecularly. The system can be conceived as
constituted by many very tiny reactors in which the chains grow without stopping, at

least until a new radical enters from the water phase (or a transfer event occurs). The
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Figure 1.2: The three intervals of an emulsion polymerization.



chains are said to be ‘compartmentalized’ or segregated. This reduction of the termination
rate has two main consequences: a high rate of the polymerization reaction and very high

molecular weights of the produced macromolecules.
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Chapter 2

Model Development and Results

2.1 Introduction

The microstructural characteristics of main interest when dealing with a homopolymer are
its molecular weight distribution and its branching or crosslinking distribution in the case
of nonlinear polymers. The distribution of specific end-groups may also be of interest,
especially for the extraction of mechanistic information, when analytical techniques sen-
sitive to the presence of these groups are available for the characterization of the polymer
(cf. e.g. [34]). Finally, the gel point of a polymerization system (i.e., the conversion at
which a gel phase is formed) is a significant feature that needs to be known, both if a gel
is desired or not.

The model presented 1n this chapter focuses on the calculation of the molecular weight
and of the gel fraction. If the branching or crosslinking distribution is required, more
detailed equations have to be written and solved, which must include a branching or
crosslinking parameter. The principles of the development and solution of the equations
stay however exactly the same, as will be shown in the following Chap. 3. In this chapter
the calculation of only an average crosslinking density is performed, which is necessary for
the prediction of the gel point and gel fraction according to the classical theory of Flory
[35].

The same considerations hold for end-group calculation. If the distribution of an
end-group with a specific functionality is required, it is enongh to introduce a parameter
representing the number of end-groups of this kind in the molecule. The number of
equations will correspondingly increase by a factor equal to the maximum number of
these end-groups in a chain (an iterative procedure may be required to determine this
number) but the structure of the equations will not change.

In the present chapter the main concern is to show the principles of the development of

molecular weight equations correctly accounting for active chain compartmentalization in
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the presence of any possible intermolecular branching mechanism (which is the main aim
of the whole work) rather than equations including all the possible features characterizing
a chain. The extension of the equations to calculate branching or crosslinking and chain-
end group distributions is considered conceptually trivial, though maybe intensive from a

computational point of view.

2.2 Kinetic Scheme and Basic Assumptions

The model developed in this work is aimed to describe an emulsion polymerization reaction
where one or more of the following mechanisms yielding nonlinear chains is present: chain
transfer to polymer, crosslinking and propagation to TDB. Accordingly, the following

kinetic scheme has been considered:

e radical entry in the particles frequency
R® ke .
ty — RQ p

e propagation
e Vi kp Re | o
Ry + M — R pCm = @

iy

e chain transfer to monomer
Re+ M Y% pTDB) + Ry ki
Ity A M —— 71(-Z1~ ) + 11y fmm,
e monomolecular termination {desorption and burial)
k { . .,
Ry — P, k,

e bimolecular termination by combination

- Kie . L
[} ie, .
Rn, + Ry, — Poim ﬁ,‘ = G
e bimolecular termination by disproportionation
R+ R 2 P (TDB)+ P b,
Ly 1 Ly W(TDB) + Py SN = Cd



e chain transfer to polymer

ke )
R+ Pn — P+ R ki ppmB,
e crosslinking
L 5 k; I{‘ }i)* P
Ry + Py — By i Ym I Em,

e propagation to terminal double bond

“(TDB) . i
. - G . (T'DB)_(TDB) ¢
Rn + D m(] DB ) - Rw{-m ]‘:D< }'77(“ )']7)77&

Here Py, (1T'DB) represents a dead polymer chain of length m with a terminal double bond,
generated either by a chain transfer to monomer or by a termination by disproportionation
event. Distinction between TDBs originated by these two different mechanisms can be
made if necessary. Next to each reaction, the corresponding frequency is given (all symbols
are defined in the Notation).

Note that the crosslinking reaction can occur only when the fed monomer is at least
bifunctional (e.g. a diene), thus producing polymer chains having double bonds all along,
which can be attacked by a growing radical. This mechanism yields a radical which,
through the usual propagation process, results in a single chain consisting of two long
chains connected by a tetrafunctional unit (crosslinkage). The rate of crosslinking is
proportional to the concentration of double bonds in the polymer chains, rather than to
the concentration of the chains. The concentration of double bonds is in turn proportional
to the concentration of polymerized monomer units through parameter v,,, representing
the ratio of the number of double bonds on chains of length m to the number of units
polymerized in chains of the same length. When crosslinking is not active (£, = 0), none of
these double bonds are consumed and parameter ~,, assumes the integer value f, —1, with
fu the functionality of the reacting monomer, i.e., the number of unsaturations it contains.
If crosslinking is active, v, decreases during the reaction from its initial value f,, — 1, due
to the consumption of double bonds along the polymer chains. However, this decrease is
generally rather small even for systems in which gel formation occurs. Accordingly, the use
of a single chain length independent parameter ., = ~ (which varies during the reaction)
can be considered a good approximation. The calculation of parameter v is dealt with in
the section regarding the model equations.

The rate of the propagation to TDB reaction can be treated similarly. This is in fact

proportional to the concentration of the TDBs, which can be expressed as the concentra-
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tion of the dead polymer chains P, multiplied by the average number 77(~,LT'D‘B) of TDBs per

terminated chain. Compared to v, 7,(,? DE) might be more strongly dependent on chain
length even at low polymerization degrees. However, in this work this dependence has

aal DY ; .
(TDB) has been introduced. the value

been ignored and accordingly a single parameter
of which again may change during the polymerization process.

A remark should be made about the chain transfer to monomer reaction. According
to the kinetic scheme adopted, the TDB is left on the dead chain, and the new formed
radical does not have an unsaturation at its end. This happens when transfer of an atom
from the (3 carbon of the reacting radical to the unsaturated monomer occurs. However,
an atom (often hydrogen) abstraction from the monomer molecule may also take place,
and the TDB is left on the new formed radical. Examples are given by the polymerization
of vinyl chloride in the first case and of vinyl acetate and allyl monomers in the second
one [36].

In the case where the TDB is subject to further polymerization, the two chain trans-
fer to monomer mechanisms may lead to rather different polymer microstructures. For
example, in the case where neither chain transfer to polymer nor crosslinking are present,
the mechanism involving the transfer of a S-atom cannot possibly lead to chains having
more than one TDB each, while chains with two TDBs (bifunctional macromolecules)
can be produced when the second mechanism is active. The consequencies on the MWD
of the produced polymer can be rather significant. The existence of such bifunctional
macromolecules in the reaction system can in fact lead to gel formation even in systems
where both crosslinking and chain transfer to polymer are absent [18]. In the present
model an average number v(TPB) of TDBs is assumed for each chain and no distinction
is made between chains with one, two, or more TDBs. Accordingly, cases where the
chemical mechanisms can produce chaing with more than one TDB should be considered
with special attention. This can happen, for mstance, in the already mentioned case of
chain transfer to monomer through atom abstraction or in the case of chain transfer to
monomer through a f-atom transfer coupled to chain transfer to polymer. In the case of a
crosslinked polymer, propagation to TDB should not have a great influence, unless TDBs
are much more reactive than the internal double bonds giving the crosslinkages.

From the kinetic scheme above it appears that multivadical activity on single polymer
chains and intramolecular reactions (particularly cyclization) are ignored. The degree of
polymerization of radicals entering from the water phase is considered negligible compared

to that successively reached in the particles. Moreover, the rate constants for the various



reactions are assumed chain length independent and equal for the sol and the gel phase.
Finally, the bimolecular termination rate constants ¢, and ¢g and the desorption frequency
kg are considered, at a given reaction time ¢, the same in all particles, i.e., particle volume

monodispersion is assumed.

2.3 Model Equations
2.3.1 Singly Distinguished Particles

In order to compute the molecular weight of the dead polymer, the chain length distri-
bution (CLD) of the active polymer must first be calculated. This is done by making
use of the concept of distributions of the ‘singly distinguished particles’. In the general
case of branched chains, this distribution is given by the fraction of particles B.(t,¢',n)
containing ¢ active chains, one of which, branched, was born at time ¢ and is still growing
at time ¢ + ¢. This chain is the ‘distingnishing chain’. The parameter n/, called ‘pre-life’,
accounts for the length of the chain which is not due to the monomer units added by prop-
agation in the last period of activity (following time ¢). Chain pre-life may be given by the
length of the dead chain which yielded the distinguishing active chain after undergoing
chain transfer to polymer or by the length of a dead chain incorporated in the growing
chain through a crosslinking or a propagation to TDB reaction. In any case, it is related
to monomer units bound to a polymer chain in a period which is previous to the current
growth period.

Chain transfer to polymer and crosslinking (or propagation to TDB) are treated dif-
ferently, since the first causes a growing radical chain to terminate and a new one to start,
while the second is a step-growth process involving the addition, in a single propagation
event, of a certain number of monomer units (given by those contained in the dead chain
which is being incorporated) to the growing radical, without stopping its activity. Hence,
when a dead chain of length n' undergoes chain transfer to polymer, a new radical hav-
ing pre-life n/ and current lifetime ¢ = 0 is born. Instead, when an active chain having
pre-life n’ and current lifetime #' gives a crosslinking (or propagation to TDI) reaction on
a dead chain of length m/, its pre-life becomes n' + ' and its current lifetime ¢/ remaing
unchanged.

It is clear that a distinguishing chain with pre-life n' greater than zero is necessar-
ily branched, since it has experienced a chain transfer to polymer, a crosslinking or a
propagation to TDB reaction. On the other hand, linear distinguishing chains have zero

pre-life. These last are represented by the distribution N/(¢, ), which coincides with the
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distribution first introduced by Lichti et al. [7] for the calculation of the CLD of linear
polymers produced in emulsion.

From the distributions Bi(¢, ', n') and N/(¢,t') the CLD of the active polymer is readily
calculated, since the length of the distinguishing chain is given by n = n’' + «at’, where
a = kyCp, is the frequency of the propagation reaction. This holds true (under the
assumption of long chain) since &, and Cp, can be considered constant on a time interval
typical of chain life.

The PBEs for the distributions of the singly distinguished particles are the following:

e linear chains

ON!(t, ¢! ) " : N .
»—ﬁ})(_—ﬁ’——)* = pNj_y = [p+ikg +i(i — 1)c+ kppCp + ]‘pr(f(’l') - /4;1"770([)]]\7{

+ikqNjy + (0 + 1)ieN] g i=2,... N ~2 (2.1)

e branched chains

Bt ¢, n o L N
m—é%ﬁ-ﬁl = pBi_y — [p+ikqg+i(i = e+ kG + k;fpa(l) + /zpfycrm],/a’;

,

n
dikaBiy + (i + 1)ieBi ., + / ko Bi(t, 1 n' —m)m!D(t, m)dm
JO

+ky N (2, ' D(t,n') i=2,...,N~2 (2.2)

where D(t,n) is the CLD of the dead polymer at time ¢. As it is usual for balances of this
kind [24], minor modifications arise for ¢ = 1, 7 = N — 1 and i = N, where N represents
the maximum number of radicals in the same particle,

Egs (2.1) and (2.2) are written considering all possible events producing or consuming
a distinguishing linear or branched active chain, respectively, in a particle in state s (i.e., a
particle containing 7 active chains). Some of these events involve directly the distinguishing
chain under examination, giving birth to consumption terms. Others do not affect the
distinguishing chain but only the state of the particle where this is located and may yield
both production and consumption terms. Only the terms relative to the crosslinking and
propagation to TDB reactions are discussed here, while all the others have been described
in detail in [24]. The terms -—A:;WUWN?{ and -wk;fya(”Bé ineqs (2.1) and (2.2), vespectively,
account for the consumption of the distinguishing chain due to its reaction with a double
bond on a dead chain. The quantity o*) represents the {"-order moment of the dead
polymer, expressed as a molar concentration referred to the particle volume. When [ =

these terms represent the crosslinking reaction, since the rate of reaction is first order



with respect to the concentration of the monomer units bound to the dead polymer, while
when [ = 0 they represent TDB propagation, the rate of which is first order with respect
to the concentration of the dead chains (with & = k:;('rl'DB) and 7y = vTPB))  When both
mechanisms are present, two terms of this type should appear in every equation. However,
here above and in the following, these two terms, which can be always treated identically,
are condensed in a single one to make the equations more legible.

Note that no production terms appear in eq. (2.1) due to crosslinking, since this mech-
anism produces only branched radicals. Instead, in the balance for the branched chains
two positive terms appear on the right-hand side, accounting for the crosslinking (or prop-

agation to TDB) reaction of active chains of current lifetime ¢/

with dead chains of length
such that the resulting chains have pre-life equal to n’. The reacting radicals may be linear
or branched. Here again, [ = 1 for the crosslinking reaction and | = 0 for propagation to
TDB.

Finally, note that in the above equations it is implicitly assumed that N > 3. There-
fore, when N < 3 they must be properly modified.

The initial conditions of the integro-differential equations (2.1) and (2.2) involve all
those mechanisms giving birth to a new active chain, hence not crosslinking and propaga-
tion to TDB, which are considered as events incorporating a dead chain in a pre-existing
radical. In particular, radical entry from the water phase and chain transfer to monomer
produce linear active chains of negligible length (conventionally assumed zero). Instead,
chain transfer to a dead polymer chain of length n' produces a branched active chain with

pre-life n'. Accordingly, the initial conditions for N! and B! are:

N;(f,, ¥ = D) = pN;.q (f) -+ A:A,'mO-,},»,,vﬁNi (f) (23)
Bl(t,#' =0,n) = kppiNy(£)yn' D(t,n') (2.4)

where D(t,n') is the chain length distribution of the dead polymer (so that D(t,n')dn’
represents the particle concentration of dead chains with length between n’ and n' -+ dn’ )
and N; is the fraction of polymer particles containing 4 radicals, given by the Smith-Ewart
equations [37].

Eqs (2.1) and (2.2) for the singly distinguished particles with linear and branched

distinguishing chain, respectively, can be rewritten in matrix form as follows:
ON'(#,#) ot -
T A(t)N'(¢,1) (2.5)
OB’ (¢, ', n' :
BT N) AB' (4.t 1) (2.6)

ot

!
+ / koyB' (1 0 — m)ym! D(t, m)dm + hpy N (8, 8 )n! 'D(t,n")
JO
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where N'(¢,¢') and B'(t,¢',n') are column vectors containing the N/(,¢') and Bj(t,¢',n')
distributions respectively, and é(t) is the band matrix arising from the coeflicients of

eq. (2.1) wheni=1,N.
2.3.2 Doubly Distinguished Particles

In order to account for polymer chains terminated by bimolecular combination, it is nec-
essary to consider the distribution of pairs of chains belonging to the same particle, since
two chains belonging to two different particles cannot obviously couple. The physical
reasons for this requirement when modeling molecular weights are discussed in detail in
Chap. 4. The distributions of the doubly distinguished particles are therefore introduced.
In particular, in the case where both chains under examination are branched, the distribu-
tion BY'(t,t',t",n',n”) is defined (i > 2), representing the fraction of particles containing
1 active chains, one of which was born at time ¢ and was still growing at time ¢+ ¢/, when
a second chain was born. Both chains, called distinguishing chains, are still growing and
are branched at time ¢ + ¢ -+ ¢”. Parameters n’ and n' represent the pre-lives of the first
and second-born chain respectively and have the same meaning as for the singly distin-
guished particles. Similar distributions are defined in the cases where at least one of the
chains of the pair is not branched: O(¢, ¢, ¢ . n') when only the first-born (‘older’) chain
is branched, Y;" (¢, ¢, ", n") when only the second-born (‘younger’) chain is branched and
N/'(t,t',¢") when both chains are linear. In the following, only the PBE for N/ (¢, ")
is written in detail, since, once the matrix of the coefficients of the relative system is de-
fined, the balances for the other distributions can be written in a synthetic matrix form
by simply adding some terms related to crosslinking. The equation describing distribution

NJ'(t,t',t") is given by:

Lo pN = p ik 4 i(i — Ve + 2k Cy + 2)’;‘;;,)«7“) + Qk:;wrm][\f;”

(%~ kg Nil| +i(i — Ve, i=3,...,N~=2 (2.7)

As usual, minor modifications are required for i =2, i =N — 1 and i = N.

As for the singly distinguished particles with linear distinguished chain, besides the
terms accounting for entry, desorption, chain transfer and bimolecular termination, only
a consumption term appears due to crosslinking, since a linear chain can just disappear
as a result of its reaction with a double bond.

. (2.7) can be written in matrix form as follows:
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e both chains linear

" t 1 it
LD _paNer, e 23)

where N"(£,#',") is a column vector containing the N/ (¢, #',¢") distributions and D(¢) the
(N = 1) x (N - 1) band matrix arising from the coefficients of eq. (2.7) when i = 2, N.
Since an active chain having pre-life n' — m yields, when reacting by crosslinking or

propagation to TDB with a dead chain of length m, a branched chain of length n/, the

PBEs for O} (¢, ¢,t",n), Y/'(1,¢,1",n"") and BY(t,l',t",n/,n") are given by:

e older chain branched

8Q//(t, tl’ t”, n/)
8&//

=D(1)O"(t,'.1",n)

+/ kyyO" (8, ¢, —m)m!D(t, m)dm (2.9)
0

Fhay N (¢ 8, ) ’Q)( 0

where O"(t,t/,¢",n) is the column vector of the O/ (¢, ',#",n) distributions. The last
two terms on the right-hand side account for the crosslinking reaction of the older chain
(which might be branched or linear) of a pre-existing distinguishing pair, in order to give

a branched older chain of pre-life n’ (the younger chain being linear):

e younger chain branched

oxY"(t, ¢ " n"

+/ Y (8,4 0" — m)m! D (¢, m)dm (2.10)

WN”(Y‘ f’ //) 1/1]7( )

where Y"(¢,1/,¢",n") is the column vector of the Y (¢, ¢, ¢"

') distributions. The last
two terms on the right-hand side account for the the crosslinking reaction of the younger
chain (which might be branched or linear) of a pre-existing distinguishing pair, in order

to give a branched younger chain of pre-life n” (the older chain being linear);

e both chains branched

OoB"(t,t'i" . n',n"
= ( 3 ;)7‘// 3 ) (i)B//([ /‘ {/I . I 7 /f)



n’
+/ koyB" (¢, " 0" —m,n Nl D(t, m)dm
Jo
"

T
+ / kxyB (4,87, 0/ 0" — m)m! D(t,m)dm (2.11)
Jo

FEIY (88 0" Dt )

+hy Q" (8t 0\ Dt n)

where B" (¢, ¢, " ', n'") is the column vector of the B (¢, ¢/, ".n,n) distributions. The
last four terms on the right hand side account for the crosslinking reaction of a chain (linecar
or branched) of a pre-existing distinguishing pair, in order to give a branched chain of the
pre-life under examination (being the other chain already branched and of the desired
pre-life).

Considering the possible mechanisms giving birth to a new younger chain of a pair of
active chains, the following initial conditions can be written for systems (2.8) to (2.11)

(i =2, N):

NIt A" = 0) = pN{_y (6,87) -+ kpm Chn (0 — 1IN (2, 1) (2.12)
Of (6, ¢/, = 0,n") = pBi_, (t.1',n) + kpm Con (i — V) B(t, ¢, n") (2.13)
V(8" = 0,n") = kpp(i = DN/ (¢, )" D(t, n") (2.14)
Bl (.4, =0,n',n") = k(i — OB, 0 )" D(t,n'") (2.15)

2.3.3 Polymer Formed by Monomolecular Termination

The dead polymer can be ideally subdivided into a portion terminated by any mechanism
which does not alter the length of the active chain experiencing it, and another portion
terminated by combination. The former termination mechanisms include, in addition to
the strictly monomolecular ones (i.e., those the rate of which is first order with respect to
the state of the particle), all the other mechanisms which are not monomolecular but which
also do not affect the length of the active chain upon its death, namely disproportionation
and instantaneous termination by entry in a particle in state V. For the sake of brevity,
all these mechanisms will be referred to as monomolecular terminations in the following.
The polymer terminated by such monomolecular mechanisms can be further subdi-
vided into two parts, the first linear and the other branched, represented respectively by
distributions S™M (1 (te, ') and G- Mt,.#'.n"). These are the cumulative distributions at time
t. of the polymer chains terminated monomolecularly at any reaction time and which had
current lifetime ¢’ (and pre-life n’ for branched chains) the moment they died. Accordingly,

their length is n = n' + at’.
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The PBE describing the time evolution of distributions S (¢,,#') and G (t., ', n') in

a batch reactor is given by:

L N
dlvpS™M (t,, 1/ 4 , | AN
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wy 1
—[kpp(n' + at) + k3 y(n' + ot GM (¢, ¢/, n')n}—ﬁ:

where vp is the volume of a polymer particle and 7 is the average number of free radicals
per particle.

Note that the two equations are identical, except that in the equation for SM(t,, )
no pre-life n’ appears, and N/(t, — t',¢) is used instead of Bi(t, — ¢/, #,n’). The positive
terms on the right-hand side of eqs (2.16)-(2.17) account for the dead polymer chains
produced by monomolecular termination (i.e., desorption, chain transfer, entry in type N
particles and disproportionation) of distinguishing chains belonging to singly distinguished
particles.

Crosslinking appears only as a consumption mechanism, since no dead chaing are
formed through this reaction. It is worth noting that the corresponding negative term,
which includes also chain transfer to polymer, requires the knowledge of the cumulative

distribution of the dead polymer, a peculiarity of nonlinear polymers.
2.3.4 Polymer Formed by Combination

By considering the rate of coupling of the pairs of chains given by the distributions of
the doubly distinguished particles, the PBEs for the distributions of the polymer termi-
nated by combination can be derived. Four distributions are considered, S¢(t,, ¢, 1"),
VE(to,t! 0y, Wb, ¥ 47 0") and G (¢, ' 7 0 0 ), vepresenting the dead polymer

chains coming from pairs belonging to the N/ (t, — ¢/ — "t/ ¢), OF(to ~ ' — " ' " . n"),

Y (te —t" — 1", ¢/, ", n") or B (t. —t' — "¢/, ", n',n") distribution, respectively.



The relevant PBEs are:
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The positive production term on the right-hand side of eqs (2.18)-(2.21) accounts for
the combination reaction between the two chains of the distinguishing pairs. The negative
consumption term refers to the reactivation of the dead chains through chain transfer to
polymer and crosslinking (or TDB propagation). In the case of chain transfer to polymer
and crosslinking, since the rate of reaction is proportional to the number of monomer
units in the dead polymer chains, each distribution is multiplied by the corresponding

chain length. For propagation to TDID this depeundence vanshes since | = 0.

2.3.5 Evaluation of the Double Bonds in the Polymer Chains

Some detail must be given about the calculation of quantities v and ~("P5)

which appear
in most equations derived in this section. Their evaluation can be performed from their
definition:

Dy Jwos) _ 1o (2.22)

where Dy and Ty are the total moles in the reaction locus of double bonds along the
polymer chaing and of TDBs, respectively, while § and np are the total moles of polymer-

ized monomer units and of polymer chains, respectively.
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Quantities Dp and Tpp can be evaluated from simple overall balances taking into
account the reactions forming and consuming double bonds along and at the end of the

chains, respectively:

dl)B . ; (1Y) - NPY :

Jt - = {kpcm(fu - l) - }'7)'7 . 1 " JV,,/:!\ZU (322)
ITp o | NpV,
i-m—- = l¢g Z — 1)N; + ki gy Gy —~ k3 (TPP) (TDE) “”* —ETw e (9.94)

All symbols are defined in the Notation.
Quantities § and np can be evaluated similarly from overall balances, accounting for
the rate of polymerization for  and of all the termination reactions and of the reactions

reactivating dead chains for nyp.
2.3.6 Numerical Solution of the Model

All the equations derived above for the live and dead polymer distributions can be solved
by means of the method of moments. However, it is well known that this method fails in
correspondence of the gel point (i.e., the time or conversion at which a gel phase appears).
Moreover, for a very wide polymer chain distribution, as might be that under examination,
few moments are not enough for an accurate CLD reconstruction even before the gel point.
Both these difficulties can be overcome by fractionating the heterogeneous polymer chain
population into subsets or ‘generations’; each constituted by chains more uniform in length
and degree of branching [30]. The moments of the distributions representing these narrower
subpopulations do not diverge at the gel point and permit the reconstruction of the overall
CLD of the sol phase before and after the gel point.

The rules adopted for the fractionation and the equations for the calculation of the
distribution of each generation, yielding the results presented in the Model Results Sec-

tion 2.6, are discussed in Appendix A.

2.4 Correct Inclusion of the Desorption Mechanism

¢

In the previous Sections 2.2 and 2.3, exit (or desorption) of radicals from the particles to the
water phase was accounted for in agreement with the develepment set forth in refs [7] and
[24]. Therefore, desorption was considered to affect chains of any length with the same rate
and to cause cessation of their activity, i.e., it was considered as a first order chain-length
independent stoppage reaction (thus appearing also in the dead polymer balances). In fact,
desorption is neither chain-length independent nor a termination mechanisms. It involves

preferably short chains, which have a greater compatibility with the water phase and



diffuse more easily out of the particles, and does not have as a direct effect the termination
of the active chain, which can in principle re-enter a particle and go on propagating. Casey
et al. [29] have shown theoretically that desorption of radicals longer than one monomer
unit is negligible, while there is experimental evidence suggesting that also longer oligomers
can contibute to the overall rate of desorption [38]. Here, it is of interest to us to remove
the obviously wrong assumption of chains of any length terminating by desorption and
to introduce into the molecular weight equations the exit of oligomeric radicals only. To
this aim, the approach developed by Asua et al. [28] has been followed. This is quite
a general statistical approach considering the probability associated to the occurrence of
various reactions, including desorption and re-entry of oligomer radicals, in the particle and
water phases. In ref. [28], the desorbing species is assumed to be the monomeric radical
generated by chain transfer to monomer. Inclusion of the exit (and re-entry) of longer
oligomers could be accomplished by considering the corresponding probabilities for these
species, but is not considered here. Moreover, equations for linear chains are developed,
since the presence of branching mechanisms does not affect the general mechanism of
desorption and can be immediately included.

With the aim of obtaining a final form of the molecular weight equations in which the
elemental reactions determining the desorption rate are lumped in a single parameter, the
rate coefficent kg is introduced. This is the ordinary desorption parameter which appears
in the Smith-Ewart equations, k42 representing the frequency of desorption of radicals
from particles with ¢ radicals, and kgnNp (where Np is the total particle concentration)
the overall rate of desorption. Coefficent k; must then be related to the elemental rates
of the reactions involving the desorbing species, i.e., the monomeric radicals generated by
chain transfer. Therefore, we consider the possible fates of such a radical: when it is in
a particle, the radical may desorb with a probability F; (dependent upon particle state )
and, when it is in the water phase, the radical may react (i.e., not re-enter a particle as
a monomeric radical) with a probability 5. Probabilities P; and 8 are obviously related
to the rates of all the possible events the radical may undergo in each of the two phases.
Since the overall rate of desorption is given, according to the definition of coeflicient kg,
by kqnNp, the frequency of re-entry (per particle) is given by pre = kgii(1 — ), i.e., by
the frequency of desorption times the probability of re-absorption. Shortly, one has to

consider that:

e a monomeric radical produced by chain transfer to monomer may desorb with prob-

ability B; from a particle in state 4
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o a desorbed monomeric radical may re-enter with probability (1 — );

e a re-entered monomeric radical may re-desorb with probability I from a particle in

state 7.
In terms of frequencies:

e monomeric radicals produced by chain transfer to monomer desorb with a frequency

ki Cmi Py from particles in state 4
e desorbed monomeric radicals re-enter with a frequency p,. = kgfi(1 — f);

o re-entered monomeric radicals re-desorb with a frequency p,.F; from particles in

state 1.

Considering these frequencies in the singly and doubly distinguinshed particle equations,
one can write the correct balances. However, to understand how to proceed, we rather
re-derive the Smith-Ewart equations first. Namely, what we mean to do, is to obtain the
ordinary expression for the Smith-Ewart equations, involving the lumping coeflicient ky,

starting from the elemental mechanisms.

2.4.1 Smith-Ewart Equations

Considering the reactions producing and consuming a particle in state ¢ leads to the
following PBI:

dN;
dt

= (p— preL3)Niea — [{p = preLPis1) + b Ot Py 4 ci(i — 1)V

+I‘fm(’m(7 + L)J, et ,/'

do(i A+ 2) (i 1) N (2.25)

where the entry frequency p can be decomposed into a contribution coming from the
decomposition of the initiator and one from the re-entry of desorbed radicals: p = pr-+pp.
Note that pp differs from p,. since it includes also the radicals which have propagated in
the water phase after desorption. However, it can be computed analogously to py..

The various terms in eq. (2.25) can be explained as follows. A particle with ¢ radicals

is produced:

e by entry in a particle in state (7 - 1), as long as the radical does not re-desorb (note
that entry of initiator-derived and oligomeric radicals is considered to be irreversible):

term (p — ppe ) Ni1;
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e by chain transfer in a particle in state (¢ -+ 1) followed by exit: term kg, Cp, (i +

1) Py Nig 1
e by combination in a particle in state (i -+ 2): term ez + 2)(i + 1) Ny 4.

A particle with 4 radicals is consumed by the same events occuring to the particle itself,
which yields the term: [(p = prePis1) + kpm Cind s + ci(i — 1)]N; .

To obtain the ordinary Smith-Ewart equations, one has to consider that the overall
desorption rate from state ¢ particles, given by definition by kg2 N;, can be calculated from
the rate of the radicals desorbing for the first time after a chain fransfer event, plus the

rate of the radicals re-desorbing after re-entry:
k fm CntPiNi + prePiNi—y = kqiN; (2'26>

Substituting the previous relation written for i and (7 -+ 1) in eq. (2.25) yields:

dN;

- = PNy = [p+ kgt +ci(i — D)]N; + kg(t + 1) Ny

+e(i+2)(0 + 1) Ny (2.27)

which is the ordinary Smith-Ewart equation.

This kind of derivation of the Smith-Ewart equations shows (see eq. (2.26)) that the
term —kqiN; accounts for the particles in state ¢ disappearing by a chain transfer followed
by a desorption but also for those ¢ state particles which do not form from (i — 1) state
particles because of re-desorption after re-entry, and which have instead been counted in
the pN;_y term (which admits irreversible entry of all radicals).

Note, finally, that eq. (2.26) permits, by summation over all particle states (and consid-
ering that pye = kgni(1—/3)), to obtain an expression for k; [28]. If one assumes P; = P, Vi,

this expression reduces to [28]:

2.4.2 Singly Distinguished Particles

A similar approch can be applied to obtain the PBEs for the singly distinguished particles.
Considering the reactions producing and consuming a singly distinguished particle in state

7 one can write:

ON!(t,t . _ Y
'""’i:—_)%,“’_"')“ (/) ~ Pre Pi)A’\TJ,,M 1 K/-) - /)7"62—[:'7',-1» iL) + k fm C'm('L - J)P1 + 'Zﬂf mCm

it = VIN] + kpn Coni Py Niyy + i+ 1)iNL (2.29)



This equation can be understood by considering that a singly distinguished state 7 particle

is formed:

e by entry in an N/, particle, as long as the radical does not re-desorb: term (p —

pv'c]:)'i)-Ni, ;

-1

e by chain transfer followed by desorption of one of the 4 non-distinguishing radicals

of an N/, particle: term &y, Cpri Pyt N, o3

e by combination of two of the (i + 1) non-distinguishing radicals of an N/, , particle:

term c(i -+ 1)iN/ .,
and that it disappears:

e by entry in the N/ particle, but not if the entered radical re-desorbs: term —(p —

/)T@].%)Nil;

e by chain transfer followed by desorption of one of the (¢ — 1) non-distinguishing

radicals of the N/ particle: term —k f, Ch (i — 1) PN,

(R

e by chain transfer of the distinguishing radical: texm —k ., C, N! (note that it is not
necessary that the formed monomeric radical undergoes desorption as in the previous

item);
e by combination of two of the 4 radicals of the N/ particle: term —ci{i — 1)N/.
The initial condition for eq. (2.29) is given by:
Ni(t,t'=0) = (p = pre P)Ni—1 + kg Cri(1 — B)N; (2.30)

Eq. (2.30) follows from the fact that a chain of length zero in a state i particle is formed by
entry in an V;..1 particle, as long as the entered chain does not re-desorb, and by a chain
transfer to monomer in an N; particle, as long as the formed monomeric radical does not
exit the particle.

Going back to eq. (2.29), the aim is to lump the re-entry events and desorption prob-
abilities into the single desorption parameter ky. To this purpose one can consider the
desorption rate of non-distinguishing chains from an N/(¢,¢') particle: this is given by the
frequency of desorption of (7 — 1) radicals, ky(7 — 1), times the fraction of particles where
the distinguishing chain is present, given by the quantity N/(#,7') itself. The same quan-

tity can be calculated as the rate of formation (through chain transfer and re-entry) of
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N!(t,t') particles containing a monomeric radical, times the probability for its desorption.

In a formula:

& frn O (4 — VN + ppeN]_4]1P; = kq(i — 1) N} (2.31)
As a check, note that integration of eq. (2.31) on ¢’ from 0 to co, recalling that [ N/ (¢, ¢')dt' =

iN;(t), yields eq. (2.26).
In analogy to what done for the Smith-Ewart equations, substituting relation (2.31)

written for i and (i + 1) in eq. (2.29) yields, after some manipulation:
IN!(t,t)

57 = [)1\7,73,»1 - [[) + ]ﬁd(‘?; - 1) + kj'mcm +ci (Z - 1)}N1,

+kqi N g + c(i + 1)iNj (2.32)

If this equation is compared to eq. (2.1) (in the case of no branching), it can be seen that
the two equations differ just by an (7 — 1) factor instead of 7 multiplying the coeflicent ky
in the consumption term for the N!. This accounts for the fact that a chain transfer event
is enough to lose the distinguished chain (term —ky,,C)y), with no need for the formed
monomeric radical to desorb. Since the k; parameter accounts also for the chain transfer
to monomer, multiplying it by ¢ instead of (i — 1) would lead to count this event twice.
Moreover, it must not be forgotten that the k; parameter accounts for the ‘ineffective’
entry of monomeric radicals in the case of a successive re-desorption, and this cannot
possibly involve the distinguishing chain, which is not a monomeric radical, since lengths
zero are considered in the initial condition only. The initial condition eq. (2.30) can be

re-written, by substituting eq. (2.26), as
17\]—; (t, tl = 0) = pi?\’rz'_. 1 “*‘“ (kfnz(;’yn, - ]ii(g)’l:.N; <233)

Subtracting the k4 coefficient from k&, C, accounts for the fact that a zero-length active
chain is not formed in the particle if desorption follows chain transfer to monomer or
re-entry.

Finally, by introducing the parameter
[ =kmCm —ky (2.34)

one can write the balance and initial conditions for the singly distinguished particles as:

ON!(t, ) : .
) 3 - AT/ . U g {2 - AT/ oo AT ol 1N, ! «
— 5 = PN — [p-+kgi + f+ci(i — D)N] + kgiNjq + c(i 4+ 1)iN; 4 (2.35)
L
jvj ( i [;1 _ (ﬂ - [)NT)_I 4 f 2\7 '\23 6 )
These equations are the same as those given in Section 2.3 in the case of linear chains but

for a correction to the chain transfer to monomer term (coefficient [ instead of & Chy).



Egs (2.35) and (2.36) coincide with those already reported by Lichti et al. [39]. However,
besides offering a rigorous rather than an intuitive approach, the complete development
here reported permits to recognize that coefficient f does not account only for the transfer
events that do not result in desorption (as stated in ref. [39]) but also for re-desorption of

re-entered monomeric radicals.
2.4.3 Doubly Distinguished Particles

To obtain the PBEs for the doubly distinguished particles, one can operate in complete
analogy to the case of the singly distinguished particles.

The balance accounting explicitly for the desorption following chain transfer to monomer
and re-entry is:

ON] (t, ¢, ")

ot (/) - p”'epi)jviil - Kp - /77‘ePi+1) +

K pm Con (i — 2) Py 4 2k Gy + cili — 1N +

ko (i = 1) Py Nfyy + eifi = 1)NY, (2.37)

Then, the rate of desorption of non-distinguishing chains from doubly distinguished par-

ticles in state 4 is considered:
[kfm i (4 — Q)Ni" -+ /),‘@z\"?-”_l}H; = kg(i — Z)Ni" (2.38)

As a check for this equation, note that integration of eq. (2.38) on ' and ¢’ from 0 to co,

recalling that [~ [0 N/(¢,# #)dt'dt" = i(i — 1)N;(1)/2. yields eq. (2.26).

Substituting eq. (2.38) in (2.37) gives:

NI (t, 1!, ")
(‘}tll

ri

= pN;_y = [p+ ki~ 2) + 2k Crpy + iz — DN/

+ha(i = DNy +cili ~ DN (2.39)

This equation coincides with eq. (2.7) save for the fact that an (i—2) factor appears instead
of 7 next to the coefficent kg in the consumption term for the N Similar arguments hold
as for the case of the singly distinguished particles.

Passing on to the initial conditions, these are given by:
NI (8" 8 = 0) = (p = ppe )N/ + kg Crn(i — 1)(1 — BN (2.40)
Taking avantage of eq. (2.31), this equation becomes:

NIt 4" = 0) = pNI_| + (k pmCins ~ ko) (i — 1)N? (2.41)
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Finally, by using parameter f defined by eq. (2.34), the PBEs and initial conditions
for the doubly distinguished particles become:

ON!'(t, ¢, 1" .
¢ (%” ‘‘‘‘‘‘ 5 = pNI' | ~[p-+kqgi+2f + ci(i = DN/
(924

kgl = DN+ ci(i — 1)N{ (2.42)
szl(f'? tlv "= O) = P»[V;.--’L + f(’ - I)M{ (2'43>

These equations are the same as those given in Section (2.3) in the case of linear chains but
for a correction to the chain transfer to monomer tevmn (coefficient f instead of /;:‘/n,,,v(?,,y,).
Eqs (2.42) and (2.43) coincide with those alveady reported by Lichti et al. [39]. Wit

respect to this, the same considerations hold as for the case of the singly distinguished

particles.
2.4.4 Terminated Chains

While in the previous treatment (see the Kinetic Scheme in Section 2.2) desorption was
considered a first-order termination mechanism, it is actually not a termination mech-
anism, and must therefore not appear as such in the terminated polymer equations.
Eq. (2.17) for the polymer terminated monomolecularly must therefore be re-written with-
out the term related to desorption. In the case of linear chains:

dlvpSM (te,t
dopS™ (te 1)) {AmemZN’ te —t, 1) + == £ Nt~ 1)

(i[?c 1 N
N
+2eq y (i = V)N (te — ')} (2.44)
i==2

Introducing parameter f defined by eq. (2.34), the equation above becomes:

fopSM(t,, ¢! » , l . -
‘ L’-—ng;—ﬁ = {(kq + f) Z Nty — 1)) + %N w(te =t
;?\7
+2c4 > (i = D)N/(t, — t',¢')} (2.45)

i.e., as for the live chain equations, the equation results identical to that given in Sec-
tion 2.3, but for parameter f instead of the first-order rate coefficient for chain transfer to

polymer, kG,
2.5 Model Results: Instantaneous Properties

Before considering the model results in terms of instantaneous properties, it is worth dis-

cussing their actual physical meaning in the case where mechanisms reactivating dead



polymer chains (thus producing nonlinear chains) are present. When no such mechanism
is active, i.e., in the case of linear chains, eqs (2.16)-(2.17) and (2.18)-(2.21) represent the
characteristics of the polymer produced at a given reaction time which, integrated over
the entire process time, provide the characteristics of the final product. Although this last
aspect holds true also in the presence of chain transfer to polymer, crosslinking or TDB
propagation, eqs (2.16)-(2.17) and (2.18)-(2.21) do not have in this case a clear physical
meaning, They describe the production at a given time of dead branched chains, portion
of which (i.e., the pre-life) formed at previous times during the process, and involve nega-
tive terms as well, corresponding to the reactivation of dead polymer chains. Therefore, in
the case of branched chains, eqs (2.16)-(2.17) and (2.18)-(2.21) do not provide the charac-
teristics of the polymer produced instantancously. Nevertheless, when the instantaneous
molecular weight properties are defined, just as in the case of linear chains, through the
following equations:

e instantancous number average chain length

d(vpe X
= (v -—} (2.46)
d(vpol0))
e nstantaneous weight average chain length
C dwpe®) )
i = A e (2.47)
d('{?],)(‘)’kvlv;)
e instantaneous polydispersity ratio
Pl - (2.48)

it can be shown that the relations linking these properties to the corresponding cumulated
ones are independent of the polymer being branched or linear (see Appendix B). This
means that, in the case of branched chains, the analysis of the instantaneous properties is
still as significant with respect to the average values (M,, and M,,) and broadness (P;) of
the CLD of the polymer which is being produced as in the case of linear chains. Note that
definitions (2.46)-(2.48) account for the fact that during an emulsion reaction polymer
particles change in size.

The role of compartmentalization in emulsion polymerization systems where either a
crosslinking or a propagation to TDB reaction is operative is illustrated through a series
of simulations where the results obtained from the model here developed are compared to
those given by a model neglecting active chain compartmentalization (though accounting

for all other peculiarities of emulsion polymerization). This last model will be referred



Parameter Value
Cm 57-107% mol cm™?
kaq 1.3-1073% gt
Efm 10 cm?® mol~t 57!
ksp 0 cm® mol=t gt
kp 2.6-10° cm?® mol~t !
k; 0+5 em® mol™t s!
k;(TDB) 0+26-10° cm?® mol™!t s—!
ke 1.16 - 10 cm® mol™t s}
Ea 1.16 <107 cm® mol™t 57!
vp 1.21-1071% cm?
Y 1
A TDB) 0.517
ol0) 2381077 mol em™
Aty 3.22.107% mol cm™?
o2) 105.3 mol em™?

Table 2.1: Numerical values of the model parameters used for the calculation of instan-
tancous properties. The moments 0¥ of the dead polymer are referred to the particle
volume.

to as a ‘non-compartmentalized” model and is simply obtained by forcing the moment
equations derived for homogeneous polymerizations, reported in Appendix C, to describe
the heterogeneous emulsion system. The comparison between the two models has been
peformed by imposing the same active chain concentrations (7 = R*Navp, where 7 is
the average number of radicals per particle and R* the radical concentration in the non-
compartmentalized case).

The numerical values of the parameters used for these calculations, corresponding to

a typical free-radical polymerization, are summarized in Table 2.1,
2.5.1 Crosslinking Reaction

The crosslinking reaction has been first considered. Its effect on the molecular weight
properties has been analyzed by calculating the instantaneous polydispersity ratio and
weight average chain length as a function of 71 at increasing values of the crosslinking
kinetic constant, represented by the dimensionless parameter ¢* = k;ﬁycrm/ ¢, being otV
the first order moment of the overall dead polymer CLD and ¢ = ¢, + ¢4 the pseudo-first
order rate constant for bimolecular termination in the particles. These results have been
generated by letting the radical entry parameter p vary and solving numerically [40] the
Smith-Ewart equations in order to obtain the active chain distribution in the polymer
particles /V;, which is then used for computing both the average number of radicals 7 as

well as the instantaneous molecular weight properties.
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In order to achieve a better physical insight in the behavior of the systems considered,
the two cases of bimolecular termination by combination and disproportionation are con-
sidered separately. The extent of the bimolecular termination reaction has been assumed
the same in the two cases, i.e., the same value of the parameter ¢ has been used. Moreover,
in both cases, chain transfer to monomer is also present (see Table 2.1).

Fig. 2.1 shows the results relative to the case where the only active bimolecular ter-
mination mechanism is combination. So as to understand better the physical meaning of
these results, it should be noted that for very low 7 values monomolecular terminations
prevail, while as 7 increases bimolecular termination (by combination in this case) be-
comes more relevant and eventually dominant at 71 values as large as about 2-3. The case
of a non-compartmentalized system, represented by the dashed curves in Fig. 2.1, is first
considered. In the case of linear chains, i.e., ¢* = 0, it can be seen from Fig. 2.1(a) that the
instantaneous polydispersity decreases with 71 from 2 to 1.5, which are the typical instanta-
neous polydispersity values corresponding to monomolecular termination and bimolecular
termination by combination, respectively. This happens because combination couples the
lengths of the active chains, with the result of making the dead chain population more
uniform. When the crosslinking reaction is introduced (¢* > 0), the polydispersity values
increase compared to linear chains. This is mainly due to the peculiar feature of crosslink-
ing, which involves preferably the longer dead chains, thus causing a further increase in
their length which makes the chain population more wide. Accordingly, at a given value
of 7, the polydispersity ratio is higher the higher the value of ¢*. Observing the shape of
the dashed P! versus i curves at increasing ¢* values, it is interesting to note that these
pass from a monotonically decreasing to a maximum exhibiting behavior (which would
eventually become monotonically increasing at even higher ¢* values). Such a maximum
is the result of two counteracting tendencies. The first is a polydispersity increase caused
by crosslinking for increasing i values. The second effect is the decrease in polydispersity
related to the presence of termination by combination, which has already been discussed
for linear chains; this effect is stronger at higher # values, where combination is dominant.
The first of the two mentioned effects, absent in the case of linear chains, becomes more
and more relevant at increasing values of the crosslinking rate.

The effect of compartmentalization can be well understood by comparing the contin-
uous curves to the results (dashed curves) relative to the non-compartmentalized system
discussed above. First of all, in a compartmentalized system bimolecular terminations are
unfavoured, and larger 7 values are needed (compared to a non-compartmentalized sys-

tem) for these to prevail over monomolecular terminations. This explains, in Fig. 2.1(a)

¥
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Tieure 2.1: Polydispersity ratio (a) and weight average chain length (b) as a function
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of the average number of active chains per particle, 71, in the presence of bimolecular
#{TDB)

termination by combination. Parameter values as in Table 2.1 but with kg = k) = ()
and three different values of ¢* (= i\:;q’am Je). - . compartmentalized model; ---

non-compartmentalized model.



the almost horizontal portion of the continuous curves at low 7 values, which is similar to
that discussed earlier in the context of long-chain branching [24]. A second effect of com-
partmentalization is the modification it induces in the polydispersity behavior in a small
range of 7 values around 0.5, where the transition from monomolecular to bimolecular
termination control occurs. This is the same (although much enhanced) trend highlighted
for the non-compartmentalized system but delayed to larger 7i values due to radical com-
partmentalization. At increasing 7i values, pseudo-bulk conditions (i.e., conditions where
compartmentalization is no longer effective) are approached and combination plays the
same role as in a non-compartmentalized system, thus reducing polydispersity. Summa-
rizing, the P(} versus 7i behavior in the compartmentalized system can be explained on
the same basis as for the non-compartmentalized case, but correcting it for the delay in
bimolecular terminations prevailing (pseudo-bulk conditions being approached) and for
the peculiar interaction between compartmentalization and bimolecular termination at 7
around 0.5.

It should be noted that the two models (compartmentalized and non-compartmentalized)
provide the same results both at large and at very small values of 7. This is an expected
result, since, at both extremes, the effect related to active chain compartmentalization
vanishes. This is because at high 7 values the number of radicals in all particles is so large
that these behave as mini-bulks, while at very low 7 values all bimolecular events tend
to disappear also in a non-compartmentalized system, and consequently compartmental-
ization does not play any role. The practical relevance of giving a correct description of
compartmentalization is clear when comparing the solid and the dashed curves in Fig. 2.1
at intermediate values of 7 (i.e., around 72 = (0.5, which is a typical value for many emulsion
reactions): significant differences arise in the polydispersity ratio, and the weight average
chain length can be underestimated by even one order of magnitude when compartmen-
talization is neglected (Fig. 2.1(b)).

Similar simulations are shown in Fig. 2.2 for the case where bimolecular termination
occurs through disproportionation. Starting once again from the non-compartmentalized
system (dashed curves), it appears that in the case of linear chains (¢* = 0) the instan-
taneous polydispersity (Fig. 2.2(a)) remains constant and equal to 2 at all 7 values, i.e..
both when monomolecular and bimolecular terminations are dominant. This is due to the
already discussed nature of the disproportionation mechanism, which maintains the length
of the active chain upon termination. Since, as discussed above, polydispersity tends to
increase at increasing 71 values in the presence of crosslinking, monotonically increasing

curves are obtained for ¢* > 0.



36

(a) -

- ]
S N ﬂ
© q*=0.02

S e
Z :
Q

Q.

w |
S 4"=0.008

Q

Y U U ——

q*=0

f
w

1e+b

1e+4

Weight average chain length, M|

—
e}
+
[@¥]

Average number of free radicals per particle, n

Figure 2.2: Polydispersity ratio (a) and weight average chain length (b) as a function of the
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The effect of comparmentalization is best illustrated by comparing the solid to the
dashed curves in I'ig. 2.2. In the case of linear chains, it can be seen that disproportionation
causes an enhancement in polydispersity (Fig. 2.2(a)) which leads to a maximum located
at about 1 = 0.5, This is a peculiar effect of disproportionation in compartmentalized
systems, which appears when instantaneous termination by disproportionation involves
short radicals incoming from the water phase, leading to polydispersity values as large
as four [7]. The maximum in Fig. 2.2(a) for ¢* = 0 is actually lower than four because
of the presence of another termination mechanism (see Table 2.1). The presence of the
crosslinking reaction (solid curves at ¢* > 0) enhances the polydispersity values at all #
values. However, this effect appears to be stronger around 7 = 0.5 and the maxima are
even more pronounced than in the linear case.

As for the case of termination by combination, the practical importance of a correct
description of compartmentalization (at least in the nterval 0 < 7 < 2), both when
considering polydispersity and average chain length, appears from the differences between
the solid and the dashed curves in Fig. 2.2.

Finally, it is worth comparing the results of this section with those reported earlier for
chain branching occurring through chain transfer to polymer (see Figs 3 and 5 of ref. [24]).
The comparison is straightforward since the definitions and values of all parameters, in-
cluded the moments of the CLD of the preformed dead polymer (see Table 2.1), have been
chosen the same. As expected, it appears that the crosslinking reaction is more effective
in increasing polydispersity and weight average chain length than the chain transfer to

polymer reaction.
2.5.2 Propagation to TDB Reaction

In order to illustrate the role of the propagation to TDB reaction on the instantaneous
molecular weight properties of polymers produced in compartmentalized systems, the poly-
dispersity ratio has been calculated as a function of 7 for increasing values of the rate
of propagation to TDB. This is represented by the dimensionless parameter ¢*TPF) =
kg TPB)A(TDB) 50 Je where o0 s the zeroth order moment of the overall dead poly-
mer CLD. As for the crosslinking reaction, the two cases of bimolecular termination by
combination and disproportionation have been considered separately.

Fig. 2.3 considers the case where bimolecular termination occurs by combination, while
in Fig. 2.4 the only active bimolecular termination mechanism is disproportionation. A
comparison with Figs 2.1(a) and 2.2(a), where all conditions are the same except for the

branching mechanism, i.e., crosslinking instead of TDB propagation, leads to some imme-
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diate considerations. First of all, it is apparent that the crosslinking reaction produces
a much stronger increase in the polydispersity ratio than propagation to TDB at equal

¢*TPB)  This is because, although the two mechanisms are

reaction rates, i.e., ¢ =
similar in the sense that both involve the addition of a free radical to an unsaturated
polymer molecule, the rate of the crosslinking reaction is proportional to the length of the
dead chain, while the rate of propagation to TDB is independent of its length (at least
when neglecting steric effects and diffusive limitations). Accordingly, the crosslinking ve-
action involves preferably the longer dead chains and increases further their length. This
obviously makes the polymer CLD wider.

On the other hand, the qualitative behavior of the polydispersity curves in Figs 2.3
and 2.4, such as the presence of the maxima both in the case of combination and dispro-
portionation, is similar to that observed carlier in the confext of Figs 2.1 and 2.2 and can
be understood through the same arguments. Only one minor difference appears in the
region of very low 7 values, where polydispersity decreases for increasing rates of TDB
propagation.

The results shown above suggest that the propagation to TDB reaction, often neglected
in describing the kinetics of polymerization systems, has actually a significant effect on the
molecular weight properties of the produced polymer. The values of the kinetic parameters
used in Figs 2.3 and 2.4 are in fact representative of real systems. For instance, the value
¢*TPB) — (.04, which leads to a remarkable polydispersity increase (more than 50%
compared to linear chains at high ), results from assuming the TDB as reactive as the

«(TDB)

monomer (k, = ky) and +TPB) = 0.517. i.e.. slightly more than half the dead chains

with one TDB.

The simulations shown in Figs 2.3 and 2.4 have been repeated in the presence of chain
transfer to polymer (with ¢ = L’:j;pa(” /e = 0.04), in order to illustrate the interaction
between the two branching mechanisms. The obtained polydispersity versus 7i curves are
shown in Figs 2.5 and 2.6 in the cases of bimolecular termination by combination and dis-
proportionation, respectively. It is apparent that the presence of chain transfer to polymer
significantly enhances the ability of the propagation to TDB reaction to increase the poly-

dispersity. The role of the propage

tion to TDB mechanism is qualitatively the same as in
the case discussed above, where it is the only branching mechanigm operative. However, in
the case where chain transfer to polymer is present, the effect of TDB propagation becomes
quantitatively stronger. There is in fact a synergic action of the two mechanisms, since
the TDB propagation can join together two macromolecules which have grown already to

a large size due to repetitive chain branching reactions.
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All the results reported above both for the crosslinking and the propagation to TDB

reaction indicate that the role of chain compartmentalization on the MWD of a polymer

produced in emulsion is important not only for linear chains [7] but also for branched
polymers. As concluded earlier in the case of branched chains produced by chain transfer
to polymer [24], using a model neglecting compartmentalization for caleculating the MWD
in an emulsion polymerization system can introduce significant inaccuracies, particularly

in the range of values 0 < 7 < 2, which is typical of several systems of practical relevance.

2.6 Model Results: Cumulative Properties

The properties of the polymer which can be measured experimentally and which affect its
end-use properties, i.e., those of interest in applications, are the cumulative ones. There-
fore, the model described above for calculating the instantaneous MWD has been coupled
to another model [41] which describes the evolution during the reaction of all quantities
determining the MWD itself, i.e., monomer concentration in the particles, rates of radical
entry and desorption, etc. This allows the description of the entire polymerization process
and the calculation of the cumulative properties of the final product.

As for Section 2.5, which deals with the instantaneous properties, in the following we
consider first the crosslinking and next the propagation to TDB reaction, this time with
reference to the cumulative properties of the polymer. The two branching mechanisms
have been considered separately in order to illustrate their peculiar features in affecting
the molecular properties of the product. The interaction of different branching mecha-
nisms, including the chain transfer to polymer reaction analysed in ref. [24], is indeed an

interesting subject, which however has not been treated here.
2.6.1 Crosslinking Reaction

As mentioned above, the reported simulations have been performed using the numerical
fractionation technique [30] which, as described in detail in Appendix A, requires the
discretization of the CLD in appropriate subdistributions referred to as generations. In
order to obtain reliable results the model requires the use of a sufficient number NG
of branched generations, which can be determined by repeating the calculations with an
increasing number of generations until no change in the results is observed. This procedure
is illustrated in Fig. 2.7 with respect to the gel point and gel weight fraction for a seeded
polymerization. It is seen that for increasing NG values convergence is achieved on the
gel point at a reaction time equal to about 43 minutes (corresponding to 43% conversion).

All kinetic constants, the characteristics of the seed and other necessary quantities used
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in these calculations are reported in Table 2.2, with the only exception of kj,
has been taken equal to zero, so that crosslinking is the only source of nonlinearity for the
macromolecules.

Once the optimal NG value is selected as the minimum at which convergence is achieved
(i.e., NG="7 in the case shown in Fig. 2.7), calculations can be performed for all quantities
of interest. In particular, molecular weight properties can be evaluated for the sol polymer
fraction both before and after the gel point. The calculated number and weight average
chain lengths of the sol, M, and M, respectively, are shown in Fig. 2.8 as a function of
reaction time (solid curves). The qualitative behavior is similar to that observed in bulk
[30] and in emulsion [24] for the case of gel formation due to the simultaneous presence
of chain transfer to polymer and bimolecular combination. However, crosslinking is much
more efficient in driving the system to gelation, and in fact gelation is reached at much
lower conversions even for lower rates of the branching mechanism. Moreover, in this case
bimolecular termination by combination is not necessary for the occurrence of gelation,
since the mechanism connecting polymer molecules, thus ensuring a geometrical growth
in the size of the chains which is needed for a very large size to be reached, is already

provided by the crosslinking reaction. In other words, crosslinking on its own is sufficient
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Parameter Value Meaning

B 0.939 Trommsdorfl effect parameter [41]

C 3.875 Trommsdorfl effect parameter [41]

o 3.68-107% mol cm™® monomer water concentration at saturation
D -0.494 Trommsdorff effect parameter [41]

ke 210713 cm? 5! entry rate constant
Epm 9.07 cm® mol™*' st chain transfer to monomer rate constant
Ep 0 cm® mol~! st chain transfer to polymer rate constant

kr 1.18 1076 g1 initiator decompeosition rate constant

Ep 2.59-10° cm® mol™! 57! propagation rate constant

o 10 em?® mol~! 57! crosslinking rate constant

k;<TDB) 2.50-10° cm® mol~! s+ TDB propagation rate constant
Ete 5.97 - 10° cm® mol™! st termination by combination rate constant
kg 0 cm?® mol~! 57! termination by disproportionation rate constant
(e 2.13 :107% mol cm™? initial molar concentration of initiator
Mgeed 1-10% seed number-average chain length
Np 1-10% em—3 seed particle concentration
Pj‘"ed 2 seed polydispersity ratio

My, 104.2 g mol ! monomer molecular weight

Vin 113.8 em? total volume of charged monomer
VPO 5-107 cm? initial particle volume

Vi 1012.3 em? total volume of charged water

n 1 initiator efficiency

. 0.68 particle monomer volume fraction at saturation
om 0.878 g cm™ monomer density

Pp 1.05 g em™ polymer density

Table 2.2: Numerical values of the model parameters used for the illustrative calculations
of cumulative properties.

to yield chains of any generation order. In the same figure, the chain length averages are
also reported in the absence of the crosslinking reaction, i.e., for linear chains (dashed
lines), so as to highlight by comparison the effect of the crosslinking mechanism.

The entire weight CLD of the polymer, calculated at 40% conversion, a few percentages
before gelation, is shown in Fig. 2.9 (solid line). This has been obtained by reconstruct-
ing the weight CLD of ecach generation from its first three moments (using the Schultz
distribution [42]) and by then summing these up, cach weighted on the ratio between
the first order moment of the generation and the overall fivst order moment. In IMig. 2.9
these contributions are shown by the dashed curves, at least for the more representative
generations. It can be seen that the crosslinking reaction produces a significant portion

of polymer chaing with very large deg

ee of polymerization (branched generations ¢ = 1
and ¢ = 2 in the figure) which, by further growth and connection, rapidly lead to the

formation of huge polymer networks, i.e., the gel.
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It is worth noting that the possibility of using only three moments for the reconstruction
of the CLD of each generation is due to the fact that these subdistributions are much

narrower than the overall polymer chain distribution.

2.6.2 Propagation to TDB Reaction

The propagation to TDB reaction mechanism is present in several systems of practical
interest, such as in the polymerization of vinyl acetate and of certain vinyl fluorides. In
order to illustrate to what extent the CLD of a polymer produced in emulsion may be
affected by the presence of the propagation to TDB reaction, two simulated CLDs are
shown in FMig. 2.10. The solid curve vefers to the case where TDB propagation is present,
the dashed curve to that where it is absent (linear chains). The parameters used in the
simulations are summarized in Table 2.2, except for the crosslinking kinetic constant k)
which is taken equal to zero. Note that the effect of TDB propagation is quite significant
and cannot be neglected. The same marked etfect of the propagation to TDB reaction has
been observed also in the case where branching occurs already through another mechanism,
namely chain transfer to polymer [43].

In Fig. 2.11, the weight CLD of the polymer produced in the presence of the propaga-
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tion to TDB reaction shown in Fig. 2.10 is compared to the contributions of the individual
generations (dashed curves). This shows more clearly the role played by the propagation to
TDB reaction, which produces a relevant portion of high molecular weight branched chains
(generations g = 1 and ¢ = 2). However, the highest molecular weights produced are much
smaller, even at far larger conversions, than those obtained in the case of crosslinking (see
Fig. 2.9). Accordingly, no gel formation is predicted in this case for propagation to TDB.
The lower efficiency of the propagation to TDB mechanism in approaching gelation as
compared to crosslinking is due to the fact that the ability of the chains to combine with
one another does not increase with their size. On the contrary, in the case of crosslinking,
the larger a chain, the greater its expectancy for being involved in further crosslinking, i.e.,
for increasing further its size and complexity. This feature obviously favors the formation

of the very large chains which the gel phase consists of [35].

2.7 Gelation: a Comparison with Flory’s Statistical Theory

A comparison between the kinetic model developed in this chapter and Ilory’s statistical

model [35] is performed with respect to the prediction of the gel point and the gel weight
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fraction of the polymer in the case where a crosslinking reaction is present during the
polymerization of a diene. The two models are quite different in nature, although they
both refer to modest crosslinking densities, in the sense that no cyclizations are admitted.
The model here developed is a kinetic model which describes in detail the formation of the
nonlinear polymer chains as a result of all the involved chemical reactions. Gelation is de-
termined as the point where chains of sufficiently large size and complexity arc produced.
According to the numerical fractionation technique, the critical size and complexity are
given by the model itself, without any external assignment. On the other hand, Ilory’s
model for gelation makes use of a criterion which, based on the topology of the macro-
molecular network (independently of the polymerization process through which this was
obtained), states whether or not a gel has formed and to what extent. Neglecting the
evolution of the polymerization process, this model is not able to account for the fact that
some polymer chains might be more crosslinked than others, but the same crosslinking
density is assumed for all chains, i.e., the polymer is supposed to be randomly crosslinked.
This has a consequence also on the calculated CLD. Flory’s criterion states that a gel

appears when the following relation is verified:

e=p*MP =" (2.49)

w

where p* is the average crosslinking density and MJ, the weight average chain length of the
primary chains, defined as the linear chains which would be obtained if all crosslinkages
were cut. The gel weight fraction, w,, is given by the following equation:

wy=1- an(l = prwy)" (2.50)

=]
where wy, is the weight CLD of the primary chains.

The application of this criterion requires the calculation of the distribution of the pri-
mary chains in the compartmentalized emulsion system. When the degree of crosslinking
is not too high the primary chains can be thought of as the chains which would exist
if all crosslinkages were severed or, alternatively, as the chains which would exist if no
crosslinking were active, as suggested by Flory himself [44]. Accordingly, the quantities
ME and w,, have been obtained using the model described above and setting the crosslink-
ing reaction rate equal to zero. This does not affect the sense of our comparison, since
the model adopted reduces to the description of linear chains in emulsion systems devel-
oped by Lichti et al. [7], obviously not accounting for gelation, which is instead predicted

through eq. (2.49).
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In order to solve eq. (2.50), the distribution w, has been expressed as a function of its
moments through the approximation suggested by Hulburt and Katz [45]. If only the first

three moments are used, this gives the number CLD as follows:

Ay AT
) = o (A () 2.51
fn) = 57p (MJU (2.51)

where M,, and ¢(©) are the number average chain length and the zeroth order moment of

the distribution, respectively. The quantity A and the function p are given by:

where Py is the polydispersity of the distribution.
If the continuous form of eq. (2.50) is used:
X
wy =1~ / w(n)(l — p*w,)"dn (2.54)
J0
observing that
and substituting the resulting analytic expression of w(n) (which coincides with the Schultz
distribution) in eq. (2.54), one finally obtains:
, 1 {
wg=1-= - T (2.55)
ME N ‘
{1 - —{ﬂ In(1 - p'wg)}

which is the implicit expression for w, used in the following calculations. Of course, in

this last equation not only M} but also A vefers to the primary chain distribution.
The average crosslinking density p* appearing in eqs (2.49) and (2.55) is calculated as

£ g ¥ . g 1 .
* =1/, where v and 0 are the moles of crosslinked and of total polymerized units in the
3 L .
system, respectively. The quantity v is calculated through the following overall balance
“ ) . q v O

which counts all the crosslinking events:

(2.56)

All symbols are defined in the Notation. The coefficient 2 accounts for the fact that two
crosslinked units are involved in every crosslinkage.

In Fig. 2.12 the gel weight fraction calculated by the two models is shown for various
values of the crosslinking kinetic constant ky. The solid lines refer to the kinetic model,

while the dashed lines are the predictions of Flory’s model (eq. 2.55). Note that some

approximation may be involved in the use of eq. (2.55) because the weight CLD of the
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primary chains has been reconstructed from its first three moments only. On the other
hand, the gel point is that exactly predicted by Flory’s theory through eq. (2.49).

It is remarkable that, even though the basic approach of the two models is entirely
different, a fairly good agreement in the predictions both of the gel point and of the gel
weight fraction is found. It is important to note that the kinetic model always predicts
gelation at conversions lower than those given by Flory’s model. This can be ascribed
to the fact that in a real polymerization system there actually exists a distribution of
crosslinking densities which causes gelation to occur somewhat earlier [44] than predicted
by Flory’s equation, which assumes random crosslinking, 1.¢., all chains equally crosslinked.
The kinetic model instead does not make this assumption. The growth of the chains at
different conversion degrees and their successive permanence in the reaction locus, which
18 the reason for the existence of a crosslinking density distribution among the primary
chains [44] is accounted for in a correct manner by the use of the pre-life parameter. This
justifies the earlier gelation predicted by the kinetic model in all cases.

Finally, it is worth noting that both models predict a small fraction of polymer re-

maining in the sol at total conversion, in agreement with other models reported in the
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literature [21, 46].

2.8 Conclusions

In this chapter a kinetic model for the evaluation of the MWD of crosslinked and branched
polymers produced in emulsion has been developed. The unique feature of this model is
that the active chain compartmentalization, characteristic of emulsion polymerization, is
accounted for in a rigorous way. This has been made possible by the introduction of
a new coordinate in the PBEs of the active chains, the so-called chain pre-life. This
parameter allows to account not only for the chain re-birth events typical of chain transfer
to polymer [24], but also for the radical step-growth associated with the crosslinking and
TDB propagation reactions. It is shown, by comparison with the results of a model
neglecting compartmentalization (‘non-compartmentalized’ model), that significant errors
in the prediction of the molecular weight properties of polymers produced in emulsion
can be made when using models which do not account for active chain segregation in the
particles.

The model has a rather wide generality and requires only some assumptions which
are quite typical in nonlinear chain analysis: rate coefficients independent of chain length
and a low crosslinking density, which implies that intramolecular reactions (primary and
secondary cyclizations) and multiradical chaing can be neglected. Although in this chapter
we have focused mainly on the CLD, the model allows to calculate all the characteristics
of the chains which may be of interest, such as branching and crosslinking density distri-
butions (as shown in Chap. 3), the branch length distribution and so on. A description
of the desorption mechanism in line with the current literature has been included in the
CLD equations.

An analysis of the instantaneous properties of the polymer has been reported to high-
light the effect of compartmentalization both in the case of linear and of branched chains.
In all cases compartmentalization causes a delay in the bimolecular terminations becoming
dominant at increasing radical concentrations. This results in a plateau in the polydis-
persity and average molecular weight curves at low radical concentrations, up to average
numbers 7 of active chains per particle of almost one half. In the presence of bimolecu-
lar termination by disproportionation, a peculiar maximum appears in the polydispersity
curve around 7 = 0.5, due to the formation of very short chains which can probably be
hardly detected by ordinary MWD measurement methods, such as size exclusion chro-

matography. In the presence of a branching mechanism, maxima in polydispersity are



achieved around 7 = 0.5 for intermediate branching rates also in the case of bimolecular
termination by combination. The presence of these maxima is however not to be attributed
primarily to compartmentalization, but to two counteracting tendencies: an increase in
polydispersity at growing radical concentrations related to the presence of the hranching
mechanism, and a decrease due to the onset of termination by combination which, by
chain coupling, tends to make the distribution more narrow. Compartmentalization, be-
sides enhancing these maxima, has mainly the effect (once more related to the delay in
the onset of bimolecular termination) of shifting them from very low i values to @ ~ 0.5.

Several simulations have been discussed in order to illustrate the role of crosslinking
and TDB propagation on the polymer CLD and on the possible occurrence of gelation. It
has been found that, although not always considered in polymerization reaction studics,
the propagation to TDB reaction can have a significant effect on the CLD. This is expected
to be the case of some important emulsion polymerization systems, such as vinyl acetato.

The model developed has been compared with Flory’s statistical model in terms of
gel point (i.e., the conversion at which a gel phase appears) and amount of gel produced
as a function of conversion. These quantities are computed in Flory’s model without
describing the kinetics of branching in the system, but analyzing only the distribution
of the so-called primary chains (which is equivalent to studying a linear polymerization)
and deriving the characteristics of the gel from a statistical relation. The good agreement
observed between the obtained results, in spite of the different nature of the two models,
provides a significant support to the reliability of both.

Finally, it is worth noting that despite the conceptual difficulties, which make the
derivation of the relevant PBEs a bit complex, the final form of the model equations to
be solved is rather simple. In particular, the characteristics of the active chain population
are given by the solution of linear systems of equations. The evaluation of the cumulative
polymer properties involves instead the integration of a relatively small system of ordinary

differential equations.
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Chapter 3

Fractionation Techniques for the
Solution of Molecular Weight
Distribution Equations

3.1 Introduction

For the solution of the MWD model for emulsion polymerization developed in this work a
numerical method was chosen (see Chap. 2), namely numerical fractionation (NF), which
is based on the partitioning of the polymer into classes of chains with similar dimensions.
Within each class, the method of moments was applied for the calculation of the MWD.
This procedure required the selection of a model distribution for the unknown MWD of
each class which introduced an approximation in the solution. The target of the present
chapter is primarily to verify the magnitude of this approximation. However, another
fractionation strategy is also analysed, based on the subdivision of the chains according to
the number of branches. This method is shown to give improved results (in the presence
of chain transfer to polymer as a branching mechanism) when a detailed MWD is required
and permits a straightforward calculation of the chain branching distribution. Therefore,
this chapter also reaches the two additional aims of presenting a refined model solution and
of showing how to include the branching distribution calculation in the model equations.
The whole analysis is carried out referring to a bulk system. This is done because the
equations for such a system are simpler, and accurate reference solutions are obtained more
easily. Nevertheless, the similar peculiar agpects exhibited by the approximate solution
methods based on polymer fractionation in homogeneous [30] and segregated [24] systems
assure that the conclusions reached can be extended to emulsion polymerization.
Considering free-radical polymerization in homogeneous systems, the modeling of the
active and inactive species of all possible lengths in the reaction system leads to PBEs

which consist of a very large set of ordinary differential equations with the reaction time as
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the independent variable. The dimension of this system of equations varies according to the
maximum chain length achieved in the reactor, which depends on the kinetic mechanisms
and the kinetic constant values, the feed composition and all the other operating conditions
of the reactor, and typically ranges from 103 to 10° or more.

A great variety of approaches has appeared through the years in the literature to solve
this system efficiently. Significant examples are lumping [47], passage to continuous vari-
able [48], the method of moments [49], and other methods of weighted residuals (including
discrete weighted Galerkin [50] and discrete collocation methods [51]). Approaches of
statistical nature, based on the mathematics of the Markov chains and on Monte-Carlo
simulation [52], have also been used.

Of the methods above, some involve simplifying assumptions or reduction of the equa-
tions before their numerical solution. An example is given by the method of moments:
in the presence of certain reaction mechanisms, such as chain transfer to polymer, this
method requires the quasi-steady-state assumption (QSSA) for the active species to obtain
a set of equations in closed form. If this assumption is not used, a closure equation has to
be added to the system.

When considering accuracy and flexibility versus computational effort, excellent per-
formances have been obtained using the discrete Galerkin h-p-method [53]. This provides
in fact accurate solutions in the presence of comprehensive kinetic schemes, allows the
treatment of complex reaction steps, e.g. chain-length dependent kinetics, and requires no
model reduction. However, at least two situations may be illustrated where the application
of this approach is not convenient.

The first situation is provided by those heterogeneous polymerization systems, such
as emulsion polymerization, where the active chains grow segregated in the reaction loci
and which are the object of the present work. It has been shown in the previous chapter
that in such systems more internal coordinates than simply the chain length arve vequired
to describe completely the distribution of the active chains. Distributions with at least
three internal coordinates (particle state and two chain lengths) must be considered. In
problems of such a high dimensionality, using discrete methods on every variable becomes
rather heavy. In this case less accurate methods may result more efficient and provide
anyhow a satisfactory solution.

The second situation arises when evaluating the MWD in polymerization systems where
the formation of a gel phase occurs, corresponding to the formation of chains of untreatably
high lengths. In this case all solution methods fail unless the kinetic equations are modified

in some way or an upper limit to the calculated chain length is imposed.



To deal with these situations, approximate methods have been adopted consisting of the
subdivision of the overall polymer into classes, namely NF [30] and a method identifying
the polymer chains according to the number of branches [54]. As already explained for
NF, the basic idea of these methods is to subdivide a broad and complex distribution
into a number of narrower distributions, the description of which can be made by simpler
means. In such a way a single problem of difficult solution is decomposed into several
sub-problems easier to solve. This simplification undoubtedly represents a great advantage
when dealing with segregated systems [23, 24], where the starting problem is very complex.
This explains the choice of NF as solution method for the emulsion polymerization MWD
model developed in Chap. 2.

To test the potential and reliability of these approximate methods, reference solutions
have been obtained through a numerical technique which, though computationally inten-
sive, permits to calculate the correct MWD, Broad distributions originated by the presence
of a branching mechanism, namely chain transfer to polymer, have been analysed. This
reaction is responsible for the appearence of peculiar shoulders in the MWD profile ob-
tained by NF [24, 30], which have been shown to be sensitive to the fractionation scheme
adopted [23]. The question is whether these shoulders are produced in reality by the
branching mechanism or are simply an artifact of the solution method, and, in the latter
case, whether a different partitioning scheme (i.e., subdividing the polymer according to

the number of branches) provides a better solution.

3.2 Kinetic Scheme and Molecular Weight Equations

A kinetic scheme constituted by classical free-radical polymerization steps has been con-

sidered, involving chain transfer to polymer as a source of chain branching:

e initiator decomposition rate
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e chain transfer to monomer

Ry +M %P,y R Pim = kMRS,

e chain transfer to modifier
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e chain transfer to polymer
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e bimolecular termination by combination
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e bimolecular termination by disproportionation

Ked, 4
S po4 P rtq = kg Ry, B,

Ry + R?,
where all symbols are defined in the Notation. On the right-hand side the expression for
the rate of each reaction has been reported. All kinetic rate constants have been considered
chain-length independent. Note that a R§ molecule has been assumed to be formed by
chain transfer to monomer instead of R} as usually considered. This has been done to
make the following equations more compact and does not modify the final results due to
the high chain lengths of the macromolecular species under examination. Finally, in the
kinetic scheme above it is assumed that the polymer chains can have at most one active
centre (monoradical assumption).

For the calculation of the concentrations of the active and terminated chains in a batch

reactor, the following PBEs apply:

dR} . : . - .
—({—%’1 = kMR~ [kpyM + kg M A4 kg T -+ (kyp + kyg) Ao + Epppt| Ry,
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where \p = Y7 R® is the zeroth-order moment of the distribution of the active chains
(i.e., the overall radical concentration), p; = 3:: mPy, 18 the first-order moment of

the distribution of the terminated chains (i.e., the overall concentration of polymerized
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monomer), o, is the Kronecker index and Ry is the initiation rate (R; = 2nkrI, with n

an efficiency parameter).

3.3 Model Solution

In this section four numerical methods are described for solving the model eqs (3.1) and
(3.2). The first method described is rather time consuming but provides the correct solu-
tion (at least in the frame of the QSSA, which is assumed valid by all methods considered).
This solution is used as a term of comparison for testing the reliability of the approximate

solutions provided by the other numerical techniques.

3.3.1 Detailed Solution

The rigorous solution of system (3.1)-(3.2) to obtain the CLD would require integration
for all values of the chain length n up to values corresponding to negligible polymer chain
concentrations. A simpler but equally accurate method can be developed by applying the
QSSA to eq. (3.1) for the radical species, so that the differential system (3.1)-(3.2) reduces

to the following algebraic-differential system:

R® = kp]\./[R,;L_]_ + kfp/\onl’?” + (5‘,.,'()[(4,1\?‘/‘,77 M 4+ ]i?f,gT)/\(] -+ 7?,[} (3.3)
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From system (3.3)-(3.4) it is seen that, as long as the moments \g and 1 are known
independently, the concentration of chains of length n depends only on that of chains of
the same length or shorter. Accordingly, the CLD calculation can be truncated at any
value of n, no matter how low, without introducing any error. The equations for the
moments Ag and p1 can be derived by applying the method of moments to eqs (3.3) and
(3.4), as described in the next section. The equations obtained are rigorous (in the frame
of the QSSA) and allow an independent evaluation of the moments Ay and 1, which can
then be used to solve system (3.3)-(3.4).

It is worth noting that to obtain an accurate solution it is not necessary to solve

[

eqs (3.3)-(3.4) for all n values up to the selected maximum value. In fact, eqs (3.4) for
the terminated polymer can be integrated only for some selected values of n, while for
the intermediate n values the concentrations P, are obtained by low order interpolation.

Here, parabolic interpolation was used. A convergence check with an increasing number
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of nodes was performed for each simulated reaction to verify that the adopted number of

nodes was sufficient.

3.3.2 Owverall Method of Moments

The method of moments applied to the calculation of the CLD of a polymer typically
consists of calculating integral properties of the distribution (the moments) and recon-
structing it by selecting a model distribution and imposing that its moments are the same
as those calculated. The k"-order moments of the active and terminated chain distribu-
tions, A\g = > o2 n” FRe and iy, = = S0 nF P, respectively, can be caleulated by applying

the moment operator Y o0 n® to egs (3.1)-(3.2). When this is done, however, the resulting
moment equations are not in closed form since, due to the presence of the chain transfer to
polymer terms, the moments of order £ of both the active and terminated chains depend
on the moment of order k£ + 1 of the terminated polymer. If the QSSA assumption is

applied, the following system of equations is obtained (see Appendix D):

Ao = (3.5)
dpg 1 o .
dt (/“fm M -+ ]\j{f)/\o - ( ““A{p + ]"M)/\O (3())

and for k > 1.
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Note that, though the moment of order k of the active chains depends on the moment of
order k + 1 of the terminated chains, the latter depends only on lower order moments of
the active chains. This implies that, given a maximum moment order k.., the system
which calculates the moments up to iy, . for the terminated chains and up to Ay, 1 for
the active chains, is in closed form. Accordingly, moments of any order can be calculated
from eqs (3.5)-(3.8) in a rigorous manner (of course, in the limit of the QSSA).

Here, the distribution selected for the reconstruction of the CLD from its moments is a
re-scaled I'-distribution perturbed to the unknown distribution by a polynomial expansion
in terms of associated Laguerre polynomials orthogonal to the I-distribution weighting

function [45).



3.3.3 Partitioning According to the Number of Branches (PANB)

According to this method [54], each polymer chain is characterized not only by its length

but also by the number of branches it bears. The following PBEs result:
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where ]1" , and I, , represent the concentration of active and terminated chains, respec-
tively, of length n and with b branches.

To obtain the overall polymer CLD, eqs (3.9)-(3.10) are solved to obtain the CLDs of
the polymer chains for each number of branches b. Then, these are summed up over all
possible branch numbers to obtain the desired quantity: P, = EO_O Py

The distributions B, are obtained by reducing eq. (3.9) for the radical species by
means of the QSSA and by applying the moment operator }:;‘10 n* to the resulting system,
in order to obtain the first three CLD moments for each number of branches (zeroth-, first-
and second-order moments). The formulae and passages required to derive these moment
equations are the same as those reported in Appendix D in the frame of the overall method
of moments. From the first three moments, each distribution is reconstructed using a re-
scaled I'-distribution as model distribution [45]. With respect to this, the previous finding
[65, 56] that the polymer fractions constituted by chains with a given number of branches
follow a I'-distribution in a randomly branched polymer suggests this to be a reasonable
choice. Note that, unlike the overall moment eqs (3.7) and (3.8), the moment equations
resulting in this case are not in closed form, i.e., the dependence of the terminated polymer
moments on the next higher order moments cannot be eliminated. Accordingly, a closure
equation is required. The following equation for the calculation of the third-order moment

of the CLD of the terminated polymer with a given number of branches has been adopted:

/_1% p == / 1o b ]i‘_ =0 “___ < 311)
iy o

This closure formula is in agreement with the model distribution (re-scaled I-distribution)

which has been chosen for the reconstruction of each CLD from its first three moments.
3.3.4 Numerical Fractionation

The concepts underlying the original version of NF proposed by Teymour and Campbell

[30] have been explained in Appendix A in the frame of the solution of the emulsion



60

MWD model developed in Chap. 2. According to this method, the subdivision of the
polymer into classes is not operated according to a structural feature of the chains (such
as the number of branches in the PANB method) but is defined by the rules describing
the trangition of chains from one class to the other: these rules should assure that each
class is made up by chains similar in size. The geometrical growth obtained passing from
one generation to the following one provides an original insight into the physical process
which leads to the formation of a gel. However, when regarding this fractionation strategy
in the frame of a numerical method for accurate MWD evaluation, it probably results to
be too coarse. This can be understood, for instance, by considering that a chain can keep
adding branches within a certain generation without being transferred to the next higher.
This results in broad generations which are difficult to describe numerically (even though
much less than the original overall distribution).

To improve the description of the MWD, a refinement of the fractionation scheme has
been proposed in the context of emulsion polymerization by Arzamendi and Asua [23]. The
polymer is still subdivided into linear and branched chains, but the latter are subdivided as
follows: each of the first n, generations is constituted by chains having the same number
of branches (coinciding with the generation index ¢), while for the generations nj + 1
and higher the original rules allowing a geometrical growth in the chain dimensions are
adopted. In other words, not only the linear chains but also chains with up to n, branches
are described separately, before introducing the fractionation developed by Teymour and
Campbell.

The following transfer rules result in this case: the linear chains (g = 0) pass on to the
first branched generation when they undergo chain transfer to polymer. Within the next
ny branched generations, transfer occurs either by chain transfer to polymer (to the next
higher generation) or by combination (to the generation corresponding to the munber of
branches of the resulting chain or to generation ny, + 1 if the number of branches exceeds
ny). From generation ny, + 1 onwards, transfer to the next higher generation oceurs when
two chains of the same generation couple together through termination by combination.

. . N . . . p . R ()
This generation transfer scheme is swmmarized in Table 3.1. In this table, RV and ng )

represent an active and a terminated chain, respectively, of length n and belonging to
generation g. The parameter n, indicates the number of branched generations in the sol
phase. Accordingly, generation n, + 1 corresponds to the gel phase (or better ‘pseudo-pel’
phase, where this term indicates everything which is lumped together with the gel phase

into a single class).

This scheme allows a more detailed description of the moderately branched polymer
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Table 3.1: Reactions giving transfer between generations.

which is instead Iumped into the first very few branched generations (only one in the limit
of no termination by combination) in the original version of NF.
According to the transfer rules summarized in Table 3.1, the PBEs (3.1)-(3.2) must

be modified in order to account for the passage of chaing between generations. The re-

these equations reduce to those corresponding to Teymour and Campbell’s original gen-
eration transfer scheme [30], which can therefore be considered as a special case of the
fractionation scheme here adopted. In the following, we will refer to this special case as
‘classical NI, Instead, when n, = n) and the equation for g = n, + 1 is neglected, the
fractionation method considered reduces to the partitioning of the polymer based on the
number of branches described in the previous Section 3.3.3, which does not account for
the geometrical growth in size of the chains approaching gelation typical of the classical
NF.

To solve the fractionated PBEs (cf. Appendix E), as for the method presented in
Section 3.3.3, after reduction of the equations for the radical species by means of the QSSA,
the method of moments has been applied in order to obtain the first three moments of each
generation. Again, the resulting moment equations are not in closed form. The closure
formula (3.11) is adopted within each generation to calculate the third-order moment as

a function of the lower-order moments. This closure formula results from the re-scaled
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I'-distribution which has been chosen for the reconstruction of the CLD of each generation
from its first three moments [45]. The overall CLD of the sol phase is obtained by summing

up the contributions of each generation.

3.4 Gel Weight Calculation

From a mathematical point of view, a polymer molecule is identified as belonging to the
gel phase when its dimensions are so large that the molecule can be considered infinite in
size. Therefore, the formation of a gel phase in the polymerization system is revealed by
the divergence of the second- and higher-order moments of the CLD. This implies that
the overall method of moments fails at the gel point and provides no means of calculating
the amount of gel or any other quantity beyond the gel point. On the other hand, for
the other methods discussed above, integration can be carried out across the gel point
without introducing any discontinuity. To this aim, it is sufficient to establish a maximum
chain length, or number of branches, or any other feature related to molecular dimension,
above which the polymer molecules are assumed to belong to the gel and are no longer
simulated. This also permits, if this maximum size is selected so as to actually include all
the molecules of the sol, to calculate correctly the amount of sol polymer (and thus of gel)
and to have a complete description of the sol MWD. What ensures that this is possible,
is that in the process of gel formation a gap appears between the gel, infinite in size, and
the sol phase, where very large molecules may be present but still finite in size, so that
they can be simulated (cf. e.g. ref. [30]).

In the case of the detailed solution method, it has been shown that the differential
system can be truncated at any chain length without introducing any error in the CLD
calculation up to that chain length. The sol CLD is thus calculated correctly up to any
selected np; value. Instead, for a correct evaluation of the amount of gel, the value of
nyr must be taken so large as to have a negligible amount (in terms of weight and not
only of number) of soluble chains that exhibit this chain length. This can be verified by
examining the calculated weight CLD of the sol phase. The amount of gel /,rf{“"' is then
obtained by subtracting from the overall polymer j1 the amount of polymer in the sol
phase, given by ps% = SorMonP,. Thus, the gel is considered to be made up of chains
with a length greater that ny.

In the case of the PANB method, a number of branches bys can be selected, above
which the polymer chain is considered to belong to the gel phase. The parameter by must

be large enough so that the amount of soluble chains having this number of branches is



Parameter Value
Kinetic parameters
k i 9.07-107% Imol~! 7!

kp 5.1071 1 mol~t gt
kq 1.18 - 1076 gt
Ky 5-10% 1mol™! st
Ete 0+5.97-10% 1mol~t st
kg 0-+597-10% 1mol~t st
7 1

Initial concentrations
I, 1107 = 1-1077 mol 1Y
M, 8.43 mol 1!
T 0 mol 1™t

Table 3.2: Kinetic parameters and initial concentrations for the model simulations

.. . 1
negligible. The amount of gel can be calculated as 1"

= [ — Eb]‘:’fo fi1,p, where 1y p is the
amount of polymer constituted by chains with b branches.

In the case of NF, the index reflecting the dimension of the molecule is the generation
index. Accordingly, a sufficiently large number of generations n, has to be used to describe
the sol phase. Teymour and Campbell suggest to check convergence of all quantities
predicted by the model, and in particular the gel point, to verify that the number of
generations selected for the description of the sol is large enough (note that this criterion
can be applied also with the other solution techniques to check if the ‘dimension parameter’
has been taken large enough). The amount of gel can be calculated as ui’el = )y =

)

n () + . ) .
> 90 u(l_g ), where /1&” 1s the amount of polymer belonging to generation g¢.

3.5 Results and Discussion
3.5.1 Base Cases

Two main case studies have been selected for comparing the results obtained through the
various solution methods. In the first one, bimolecular termination is assumed to occur
by disproportionation while in the second one it occurs by combination. In all cases chain
transfer to polymer is present as a branching mechanism. Accordingly. in the second case
the formation of a gel phase is possible, while in the first one the absence of a mechanism
connecting chains together prevents the formation of the huge-sized molecules constituting
such a phase. Within each case study, two different reaction rates, given by two different
initiator concentrations, have been examined. All the values of the kinetic parameters and

the initial concentrations selected for these simulations are reported in Table 3.2.
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3.5.2 Bimolecular Termination by Disproportionation

For these simulations, the value of k. has been set to zero, i.e., bimolecular termination
is assumed to occur only by disproportionation. Two reaction rates have been examined,
corresponding to initial initiator concentrations I, = 1- 1072 mol I"* and I, = 110!
mol 171,

The case of a lower reaction rate (lower initiator concentration) is first analysed. The
distribution is calculated at 65% conversion through the four solution methods deseribed
above. In the case of NF, it is first calculated with ny = 0, i.e., using the fractionation rules
by Teymour and Campbell (classical NF). This is done because the classical method often
predicts, in the presence of the mechanisms under consideration (chain transfer to polymer
and disproportionation) a pronounced shoulder in the high molecular weight portion of
the MWD or even a bimodal behavior, the existence of which in the real solution has
to be checked. Fig. 3.1(a) shows a comparison between the results of the classical NF
(solid curve) and the detailed solution method (dashed curve). Tt is apparent that the
high molecular weight maximum is an artifact of the NF technique. By examining the
contributions of the single generations to the overall CLD curve, as shown in Fig. 3.1(b),
it can be observed that this maximum is due to the fivst branched generation, which
is in fact a single generation containing all chains which are nonlinear. Teymour and
Campbell’s scheme does not in fact admit the transition to a second branched generation
in this case, and the bimodality can therefore be related to the accumulation in the first
branched generation of chains adding a growing number of branches. This observation has
suggested the more detailed fractionation of the polymer chain population [23] discussed
in Section 3.3.4.

Note that when chain branching occurs through different mechanisms, namely, terminal
double bond propagation or crosslinking, this problem does not arise. This is because the
branching mechanism joins two polymer chains together and is therefore directly responsi-
ble for the geometrical growth in chain size which rules the transfer between generations in
the classical fractionation scheme. Thus, this scheme is enough to provide a good descrip-
tion of the branching process, which is not true in the case of chain transfer to polymer,
where the branching mechanism is not a chain coupling mechanism. This is also suggested
by the fact that the distributions calculated through the classical NF in the presence of
terminal double bond propagation or crosslinking (and in the absence of chain transfer
to polymer) do not exhibit the peculiar shoulders discussed here above (see Chap. 2 and

ref. [43]).
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Figure 3.1: Chain length distribution at 65% conversion in the case of terminafion by
disproportionation and low initiator concentration. (a) — : classical NF; -~ reference
solution calculated by the detailed method; (b) classical NEF with the contribution of the
individual generations.
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Figure 3.2: Chain length distribution at 65% conversion calculated by the overall method of
moments for an increasing number of moments (k.. = 2 to 35) in the case of termination
by disproportionation and low initiator concentration; --- : reference solution calculated
by the detailed method.

In Fig. 3.2 the correct solution is used as a term of comparison for the solution obtained
by the overall method of moments at an increasing number of moments (from ko, = 2 to
Emaz = 35, where kpqq 18 the maximum order of the moments used for the reconstruction
of the CLD). It can be seen that a very large increase of the maximum moment order
corresponds to a limited improvement of the obtained solution, which is in any case very
far from the ‘true’ solution. Increasing further the number of moments, severe oscillations
begin to appear, in agreement with previous results reported in the lterature using La-
guerre polynomials [57, 58]. Therefore, when the full MWD is required, the overall method
of moments fails to provide a satisfactory solution to the problem, at least with the model
distribution chosen (perturbed I'-distribution).

With the aim of testing to what extent a more detailed fractionation scheme can
improve the accuracy of the solution, the CLD has been reconstructed using NE with
increasing ny values. The results are shown in Fig. 3.3(a), where values of ny from 5 to 40
have been used (note that the value of n, — ny is irvelevant to the result since with the
considered reaction mechanisms the maximum generation which can be reached is ny +1).

It can be observed that for increasing ny values the high molecular weight maximum is
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Figure 3.3: Chain length distribution at 65% conversion in the case of termination by
disproportionation and low initiator concentration. (a) Refined NF for increasing ny values;
(b) refined NF (with ny, = 40) with the contribution of some of the generations.
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shifted to higher chain lengths while its intensity is reduced. This maximum is due to
the polymer chains accumulated in the last branched generation, constituted by polymer
chains with more than nj branches. This can be clearly seen in Fig. 3.3(b), where the
contribution of some of the generations has been reported under the overall CLD for the
case of ny = 40. It is evident that, for increasing n; values, the quantity of chains with
more than n; branches has to become negligible and the maximum has to disappear,
while the polymer tends to be entirely subdivided into generations each constituted by
chains with a given number of branches b. This suggests the more appropriate description
to be given by the PANB method, as long as a large enough number of branches by is
chosen. In fact, subdividing the chains according to the number of branches and selecting
increasing by values, the calculated CLD approaches the ‘true’ solution. This is shown
in Fig. 3.4, where the solution given by the PANB method is plotted for increasing by,
values (Fig. 3.4(a)) and at convergence to the correct solution (Fig. 3.4(b)). Therefore, in
this case the PANB method results optimal when a detailed MWD profile is required.

If the number byr is chosen large enough, so as to cover the entire molecular weight
range, the PANB solution method also provides in a straightforward way a detailed char-
acterization of the polymer in terms of branching. In fact, the concentration of polymer
chains with a given number of branches b is provided by the zeroth-order moment jiq .
This quantity is reported in Fig. 3.5(a) for the case under examination.

Another quantity of interest for a complete description of the branching properties of
a polymer is the average number b, of branches per chain in chains of a given length n.

This is given by:

D T
B‘b,\l »)
Loap=0 A b

For the case under examination, this function is plotted in Fig. 3.5(b). It is interesting
to observe that the average number of branches increases linearly with chain length. This
feature gives a hint on a possible way to quickly estimate the number of branches needed
to cover the whole polymer CLD without seeking convergence on the CLD profile. In
fact, from Fig. 3.1, it can be seen that, though yielding an incorrectly shaped CLD, the
classical NI is able to predict correctly the maximum chain length reached in the system.
Accordingly, the CLD can be first computed through the classical NF, which usually
requires short computational times. Once the maximum chain length is known, and once
the slope of the b, vs. n line is obtained by plotting eq. (3.12) with a low by value,
extrapolation of this line to the maximum chain length gives an estimate of the by; value

required for the correct calculation of the CLD up to high chain length values. As a check
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Figure 3.4: Chain length distribution at 65% conversion in the case of termination by
disproportionation and low initiator concentration. (a) PANB method for increasing by
values; (b) — : PANDB method with by = 145; - -~ : veference solution calculated by the
detailed method.
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Figure 3.5: Branching properties at 65% conversion in the case of termination by dispro-
portionation and low initiator concentration. (a) Concentration of chains as a function of
the number of branches; (b) average number of branches per chain as a function of chain
length.
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of the method, note that the value of about 140 branches estimated from Fig. 3.5(b) to
reach the maximum chain length 2-10° (see Fig. 3.1(a)), coincides with the value at which
convergence on the CLD is achieved (see Fig. 3.4), i.e., it coincides with the minimum
number of branches required for the correct solution.

A second case has been examined in which the reaction rate is enhanced by the use
of a higher initial initiator concentration (I, = 110" mol I"1). The CLD obtained in
this case by the classical NF is reported in Fig. 3.6 at 50% conversion (solid curve) and
compared to the CLD given by the detailed solution method (dashed curve). In these
conditions no bimodality is present and the dimensions of the shoulder are limited, so that
the solution provided by the classical NF is not far from being satisfactory as it is, without
the need for a more refined fractionation scheme. However, if a more accurate solution is
required, this is provided by the PANB method (with by = 80), as in the case of a slow
reaction rate previously examined.

The solution provided by the overall method of moments has also been analysed for
comparison. In Fig. 3.7 it can be seen that this solution is nearer to the correct solution
than in the case of low initiator concentration. This can be ascribed to the fact that the
overall distribution is narrower. However, the solution given by the overall method of
moments is still far from the correct solution even at very high moment orders. Therefore,
also in this case the overall method of moments fails in providing a satisfactory CLD.

Summarizing, two cases have been examined, corresponding to two different reaction
rates. In both cases the classical NI has been shown to give an improved MWD solution
compared to the overall method of moments. However. it has also been shown that there
exist situations where the classical NI gives birth to bimodalities or prononuced shoulders
which do not appear in the true MWD, In this case, the refined NF technique proposed by
Arzamendi and Asua [23] can be used as a quick way to verify whether the shoulders are
an artifact of the NF solution method. It is enough to repeat the MWD calculation with
a small ny, value, but greater than zero, and observe if the result changes. However, this
technique does not remove the basic problem of the classical NI? which, with the kinetic
mechanisms considered, consists of the accuinulation in the last genevation (ng -+ 1) of the
chains with more than ny branches. For a correct calculation of the MWD, the optimal

solution method has been found to be the PANB method in both cases examined.

3.5.3 Bimolecular Termination by Combination

For these calculations, the value of k;; has been set to zevo, i.¢., bimolecular termination

is assumed to occur only by combination. Two reaction rates have again been examined,
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Figure 3.6: Chain length distribution at 50% conversion in the case of termination by
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solution calculated by the detailed method.
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by disproportionation and high initiator concentration; - - - : reference solution calculated
by the detailed method.
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corresponding to I, = 1-107" mol 1"* and I, = 1-10~% mol 1"t. Unlike the case of
bimolecular termination by disproportionation, the presence of a mechanism connecting
together chains which form branches through chain transfer to polymer can lead to the
formation of a gel phase. In both cases examined gelation is in fact predicted by all four
solution methods. In the case of the overall muethod of moments, the gel point is predicted
as the instant where the second- and higher-order moments diverge and integration of
eq (3.8) cannot be carried further. In the other cases, the amount of gel is calculated as
discussed in Section 3.4.

The case of a lower reaction rate (lower initiator concentration) is first examined.
In Fig. 3.8, the number- and weight-average chain lengths are reported as a function of
conversion. The solid curve refers to the overall method of moments, while the dashed
curve is the solution given by the NEF (with n, = 0. i.e.. classical NF). Note that up to
the gel point (vertical dotted line), which is predicted to be the same by the two methods,
these provide exactly the same answer. This means that, though the fractionated equations
require a closure formula, the average chain length values which they provide coincide with
the rigorous values given by the overall method of moments. Additionally, while the overall
method of moments fails at the gel point, NF permits the calculation of the average chain
length values of the sol phase up to complete conversion,

Regarding the calculation of the complete CLD, the solution obtained from the overall
method of moments at 65% conversion (just prior to gelation) is compared to the correct
one in Fig. 3.9. Since the distribution is very wide, the overall method of moments provides
a solution which i1s completely unsatisfactory. Moreover, increasing the maximum order
of moments, oscillations already start to appear at kmay = 3.

In Fig. 3.10(a) the solution given by the classical NI' (solid curve) is compared to
the correct solution (dashed curve) at 65% conversion. The improvement in comparison
to the overall method of moments is apparvent. However, as in the case of bimolecular
termination by disproportionation, it appears that NF is responsible for the arising of a
marked shoulder at high molecular weights which does not exist in the true CLD. From
Fig. 3.10(b), where the contributions of the single generations are reported under the
overall CLD, it can be seen that the presence of the shoulder is due to the first branched
generation. Although in this case the passage to the second generation is guaranteed by
the presence of combination, the first branched generation still contains an accumulated
amount of chains which have repeatedly added branches without being able to pass over to
the second generation, as they didn’t undergo a combination event with another branched

chain. This problem can therefore be solved, as for the case of bimolecular termination by
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Figure 3.11: Chain length distribution at 65% conversion calculated by the refined NF
technique for increasing ny, values (ny = 5 to 40) in the case of termination by combination
and low initiator concentration.

disproportionation, by operating a finer subdivision of the less branched chains according
to the number of branches.

When this kind of partitioning is adopted, the marked shoulder actually tends to be
reduced. This is shown in Fig. 3.11, where the CLD calculated for increasing ny, values is
reported (with ng —mny, i.e., the Teymour and Campbell generations, fixed and equal to 6).
Since for increasing ny, values, the polymer present in generation n,+1 (which is responsible
for the shoulder) tends to disappear, and the same happens to the polymer belonging to the
higher Teymour and Campbell generations, the description of these generations hecomes
redundant and one can more appropriately pass to the PANB solution method.

The solution given by the PANB method with by = 160 is veported in Fig. 3.12 (solid
curve) and can be seen to be practically coincident with the correct solution (clashed
curve). Therefore, also in this case the PANB method proves to be the most efficient
when a detailed MWD is required. Moreover, as shown in the case of termination by
disproportionation, it permits a complete description of the chain branching properties of
the polymer. The number of branches by; = 160 required to cover the whole MWD hag
been obtained through the extrapolation method discussed earlier in Section 3.5.2. Tt can

be seen in fact from Fig. 3.10(a) that the classical NF provides a correct indication of the
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Figure 3.12: Chain length distribution at 65% conversion calculated by the PANB method
with bys == 160 in the case of termination by combination and low initiator concentration:
-~~~ reference solution calculated by the detailed method.

maximum chain length in the system and it can be verified that the average number of
branches vs. chain length relation is linear, as in the case of bimolecular termination by
disproportionation.

The calculation of the CLD has been repeated at 80% conversion, after gelation has
occurred, to examine the quality of the solution provided by the various methods after the
gel point. Of course, no solution can be obtained by the overall method of moments, since
the second- and higher-order moments diverge at the gel point. The detailed method has
been shown in Section 3.3.1 to provide a correct solution to the PBEs (3.3)-(3.4) up to
any selected chain length nj;. This is true for all conversions, no matter if a gel phase
has formed or not. Therefore, the detailed solution method is able to provide a reliable
reference solution also after the gel point. The requirement of a sufficiently large number
of nodes at which the integration is performed has of course to be fulfilled.

In Fig. 3.13 the solution provided by the detailed method is used as a reference for
the solutions given by the classical NF and PANB methods. The picture is unchanged
compared to the pre-gel situation. The NTF solution presents a shoulder that is an artifact
of the method and the PANB technique provides a solution practically coinciding with the

correct one. Accordingly, the PANB method proves to be an efficient and reliable method
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Pigure 3.13: Chain length distribution at 80% conversion (after gel formation) in the
case of termination by combination and low initiator concentration; — : PANB method
{(bas = 160); -~ : clagsical NF: --- veference solution calculated by the detailed method.

for the characterization of the soluble polymer fraction also in the post-gel period of the
reaction.

Finally, the case with a larger initiator concentration has been investigated. In Iig. 3.14
the solution obtained by the classical NF at 50% conversion (just prior to gelation) is
shown together with the solution given by the detailed method. The shoulder appears to
be reduced in dimension and the solution is not far from being satisfactory. Once more,
it can be shown that by adopting a finer subdivision of the polymer chain population, the
solution can be further tmproved. A solution indistinguishable from the rigorous one can
be obtained through the PANB method with by, = 180.

As for the case of termination by disproportionation. two different situations have heen
examined, corresponding to two different reaction rates. In the case of higher reaction
rates, the classical NF provides an acceptable solution. However, in the other case, where
both the pre- and post-gel reaction periods have been investigated, a marked shoulder
appears which is an artifact of the solution method, rather than a result of the reaction
mechanisms. A reliable solution has instead been shown to be obtained in all cases when
the polymer chains are subdivided according to the number of branches (provided that a

sufficiently large number of branches is considered). This approach also has the advantage
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of providing a straightforward description of the polymer in terms of branching properties.
3.6 Conclusions

Several numerical methods have been developed in the literature to calculate the MWD in
free-radical polymerizations where the occurrence of chain branching leads to rather large
polydispersity values and possibly the formation of a gel phase, which implies infinitely
large molecules. In this chapter, a detailed numerical method has been developed which,
though computationally intensive, allows to calculate the correct MWD, Using this method
1t was possible to check the reliability of previously proposed approximate techniques
which, based on some subdivision of the unknown polymer chain population, provide an
estimate of the MWD in reasonable computational times. These techniques are helpful
especially when dealing with systems where several internal coordinates appear in the
relevant PBEs, e.g. segregated systems. In particular NF was used in the previous Chap. 2
to solve the proposed emulsion polymerization MWD model equations.

The NF method as proposed by Teymour and Campbell [30] was found to consti-

tute a significant improvement compared to the classical method of moments, requiring
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an increased but still very limited computational effort (10 generations are usually more
than enough to have convergence of the method). However, in some cases it is not able
to provide a correct description of the MWD, giving rise to artificial shoulders at high
molecular weights. This is due to the nature of the partitioning into generations proposed
by Teymour and Campbell, which can lead to the accumulation of chains with a very
different number of branches in the first branched generation. This problem is only par-
tially removed by the refined fractionation technique proposed by Arzamendi and Asua
[23]. The best solution appears to be to simulate the chains subdividing them according
to the number of branches (PANB method), as proposed by Soares and Hamielec [54].
This usually requires integration of a rather large number of ODEs, let’s say, ten times
as many as clagsical NF, which implies correspondingly larger computational times, but a
very accurate solution is obtained.

It has to be stressed that the geometrical growth mechanism proposed by Teymour
and Campbell as a route to gel formation is in any case valuable not only from a physical
point of view, but also as a remarkably simple first approximation to a rather difficult
problem. Moreover, if average properties of the MWD and not its detailed shape are of
interest, which is often the case, NF provides the correct solution (at least if the adopted
closure equation is valid) and is not limited to the pre-gel reaction period as the overall
method of moments.

If an accurate complete MWD is required, a quick-solution strategy has been indi-
cated: through the classical NF the maximum chain length achieved in the system is first
estimated. Then, the number of branches corresponding to this maximum chain length
is estimated from the slope of the number of branches vs. chain length relation obtained
by the PANB method using a low number of branches. This step requires the number of
branches to be a linear function of molecular weight (at least to a fairly good approxima-
tion). Note that this requirement was completely fulfilled in all cases examined. Finally,
the MWD is computed through the PANB method using the calculated maximum num-
ber of branches. This method provides, along with the MWD, the branching distribution

function.
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Chapter 4

Effects of Compartmentalization
on Molecular Weight Distribution
and Gel Formation

4.1 Introduction

It was shown in Chap. 2 that large errors are made in the calculation of the instantaneous
properties of the MWD of a polymer produced in emulsion if a bulk model, i.¢., a model
ignoring active chain compartmentalization, is employed. In the literature several models
can however be found (e.g. [6, 22, 23]) which involve a greater detail compared to a
simple bulk model. These models include the description of the particles in the different
states (i.e., containing a different number of radicals) and calculate correctly the rates
of reaction in each particle state and the MWD of the active chains. However, they
do not include the concept of ‘doubly distinguished particles’, i.e., they do not consider
the distribution of the pairs of chains belonging to the same particle. As Lichti et al. [7]
showed, the knowledge of the MWD of the active chains is insufficient to the calculation of
the distribution of the terminated polymer in the presence of termination by combination,
since this reaction mechanism couples the lengths only of those pairs of chains belonging
to the same particles, and not of any pair of chains in the system. In this case, the
doubly distinguished particles (or an equivalent distribution) are required. The same
authors [39] examined a particular case (zero-one-two system controlled by termination by
combination) to show that the instantaneous polvdispersity would be incorrectly caleulated
by ignoring this specific requirement of compartmentalization.

In the present chapter an extensive analysis is performed of the role of compartmen-
talization in determining the MWD characteristics in the presence of termination by com-
bination, both for linear and for branched polymers. Significant information was obtained

by analysing the differences between the model developed in this work (‘correct model’)
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which accounts for the CLD of the pairs of active chains belonging to the same particle,
and another model (‘approximate model’) which limits itself to the calculation of the CLD
of the active chains, as done by the literature models [6, 22, 23]. Such an analysis has
been carried out both in terms of instantaneous properties, which can be directly related
to the reaction mechanisms active in the system, and of cumulative properties, which are
those of interest in applications.

The understanding of the mechanisms through which compartmentalization acts is
helpful for the selection of proper conditions for desired molecular weights. Moreover, it
permits to develop simplified models which, while accounting correctly for the compart-
mentalization effects, allow an easier inclusion of secondary effects, such as chain-length
dependent reaction rates, non-steady-state conditions, and so on. Taking advantage on
the understanding achieved in the first part of the chapter, the bases for the development

of such a simplified model (‘SDP model’) are given in Section 4.6.

4.2 Model Summary

4.2.1 Correct Model

The equations of the correct model, which accounts for the length distribution ol the pairs
of chains belonging to the same particle (doubly distinguished particle distribution), arce

those reported in Chap. 2.
4.2.2 Approximate Model

To compare the predictions of the correct model with those of a model neglecting the
effect of compartmentalization on the length of the chains terminated by combination,
an approximate version of the model is developed in this section (‘approximate model’).
The equations are written following the formalism used for the correct model (ie., the
distinguished particle approach) to make the comparison between the two models straight-
forward. Despite the different form, the approximate model is conceptually equivalent to
that developed in ref. [6].

The main idea underlying this model is to evaluate the rate of production of chains of
length n due to the combination reaction in particles with i radicals by multiplying the
rate of combination of chains of length I in particles of the same type by the probability
that the coupling chain has a length » — [, and summing over all [ values from 0 to n. The
key assumption is that this probability is independent of the fact that a chain with the

length of the first chosen chain is already present in the particle and can be consequently
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evaluated from the CLD of the active polymer in state ¢ particles, without introducing a
CLD for the pairs of chains. As discussed also in ref. [6], this assumption is certainly valid
if each particle contains a statistical number of growing chains; for a smaller number of
growing chains per particle (say less than 10), this validity is less obvious. Tt is actually
the validity of this assumption that we are discussing here.

In the approach which exploits the concepts of distinguished particles, this assmmption
leads to the significant simplification of ignoring the distribution of the doubly distin-
guished particles. In the case of linear chains, the rate of combination in state 4 particles
of two radicals, one of current lifetime #' and the other of current lifetime ¢”, is given by
the rate of combination of radicals with lifetime ¢/, 2¢.(1 ~ 1) N!(%,1), times the probability
that the coupling chain has a lifetime ", N/(¢,¢")/iN; (where this probability is assumed
independent of t'). In the case of branched chains, it is cnough to introduce the pre-lives
of one or both chains.

Accordingly, in comparison to the correct model, the equations for calculating the
doubly distinguished particle distributions (eqs (2.8)-(2.11)) are omitted and equations

(2.18)-(2.21) are substituted by the following:

(‘
dopSO{te )] _ = {2, N (= )N/ (b, 4,

dt,
(kg + BV (at! + otV S ko, 1 f")n} (4.1)
dopVC Golubm)] = {2, >_;§X2"f DB (t, — 1. # n') Xl +
—(kpp + k:;fy) (n' + at’ + otV (o, 1" 0! )FL} 73- (4.2)
dopGle ') — Lo0, SV (i = 1) Bi(t, — ¢, ¢/, /) Bille=ttn) a0 )
—(kpp + Exy) (0 + 0" + at’ + ot")GC (., 4" 0’ n n}NA (4.3)

Here, distributions S© (¢, ¢, #"), VC(t,¢',t" n') and G (t,, ¢t n' ,n") ave the distribu-
tions at time ¢, of the dead polymer formed by combination at any reaction time from
active chains of given current lifetimes ¢ and " and. in the case, pre-lives n' and n”. The
length of the resulting chain is given by n = n/ +n' + a(t/ + ") (with n/ or n" equal to
zero, if the corresponding chain is linear).

Note that, differently from the case of the correct model, three distributions only
are required: S (fe, ', "), VO(t., ¢/, 1", n") and G(t,, t',t",n',n"). More specifically,
distributions V¢ (t., ', " n') and W (., ¢/, t" n" ) of the correct model are replaced by
a single distribution VC (., ¢, #" n'). This happens because the approximate model does
not take into account which of the two chains of the pair is first born (or re-born) and,

accordingly, saying that one of the two chains is branched and the other linear is enough to
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distinguish them. This also reflects the reduced level of detail of the approximate model.

In conclusion, the approximate version of the model is constituted by eqs (2.5), (2.6),
(2.16), (2.17), (4.1)-(4.3). From the mathematical point of view, the resulting system is
closely similar to the one obtained in the case of the correct model. Moreover, the numer-
ical solving procedure adopted is the same (NF and method of moments, see Appendix A)

and requires an equivalent computational effort.

4.3 TIllustrative Calculations

In the following a comparison between the MWD properties calculated by the two models is
performed. In Section 4.3.1 the analysis is performed in terms of instantaneous properties,
i.e., those of the infinitesimal amount of dead polymer produced at a particular instant
during the polymerization reaction. In this case, only the equations detailed in the previous
section are required. Even though the meaning of these quantities becomes less clear
when dealing with branching systems, the comparison remains significant and illustrates
interesting features of the two approaches.

In Section 4.3.2 an analogous comparison is carried out in terms of MWD properties of
the polymer actually produced, i.e., in terms of cumulative molecular weights. In this case,
the previous equations have to be coupled to a model able to account for the evolution
during the emulsion polymerization of all those quantites which influence the MWD of
the product, for instance particle size, monomer concentration in the particles and so on.
In particular, the model proposed by Storti et al. [41] has been used; main assumptions
are particle size monodispersion and thermodynamic equilibrinm conditions for the phase

partitioning of the monomer.
4.3.1 Instantaneous Properties

The numerical values of the model parameters used for the calculation of the instanta-
neous properties are summarized in Table 4.1. Each of these values applies when the
corresponding reaction mechanism is considered to be operative; if not, it is sef equal to
ZEro.

In all cases the instantaneous polydispersity ratio, ’(3 is shown as a function of the
average number of active chains per particle, . The variation of 7# has been obtained
by changing the value of the entry rate of the active radicals from the acqueous phase
to the particles, p. Note that while low 72 values are typical of emulsion polymerization

systems, at increasing values of the number of active chains per particle the behavior of
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Parameter Value
Crm 5.7-107% mol cm™®
ky 1.3-107% ¢!
Em 10 cm?® mol™t g1
Ep 10 ¢m® mol™t gt
kp 2.6-10° cm3 mol~t gt
k 5 cm® mol™t gt
Ete 1.16 - 10 em? mol~t g1
kg 0 cm® mol~t g !
up 1.21-107% em?
o0 2.38-10"7 mol cm™?
o 3.22-107% mol cm™?
o 105.3 mol cm™?

Table 4.1: Numerical values of the model parameters used for the calculations of instan-
taneous properties. The moments o*) of the dead polymer are referred to the particle
phase volume.

each particle approaches that of a bulk system and any compartmentalization effect is
expected to vanish.

In Figs 4.1 and 4.3 the case of linear chains is examined; thus, &y, and k; are set to
Zero.

In Fig. 4.1 combination has been considered the only operating termination mechanism,
and both chain transfer to monomer and desorption from the particles have been neglected,
i.e., k’fm = l‘.’ld = ().

By inspection of the calculated curves (continuous curve for the correct model and
broken curve for the approximate model) it appears that the same number-average degree
of polymerization (Fig. 4.1(a)) is predicted, since the two curves are in fact superimposed.
However, the different behavior of the polydispersity ratio predicted by the two models
(Fig. 4.1(b)) proves the need for taking into account chain compartmentalization through
the doubly distinguished particle distributions.

Note that the continuous curve exhibits two physically significant extreme values, i.e.,

(3, =2 at 71 = 0.5 and P(ﬁ approaching 1.5 at large 7 values. At large 7 values, )§ = 1.5
corresponds to the value for bulk polymerization with dominant bimolecular termination
by combination. This result is physically sound since in this situation the particles can be
regarded as mini-bulks. At 7 = 0.5, instead, the situation is that of chains mainly growing
undisturbed in state one particles to very great lengths (see Fig. 4.1(a)). This is due to

very low entry frequencies. When a new radical enters the particle, bimolecular termina-

between the entry and the termination are negligible compared to the final length of the
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chain. The termination mechanism can thus be compared to a monomolecular termination
mechanism, because it preserves the length of the growing chain. This doesn’t necessarily
mean that bimolecular termination ig ‘instantaneous’ upon entry, in the sense that it is
faster than propagation, but just that the length of the chain is determined by the entry
frequency rather than by that of combination. This termination mechanism corresponds
to a polydispersity value of 2, which is indeed typical of monomolecular termination.
The situation examined here above at 7 = 0.5 (p < ¢) also provides a good picture
for understanding the need for the doubly distinguished particle description. Assuming
that in these conditions the particles containing more than two radicals are negligible in
number, the situation can be depicted as in Fig. 4.2(a). This figure shows a population
of state one particles containing chains growing alone up to high lengths, corresponding
to characteristic times 7, given by the inverse of the entry frequency p. Upon entry of
a second radical, a population of state two particles appears where the first chain is still
growing but now a second chain grows along with it. The typical length of this second
chain is determined by the bimolecular termination frequency ¢ and corresponds to the
characteristic time 7. = 1/2¢c. As p < ¢, 7, << 7,. Accordingly, two very different chain
populations are present in the state two particles. The first chain population has a long
characteristic lifetime 7,, while the second has a short characteristic lifetime 7,. This is il-
lustrated in Fig. 4.2(b), where these two components of the NJ distribution (distribution of
the active chains in state two particles) are qualitatively shown. In all particles containing
two chains, one chain belongs to the distribution with 7 = 7, (broken curve in Fig. 4.2(b))
and the other to the distribution with 7 = 7, (solid curve in Fig. 4.2(b)). It is clear that in
a termination by combination event it can never happen that two chains belonging to the
same of these distributions couple together. The doubly distinguished particle approach
accounts for the presence of these two different chain populations through the idea of first-
born and last-born chain. Given the distribution N7(¢,¢',¢"), the time ¢’ during which the
first-born chain grows alone is related to characteristic time 7,, while the time ¢ during
which the two chains grow together is related to characteristic time 7.. If this kind of
description is not adopted, as in the approximate model, coupling of two chains belonging
to the same component of distribution Nj (solid or broken curve in Fig. 4.2(b)) is allowed.
Accordingly, a greater amount of short-short and long-long chain combination is admitted
in comparison to reality. This explains the larger polydispersity ratio calculated by the
approximate model at 7 = 0.5, as shown by the broken curve in Fig. 4.1(b). On the
other hand, it has been shown in Fig. 4.1(a) that the number-average chain length M} is

calculated correctly by the approximate model. This is due to the fact that it is just the
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Figure 4.2: (a) Picture of the chain lengths in state 1 and 2 particles at entry frequencies
much smaller than the bimolecular termination frequency. (b) Two components of the
chain length distribution in state 2 particles, with different characteristic lifetimes. — :
Te=1/2¢; -~ 1 7,

= 1/p.



89

way in which the active chains couple which is incorrectly described by this model, while
the length of these chains and the number of the coupling events is computed correctly.
The physical considerations above can be confirmed analytically by writing the balance
equations for the singly and doubly distinguished particles in the case where the polymer
particles containing more than two active chains are negligible in number. The following

balances for the singly distinguished particles result:

Lla(: D N (4.4)
%*Tf) = pNI(t,t)) — (p + 20)NL (£, ) (4.5)
with initial conditions:
Ny(t, ' = 0) = pNy(t) (4.6)
Nt = 0) = pNy (1) (4.7)

Remember that no desorption is assumed to take place (kg = 0). Solution of system

(4.4)-(4.5), accounting for the fact that p < ¢, yields:

Ni(t,¢') = pNoe " (48)
p*No ;=2

Nt ) = B8 =0t oy e2et 4.9)

2 2¢ »

with Ng ~ Ny ~ 0.5 . Observing the expression of Nj, it can be seen that this is
constituted by two exponential terms with different characteristic decay times, as depicted
in Fig. 4.2(b). However, from expression (4.9) it is still not clear whether two chains
belonging to the same particle can contribute to the same exponential term or not.

The rate of production at time ¢ of terminated chains of a given length ot is calculated

by the approximate model as:

“ ~ 1 £ NIt
SES(4 1) = S / 2eNS(tF — t’)_z—g;’i-zdt’ (4.10)
2 Jy - 2N4

This implies multiplication of distribution V4 by itself, with the appearence of terms arising

- e B . . E v oy Lo — i ) 4
from the multiplication of each exponential contribution ¢=7% and e~

by itself. These
terms physically represent the short-short and long-long chain terminations which ave in
practice prevented by compartmentalization, and which cause an erroneous increase in the

calculated polydispersity. Integral (4.10) can be carried out analytically, using eq. (4.9)

for N4(¢,#"). This gives:

N



What is interesting in this expression is the appearence of the two terms of the form fe=9
typical of a bimolecular termination by combination mechanism. These terms are precisely
those which arise from the combination of chains within each of the two distributions
constituting the Nj distribution, the impossibility of which has been discussed above.

A correct analytical solution can be obtained by use of the doubly distinguished particle
distribution. Assuming again a negligible amount of particles containing more than two
radicals, the balance for NJ(¢,¢',t") is given by:

ONY (4, )

S ~(p + 2c)NJ (£, ¢, 4") (4.12)
ot
with initial conditions:

NJ (847 = 0) = pN{ (¢, 1) (4.13)
This yields (p < ¢):

NY(, ") = p? Nye” e =2t (4.14)

In a different form, it appears again that the chaing belonging to state two particles can
be subdivided into two families, the first with characteristic lifetime 7, = 1/p and the
second with characteristic lifetime 7, = 1/2¢. However, this time it appears that each one
of the chains in a state two particle belongs to a distribution with a different characteristic
lifetime.

The correct model calculates the rate of formation at time ¢ of terminated chains of
length ot as:

o b2 ,
SE (1) / 2eNY (4, & — 24" ") dt" (4.15)

By substitution of eq. (4.14) in integral (4.15), it appears that only coupling of chains with

different characteristic times is admitted. The analytical solution of integral (4.15) yields:
SOt T) = 2Ny (e = ) (4.16)

This time the terms of the form fe~® do not appear. The bimolecular nature of the
termination event under consideration appears from the fact that .§’C’7=‘1(t7'/7 = 0)
However, at lifetimes ¢ = 7., i.e., very short compared to those achieved on an average,
SCA(t F) = p> Noe %, 1e., the distribution has the form of that given by a monomolecular
termination mechanism, implying P‘ = D,

The analysis above shows that situations exist where the lengths of the two colliding
chains are correlated, so that the assumption of independence of the two lengths (see
Section 4.2.2) fails. In these cases, the approximate model is no longer valid. The nature

of this correlation is analysed in detail in Section 4.4 from a statistical point of view
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At increasing n values, the broken curve in Fig. 4.1(b) approaches the solid one. One
expects this to happen at very high 7 values, in conditions where all particles can be
considered as mini-bulks, i.e., they contain a statistical number of chains, which implies
no correlation of the chain lengths. This is because all particles contain such a high number
of chains that extracting a chain from a particle would cause no significant disturbance
to the distribution of the chain lengths in that particle, which is the same as that in all
the other particles. It follows that choosing a second chain to couple to the first from the
same particle or from a different one is exactly the same. However, observing Fig. 4.1(b),
it can be seen that the answers of the two models (correct and approximate) are very close
already at 7i values (e.g. 7 = 3) which are much smaller than those required for all particles
to be considered as mini-bulks. In these conditions, a large fraction of particles containing
very few radicals (e.g. one or two) are still present. The analysis previously conducted at
f == 0.5, where the pairwise correlation between the chain lengths was explained on the
basis of the fact that p < ¢, suggests that this correlation disappears when p > ¢, ie.,
much before all particles contain a statistical number of active chains. In Fig. 4.1(b), we
have in fact p/c — 0 as 7 — 0.5, p/e =1 at % = 0.9 and p/c = 16 at 7 = 3. This point
will be better clarified in Section 4.4 through statistical arguments.

A similar analysis can be made in the presence of both chain transfer to monomer and
desorption, with the results shown in Fig. 4.3. Due to the desorption mechanism, in this
case the minimum value of 71 is zero. The value P{Q’ = 2 calculated at 7 — 0, corresponds to
dominant monomolecular termination. Both models predict this asymptotic value, since
in these conditions particles in state two and consequently bimolecular terminations are
completely negligible. However, differences arise around 7 = 0.5, where the approximate
model overestimates again the broadness of the MWD. Instead, the same M is predicted
by the two models at all 7 values.

With reference to branched polymers, the case of chain transfer to polymer has first
been considered. All the parameter values reported in Table 4.1 have been used, except
for crosslinking which is considered to be absent (k) = 0). Fig. 4.4 shows that the two
models predict significantly different polydispersity ratios. In particular, the approximate
model calculates, as for the case of linear chains, larger Pj values than the correct one,
especially at n values between 0.5 and 1. The error introduced may be significant, more
than 15% in the worst case. Again, the same M} is predicted by the two models.

Similar results are obtained in the case of nonlinear chains produced by the crosslinking
reaction (see Fig. 4.5). For the calculations reported in this figure the numerical values

of Table 4.1 have been used but ks, = 0. In this case, the qualitative behavior of the
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polydispersity curves predicted by the two models is the same, exhibiting a maximum in
both cases. However, significant discrepancies arise around 7 values typical of an emulsion
polymerization systermn.

The analysis carried out in this section in terms of instantaneous MWD properties
shows that a model neglecting the concept of doubly distinguished particles is able to
predict correct number-average molecular weights but overestimates the values of the
polydispersity ratio, especially in the range 0.4 < 7 < 2, which is typical of many emulsion
systems.

However, it may be questioned how significant this error on the instantaneous proper-
ties is when they are integrated over the entire process. i.c.. when the cumulative properties
of the polymer are calculated. Consequently, in the following section a comparison of the

two models is carried out in terms of cumulative properties.
4.3.2 Cumulative Properties

To permit the calculation of cumulative quantites, the equations illustrated above for the

MWD calculation have been coupled to a model [41] able to account for the evolution

during the polymerization process of all those quantites which determine the parameters
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Parameter Value Meaning

B 0.939 Trommsdorff effect parameter [41]

C 3.875 Trommsdorff effect parameter [41)

e, 3.68 - 107% mol cm™® monomer water concentration at saturation
D -0.494 Trommsdorff effect parameter [41]

ke 210713 cm? 57! enfry rate constant
K rm 9.07 cm® mol~! ! chain transfer to monomer rate constant
Etp 30 cm?® mol™t 57t chain transfer to polymer rate constant

kr 1.18-107% st initiator decomposition rate constant

kyp 2.59-10° em® mol™!'s™'  propagation rate constant

ky 3 cm® mol™! 57! crosslinking rate constant

ke 5.97-10° cm® mol™! s™!  termination by combination rate constant
ka 0 em® mol™t g7t termination by disproportionation rate constant
e 2.13 1076 mol em™? initial molar concentration of initiator

Mgeed 1.8-10% seed number-average chain length
Np 110 em™3 seed particle concentration
P(f‘*ed 2 seed polydispersity ratio

M, 104.2 g mol~ 1 monomer molecular weight

Vin 113.8 cm? total volume of charged monomer
vpo 5107 em? initial particle volume

V@ 1012.3 em?® total volume of charged water

7 1 initiator efficiency

b, 0.68 particle monomer volume fraction at saturation
P 0.878 g cm ™ monomer density

Pp 1.05 g cm™3 polymer density

Cable 4.2: Numerical values of the model parameters used for the calculations of cumula-
tive properties.

appearing in the MWD equations.

The simulation results discussed here below refer to seeded batch reactions. The numer-
ical values of the model parameters together with the seed characteristics are summarized
in Table 4.2.

The case of linear chains has first been considered (ky, = kj = 0). In Fig. 4.6(a) the
number- and weight-average chain lengths are reported in logarithmic scale as a function
of conversion. The solid line refers to the correct model and the dashed line to the
approximate model. As expected, the same number-average chain length M, 1s predicted
by the two models over the entire conversion range, while the weight-average chain length
M, is overestimated by the approximate model (by about 10%). This is in accordance
with the fact that larger instantaneous polydispersities are calculated by the approximate
model. The predicted values of the average number of radicals per particle 1 are reported
in Fig. 4.6(b) as a function of conversion. They can be seen to range from 0.5 to 1.4, i.e.,

they lie in a region where compartmentalization is actually expected to play a significant



R —— ‘
|
g, “ M .
QL
£
g 4.4
Q
)

(@)}
Sj n i}
[¢}]
o>
<
(@)
2 4.2+ ) |
QO
2
(2)

4 | | | | ; . 1 i 1
“92 1‘5 | ‘ : T T T T Y
Q
S N
8
i 13" —
@

Q.
| | h
©
ks}
?‘f 1.1k |
8 )
";cS 0.9% _
©
0
E | |
o]
[
D 07— “
[}
©
:% - (b) —
0.5 ' ' | | | 1 I l
0 20 40 60 80 100

Conversion %

Figure 4.6: (a) Number- and weight-average chain length and (b) average number of active
chains per particle as a function of conversion in the case of linear chains. Parameter values
as in Table 4.2, but with ks, = k) = 0. — 1 correct model; --- : approximate model.



role (see Section 4.3.1).

When the presence of chain transfer to polymer (k=30 cm® mol™" s71, ,=0) is con-
sidered, the results shown in Fig. 4.7 are obtained. In Fig. 4.7(a) the average chain lengths
of the sol polymer fraction are plotted as a function of conversion, while in Fig. 4.7(h)
the gel weight fraction is reported. It can be seen that the two models yield completely
different predictions in terms of weight-average chain length and of gel point. The ap-
proximate model results to be absolutely inadequate in this case. The marked difference
between the predictions of the two models can be ascribed to the fact that the bimolecu-
lar termination mechanism is responsible for gelation in the presence of chain transfer to
polymer as the sole branching mechanism. This happens because one of the requirements
for the formation of gel is the presence of a mechanisim connecting the chains together, and
this is provided by the combination reaction in the present case. An incorrect evaluation
of the way in which combination joins together the polymer chains, which is reflected by
incorrect instantaneous polydispersity values calculated by the approximate model, results
in gel formation predicted to occur at much lower conversions. Considering that the 7 vs.
conversion profile coincides with that reported for linear chains in Fig. 4.6(b) (all possible

influences of the presence of branching on the 7 evolution have been neglected), it is in-

i.e., the main mode of termination is combination with very short radicals incoming from
the water phase. In these conditions no gelation is obviously possible, since no coupling
between branched chains can occur. With respect to this, it is to be excluded that the
short incoming radicals transfer their activity to the dead polymer before the combination
event, since ¢ 3> k fpa(l) (i.e., the frequency of combination is much greater than that of
chain transfer to polymer) up to over 70% conversion. The approximate model permits
instead the combination of branched chaing (although they belong to different particles)
also in these highly compartmentalized conditions because it admits a certain amount of
long-long chain coupling, as discussed in detail with regard to Figs 4.1 and 4.2. Thercfore,
the approximate model is shown to predict gelation in conditions where its occurrence is
physically precluded.

Smaller differences between the results of the two models are found when termination
by combination is no more an essential requirement for gel formation. This can be seen in

Fig. 4.8, where the case of crosslinking as the only source of chain branching is considered
(kp=3 em?® molt s~ Krp==0). In this case the mechanism of chain coupling is provided by
crosslinking itself, which alone is able to lead to the formation of a gel phase. Accordingly

S

the wrong evaluation of the combination mechanism through the approximate model does
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not induce huge inaccuracies in the evaluation of the MWD properties and of the gel point.

Finally, note that both in the case of chain transfer to polymer and of crosslinking,
the same number-average chain length M, is predicted by the two models up to the gel
point (as predicted by the approximate model). After this point, the curves move apart.
This happens because it is the M, of the sol phase which is being calculated, and this is
influenced by the amount of polymer belonging to the gel phase, which is diffevent for the

two models.

4.4  Analysis of the Assumption of Independence of the Two
Lengths of a Pair of Chains

As already mentioned in Section 4.2.2, in the calculation of the length of a dead chain
from a combination reaction, the approach leading to the approximate model considers
the length of the two live chains independent one of each other. In other words, given an
active chain of current lifetime 7, the probability that another chain growing in the same
particle has lifetime ¢y, is simply given by the number of chains of lifetime t;, divided by
the overall number of chains (in particles of the same type):

Ptz =trltt =1) = Pi(ta = 1) = “Z—U\{W;)_QM (4.17)
where P8 (ty = t1,|t1 = t) represents the conditional probability (according to the approx-
imate model) of finding a chain of lifetime ¢7, in a particle of state 7 conditioned on the
fact that a chain of lifetime ¢ is growing in the same particle, while P;(t9 = ¢1) is the
probability of finding a chain of lifetime #;, irrespective of the lifetime of the other chains.
Note that here we are referring to linear chains only for simplicity.

The distribution Pty = 7]t = ¢) is normalized to one, since integration of the singly
distinguished particle distribution over all current lifetimes yields the overall number of

active chains in particles of state i
m ,
/ Ni(te = tr, tr,)db, = iNj(te) (4.18)
Jo

Note that the integration can be carried out to infinity, instead of 4., since the times
of decay of distribution N/, corresponding to the growth times of polymer chains in the
system, are usually much smaller than experimental time t,. This also admits the approx-
imation N} (te —tr,tr) o~ N/(t., tr) in the solution of integral (4.18) and in the caleulation
of probability (4.17).

The correctness of eq. (4.17), which contains the assumption of independence of the
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calculated by the correct model, which will be indicated by Pf(ty = t1]t; = 1).
This last conditional probability can be calculated through the following statistical
relation:

Pty =tytg =t1) =Pty = 1) P{(ta = tp]ty = 1) (4.19)

which states that the probability of extracting a pair of chains from state ¢ particles, the
first of which of lifetime # and the second of lifetime ¢, is given by the probability of
finding a chain of lifetime # times the conditional probability of finding a second chain of
length %7,

The probability PF(t1 = t,t» = t1) can be calculated as the number of pairs of chains
of the two given lengths divided by the total number of pairs of chains in state i particles,
and again divided by two since the order of extraction of the two chains of each length
must be the given one. Accordingly:

e foru <
Pty =ty =11) = (4.20)
N; D for ¢ L>t

where the former or the latter relation holds according to whether the chain of lifetime £
is the older or the younger of the pair, respectively.
The probability P;(t; = ) is instead simply calculated as the number of chains of

lifetime ¢ divided by the overall number of chains in particles of type :

o Nl(te—t1
Pi(ty =1t) = ( Nilte = 1,0) (4.21)
Ni(te)
Substituting eqs (4.20) and (4.21) in eq. (4.19) one obtains:
/P;UZ = ’l?[_,w] = D = (122)

The distribution Pf(ty = tlt; = 1) is normalized to one, since integration over all
possible lifetimes t7, of the pairs of chains, one of which of lifetime #;, and the other of
lifetime ¢, must result in the total number of chains which make pair with a chain of

lifetime ¢:
/ NIty — €8 —tp,tp)dty + / N{'(te —tp tp ~ £, 0dty = (i~ DN/ (t, — £1)  (4.23)
JO ST

As mentioned above, comparison of probability Pty = #|ty = ¢) (which assumes
independency of the active chain lengths) to probabililty PF(ty = t1]t; = t), gives a good

idea about when the assumption of independency is satisfied.
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Figure 4.9: Probability of finding a radical of lifetime ¢; ina state 2 particle, given another
radical of lifetime ¢ in the same particle, multiplied by #,. Bimolecular termination by

combination frequency ¢ = 0.8 s7' and entry frequency p = 0.01 s7' (A — 0.5). -~
correct model; -- -~ : approximate model.

As an example, let’s go back to the case considered in Section 4.3.1 of linear chains
in the presence of combination as the sole termination mechanism (cf. Fig. 4.1). The
conditional probabilities P and Pf can be compared at values of 7 approaching 0.5,
where the difference between the approximate and the correct model is most significant in
terms of instantaneous polydispersity, and at larger 7 values, where this difference tends
to reduce.

Fig. 4.9 shows the quantities ¢, P and t;PS (i.e., in state 2 particles) as a function
of ¢;, in the case of #i — 0.5, obtained assuming the frequency of entry of radicals from
the water phase p = 0.01 7', The other parameters correspond to those used in Fig. 4.1
(which give ¢ = 0.8 s7). A logarithmic representation on the t7-axis has been chosen
due to the very different time-scales of the various curves, while multiplication of the
probability densities by t7, assures that the normalization of the areas beneath the curves
to one is maintained. Note that this kind of representation makes the plots in Fig. 4.9
conceptually equivalent to weight CLDs. The probability P§ depends upon the value of ¢.
Accordingly, various curves are reported at different ¢ values (solid curves). On the other

hand, P is independent of ¢ and a single curve results (dashed curve).
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The probabilities P§ and P are calculated by solving analytically systems (2.5) and
(2.8) with initial conditions (2.3) and (2.12), respectively. The analytical solution is ob-
tained from the usual eigenvalue method, i.e., given the ordinary differential system

dy (1
<y]( Z:E}j(ﬂ (4.24)
df

(where B is independent of ) with initial conditions

its analytical solution is given by:
y(t) = Zlij 4 'XO,)@Ajt (4.26)
J

Here, r; and 1; are the right and left cigenvectors of the matrix B of system (4.24) corre-
sponding to eigenvalue A;.

Going back to Fig. 4.9, the strong dependence of probability P§ on ¢ is shown by the
marked change of the solid curves at increasing ¢ values. An agymptotic curve is reached
at high 7 values (f > 8 in the figure). The evolution of the curves shows that a short
chain has a high probability of making pair with a long one, and vice versa. Chains
of intermediate lengths (e.g. ¢ = 3) have instead a substantially equivalent probability
of being in the presence of shorter (left-hand side peak) or longer chains (right-hand
side peak). The dashed curve, obtained from the approximate model, would incorrectly
suggest that chains of any length have the same probability of making pair either with
short or with long chains. The two peaks of the dashed curve correspond to the two
different contributions to the active chain distribution in state two particles, discussed
with reference to Figs 4.1 and 4.2.

A gimilar analysis can be carried out for the probabilities P and P¢ in state ¢ particles
with ¢ > 2. Similar results are obtained, in the sense that P¢ is significantly dependent
on the value of £. This indicates a strong correlation between the lengths of two chains
belonging to the same particle.

The same calculations have been repeated at increasing 7 values. In Fig. 4.10, {;P§
and ¢, P are reported as a function of In(ty) for a value of p = 5 s7t, corresponding to
7o = 2. Tt can be seen that the dependence of P§ on ¢ is much weaker than in the previous
case and therefore the assumption of chain length independence is verified with better
approximation. The probability of matching with chains of a given length is very similar
at all chain lengths, and not far from that calculated by the approximate model (dashed

curve). Note that the dashed curve does not present a bimodality as in the previously
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Figure 4.10: Probability of finding a radical of lifetime ¢, in a state 2 particle, given another
radical of lifetime ¢ in the same particle, multiplied by #;. Bimolecular termination by
combination frequency ¢ = 0.8 s7!
model; -~~~ : approximate model.

and entry frequency p =5 s7! (i = 2). — : correct

examined case. This shows that, at increasing values of the entry frequency p compared
to the combination frequency ¢, the distribution of the active chains is represented by a
single component (differently from the case p < ¢). All that has been discussed here above
for state two particles is true also for particles containing i > 2 radicals and is reflected in
smaller errors, in comparison to the case of lower i values, when the approximate model
is used for the calculation of the polydispersity ratio (ef. Fig. 4.1).

The case of a higher 7i value (71 = 4, given by p = 25 s71), has also been examined, This
yields the results presented in Fig. 4.11, which are substantially equivalent to those shown
in Fig. 4.10, but still interesting because convergence of the P§ curves (solid curves) to the
P§ curve (dashed curve) is seen to be approached, i.c.. PS5 tends to become independont
of the value of ¢ and equal to P§ at all ¢; values. Again, this holds true also for 4 > 2.
The assumption of independence of the chain lengths in a pair is thus verified better and
better at increasing 7 values.

What is most interesting is that this independence, being related to the relative value
of the entry frequency compared to the bimolecular termination frequency, is achieved

not only in particles containing a high number of radicals (which tend to be the most
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Figure 4.11: Probability of finding a radical of lifetime ¢, in a state 2 particle, given another
radical of lifetime ¢ in the same particle, multiplied by #;. Bimolecular termination by

combination frequency ¢ = 0.8 s7! and entry frequency p = 25 s7 (A = 4). — : correct

model; --- : approximate model.

numerous at high 7 values and thus those mainly contributing to the polymer produced in
the whole system) but also in particles containing few radicals, 7 = 2 in the limit. Thus, in
these conditions, the properties of the produced polymer are well calculated by use of the
approximate model not only as a whole but also when focusing on the polymer produced

in particles of a given state, even for low states.

4.5 Case Studies

Three polymerization systems, namely, styrene, methyl methacrvlate and vinyl acetate,
have been studied at 50°C. The instantaneous MWD averages have been analysed as a
function of particle radius to establish the ranges, for certain reaction conditions (temper-
ature, initiator concentration, etc.), where the use of the approximate model is unsatis-
factory. Particle radii from 5 nm up to 100 nm have been considered, i.e., from micellar
size to typical dimensions of final latexes. The equations and the parameters for the sys-
tems examined have been taken from Rawlings and Ray [59, 60], with the exception of
the entry constant ky,,, which has been assumed ky, = 6 - 109 cm/mol/s for all systems.

The radical concentration in the water phase has been taken constant and equal to 1010
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mol em™3.

In all cases the polymer particles have been cousidered monomer saturated
(Smith-Ewart intervals T and II). The Trommsdorff effect has been accounted for through

the empirical correlations reported by Friis and Hamielec [61].
4.5.1 Styrene

Bimolecular termination has been assumed to occur by combination [36]. The depen-
dence of the average number of radicals per particle i on particle radius rp is shown in
Fig. 4.12(a). Due to the low desorption frequencies, the system is bound for a wide range
of radius values to 7 = 0.5 (Smith-Ewart case 2, dotted line in the figure). In this range
the approximate and correct model show the greatest differences in terms of instantaneous
polydispersities (Fig. 4.12(b)). This could be predicted after inspection of Fig. 4.3, where
the case of a system with moderate desorption and with chain transfer to monomer was
examined. In the case of styrene, an error on polydispersity of 15% up to over 20% is
made by the approximate model for particle radii ranging from 10 to 60 nm. At particle
radii approaching 100 nm, this ervor tends to disappear, far before reaching ‘pseudo-bulk’

conditions. This is in accordance with the discussion in Sections 4.3 and 4.4.
4.5.2 Methyl Methacrylate

Bimolecular termination has been assumed to occur two thirds by disproportionation and
one third by combination [36]. Due to higher desorption rates and a stronger Trommsdor{f
effect in this case, no 0.5 value plateau is observed for the average number of radicals
per particle (Fig. 4.13(a)). Since the amount of combination occurring in this system
is limited, the error made by the approximate model in the polydispersity calculation
never exceeds 7% for all particle radii (Fig. 4.13(b)). Discrepancies of this magnitude
would be hardly detectable by any analytical technique. The polydispersity behavior,

exhibiting a maximum, is that typical of systems in which bimolecular termination by

disproportionation is important.

4.5.3 Vinyl Acetate

The nature of the bimolecular termination mechanism for this system is still an open
question [36]. The gelation technique [62] suggests that combination is the predominant
termination mechanism at 25°C. A greater amount of disproportionation may be expected
at higher temperatures, for instance at the monomer boiling point where the polymeriza-

tion is often performed to use the reflux condenser to remove the heat from the reaction

system. Here, bimolecular termination has been assumed to occur by combination. In this
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way, the worst possible conditions are chosen in terms of agreement of the approximate
model with the correct one. A value of ¢, = kgp/kp = 3.96 - 107 [63] has been chosen for
the chain transfer to polymer reaction. The dead polymer on which this mechanism acts
has been assumed to have a number-average chain length M, = 10* and a polydispersity
Py =4,

In Fig. 4.14(a), the average number of radicals per particle is reported. Very high
desorption frequencies for this system keep the average number of radicals per particle far
below 0.5 for low radius values. Thus, only ab intermediate rp values (e.g. 30 nm) the two
models start to move significantly apart in terms of polydispersity (Fig. 4.14(b)). At larger
particle radii, even though chain transfer to monomer rates are very high, the discrepancy
on the calculated polydispersity reaches values of 20%. Moreover, this discrepancy is a
function of the polydispersity P, of the dead polymer upon which the branching mecha-
nism is operative. At increasing [; values, the two models move more and more apart.
Accordingly, limited differences in instantancous polydipersities initially calculated by the
two models may result crucial in cumulative terms. In Section 4.3.2 it has been shown
that accounting incorrectly for combination in a system where branching occurs through
chain transfer to polymer may lead to very large errors in the weight-average molecular
weight calculation. If one assumes combination as the dominant bimolecular termination,

this is the case for vinyl acetate.

4.6 Singly Distinguished Particle Approach Adapted to the
Features of Radical Compartmentalization

4.6.1 Concepts

As shown in the previous sections, the detailed description of the lengths of the pairs
of chains belonging to the same particle is required to evaluate corrvectly the molecular
weight distribution of a polymer produced in typical emulsion reaction conditions when
bimolecular termination by combination is active in the system. This is a peculiar feature
of compartmentalization which arises (in the absence of other mechanisms) when the entry
frequency p is much smaller than the bimolecular termination frequency e, so that two
types of active chains appear in the system: the first have a characteristic lifetime Ty
related to the entry rate (7, = 1/p) and the second a characteristic lifetime 7. related
to the bimolecular termination rate (7, = 1/2¢). In this case it never happens that
two radicals belonging to the same distribution combine, because combination oceurs

practically exclusively in particles with two radicals, one of which is always of ‘type p’ and
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the other of ‘type ¢’

In the presence of other termination mechanisms the situation here referred to may
differ. For instance, if a chain transfer reaction is present (e.g. to monomer or chain
transfer agent), the frequency of which is much greater than the bimolecular termination
frequency, a single distribution of active chains is present and compartmentalization plays
no role. It is evident that when the chains die monomolecularly, the fact that they grow
segregated one from the other has no influence at all.

However, in an intermediate situation, i.e., when the frequency of transfer lies between
those of entry and of bimolecular termination, two kinds of active chains can still be
detected within particles containing more than one radical: the first kind, the lifetime of
which is determined by the transfer reaction, is given by chains which have been growing
alone in a particle until another radical has entered the particle; the second kind is given by
the new entered radicals, and their lifetime is determined by the frequency of bimolecular
termination.

To account for these different kinds of chain and for the fact that not any combination
between them is allowed, it is necessary, as already often noted, to describe the length
distribution of the pairs of active chains belonging to the same particle. In the distin-
guished particle approach this is given by the doubly distinguished particle distribution.
This distribution corresponds to the distribution of the particles containing a given num-
ber of chains, two of which of specified length. The number of active chains in a particle
is usually quite low, but chain lengths can reach values up to several tens of thousands.
Accordingly, the use of a detailed technique for the solution of the equations governing the
behavior of the distribution of the pairs of chains would require covering a bidimensional
domain in terms of chain lengths, which would result very heavy from the point of view of
computational times. On the other hand, it i of interest to reduce the problem to a form
which can be treated by use of commercial calculation codes for polyreaction distributions,
e.g. the code PREDICI®, Accordingly, it is of interest to look for a formulation of the
problem of the description of the compartmentalized pairs of chains in terms of a certain
number of distributions with a single chain length as internal coordinate, rather than in
terms of a single two-dimensional chain length distribution.

To develop such a model (the case of linear chains is freated to provide a starting
point), a suggestion comes from the existence of two different active CLDs within the
particles in certain reaction conditions, which was identified as a distinguishing feature of
compartmentalization. What we are referring to is of course the existence of chains the

length of which is determined by entry rather than by termination in the case where the
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former of these mechanisms is much slower than the latter. The model which develops,
however, should be flexible enough to consider the two different CLDs to become a single
one when the reaction conditions are such that compartmentalization does not play a role
(e.g. in the presence of high chain transfer to monomer or when entry dominates over
bimolecular termination).

Starting from the ideas above, and considering the case in which the compartmental-
ization effects are most evident (p < ¢ and no chain transfer reactions), it is possible to
distinguish between chains which are growing or have been growing alone in a particle
(which we will call ‘p-chains’ due to the fact that their length is related to the frequency
of entry) and all other chains (which we will call ‘c-chains’ since their length is related to
the frequency of bimolecular termination).

Once this distinction has been made, to properly consider the combination events
between active chains it must be imposed that two p-chains never combine, since it never
happens that two p-chains coexist in the same particle, while combination is admitted
between the p-chain and other c-chains which make pair with it. Combinations among
the c-chains belonging to a same particle (there can in fact be more than one c-chain in a
particle) are of course allowed.

To develop proper equations for the calculation of the p- and ¢-chain distributions, the
events creating a p- and c-chain, respectively. of a given length, must be considered.

With respect to the desorption (exit) reaction, the classical assumption is here made
that the only radical species able to desorb are the short (monomeric) radicals created by
chain transfer to monomer or chain transfer agent (CTA). Accordingly, the succession of
the two mechanisms chain transfer followed by exit of the produced radical will be referred
to as a transfer-desorption event.

The entry reaction is instead considered to involve radicals so short that they can be

considered to have length zero.

4.6.2 Equation Development

In the distinguished particle approach., we can define the p-chain distribution by introduc-
ing distribution N,Z:@ ) (t, ). Quantity i\r;(p)<t. t)dt' represents the fraction of particles in
state ¢ (i.c., containing 7 chains), one of which (distinguishing chain) is of type p. was born
at time ¢ and is still growing at a time between ¢+ ¢ and £ 4+ ¢ -+ df'. A similar distribu-
tion can be defined for the e-chains: distribution i\“";“"\'\;( t, ') is equivalent to distribution

1(p) , ) C. L L .
Nk,;(p)(‘l;, t'), except that the distinguishing chain is a c-chain.
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We now consider the events creating a p-chain of a given lifetime.
Since when a chain remains alone in a particle it becomes by definition a p-chain, the
case of state 1 particles represents a special case and must be considered separately.

A N{(p) (t,¢') particle
e appears:

1) with ¢ = 0 (initial condition):
a) entry in an empty particle;
b) transfer to monomer or CTA (not resulting in desorption) in a state one
particle;
2) with ¢/ > O
a) transfer-desorption of the non-distinguishing chain from a NS(”) (t.t") par-
ticle;
b) transfer-desorption of the non-distinguishing chain from a Né(c){ t, ') par-
ticle;
¢) bimolecular termination of the two non-distinguishing chains in a .N'é(/ ) (t, 1)
particle;
d) bimolecular termination of the two non-distinguishing chains in a Nt

particle;
e disappears:

3) a) entry in the distinguished particle under consideration;

b) transfer to monomer or CTA of the distinguished chain.

Note that terms la) and Ib) appear only for ¢ = 1, since enfry in a particle which is
not empty or chain transfer in a particle containing more than one radical vields a new
chain which is of type ¢, not of type p.

Moreover, terms 2b) and 2d) appear because when a c-chain remains alone in a particle
it becomes by definition of type p. This terms relates the N;O))(t,t’ ) distribution to the
N: (c) (t,1') distribution and does not appear for 7 > 1.

According to the scheme described here above, the balance for the N{(p) (t,#") distribu-

tlon can be written as:



BN{(’?) (t, 1)

G = Mot [ RINS () kNG (8, ) + ka1, 1)

+2eNI) (&, #) + 2eN1O (¢, ¢ (4.27)

with initial condition:

Here above, N;(t) is the fraction of particles containing ¢ radicals (given by the Smith-

Ewart equations), and parameter f is defined as:

f= If:f7n,07n + kft Ct — kq

and takes account of all transfer to small molecule events. save those which result in chain

desorption.

- . v ! 2 I . o .
To write the balance for N; (°) (t,t") with @ > 1, the events causing the appearance and

the disappearance of a p-chain of a given lifetime in a particle containing 7 > 1 radicals

must be considered.

A .Ni’(p) (t,t') particle (+ > 1)
e appears:

1) with ¢/ = 0 (initial condition):
a) never;
2) with ¢/ > 0:
a) entry in a N (1, ¢') particle;
a) entry 1 a IV, (¢, 1) particle;
~ . o v . v . . ~ - .
b) transfer-desorption of a non-distinguishing chain from a Nfi” 1> (t, ") particle;
¢) bimolecular termination of two non-distinguishing chains in a N,’(ﬂ (t, ")

particle;
o disappears:

3) a) entry in the distinguished particle under consideration;
b) transfer to monomer or CTA of the distinguished chain;
c) transfer-desorption of a non-distinguishing chain from the particle under

consideration;
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d) bimolecular termination between any two chains in the particle under con-

sideration.

Considering the scheme above, the following equation and initial conditions are derived

for distribution N,L-,(p ) (¢, 1) (2> 1)

NP ) o ,
oy a_tf .t) :»:pj\"z.’ff)f(t.t/) —lp f kg il — )c}.N?:([))(f;,'f,’)
ik NI (6, 4)) A i+ DeN (¢, ) (4.28)

Nt =0)=0

Passing to the balance for the c-chains, a N;(C) (t,#") particle (with i > 1, .Ni(“)(t, ) =0

by definition)
e appears:

1) with ¢ = 0 (initial condition):
a) entry in a particle containing ¢ — 1 radicals;
b) transfer to monomer or CTA (not resulting in desorption) in a particle in
state
2) with ¢’ > 0
. e .
a) entry in a NL»(_»E (t.t') particle;
b) transfer-desorption of a non-distinguishing chain from a /\7 1)( ') particle;
¢) bimolecular termination of two non-distinguishing chains in a /\Qﬁf.i('/;,'[;’ )

particle:
o disappears:

3) a) entry in the distinguished particle under consideration;
b) transfer to monomer or CTA of the distinguished chain:
¢) transfer-desorption of a non-distinguishing chain from the particle under
consideration;
d) bimolecular termination between any two chains in the particle under con-

sideration.

. o e I " . . . P .
The equation and initial conditions for distribution N,-,(’))(t,t’ ) corresponding to the

scheme above are (i > 1):



115

ANt

ot = oN U1ty = [p+ [+ ikq + i — DN (8,1
HikaN{ (8, 8) + i+ eN; (¢, 1) (4.20)

NPt ¢ = 0) = pNy_y (t) + £ N;(t)

The system constituted by eqs (4.27),(4.28) and (4.29) can be truncated as usual at
a sufficiently high particle state value (i = N) by imposing that entry in a state N
particle results in immediate termination between the new entered radical and a pre-
existing radical, which gives a state N — 1 particle.

Note that summation of the equations and initial conditions for the p- and the ¢-chains
yields the classical singly distinguished particle equations. It must of course be so, since
NIO @ ¢ + N () = NI(,¢).

Moreover, it is worth noting that the portion of the system given by eqs (4.29) with
i = 2,N can be solved independently of the portion constituted by eqs (4.27)-(4.28).
Therefore, the system can be split up in two subsystems, one homogeneous [eqs (4.29)]
and the other [eqs (4.27)-(4.28)] with a non-homogeneous part given by the solution of
the previous system (4.29) [terms relating the p-chain to the c-chain distribution in eq.
(4.27)]. Thus, the two subsystems can be solved in sequence.

For simplicity we will rewrite them in matrix form:

ON') (1,4

o = RIONVI(51) +¢(t,1) (4.30)
and

IN() (¢, ¢ e

6_7)75_ 2 = CON" (1, 1) (4.31)

where R(#) and C(1) are the matrices of the coefficients of the homogeneous parts of
systems (4.27)-(4.28) for the p-chains and (4.29) for the c-chains, respectively, while ¢(¢, /)

represents the non-homogeneous part of system (4.27)-(4.28). Matrix R has dimensions

N x N while matrix C has dimensions (N — 1) x (N —1).

In order to calculate the CLD of the terminated chains, one must distinguish between
the chains which died ‘monomolecularly’ (or better by any mechanism which preserves the
length of the chain upon termination) and by combination.

The contribution of the chains which died monomolecularly can be calculated through

the classical distinguished particle approach, without making difference between the p-
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and the c-chains. As noted above, distribution N/(¢,?') can be calculated by summing up
N,L-/(p)(t, t') and Ni'(c) (¢,t"), without solving a further system.

However, here it is the contribution of combination which is of interest. Therefore,
the possible combinations between active chains must be properly taken into account. In
a particle containing one p-type active chain (note that it can never be more than one),
combination can occur either between this chain and a c-chain or between two c-chains
(when 7 > 2). Instead, in a particle containing no p-type active chains, combination can
occur exclusively between two c-chains. The contributions of these two different situations
must be considered and then summed up according to how many particles contain a p-
chain and how many do not. Therefore, we must subdivide the N; particles calculated

()

- . . s, A () arle) S
through the Smith-Ewart equations into N/ and N, The former, N/, represents the
S T 2 ) 3

fraction of particles containing 4 radicals, one of which of type p. The latter, N?;(:(‘) , 18
instead the fraction of particles containing 7 radicals none of which of type p.

In the first kind of particles, combination occurs between a p-chain and a c-chain
with frequency 2¢.(i — 1) (in a state 4 particle) while it occurs between two ¢-chaing with
frequency ¢.(1 — 1)(7 — 2), where ¢, is the contribution of combination to c¢. In the N,é(c)
particles, combination occurs between two c-chains with frequency c.i(4 — 1).

Given a certain particle state #, the probability that at a given reaction time £, the
p-chain involved in the combination event is of a given lifetime #/, is calculated as the ratio

between the p-chains of a given length in the particle state considered and all the p-chains

in the same kind of particle:

Similarly for the c-chains:

5 (() 2N ‘aN‘T;(C'\/ (t(’ ..... . »k;’/( /7)
pi' (L =t ) oo arl(c),
/O 4 ﬁ?’ ‘ (‘f?e e YL/I, f’)(i'/,’

Combining the frequencies of combination between the different kinds of pairs of chains
in different kinds of particles, the probabilities that the particles considered are of a given
kind and the probabilities that the two chains involved are of two given lengths (con-
sideration of the p- and c-chain distributions permits to consider the latter probabilities
independent), one can finally write the equation for the polymer terminated by combina-

tion:

dlvp S (te,t',t" oo . (N :
o (gt’ ) ZP‘WY; ~ PP )N

(=)




v

Feeli = 1) = 2P P NG (432)
Fecili — PO (W)PO )N =
N

where distribution S (t,, ¢/, #") is the distribution at time ¢, of the terminated polymer

formed at any reaction time from the combination of two active chains of lifetimes ¢/ and

Besides the knowledge of the p- and c-chain distributions, eq. (4.32) requires the

. o . . 7"\’ ‘7“"3\) o e
calculation of the fractions of particles j\';"” and N, containing and not containing,
respectively, a chain of type p. These quantities are straightforward to calculate, since

every Ni(p ) particle contains one p-type chain. Accordingly:

. 0 i

N = / N (4, — 4 #)d (4.33)
Jo

N can be calculated by difference as N; — N7,

4.6.3 Equation Solution in Terms of Moments

The equations for the p- and c-chain distributions and for the terminated polymer distri-
bution can be solved in terms of moments to evaluate the averages of these distributions.

The following moments are defined:

) 00 .
o) — / (at" Vo N (8, — o )t (4.34)
’ J0
Ve N("’ Eagl(e) gy g0 gry gy 95
A = at VPN (b =, 1) di (4.35)
' J0
, \[>o Je] .
i = / / [ae(t" + t")FSC (t,, ¢ " dt dt” (4.36)
JO JO

Parameter « = k,Cp, is the frequency of propagation, so that by multiplying by the
lifetime, one obtains the chain length,
Applying the moment operator to systems (4.30) and (4.31), one obtains, after inte-

gration by parts of the left-hand side, the following linear svsters for the moments of the

p- and c-chain distributions:

p-chains
o k=20
o
R = N0 (t,,# = 0) — / c(te, t)dt! (4.37)
Jo
o k>
@Aﬁm =y Ayk’i, - / ”{}1/"“;"’"(_‘: (te. 2 )dll! (<.38)

Jo
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with - o
pNo(te) + fN1(te) fori=1
NP (o, t = 0) = (4.39)
0 for ¢ > 2
and ,
0 kadne) + 2eALS) for i =1
/ (Vs (b, )t = | | (4.40)
0 0 for i > 2
¢-chaing
e k=10
Q:A;)(() — ___Nl(c) (t: = 0) (’l /“)
o k>1
SN = —akn?, (4.42)
with
N/ (tg,t' = 0) = pN;_y () + fNi{te) (i > 2) (4.43)

Passing to the terminated polymer distribution, application of the moment operator to

equation (4.32) yields, after algebraic manipunlation (and remembering that N, (,:(p ) = /\:(5)

and that Nfc) = Ny — Ni(/))), the following differential equation:

N S L
d[vpuﬁ Z 20— 1) k o) i)
Ta, .« D G R et
dte =2 /\'zik;()/ F=0 ]
(i~ )i = 2\ & ;\) PR
" (\’_(0)]2 Z( i AN (4.44)
L7 Z,O :3:::() /
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4.6.4 Results

In order to check the results of the ‘singly distinguished particle’ (SDP) model here de-
veloped, the instantaneous averages (polydispersity and nunber-average chain length) are
calculated and compared to those predicted by the correct model (doubly distinguished
particle model). Moreover, the values predicted by the approximate model considered in

the first part of this chapter are reported, in order to show the improvements given by the

present model.
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The analysis is first made in the case of a real system (styreune) and the average chain
length values are calculated as a function of particle radius. The parameters and equations
used for the calculation of entry, exit and combination are the same used for styrene in
Section 4.5, i.e., they are taken from refs [59] and [60]. As in Section 4.5, the radical
concentration in the aqueous phase is considered constant (equal to 10710 mol em™?) and
the particles are considered at saturation. The radius is varied from 5 nm to 200 nm (i.e.,
from the dimensions of a micelle to those of a large latex parficle).

The evolution of the average number of free-radicals per particle 71 with particle radius
rp is of course independent of the molecular weight model selected (7 18 calculated from
the Smith-Fwart equations) and is the same as that shown in Fig. 4.12(a).

In Fig. 4.15(a) the number-average chain length calculated as a function of particle
radius by the three models (correct, approximate and SDP model) is reported. The three
models give the same answer and a single curve results,

In Fig. 4.15(b) the polydispersity is represented as a function of particle radius. The
solid line is predicted by the correct model and is thus the reference solution. The dashed
line is given by the SDP model while the dotted line is the result of the approximate
model. The SDP model is seen to vepresent a significant improvement with respect to the
approximate model. Especially, the correct limiting polydispersity values (1.5 and 2) are
calculated at high and low radius values and the discrepancy from the correct model is
small and limited to a narrow interval of radius values.

The same conclusions can be drawn by observation of Fig. 4.16, where the polydis-
persity is reported as a function of the average number of free-radicals per particle. Tt is
interesting to observe that, at high values of the average number of radicals per particle,

the dashed curve (SDP model) moves to the limiting value of 1.5 with a behavior which
superimposes to that of the approximate model. This is because in these conditions the
contribution of the p-chains vanishes and the model reduces to a singly distinguished par-
ticle model involving a single active chain distribution, just as in the approximate model.
The polydispersity is seen to be slightly underestimated by the SDP model around # = 1.

The same calculations are repeated for an imaginary system by imposing kppy, = 0
(which also implies ky = 0). This is done to show the behavior of the model in the sim-
plest case possible, when no monomolecular reaction superimposes to the reactions which
are determining the effects of compartmentalization (entry and bimolecular termination).
Here in fact, at 7 — 0.5 (limiting 72 value) the system is in the situation where it contains
truly p-chains (the length of which is determined purely by entry) and c-chains (length

determined by bimolecular termination).
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Figure 4.15: (a) Number-average chain length and (b) polydispersity ratio as a function
of particle radius for styrene polymerization. —- : correct model; --- : SDP model; - - - :
approximate model.
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Figure 4.16: Polydispersity ratio as a function of the average number of radicals per particle
for gtyrene polymerization. — : correct model; ---: SDP model; --- : approximate model.

The results are reported in Figs 4.17 and 4.18 in analogy to Figs 4.15 and 4.16. The
same comments apply. It is worth noting that the SDP model provides the correct poly-
dispersity value of 2 at 7i — 0.5 (small 7p values) in opposition to the value 2.5 given by
the approximate model.

The results shown in Figs 4.15-4.18 show that the model for linear chains developed
in this section (SDP model), based on the subdivision of the active chains into two sub-
populations, the p-chains and the c-chaing, is able to account properly for the features of
radical compartmentalization. Therefore, it constitutes a valid basis for the application of
detailed techniques for solving the MWD calculation problem in emulsion polymerization,
which might be useful, for instance, when chain-length dependent rate coefficients must
be included. The SDP model only slightly underestimates the polydispersity at 7 values
around 1 and it predicts the correct polydispersity values at the two limits of high 7 and
i — 0 (= 0.5 in the absence of desorption). The SDP model constitutes a big improve-
ment with respect to the approximate model presented in the first part of this chapter,

which coincides with several literature models.
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Figure 4.17: (a) Number-average chain length and (b) polydispersity ratio as a function
of particle radius for an imaginary system with entry and combination only. — : correct
model; --- : SDP model; - - - : approximate model.
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Figure 4.18: Polydispersity ratio as a function of the average number of radicals per
particle for an imaginary system with entry and combination only. — : correct model; - - -
: SDP model; - - - : approximate model.

4.7 Conclusions

Through a comparison between two models having a different level of detail, it has been
shown that significant errors can be introduced in the calculation of the polydispersity
ratio of a polymer produced in emulsion in the presence of termination by combination
if the distribution of the lengths of the pairs of chains belonging to the same particle is
not taken into consideration. This distribution is accounted for through the concept of
‘doubly distinguished particles’ in the correct model.

An analysis of the instantaneous MWD properties as a function of the average number
of free radicals per particle 7 has shown that these errors are greater in an interval of i
values, typical of emulsion polymerization, ranging from 0.4 to about 2. At high # values,
instead, when the entry frequency becomes much greater than the bimolecular termination
frequency, the effects of compartmentalization tend to vanish and the two models give the
same results. No diftference is observed in the number-average chain length on the entire
range of 71 values.

An analysis of the cumulative properties shows similar inaccuracies when neglecting

the doubly distinguished particle distributions. In particular, very large errors are made
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when the termination by combination mechanisin is responsible for gelation, such as in
the case of branching occurring through chain transfer to polymer. In this case, the use
of a model accounting for the compartmentalization effects in an approximate manner is
absolutely unsatisfactory.

Three case studies of practical importance were analysed in order to establish the
ranges of polymer particle size (at least under fixed reaction conditions) where the use of
the correct model is necessary. For styrene, this is true for an intermediate range of radius
values (from rp = 10 nm to rp = 60 nm in the conditions studied). At lower values, chain
transfer to monomer is important, while at higher values the system becomes dominated
by bimolecular termination. In both cases, compartmentalization effects vanish. In the
case of methyl methacrylate, limited differences are found at all rp values, due to the
small combination/disproportionation ratio. For vinyl acetate, where the desorption rates
are very large, significant differences arise only in the higher rp range (rp > 30 nm).
The presence of a branching reaction in this case makes even limited differences in the
instantaneous polydispersity values important on a cumulative scale.

By understanding the mechanisms through which compartmentalization acts on molec-
ular weights, it was possible to develop a simplified model (SDP model) which, while ac-
counting correctly for the compartmentalization effects, does not involve distributions with
two chain lengths as internal coordinates (such as the doubly distinguished particles), thus
permitting the easier application of detailed techniques for the equation solution. This
can be particularly useful when secondary effects, such as chain-length dependent reaction

rates, non-steady-state conditions, and so on, need to be included.
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Chapter 5

Model Application to
Experimental Systems - Vinyl
Chloride and Vinyl Acetate

5.1 Introduction

In this chapter the model is applied to describe literature molecular weight data from
vinyl chloride (VC) and vinyl acetate (VAc) emulsion polymerizations. In the case of VC,
branching was found to be of limited significance. On the other hand, it has a great influ-
ence on the molecular weight development in the case of VAc. In both cases, application of
the model to the data provides a great insight into the mechanisms underlying the process
and how they affect the final polymer.

To apply the model for the molecular weight calculation, it is necessary to provide
expressions for the evaluation at all reaction times of all the parameters and quantites
appearing in the molecular weight equations (Chap. 2). These are primarily the entry,
desorption and termination rate coefficients, the distrbution of radicals in the particles,
the average number of radicals per particle and the monomer concentration in the par-
ticles. These quantities are also those which determine the kinetic behavior and will be
calculated, for the theoretical decription of the experimental sytems considered, by the
general equations given in Section 5.2 of the present chapter. If some specific expression
is required for some other parameter applying to a specific monomer, this will be given in

the section dealing with that monomer.



5.2 Model for the Kinetics

5.2.1 Entry, Desorption and Bimolecular Termination Frequencies. Dis-
tribution of Radicals in the Particles

Several models have been proposed for the evaluation of the entry rate. According to the
conceptual model selected (diffusion control, surfactant displacement, colloidal entry or
aqueous-phase growth control model [64]), a different equation results for the frequency
of entry p. Here, a simple empirical law is used, stating that the rate of entry 7. (mol
em™ 571 is proportional through a constant k. to the radical concentration R?, and the
particle density Np:

N RO
re = helly, Np

The frequency of entry of radicals in a polymer particle is therefore given by:
p = ’7'(‘,4‘7\7.“{.\_ / N P ]\70 :\w\ RT (5 l>

where N4 is Avogadro’s number.

Desorption from the particles is described according to the model proposed by Asua et
al. [28]. In agreement with many other models (e.g. [26, 27, 29]), this model considers the
desorbing species to be the monomeric radicals produced by chain transfer to monomer
(and to other small molecules subject to transter if present). The desorption of chains
longer than one unit is considered to be negligible, due to the decrease in diffusivity
and solubility of these species compared to the monomeric radical [29]. Once the desorbed
radical is in the water phase, it can either react (by propagation or termination) or re-enter
a particle as a monomeric radical, i.e., as a species capable of desorption. Considering the

previous mechanisms, the following expression for the desorption coefficient k; is derived

[28] (where kgnilNp /N4 is the rate of desorption from all particles in mol em™3 g~1):

. k.
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with k, the rate of diffusion of the monomeric radical out of a particle and £ its probability

of reacting in the water phase. Coeflicient &, was calculated by Nomura as [27]:

3Des;
ko = oL (5.3)

where rp is the swollen particle radius and D,y is an effective diffusion coefficient defined
as:

(5.4)




with D), and D,, monomer diffusion coefficients in the particles and in water, respectively,
and mg an equilibium constant defining the partitioning of the monomer between particle
and aqueous phase (mg = (Cr/Ciw)eq). Probability 5 is given by [28]:
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where k4, and k., are the bimolecular termination and propagation rate constants in the

acqueous phase, Ry, and (), ,, the concentrations of radicals and of monomer in the same
phase, and k. is the rate constant for the re-entry of monomeric radicals into polymer
particles.

Finally, the bimolecular termination frequency is related to the bimolecular termination
rate constant &; by:

ke (5.6)

-

(where k¢ is defined so that the rate of termination in a bulk is given by r; = &, R**, with
R® overall radical concentration).
To calculate the entry and desorption frequencies, the radical concentration in the

water phase IR}, is required. This can be calculated from the following material balance:
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where the equality to zero comes from the application of the QSSA to the radical species.
The first term on the right-hand side represents the generation of radicals in the aque-
ous phase due to initiator decomposition and the second term the consumption due to
bimolecular termination, while the third and fourth terms account for the disappearence
and appearence of radicals in the water phase due to transport to and from the particles
(entry and desorption, respectively). Accordingly, k7 is the initiator decomposition rate
constant, n an efficiency parameter and [I], the concentration of initiator in the water
phase.

The average number of radicals per particle 7 appearing in eq. (5.7) can be calculated
by solving the classical Smith-Ewart equations [37] in the steady state:

£ —~ = () = pN;y — [p + kgt + cif1 — ,H}.;\",f + kgt + ,{);\"24‘_'1‘ + C(Z -+ 2) (1 + U,]\ZH_Q (58)

where N; represents the fraction of particles containing ¢ radicals. Note that this quantity
appears in the initial conditions (2.3) and (2.4) for the singly distinguished particles, and
is therefore required for the molecular weight calculation. Eqs (5.8) (for 4 == 0,1,...) can

be easily solved numerically by imposing a maximum number of radicals per particle N
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[40]. The average number of radicals per particle 7 is then given by:

N

= il (5.9)

7=0

Note that egs (5.7) and (5.8) are coupled, since the frequencies of entry and desorp-
tion in eq. (5.8) depend on RS, (see egs (5.1) and (5.5), respectively), while the overall
desorption rate in eq. (5.7) depends on 7. Accordingly, these equations must be solved
simultaneously. This can be done by assigning a first-guess value to 7 and iterating until
convergence on this gquantity is achieved. Since 7 varies with continuity during the reac-
tion, its value at the previous integration step (when considering the whole reaction) is a
very good initial guess and convergence is reached rapidly.

Summarizing, eqs (5.1)-(5.9) permit to calculate the entry, desorption and bimolecular
termination frequencies, p, kg and ¢, respectively, the radical distribution in the particles
N; and the average number of radicals per particle n. The latter quantity is directly in-
volved in determining the rate of reaction, according to eq. (5.14). All the other quantities

appear in the molecular weight equations which were presented in Chap. 2.
5.2.2 Monomer Concentration in the Particle Phase

A further quantity which both determines the rate of reaction (see eq. (5.14)) and ap-
pears in the molecular weight equations (Chap. 2) is the concentration of monomer in the
particles Cy,.

To calculate this quantity, the monomer is considered to be partitioned among the
different phases of the system according to thermodynamic equilibrium. Therefore, the
transport of monomer from the droplets to the polymer particles which occurs through the
water phase during the first two stages of an emulsion polymerization [37] is considered
not to be rate determining.

The monomer is present in three phases: the water, the particles and the droplets
(when existing). The following relevant material balances and partition equations can be

written:

w

) U’r n I ?. th

[
[ 1

oy ok — I E -
(/‘m;u‘/("m‘u: = Pm [ P (‘5'12)

The first eq. (5.10) calculates the rate of consumption of the overall moles of monomer

in the system n,;,, due to propagation and chain trasfer reactions both in the particle and
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in the water phase. Polymerization in the droplets is neglected. This equation requires the
knowledge of 7i and of R}, the equations for which are given in the previous Section 5.2.1.
Vi represents the volume of the water phase.

The second eq. (5.11) simply states that the overall moles of monomer 1, are par-
titioned between the different phases, in the order, water, particles and droplets. Here,
np represents the total moles of polymerized monomer in the system, My, the molecular
weight of the monomer, ¢,, the volume fraction of monomer in the particles, p, the density
of the pure polymer, V; the volume of the droplet phase and V., the molar volume of the
pure liquid monomer. Quantity n,, can be expressed as nY), — n,,, where nf, are the moles
of monomer initially charged.

Eq. (5.12) is a linear equation for the partition of the monomer between the water and
particle phases. It is a simple empirical law which has however proved efficient for several
systems, in particular for monomers with low water solubility [65, 66]. In this relation,
Cp and ¢y, are the values of C, » and ¢y, at saturation. During the first reaction period,
the so-called Smith-Ewart’s intervals I and II, both the left-hand side and the right-hand
side of eq. (5.12) are equal to unity, due to the presence of monomer droplets.

Assuming that the radical concentrations are known. system (5.10)-(5.12) can be solved
in Smith-Ewart’s intervals T and IT of the polymerization to obtain Vg In this interval,
concentration C), is simply given by its saturation value:

LK
-~ Do Py .y
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where pp, is the density of the pure monomer. In interval III, V; = 0 (the particles are

depleted) and the monomer concentrations (including C,,,) are obtained from (5.10)-(5.12).
5.2.3 Rate of Reaction

The rate of the polymerization reaction, defined as the time derivative of the monomer

conversion vy, can be calculated from:

i _ BCuiNeYs .
dt '7}‘5’7“7\]4‘,& 0.14

where n0, are the initial moles of monomer in the reactor. The calculation of the quantities
7 and C,, is described in the previous Sections 5.2.1 and 5.2.2. The number of particles
Np is constant in a seeded reaction where no secondary nucleation occurs. For an ab initio
reaction, proper equations must be developed to describe the variation of particle number

during the nucleation stage (interval I).
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Parameter Value Reference
Crp 5.107° [69]
Corno 1.9-107* mol em™ [72]
D, 1-107% em? st [69]
Dy, 1-107° cm? g [73]
Efrm 1110 em® mol=t st [70]
kp 1.7-1075 ¢ [71]
kp 1-107 cm® mol™! 57! [69]
Erg 3108 emd molt s [69]
o 0.4 [69]
Om 0.85 gem™ [69]
Pp 1.40 gem™? [69]

Table 5.1: Parameters for VO emulsion polymerization at 50°C.

5.3 Vinyl Chloride Polymerization
5.3.1 Parameters

The model (including the equations for the kinetics detailed here above and those for
molecular weight described in Chap. 2) was applied to represent reaction rate and molecu-
lar weight data of VC emulsion polymerization. Data from the literature were considered
[67, 68]. All parameter values except for the entry parameter k, were taken from the litera-
ture and are listed in Table 5.1. The parameter for ve-entry k. in eq. (5.5) was considered
equal to k. and the rate constants for the aqueous phase reactions were agsumed equal to
those for the particle phase. In Table 5.1, ¢y, is the ratio between the chain transfer to

polymer and the propagation rate constants.
5.3.2 Results

In Fig. 5.1 experimental reaction rate data at different intiator concentrations and a con-
model predicts correctly the concave shape of the rate of reaction and the quantitative
effect of increasing initiator concentrations.

In Fig. 5.2 the molecular weight distribution of PVC produced at 55°C is reported
for two different conversions and compared to the prediction of the model. A rescaled
[-distribution was used to reconstruct the distribution from its moments [45]. For each
conversion, two theoretical curves are reported, one obtained assuming no chain branching,
cfp- In the case of ¢py # 0, numerical fractionation was used adopting a rescaled I'-

distribution for each generation. In the representation chosen, where the molecular weight
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Figure 5.1: Conversion histories of VO polymerization at 50°C for different initiator con-
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Figure 5.2: MWD of PVC produced at 55°C for two different conversions. Model: —— :
5.7 % conversion and — -~ — 1 92,5 % conversion: experimental: © : 5.7 % conversion and
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A+ 92.5 % conversion. The experimental data are taken from ref. [68].



Parameter Value Reference
Dy 1-107% cm? 57! [75]
Dy, 1.86-107° cm? 57! [76]
Cfm 2.5-107* [77]
Crp 3.96 - 10 163]
Cr, 8.95-107% mol cm™? [76]

Cow 0.33-10™* mol cm™ [76]
oy 1.7-1076 ¢t [71]
kyp 6.68-10% cm® mol™! 57! (78]
ky 9.37- 10 em?® mol~t st 175

Table 5.2: Parameters for VAc emulsion polymerization at 50°C

is scaled according to its number-average, both experimental and theoretical distributions
do not change significantly with conversion. This is especially true in the branched case,
where the two curves at different conversions are almost completely superimposed. How-
ever, the curves with no branching are in better agreement with experiment, which would
indicate that ¢y, < 5-107°, i.e., that branching has little or no importance in VC emulsion

polymerization.

5.4 Vinyl Acetate Polymerization
5.4.1 Parameters

In the free radical polymerization of VAc, chain branching is usually considered to occur
both by chain transfer to polymer and by TDB propagation [63, 74].

The values of the parameters used in the model are reported in Table 5.2 together with
their source. The dimensionless parameters Cpm and ¢pp vepresent the vatios between the
rate constants for chain transfer to monomer (kyy,) and chain transfer to polymer ( Eip)s
respectively, and the rate constant for propagation (k). A correction factor was applied
to the diffusivity of the monomer in the particles D), to account for the viscosity change
in the particles with conversion, according to Friis and Nyhagen [75]. The parameters «
and 3 appearing in the equation by these authors were chosen as o = 0.60 and /3 = 4.68.
The bimolecular termination rate constant &y used also accounts for the viscosity change
(‘gel’ effect) in the particles according to the equation and parameter values given by the
same authors [75].

With respect to bimolecular termination, whether it occurs by combination or by dis-
proportionation at 50°C is still an open question. While early reports have suggested
that termination during VAc polymerization involved predominantly disproportionation,

it is thought [36] that these investigations did not adequately allow for the occurrence of
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transfer events, which are extremely important in VAc polymerization. These problems
were addressed by Bamford et al. [62] who used the gelation technique to show that the
predominant radical-radical termination mechanism is combination at 25°C. The contri-
bution of disproportionation at higher temperatures can however be significant. In any
case, the emulsion polymerization of VAc exhibits very low average number of radicals per
particle, so that the nature of the bimolecular termination mechanisms has no influence
on the resulting polymer produced, as will be discussed in the next Section 5.4.2.

In order to account for the effect of the viscosity change in the particles on the TDB

propagation rate constant & [63], the following relation was used
by = kpl A1 + Ao (xp — x3) + A3y — x5)7 + Ailxp = X)) (5.15)

where Ay = 0.566, Ay = —0.0595, A3 = —0.504 and A4 = —0.420, v, is the apparent
fractional conversion in the particles and xj, = 0.208 is the value of x;, when the system is

saturated in monomer, i.e., in intervals T and IT.

4 3

cm?
s71. The same value was taken for the re-entry parameter k., in eq. (5.5).

Finally, the rate constants for the aqueous phase reactions were assumed equal to those

for the particle phase.
5.4.2 Results

The model has first been used to describe conversion vs. time data of VAc emulsion
polymerizations taken from ref. [69]. The parameters which vary from one reaction to the
other are the initiator concentration and the latex particle number, while the temperature
is the same for all runs (50°C). In Fig. 5.3 the calculated conversion curves are shown
together with the experimental data. The results of the model, which does not include the

description of the nucleation stage, are shown from 5% conversion on, where the system

vy

reaches experimentally a constant number of particles [69] and can therefore be considered
as a seeded system. The model describes fairly well the effect of initiator concentration
and particle number on reaction rate.

Molecular weight data from VAc emulsion polymerizations carried out at 50°C have
also been described by the model. The experimental data have been taken from ref. [63]
and are shown in Fig. 5.4 together with the theoretical results. The data were obtained
from reactions at different mitiator concentrations and particle numbers and can be seen

to be insensitive to these variables, This is also predicted by the model, since a single curve

results in all cases. This insensitivity can be explained by the fact that the system is at
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very low average number of radicals per particle (calculated always in the range 0.002-0.15,
below 0.02 up to at least 70% conversion in all cases) and is characterized by high chain
transfer to monomer rates, so that the contribution of bimolecular termination reactions to
molecular weight development is negligible [63]. The system is characterized by increasing
molecular weights (both number- and weight-averages) and increasing polydispersities with
conversion, which can be ascribed to the presence of branching mechanisms.

In order to point out the effect of the two different branching mechanisms (chain
transfer to polymer and TDB propagation) the molecular weight vs. conversion curves
were re-calculated assuming only TDB propagation (ky, = 0), only chain transfer to
polymer (A; = 0) and no branching (ky, = ky = 0), respectively. The results are reported
in Fig. 5.5, where the solid curve refers to the case of both branching mechanisms present
(real case), the dashed curve to the case of chain transfer to polymer only, the dotted
curve to the case of TDB propagation only and the dashed-dotted curve to the case of
no branching (linear chains). In Fig. 5.5(a), which shows the number-average molecular
weight, the dotted curve is superimposed on the solid curve, while the dashed curve is
superimposed on the dashed-dotted curve (linear case). This means that the increase in
number-average molecular weight is due exclusively to the TDB propagation. This is easily
understood, since the chain transfer to polymer mechanism changes neither the amount of
polymerized monomer nor the number of terminated chains, thus having no influence on
the ratio between these two quantities, which gives the number-average molecular weight.
On the other hand, TDB propagation joins the chains together, thus decreasing their
number and increasing the number-average molecular weight compared to linear chains.

The contribution of each mechanism to the increase in weight-average molecular weight
cannot be separated as simply. This is apparent when Fig. 5.5(b) is observed. While the
increase in weight-average molecular weight (both with conversion and compared to linear
chains) is moderate when either of the two branching mechanisms is operative alone, it
is very strong when the two mechanisms are present together, much greater than simply
the sum of the increases due to each of the two branching reactions. In other words,
the two branching mechanisms interact synergically to produce the marked imerease in
weight-average molecular weight observed experimentally.

The same remarks can be made observing the evolution of the polydispersity index
shown in Fig. 5.5(c). While the increase of the polydispersity index due to each of the two
mechanisms alone is quite moderate, it is very strong when the two mechanisms are present
together. This is understood by considering that the TDB propagation connects together

branched polymer chains, where the branches are mainly produced by the chain transfer
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Figure 5.6: Predicted evolution of the average number of branches per chain for VAc
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to polymer reaction, as can be deduced by observing Fig. 5.6, where the contribution of
each of the two branching mechanisms to the average number of branches per molecule
is shown. Chain transfer to polymer plays therefore a major role in producing large
branched molecules (it must be recalled that it acts on a mass basis, thus increasing the
branch number of the chains which are larger already), while the TDB propagation has
the effect of connecting these chains together. With vespect to this, it must be noted
that bimolecular termination by combination (even when it is assumed significant at 50°C
compared to disproportionation) cannot play a role in connecting the chains, since the
high segregation of the radicals in the polymer particles prevents this mechanism from
taking place and causes it to be of no importance. Thus, one of the two steps leading
to the buildup of the very large branched chains which increase polydispersity to such a
great extent as observed experimentally would be missing if either of the two branching
reactions was not present.

A further proof of the negligible role of the bimolecular termination reactions, besides
the insensitivity of the molecular weights to initiator concentration and particle number, is

obtained by comparing the molecular weights calculated by the model assuming bimolecu-



lar termination to occur by combination or by disproportionation, respectively. The result
is shown in Fig. 5.7, where it is seen that the differences are very small, which would not
be the case if bimolecular termination played a major role. The very limited effect of the
bimolecular termination rections is thus confirmed. Fig. 5.7 shows also that the knowledge
of the mechanism through which bimolecular termination actually occurs (which is not
well established, see Section 5.4.1) is not crucial for a correct molecular weight prediction
of poly(VAc) produced in emulsion (at least in the range of conditions considered).
Finally, the slight differences in weight-average molecular weights at high conversions in
Fig. 5.7(b) shows that the role of termination, though small, is not completely negligible
at these conversions. This suggests that some differences might be found between the
predictions of the correct and approximate models illustrated in Chap. 4 when trying to
calculate the molecular weight data under examination. However, if this kind of analysis
is made, it is found that the predictions of the two models coincide, even supposing
bimolecular termination by combination. This is not surprising if the frequencies of the
various reactions are observed (Fig. 5.8). It is seen that at the conversion values at
which combination starts playing a role (i.e., at which differences can be seen supposing
either combination or disproportionation), the chain transfer to polymer frequency is high
compared to the combination frequency. This implies that, when a radical enters a particle
where another radical is present, it transfers to polymer rather than combinating. This
transfer event causes the two active chains to lose any correlation in length, which makes

the approximate model equivalent to the correct one.

5.5 Conclusions

In the case of the emulsion polymerization of VC, application of the model to describe the
MWD has shown that the role of chain transfer to polymer is negligible. On the other
hand, branching plays a major role in the emulsion polymerization of VAc. In this system,
while the increase in number-average molecular weight with conversion is due exclusively
to the TDB propagation reaction, the very strong increase of the polydisperity index can
be ascribed to the interaction of this mechanism with chain transfer to polymer. While
the latter has the effect of producing highly branched molecules and of reactivating the
larger terminated chains, TDB propagation permits the connection between these chains,
thus providing a path to the formation of the very large molecules which are responsible
for the high weight-average molecular weights (and polydispersities). From the viewpoint

of the numerical fractionation technique, TDB propagation allows the passage of chains
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from one branched generation to the following. Due to the very low average numbers of
radicals per particle, bimolecular terminations have a negligible effect on the molecular
weights produced. This is proved by the insensitivity, both theoretical and experimental,
of the molecular weights to particle numbers and initiator concentrations, and by the fact
that changing the nature of the bimolecular termination reaction (combination rather than
disproportionation) in the simulations does not alter significantly the predictions of the
model. Bimolecular termination by combination is therefore not to be considered respon-
sible, together with chain transfer to polymer, for the marked increase in polydispersity,
as it is often the case for bulk polymerization systems or emulsion systems at a higher

average number of radicals per particle.
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Chapter 6

Model Application to an
Experimental System - Butyl
Acrylate

6.1 Introduction

In the previous Chap. 5, kinetic and molecular weight data of vinyl chloride and vinyl ac-
etate polymerizations taken from the literature were analysed using the model for molec-
ular weight calculation developed in Chap. 2 and the model for the kinetics described in
Chap. 5. While in vinyl chloride branching was shown to be of scarce significance, in vinyl
acetate polymerization the system exhibits high chain transfer to monomer rates which,
combined with a relatively high water solubility of the monomer, result in so low num-
bers of radicals per particle that bimolecular termination is practically not taking place in
the system. These two monomers are therefore not adequate to highlight experimentally
the effect of compartmentalization in a system with branching occurring through chain
transfer to polymer and with dominant (or at least significant) ‘instantaneous’ combina-
tion, where the differences in terms of molecular weight evolution and gel point prediction
between a correct and an approximate model are shown to be the greatest (Chap. 4. see
Fig. 4.7 and discussion). The selection of such a system needs several requirements to be
satisfied: (a) branching must occur through chain transfer to polymer (b) combination
must be the operative bimolecular termination (i.e., it must be important compared to
disproportionation) (c¢) radicals must not desorb to too great an extent (so that a radical
entering a particle has a certain probability of finding a second radical for combination) (d)
the system must be away from pseudo-bulk conditions (where any compartmentalization
effect vanishes). Conditions (¢) and (d) imply the average number of radicals per particle
to have values around 0.5. Condition (¢) implies the system to exhibit low chain transfer

to monomer rates and/or low solubility of the monomer in water.
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The previous requirements should be met by alkyl acrylates, which are monomers with
low solubility in water (at a high enough length of the alkyl group) and which give termi-
nation by combination and extensive chain transfer to polymer [36]. In particular, butyl
acrylate (BA) has a solubility which is comparable to that of styrene (i.c., ‘Jow’). More-
over, a considerable amount of work on the polymerization of this monomer is reported in
the literature, so that reliable values of the parameters required for a kinetic description of
this system can be found. Finally, gel formation has been reported for BA polymerization
(e.g. [79]). It is therefore expected that this system shows the typical delay in the gel
point due to compartmentalization which was discussed in Chap. 4 (see Fig. 4.7(b)).

In this chapter experimental data of BA emulsion polymerization at 50° are presented.
The kinetic behavior of the system was monitored by reaction calorimetry, which gives
very detailed information (it gives the rate of reaction, from which conversion is obtained
by integration, while other techniques providing directly conversion may lead to misinter-
pretation of the kinetic behavior [80]). The gel content of the polymer was determined by
ultracentrifugation [3]. It must be noted that when talking about ‘gel’ in emulsion poly-
merization, we are actually referring to huge chains (compared to ordinary soluble chains
produced in emulsion), but not ‘infinite’ in size, since the chains are growing inside the
latex particles and cannot reach sizes greater than that of the particles. These very large
chains of colloidal size are better referred to as ‘microgel’ rather than ‘gel’. As a matter of
fact, all techniques appropriate for ‘macrogel’ characterization [3] which were attempted
on the BA emulsion polymerizations presented in this work failed to give a measurement
of the gel content. These techniques were filtering, soxhlet extraction and extraction in a
glass vessel with periodic renewal of the solvent.

Many examples can be found in the literature of microgel weight fraction character-
ization of emulsion produced polymers. A very exhaustive paper reviewing work up to
1993 was written by Lee [3]. Several techniques have been employed for microgel con-
tent analysis, including ultrafiltration, ultracentrifugation, size exclusion chromatography,
static light scattering, field flow fractionation (all reviewed in [3]) and analytical ultracen-
trifugation [81, 82]. All works focus on the analysis of final crosslinked polymer samples,
except for one [83] which examines through size exclusion chromatography the evolution
of the microgel content with conversion in copolymerizations involving acrylonitrile as
comonomer. The quantitative determination of microgel is however discredited by the
fact that poly(acrylonitrile) is insoluble in the mobile phase used (acetonitrile) and acry-
lonitrile rich polymer may therefore be included in the insoluble polymer identified as graft

polymer (microgel).
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In this chapter, data on the microgel content evolution with conversion are reported
for the BA experiments performed. As mentioned above, these data were obtained by
ultracentrifugation. Significant fractions of gel were measured only at high conversions
(above 70%). On the other hand, insoluble polymer has been reported for low conversion
samples in BA bulk polymerization at 50° [79]. This agrees with the theoretical results
presented in Chap. 4 which indicate the gel point to be delayed in emulsion polymerization
(for a system giving gel formation through chain transfer to polymer and combination) by

the compartmentalization of the branched radicals in the polymer particles.

6.2 The RC1 Reaction Calorimeter

6.2.1 The Instrument

The Mettler RC1 reaction calorimeter is a commercial laboratory scale calorimeter, the
working principles of which have been described in the literature [84, 85, 80]. The instru-
ment permits to run experiments in one of the following four operating modes: (1) reactor
temperature (7,) mode, where the temperature of the reactor contents 7). is controlled, (2)
jacket temperature (7)) mode, where the temperature of the jacket fluid T} is controlled,
(3) distillation mode, where the temperature difference T — T, between the jacket and
the reactor is controlled and (4) adiabatic mode, where the temperature difference 7} — 7).
between the jacket and the reactor is controlled and kept equal to zero. Note that the
adiabatic mode is a special case of the distillation mode with T — T, = 0. These different
possible operating modes permit to run experiments in any of the three classical methods
used for polymerization reaction calorimetry [86]: (1) isothermal, where T} is kept at a
constant value and there is no heat accumulation in the reactor, (2) isoperibolic, where w
is kept at a constant value and the reaction temperature follows the reaction profile, (3)
adiabatic, where T; — T} is kept equal to zero so as not to have any heat flux across the
reactor wall, and the reactor behaves as an isolated vessel.

The complete RC1 system is comprised of the actual RC1 Reaction Calorimeter (with
thermostat, stirrer motor and cabinet for the clectronic control and monitoring system). a
chemical reactor (glass or metal, ambient or high pressure) and a personal computer. Up to
three controllers (RD10) can be added to the system for accuisition of additional measured
values and for pump and valve control. The computer serves as an interface between the
user and the reaction calorimeter, since it displays and stores the data acquired by the
RC1 and RD10 during the experiments and it transfers the set points and the safety and

control parameters to the RC1 and RD10 units.
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The thermostat unit pumps the heat transfer fluid (silicon oil) through the jacket of
the reactor from a closed system. This system is made up of two subsystems connected
by a stepper-motor regulated valve: the heated circulation system (which includes the
jacket) with electrical heating and the cooled circulation system, cooled by heat exchange
through a coil with an external cooling medium. By regulating the electrical heating and
the valve opening, the temperature of the heated circulation system, and thus of the jacket,
is controlled.

The values of the variables (e.g. T}, Tj, stirred speed, etc.) are acquired every two
seconds and stored by the computer with the desired frequency. These values are used
to calculate other quantities, such as the heat of reaction Q.,., the time derivative of the
reactor temperature d7; /dt, etc., which are also displayed and stored.

A schematic diagram of the RC1 system is given in Fig. 6.1.
6.2.2 The Energy Balance

To evaluate the heat released by a chemical or physical process occurring in the reactor, an
energy balance around the reactor has to be considered (Fig. 6.2). Neglecting the kinetic

and potential terms, the energy balance can be written as:

Q r Q et Qstfir = Q f + Qa + Q IS Qdo.s“ + Qloss + Qrfoml (6~ 1—)

where i

Qr: heat generation of the chemical or physical process

Qe power from the calibration heater

Qseir ©  power dissipated from the stirring

Qf : heat flow through the reactor wall to the jacket

Qa : heat accumulation in the reaction mass

Qi heat accumulation in the reactor inserts

Qdos + heat input due to dosing of process components
Quoss : heat flow through the reactor head assembly
Qeona ©  heat flow through the condenser wall

An estimation of all heat flow terms (or their constancy, which permits them to be in-
cluded in the baseline) allows the evaluation of the heat generation Q, In the case of a
homopolymerization, i.e., of a single chemical reaction, (), is related to the rate of reaction
Tp by:

Qr = (=AHp)ry Vror (6.2)

where AHp is the molar reaction heat and Vyop the overall volume of the phase where

the reaction takes place.
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()

Figure 6.2: Heat flow balance around the reactor.

The most relevant terms in the energy balance (6.1) in ordinary emulsion polymer-
ization conditions are @, Qs and, if the reaction is very exothermic so that the system
cannot be maintained in isothermal conditions, (J,.

The heat flow to the jacket @y is estimated as
Q= UAT —1Ty) (6.3)
where U is a heat exchange coefficient and A is the heat exchange area. A correction
for T is implemented in the RC1 software to account for non-stationary conditions. The
heat exchange coeflicient U/ is measured through a calibration procedure which is detailed
below.
The heat accumulation in the reaction mass (0, is calculated as:

. dT,
Qa = Moy “(“Hl‘ (6.4)

where m is the reaction mass, ¢, the specific heat of the reactor contents and d7}. /dt the
rate of change of the reactor temperature. The heat capacity ¢, can be either assigned or
calculated from a temperature ramp, as explained below.
The accumulation term Q; can be calculated similarly to ), if the heat capacity of
the reactor inserts C); at a given immersion depth is known:
dT,

(i)-i = Cp,zﬁ“(fi‘t““ (65)



The term Qgos related to the dosing of components to the reactor can be calculated as

the heat required to heat up (or cool down) the dosed mass to the reactor temperature:

Qdos = Mdos Cp,dos (T7 ~ Tos) (6.6)

where 14,5 is the instantaneously dosed mass, ¢, 45 its specific heat and Ty, its temper-
ature. If the component is added at the temperature of the reactor this term is zevo.

The loss term Quss can be calculated by assuming it proportional to the difference in
temperature between the reactor and the ambient (or the temperature of the thermostating
fluid if the head of the reactor is thermostated). In both cases a heat exchange coefficient
is required. However, if the loss term can be confidently considered constant throughout
the reaction (which may be true especially if operating isothermally), it may be neglected
in the energy balance and included in the baseline.

The heat Qcond given out through the condenser can be calculated if the instantaneous
mass (mass per unit time) and the condensation heat of the condensing vapours are known.
This requires the composition and the amount of the condensed liquid to be measured with
time. A simpler way to calculate this term is to measure the difference in temperature of
the cooling fluid at the inlet and outlet of the condenser and its flowrate. The heat term
Qcmd is then given by:

Qeond = 77.7'(:(31),<:(T0ut ~ Tin) (6*7)

where 1, is the flowrate of the cooling medium, ¢, . its specific heat, and T, and Tj, the
temperatures at the outlet and at the inlet, respectively.

The heat term (), is the power given in to the system through an electrical heater
for calibration purposes (see below) and can be calculated from current and voltage (it is
displayed as known in the RC1 software).

Finally, the heat input Q. by the stirrer can in principle be calculated from an
equation relating dissipated power to stirrer speed and size. However, if the stirrer is kept
at a constant speed and the viscosity of the reactor contents does not change significantly,

this heat term can be considered constant and included in the baseline.
Calibration (U determination)

In order to determine the heat exchange coeflicient U/, a calibration is performed. This
operation consists in activating an electrical heater which is placed in the reactor while

holding constant the reaction temperature. The energy balance (6.1) veduces to:

(6.8)

~
)
I
N
L
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where Qstir, Qloss and Qmm; are considered constant over the calibration time and are
included in the baseline, while all other heat flow terms are zero. Recalling expression
(6.3) for Q; one obtains:

Qe = UA(T, = T}) (6.9)

Since ). is given and (T} — T}) is measured, the product UA is obtained. By calculating
A from the reaction volume (which can be read on the graduated reactor wall), the heat

exchange coeflicient through the reactor wall U is finally obtained.
Temperature ramp (¢, determination)

In order to determine the specific heat coeflicient ¢, of the reactor contents, a temperature
ramp is performed. This is done by requiring the reactor temperature to move between
two temperatures in a long enough time, so that a constant derivative d7)/dt can be

maintained. During such a ramp, the energy balance (6.1) reduces to:
0=Qr+Qu+ Qs (6.10)

which, by recalling the expression for the various heat terms, can be rearranged as:

oy = yox (6.11)

This equation permits to evaluate ¢, at the beginning and at the end of a temperature
ramp if the U coeflicients at the beginning and at the end of the ramp are known (i.e.,
measured by two calibrations). An accurate value of the ¢, at the reaction temperature is

essential for the evaluation of Q, only if the reaction proceeds in non-isothermal conditions.
6.3 Experimental

Ab initio and seeded batch emulsion polymerizations of BA were carried out in the Mettler
RC1 reaction calorimeter in the isothermal mode at 50°C and ambient pressure

For the ab initio reactions the recipes reported in Table 6.1 were used. Reactions BA2,
BA3 and BA6 involve three different initiator levels, reaction BAS a different monomer
to water ratio and BA4 is identical to reaction BA3 but for a reduced amount of all
components.

The seeded reactions were performed using the recipes reported in Table 6.2. The
seed was constituted by a latex with 9.5% solids content and particles 121 nm in diameter
(measured by photon correlation spectroscopy, PCS). This corresponds to a particle con-

centration of 1+ 10" ¢m™3 (referred to the water phase). Seed preparation is deseribed



Reaction Monomer (g) Water (g) Emulsifier (g) Initiator (g)

BA2 300 1000 5.0 1.1
BA3 300 1000 5.0 0.9
BA4 200 667 3.3 0.6
BA5 200 1100 5.0 0.9
BA6 300 1000 5.0 0.7

Table 6.1: Recipes for the ab initio BA emulsion polymerizations (50°C). Emulsifier: SLS,
initiator: KPS

Reaction Seed latex (g) Monomer (g) Water (g) Emulsifier (g) Initiator (g)

BAsl 109.5 31.9 900 0.22 1.297
BAs2 711.9 205.5 - 1.42 (1505
BAs3 711.9 203.7 - 1.42 181
BAs4 711.8 203.3 - 1.42 0.065
BAsd 109.6 31.3 900 0.22 3.602
BAs6 109.5 31.3 900 0.22 5.602
BAsT 109.5 31.3 900 0.22 0.278
BAsS8 109.5 31.3 900 0.22 10.028
BAs9 109.5 75.5 900 0.22 0.278

Table 6.2: Recipes for the seeded BA emulsion polymerizations (50°C). Seed latex: 9.5%
solids content and Np = 1-10'* em™?. Emulsifier: SLS, initiator: KPS

below. The recipes in Table 6.2 involve two different initial particle concentrations and
several initial initiator concentrations. These are reported in Table 6.3. Note that the
monomer to seed polymer ratio was virtually the same (3.3 w/w) for all reactions except
for reaction BAs9, where it is higher (7.9 w/w).

For all reactions (ab initio and seeded) the monomer (Fluka >99%) was purified from
the stabilizer (hydroquinone monomethyl ether) by adsorption on a column packed with
inhibitor removal material (Aldrich). Distilled-deionized (DDI) water was used. The
remaining materials were used as received. Sodium lauryl sulfate (SLS, Fluka >99%) was
used as emulsifier and potassium persulfate (KPS, Fluka >99%) as initiator.

A 2 liter glass reactor (AP01) with a four pitched-blade (45°) upflow action propeller
stirrer was used. The stirrer speed was 600 rpm for all ab initio runs and 400 rpm for all
seeded runs. Baffles were introduced in the reactor to avoid vortex forming.

The following procedure was adopted for all experiments. The DDI water and the
emulsifier were charged to the reactor and the stirring started. A small amount of water,
depending on the amount of initiator to be charged, was spaved for preparing the initiator
solution. After the SLS had dissolved, the monomer was charged. At this point the seed

latex was added in the case of the seeded reactions and the particles were allowed to swell



Reaction Particle concentration Initiator concentration

x1071 (cm™3) x10% (g cm™3)
BAsl 1 1.297
BAs2 10 0.775
BAs3 10 0.278
BAs4 10 0.100
BAsbh 1 3.602
BAs6 | 3.602
BAsT 1 0.278
BAs8 1 10.028
BAs9 1 0.278

Table 6.3: Initial particle and initiator concentrations for the seeded BA emulsion poly-
merizations. Both concentrations are referred to the volume of water.

for about four hours at ambient temperature. This step is of conrse skipped in the ab
initio reactions. The emulsion was then stripped with a lively nitrogen flow for one hour,
during which the temperature was gradually raised to 45°C. The nitrogen flow was passed
through a condenser before discharge to minimize reactant losses. When the temperature
reached 45°C, the stripping was stopped, but a slight nitrogen overpressure was kept inside
the reactor throughout the whole experiment to avoid the inflow of oxygen, which acts as
reaction inhibitor.

A 10 min calibration (for the calculation of the heat exchange coefficient U across the
reactor wall) was made, then the reactor temperature was brought to 50°C in 10 min, and
a second calibration was performed. Before and after each calibration and the temperature
ramp, all measured quantities were allowed to settle for at least 10 minutes, in order to
obtain stable baselines. During the last settling period, the initiator solution was prepared
and heated to the reaction temperature (50°C). It was then dosed to the reactor to start
the polymerization.

During the reaction samples were taken periodically for the ab initio reactions. In the
case of the seeded reactions, samples were taken only before charging the initiator and
after the end of the reaction. With respect to sampling, note that calorimetric monitoring
of the reaction is a useful tool, since it shows clearly when the reaction has started (in the
case there is any inhibition period), how the reaction evolves and when it is over. Every
emulsion sample was subdivided in two (seeded runs) or three (ab initio runs) parts: (a) a
few drops of emulsion were diluted in a water solution of SLS and inhibitor (hydroquinone)
for particle size determination, (b) about 2 ml of emulsion were put in taved glass vessels
with a known amount of inhibitor solution for conversion determination by gravimetry,

(c) from 3 to 10 ml about (larger amounts at lower conversions) of emulsion were put in



glass vessels containing inhibitor solution for microgel weight fraction determination (ab
initio runs only).

After some time the reaction heat curve had settled to its final baseline value, a 10
min calibration was performed, then the reactor temperature was taken to 55°C in 10 min

and a final calibration was made.
Seed preparation

The PBA seed was prepared in the 2 1 calorimeter reactor at 50°C, though the large
quantity of monomer charged and the very high reaction rate did not allow temperature
control and almost 80°C were reached during the reaction. The recipe was the following:
630 g monomer, 1260 g water, 19 g emulsifier and 2.6 g inititor. The reaction was over in
about 16 min. The temperature was then raised to 85°C and kept at this value for over 20
h, in order to have total depletion of the KPS. Some coagnlum formed in this stage was
separated by centrifugation. The latex was then stripped with nitrogen to remove possible
residual monomer. A PCS analysis revealed the average diameter of the formed particles
to be 121 nm. By addition of DDI water the seed latex was diluted to 9.5% solids content,
corresponding to a particle concentration of 1. 10" em™3 (referved to the water phase).

This seed latex was used without further treatment for the seeded runs BAsl to BAsO.

Particle size measurement

The emulsion samples for particle size measurement were diluted and then stripped from
the monomer by using a stream of nitrogen. in order to measure the size of unswollen
(dry) particles. An average particle diameter was measured by PCS at a 90° angle in
a Malvern Zetasizer 5000 instrument. Transmission electron microscopy (TEM) images
were also taken of some of the final samples to check qualitatively for the dispersion of

particle sizes.
Gravimetric determination of conversion

Samples for gravimetric determination of conversion were dried in a vacuwm oven at 90°C

for at least 24 h until a constant weight was reached.
Microgel weight fraction determination

Samples for gel fraction determination where precipitated by freezing and thawing the
emulsion. The resulting precipitate was repeatedly washed in water and then cut into

small pieces before drying under vacuum at ambient temperature. About 0.2 ¢ of the
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dry samples were dissolved in 40 ml acetone stirring for 48 h. The 40 ml solutions were
ultracentrifuged for one hour at 20,000 rpm in tared steel tubes in a Kontron Hermle
Centricon H-401 ultracentrifuge. The supernatant solution was carefully poured in tared
glass vessels, while the gel precipitate was left in the ultracentrifuge tube. Both the solute
and the microgel precipitate were dried in a vacuum oven at 90°C for at least 24 h until
a constant weight was reached. The microgel content was then determined both directly
from the precipitate to sample weight ratio and indivectly from the solute to sample weight

ratio.

6.4 Data Evaluation

6.4.1 Conversion by Calorimetry

In a batch polymerization reactor, the material balance for the total moles of monomer,

N, present in the system is:
dnpy,

dt

= —r,Vyor (6.12)

where 7, is the polymerization rate and Vyop is the overall volume of the phase where the
reaction takes place.

Defining the conversion x as
: Tim -
X = 1 - I (()i%)
0
e
where nl, are the initial moles of monomer, the material balance (6.12) can be rewritten

as:

( - = Vror (6.14)

l—][ ( —AH P )’n,,{T

™.

(6.15)

If the reaction is isothermal, AHp is constant in time. Thus, integration of eq. (6.15)
gives:

x(t) = == (6.16)

where Q,(t) = fof Q,(t)dt is the heat released by the reaction from its start to time . Since
the dependence of AHp from temperature is generally not too strong, relation (6.16)
is approximately valid also in mnon-isothermal conditions, provided that the change in
temperature is not too relevant. Eq. (6.16) is the equation required for the calorimetric

evaluation of the conversion vs. time profile.



The evaluation of the heat released by the reaction Q,» was performed by considering

only the flux and accumulation terms in eq. (6.1):

Q Pp Ql + Q o+ (*;) i (6.17)
The terms Qsm and Q[oss were considered constant and included in the baseline, while the
term Qdos is zero because the initiator solution was pre-heated to the reaction temperature
before dosing to the reactor (Lges = 7). Finally, the term Qmm was checked to be
absolutely negligible in the experimental conditions adopted. Tts evaluation was performed
through eq. (6.7), where the temperature difference (7., — T;,) was determined by a
differential temperature measurement and ., regulated by a flow controller.
For the calculation of the flow and accumulation term, the heat exchange coefficient U7
and the specific heat ¢, were considered to vary linearly during the reaction (i.e., between

the values determined just before and just after the reaction).
6.4.2 Conversion by Gravimetry

The conversion of monomer into polymer was determined by taking samples from the
reaction mixture and analysing their solid content. While in a (non-seeded) bulk system
the solid weight fraction coincides with the fractional conversion (if the concentration of
the initiator and of other additives can be neglected), in an emulsion the presence at least
of the water phase must be accounted for. This requires the initial recipe to be known. The

conversion was obtained from gravimetric measurements through the following equation:

1 : : o W
X() = 575 | (W + MY+ B4+ T+V+ s);‘j—‘ ~(BE4+1+2S5) (6.18)

where

M = mass of charged monomer

W = mass of charged water

F = mass of charged emulsifier

I = mass of charged initiator

V' = mass of charged volatile additive

S = mass of charged non-volatile additive (including an eventual polymer seed)

ws = weight of the sample withdrawn at time ¢

o

wq = weight of the dried sample
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Eq. (6.18) can be easily understood by considering that for the solid weight fraction wy/w,

the following equality holds:

Wy P+E+I1+S M -M+E+I+S .
ws WAM+P+E+I+V+S WM+ E+T1+V S (6.19)
where M and P are the masses of monomer and of polymer (excluding the seed if present),
respectively, in the reactor at the instant of sampling. Note that if the volatile additive
is included into the polymer during the reaction, it will not evaporate in the drying and
it will contribute to the solids. Therefore, its conversion needs to be known. However,
compounds of this kind (e.g., volatile chain transfer agents) are usually used in such
small amounts that the quantity V' in eq. (6.18) can be safely neglected. In the present
polymerization reactions no volatile additives were used, so V' is rigorously zero.
The amount of solid inhibitor used in each glass vessel to stop the reaction after

sampling was so small that it could be safely neglected when weighing the dry sample.
6.4.3 Polymer Particle Concentration

From polymer particle size and monomer conversion the polymer particle concentration
was determined as: .
Np= X (6.20)
Pplp, dVe
where MY is the mass of charged monomer, vp 4 the dry (unswollen) volume of one particle
(calculated from the average diameter dp 4 measured by PCS), p,, the polymer density and
Vi the volume of water in the reactor. Eq. (6.20) assumes the particles to be monodisperse

in size. This agsumption needs to be checked.
6.4.4 Average Number of Free Radicals per Particle

The overall volume of the particle phase, i.e., the phase where the polymerization reaction
takes place, is given by:

Vror == vpNply, (6.21)

while the rate of reaction can be expressed in terms of the average number of radicals per

polymer particle 1 as:

7
o=k . 6.22
P pm <.N4‘1/U p> ( )

where £, is the propagation rate constant, €, the monomer concentration in the parti-

cles and N4 Avogadro’s number. Note that the term between brackets corvesponds to
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the average radical concentration in the particle phase. Substituting the previous expres-

sions (6.21) and (6.22) in eq. (6.2) and rearranging, one obtains:

Qr Ny
A Up COmNp Vi ( ~AHp )

(6.23)

=

which is the equation used to determine the average number of radicals per particle from

the measured heat @, and from the particle concentration Np given by eq. (6.20).
Monomer concentration in the particles

To obtain values for @ from eq. (6.23), the monomer concentration in the particles Ciy,
must be known. It is usually assumed that the monomer transport from the droplets
to the particles is not rate-determining, i.e., the monomer concentration in the different
phases is at thermodynamic equilibrium. According to this assumption, the monomer
concentration C,, in the particles depends upon whether the reaction is in intervals I-I1
(the system is monomer saturated) or in interval I11.

In intervals I and II the monomer concentration in the particle is fixed and given by:

PmPm .
Chpy == i 6.24
m M, ( )

where py, is the monomer density, ¢, = ¢, is the volume fraction of monomer in the
particles at saturation and M,, is the monomer molecular weight.

In interval 111, Cyy, is still given by relation (6.24), but the volume fraction of monomer
in the particles ¢y, is no more at its saturation value ¢7,. Instead, if the monomer is

scarcely water soluble so that the amount in the aqueous phase can be neglected, it is

given by:

:01)(1 ~X)
PmX + pp(l =X )

(6.25)

/
Om =

where pp is the polymer density.
The conversion xrr—rrr at which interval I is over is obtained by imposing ¢, = by

in eq. (6.25) (i.e., all of the monomer is in the particles - neglecting that in the aqueous

phase - but the system is still monomer saturated). Solving for vrr- 777 gives:

(1—¢n)p
— i m/p N
XIT>11T = = —r (6.26)
PmPm + ( - Q)m)[)z)

Summarizing, eqs (6.24)-(6.26) permit to calculate C, at all conversions if the system
can be assumed at thermodynamic equilibrium with respect to monomer partitioning.

Given a conversion value vy, this conversion is compared to 77777 to establish whether
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Parameter Value Reference
ky, 2.7-107 cm? mol™t s} [87]
M, 128.2 g mol™!
AHp 18.6  keal mol™! [88, 89]
e 0.66 [90]
Om 0.87 gecm™ [91]
Op 1.03 gem™? [91]

Table 6.4: Parameters for the evaluation of experimental data of BA emulsion polymer-
ization at 50°C.

the reaction is in intervals I-1T or in interval ITI. In the former case, eq. (6.24) is used with

o

Pm = k., else ¢, 1s given by eq. (6.25).
6.4.5 Parameters

The values of the parameters required for the experimental evaluation of monomer con-
version, latex particle concentration and average number of radicals per particle according

e

to the equations reported in Sections 6.4.1-6.4.4 are reported in Table 6.4 together with

their literature source.

6.5 Results and Discussion

6.5.1 Ab Initio Reactions - Kinetics

The conversion versus time curves obtained by calorimetry for the five reactions whose
recipes are reported in Table 6.1 are shown in Figs 6.3-6.7 together with the gravimetric
conversion data. For reaction BA4 only a final gravimetric point is available because no
intermediate sampling was performed in order to have a calorimetric signal as undisturbed
as possible. For all reactions three final gravimetries were performed at the same reaction
time to check the accuracy of the gravimetric measurement, at least at high conversion.
It can be seen that the accuracy is excellent.

Comparing the calorimetric and gravimetric techniques, these are always in good agree-
ment, which confirms that the approximations involved in the calorimetric evaluation of
conversion (terms neglected or assumed constant in the heat flow balance, U and cp CO-
efficients assumed to vary linearly during the reaction) introduce negligible errors. With
respect to the assumption of U and ¢, coefficients varying linearly in time, the error
introduced is small independently of the correctness of this assumption because the U
coeflicient varied in practice very little from beginning to end (never more than 5%) and

because, being the temperature control fairly good (the maximum offset was 3°C) and
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Figure 6.7: Conversion history for reaction BAG.

the ¢, coeflicient almost constant (it never varied more than 8% across the reaction), the
accumulation term resulted small in all cases (always less than 0.5% of the flow term).
While the gravimetric technique does not involve such assumptions and it requires a very
simple instrumentation, it yields far less detailed information compared to calorimetry. In
fact, calorimetry, besides giving a virtually continuous measurement, does not provide the
conversion versus time curve but rather its derivative (cf. eq. (6.15)), from which a much
deeper and unequivocal understanding of the kinetics of the system can be extracted. It
has been shown for instance [80] that, while a constant rate of reaction period (identified
with Smith-Ewart’s interval II) would be inferred from discrete conversion versus time
data in emulsion polymerizations of styrene. this constant rate period is not seen if the
rate of reaction is observed directly through calorimetry. This clearly makes a great dif-
ference in the interpretation of the kinetics of the system. In the case of the BA emulsion
polymerizations here examined, the situation is exactly the same. From the examination
of the conversion versus time curves, one would deduce a constant rate up to about 40%
conversion at least, which does not instead appear from a direct observation of the heat
of reaction curves. These are reported in Fig. 6.8 as a function of conversion for reactions
BA3-BA6G. The signal from reaction BA2 was very disturbed by the sampling and is not

reported. All reactions exhibit a sharp peak at the beginning. This peak may be due
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Figure 6.8: Reaction heat as a function of conversion for reactions BA3-BAG.

to the fast coagulation of nuclei which have formed extremely rapidly at the start of the
reaction (as is proved by the very rapid start of the polymerization). The coagulation
of nuclei quickly reduces the particle number and consequently the reaction rate. The
behavior of the heat curves after the peak is not the same for all reactions. In two cases
(BA5 and BAG) a constant rate is achieved, in another case (BA3) the rate increases and,
finally, in the last case (BA4) it decreases. In all cases, however, a point is reached where
the released heat begins to decrease or to decrease more rapidly (BA4). This happens
always before (but not too far from) the conversion at which the transition from interval
IT to inteval III theoretically occurs (see eq. (6.26)), represented in Fig. 6.8 by the vertical
dotted line.

The evolution of particle concentration for reactions BA2, BA3, BA5 and BAG as given
by eq. (6.20) is shown in Fig 6.9 as a function of conversion (determined by gravimetry). All
reactions exhibit a growing particle concentration in the fivst reaction period, after which
the concentration increases so slightly that it can be considered practically constant. No
monotonic relation is found in reactions BA2, BA3 and BAG6 between initiator and final
particle concentration, which indicates that the change in initiator concentration is too
small among these three reactions to overcome experimental error.

The evolution of the average number of radicals per particle 7 as a function of conver-
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Figure 6.9: Particle concentration as a function of conversion; A @ BA2, O : BA3, x : BAS
and O : BAG.

sion is reported in Fig 6.10 for reactions BA3, BAS and BAG as calculated from eq. (6.23),
assuming the system to be at thermodynamic equilibrium with respect to monomer par-
titioning (eqs (6.24)-(6.26)). The minor deviation from the set temperature of 50°C was
taken in account in the calculation of the propagation constant k, according to the Ar-
rhenius equation given in ref. [87]. The calorimetric signal of reaction BA2 was far too
disturbed by the sampling to extract from it reliable information on the evolution of 7.
In all cases, very small values of the average number of radicals per particle are obtained
(always smaller than 0.13), which implies a significant role of the desorption mechanism,
and 7 decreases almost linearly (especially for reactions BAS and BA6) with conversion.
With respect to the small values, BA is a poorly water-soluble monomer (comparable, for
instance, to styrene [1]) and therefore expected not to give significant desorption. With re-
spect to the decrease with conversion, increasing particle volume (up to the end of interval
IL, in interval IIT the volume undergoes a slight contraction) and increasing intraparticle

viscosity (in interval III), imply decreasing bimolecular termination and desorption fre-

quencies. This would let one expect increasing values of 71 with conversion. Other effects

must therefore be invoked to explain the decreasing behavior. The use of a mathematical
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Figure 6.10: Average number of free radicals per particle as a function of conversion; I :
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model is helpful in interpreting these unexpected results and is considered in Section 6.6.
6.5.2 Ab Initio Reactions - Gel Formation

The microgel weight fraction separated by ultracentrifugation is reported for reactions
BA2, BA3, BA5 and BA6 in Figs 6.11-6.14. Both the direct and indirect measurements
(i.e., obtained by weighing the dry precipitate or the dry solute, respectively) are reported.
The agreement is very good at all conversions. The measurement was repeated for two
samples (at 85% conversion in reaction BA3 and at 93% conversion in reaction BAS) and
shows good reproducibility. For all reactions a significant amount of gel is never measured
before 70% conversion. All measurements at lower conversions give a small amount of gel
(up to maximum 3%) but this is most probably due to a small amount of solute which
remained on the walls of the centrifuge tube. Actually, not even a very small amount
of gel precipitate could be distinguished for these samples, while at higher gel fractions
a precipitate of gelatinous consistency could be clearly seen at the bottom of the tube.
Therefore, the small values of gel fraction which are obtained at lower conversions have
to be most probably interpreted as zero gel. The formation and fast growth of significant
amounts of gel apparently occurs after 70% conversion, so that the ‘gel point’ can be

defined to occur between 70% and 80% conversion (actually, before 75% for reaction BA3
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and after 70% for reaction BAS, in all cases certainly after 55%).
6.5.3 Seeded Reactions - Kinetics

The conversion vs. time curves for two seeded reactions (BAs6 and BAs9) is shown in
Figs 6.15 and 6.16. Samples for gravimetric determination of conversion were taken only
at the beginning and at the end of the reaction, to check for initial and final conversion.
Two samples were taken at the end and the accuracy of the measurement is seen to be
very good. Moreover, the final conversion measured by gravimetry is in good agrecment
with the calorimetric value. Compared to the ab initio reactions, the temperature control
was even better (maximum offset 1.5°C) and the variation of the U coefficient during
the reaction smaller (never more than 2.5%). Therefore, the assumptions involved in the
evaluation of the heat data should be even better satisfied.

The conversion history is apparently similar in behavior to the ab initio reactions.
However, if the heat of reaction is observed, instead of its integral, it is clear that the
kinetic behavior is not the same. In Fig. 6.17 the heat of reaction is reported as a func-
tion of conversion for reactions BAsl, BAs6, BAs7 and BAs8 (reactions at lower particle
concentration). In Fig. 6.18 the same quantity is shown for reactions BAs2, BAs3 and
BAs4 (reactions at higher particle concentration). The typical peak in the reaction rate
detected at the beginning of the ab initio reactions is never observed in the seeded runs.
This is in agreement with the explanation proposed for the peaks, involving the formation
of instable nuclei. In the presence of the seed, the radicals formed from the initiator are
captured from the start of the reaction by the polymer particles and the formation of
such nuclei is prevented. The reactions at lower particle concentration (Fig. 6.17) show a
quite extended region where the rate is next to being constant, though never rigorously
constant. At the higher reaction rates (BAs6 and BAs8) the rate keeps slightly increasing
up to 10-15% conversion beyond the conversion at which the passage from interval II to
I1I should theoretically occur (vertical dotted line). This could be explained by some sec-
ondary nucleation occurring at higher initiator concentrations. Observing the TEM graphs
of the final samples, a high polydispersity of the particle diameters is actually found, which
could include the effect of secondary nucleation. However, the presence of two distinct
populations is not detected, so that the amount of (eventual) secondary nucleation is not
straightforward to calculate. To have an estimate of the increase in number of the particles
during the reaction, the particle concentration in the final latex was calculated from the
final diameter measured by PCS and the final conversion, assuming all the particles to be

the same in size (eq. (6.20) corrected for a non-zero initial particle volume). The increase
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Reaction Concentration increase (%)

BAsl 25.0
BAs2 19.1
BAs3 8.7
BAs4 8.9
BAsH 8.6
BAs6 23.2
BAs7 27.2
BAs8 27.2
BAs9 294

Table 6.5: Increase per cent in particle concentration for the seeded reactions.

per cent of the particle concentration calculated in this way is reported in Table 6.5 for
all reactions. This is never more than 30%, which implies, since no small particles are de-
tected by TEM, that secondary nucleation is not very significant. No monotonic relation
is observed between particle or initiator concentration and increase in particle number.

Another hypothesis which can be put forth to justify the shift in maximum reaction
rate in Fig. 6.17, is that the reaction is limited in rate by the diffusion of the monomer
from the droplets to the particles. If this is true, the conversion at which the monomer
droplets disappear is delayed at increasing initiator concentrations, and this could result
in a delay of the point where the reaction rate starts to decrease. However, the calcu-
lations reported in Appendix F show that monomer diffusion limitations do not explain
the presence a maximum. Rather, transfer limitations would cause the reaction rate to
decrease continuously with conversion.

Reaction BAs9 was performed with a larger amount of monomer to have a higher
theoretical conversion at which the droplets disappear (vrr—rrr = 30%), and therefore
a more extended region where the particles are saturated with monomer. The initiator
and particle concentration were the same as in reaction BAs7. It can be seen in Fig. 6.19
that a constant rate of reaction is actually achieved for a 10% conversion interval, and
that the rate starts to decrease at yrrrr7 = 30% (vertical dotted line in the figure). Tt
is interesting to note that the reaction heat at the plateau is virtually equal to the heat
at the maximum in reaction BAs7 (approx. 18 W), even though the monomer charged is
different in amount. This is a consequence of the mechanism of emulsion polymerization,
where the reaction heat is determined not by the overall amount of monomer, but by
the saturation concentration (if the monomer is enough to saturate the particles), besides
inititator concentration and particle number.

The reaction rate at the maximum for each reaction was taken as representative of
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Figure 6.19: Reaction heat as a function of conversion for reaction BAs9.

the reaction rate at monomer saturation conditions to estimate the average number of
radicals per particle. To this purpose eq. (6.23) was used. The particle concentrations
are given in Table 6.3, and the other parameters in Table 6.4. A significant way of
representing average number of radicals per particle data in reactions at different initiator

and particle concentrations is according to the approach proposed by Ugelstad et al. [92].

Following these authors, 7 is represented as a function of three dimensionless parameters,

no=nlar,m,Y), with:

(6.27)
(6.29)

(6.29)

Parameter oy is the ratio between the rate of radical generation in the water phase (per
particle) and the frequency of bimolecular termination, while m is the ratio between the
desorption and bimolecular termination frequencies. Parameter ¥ accounts for the impor-

tance of water phase termination. It is zero if ky,, = 0. Note that expression (6.29) for Y’

results only if the entry rate p is given by eq. (5.1). More generally:

kiwcRY N,
y = FachiNa (6.30)
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Figure 6.20: Average number of free radicals per particle as a function of the dimensionless
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O : reaction BAs9. Dotted line: Smith-Ewart case 2 (7 = 0.5).

The average number of radicals per particle 7i can be represented as a function of «y,
considering m and Y as parameters. In this case, logarithmic diagrams are obtained
where f increases with «y. Depending on the values of m and Y, a plateau may appear.
This plateau reduces to an inflection point and eventually disappears at increasing values
of the desorption parameter m. What is most relevant is that, if a plateu or an inflection
point are observed, these correspond alwavs to 7 = 0.5.

If the 7 values calculated using the maximum reaction rate are plotted as a function of
ag for all seeded reactions, the diagram reported in Fig. 6.20 is obtained. In this diagram
an inflection point can be observed which is however below # = 0.5. The data can be
considered to be at a virtually constant value of m, since the particle dimension is the
same at the beginning for all reactions, and a rate very near to that measured at the
maximum is reached at very early conversions in all cases. Moreover, it has been shown
193] that 7 is independent of Y (which is a function of particle concentration) on the left
of the plateau or of the inflection point, if this is present. The data, the reproducibility
of which is quite good, suggest therefore that the values of # obtained experimentally are
systematically underestimated. This must be due to the incorrect value of one or more

quantities appearing in eq. (6.23). The discussion about the reliability of each of these
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Parameter Value Reference
Crm 5.6- 1075 [94]
D 6-107% mol cm™? [91]
D, 52-107% cm? ¢! [94]
Dy, 751075 cm? ¢! 73]
ky 171070 ¢! [71]
ky, 2.7-107 em? mol™t §7! [87]
Et 3.7-10" em® mol™t gt [64]
My, 128.2 g mol™!

G 0.66 [90]
Pm 087 gem™ 191]
Py 1.03 gem™® [91]

Table 6.6: Parameters for BA emulsion polymerization at 50°C.

quantities is reported in Section 6.6.2, where a quantitative analysis of the 7 values is

reported.

6.6 Model Interpretation

6.6.1 Parameters

The parameters used in the kinetic model (Chap. 2 and Section 5.2) were taken from the
literature and are listed in Table 6.6 together with their source. Some remarks ought to
be made about the values of these paramecters.

Jonsidering reaction rate coefficients, the chain transfer constant Ctm (ratio between
the chain transfer to monomer rate constant kg, and the propagation rate constant kp)
reported in Table 6.6 was measured by Maeder and Gilbert [94] from the slope of the
logarithmic plot of the MWD of PBA produced in a “hetero-seeded” emulsion polymer-
ization carried out in zero-one conditions with slow entry. A polystyrene seed was used
to avoid having chain transfer to polymer. The value reported by these authors seems to
be more reliable than those reported by Beuermann et al. [95] and by Devon and Rudin
[96]. Beuermann et al. report a value cpy, = 1.3 - 1074 However, these authors observe
no temperature dependence of the ¢y, constant, i.e., same activation energies for transfer
and propagation, which seems unlikely from consideration of the transition states involved
in the two reactions. The value ¢z, = 2.5 - 1074 at 60°C reported by Devon and Rudin,
which differs significantly from ¢y, = 7-1 0~ reported by Maeder and Gilbert at the same
temperature, was inferred by modeling copolymerization reactions with styvene where the
highest mole fraction of BA was w54 = 0.65 and neglecting branching in the data analysis

-5

A value ¢y, = 5.4 - 1077, very similar to that reported by Maeder and Gilbert for BA,
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was previously reported for butyl methacrylate [97].

While the propagation rate constant was once thought to have a value of the order
of 5-10° em® mol™! s7F [91], recent advances in the measurement of propagation rate
constants in free radical polymerization (by pulsed laser techniques) show that BA is
much more reactive than formerly believed. The value of &, reported in Table 6.6 results
from Arrhenius constants obtained by pulsed laser polymerization reactions carried out
between -7°C and -45°C [87]. Data obtained between 5°C and 30°C through the same
technique yield a value &, = 2.1 107 em?® mol™" s~ at 50°C [95], while the combined use
of the two sets of data in the different temperature ranges yields a value ky, = 2.8 107 cm?
mol™t 571 at 50°C [95], which is very near to the value given in [87].

In the absence of specific data, the propagation rate constant in the water phase &,
has been assumed to be the same as that in the particle phase £,

Jonsidering monomer concentrations, a value of the concentration of monomer in water
at saturation C7, , = 6.4 107% mol em™, i.e., very similar to that reported in Table 6.6,
is reported by Capek et al. [90].

Several values can be found in the literature for the concentration of monomer in the
particles at saturation. These lie in the range 3 =+ 5- 1073 mol ecm™3 [1, 90, 91, 97]. The
value of the monomer volume fraction in the particles at saturation ¢}, = 0.66 given in
Table 6.6 corresponds to a value C, = 4.5 - 107 mol cm™ taken from [90].

Considering diffusion coefficients, the value of the diffusion coefficient for a monomeric
species in the particle phase D, given in Table 6.6 was calculated as in [94] from the
experimentally determined relationship for butyl methacrylate oligomers as a function of

polymer weight fraction:

1.69107° — 4.5 107w, + 3.72 - 1075902

. Ze—l — p s
Di(wy)/em™s™ = e 0) (6.31)

where @ are the units in the oligomer and w, is the polymer weight fraction. The value

- b 9l s ) : . . ;
Dy, =15.2-10"% cm? s in the table corresponds to i = 1 and 1w, = 0.38, i.e., the polymer

*

weight fraction in the particles at saturation (calculated from the ¢Z,,

pm and p, values
given in Table 6.6).

The diffusion coetlicient for a monomeric species in water D, in Table 6.6 was calcu-
lated from the Wilke and Chang equation [73] for liquid in liquid diffusion, rather than
taking the value repored for styrene (D, = 107% cm® s71) as it was done elsewhere 91, 97].

To calculate the ratio ¢; between the bimolecular termination rate coefficient &, and

the propagation rate coefficient &,, the relation given by Buback and Degener [98] was
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used:
¢t = ki/kp = crp(1 — wp) (6.32)

with crp = 1500 4= 300 and w, polymer weight fraction in the reaction locus (conversion
in a bulk). Note that k; in eq. (6.32) is defined so that the rate of termination in a bulk is
ry = 2k R*?. Therefore, ¢ = ky /N qvp. Relation (6.32) was obtained from data from laser-
induced polymerization experiments performed in bulk over wide ranges of temperatures
and pressures and is valid above w), = 0.1. Data up to w, = 0.8 were available. The linear
dependence of ¢, on couversion in eq. (6.32) follows from the fact that the termination
reaction is reaction (propagation) diffusion controlled alveady above 10% conversion [98].
It has of course to be considered whether the use of relation 6.32, obtained in a bulk
system, can be extended to emulsion polymerization. Tt may in fact be expected that
the bimolecular termination in emulsion polymerization involves newly entered short (i.e.,
rapidly diffusing) radicals and that the determining mechanism is different, giving faster
termination rates. As a matter of fact. calculations by Maeder and Gilbert [94] have
shown that at unswollen particle diameters larger than 60 nm alveady the probability of
an incoming radical of propagating significantly (e.g. to 50 units) rather than terminating
with a pre-existing radical is very high. As the length of the radical grows, its diffusivity
decreases and the termination reaction becomes reaction diffusion controlled, i.e., eq. (6.32)
must be valid. The length of a radical at which a diffusion controlled law for radical
termination yields the same value of the termination constant as given by eq. (6.32) (i.e.,
above which diffusion can be considered not to be rate determining) can be estimated af
the different polymer weight fractions. For instance, at w, = 0.38 (saturation conditions),

1

eq. (6.32) yields A = 2.5 100 em® mol™* s7!. The same value is obtained from a

diffusion-controlled (Smoluchowski) expression for &, [94]:
ki = dn Do N ap (6.33)

when D; = 1.9-107% cm? 571 Ineq. (6.33), 4 is the length of the oligomer (the mate radical
is assumed ‘long’), and it has been taken ¢ = 7 nm and p = 0.25 [94]. From eq. (6.31)
with w, = 0.38, a length ¢ = 50 is estimated corresponding to this D; value. Since the
probability of propagating to this length is very high already at small particle sizes, the use
of eq. (6.32) even at low conversions is justified (consider for instance that an unswollen
particle diameter dp g = 87 nm was measured in reaction BA3 at 9% conversion).

While the propagation rate constant in the aqueous phase has been assumed to be the
same as in the particle phase, this would not be correct for the bimolecular termination

rate constant. In fact, it has been shown that the aqueous phase termination of oligomeric



176

radicals in the water phase is diffusion limited [1]. Therefore, the diffusion-controlled value
kw = 3.7+ 10" ¢cm® mol™! 571 [64] has been taken.

With respect to the mechanism of bimolecular termination, it is believed that PBA,
like other poly(alkyl acrylates), terminates predominantly by combination [36]. This is
also supported by the ease with which a gel phase 1s formed in this polymerization system
[79].

The value of the chain transfer to polymer rate constant is not available in the literature
for PBA. Branching density data obtained by NMR spectroscopy have been presented hy
Lovell et al. for PBA produced both in emulsion [99] and solution [100]. Ref [100] contains
extensive branching data at different conversions and initial monomer concentrations in
solution which can be used for estimating the chain transfer constant. This is however
complicated by the very important role of the backbiting reaction, which is proved by
the high branching densities at low conversion for reactions with low initial monomer

concentrations [100].

6.6.2 Model Results

The model was first applied to describe the kinetic behavior of the system. Rather than
trying to describe the cumulative history represented by the conversion profiles, it was
checked whether the model is able to describe the measured instantaneous rates of reaction,
given the measured particle number. In other words, the description of the evolution of
particle number was at first skipped and it was checked whether the use of the equations for
the calculation of the average number of radicals per particle 71 (Section 5.2) could describe
the experimental values at different conversions (Fig 6.10), given conversion and particle
number. In Fig. 6.21 the comparison between theoretical and experimental points is shown
for reaction BAG. A value of the entry parameter k, = 4- 107" e¢m® s71 in eq. (5.1) was
taken. The same value was taken for the re-entry parameter k.. in eq. (5.5). No effect of
the enhancement of viscosity at increasing polymer fractions in the particles was included
in the description of the desorption mechanism, i.e., a constant D, = 5.2 - 1070 em? =1
was considered. The slight decrease of initiator concentration with time was included,
and the effect of the moderate deviation from the set point of 50°C on k, was verified
to be negligible. Though the k. value was appropriately chosen to have quantitative
agreement at intermediate conversions, it is clear that the predicted behavior of 7 is not
in agreement with the experimental one. Neglecting the discrepancy for the point at the
lowest conversion (which might be attributed to the presence of nucleation in the real

system, see Iig. 6.9, and not in the model), the slight decrease of the calculated values
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Figure 6.21: Average number of radicals as function of conversion for reaction BA6; 0 :
experimental, A : model. Parameters in Table 6.6 and k, = kpe = 4- 107" cm? 57!

due mainly to the contraction of particle volume in interval IIT 1s far from describing
the strong decrease observed experimentally. Therefore, since the very slight decrease in
particle size in interval IIT cannot justify marked increases in the frequency of desorption
kq or of termination ¢, the reason for the decreasing behavior of 7 has to be sought in a
decrease of the entry rate with conversion. Effects changing desorption and termination
rates, such as intraparticle viscosity changes, diminish £; and ¢ at increasing conversions
and worsen the agreement between model and experiment.

A possible mechanism to explain entry rates decreasing with conversion, is to assume
that the process of entry is rate limited by propagation in the aqueous phase [64], Namely,
it is agsumed that a radical produced from the water-soluble initiator, ionic in nature, must
add a few monomer units in the aqueous phase before its entry in the particle phase is
favored. This propagation step is considered to be rate determining for the process. At
increasing conversions (if in interval I1T) the monomer concentration in the water phase,
as well as in the particle phase, is decreasing. Thus, the propagation in the water phase
gets slower. This results in a higher probability for termination of the olignmers in the
water phase (compared to propagation and subsequent entry) and in lower entry rates.

A quantitative treatment of this effect can be made considering the equation given by



Maxwell et al. [64] for propagation limited entry:

N4 [ kioR® =2
or = 2hi{ T A (-——-—-—-—-— + 1) (6.34)
Np i‘t’p,/zu M

where py is the portion of entry related to initiator-derived radicals and z is the critical
length for entry. Eq. (6.34) was obtained assuming that initiator-derived radicals of length
below z are not capable of irreversible entry, while those of critical length z give irreversible
entry faster than any other reaction. Though this is of course a simplified picture, it
supposes propagation in the water phase to be rate determining. Moreover, eq. (6.34) was
found to be in accord with entry data for styrene at 50°C.

In the frame of this model, the overall entry frequency p is obtained adding to the entry
pr of initiator-derived radicals the entry pp of desorbed non-ionic radicals. This is simply
obtained by multiplying the rate of desorption by the probability of re-entry (compared

to that of termination in the water phase):

pp = kati(1 - Pg) (6.35)
where
krw R .
Pp = b (6.36)

‘ ko R+ kpoeNp
is the probability of termination in the water phase. I the re-entry of the non-ionic

desorbed radicals is considered diftusion limited, k.. is given by
kype = 4w Dyrp (6.37)

where 7p is particle radius.
The results obtained assuming the entry rate to be determined by aqueous phase

propagation, i.e., using eqs (6.34)-(6.37), is reported in Fig. 6.22 for reaction BA6 for two
| ) b ) | O

¢

values of the critical length for entry z (z = 3 and 2 = 6). Note that a value of 2-3 for
z is estimated by Gilbert [1] for BA. The model overestimates the # values by a factor 4
at the lowest conversion and by a factor 18 (for » = 3) at the highest. Higher values of »
improve the quantitative agreement at high conversion (which is however still poor) but
not the agreement in terms of behavior. Therefore, the model is in accord with the data
neither on a quantitative nor on a qualitative basis.

A large quantitative disagreement between model predictions and experimental 7 val-
ues for BA has already been reported by Maeder and Gilbert [94]. These authors performed
seeded BA emulsion polymerizations with a small-sized polystyrene seed (30 nm unswollen

diameter). The comparison was made for only one value of 7, which was the steady state
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Figure 6.22: Average number of radicals as function of conversion for reaction BAG; O :
experimental, A : model with 2z = 3, O : model with z = 6. Parameters in Table 6.6 and
p from eqs (6.34)-(6.37).

value of one reaction. The experimental value was 71 = 0.0012 while the calculated value
was 77 = 0.033, i.e., 28 times as large. A zero-one model was employed (affer checking
the zero-one assumption) using established values of the model parameters. Several expla-
nations were attempted to explain the discrepancy between model and experiment. The
disagreement could not be ascribed to uncertainties in the model parameters. A second
explanation was looked for based on the fact that the used seed was not really monodis-
perse (it showed a mean radius of 15 nm and a standard deviation of 6 nm). Taking this in
account, a theoretical value i = 0.016 was calculated, which is still 13 times as large as the
experimental value. Finally, it was assumed that a pseudo-bulk kinetics might prevail in
the larger particles of the polydisperse seed, yielding a lower value of the calculated 7 due
to the presence of bimolecular terminations. No quantitative check of the results obtained
under this hypothesis was however performed. With respect to this, it should be noted
that supposing pseudo-bulk kinetics in particles of radii just a few nm larger than those
where the zero-one assumption was shown to be valid, holds only on a qualitative basis.
A more complete model, including intermediate kinetic situations, should be employed.
Though the parameters in Table 6.6 are thought to be reliable, it has been checked

whether different values could explain the experimentally observed # values and behavior.
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Figure 6.23: Average number of radicals as function of conversion for reaction BAG; © :
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experimental, A : model. Parameters as in Table 6.6 except for D,, = D, = 10 5em? g7t

and cpp, = 2.8 1073, Critical length for entry z = 3.

The calculated 7 can of course be lowered by enhancing the desorption rate. Assuming
Dy = Dy = 107% ¢m? 57! (which is a reasonable upper bound value for Hquid in liquid
diffusion) and ¢y, 50 times as large as the literature value reported in Table 6.6, the
result reported in Fig. 6.23 is obtained. ven using such an unreasonable value of the
chain transfer to monomer parameter the agreement is very poor, and the 7 are still
overestimated at high conversions.

The effect of varying the propagation rate constant &, is more significant, especially
because the experimental 71 values are inversely proportional to &, (see eq. (6.23)). More-
over, since the propagation rate constant in the water phase kp,, is assumed to be the
same as kp, a decrease in its value increases the effect of the monomer depletion in the
water phase on the entry rate. The results obtained nsing by, = kyo = 7.3-10% em™ mol™!
s7 (which is almost 4 times as small as the literature value) are shown in Fig. 6.24 for
z = 3 and z == 5. If is seen that for z = 3 the values from the model are not too far
from the experimental ones, but the behavior is clearly different, the theoretical values
showing concavity downwards. For z = 5 the agreement is much better above 40% con-
version, since the effect of the monomer depletion is strong from the beginning of interval

ITI. However, the theoretical values are still concave downwards more markedly than the
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Fieure 6.24: Average number of radicals as function of conversion for reaction BAG; © :
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experimental, A : model with z = 3, O : model with » = 5. Parameters as in Table 6.6

experimental values. With respect to this, note from Fig. 6.10 that the experimental
behavior is not completely clear. Reaction BAD shows a virtually linear behavior with
conversion, reaction BA6 exhibits a slight concavity downwards, which gets more marked
for reaction BA3. No justification for these different behaviors can be given on the base
of the reaction recipes reported in Table 6.1. Going back to Fig. 6.24, it must be noted
that if the agreement reached between model and experimental data (for = = 5) may be
judged satisfactory above 40% conversion, this is not true at lower conversion (interval
IT). It must therefore be concluded that even using a modified k&, value (far outside the
confidence limits reported in [95]) and a high critical length z the model is unable to
describe the experimental data.

The effect of modifying other parameters in the model (also outside reasonable ranges)
was checked in a similar way, but no salisfactory agreement was found between model and
experiment, the best fit obtained being that reported in Fig. 6.24 for z = 5.

Since the qualitative behavior of the experimental 1 data is in contrast not only with
the model predictions but also with the basic physical intuition regarding the processes
regulating this quantity, and since the values are far too low compared to what would be

expected for a scarcely water soluble monomer such as BA, it is reasonable to make some



hypotheses about possible mechanisms which could lead to underestimated experimental
n values (i.e., calculated through eq. (6.23)). Values of # greater than those reported in
Fig. 6.10 are supported by the large amount of gel which is measured at high conversion (see
Figs 6.11-6.14). The formation of such a gel phase presumably occurs through significant
bimolecular termination by combination between the branched chains created by chain
transfer to polymer, which would require the system to move away from the very low 7
values reported (where the bimolecular termination rates are negligible). An alternative
explanation could be that the branched chaing are joined by a terminal double bond
propagation reaction to form a gel phase. In this case low 7i values could be admitted and
the presence of a gel is therefore not conclusive.

Since the heat of reaction C;)_,‘ and the particle density Np can be measured with a cer-
tain reliability, and since the molar heat of polymerization AHp taken from the literature
is proved to be correct by the agreement between the conversion curves obtained calorimet-
rically and gravimetrically (Figs 6.3-6.7), to justify an error in the experimental evaluation
of i through eq. (6.23) it is reasonable to turn the attention to the two remaining variables:
the concentration of monomer in the particles Cy, and the propagation rate constant k.
With respect to Np, it is worth saying that a virtually constant number of particles was
measured after the first reaction period (see Fig. 6.9), which is expected according to the
classical theory of emulsion polymerization [37], and the decreasing behavior of #i cannot
therefore be ascribed to a wrong measurement of this quantity.

As reported above, several values can be found in the literature for the concentration
of the monomer in the particles at saturation C}, lying in the range 3 + 5 - 1073 mol
em™ [1, 90, 91, 97). These values were obtained from equilibrium swelling or kinetic
measurements. ‘The uncertainty on this variable is not such to justify large changes in
the experimental 7 values. Moreover, different €7, values imply different monomer con-
centrations in the particles at saturation conditions and different conversion degrees at
which the droplets disappear, but not different monomer concentrations after this instant,
which occurs between 30% ad 60% conversion (corresponding to the CF, range reported,
see eq. (6.26)). Therefore, all the 7 data above this conversion are left unchanged by
considering different monomer concentration saturation values.

Another effect which could have an influence on the monomer concentration and thus
on the experimentally calculated 7 values is diffusion Hmitation during the transport of
the monomer from the droplet to the particle phase. This limitation would invalidate
the assumption of equilibrium conditions which has been considered to hold up to this

point. Such a diffusion control of the monomer concentration would of course give lower
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concentrations in the reaction locus, and correspondingly higher n values. However, this
would be true only until the droplets are present, thus giving an even more marked decrease
moving to high conversions and the same i values at the end of the reaction. It might
as well be supposed that diffusion limitations are so strong that the droplets are present
up to the very end of the reaction, in which case the effect would be present at all times.
To clear this point, a quantitative analysis of the role of monomer mass transfer in the
system has been performed. From this analysis, which is reported in Appendix I, it may be
concluded that monomer transfer limitations play an important role in the experimental
conditions investigated. However, it is also shown that the rates of reaction and the
monomer concentrations in the particle phase approach at high conversions the values
obtained in equilibrium conditions (see Fig. F.1, curve labelled hy). Therefore, values of
71 similar to those shown in Fig. 6.10 are calculated at high conversion also including mass
transfer effects. Moreover, the monomer concentrations during the whole reaction are
not so far from the equilibrium values as to justify the discrepancy between experimental
and calculated % values also at lower conversions. Therefore, the inclusion in the model
of equations for the description of mass transfer does not improve the overall agreement
between model results and experimental data, though mass transfer is recognized as an
important rate determining factor.

Turning the attention to the other variable which has a strong influence on the ex-
perimental value of 71, namely k,, some suppositions can be put forth about mechanisms
which can make £, different from the value measured under pulsed laser polymerization
conditions (i.e., in pure monomer) [87] and decreasing with conversion (in order to have
a non-decreasing n). Glass transition effects are to be excluded due to the very low glags
transition temperature of the polymer. A possible explanation could be that the branching
mechanisms, including chain transfer to polymer and back-biting [100], become important
at increasing polymer and decreasing monomer concentrations, creating tertiary radicals
which are less reactive, thus decreasing the rate of the propagation process. Admitting

this mechanisms, the effective ky is given by:

kyy + & fp01

iyt Co A
kp = Kpp 7 e + Kpt (6.38)

v T 'I‘:-/’pal + kpfcm Kpy -+ kfpg'lv + }‘:p'[;c'm,
where k,, and kp; are the propagation rate constants for primary and tertiary radicals,
respectively, kyy is the frequency of back-biting and oy the polymer concentration. The two
ratios appearing on the right-hand side represent the fraction of radicals in the primary and

in the tertiary state, respectively. The back-biting mechanisim was already investigated to

explain orders of reaction greater than one with respect to monomer concentration in the
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solution polymerization of BA [101]. The explanation involving stable fertiary radicals is
however doubtful for two main reasons. First, so high rates of the branching reactions
should be admitted in order to get %, values decreasing significantly not only at very
high conversions, that the branching densities would be overestimated by far compared
to experimental data available [100]. Secondly, it has been shown in laser initiated bulk
polymerization of BA that the k, is constant up to 80% conversion [98], which should
reasonably hold also for the chemically initiated radicals swithin the polymer particles.
Moreover, the backbiting mechanism was also shown to be unable to justify the high
monomer reaction orders in BA solution polymerizations [101].

Another possible explanation for the decrease in &, with monomer conversion is that
propagation occurs not only to the monomer but also to a dimer which could be formed
by association of acrylate monomer pairs [101]. Again, this possibility was investigated to
explain monomer orders greater than one in the solution polymerization of BA [101]. In

this case, the effective &, would be a linear function of monomer concentration:
kp = kpm, + 2A7]7d-K{ZU777, (63())

where kpp, and k,q are the propagation rate constants to the monomer and to the dimer,
respectively, and Ky the equilibrium constant for monomer pair association. Besides the
fact that monomer association should be important (which seems not to be the case from
NMR. measurements [101]) or propagation to the dimer very much faster than that to the
monomer to have a significant contribution of dimer addition, this explanation is again
in contrast with the constant &, value measured experimentally by Buback and Degener

[98], and seems therefore rather doubtful.
6.7 Conclusions

In this chapter the gel formation in the emulsion polymerization of BA was investigated
experimentally. This system was selected as it gives significant chain transfer to polymer
and termination by combination, which easily leads to gel formation in a bulk. Therefore,
it was thought to be a good system to test experimentally the theovetical findings on the
delay in gel formation which is caused by the compartmentalization of branched radicals,
as shown in Chap. 4. Indeed, for all reactions considered, significant fractions of pel
were found ounly at very high conversion, which gives a strong qualitative support to
the theoretical description. However, a quantitative prediction of the molecular weight
and gel fraction evolution was not performed due to the fact that it was not possible to

describe appropriately the kinetics of the system. Namely, very low values (< 0.13) and
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a decreasing behavior with conversion of the average number of radicals per particle 7
were found experimentally, which could not be explained by any mechanism, employing
reasonable values of the model parameters. In particular, decreasing entry rates due to
a mechanism which assumes propagation in the water phase to be rate determining for
the entry of initiator-derived radicals could not justify the decreasing behavior even on a
qualitative bagsis.

Besides a very low water solubility of the monomer, support for the hypothesis that
the experimental 7i values are underestimated is given by a kinetic analysis performed
through seeded runs at different initiator and particle concentrations, and by the fact that
a gel phase is formed.

The parameters which determine the experimentally obtained value of 7 were therefore
taken in exam, with particular attention to the monomer concentration in the particles
Cr, and the propagation rate constant k,. Several suppositions were made to account
for possible effects which might modify the value of these quantities compared to the
values obtained in the conditions considered in the literature works from which they were
taken. Considering monomer concentration. the uncertainty in the value of the saturation
value and the role of monomer mass transfer limitations were examined. With respect to
the propagation rate constant k,, branching reactions and propagation to the dimer were
considered as possible effects which decrease the & at low monomer concentrations. None
of these mechanisms was able to explain the low 7 values measured experimentally and

their decrease with conversion.
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Conclusions

In this work a kinetic model for the molecular weight calculation of polymers produced
in emulsion is developed. Compared to other models previously proposed in the litera-
ture, the main achievement of the present model is the correct description of active chain
compartmentalization while taking into account also all branching mechanisms. Models
accounting correctly for active chain compartmentalization existed for linear chains, and
many models describing the formation of branched chains during polymerization were also
available, but these two features were never present together in the same model.

In the molecular weight model here presented. active chain compartmentalization is
accounted for by taking advantage of the ‘doubly distinguished particle’ distribution, which
is conceptually equivalent to the length distribution of the pairs of chains belonging to the
same particles. The branching mechanisms are instead accounted for through the concept
of ‘pre-life’, which represents the length of an active chain due to the monomer units
which were added by propagation during previous growth periods. The pre-life concept had
already been previously used for the description of chain transfer to polymer, but it is here
extended to describe the very different step-growth mechanism related to crosslinking and
TDB propagation reactions. The dimensionality of the problem is therefore not enhanced.

The PBEs which result from the description of the molecular weight distribution were
solved by means of the numerical fractionation (NF) technique and the method of mo-
ments. The combination of the two permits the passage from integro-differential PBEs to
sets of algebraic linear systems for the moments of the active chaing and ODEs for the
moments of the terminated chains. The major problem is shown to consist in the recon-
struction of the overall MWD from the moments. An analysis of the performances of NF
was carried out by comparison with the results of a detailed model. It is shown that in
some cases NI predicts the appearance of fictitious shoulders in the high molecular weight
tail of the MWD. In these cases, which sometimes occur when chain transfer to polymer
is present as a branching mechanism, partitioning the polymer according to the number
of branches gives very accurate solutions with limited numerical effort. A fast procedure

is proposed to determine the number of branches to be used.
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The compartmentalized model was used to investigate the nature or radical compart-
mentalization and its effects on the MWD. It is shown that compartmentalization results
in pairwise correlation of the lengths of the active chains belonging to the same particle
for average number of radicals per particle typical of emulsion polymerization. This cor-
relation depends on the relative value of the entry and combination frequencies and not
on whether a statistical number of radicals exists in the particles. Of course, in the latter
case (pseudo-bulk conditions) any compartmentalization effect vanishes.

It is shown that pairwise correlation of the chain lengths needs to be accounted for in
molecular weight modeling when combination is present. Approximate models neglecting
this peculiar feature of compartmentalization lead to errors in the prediction of the polymer
weight average molecular weight and polydispersity. These errors may be very large in the
presence of branching, especially when combination represents a route to the formation
of large branched chains (and eventually to gel). For instance, gel points occurring as
early as 10% conversion are calculated by an approximate model in cases where the gel
is predicted to form around 80% conversion by the model here presented, which correctly
accounts for radical compartmentalization. This delay in gel formation is actually shown
to be a direct effect of compartmentalization, due to the fact that branched radicals are
segregated in the particles and can therefore not combine to form gel molecules.

The model was applied to describe literature molecular weight data from vinyl chloride
and vinyl acetate emulsion polymerizations. In the case of vinyl chloride, it is shown that
branching plays a minor role. In the case of vinyl acetate, instead, the strong increase of
weight average molecular weight and of polydispersity with conversion is explained as a
result of the synergic interaction between the two branching mechanisms present, namely,
chain transfer to polymer and TDB propagation. In this system, bimolecular termination
is completely prevented by high compartmentalization, i.e., extremely low values of the
average number of radicals per particle. Therefore, even a model not correctly accounting
for pairwise chain length correlation in the caleulation of combination provides correct
results.

Finally, butyl acrylate emulsion polymerizations experiments are reported. This mono-
mer system is known to easily give gel formation in bulk polymerization by chain transfer
to polymer and bimolecular combination. The aim of performing such experiments was to
provide experimental support to the theoretical finding that gel formation is delayed by
active chain compartmentalization. Indeed, gel was measured only at high conversions,
typically above 70-80% conversion, while polymer produced in bulk often results to be

insoluble at conversions even lower than 10%. This provides a strong qualitative validation
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of the model. However, difficulties to achieve a quantitative validation resulted from the
impossibility to model the kinetic behavior of the system. More specifically, unexpectedly
low values of the average number of radicals per particle were measured which could neither
be explained theoretically, nor proven false by analysing the parameters which appear in

the experimental measurement of this quantity.
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Notation

A matrix of the coefficients for the singly distinguished particles
B distribution of the singly distinguished particles, branched

B’ column vector for the B distribution

BY distribution of the doubly distinguished particles. branched
B’ column vector for the BY distribution

BY’ . fractionated distribution of the singly distinguished particles
_Bg, column vector for the B7’ o distribution

B{’ o' fractionated distribution of the doubly distinguished particles
By ,»  column vector for the BY, » distribution

b number of branches in a chain

bar total number of branches used in the PANB method

by, average number of branches in chains of length n

c = (¢, + ¢g4), overall bimolecular termination frequency

Ce termination by combination frequency

Cd termination by disproportionation frequency

Cm ratio betweeen chain transfer to monomer and propagation rate constants
Crp ratio betweeen chain transfer to polymer and propagation rate constants
Cn monomer concentration in the particles

c, monomer concentration in the particles at saturation

Cpma  monomer concentration in the water phase

Crw monomer concentration in the water phase at saturation

Cp specific heat of the reaction mass

D matrix of the coefficients for the doubly distinguished particles

|



D
Dp
D,
dp

d Pd

CLD of the dead polymer

total moles of internal double bonds in the system
CLD of the dead polymer of generation g

swollen particle diameter

unswollen (dry) particle diameter

pseudo-first-order rate constant for the transfer
events which do not result in desorption

functionality of the monomer
generation of the older distinguishing chain
generation of the younger distinguishing chain

distribution of the polymer terminated by combination
coming from a pair of distinguishing chains, both branched

distribution of the polymer terminated by combination
coming from a pair of distinguishing chains, both branched,
as calculated by the approximate model

fractionated distribution of the polymer terminated by combination

distribution of the polymer terminated by monomolecular
mechanisms, branched

fractionated distribution of the polymer terminated by monomolecular
mechanisms

number of radicals in a particle
(concentration of) initiator molecules
concentration of initiator in the water phase
identity matrix

mowment order

radical desorption frequency

rate constant for radical entry
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rate constant for chain transfer to monomer

ate constant for chain transfer to monomer in water
rate constant for chain transfer to polymer

rate constant for chain transfer to CTA

rate constant for initiator decomposition

maximum moment order in the method of moments
rate constant for chain propagation

rate constant for chain propagation in water

rate constant for crosslinking

rate constant for propagation to TDB

rate constant for monomeric radical re-entry

rate constant for bimolecular termination

rate constant for termination by combination

rate constant for termination by disproportionation
rate constant for bimolecular termination in water
(concentration of) monomer molecules

monomer molecular weight

number-average chain length

instantaneous number-average chain length
weight-average chain length

instantaneous weight-average chain length

chain length

pre-life of the older distinguishing chain

pre-life of the vounger distinguishing chain
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0
"1

27
Np
ny

o

O//

Py

d

average number of free radicals per particle
maximum number of free radicals in a particle
Avogadro’s number

number of branched generations whose index coincides with the
number of chain branches in the refined NI' technique

total number of branched generations used in NI
distribution of the particles containing 7 radicals
distribution of the singly distinguished particles, linear
column vector for the N/ distribution

distribution of the doubly distinguished particles, linear
column vector for the N/ distribution

overall moles of monomer n the reactor

initial moles of monomer charged

maximum chain length in the detailed solution method for the bulk
water phase concentration of the polymer particles
total moles of polymer chains in the system

distribution of the doubly distinguished particles
with the older distinguishing chain branched

column vector for the Of distribution
polydispersity ratio

instantaneous polydispersity ratio

probability of desorption from a particle in state 4
(concentration of) terminated chains of length n

(concentration of) terminated chains of length n belonging to
generation ¢
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L
1,0

2l
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?u'
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dead polymer chain of length n, bearing a TDB
(concentration of) terminated chains of length n with b branches

ratio between chain transfer to polymer and bimolecular
termination frequency

ratio between crosslinking and bimolecular termination frequency

ratio between TDB propagation and bimolecular
termination frequency

instantaneous heat of reaction

probability of occurrence of event Ty

probability of occurrence of event z; followed by event 9
probability of occurrence of event 5 conditioned on event I
rate of initiation

swollen particle radius

(concentration of) active chains of length n

(concentration of) active chains of length n belonging to
generation g

(concentration of) active chains of length n with b branches
(concentration of) radicals in the water phase
distribution of the linear polymer terminated by combination

distribution of the linear polymer terminated by combination,
as calculated by the approximate model

distribution of the polymer terminated by monomolecular
mechanisms, linear

birth time of the (older) distinguishing chain
current lifetime
current lifetime of the younger distinguishing chain of a pair

(concentration of) chain fransfer agent molecnles
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experimental time

total moles of TDBs in the system

jacket temperature

reactor temperature

heat exchange coefficient through the reactor wall
distribution of the polymer terminated by combination
coming from a pair of distinguishing chains,

the older of which branched and the younger linear
distribution of the polymer terminated by combination
coming from a pair of distinguishing chains,

one of which branched and the other linear,

as calculated by the approximate model

swollen particle volume

unswollen (dry) particle volume

volume of the droplet phase

molar volume of pure monomer

volume of the water phase

distribution of the polymer terminated by combination
coming from a pair of distinguishing chains,

the older of which linear and the younger branched

distribution of the doubly distinguished particles
with the younger distinguishing chain branched

column vector for the Y/ distribution

critical length for entry

propagation frequency

probability of reaction by propagation or termination
in the water phase for a desorbed monomeric radical
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ratio between internal double bonds and
polymerized monomer units in a chain

average number of TDBs per chain

total moles of crosslinked monomer units in the system
frequency of radical entry

frequency of re-entry of desorbed radicals

kth-order moment of distribution B;\q,

kt-order moment of distribution I ,;fiy,:f«,,,,

pure monomer density

pure polymer density

frequency of re-entry of desorbed monomeric radicals
monomer volume fraction in the particles

monomer volume fraction in the particles at saturation
E*h-_order moment of the CLD of the dead polymer

kth-order moment of the CLD of the dead polymer
belonging to generation g

kt"-order moment of the CLD of the polymer formed by
monomolecular termination, belonging to generation g

kth-order moment of the CLD of the polymer formed by
combination, belonging to generation g

k'"-order moment of distribution G’g} o
total moles of polymerized monomer units in the system
Kronecker’s index

initiation efficiency

kth-order moment of the CLD of the active polymer (bulk)



ik

Fkb

AHp

k"-order moment of the CLD of the terminated polymer (bulk)

k- order moment of the CLD of the terminated polymer with
b branches (bulk)

kth-order moment of the CLD of the terminated polymer of
generation g (bulk)

characteristic time for combination
characteristic time for entry
fractional conversion

molar heat of polymerization
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Abbreviations

BA Butyl acrylate

CLD Chain length distribution

KPS Potassium persulfate

MWD Molecular weight distribution
NF Numerical fractionation

PANB Partitioning according to the number of branches
PBA Poly(butyl acrylate)

PBE Population balance equation
PCS Photon correlation spectroscopy
PVAc Poly(vinyl acetate)

PVC Poly(vinyl chloride)

QSSA Quasi-steady-state assumption
SLS Sodium lauryl sulfate

TDB Terminal double bond

TEM Transmission electron microscopy
VAc Vinyl acetate

VG Vinyl chloride
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Appendix A

Model Solution

A.1 Numerical Fractionation

The numerical procedure adopted for the solution of the model is based on the fractionation
technique developed by Teymour and Campbell [30] in the context of bulk polymerization.
According to this procedure, the polymer chain population is subdivided into a finite
number NG + 2 of generations, each consisting of individuals similar in length and degree
of branching. The first generation is constituted of linear chains, the following NG include
the branched chains belonging to the sol polymer fraction and the last one is the polymer
gel. The definition of the rules governing the passage from one generation to another
permits to derive the balance equations for the chain populations of each generation. As a
general rule, the coupling of two chains belonging to the same generation, which may occur
through termination by combination, crosslinking or propagation to TDB, yields a chain
of the subsequent generation. Hence, the passage from one generation to another occurs
when there is a scale transition in the dimensions of the chain, i.e., a geometric growth
of the chain size. The coupling between two chains belonging to different generations
yields a chain of the higher generation of the two. All mechanisms not involving chain
coupling (monomolecular terminations, termination by disproportionation, chain transfer
to polymer) do not cause generation transitions. An exception is represented by linear
chains, which pass to the first branched generation when they undergo chain transfer to
polymer. Moreover, the bimolecular combination of two linear chains produces a chain
which 1s still linear, and no generation transition occurs in this case.

When a chain is sufficiently large and branched, i.c., it belongs to a generation higher
than the highest sol generation NG, it is cousidered to be part of the gel. However, no
arbitrary condition on the value of NG must be introduced. This has simply to be taken
large enough, so that a further increase would not affect the results of the model, i.e.,

convergence has been achieved (see for instance Fig. 2.7). The amount of gel formed is
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calculated as the difference between the total formed polymer, obtained from an overall

balance, and that present in the NG + 1 sol generations.

A.2 Fractionated Population Balance Equations

In the following the PBEs for each generation of polymer chains are derived. These result
from the application of the NI technique to the case of emulsion polymerization. In
order to identify the generation which the chain belongs to, a subscript ¢’ is added to
the distributions of the singly distinguished particles and of the polymer terminated by
monomolecular combination. When the chains under examination are two, i.e., in the case
of doubly distinguished particles and chains terminated by combination, two indices ¢" and
g" are needed. Index g = 0 implies that the chain is linear; in this case, the distribution

does not depend on pre-life.
Singly Distinguished Particles

The fractionated equations for the singly distinguished particles can be written in analogy
with eqs (2.5) and (2.6), which refer to the overall distributions. Considering that a live
chain of generation ¢’ is formed when a crosslinking reaction occurs between two chains
both of generation ¢’ ~ 1 or one of generation ¢’ and the other of a lower generation, the

following equations can be derived:

.g’ = ()
OB, (t,
oht) _ AnBi(t,?) (A1)
ot
og' =1
()B,l (7%:’[//3'7‘“) AT I v R TR !
—-—-'-wa—rw-m =AHB;(t.t'.n') + fepyBy (8,8, n" —m)m D (t, m)dm
3 Jo
+hyvBi (t. Dot n') + Dy (t,n))] (A.2)
og' > 2
OB (t,t',n) , ' '
-——-‘(7—7N, L= A0B(t.1'.n') + kxyBl (6t 0" = m)ym! Dy 1 (t,m)dm
L. T > ‘i \\} ~ of
9= 7 an \
+ L ( / ]1:;'7'13'_1]/(%., t'on —m)ym! D, (t, m)dm ] (A.3)
pe() \VO ’ /
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where Dy (t,n') is the CLD of the dead polymer of generation ¢’ and A is the same band
matrix used in eq. (2.5). Note that the distribution vector B{(¢,#) coincides with N'(¢, /)
account for the overall dead polymer, 1.e., both sol and gel fractions if gelation occurred,
since an active chain can react by chain transfer or crosslinking with any dead chain.
Moreover, it is worth recalling that [ = 1 for the crosslinking reaction and | = 0 for the
propagation to TDB reaction.

According to the fact that chain transfer to polymer causes a generation transition
only when involving a linear dead chain, the following initial conditions hold for eqs (A.1)

o (A.3):

.(] == () ]3[ U< = D) == /):’\77 ( ) -t ]\/7, ( 1Y Zl\v (/} </\
o =1 301 (8, = 0,n) = kg i Ni(1)n/[Dy(t, ) + Do (t,n)] (A.B)
oy > 2 B,l{)g/(zf:, th=0.n") = kpiNi(0On' Dy (¢, n)) (A.6)

where 1 <+ < N.

Doubly Distinguished Particles

As for the singly distinguished particles, by applying the rules which govern the transitions
between generations caused by the crosslinking reaction, the PBEs for the fractionated

doubly distinguished particle distributions can be obtained as follows:

e hoth chains linear

OBy ot ) N
.___M(_‘l-k-'j“_“‘——_—_/w e ;:( [)_‘( )/ 0 (ZL [,/ 7 ///> (‘L\ 7)

where D is the same band matrix used in eq. (2.8) and By (t,#',¢") coincides with

N"(t,t',1") in the same equation.

e older chain branched

By o(t, 1/t n)
ot

=D(t)B} o(t, ¢, t".n')
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+hpy / By 1 o(t, 8", 0" = m)m! Dy _y (t,m)dm
Jo

+ Z / By o(t, t',t",n' — m)m'Dy.(t,m)dm (A.8)
r=0

q |
/ B/ o " m)ml Dy (t,m)dm + Bj o (8,4, ¢/ 1)(, tn'

1
)

Note that this equation is formally correct only when ¢ > 2, When ¢ = L. the first integral
term on the right-hand side must be replaced by the term By (¢, 7/, "t Do (t,n'), since the
linear active chain yielding the chain of the first generation has no pre-life. Accordingly,
the length of the dead chain undergoing the crosslinking reaction is fixed to »’ and no

integration is required.

o younger chain branched

0 an(t,t’,t”,n”)

0?‘,/ 1/(/ / 1,/,~77 )

v

n
+kyy / By oy (6,0, 0" — m)m! Dyn_1(t,m)dm
Jo )
!/ -1
+ Z / Bo gt 0 — mym Dy (t, m)dm (A9)
+ Z / By, (6, " 0"~ m)m!D g (t,m)dm + By ot ', 4" Do (£, 1)
J0 :

As for eq. (A.8), this equation is correct when ¢” > 2. When ¢ = 1, the first integral

term on the right-hand side must be replaced by the term B{ (¢, ¢, t")n" Dy (¢, n").

o both chains branched

dB’ AU NAN ”)
ot

.

7L
+hyy / :7,-1 5],,,(1;,1,'~t”,'77’ —m, ! Dy (t,m)dm
Jo

()B’ w(t !

a'\g

7

g
+ /0 __Bg;!guml(t.‘l;'gt”.,-v’z,',‘,. —m)m! Dgr_q(t,m)dm +

[

Z / Bq’ ot —mon Nl D, (t, m)dm
r=0 /0
¢
+Z / Ef' a(tt ! — )t Dy (8, m) dim + (A.10)



o
shy

S

9 72,
R Z A B(] ,(1‘ ot ,./ n - m)m ])(,u(-' t,m)dm +

By (¢, 1" n Y0 Dy (') +By ottt Y0 D g (£, 0"

integral terms must be modified, similarly to what shown for eqs ( A.8) and ( A.9).

The form of the initial conditions depends upon the value of the generation tndex ¢

og" =0 By ot 8" = 0,n") = pBi_y (¢4, n)

+ AfmC’m( - l)B: g (t, ‘f,],'n/’) (A.ll)

o) =1 B, (" = 0,0/ n") = k(i — 1)B] (¢, 1, )n”

54, 4.q

[Do(t,n") + Dy (t,n")] (A.12)

o > 2 Bl g (04" =00 ") = kep (1 = 1) B; o (8, n'yn”

Dy (t, n") (A.13)
where 2 <4 < N and 0 < ¢' < NG (with n/ = 0 when ¢’ = 0).

Polymer Formed by Monomolecular Termination

The structure of the equations describing the distributions G ‘\,[ of the polymer belonging
to generation ¢’ which has formed by monomolecular termination does not depend on
index ¢ and coincides with that of eq. (2.17) for the corresponding overall distribution.
This is because monomolecular terminations never lead to a generation transfer of the

active chains. Thus, for 0 < ¢’ < NG:

]t 7I)Gl\l(f {/ /)1
dt,

(A.14)




216

where n is the length of the dead chain, given by n = n’ + ot' in the case where ¢ > 1.
When ¢’ = 0, the pre-life of the active chain producing the dead polymer chain is zero.
Accordingly, the dependence on n' must be eliminated in eq. (A.14) (G} = GM(t,, 1))

and the chain length is n = at’.
Polymer Formed by Combination

As for the case of the polymer formed by monomolecular termination, also the equation
describing the time evolution of distribution Gg’,' o Of the polymer terminated by combi-
nation is identical in structure to that corresponding to the overall distribution, given by

eq. (2.21):

dopGS o (te, t' " ' n'") N
[ - (;f' } = [2cc Z L 'z{,legﬂg”(ﬁe —t' ="t 0! n")
' 1
‘-_(k;fp”%hk;fy,n’l)(;t ”(fr ?L 1'” 72 sy )?]X]w (A.15)
9 N

Here n is the length of the dead chain, calculated as n = n'+n'" + a(t' +2¢"). Bq. (A.15)
holds for 0 < ¢, ¢ < NG. However, when ¢’ = 0 or ¢" = 0. the dependence on n' or n',

respectively, drops out.
A.3 Fractionated Moment Equations

Equations (A.14) and (A.15) for the dead polymer chain distributions can be solved by
using the method of moments. The moments are obtained by multiplying each distribution
by an integer power of the corresponding chain length. and integrating over all possible
current lifetimes and pre-lives [24].

The equations for the moments of the polymer formed by monomolecular termination
and by combination, a%’}) o and ??gi};],: o respectively, can be obtained from eqs (A.14) and
(A.15) by applying the moment definition to both sides. It must be observed that moment
E(C]ffq,,g,, accounts for both generations of the active chains which produced the dead chain.

(k)

The moment Ty of the polymer of generation ¢ terminated by combination are obtained
(k)

from the quantities T g by properly applying the rules which govern the transitions

between generations caused by termination by combination:

og =0 <T/C:'-7:>‘l) = (-‘TC.T??O‘O (A.16)

. K k) <k ,
°g =1 ”H =7 >1o + (“% 1 (A17)
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k _(k _(k —(k
*g 22 ZIEDY (‘7(63(] +to (C)m) 6y 101 (A-18)
r=0

The equations for the moments of the dead polymer of generation g formed through
any termination mechanism, cr!(,}"t), are obtained by summing up the moment equations of
the polymer formed by monomolecular termination and by combination. The resulting
equations are reported in Table A1, and include the quantities /)’M) and /)'“{;,’ e

g

which rep-
resent the kth order moments of the singly and doubly distinguished particle distributions.
respectively.

In Table A.1 a closure equation is also given. This is required by the chain transfer
to polymer and the crosslinking reactions (not the propagation to TDB), which imply
that each dead polymer moment depends on the next higher. The reported cquation
results from the model distribution selected for the reconstruction of the Cl.Ds and is
reliable when three moments are sufficient for an accurate description of the CLD of cach
generation [45]. If this is not the case, the same procedure can be adopted, but using a
larger number of moments for the description of each generation.

The moments of the singly and doubly distinguished particles are evaluated by applying
the moment operator to both sides of the relevant PBEs (i.e., eqs (A.1)-(A.3) for the singly
and eqs (A.7)-(A.10) for the doubly distinguished particles) and integrating by parts, as
shown in detail in ref. [24]. The additional integral terms due to crosslinking can be

handled using the following general formula:

OO T OO OO
/ dn/ F(r)G(n —7)dr = / ,F’('n.)dn/ G(n)dn (A.19)
JO JO

JO J0
Integration of the PBEs and subsequent rearrangement of the terms leads to equations

for the k'*-order moments of the singly and doubly distinguished particles constituted by
linear algebraic systems with right-hand sides depending on the initial conditions, on the
dead polymer moments and on the live polymer moments of lower order or generation
index. The presence of crosslinking causes also the matrices of the coefficients to depend
on the moments of the dead polymer, but this does not alter the linearity of the systems.
The relevant equations are summarized in Tables A.2, A.3 and A.4. In these equations
the sums with negative step, i.e., having the upper limit smaller than the lower one, are

defined as equal to zero.
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Table A.1: Tractionated moment equations of the dead polymer. [ =
reaction and [ = 0 for the propagation to TDB reaction.

for the crosslinking
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moments of the singly distinguished particles

q_’ =0
k=0 A p” = ~Bj(t =0)

ok > 1 .__A:Q_g(k) — Qkﬁg(k» 1)

A+ Ry T00 oD o) = = [0V BY (¢ = 0,0)dn’ — oy
~kp {ng:() ( i )/?(,(_L q,_O *Z(’ 0 Ly . < k ) [g< 3 (i)
+Y _’;‘:_0< ’; ) Qﬁ““‘”(ﬂ U}

where (7=1,...,N):

o) =1 foo“’('n,’)kB,;’] (t, ¢ = 0,n")dn = ]{;fp/(;'/’\_,jig‘g((]kvkl) n (Tgvk:»;.})}

o =2 /o (n )"B' (= 0,0 )dn = Afl)g\T " +1)

Table A.2: Fractionated moment equations of the singly distinguished particle distribu-
to TDB reaction.

tions. I = 1 for the crosslinking reaction and [ = 0 for

the propagation
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moments of the doubly distinguished particles

‘g’:O,g”:Ol

:D:E,O’,((?) = “‘2a7*7ﬁg,<(])€%1) = [ (et By o (¢, 8, ¢ = 0)dt!

where (1 =2,...,N):

N - 3 k
[ (! Bl o, #,8 = 0t = )+ by O — Dol

>1,¢" = 0]

(2«}* A;fy Zg AAAAA ;) a,([)—I—J [)Z’(ig - ~2(1/\[):7//</6m“ /x}\\ /‘;}X;’ e )XBZ, 0(1’ z” Mo = 0, Vet dn

~k kN nk=i) (40 | g1 E N #k—5) (G+D)
A177[ 7==0 ( j >£g}-l{) q]ml +>_,u]m() L]-wl < . )/) Ty

VA
-1 BN nkeq) (5+0)
where (1 =2,...,N):

2 5 n Jra/)kB” ottt =0, dt dn!

Wk s ;
LI PR g + R G (1= 1)p;

9 =09" 2 1]

( + ki Z, Loy :> _12393 = —2ak )8’ (h-1) = o ST+ atYRBY (2, 8 = 0,n")dt dn”

ki (; '+/‘ g1k k k=3 (i1

Af ) = i /;()7.(1'” r
NI /

syt (R ) (4]
é—~> )*() z_.,.«] ;;;;; 0( ] 3/)(); (7:/1:'
A ]
where (i = 2,...,N):
=1 f() 0 Fat)k Bllg ((t,# " = 0,n")dt'dn"
k 1k \, je1 ) _ (4--1)4
og" > 2 I et Bl BT =0,0")dt dn”

k (k=)
= k(i —1) 20 0( ; )on }w(]
> /

Table A.3: Fractionated moment equations of the doubly distinguished particle distribu-
tions. [ =1 for the crosslinking reaction and | = 0 for the propagation to TDB reaction
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Table A.4: Iractionated moment equations of the doubly distinguished particle distribu-
tions, with ¢/, ¢” > 1. [ == 1 for the crosslinking reaction and [ = 0 for the propagation to

TDB reaction.
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Appendix B

Relation Between Cumulated and
Instantaneous Properties

In this Appendix the relations between the cumulated and the instantaneous average chain

length properties are derived.
Number-average chain length

The cumulated number-average chain length is defined as:

()

M, = n”” (B.1)

where o) is the [?-order moment of the polymer CLD. expressed as moles per particle

volume. Derivation of eq. (B.1) with respect to experimental time yields:

dM, 1 dpo®)  wpel dlopo®)
dte  vpol0) dte (vpol®)2 die

1 (Z(’Z)]D()‘<O>) [d(’zﬁp(ﬂ”) O"U)}

vpol0) L dt, d(vpo(©) )

which, using the definition of the instantaneous number average chain length (2.46), re-

duces to:

dM, 1 d(vpe®) : )
b dopol) (M~ M) (B.2)
e vpoid) dte " 4
Weight-average chain length
The cumulated weight-average chain length is defined as:
(2)
O‘\“‘J .
My = e (B.3)
o)

Derivation with respect to experimental time yields:



bo
Do

B dvpo®)) o)

dM,, 1 'd(vpa(l)) dvpo®) ¢
di’e ’l)p()'(]'> CHC

which, using the definition of the instantaneous weight average chain length (2.47), reduces
to:

dM, 1 d(vpe)

fHe vp 0’( 1 ) ‘ ‘]f;(

M, ~ M,,] (B.4)

Polydispersity ratio

The cumulated polydispersity is defined as:

Z)(I e T o -———7:—:7~~ (1%5)
Derivation with respect to experimental time yields:
/4 Iz o3
dPy vpa®) d(vpot) vpo®  dwpet®)

dte  (vpo)2 T dt, + (vpo))2 T
(Upa())(upn(m) d(,zy,l.)g(]))

- o= B.6
(vpolV))3 dt, (B.6)
L d(opoD) [0 d(wpo®)d(vpo®) d(vpoll))
vpol) dte a d(vpol)? d(vpot)

+

o0 (1) d(vpa(“'\’) ‘)(7/(2}5(0\
(e o0 dlope®)) 7 [p1)]2

which, by use of the definitions (2.46)-(2.48) of the instantaneous molecular weights and

polydispersity, leads to:

dP, 1 d(vpe) {7\[; i M, 1
= npiy ~ 2P, 3.
dte  wvpolb dt, Mn] i+ Py Mi r | (B.7)



Appendix C

Non-compartmentalized Model

In order to highlight the importance of a correct description of active chain compartmen-
talization, in section 2.5 the instantaneous molecular weight properties calculated by the
model developed in this work have been compared to those calculated by a model which
neglects radical segregation in the polymer particles (non-compartmentalized model). In
the non-compartmentalized case, the radical concentration R* has been imposed the same
as in the compartmentalized one through the relation R* = f/N vp, where 7 is obtained
from the Smith-Ewart equations. The equations of the non-compartmentalized model are

the following:

) M+7r+6+ c;('r[“DB)U(]) + (ep + c;)cr(z)} (0)

= : 0
P 7+ B + cpoV] f
d ‘z)pcr(o) N I5} o
[ dg-“l = k;]?('/nz/3’(o) T+ 3 = (,.‘;\j D]'?)(Tm) - (,:;(7‘\ L vp
dlvp o . (0) . ,
JTE“—]‘ == k:p(/m f[)(o)(l + 7+ ,A)))’Up (Cl)
Y- ‘. 2

CZ[UPO(Z)I ~ - (0) CYe #(TDB) (1) 4. . (2) pt ptt)

__“(}—Em - /‘fp(%m./) 1 + 7+ ,tj -+ 2(1 e C]) oM C])(T( );)‘(6*)“ -+ [3 /*)“(‘6)“ vp
where o) and pl) are the j-order moments of the dead and active polymer respectively
(note that p() = R*). 'The parameter cy = kyy/(kyCry) accounts for the crosslinking

. (DB “(IDB) _(TDBY 1/1 ¢ . . o
reaction, cp( ) = ky VEPB) [(k, C,) for propagation to TDB and ¢, = &, o/ (b Cr)
for chain transfer to polymer. Parameters 7 and 3 account for monomolecular and bi-
molecular termination, respectively. In particular, 7 accounts also for radical desorption

and entry, which are peculiar of emulsion polymerization:
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Appendix D

Derivation of the Overall Moment
Equations for a Bulk System

Applying the moment operator S n® to equations (3.1)-(3.2) and recalling the defini-
tion of the k-order moment of the active and terminated chains (i.c., Ay = Y0 n" R

and g =y o0, nFP,), we obtain (k> 1):

d;\{}" = kyM Z ﬂ/‘]?“ = M A+ kg M A KT (R + kea) Xo -+ kppii] 2\:)71;‘]?;
n=1 ==
+E pAo 27 ip, (D.1)
n=(0
d(’;f’» = (kM + kT + igho + kppin) iofn,’“zz; -z\ 2\‘02‘0 FR® RS
[ (27 mes
~kpAo i n* P, (D.2)
n==0

In the previous equations some summations can be recognized to be the definitions of
Ar and g1, The remaining summations (first summation in equation (D.1) and the
double summation in equation (D.2)) can be calculated through the two following general

formulae:

&
..... S Y LA Y
(@+Db) @( ; ja b (D.3)
7720 ’
x 0 o0 o0
Z Z Umbpem Z n ) bm (D4)
n=0m=0 n=(0 m=={)

Accordingly, the first summation in equation (D.1) leads to (setting n = m + 1):

o0 i\

Z(m +1)"Re, = D ( ) r m! R = Y“ < ]\ ) A (D.5)

m=0 =0 : =0
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[
[ 9]

while the double summation in equation (D.2) is given by:

o0 k o0
z z m + 77 - 771)] R;nRv.z.m?'n, = Z ( ) Z Sﬂ 777] ’fl - n”k 77?77 m[ -

n=0m=0 i=0 * =0 me=0
00 B
Z < ) Z n/ RY Z m IR = Z < A ) A A (D.G)
7=0 J nu=() m==() i=0 s

Substituting expressions (D.5) and (D.6) in equations {D.1) and (D.2), respectively, we

obtain:

dA o
s k M E ( ) e p]\/[ + kfm]” -+ ]\f{l (ke + ]\715(1))\0 -+ ;Zi?f,p/,l,ﬂ/\k
dt prd
+hppAoper (D.7
. - . I | r}'« ‘ y",’
= (kfm]\/[ +- Ili,’f/j' + kg Ap + A:fp/fll)/\k -+ 5 e L ( h] > /\.;i/\k,_j

J=0

dt

‘”"]‘17f7) Aofht1 (D.8)

Finally, applying the QSSA to equation (D.7), expression (3.7) is obtained for A;. By
substituting this expression in equation (D.8), equation (3.8) is obtained for piy.

The derivation of equations (3.5) and (3.6) for the zeroth-order moments requires
similar but simpler algebraic handling of equations (3.1)-(3.2) after application of the

moment operator with & = 0.
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Appendix E

Fractionated CLD Equations for a
Bulk System

Considering the kinetic scheme reported in section 3.2 and applying the generation transfer
rules summarized in Tab. 1, the following fractionated PBEs for the calculation of the
polymer CLD result:

o O<gsmy

AR o) )
= = R MR = Uy Mt kM oy T (ke Fra)da + ki 1 Re9:
ke ppAon P 6, 00, 0[(k fm M+ kpT)No + Ry (B.1)
dry . z
T = (kM + kTR 4 A,CZ Z RMRAE-) 4 g A\ R2)
’ h=0 m=
+A:f,);L1]?,'l(g) - ﬁ:fp/\o'z'z,P,]g;") (E.2)

o g=mny+1

dRyY 0 (o)
e = ]x;ﬂ\[]j [AI;M + Epp M+ E T - (ke + k) ho + lf,;,U Ry 7)
+Eipron [PW -1} ]‘)]g{m (E.3)
dR(L!ﬁ ( L ny ?1;\ “\
dt = (]\fm]\f + Affr R‘U ‘)A’C z >_4 ]?;gh pn Z>m
h=1 i=np+1~h m=0
Ty 13
ke s—‘ Z H 77'(‘7) e \M\OR. 9) kot P'W - /\,[,/\w/j(”' (E.4)
f}t::;(
® ny+ 1 <g<ny
C/H’;U,} (q) R . e . , o)
“df = ,ij\] R AAAAA - é]\?];,;\,l -+ /\Tfm M+ /\"!‘z‘»] "t (Zijt/;t -t ]‘:'f,(i)“\(‘* + & /’Z‘)/I’d'sz\'j/
+kppAon P9 (E.5)
P L N™ o 0
[Py (g
o = (M 4 kTR, ) 4 5 hie Y RV R 9D 4 e Z Z RAMpeo)
ez =) m=0

+hig AR + K A — kg Agn P9) (E.6)
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Note that moments A\ and 11 appearing in the previous equations are moments of the
whole polymer CLD, including both the sol and the gel phase. They can be calculated by

means of the overall moment equations reported in section 3.3.2.



231

Appendix F

Monomer Diffusion Limitations in
Butyl Acrylate Emulsion
Polymerization

In order to describe the mass transport of monomer from the droplets to the particles
through the water phase, the boundary layer theory [102] is applied. According to this
theory, the resistances to mass transport are concentrated within thin layers in the prox-
imity of the droplet-water and particle-water interface. Moreover, the concentrations at
the interface of two faces are assumed to be at thermodynamic equilibrium. The total
molar monomer flux J,¢ from the droplet to the particle phase can thus be expressed as:

Crnd
- myd -
Ima = KawAqg (——“ ''''''' ijytu)

m

(F.1)

7

where K, is the overall interphase transport coefficient, A, the total area between the two
phases, Cjy, 4 the monomer concentration in the bulk of the droplets, Cy, ,, the monomer
concentration in the bulk of the water phase and m an equilibrium coefficient which defines
the ratio between Cp, g and Chp, o at equilibrium: m = (Cy, 0/ Chnw)eq. The coefficient Ky,
is related to the layer mass transport coefficients for the layer inside (kg;) and outside (ky,)
the droplets by:

1 1 1

e B2
Ky kgim Ko ( )

Analogously, the total molar monomer flux Jmp from the water to the particle phase
is given by: :
C"Y
. - ‘ - ‘m
Jm,p = [\1)“).{1}) <(J77I.JH - ’7-‘5 (FS)

where A, is the total area between the two phases, (), the monomer concentration in the
bulk of the particles and m' = (C,,/Chnw) eq- Lhe coefficient K, is related to the layer
mass transport coefficients for the layer inside (k,;) and outside (k) the particles by:

1 1 1

T S N— 4
Kpw  kpim! Fpo (F4)



Assuming negligible the accumulation and the consumption of monomer in the water

phase, which is justified by its low water solubility, one can write:
Jma = J mp = /m 1 5)

Therefore, considering the expressions (F.1) and (F.3) for J,q and Jy,:

. ~ A

- Loy S
- Om.u.‘) = K p‘qup (C’Yn‘z,;m ““‘,’) (& )
' \ .

m.

oy
Jm, = ]‘({1“)‘4(1 (_‘7’)1.,(,. ]

m

Expressing Cp,,, from the equality above as a function of Cim,q and Oy, and substituting

in any of the two expressions for J,, gives:

T = -}7—(75%{1—%; ;l{; <:%I Cond — (,’7,,77) (F.7)

with
hg = KgwAq (F.8)

and
hy = Ky, (F.9)

Considering the meaning of m and m/, m//m defines the ratio between Cp, and Chy, g at

o5

equilibrium. Therefore:

Y
L Ca = C, (F.10)
m
and
hahy, 1, .. " .
(]77’1, - _(LL T ((j:; - (,/777,) (—b . 1 1)

hy -+ hy m
where C} is the concentration of monomer in the particles at equilibrium with the
monomer in the droplet phase. Relation (F.11) expresses the flux of monomer in terms
of the difference between the actual concentration of monomer and its saturation value in
the particles. For the calculation of .J,, according to eq. (F.11), quantities iy and hy, must
be evaluated. These involve the calculation of the transport coefficients Ky, and Ky, and

of the areas A; and A,.
Transport coeflicients

Since it reasonable to assume that the layer mass transport coeflicents kg, kgo and ky,
kpo are of the same order of magnitude, and since the monomer has a low water solubility
(m,m' > 1), eqs (F.2) and (F.4) reduce to:

Koaw & kyp (F.12)

Ko = kg (F.13)



The layer mass transport coefficents kg4, and kyp, can be estimated by taking advantage
of the Ranz-Marshall equation [103], which holds for a sphere of radius r moving with a.
relative velocity u. The Ranz-Marshall equation is written here referring to a droplet:

Zl"flo' d

Sh = = 2+ 0.6 Set/PRel/? (F.14)

w

with
Sh + Sherwood number

rq ¢+ droplet radius

Sc v Schmidt number = gy, /pyw Dy
Re @ Reynolds number = 2p,urq/ iy
fy 1 viscosity of water

pw @ density of water

The same equation can be written for a particle. The analysis is carried on here referring to
the droplets, but it can be extended in a straightforward manner to the polymer particles.
Eq. (F.14) requires the knowledge of droplet velocity and radius.

To calculate the velocity of droplets relative to the water phase, the Ryhczynski-

Hadamart [104] formula was considered:

" = 2(0(1 - pw)!f’ﬁ Moy + Jtd <F'15)
3ty 210 -+ 3pg
where
Pds pw ¢ density of droplet and water, respectively
g gravity acceleration
Myt ¢ viscosity of droplet and water, respectively

It should be noted that the adsorption of emulsificr on the droplet surface causes
a retardation of the motion of the droplet, and a correction factor must be applied to
eq. (F.15) [104]. However, if it is proved that the effect of motion is negligible on the
Sherwood number given by eq. (F.14) when velocity w is calculated by eq. (F.15), this will
be even more true including the refardation due to the emulsifier.

To evaluate the droplet radius, which is required both by eq. (F.14) and (IF.15), the

empirical relation given by Chen [105] was used:

ry = 0.05 3f_] (illzfi’\ AAAAA o (F.16)
o /
with
pr = 0.6pg + 0.4p,, (F.17)
where

rqe +  average droplet radius (cm)

d + diameter of the impeller blades (cm)
n @ impeller speed (rps)

o ¢ interfacial tension (dyne em™1!)

pa +  density of the droplet (g cm™)

pw + density of water (g e 3)



The validity of this equation is limited to diluted system, i.e., to the situation where the
volume fraction of the droplet phase is less than 0.5 (which is verified for all BA reactions
performed).

All equations reported above for the monomer droplets can be applied also to polymer
particles, except for eq. (F.16), since the phenomena determining the size of droplets are
different from those determining the size of particles (e.g. particles are not subject to
rupture).

If the conditions at which the BA reactions are carried out are considered, the equations
reported here above permit to conclude that the Reynolds number appearing in eq. (F.14)
is < 1, and that the term related to motion is negligible in the calculation of the Sherwood
number. This is true for droplets at the beginning of the reaction and, since the droplet
size decreases during the reaction, for the whole course of the polymerization. Moreover, it
is true for polymer particles, which have much smaller diameters. Therefore, droplets and
particles behave like rigid spheres in a still medium, as far as mass transport i concerned.

The layer mass transport coeflicents can then be calculated from eq. (F.14) as:

D, .
ko = =2 (F.18)
d
for the droplets and
Dy )
kpo = 7}—‘» (F.19)

for the particles. Thus, the transport coeflicients hy and hy, defined in eqs (F.8) and (F.9),

respectively, which appear in expression (F.11) for the monomer flux .J,, become:

hg == 4w DyyrgNgViy (F.20)

hyp = drDyrpNpV, (F.21)

where Ny is the number of droplets per unit volume of water. These expressions require

the knowledge of droplet and particle radius and number.
Droplet and Particle Radius and Number

The droplet radius was calculated by use of the empirical relation (F.16). From the radius
the average volume of a single droplet is calculated. To calculate the droplet number, the
volume of the overall droplet phase must be known. This can be calculated by writing
an overall mass balance for the monomer in the droplets, involving its depletion by mass

transport to the particles:
dny

(ﬁ; = 177771 ([?22)
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where n, are the moles of monomer in the droplets. The initial condition for this equation
is defined by equilibrium conditions. In the case of a seeded reaction, this is true if enough
time is waited for particle swelling before starting the reaction.

To calculate the monomer concentration in the particles, which allows to evaluate .J,,
on one hand and particle radius on the other, an overall mass balance has to be written for
the monomer in the particles, involving mass transport from the droplets and depletion

by reaction:

d'nl i 4 N e Y - - .
_;ﬁg = Jm - (/Iﬁp ~+ li?fm,)ﬁ (,,’777 N = 1_”,“]//-N/4 (F?J)

Finally, the particle number Np is determined by the rate of nucleation and of ag-
gregation (if the system is instable). In a seeded reaction where secondary nucleation is
negligible and the particles are well stabilized, Np is constant and defined by the recipe.

Once the droplet and particle radius and number are known, it is possible to evaluate
the exchange coeflicients hq and Ay, according to eqs (F.20) and (F.21). It may be verified
that, in ordinary conditions, the product r;Ny is much smaller than the product rp Np. For
instance, for a typical BA seeded polymerization reported in Chap. 6, the equations above

= 9. 107

permit to calculate at the start of the reaction: ry Ny = 3-10% em™2 and rpNp
ecm™ 2. Therefore hy < hyp, i.e., the limiting step in the monomer transport is represented
by the droplet-water diffusion. Since the droplet size decreases with conversion, while
particle size increases, this will be frue during the whole reaction. Even using a particle
radius corresponding to micellar dimension, the same result is obtained. If may therefore
be concluded that in the system examined the transport of monomer from the droplets to
the water phase is always the limiting step in the process of monomer transport (at least
under ordinary agitation rates and after the very few per cent of conversion, i.c., when
enough polymer particles are formed). According to this finding, the final form of the
monomer flux is:

r

- AT ‘1 e -~ -
.],n = 4:771)11)7‘6{1/ \d 7 : <C“"m - (/77‘1,) <E‘ 24)

n'
Results

Using the equations above, it can be analysed if the monomer diffusion from the droplets to
the particles is rate determining in the BA polymerization. To this aim, a seeded reaction
with intermediate initiator concentration, namely, reaction BAs6, was taken in exam. The
entry rate coefficient was taken to be k. == 1-107 em?® s~ The result is shown in Fig. F.1

in terms of released heat and monomer volume fraction in the particles vs. conversion.

Comparing the curves obtained assuming monomer equilibrium with the curve obtained
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Figure F.1: (a) Heat of reaction and (b) volume fraction of monomer in the p(ntlcloq
calculated for reaction BAs6 assuming equilibrium conditions fl'»r the monomer or transfer
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artificially enhancing the transfer vesistances by 10 and 100 times, respectively.
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calculating the resistance to monomer transport (hy) according to the equations above,
the diffugion limitations appear to be significant. However, also accounting for diffusion
limitations, the calculated behavior is markedly different from the experimental one (see
Fig. 6.17), even when correcting for the fact that the experimental curve has a zero value

at the beginning, due to the thermal inertia of the system (which is overcome only after
the first few per cent of conversion). The convex shape of the experimental curve is
actually predicted after ca. 50% conversion when including the description of monomer
diffusion, but the same cannot be said of the extended region of reaction rate changing only
slightly at lower conversions, and of the presence and position of the maximum. The same
conclusions are obtained also using different k. values in the range which give calculated
rates of reaction of the same magnitude as the experimental ones.

In order to analyse if even stronger mass trausfer lmitations would improve the agree-
ment, the calculations were repeated decreasing artificially the transfer parameter Ay (ie.,
the monomer flux J,,) by 10 and 100 times, respectively. The results correspond to the
curves marked with hg/10 and h;/100 in Fig. F.1 and show that the agreement gets worse.
Therefore, assuming stronger mass transfer limitations than calculated does not improve
the description of the experimental behavior.

The same results are obtained when analysing reactions at different initiator and par-
ticle concentrations. Monomer transfer lmitations are calculated to be important also
at lower initiator concentrations, i.e., lower rates (e.g. reaction BAs7 and BAs9). This
1s somehow unexpected, since the behavior of reaction of reaction BAsY, exhibiting a
plateau, is easily interpreted as a typical situation where the reaction proceeds in equi-
librium conditions, the rate at the platean being determined by the saturation monomer
concentration.

Summarizing, the theoretical calculations show that monomer diffusion hmitations are
important in BA emulsion polymerizations under all experimental conditions examined.
This is to be attributed to the high reactivity and low water solubility of the monomer.
However, accounting for monomer transfer limitations in the equations does not improve

the agreement of the model predictions with the experimental data.
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Appendix G

Publications Derived from this
Work

Chapter 2, with the exception of Section 2.4, has been published in: A.Ghielmi, S.Fioren-
tino, G.Storti, M.Morbidelli, Molecular Weight Distribution of Crosslinked Polymers Pro-

duced in Emulsion, J. Polym. Sci.: Part A: Polym. Chem., 36, 1127-1156 (1998)

Chapter 3 has been published in: A. Butté, A. Ghielmi, G. Storti, M. Morbidelli, Calcula-
tion of molecular weight distributions in free-radical polymerization with chain branching,

Macromol. Theory Simul., 8, 498-512 (1999)

Chapter 4, with the exception of Section 4.6, has been published in: A.Ghielmi, G.Storti,
M.Morbidelli, W.H.Ray, Molecular Weight Distribution in Emulsion Polymerization: Role

of Active Chain Compartmentalization, Macromolecules, 31, 7172-7186 (1998)

The part of Chapter 5 dealing with vinyl chloride polymerization has been published in:
5. Forcolin, A.M. Marconi, A. Ghielmi, A. Butté, G. Storti, M. Morbidelli, Coagulation
Phenomena in the Emulsion Polymerization of Vinyl Chlovide, Plast., Rubber Compos.

Process. Appl., 28, 109-115 (1999)
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